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Editors' Foreword 

The XXII International Symposium on Lepton-Photon Interactions at High Energy was held 
in Uppsala, between June 30th and July 5th 2005. The format of the symposium was the tra
ditional in the Lepton-Photon series: plenary talks providing in-depth summaries of different 
topics. These proceedings follow the format of the conference, with chapters on Eleetroweak 
Physics and Beyond, Flavour Physics, QCD and Hadron Structure, Neutrino Physics, As-
troparticle Physics and Cosmology and a chapter about Future Facilities. The accompanying 
DVD includes the video recordings of the talks and the papers submitted to the conference. 
About 300 papers and 30 posters were contributed by many collaborations and individu
als, showing the interest that this symposium series arises among practitioners in the field. 
Two years before the Large Hadron Collider will come into operation, a majority of the con
tributed papers from experiments at colliders are submitted by LEP experiments at CERN, 
the electron-proton experiments at DESY and the dedicated flavour physics experiments at 
SLAC and KEK. 

The symposium started with a session on eleetroweak physics and beyond. The elee
troweak measurements by LEP are close to final and they all agree with the Standard Model. 
This, together with recent improvements in the determination of the top mass at the Tevatron, 
has further constrained the Higgs mass. The session provided also insight on the latest results 
from the ongoing experiments at the Tevatron and HERA at DESY, and in-depth reviews 
of the status and planning for the upcoming LHC experiments at CERN. Theory was well 
covered by reports on the latest developments on the quest for understanding eleetroweak sym
metry breaking and searching for a more fundamental theory replacing the Standard Model. 
Not only are the LHC-experiments set to search for signs of Supersymmetry, but there is a 
growing list of new theoretical possibilities, such as extra dimensions with a low string scale 
and split supersymmetry, to mention just a few, which the experimenters are gearing up to 
be able to confront with the physical reality. 

The contributions to the session on Flavour Physics showed that the unitarity triangle 
is now determined with high precision in several complementary ways, and puts stringent 
constraints on the possible contributions allowed by different types of new physics scenarios. 
The experiments at b- and c-factories have reported many new discoveries and results on 
heavy quarkonium production and decays. With measurements that reach very high preci
sion, predictions from the latest theoretical calculations are validated in great detail. Indirect 
searches of new physics in the decays of heavy flavours and searches for experimental evidence 
of long-standing predictions on exotic quark and gluon states were reported. 

In the session on QCD we learned that the so called twistor space methods, which relate 
perturbative QCD to topological string theory, have developed tremendously in the last two 
years and that there is a steady progress in achieving higher precision QCD predictions for 
the LHC. There have also been new exiting experimental developments, exemplified by the 
accumulating evidence for a quark gluon plasma, some features of which may be understood 
using string theory, as well as on the still (at the time of writing) unsettled issue of possible 
pentaquark states. The session included a special talk to celebrate the 20th anniversary of the 
introduction of the idea of hard diffraction, which has proved so useful in the understanding 
of the strong interaction. 
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The progress in neutrino physics in the last few years has been enormous, as reflected by 
the results of the many experiments reviewed in the neutrino session. A consistent picture 
of the parameters of neutrino oscillations is emerging from atmospheric, long-baseline and 
reactor neutrino experiments. One must keep in mind that the observation of neutrino oscil
lations is an exciting evidence of physics beyond the Standard Model. But, as it is customary 
when a new observation is made, more questions than answers can be raised. We still have to 
understand why neutrino masses are so small and which is the hierarchy between the different 
masses. A wealth of precision measurements are being prepared, and we hope that the next 
Lepton-Photon symposium will have fresh news on these topics. 

It is already several editions that the Lepton-Photon symposia include a session on As-
troparticle Physics and Cosmology, reflecting the synergy between these fields and elementary 
particle physics. This year it was decided to have separate talks for neutrino astrophysics and 
cosmic rays, in order to be able to have detailed presentations about the latest experimental 
developments in these two rapidly evolving topics. The existing neutrino telescopes have al
ready several years of accumulated exposure and are producing relevant physics results which 
constrain physics models of particle acceleration in cosmic sites. We also heard reports on the 
status of the next-generation neutrino telescopes and cosmic ray arrays which are designed 
to reach unprecedented sensitivity to study the issue of particle production and acceleration 
in cosmic objects. 

The formation of the International Linear Collider project has increased the momentum 
for a future linear collider in the TeV energy range. In the session on Future Facilities the 
motivations for a linear collider were presented, along with interesting reviews on the status 
of acceleration technologies and ongoing R&D efforts on new particle detectors that will meet 
the challenges posed by the next generation accelerators. 

One of the highlights of the symposium was the public lecture entitled "The Universe is a 
Strange Place", which was delivered by Frank Wilczek to a large audience of both participants 
and members of the general public that almost filled the Aula Magna. We are pleased to be 
able to include also a write-up of this public lecture in these proceedings. 

We are grateful to all the contributors to these proceedings for their efforts in preparing 
their write-ups summarizing the status of the field. We know that the material from this 
conference series is a valuable tool in educating and stimulating young physicists, and we 
hope that this edition of the proceedings will also serve this purpose. We want also to thank 
the publisher that has allowed open access to the proceedings on the internet. This decision 
will ensure that these proceedings will reach a wide audience. 

See you in Korea in 2007. 

Richard Brenner, 
Carlos P. de los Heros, 
Johan Rathsman, 
Editors 
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Symposium Organization and Acknowledgments 

The successful organization of the 2005 Lepton Photon Symposium was made possible by 
the dedicated individual contributions of many people, in particular from members of the 
Organizing Committee and of the International Scientific Advisory Committee. 

The Organizing Committee was composed of High Energy physicists from Uppsala Uni
versity as well as colleagues from Stockholm University and the Royal Technical Institute in 
Stockholm (KTH). The International Scientific Advisory Committee was composed of High 
Energy physicists affiliated to research institutions in all parts of the world. 

The principal lines of the symposium organization were decided by the Organizing Com
mittee. Individual members of the committee were given executive responsibility for various 
specific organizational areas. Progress made in the various areas was reported at the meet
ings of the Organizing Committee and the actions in the different areas were discussed and 
coordinated. 

The selection of titles and speakers for the plenary talks was made by the Organizing 
Committee on the basis of the advice given by International Scientific Advisory Committee. 
The Advisory Committee played an active and essential role in shaping the scientific program 
of the symposium. Advice was received from all its members and the draft program was 
iterated three times with the Advisory Committee. 

Executive responsibilities were carried by the following members of the Organizing Com
mittee; by Olga Botner for the local computers and, in collaboration with Goran Faldt, for 
reviewing the submitted papers, by Adam Bouchta for the scientific web page, by Richard 
Brenner for the wireless computer link and the webcast, by Ulf Danielsson for contacts with 
public media, by Allan Hallgren for reviewing the contributed posters, by Carlos de los Heros 
for the symposium poster, graphic profile and the invitation of participants, by Gunnar In-
gelman for the negotiations with different proceeding publishers and the administration of 
financial support to young participants from less favored regions and by Johan Rathsman for 
outreach and social activities. All members of the committee participated in the selection, 
based on the input from the Advisory Committee, of titles and speakers for the plenary talks. 
The younger scientists and research students of the Department of Radiation Sciences at Up
psala University acted as session secretaries and technical assistants during the conference. 
Richard Brenner, Carlos de los Heros and Johan Rathsman were responsible for the editing 
of these proceedings. 

The conference organization bureau of Uppsala University, Akademikonferens, was con
tracted to carry out all administrative work, in particular the correspondence with, and reg
istration of, the symposium participants, the organization of accommodation, of meals and 
of the social program. 

There were in total 417 registered participants at the symposium. Of these, 21 partici
pants from less favored regions received partial financial support in the form of fee waiver or 
accommodation support. The number of plenary speakers was 42 and the number of papers 
submitted was 299. Of these papers, 20 were submitted also in the form of posters. In total 
there were 31 contributed posters displayed permanently during the conference and presented 
during the poster sessions. In addition to the regular High Energy Physics sessions there was a 
reception hosted by the University the first day, a special Grid session with three introductory 
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speakers the second day, a public lecture by Frank Wilczek and a concert in the Cathedral 
performed by the women's choir La Capella the third day, a one day excursion optionally by 
bus to Stockholm or by boat to Skokloster castle the fourth day and a conference banquet 
at Uppsala Castle the fifth day. After the end of the symposium there was the possibility to 
take part in a tour to the north of Sweden to visit Lappland and to experience the midnight 
sun. 

The symposium was financially supported by The International Union of Pure and 
Applied Physics, The Royal Swedish Academy of Sciences through its Nobel Institute for 
physics, The Swedish Research Council, The City of Uppsala and Elsevier Publishers. These 
Proceedings are published by World Scientific who has, as a novel and important feature, 
agreed that the contents of the proceedings be made available on the symposium web site 
www.uu.se/LP2005 according to the principles of Open Access. 

Sincere thanks are due to all speakers of the symposium for their hard and dedicated 
work in preparing excellent talks, to the members of the International Scientific Advisory 
Committee for their very active and constructive contributions to the shaping of the scientific 
program, to the members of the Organizing Committee, in particular those carrying executive 
responsibilities, for all the time, energy and good will put into the organizational work, to the 
session chair persons for their diligent guidance of the sessions, to the young scientists and 
research students for having managed the technical services for the sessions so well and to 
the administrative staff of Akademikonferens and of the Department of Radiation Sciences for 
carrying out the administrative ground-work so successfully. We also thank IUPAP for the 
confidence in charging us with the organization of this symposium and for providing experi
enced advice regarding its organization. The financial support of the sponsors is gratefully 
acknowledged. 

Finally, we want to thank all the participants for coming to Uppsala and for making the 
symposium such a lively, seminal and memorable event. 

Tord Ekelof 
Chair of the Organizing Committee 

http://www.uu.se/LP2005
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T O P Q U A R K M E A S U R E M E N T S 

AURELIO J U S T E 

Fermi National Accelerator Laboratory, P.O. Box 500, MS 357, Batavia, IL 60510, USA 

E-mail: juste@fnal.gov 

Ten years after its discovery at the Tevatron collider, we still know little about the top quark. Its large 
mass suggests it may play a key role in the mechanism of Electroweak Symmetry Breaking (EWSB), 
or open a window of sensitivity to new physics related to EWSB and preferentially coupled to it. To 
determine whether this is the case, precision measurements of top quark properties are necessary. The 
high statistics samples being collected by the Tevatron experiments during Run II start to incisively 
probe the top quark sector. This report summarizes the experimental status of the top quark, focusing 
in particular on the recent measurements from the Tevatron Run II. 

1 I n t r o d u c t i o n 2 T h e Tevatron Acce l era tor 

The top quark vas discovered in 1995 by the 

CDF and D 0 collaborations1 during Run I 

of the Fermilab Tevatron collider. Like any 

discovery, this one caused a big excitement, 

although it did not really come as a sur

prise: the top quark existence was already 

required by self-consistency of the Standard 

Model (SM). 

One of the most striking properties of 

the top quark is its large mass, compara

ble to the Electroweak Symmetry Breaking 

(EWSB) scale. Therefore, the top quark 

might be instrumental in helping resolve one 

of the most urgent problems in High Energy 

Physics: identifying the mechanism of EWSB 

and mass generation. In fact, the top quark 

may either play a key role in EWSB, or serve 

as a window to new physics related to EWSB 

and which, because of its large mass, might 

be preferentially coupled to it. 

Ten years after its discovery, we still 

know little about the top quark. Exist

ing indirect constraints on top quark prop

erties from low-energy data, or the statistics-

limited direct measurements at Tevatron Run 

I, are relatively poor and leave plenty of room 

for new physics. Precision measurements of 

top quark properties are crucial in order to 

unveil its t rue nature. Currently, the Teva

tron collider is the world's only source of top 

quarks. 

The Tevatron is a proton-ant iproton collider 

operating at a center of mass energy of 1.96 

TeV. Wi th respect to Run I, the center of 

mass energy has been slightly increased (from 

1.8 TeV) and the interbunch crossing reduced 

to 396 ns (from 3.6 /xs). The latter and 

many other upgrades to Fermilab's acceler

ator complex have been made with the goal 

of achieving a significant increase in lumi

nosity. Since the beginning of Run II in 

March 2001, the Tevatron has delivered an 

integrated luminosity of L = 1 f b _ 1 , and 

is currently operating at instantaneous lumi

nosities C > 1 x 1032 c m ~ 2 s _ 1 . The goal is 

to reach £ ~ 3 x 1032 C H I P S ' 1 by 2007, and 

L ~ 4.1 - 8.2 fb" 1 by the end of 2009. This 

represents a x 40 — 80 increase with respect 

to the Run I da ta set, which will allow the 

Tevatron experiments to make the transition 

from the discovery phase to a phase of preci

sion measurements of top quark properties. 

3 Top Quark P r o d u c t i o n and 
D e c a y 

At the Tevatron, the dominant production 

mechanism for top quarks is in pairs, medi

ated by the strong interaction, with a pre

dicted cross section at y/s = 1.96 TeV of 

6.77 ± 0.42 pb for mt = 175 GeV 2 . Within 

the SM, top quarks can also be produced 

mailto:juste@fnal.gov
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singly via the electroweak interaction, with 

~ 40% of the top quark pair production rate. 

However, single top quark production has not 

been discovered yet. While the production 

rate of top quarks at the Tevatron is rela

tively high, ~ 2 tt events/hour at C = 1 x 1032 

c m _ 2 s _ 1 , this signal must be filtered out 

from the approximately seven million inelas

tic proton-ant iproton collisions per second. 

This stresses the importance of highly effi

cient and selective triggers. 

Since mt > M\y, the top quark in the SM 

almost always decays to an on-shell W boson 

and a b quark. The dominance of the t —> Wb 

decay mode results from the fact that , assum

ing a 3-generation and unitary CKM matr ix 3 , 

| V U I ^ t d | « \Vtb\ - 1 4- The large mass 

of the top quark also results in a large de

cay width, T t ~ 1.4 GeV for mt = 175 

GeV, which leads to a phenomenology rad

ically different from tha t of lighter quarks. 

Because T t > > AQCD, the top quark decays 

before top-flavored hadrons or t t-quarkonium 

bound-states have time to form5. As a re

sult, the top quark provides a unique labora

tory, both experimentally and theoretically, 

to study the interactions of a bare quak, not 

masked by non-perturbative QCD effects. 

Thus, the final state signature of top 

quark events is completely determined by the 

W boson decay modes: B(W —> qq1) ~ 67% 

and B(W -> lve) ~ 11% per lepton {I) flavor, 

with £ — e, /i, r . In the case of tt decay, the 

three main channels considered experimen

tally are referred to as dilepton, lepton plus 

jets and all-hadronic, depending on whether 

both, only one or none of the W bosons de

cayed leptonically. The dilepton channel has 

the smallest branching ratio, ~ 5%, and is 

characterized by two charged leptons ( eo r / j ) , 

large transverse missing energy (|?T) because 

of the two undetected neutrinos, and at least 

two jets (additional jets may result from ini

tial or final s tate radiation). The lepton plus 

jets channel has a branching ratio of ~ 30% 

and is characterized by one charged lepton (e 

or /i), large JpT and > 4 jets. The largest 

branching ratio, ~ 46%, corresponds to the 

all-hadronic channel, characterized by > 6 

jets. In all instances, two of the jets result 

from the hadronization of the b quarks and 

are referred to as 6-jets. As it can be appre

ciated, the detection of top quark events re

quires a multipurpose detector with excellent 

lepton, jet and b identification capabilities, as 

well as hermetic calorimetry with good en

ergy resolution. 

4 T h e C D F and D 0 d e t e c t o r s 

The CDF and D 0 detectors from Run I al

ready satisfied many of the requirements for a 

successful top physics program. Nevertheless, 

they underwent significant upgrades in Run 

II in order to further improve acceptance and 

6 identification capabilities, as well as to cope 

with the higher luminosities expected. CDF 

has retained its central calorimeter and part 

of the muon system, while it has replaced 

the central tracking system (drift chamber 

and silicon tracker). A new plug calorime

ter and additional muon coverage extend lep

ton identification in the forward region. D 0 

has completely replaced the tracking system, 

installing a fiber tracker and silicon tracker, 

both immersed in a 2 T superconducting 

solenoid. D 0 has also improved the muon 

system and installed new preshower detec

tors. Both CDF and D 0 have upgraded their 

DAQ and trigger systems to accommodate 

the shorter interbunch t ime. 

5 Top Quark Pair P r o d u c t i o n 
Cross S e c t i o n 

The precise measurement of the top quark 

pair production cross section is a key ele

ment of the top physics program. It pro

vides a test of perturbative QCD and a sen

sitive probe for new physics effects affecting 

both top quark production and decay. Espe

cially for the latter, the comparison of mea-
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surements in as many channels as possible is 

crucial. Also, by virtue of the detailed under

standing required in terms of object identifi

cation and backgrounds, cross section analy

ses constitute the building blocks of any other 

top quark properties measurements. Finally, 

the precise knowledge of the top quark pro

duction cross section is an important input 

for searches for new physics having tt as a 

dominant background. 

The measurements performed by C D F 

and D 0 in Run I at y/s = 1.8 TeV 6 

were found to be in good agreement with 

the SM prediction7 , but limited in preci

sion as a result of the low available statis

tics {(AattMstat ~ 25%). In Run II, the 

large expected increase in statistics will yield 

measurements a priori only limited by sys

tematic uncertainties. These include jet en

ergy calibration, signal/background model

ing, luminosity determination (currently ~ 

6%), etc. However, it is also expected tha t 

such large da ta samples will allow to con

trol /reduce many of these systematic uncer

tainties. One example is the use of large ded

icated control samples to constrain parame

ters (e.g. gluon radiation) in the modeling of 

signal and background processes. The goal in 

Run II is to achieve a per-experiment uncer

tainty of Aati/att < 10% for L ~ 2 fb" 1 . 

5.1 Dilepton Final States 

Typical event selections require the presence 

of two high px isolated leptons (e, fi, T or iso

lated track), large $T a n d > 2 high px central 

jets . Physics backgrounds to this channel in

clude processes with real leptons and $T in 

the final state such as Z/j* —> T+T~ ( r —> 

e,fi) and diboson production (WW,WZ,ZZ). 

The dominant instrumental backgrounds re

sult from Z/j* —• e+e~,/j+/j~, with large 

$T arising from detector resolution effects, 

and processes where one or more jets fake the 

isolated lepton signature (W+jets or QCD 

multijets). Additional kinematic or topolog

ical cuts are usually applied to further re

duce backgrounds, such as e.g on HT (sum 

of PT of jets in the event), exploiting the fact 

tha t jets from tt are energetic, whereas for 

backgrounds they typically arise from initial 

s tate radiation and have softer p? spectra. 

CDF and D 0 have developed different anal

ysis techniques to exploit the potential of the 

sample. The standard dilepton analysis {It), 

where two well identified leptons (e or //) 

and at least two jets are required, has high 

purity (S/B > 3) but reduced statistics be

cause of the stringent requirements on lepton 

identification and jet multiplicity. In order to 

improve the signal acceptance, the so-called 

lepton+track analysis {I + track) demands 

only one well identified lepton and an isolated 

track, and > 2 jets (see Fig. 1). This analysis 

has increased acceptance for taus, in partic

ular 1-prong hadronic decays. Finally, an in

clusive analysis requiring two well identified 

leptons but placing no cuts on $T or jet mul

tiplicity, shows the potential for the greatest 

statistical sensitivity. In this analysis, a si

multaneous determination of ati and o~ww is 

performed from a fit to the two-dimensional 

distribution of $T VS jet multiplicity using 

templates from Monte Carlo (MC). 
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Figure 1. Jet multiplicity distribution for tt candi
date events selected in the £ + track channel (CDF). 
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5.2 Lepton Plus Jets Final States 

Typical event selections require one high PT 
isolated lepton (e or /i), large $T a n d > 3 
high px central jets. The dominant back
ground is W+jets, followed by QCD multi-
jets with one of the jets faking a lepton. Af
ter selection the signal constitutes ~ 10% 
of the sample. Further signal-to-background 
discrimination can be achieved by exploit
ing the fact that all ti events contain two b 
quarks in the final state whereas only a few 
percent of background events do. CDF and 
D 0 have developed 6-tagging techniques able 
to achieve high efficiency and background re
jection: lifetime tagging and soft-lepton tag
ging. Lifetime tagging techniques rely upon 
B mesons being massive and long-lived, trav
eling ~ 3 mm before decaying with high 
track multiplicity. The high resolution vertex 
detector allows to directly reconstruct sec
ondary vertices significantly displaced from 
the event primary vertex (secondary ver
tex tagging, or SVT) or identify displaced 
tracks with large impact parameter signifi
cance. Soft-lepton tagging is based on the 
identification within a jet of a soft electron 
or muon resulting from a semileptonic B de
cay. Only soft-muon tagging (SMT) has been 
used so far, although soft-electron tagging is 
under development and should soon become 
available. The performance of the current 
algorithms can be quantified by comparing 
the event tagging probability for ti and the 
dominant W+jets background. For instance, 
for events with > 4 jets: P>i-tag{ti) — 
60%(16%) whereas P>i-tag{W+jets) ~ 4%, 
using SVT(SMT). These analyses are typi
cally pure counting experiments and are per
formed as a function of jet multiplicity in the 
event (see Fig. 2). Events with 3 or > 4 
jets are expected to be enriched in ti signal, 
whereas events with only 1 or 2 jets are ex
pected to be dominated by background. The 
former are used to estimate att, and the latter 
to verify the background normalization pro-

1300^ •W+l ight I 
* CZ3Wc,Wcc,Wbb ! 
o WM Multijets ! 

1 2 3 >4 
Jet multiplicity 

Figure 2. Jet multiplicity distribution for ti candi
date events selected in the lepton plus jets channel, 
requiring at least one jet to be b-tagged by a sec
ondary vertex algorithm (D0) . 

cedure. 
CDF and D 0 have also developed anal

yses exploiting the kinematic and topologi
cal characteristics of ti events to discrimi
nate against backgrounds: leptons and jets 
are more energetic and central and the events 
have a more spherical topology. The statis
tical sensitivity is maximized by combining 
several discriminant variables into a multi
variate analysis (e.g. using neural networks), 
where the cross section is extracted from a fit 
to the discriminant distribution using tem
plates from MC (see Fig. 3). Some of the 
dominant systematic uncertainties (e.g. jet 
energy calibration) can be reduced by mak
ing more inclusive selections (e.g. > 3 jets in
stead of > 4 jets). The combination of both 
approaches to improve statistical and sys
tematic uncertainties have for the first time 
yielded measurements competitive with those 
using 6-tagging (see Table 1). 

5.3 All-Hadronic Final State 

Despite its spectacular signature with > 
6 high pT jets, the all-hadronic channel 
is extremely challenging because of the 
overwhelming QCD multijets background 
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CDF Preliminary (347 pb"1) 
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Figure 3. Neural network distribution for ti candi
date events with > 3 jets, selected in the lepton plus 
jets channel (CDF). This neural network exploits the 
kinematic and topological characteristics of tt events 
to discriminate against backgrounds. 

(S/B ~ 1/2500). Nevertheless, CDF and 
D 0 successfully performed measurements of 
the production cross section and top quark 
mass in this channel in Run I. Current mea
surements by CDF and D 0 focus on the b-
tagged sample and make use of kinematic and 
topological information to further increase 
the signal-to-background ratio. CDF applies 
cuts on a set of four discriminant variables, 
whereas D 0 builds an array of neural net
works. In both cases, background is directly 
predicted from data. 

5-4 Summary 

Table 1 presents a summary of the best mea
surements in Run II in each of the differ
ent decay channels. Many more measure
ments have been produced by CDF and D 0 
and are available from their public webpages. 
So far, the different measurements are in 
agreement with each other and with the SM 
prediction. As precision continues to in
crease, the detailed comparison among chan
nels will become sensitive to new physics 
effects. The single most precise measure
ment (lepton plus jete/SVT) has already 

reached Aati/<Jtt ~ 16% and starts becom
ing systematics-limited. There is much work 
underway to further reduce systematic uncer
tainties as well as to combine the available 
measurements. 

6 Top Quark Mass 

The top quark mass (mt) is a fundamental 
parameter of the SM, not predicted by the 
theory, and should be measured to the high
est possible accuracy. In fact, it is an impor
tant ingredient in precision electroweak anal
yses, where some observables such as Mw re
ceive loop corrections with a quadratic de
pendence on mt. This fact was originally 
used to predict the value of mt before the top 
quark discovery, which was ultimately found 
to be in good agreement with the experimen
tal measurements and constituted a signifi
cant success of the SM. After the top quark 
discovery, the precise measurements of mt 
and Mw can be used to constrain the value 
of the mass of the long-sought Higgs boson 
(MH), since some of the electroweak preci
sion observables also receive quantum correc
tions with a logarithmic dependence on MH-
The combined mt from Run I measurements 
is mt = 178.0 ± 4.3 GeV14, resulting on the 
preferred value of MH = 129±4g GeV, or the 
upper limit MH < 285 GeV at 95% C.L.. An 
uncertainty of Am* < 2.0 GeV would indi
rectly determine MH to ~ 30% of its value. 

Achieving such high precision is not an 
easy task, but the experience gained in Run 
I and the much improved detectors and novel 
ideas being developed in Run II provide a 
number of handles that seem to make this 
goal reachable. In Run I, the dominant sys
tematic uncertainty on mt was due to the jet 
energy scale calibration. The reason is that 
the top quark mass measurement requires a 
complicated correction procedure (account
ing for detector, jet algorithm and physics ef
fects) to provide a precise mapping between 
reconstructed jets and the original partons. 
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Table 1. Summary of the best ati measurements at Tevatron Run II. 

Channel 

Dilepton 

Lepton plus Jets 

All-Hadronic 

Method 

££,£ + track 

U 

SVT 

SVT 

SMT 

Kinematic 

Kinematic 

SVT 

SVT 

°ti (pb) 

7 .0+^ (s ta t . )+^ (syst.) 

8.6±l'% ( s t a t . ) ± l . l (syst.) 

8.1 ±0.9 (stat .)±0.9 (syst.) 

8.6±^;2 (stat.)li;J (syst.) 

5.2+^ (stat.)il:S (syst-) 
6.3 ±0.8 ( s t a t . ) i l .O (syst.) 

6.7±H (stat.)il:? (syst0 
7.8 ± 2.5 (s ta t . )^ ' j (syst.) 

7.7±H ( s ta t . ) i t j (syst.) 

L (pb-1) 

200 

230 

318 

230 

193 

347 

230 

165 

162 

Experiment 

CDF8 

D 0 9 

CDF10 

D 0 1 1 

CDF12 

CDF 

D 0 1 3 

CDF 

D 0 

To determine and/or validate the jet energy 
calibration procedure, data samples corre
sponding to di-jet, ^y+jets and Z+jets pro
duction were extensively used. In addition 
to the above, the large ti samples in Run II 
allow for an in situ calibration of light jets 
making use of the W mass determination in 
W —» jj from top quark decays, a measure
ment which is in principle expected to scale 
as 1/yfN. Also, dedicated triggers requir
ing displaced tracks will allow to directly ob
serve Z —^ bb, which can be used to verify 
the energy calibration for b jets. Additional 
important requirements for the mt measure
ment are: accurate detector modeling and 
state-of-the-art theoretical knowledge (gluon 
radiation, parton distribution functions, etc). 
The golden channel for a precise measure
ment is provided by the lepton plus jets fi
nal state, by virtue of its large branching ra
tio and moderate backgrounds, as well as the 
presence of only one neutrino, which leads 
to over-constrained kinematics. Powerful b-
tagging algorithms are being used to reduce 
both physics and combinatorial backgrounds, 
and sophisticated mass extraction techniques 
are being developed, resulting in improve
ments in statistical as well as systematic un
certainties. An overview of the main analysis 
methods is given next. 

6.1 Template Methods 

These methods, traditionally used in Run 
I, start by constructing an event-by-event 
variable sensitive to nit, e.g. the recon
structed top quark mass from a constrained 
kinematic fit in the lepton plus jets chan
nel. The top quark mass is extracted by 
comparing data to templates on that par
ticular variable built from MC for different 
values on mt. Recent developments in this 
approach by CDF (see Fig. 4) have lead to 
the single most precise measurement to date: 
mt = 173.5^3.6 (stat. + JES) ± 1.7 (syst.) 
GeV, exceeding in precision the current world 
average. The statistical uncertainty is mini
mized by separately performing the analysis 
in four subsamples with different 6-tag multi
plicity, thus each with a different background 
content and sensitivity to mt- The domi
nant systematic uncertainty, jet energy cali
bration (JES), is reduced by using the in situ 
W mass determination from W —> jj in a 
simultaneous fit of mt and a jet energy cali
bration factor. The latter is also subjected to 
a constraint of ~ 3% from an external mea
surement in control samples. The remain
ing systematic uncertainties, amounting to 
Amt = 1.7 GeV, include contributions such 
as background shape, ^-fragmentation, gluon 
radiation, parton distribution functions, etc, 
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Figure 4. Reconstructed ?nt distribution from a con
strained kinematical fit in the lepton plus jets channel 
(CDF). The distribution is shown separately for the 
different subsamples defined based on the 6-tag mul
tiplicity. 

many of which are expected to be further re
duced with larger data samples. 

6.2 Dynamic Methods 

The main objective of these methods is to 
make an optimal used of the statistical in
formation of the sample. They are based 
on the calculation of the per-event proba
bility density as function of mt, taking into 
account resolution effects (better measured 
events contribute more) and summing over 
all permutations of jets as well as neutrino 
solutions. These methods typically include 
a complete or partial matrix element eval
uation for the signal and dominant back
ground processes. The so-called Matrix El
ement Method was pioneered by D 0 and ap
plied to the lepton plus jets Run I sample15, 
leading to the single most precise measure
ment in Run I. In Run II, CDF has applied 
this method to the 6-tagged lepton plus jets 
sample yielding a result competitive with the 
template method discussed above, and to the 
lepton+track sample, achieving the unprece
dented accuracy in the dilepton channel of 
mt = 165.3 ± 7.2 (stat. + syst.) GeV. 

Best Tevatron Run 2 Preliminary 
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Figure 5. Summary of the best mt measurements at 
Tevatron Run II. 

6.3 Summary and Prospects 

Fig. 5 summarizes the best Run II measure
ments for CDF and D 0 in the different anal
ysis channels. As it can be appreciated, some 
of the Run II individual measurements are al
ready achieving uncertainties comparable or 
better than the Run I world average. The 
new preliminary combination of the D 0 Run 
I and CDF Run II measurements in the lepton 
plus jets and dilepton channels yields: mt = 
174.3 ± 3.4 GeV, x2/dof = 3.6/3, improv
ing upon the previous world average result. 
The resulting constraints on the Higgs boson 
mass are: MH = 98±|| GeV or MH < 208 
GeV at 95% C.L.. Based on the current ex
perience with Run II measurements, it is ex
pected that an uncertainty of Amt < 1.5 
GeV can be achieved at the Tevatron with 2 
fb_ 1 , a precision which will probably be only 
matched by the LHC and will have to wait 
for the ILC to be exceeded. 

7 Top Quark Couplings to the W 
boson 

If the top quark is indeed playing a spe
cial role in the EWSB mechanism, it may 
have non-SM interactions to the weak gauge 
bosons. At the Tevatron, only the tWb ver-
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tex can be sensitively probed. The LHC will 

have in addition sensitivity to certain ttZ 

couplings16 . 

With in the SM, the charge current in

teractions of the top quark are of the type 

V - A and completely dominated by the tWb 

vertex by virtue of the fact tha t \Vtb\ — 1-

In fact, the tWb vertex defines most of the 

top quark phenomenology: it determines the 

rate of single top quark production and com

pletely saturates the top quark decay rate. 

It is also responsible for the large top quark 

width, tha t makes it decay before hadroniz-

ing, thus efficiently t ransmit t ing its spin to 

the final state. The angular distributions of 

the top quark decay products also depend on 

the structure of the tWb vertex. 

1.1 Single Top Quark Production 

Within the SM, the main production mech

anisms for single top quarks at the Tevatron 

involve the exchange of a timelike W boson 

(s-channel), o~s = 0.88 ± 0.07 pb, or a space

like W boson (t-channel), at = 1.98 ± 0.21 

pb 1 7 . Despite the relatively large expected 

rate, single top production has not been dis

covered yet. Upper limits on the produc

tion cross sections were obtained in Run I: 

as < 18 pb, at < 13 pb, as+t < 14 pb 

(CDF) and os < 17 pb, at < 22 pb (D0) 

at 95% C.L.. The experimental signature is 

almost identical to the lepton plus jets chan

nel in tt: high pT isolated lepton, large $T 

and jets, but with lower jet multiplicity (typ

ically 2 jets) in the final state, which dramat

ically increases the W+jets background. In 

addition, tt production becomes a significant 

background with a very similar topology (e.g. 

if one lepton in the dilepton channel is not re

constructed). 

Once it is discovered, the precise deter

mination of the single top production cross 

section will probe, not only the Lorentz struc

ture, but also the magnitude of the tWb ver

tex, thus providing the only direct measure

ment of \Vtb\- The sensitivity to anomalous 

top quark interactions is enhanced by virtue 

of the fact tha t top quarks are produced with 

a high degree of polarization. In addition, 

the s- and t-channels are differently sensitive 

to new physics effects18, so the independent 

measurement of as and o~t would allow to dis

criminate among new physics models should 

any deviations from the SM be observed. 

In Run II the search for single top 

quark production continues with ever increas

ing da ta samples, improved detector perfor

mance, and increasingly more sophisticated 

analyses. The generic analysis s tar ts by se

lecting 6-tagged lepton plus > 2jets candidate 

events. C D F considers one discriminant vari

able per channel (e.g. Q(£) x r](untagged jet) 

for the t-channel search) whereas D 0 per

forms a multivariate analysis using using neu

ral networks (see Fig. 6). The upper limit 

on a is estimated exploiting the shape of the 

discriminant variable and using a Bayesian 

approach. From ~ 162 p b - 1 data , CDF ob

tains the following observed (expected) 95% 

C.L. upper limits1 9 : as < 13.6(12.1) pb, 

as < 10.1(11.2) pb and as+t < 17.8(13.6) pb. 

The world's best limits are obtained by D 0 

from ~ 230 p b - 1 of da ta as a result of their 

more sophisticated analysis20: as < 6.4(5.8) 

pb and crs < 5.0(4.5) pb. Both collabora

tions continue to add more da ta and improve 

their analyses and more sensitive results are 

expected soon. 

7.2 W boson helicity in Top Quark 

Decays 

While only single top quark production gives 

direct access to the magnitude of the tWb 

interaction, tt production can still be used 

to study its Lorentz structure. This is pos

sible because the W boson polarization in 

top quark decays depends sensitively on the 

tWb vertex. Within the SM (V-A interac

tion), only two W boson helicity configura

tions, Xw = 0 , - 1 , are allowed. The frac-
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Figure 6. Neural network distribution for single top 
quark candidate events in the b-tagged lepton plus 
> 2 jets sample (D0) . This neural network has been 
optimized to discriminate between tb (s-channel) and 
Wbb. 

tion of longitudinal (Xw — 0) and left-handed 
(-W = — 1) W bosons are completely deter
mined by the values of rrit, Mw and mi, and 
predicted to be: F0 ~ 70% and F_ ~ 30%, 
respectively (as a result, F+ ~ 0%). The 
well-known quiral structure of the W interac
tion to leptons allows to use lepton kinematic 
distributions such as the px in the laboratory 
frame (pre) or the cosinus of the lepton decay 
angle in the W boson rest frame with respect 
to the W direction (cos9g) to measure the 
W helicity fractions. The pre method can be 
applied to both lepton plus jets and dilepton 
final states. The cos#| method can only be 
used in the lepton plus jets final state since 
explicit top quark reconstruction is required. 

Current Run II measurements by CDF 
and D 0 are based on ~ 200 - 230 p b _ 1 of 
data and, due to the still limited statistics, 
only consider the measurement of one W he
licity fraction at a time, fixing the other one 
to the SM prediction. From the p^e. method 
and using an unbinned likelihood, CDF has 
measured F0 = 0.27to'.2i ( s t a t- + syst.). D 0 
has instead focused on the cosOg method 
to measure F+ (see Fig. 7), using a binned 
likelihood21. The result from the combina
tion of two analyses (fr-tag and kinematic) 

Figure 7. Lepton helicity angle distribution in the the 
b-tagged lepton plus > 4 jets sample (D0) . 

is F+ < 0.25 at 95% C.L.. The best mea
surements in Run I yielded22 F0 = 0.56 ± 
0.31 (stat. + syst.) (D0) and F+ < 0.18 
at 95% C.L. (CDF). All measurements, al
though still limited by statistics, are consis
tent with the SM prediction. The large ex
pected samples in Run II should allow to 
make more sensitive measurements in the 
near future. 

1.3 B(t^Wb)/B{t->Wq) 

Assuming a 3-generation and unitary CKM 
matrix, B{t -> Wb) = T(t -> Wb)/Tt ^ 1. 
An observation of B(t —> Wb) significantly 
deviating from unity would be a clear indi
cation of new physics such as e.g. a fourth 
fermion generation or a non-SM top quark de
cay mode. T(t —> Wb) can be directly probed 
in single top quark production, via the cross 
section measurement. Top quark decays give 
access to R = B{t -> Wb)/B(t - • Wq), 
with q = d, s,6, which can be expressed as 

\v I2 

R = ,v \2+\Vt„\2+\v l2' anc^ ^ ' s a^ so predicted 
in the SM to be R ~ 1. 

R can be measured by comparing the 
number of it candidates with 0, 1 and 2 
6-tagged jets, since the tagging efficiencies 
for jets originating from light (d, s) and b 
quarks are very different. In Run I, CDF 
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measured23 R = 0.94:^24 (stat. + syst.). 
In Run II, both CDF and D 0 have per
formed this measurement using data sam
ples of - 160 pb" 1 and - 230 pb" 1 , re
spectively. CDF considers events in both 
the lepton plus jets and dilepton channels 
and measures24 R = 1.12ig'23 (stat- + syst.), 
whereas D 0 only considers events in the lep
ton plus jets channel and measures R = 

+0.19 
-0.17 (stat. + syst.). All measurements 1.03 

are consistent with the SM prediction. 
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8 FCNC Couplings of the Top 
Quark 

Within the SM, neutral current interactions 
are flavor-diagonal at tree level. Flavor 
Changing Neutral Current (FCNC) effects 
are loop-induced and thus heavily suppressed 
(e.g. B(t -+ eg) ~ 10-10,£Ki - cry/Z) ~ 
10~12), so an observation would be a clear 
signal of new physics. Indeed, these effects 
can be significantly enhanced (by factors ~ 
103 — 104) in particular extensions of the SM. 
Searches for FCNC interactions have been 
carried out in pp, e+e~ and e^p collisions. 
At Tevatron, FCNC couplings can manifest 
themselves both in the form of anomalous sin
gle top quark production (qg —> t, q = u,c) 
or anomalous top quark decays (t —> qV, 
q = u,c and V = g,j,Z). Only the lat
ter has been experimentally explored so far, 
via the search for t —• qj/Z decays25. The 
same tqj/Z interaction would be responsi
ble for anomalous single top quark produc
tion in e+e~ (e+e~ —> 7* jZ —> tq) and e±p 
(eq —> et) collisions, and searches have been 
performed at LEP26 and HERA27,28, respec
tively. Fig. 8 shows the existing 95% upper 
limits on the magnitude of the tuZ and twy 
couplings. 

Recently, HI has reported28 a 2.2cr ex
cess in their search for single top quark pro
duction in the leptonic channels. A total of 5 
events were observed, compared to 1.31±0.22 
events expected. No excess was observed in 

Figure 8. Exclusion limits at the 95% C.L. on the 
anomalous tuZ and twy couplings obtained at the 
Tevatron, LEP (only L3 experiment shown) and 
HERA. 

the hadronic channel. The combination of 
all channels yields a production cross sec
tion of 0.29lo:i4 pb- Interpreted as FCNC-
mediated single top production, this mea
surement translates into \Ktuy\ 0.20 +0.05 

-0.06-

Higher statistics measurements at the Teva
tron Run II and HERA-II should be able to 
confirm or exclude this measurement. 

9 Searches for New Particles in 
Top Quark Production and 
Decay 

Many models beyond the SM predict new 
particles preferentially coupled to the top 
quark: heavy vector gauge bosons (e.g. qq —> 
Z' —» ti in Topcolor), charged scalars (e.g. 
t —> H+b in generic 2HDM), neutral scalars 
(e.g. gg —> TJT —• ti in Technicolor) or exotic 
quarks (e.g. qq->W* -+ W in E6 GUT). Be
cause of the large spectrum of theoretical pre
dictions, experimentally it is very important 
to develop searches as model-independent as 
possible. These analyses usually look for de
viations in kinematic properties (e.g. ti in
variant mass or top pr spectrum), compare 
cross section measurements in different decay 
channels, etc. 
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In Run I, a model-independent search for 

a narrow heavy resonance X decaying to ti in 

the lepton plus jets channel was performed2 9 . 

The obtained experimental upper limits on 

ax x B(X —»• ti) vs Mx were used to exclude 

a leptophobic X boson3 0 with Mx < 560 

GeV ( D 0 ) and Mx < 480 GeV (CDF) at 

95% C.L.. Similar searches are underway in 

Run II. 

In Run II, CDF has performed a search 

for t —> H+b decays in ti events. If MH+ < 

mt — nib, t —> H+b competes with t —> W+b 

and results in B(t —» Wb) < 1. Since H^ de

cays are different than T4/± decays, ati mea

surements in the various channels would be 

differently affected. By performing a simul

taneous fit to the observation in the dilepton, 

lepton plus tau and lepton plus jets chan

nels, CDF has determined model-dependent 

exclusion regions in the (tan/3, Mjj ) plane. 

10 N e w P h y s i c s C o n t a m i n a t i o n in 
Top Quark S a m p l e s 

Top quark events constitute one of the major 

backgrounds to non-SM processes with sim

ilar final state signature. As a result, top 

quark samples could possibly contain an ad

mixture of exotic processes. A number of 

model-independent searches have been per

formed at the Tevatron in Run I and Run II. 

A slight excess over prediction in the 

dilepton channel (in particular in the e/j, fi

nal state) was observed in Run I 3 1 . Further

more, some of these events had anomalously 

large lepton PT and $T, which called into 

question their compatibility with SM ti pro

duction. In fact, it was suggested that these 

events would be more consistent with cascade 

decays from pair-produced heavy squarks3 2 . 

In Run II, CDF and D 0 continue to scru

tinize the dilepton sample. To date, the 

event kinematics appears to be consistent 

with SM tt production3 3 '9 . Nevertheless, the 

flavor anomaly persists: the total number of 

events observed by both C D F and D 0 in the 

e/i(ee + fifi) final state is 17(9), whereas the 

SM prediction is 10.2 ± 1.0(9.4 ± 1.0). More 

da ta is being analyzed and a definite conclu

sion on the consistency of the dilepton sample 

with the SM should be reached soon. 

Also ongoing in Run II is the search for 

pair production of a heavy t' quark, with 

t' —> Wq. The final state signature would 

be identical to ti, but the larger mass of the 

t' quark would cause the events to be more 

energetic than ti. The current analysis is fo

cused on the lepton plus jets channel and con

siders the HT distribution as the observable 

to search for t't' production. It is expected 

tha t with L = 2 ftr1, mt< < 300 GeV will be 

excluded at the 95% C.L.. 

11 C o n c l u s i o n s 

Till the beginning of the LHC, the Tevatron 

will remain the world's only top quark factory 

and a comprehensive program of top quark 

measurements is well underway. The excel

lent performances of the accelerator and the 

C D F and D 0 detectors open a new era of 

precision measurements in top quark physics, 

required to unravel the true nature of the top 

quark and possibly shed light on the EWSB 

mechanism. This is a largely unexplored ter

ritory, and thus it has the potential to reveal 

signs of new physics preferentially coupled to 

the top quark. Most existing measurements 

appear to be in agreement with the SM, but 

there are a number of tantalizing (although 

not statistically significant) anomalies, which 

should definitely be clarified with the large 

da ta samples expected from the Tevatron till 

the end of 2009. Furthermore, techniques de

veloped at the Tevatron to carry out this rich 

program of precision top quark physics will 

be an invaluable experience for the LHC. 
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D I S C U S S I O N 

P e t e r Schleper (University of Hamburg): 

High order corrections are large for top 

quark production. How are the cor

responding uncertainties taken into ac

count in the kinematic reconstruction of 

the top mass? 

Aure l io Juste : High order QCD correc

tions are indeed large, especially re

garding the normalization of the total 

cross section, which does not enter the 

top mass analysis. They also have siz

able effects in more differential distri

butions, which can affect the measure

ment of the top mass. The most di

rect effect would arise from hard gluon 

radiation, i.e. the production of extra 

jets in the event. While the plan for 

the experimental analyses is to start us

ing the available NLO event generators 

(e.g. MC@NLO), they are still based 

on LO MCs (PYTHIA, HERWIG, ALP-

GEN, etc). Systematic uncertainties due 

to gluon radiation are being evaluated 

e.g. by varying PYTHIA parameters re

lated to ISR within the allowed region 

from Z + jets data , or by comparing ti 

vs ti + jets LO calculations using ALP-

GEN. Gluon radiation, as well as other 

similar theory-related systematic uncer

tainties (fragmentation functions, par-

ton distribution functions, etc) are ex

pected to be limiting components on the 

top mass measurement by the end of 

Run II, expected to achieve uncertain

ties < 1.5 GeV. By then, we are hop

ing we will be making use of large avail

able control samples to further constrain 

these systematics. 

Tord Ekelof (Uppsala University): 

The reanalysis of Run I in D 0 , a few 

years ago, produced a higher mass for 

the top quark, ~ 178 GeV. Now the 

combined analysis of Run II doesn't con-

15 

firm tha t rise from earlier measurements. 

These variations are within the errors 

anyhow, but is there any explanation? 

Aure l io Jus te : The new combination of 

CDF Run II and D 0 Run I measure

ments has a x2/dof = 3.6/3, which cor

responds to a probability of 47%, indi

cating tha t all measurements are in good 

agreement with each other. So far we 

don' t have any indication tha t there is a 

problem with the reanalysis of Run I in 

D 0 , which has a pull with respect to the 

average of only +1.44. 
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The measurements of electroweak sector of the Standard Model are presented, including most recent 
results from LEP, Tevatron and HERA colliders. The robustness of the Standard Model is illustrated 
with the precision measurements, the electroweak fits and the comparisons to the results obtained 
from low energy experiments. The status of the measurements of the W boson properties and rare 
production processes involving weak bosons at colliders is examined, together with the measurements 
of the electroweak parameters in ep collisions. 

1 Introduction 

The Standard Model (SM) of the elemen
tary particles has proven its robustness in the 
past decades due to extensive tests with in
creasing precision. In the present paper, the 
status of electroweak measurements in sum
mer 2005 are presented. First, the precision 
measurements from LEP and SLD colliders 
will be summarised0 and the confrontation 
with the low energy experiments will be re
viewed. Then production of weak bosons at 
LEP, Tevatron and HERA will be presented. 
The constraints obtained from an electroweak 
fit over DIS data will be described together 
with the latest measurements from polarized 
electron data at HERA. Finally, prospects for 
electroweak measurements at future colliders 
will be briefly reviewed. 

2 The experimental facilities 

The LEP collider stopped operation in 2000, 
after providing an integrated luminosity of 
more than 0.8 fb_ 1 accumulated by each of 
the four experiments (ALEPH, DELPHI, L3 
and OPAL). The first stage (LEP I) running 
at Z peak was continued with a second pe-

a T h e new averages of the W boson and top quark 
masses, made public1 in July 2005 after the confer
ence, are included in this paper together with the 
corresponding results of the electroweak fit. 

riod (LEPII) with centre-of-mass energies up 
to 209 GeV, beyond the W pair production 
threshold. The physics at the Z peak was 
greatly enforced due to the polarised e+e~ 
collisions programme at the SLG. The SLD 
detector recorded a data sample correspond
ing to an integrated luminosity of 14 pb _ 1 , 
with a luminosity weighted electron beam po
larisation of 74%. 

The Tevatron pp collider completed a 
first period (Run I) in 1996. After an up
grade, including the improvement of the two 
detectors CDF and DO, a second high lu
minosity period started in 2002. In sum
mer 2005 the delivered integrated luminosity 
reached 1 fb_ 1 . The completion of the second 
part of the programme (Run II) is forseen in 
2009 with a goal of 4 to 8 fb"1. 

The unique e±p collider HERA is 
equiped with two detectors in collider mode 
HI and ZEUS. After a first period with un-
polarised collisions (HERA 1,1993-2000), the 
collider provides in the new stage (HERA II) 
both electron and positron-proton collisions 
with e^ beam polarisation of typically 40%. 
The HERA programme will end in 2007 with 
a delivered luminosity around 700 pb" 1 . 

The situation of the high energy colliders 
in the last 15 years was therefore a favourable 
one, with all three combinations of collid
ing beams e+e~, pp and ep. The most pre-

mailto:diaconu@cppm.in2p3.fr


cise testing of the weak interactions is done 
at e+e~ colliders (LEP and SLC), where Z 
bosons are produced in the s-channel in a 
clean environment with sufficient luminosi
ties. The hadronic collider (Tevatron) pro
duces large samples of weak bosons and en
ables complementary studies at higher ener
gies, including the measurement of the top 
quark properties. In ep collisions, the ex
change of space-like electroweak bosons in 
the t channel leads to new experimental tests 
of the Standard Model. The high energy ex
periments are complemented by low energy 
measurements that test the electroweak the
ory with high precision far below the weak 
boson masses. 

3 The precision measurements, the 
electroweak fits and comparisons 
with low energy data 

3.1 The precision measurements from 
high energy experiments 

The Standard Model is tested using a set of 
precison mesurements at e+e~ colliders close 
to the Z peak. Those measurements, which 
were finalised recently2, include data from 
the LEP experiments and the SLD detector 
at the SLC. 

The two fermion production is measured 
using the flavour tag of the final state (lep-
tons £ and the b and the c quarks). More than 
1000 measurements are used to extract a few 
observables that have simple relations to the 
fundamental parameters of the SM. The ob
servables set include: the cross sections and 
its dependence on the i/s (line shape given 
by Z mass mz, width Yz and the hadronic 
pole cross section cr°ad) and on final state 
flavour (partial widths RgtbiC), the forward-
backward asymmetries (AFB), the left-right 
asymmetries (ALR, measured for polarised 
beams or using the measured polarisation of 
the final state tau leptons). Moreover, the 
measured asymmetries are used in order to 
extract the asymmetry parameters that are 
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Figure 1. The observables of the SM electroweak test 
compared with the values predicted from the fit. The 
pulls are also graphically shown and display a con
sistent picture of the Standard Model. The largest 
deviation is found for Ab

FB, slightly below 3<r. 

directly related to the ratio of axial and vec

tor couplings At = 2 9 , v / 9 , A
f „ . In the SM, 

9V/9A — 1 ~ 4|Q/| sin2 0ls, where Qj is the 
fermion charge and sin2 #eff the effective weak 
mixing angle, defined as the weak mixing an
gle including the radiative corrections. 

In order to relate the measurements to 
the fundamental constants of the SM, a sim
ple parameter set is chosen. This includes the 
fine structure constant a(0), the strong cou
pling as, the mass of the Z boson mz and 
the Fermi constant Gp (related in practice 
to the W boson mass). All fermion masses 
are neglected except the top quark mass 
m-top- The Higgs boson mass TOHiggs plays 
a special role, due to its contribution to the 
radiative corrections. The observables are 
corrected for experimental effects and com-
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pared to the predictions from the Standard 
Model 0(a,as,mz,G_F,m top,mHiggs)- The 
QCD and electroweak radiative corrections 
are needed to match the experimental accu
racy. The observables are therefore calcu
lated with a precision beyond two loops. The 
fermion couplings gA v that enter most of the 
observables depend via the radiative correc
tion logarithmically on mjjiggs and quadrat-
ically on rntop. This dependence allows the 
indirect determination of raniggs and mtop. 

The running with energy of the electro
magnetic coupling has to be taken into ac
count in the radiative corrections. The run
ning can be calculated analytically with high 
precision for the photon vacuum polarisa
tion induced by the leptons and by the top 
quark. In constrast, the contribution due to 

(5) 

the five light quark flavours A a ^ is non-
perturbative and has to be deduced from the 
measured e+e~ —> hadrons cross section via 
the dispersion relations. The determination 
of A a ^ j has been recently updated3 by in
cluding the new data from the p resonance 
measured by CMD-24 and KLOE5. Despite 
a precision improvement by more than a fac
tor of two in the p region, the impact on 
Aafjgj precision is modest. QCD based as
sumptions may lead to an improved accu
racy of the Aa^Jd extraction6. More preci
sion measurements of hadron production in 
e+e~ collisions at low energy (in prepara
tion) can bring significant improvements for 
the consistency checks of the SM. In addition, 
the hadronic vacuum polarisation estimates 
based on this data are also of high interest for 
the (g — 2)M measurement, for which a 2.7a 
discrepancy between the observation and the 
theory persists6,7. 

The list of the measured observables, 
using latest input from the LEP and SLC 
experiments1 is shown in figure 1. The fit 
of the observables in the SM framework is 
taken as a consistency check of the SM. The 
pulls of the observables plus the A a ^ j are 
also shown in figure 1. The picture dis-
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Figure 2. The comparison of the direct measurements 
and indirect determinations of the top quark and W 
boson masses. The band indicates the SM constraint 
from the Gp precise measurement for a range of Higgs 
masses. The confidence domain from the LEP1 and 
SLD data is compared with the direct measurement 
from LEP2 and Tevatron. 

plays both the tremendous precision achieved 
by the electroweak tests and also the very 
good consistency of the SM. The most sig
nificant deviation, close to 3<r, is given by 
the forward-backward asymmetry of the b-
quarks, A^B. For this combined measure
ment, the individual values from various ex
periments and using different methods show 
very consistent results. 

Subtracting the visible partial widths 
r ^ t c deduced form the individual cross sec
tion from the total Z width measured form 
the line shape, an invisible width can be de
duced. Assuming that the invisible width is 
due to neutrinos with the same couplings as 
predicted by the SM, the number of neutrino 
flavours is determined to be Nv = 2.9840 ± 
0.0082, in agreement with the SM expecta
tion of three fermion generations. 

An important ingredient for the SM con
sistency check is the direct measurement of 
the top quark mass. Together with the direct 
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Figure 3. The x 2 °f the SM fit, including the mea
sured top quark mass, as a function of the Higgs bo
son mass. The results using two different estimations 
of Aa^ , are shown together with the x 2 OI the fit 
including the low energy data, described in the sec
tion 3.2. The theoretical error is indicated as a band. 

determination of the W boson mass, to be 
discussed later, it consitutes a powerful test 
of the SM consistency. The new techniques 
and data samples from Run II improved the 
measurement of the top quark mass at Teva-
tron. The new average8, including recent 
measurement by the CDF and DO collabora
tions is m t o p = 172.7 ±2.9 GeV, a measurea-
ment which displays a dramatic improvement 
with respect to the previous error of 4.3 GeV 
(before the summer 2005). The comparison 
of the measured and fitted top and W masses 
is shown in figure 2. The direct and indirect 
determinations are in agreement and favour 
low mniggs- Due to close connections between 
the electroweak correction involving the top 
quark and Higgs boson, the precison of the 
top mass measurement is crucial for the in
direct constraints on the Higgs mass. The 
new fit of the Higgs boson mass from the 
electroweak model is shown in figure 3. The 
new value of the fitted Higgs mass is Mu = 
91-32 GeV with an upper limit within the SM 
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Figure 4. The measurements of effective mixing angle 
at various energies (Q) compared with the theoretical 
prediction. 

formalism MH < 186 GeV at 95% CL. When 
the direct lower limit Mniggs > 114 GeV is 
taken into account, the upper bound is found 
to be MH < 219 GeV at 95% CL. 

3.2 The electroweak precision 
measurements at lower energies 

Measurements of parity violation in the 
highly forbidden 6S-7S transition in Cs of
fer a way to test with high precision the 
SM11. Due to its specific configuration with 
one valence electron above compact elec
tronic shells, the theoretical calculation of 
the transition amplitude achieves 0.5% pre
cision which allows the extraction with low 
ambiguities of the value for the nuclear weak 
charge12. The weak charge of the nucleus de
pends linearly on the weak charges on the u 
and d quarks contained by the nucleons and 
interacting with the valence electron via j/Z 
in the t-channel. The weak charge Qw can 
therefore be written as a function of the effec
tive weak mixing angle that can be measured 
in this way at very low (atomic-like) energies. 

The weak interactions can be tested at 
low energies via parity violating reactions. 
Using the end of beam at the SLC, polar
ized electrons are scattered off unpolarised 
atomic electrons (E158 expriment). The po
larised Moller scattering e~e~ —•» e~e~ offers 
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the opportunity to extract sin 6eg from cross 
section helicity asymmetry. This observable 
is related to the weak mixing angle that can 
be inferred with high precision10 at an energy 
of 160 MeV. 

A classical way to access the weak sec
tor at any energy is to measure neutrino in
duced processes. In the case of neutrino-
nucleon scattering studied by the NuTeV 
experiment9, the ratio of neutral current 
to charged current cross sections Rv = 
CCC/O"NC is sensitive to the effective weak 
mixing angle, but subject to many systematic 
uncertainties related to the nucleon struc
ture. Using both neutrino and anti-neutrino 
beams, the experimental results are com
bined using the Pachos-Wolfenstein method 

R - = (CTNC - °"Nc)/( c rCC ~ °Cc)> for w h i c h 

large cancellations of systematical errors are 
expected. This ratio accesses the effective 
weak mixing angle and is also sensitive to the 
neutrino and quark weak couplings. When 
SM couplings are assumed, the mixing an
gle measured by NuTeV is different from the 
SM prediction at 3.2a level. Missing pieces 
in either the theoretical prediction or in the 
theory error associated to the measurement 
are still under investigation14. 

The measurement of the effective weak 
mixing angle at high and low energy can be 
used to test the electroweak running13. The 
result is shown in figure 4. Good agree
ment is found with the theoretical predic
tion, except for the NuTeV measurement dis
cussed above. Precise measurements at en
ergies beyond Mz, as expected at the next 
e+e~ collider will test the predicted increase 

OPAL 

of sin2 9y$ with energ; J-

3.3 The direct measurement of the 
running of a 

The running of the electromagnetic cou
pling has been observed by the OPAL ex
periment using low angle Bhabba scatter
ing e+e~ —> e+e~ 15. The scattered elec-

Figure 5. |t| spectrum normalized to the theoretical 
prediction for a fixed coupling ( A Q = 0). 

trons and positrons are detected close to the 
beampipe by two finely segmented calorime
ters that allow the measurement of the scat
tering angles. The transfered momentum t 
is therefore reconstructed and the variation 
of the cross section as a function of t can 
be measured. The cross section is directly 
proportional to the square of the electromag
netic coupling and inversely proportional to 
t . The electromagnetic coupling is expected 
to run with the collision scale, given by t. 
The t spectrum normalised to the theoreti
cal prediction for a fixed coupling is shown 
in figure 5. The difference of the measured 
event rates in t bins and the theoretical pre
diction for no a running shows a clear depen
dence on t. This evidence at 5a level is com
patible with the interpretation of a(t) run
ning. When the pure electromagnetic run
ning is taken into account in the theory, the 
remaining difference can be attributed to the 
hadronic component running that is in this 
way directly measured at 3a level. 
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4 T h e weak b o s o n s p r o d u c t i o n 

and proper t i e s 

4-1 The production of W and Z bosons 

The weak boson production mechanisms at 

LEP2 and Tevatron provide a test of the SM. 

In addition, the weak boson samples can be 

used to s tudy their decay properties and fur

ther constrain the Standard Model. 

W pair production at LEP has been stud

ied as a function of the centre-of-mass energy. 

The production cross-section variation with 

energy, flattens off at values around 15 pb, as 

expected from the SM, including the triple 

boson coupling ZWW. This behaviour is 

therefore directly related to the gauge struc

ture of the Standard Model and constitutes 

an evidence for the non-abelian internal sym

metry of the electroweak sector. 

The W and Z bosons can be singly pro

duced in pp collisions at Tevatron via the 

Drell-Yan process qq —> W. The production 

crosss section is sensitive to the par ton distri

bution functions. From this point of view, the 

production mechanism is also a convenient 

test ground for QCD, since the radiative cor

rections apply only to colliding partons and 

decouple from the produced bosons. The W 

and Z production cross sections measured in 

pp collisions at Tevatron are measured us

ing the leptonic decay channels in e, \i or r . 

The results1 6 obtained from Run I {\f{s) = 

1.8 TeV) and Run II (yf(8) = 1.96 TeV) are 

shown in figures 6 and show a good agree

ment with the NNLO calculation17 . 

4-2 The W mass, width and branching 

ratios 

The W harvest is also used to study the 

W properties like the mass,the branching ra

tios and the width. The latest world aver

age between the LEP and the Tevatron Run 

I measurements yields a Mw = 80.410 ± 

0.032 GeV. The direct measurement agrees 

with the indirect determination from the 
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Figure 6. Measurements of the VKand Z boson pro
duction cross section as a function of ^/ i at Tevatron. 
Data from CDF and DO experiments obtained from 
various channels are compared with the theoretical 
prediction based on a NNLO QCD calculation. 

LEP and SLD electroweak fit, including the 

M t o p constraint Mw = 80.364 ± 0.021 GeV. 

The average include a recent final result 

published by the OPAL Collaboration1 8 , for 

which a careful evaluation of the main sys

tematical errors related to the colour recon-

nection and Bose-Einstein correlations to

gether with an increased da ta sample allowed 

an improvement of the sytematical error from 

70 to 56 MeV. This final precision of one LEP 

experiment is already better than the one 

of the combined result from Tevatron Run 

I and UA2 measurements1 9 M ™ n I + U A 2 = 
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80.456 ± 0.059 GeV. 
W pair production at LEP is a favourable 

configuration to measure W branching frac
tions. The decay to electron channel and to 
muon channel are found to be in very good 
agreement. However, the tau decay branch
ing fraction is measured consistently by the 
four LEP experiments higher than the aver
aged electron and muon channel. This effect 
at 2.9a is for the time being one of the largest 
deviations in the SM precision tests. Future 
measurements of W —> r branching ratio are 
expected from Tevatron. 

The W width can be measured directly 
from the invariant mass spectrum at LEP, 
where high precision can be achieved via a 
kinematic fit based on the energy-momentum 
conservation. At Tevatron, where only the 
leptonic channel is measurable, the trans
verse mass spectrum is sensitive to the W 
width in the tail at high mass. Finally, an in
direct determination can be achieved exploit
ing the ratio of the W and Z cross section 
and using the precisely measured Z parame
ters and the theoretical prediction of the cross 
section ratios, for which most of the QCD un
certainties cancel out. 

The present average of direct determi
nation from LEP and Tevatron Run I is 
pdirect = 2.123 ± 0.067, while the indirect 
determination from Run I data is 2.141 ± 
0.057. A recent direct determination20 from 
Run II data by DO still display large errors 
2.011 ± 0.136 GeV, while an indirect deter
mination using the cross section ratio mea
sured by CDF already improves the Run I 
value 2.079 ± 0.041 GeV. The value obtained 
from the LEP1 and SLD electroweak fit is 
extremely precise 2.091 ± 0.002 GeV and in 
agreement with the direct and indirect deter
minations from LEP and Tevatron. 

4-3 The AFB from e+e production at 
Tevatron. 

The measurement of lepton pair production 
at Tevatron, produced via the Drell-Yan pro
cess qq —> £+£~ provides complex informa
tion about both the proton structure and the 
electroweak effects in new energy domain. In 
particular, electron pair production can be 
used to measure the forward-backward asym
metry as a function of the pair mass. The 
result obtained by the DO collaboration21 is 
shown in figure 7. The characteristic change 
of sign is observed around the Z mass, sim
ilar to the much more precise measurement 
from LEP. From the measured asymmetry, 
the effective weak mixing angle is extracted 
by CDF22 s i n 2 ^ = 0.2238 ± 0.0050, in 
good agreement with the value measured at 
LEP from the forward-backward asymmetry 
0.2324 ± 0.0012. At large invariant masses, 
the deviation from the SM prediction may 
indicate the production of a heavier neutral 
boson Z', in case it has similar couplings to 
fermions as in the SM. 
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Figure 7. The Ape as a function of the e + e invari
ant mass measured at Tevatron. 
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Table 1. Summary of the results of searches for events with isolated leptons, missing transverse momentum 
and large hadronic transverse momentum p^ at HERA. The number of observed events is compared to the SM 
prediction. The W^ component is given in parentheses in percent. The statistical and systematic uncertainties 
added in quadrature are also indicated. 

obs./exp.(W) 

HI 
211 p b - 1 

ZEUS 
130 p b " 1 

106 pb~e\„ 

Full sample 

p* > 25GeV 

Full sample 

p * > 25GeV 

p* > 25GeV 

Electron 

25 / 20.4 ± 2.9 (68%) 

11 / 3.2 ± 0 . 6 (77%) 

24 / 20.6 ±\l (17%) 

2 / 2.90 ± g ; | | (45%) 

1 / 1.5 ± 0 . 2 (78%) 

Muon 

9 / 5 . 4 ± 1.1 (82%) 

6 / 3.2 ± 0 . 5 (81%) 

12 / 11.9 t°o67 (16%) 

5 / 2.75 t°0
2

2\ (50%) 

T a u Hl . -105 pb'1 

5 / 5 . 8 ± 1.4 (15%) 

0 / 0 . 5 ± 0 . 1 (49%) 

3 / 0.40 +°0-l
2

3 (49%) 

2 / 0.20 t°Q°0l (49%) 

4-4 Rare W and Z production processes 

At LEP2, in contrast to W pair produc
tion, single boson production (W or Z) is a 
rare process with cross sections below 1 pb. 
The final state contains four fermions, with 
only one fermion pair consistent with the bo
son mass. The comparison to the Standard 
Model provides a test in a low density phase 
space region, where new phenomena can oc
cur. The cross section is typically 0.6-0.9 pb 
for single W production and 0.5-0.6 pb for 
single Z production at y/s = 182 - 209 GeV. 

At Tevatron, where weak bosons are mas
sively singly produced, boson pair occur with 
a much lower rate. The associated Wj or Zj 
production processes, with the weak bosons 
decaying into leptons, have cross sections 
close to 20 pb and 5 pb respectively23. The 
pair production of weak bosons is a partic
ularly interesting process due to the spec
tacular final state and because it constitutes 
the main background for the search of the 
Higgs boson for mmggs > 150 GeV. While 
WW production has been measured24'25, the 
search for WZ and ZZ production26,27 have 
not been successful with the present luminos
ity and upper limits around 13 — 15 pb at 95% 
CL have been calculated, for a total SM pre
diction of 5 pb. 

The single W can also be produced in 
e±p collisions at HERA, with a cross section 
around 1 pb. The main production mecha
nism involves a fluctuation of photon emitted 
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Figure 8. The transverse momentum of the hadronic 
system in events with isolated electrons or muons 
and missing P? measured by the HI experiment at 
HERA. 

by the electron into a hadronic state, followed 
by the collision with the proton which leads 
to a qq' fusion into a W boson. In case of 
leptonic decay of the W, the final state con
sist of an high transverse momentum isolated 
lepton, missing transverse energy and possi
bly a low PT hadronic system X. The HI 
collaboration reported28,29 the observation of 
such events and measured the cross section 
as a function of the hadrons transverse mo
mentum (P*). While a good agreement is 
observed at low Pjf, a few spectacular candi
dates are observed at large P*. The events 
continue to be observed at HERA II30 by the 
HI Collaboration which has analysed a total 
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sample corresponding to an integrated lumi
nosity of 2ff pb^1 . The distribution of the 
transverse momentum of the hadronic system 
is shown in figure 8, where the excess of ob
served events at large P* is visible. 

The ZEUS collaboration has investigated 
their data with a different analysis strategy, 
with less purity for the SM W signal, the full 
HERA I data set and observes some events at 
large Pjf, but no prominent excess above the 
SM prediction31. Recent modified analysis 
of the electron channel only, performed us
ing a similar amount of data (but combining 
partial HERA I and II data sets) also do not 
support the HI observation32. ZEUS collabo
ration observes events with tau leptons, miss
ing transverse momentum and large hadronic 
transverse momentum, while no such event is 
observed by HI. The results are summarized 
in table 1. More incoming data will help to 
clarify this issue, which is at present one of 
the most intriguing results from HERA. 

5 The measurement of the 
electroweak effects at HERA 

5.1 Combined QCD/Electroweak fit of 
DIS data 

The deep inelastic collisions at HERA are 
classically used to extract the proton struc
ture information33'34. More than 600 mea
surement points of the charged and neu
tral current double differential cross section 
daGG'^c/dxdQ2, where x is the proton mo
mentum fraction carried by the struck quark 
and Q2 is the boson virtuality, have been 
used together with other (fixed target) mea
surements to extract the parton distribution 
functions. Due to the high ep centre-of-mass 
energy (320 GeV), the proton is investigated 
down to scales of 10_18m. The point-like na
ture of quarks is tested in the electroweak 
regime, where the proton is "flashed" with 
weak bosons. This experimental configura
tion allows to separate quark flavours within 
the proton and to improve the precision with 
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Figure 9. The allowed region at 65% CL in the 
plane ( G j ? , M ^ o p ) obtained from the combined 
electroweak-QCD fit of the DIS data. 

which the parton distribution functions are 
extracted. Conversely, the electroweak sec
tor can be investigated using the knowledge 
of the proton structure. 

Recently, a consistent approach has been 
adopted by the HI Collaboration35, perform
ing a combined QCD-electroweak fit. The 
strategy is to leave free in the fit the EW pa
rameters together with the parameterisation 
of the parton distribution functions. 

An interesting result is related to the so-
called propagator mass Mj^o p , that enters a 
model independent parameterisation of the 
CC cross section: 

dxdQ2 2nx\M2
v + Q2J G G ' 

where Gp is the Fermi constant and $ c c 
is the reduced cross section that encapsu
lates the proton structure in terms of par-
ton distribution functions. If the Fermi con
stant Gp and the propagator mass are left 
free in the fit, an allowed region in the 
(Gp,M^op) plane can be measured. The 
result is shown in figure 9. By fixing Gp 
to the very precise experimental measure
ment, the propagator mass can be extracted 
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and amounts in this analysis to M ^ o p = 
82.87±1.82(exp.)tg:?6(model) GeV, in agree
ment with the direct measurements. 

If the framework of SM model is as
sumed, the W mass can be considered as 
a parameter constrained by the SM rela
tions and entering both the cross section and 
the higher order correction. In this fitting 
scheme, where My/ depends on the top and 
Higgs masses, the obtained value from DIS 
is Mw = 80.709 ± 0.205(exp)l°;°g(mod) ± 
0.025(top) ± 0.033(th) - 0.084(Higgs) GeV, 
in good agreement with other indirect de
terminations and with the world average. 
The fit value can be converted into an in
direct sm6w determination using the rela-
tion sin 6w = 1 — ~jffi~i assumed in the on 
mass shell scheme. The result sin2 9w = 

0.2151±0.0040ezp.io;oonU: obtained for the 
first time in from e±p collisions, is in good 
agreement with the value of 0.2228 ± 0.0003 
obtained from the measurements in e+e~ col
lisions at LEP and SLC. 

Due to the i-channel electron-quark scat
tering via Z bosons, the DIS cross sections 
at high Q2 are sensitive to light quark ax

ial (aq) and vector (vq) coupling to the Z. 
This dependence includes linear terms with 
significant weight in the cross section which 
allow to determin not only the value but also 
the sign of the couplings. In contrast, the 
measurements at the Z resonance (LEP1 and 
SLD) only access av or a2 + v2 combinations. 
Therefore there is an ambiguity between ax
ial and vector couplings and only the relative 
sign can be determined. In addition, since 
the flavour separation for light quarks cannot 
be achieved experimentally, flavour universal
ity assumptions have to be made. The Teva
tron measurement22 of the Drell-Yan process 
allows to access the couplings at an energy 
beyond the Z mass resonance, where linear 
contributions are significant. The measure
ments of the it-quark couplings obtained at 
HERA, LEP and Tevatron are shown in fig
ure 10. The data to be collected at Tevatron 
and HERA as well as the use of polarized e± 

beams at HERA open interesting oportuni-
ties for the light quarks couplings measure
ments in the near future. 

5.2 e^ collision with polarised lepton 
beam 

The polarisation of the electron beam at 
HERA II allows a test of the parity non-
conservation effects typical for the elec-
troweak sector. The most prominent effect 
is predicted in the CC process, for which 
the cross section depends linearly on the e^-

beam polarisation: cre±p(P) = (l±P)cTpto-
The results36'37 obtained for the first time in 
e±p collisions are shown in figure 11. The 
expected linear dependence is confirmed and 
constitute supporting evidence for the V-A 
structure of charged currents in the Standard 
Model, a property already verified more than 
25 years ago, by measuring the polarisation 
of positive muons produced from v^-Fe scat
tering by the CHARM experiment38. 
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Charged Current ep Scattering (HERA II) 

Figure 11. The dependence of the total CC cross sec
tion of the e^-beam polarization at HERA. 

6 Outlook 

The present experimental activity towards 
electroweak measurements continues to pro
vide increasing endurance tests for the Stan
dard Model. The LEP analyses are final 
in many aspects and the results still play a 
key role in the present understanding of the 
electroweak symmetry breaking mechanism. 
The incoming data from Tevatron has good 
chance to take over in many aspects, espe
cially concerning the weak boson properties, 
but also to extend the area of the measure
ments beyond LEP energies. At HERA, a 
consistent approach of the electroweak and 
QCD processes will certainly bring valuable 
information in the near future. The low en
ergy measurements provide not only a cross 
check but also a solid testing ground for the 
electroweak sector, for which surprises are 
not excluded. 

The future colliders will test the elec
troweak sector with high precision39. At 
the LHC, the electroweak physics will mainly 
profit from the huge increase in the weak 
boson production cross-section. In the fore
seen experimental condition the precision on 
the W mass measurement should approach 

15 MeV while the top quark mass will be 
measured at 1 GeV level. The next e+e~ 
linear collider will improve the precision on 
Mw to below 10 MeV while the top mass will 
be measured to 100 MeV. Similarly to the 
present situation, the precise measurements 
of the electroweak sector will allow to set in
direct limits on the new physics, that might 
well be beyond the direct reach of the future 
colliders. 
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DISCUSSION 

Stephen Olsen (Uni. of Hawaii): 
The pi-beta experiment at PSI report a 
large discrepancy with SM predictions 
for radiative ire2 decay. Is there some 
reason why we should not be concerned 
about this? 

Cristinel Diaconu: In this measurement6 

three phase space cases are investigated. 
A discrepancy between the measured 
branching ratio and the theoretical pre
diction is observed in one phase space re
gion, while two other measurement cases 
with the same apparatus found a good 
agreement. This situation indicates that 
more theoretical and experimental work 
is needed before a definitive conclusion 
can be drawn. 

Lee Roberts (Boston University): 
As you mentioned our muon (g-2) exper
iment differs from the Standard Model 
value by 2.7 standard deviations. We 
have proposed an upgrade experiment to 
improve the accuracy from 5 parts in 107 

to 2 parts in 107. We have received sci
entific approval but no funding yet. 

Harvey Newman (Caltech): 
Is there a prospect of a new W mass mea
surement from Run II that will signifi
cantly affect the world average on My/? 

Cristinel Diaconu: The measurement of 
the W mass at Tevatron is in progress20. 
First estimation of the precision ob
tained with the present data sample is 
of 76 MeV. The incoming data should 
allow to considerably improve this pre
cision and challenge the existing world 
average. 

bE. Frlez et al. Phys. Rev. Lett. 93, 181804-1-4 
(2004) 
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The present status of searches for the Higgs boson(s) and new phenomena is reviewed. The focus 
is on analyses and results from the current runs of the HERA and Tevatron experiments. The LEP 
experiments have released their final combined MSSM Higgs results for this conference. Also included 
are results from sensitivity studies of the LHC experiments and lepton flavour violating searches from 
the B factories, KEKB and PEP-II. 

1 I n t r o d u c t i o n 

A scalar Higgs particle1 has been pos

tulated over 30 years ago as the mech

anism of electroweak symmetry breaking 

in the Standard Model (SM) of particle 

physics. This spontaneous breaking intro

duces a huge hierarchy between the elec

troweak and Planck scales tha t is unsatisfy

ing. Extensions to the SM have been pro

posed over the years to avoid unnatura l fine-

tuning. Supersymmetry2 (SUSY) is one such 

attractive extensions. Depending on its inter

nal s tructure and SUSY breaking mechanism, 

a variety of new phenomena are expected to 

be observed. Rare signatures, as in high-mass 

tails or from SM suppressed processes, are 

good places for generic beyond- the-Standard 

Model searches. 

The Large Electron Positron (LEP) col

lider at CERN completed operation about 

four years ago. It ran at a center-of-

mass energy of up to 209 GeV and delivered 

about 1 fb~ of da ta to the four experiments, 

ALEPH, DELPHI, L3, and OPAL. The da ta 

are analysed. Extensive searches for Higgs 

and new phenomena have come up negative. 

For many new particles coupling to the Z bo

son LEP still holds the most stringent limits. 

Two machines, the Hadron Electron Ring 

Accelerator (HERA) and the Tevatron, are 

currently running at the energie frontier with 

ever increasing luminosities. HERA at DESY 

collides electrons or positrons with protons 

at a center-of-mass energy of 319 GeV. The 

HERA upgrade increased the luminosity by 

a factor of 4.7. So far the machine has deliv

ered over 180 p b - 1 of electron-proton (about 

half) and posi tron-proton da ta to the two ex

periments, HI and ZEUS. The experiments 

are particularly sensitive to new particles 

coupling to electron/positron and up/down 

quarks. HERA II can also deliver polarized 

lepton beams. 

The Fermilab Tevatron collides proton 

and antiprotons at a center-of-mass energy 

of 1.96 TeV. Luminosity upgrades are contin

uing. So far the machine has delivered over 

1 fb~ of da ta to the two experiments, CDF 

and D 0 . The improved detectors, higher 

cener-of-mass energy, and ten fold increase 

in luminosity enable the experiments not only 

to significantly extend previous searches but 

provide them with a substantial discovery po

tential. 

The Large Hadron Collider (LHC) at 

CERN and the International Linear Collider 

(ILC) are machines under construction and 

in the planning phase. The LHC will col

lide protons with protons at a center-of-mass 

energy of 14 TeV. First collisions are ex

pected in 2007. The two experiments, AT

LAS and CMS, have made detailed studies of 

their reach to new physics. LHC is expected 

to boost our sensitivity to new physics by 

an order of magnitude in energy/mass. The 

ILC will collide electrons and positrons with 

a center-of-mass energy of several hundred 
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Figure 1. One sigma contours of the current W and 
top mass rneasurments compared to SM and MSSM 
Higgs masses. Plot from Heinemeyer4 updated for 
new CDF top mass measurment. 

GeV. It will be the next generation machine 
for precision rneasurments, like LEP was. 

1.1 Precision Electroweak and Top 
Measurmenls 

Precision electroweak rneasurments allow us 
to check the SM for consistency or derive the 
mass of the unknown Higgs particle. For 
Higgs prediction, the W boson mass and 
top quark mass are key ingredients. With 
the new preliminary CDF Run II top mass 
measurment3, the world average is pulled 
down to m t = 174.3 ± 3.4GeV/c2. Figure 1 
shows the la and 95% confidence level (CL) 
contours of the W and top mass with over
laid Higgs mass. Current rneasurments put 
the SM Higgs below 208GeV/c2 at 95% CL. 

However, the top mass is an even more 
important ingredient for the Higgs in Mini
mal Supersymmetric extensions of the Stan
dard Model (MSSM). The MSSM exclusion 
at low tan(/9) derived from the SM Higgs 
limit of LEP depends very sensitively on the 
mass of the top quark and vanishes when the 
top mass is large. 

2150 * §00 

Figure 2. Dijet mass spectrum of the D 0 ZH analysis 
after two b-tags. 

2 S tanda rd Model Higgs 

The current lower limit on the Higgs mass of 
114.4 GeV/c2 at 95% CL comes from the LEP 
experiments5. They did a fantastic job of 
pushing the Higgs mass limit well above the Z 
pole where it would be hard for proton-anti-
proton experiments to detect. The Tevatron 
is the current place for Higgs searches with 
an expected sensitivity to about 130GeV/c'2, 
Here the main Higgs production mechanism 
is via gluon-gluon fusion. Associated produc
tion with a W or Z has a factor five lower 
cross-section. For low Higgs masses, below 
135 GeV/c2, the bb decay mode is dominant. 
With a leptonic W or Z decay we get signa
tures of zero, one, or two charged leptons, an 
imbalance of energy in the transverse plane, 
missing ET (in case of zero or one charged 
lepton), and two b-jets. For heavier Higgs 
the WW* decay dominates and then Higgs 
production via gluon fusion yields a viable 
signature. 

The WH analyses of CDF and D 0 were 
performed early on and results are updated 
regularly with increased luminosity6. The 
D 0 experiment has also completed a search 
in the ZH channel where the Z decays into 
neutrinos7. The analysis compares the miss
ing ET (ET) as calculated from all energy in 
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Figure 3. Current CDF and D 0 Run II Higgs cross-
section times branching ratio limits from the WH, 
ZH, and WW* channel. 

the detector with the calculation from just 
clustered energy and the jet energy vector 
sum with the track momentum vector sum to 
reduce instrumental background which comes 
mainly from jet mismeasurments. The main 
background in the analysis comes from Z plus 
multijet production and W plus bb produc
tion with W decay into TV decay. Figure 2 
shows the dijet mass spectrum after two b-
tags are required. No excess of events over 
background expectation is observed in this 
search nor in any other Higgs analysis of CDF 
and D0. The cross-section times branching 
ratio limit of this analysis is shown in Fig. 3 
together with the limits from the other Teva
tron SM Higgs searches. 

The sensitivity of CDF and D 0 is cur
rently between 3 and 10 pb while a SM Higgs 
is at about 0.2 pb. The difference between the 
current and the final Run II Higgs sensitiv
ity projection8 is understood. In addition to 
the luminosity accumulation, improvements 
in lepton and b-tagging acceptance, the di
jet mass resolution, and analysis techniques 
will bring the sensitivity of the experiments 
to the projections made before Run II. 

At LHC the Higgs production cross-
section is huge. Even a decay mode with 
small branching ratio, like Higgs into a pho
ton pair, yields a sizable event number. The 
two experiments each have an electromag-
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Figure 4. SM Higgs signal significance of the ATLAS 
experiment for the different search channels. 

netic calorimeter with very precise energy 
resolution to be able to observe a diphoton 
mass bump from Higgs9 on top of the huge 
diphoton continuum. For LHC vector boson 
fusion, however, will be the most important 
production for Higgs. Both ATLAS and CMS 
can observe a SM Higgs up to several hundred 
GeV/c2 after a few years of running, Fig. 4. 
For LHC the observation of a Higgs boson 
would be just the initial step. The two ex
periments can measure the ratio of couplings 
and decay widths to an uncertainty of 20 and 
30%. 

3 MSSM Higgs 

Current and next generation experiments 
cover a SM Higgs well. The Higgs sector, 
however, can be richer than a single doublet. 
Supersymmetry extends the symmetry con
cept, that has been so successfull in parti
cle physics, to the spin sector. It provides 
a consistent framework for gauge unification 
and solves the hierarchy problem of the SM. 
No SUSY particles have been observed so 
far. Several SUSY breaking scenarios are un
der consideration which determine the SUSY 
structure. The MSSM is the general mini-
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Figure 5. Distribution of the "visible" Higgs mass in 
the CDF ditau analysis. 
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Figure 6. Excluded regions in the mass of A versus 
tan(/3) plane for the m™ a x and no mixing scenario 
for the Higgsino mass marameter fi > 0. 

mal supersymmetric extension of the SM. It 
has two Higgs doublets yielding five physical 
Higgs particles: h, H, A, H + , and H~. At tree 
level the Higgs sector is described by two pa
rameters, the pseudoscalar Higgs mass, rriA, 
and ratio of the two Higgs vacuum expecta
tion values, tan(/3). The MSSM, although the 
minimal extension, has a lot of free parame
ters. One normally uses models constrained 
based on SUSY breaking scenarios and GUT 
scale relations or special benchmarking mod
els. 

At the Tevatron the Higgses of the 
MSSM are of particular interest. The Yukawa 
coupling to down-type fermions is enhanced, 
boosting the cross-section by a factor of 
tan(/3)2. For large tan(/3) the pseudoscalar 
Higgs and either h or H are expected to be 
almost mass degenerate. The branching ra
tio into bb is at around 90% independent of 
mass. Decays into tau pairs account for close 
to 10%. 

Two neutral MSSM Higgs searches are 
performed at CDF and D0 . The first is based 
on Higgs plus bb production: bbA —• bbbb. 
It yields a striking four b-jet signature. The 
second search is based on the tau decay mode: 

-> T+T~. 

Tau leptons are not as easily identified 

as electrons or muons. The CDF analysis10 

is based on one leptonic tau decay and one 
hadronic tau decay. Jets from hadronic tau 
decays are very narrow, pencil like, compared 
to quark/gluon jets. CDF uses a double 
cone algorithm to identify hadronic tau de
cays. An efficiency of 46% is achieved with a 
misidentification rate between 1.5% to 0.1% 
per jet depending on the jet energy. For 
the Higgs search the experiment uses a data 
sample selected by an electron or muon plus 
track trigger to achieve high efficiency. Fig
ure 5 shows the visible mass of the ditau sys
tem, calculated from the momentum vector 
of the lepton, hadronic tau, and #T- The 
main background comes from Z and Drell-
Yan ditau production. No excess of events is 
observed in the first 310 p b - 1 of Run II data. 
A binned likelihood fit in the visible mass is 
used to set limits on the mass of A versus 
tan(/3), Fig 6. 

The D 0 analysis11 for the four b-jet 
channel requires three b-tag jets in the event. 
The first jet has to have E^ > 35 GeV while 
the third can be as low as 15 GeV. To es
timate the background from light quark and 
gluon jets, the probability of mis-tagging a 
jet is measured on the three jet sample be
fore b-tagging, subtracting any true heavy 
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flavour contribution. Those mistag functions 
are then applied to the untagged jets in the 
double b-tag sample to get the shape of the 
multijet background to the triple b-tag sam
ple. D 0 determines the overall background 
normalization by fitting the dijet mass out
side the hypothesized signal region in the 
triple b-tag sample. Figure 7 shows the mass 
versus tan(/3) limit obtained by this analy
sis. For \i > 0 the sensitivity of the four 
b-jet channel is very low due to the lower 
cross-section and lower branching ratio into 
bb, while for the tau channel cross-section 
reduction and branching ratio enhancement 
compensate. 

The final combined MSSM Higgs mass 
limits from the four LEP experiments have 
been released12. There are no signals of 
Higgsstrahlung or pair production. Sen
sitivity is evaluated in several benchmark 
models. A top mass of 179 GeV/c2 is as
sumed for all limits. Figure 8 shows the ex
cluded mass of A versus tan(/3) for the clas
sic no-stop mixing benchmark model with 
MSUSY = 1000GeV/c2, M2 = 200GeV/c2, 
fj, = -200GeV/c2 , m g l u i n o = 800GeV/c2, 
A = 0 + fi • cot(/3). The excluded area is 
reduced in the case of stop mixing and is 
quite sensitive to the top mass. The LEP 

Figure 8. Excluded regions in the mass of A versus 
tan(/3) plane for the no mixing scenario. Dark areas 
are excluded at over 99% CL, light areas at 95% CL. 

100 120 |40 
mhJ (Ge\7c-) 

Figure 9. Excluded regions in the mass of h i versus 
tan(/3) plane for the CP-violating scenario. Dark ar
eas are excluded at over 99% CL, light areas at 95% 
CL. 
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experiments also considered the case of CP-
violation in the Higgs sector. Such a scenario 
appeals in explaining the cosmic matter-
antimatter asymmetry. Experimentally such 
a scenario is much more challenging as the 
lightest Higgs can decouple from the Z. Fig
ure 9 shows the LEP results. An inconsis
tency in the prediction from CPH and Feyn-
Higgs for the h2 —> hi hi branching ratio 
causes the hole at tan(/3) ~ 6 to open up13 . 

There are also two charged Higgs parti
cles in the MSSM. CDF uses its top cross-
section measurments from the various decay 
channels to search for top decays into charged 
Higgs plus b-quark14. Such a decay would 
change the expected number of events differ
ently in the dilepton, lepton plus single b-tag, 
lepton plus double b-tag, and lepton plus tau 
channel, especially for small and large tan(/3) 
values. Figure 10 shows the excluded mass as 
function of tan(/3) in one of the benchmark 
models studied. 

4 Supersymmetry 

From the LEP experiments 5 we know 
that the chargino has to be heavier than 
103.5 GeV/c2. At the Tevatron the cross-
section for chargino-neutralino production 
is rather small. However, in Rp con-

Table 1. Observed events and expected number of 
background events in the six channels of the D 0 
chargino-neutralino analysis. 

Channel 
ee t 
e/i t 
/i/Lit 

^ ^ 
e r h t 
/ i T h t 

Total 

Expected 
0.21 ±0.12 
0.31 ±0.13 
1.75 ±0.57 
0.64 ±0.38 
0.58 ±0.14 
0.36 ±0.13 

3.85 ± 0.75 

Observed 
0 
0 
2 
1 
0 
1 

4 

serving minimal supergravity inspired SUSY 
(mSUGRA) one can get a very distinct sig
nature. In case of leptonic chargino and 
neutralino decay, the event will contain only 
three charged leptons and missing ET from 
the escaping neutrinos and the lightest SUSY 
particles (LSP). The challenge in the analy
sis is the charged lepton acceptance times ef
ficiency since it enters with third power. For 
tan(/3) values above 8 to 10, tau decays be
come significant and tau identification thus 
very important. 

The D 0 analysis16 searches in six sepa
rate channels and combines the results. In all 
the channels known dilepton resonances are 
removed and a combined cut on the E^ and 
P T of the third lepton used to suppress back
ground from mainly misidentified leptons and 
diboson production. Table 1 shows the ex
pected background and observed number of 
events in each of the six channels. In the 
320pb~ of data analysed, no excess is ob
served. D 0 continues to set cross-section 
times branching ratio into three lepton limits. 
The analysis also improves the LEP chargino 
mass limit to 116 GeV/c2 in case of light slep-
tons, i.e. small mo. 

The production cross-section of coloured 
SUSY particles is much larger than that of 
chargino-neutralino. The squarks of the first 
two generations are assumed to be degener
ate in mass. Stop and sbottom quarks could 
be significantly lighter due to the large top 
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Figure 11. Excluded region in the gluino versus 
squark mass plane of the D 0 missing ET plus multi- Figure 12. Excluded stop mass as function of A'131 

jet analysis. coupling of the ZEUS analysis. 

Yukawa coupling. CDF and D 0 have ded
icated analyses for those17. The analyses 
assume direct decay of the third generation 
squark into LSP: b —> bx° or t —> ex?- Both 
direct production of tt and bb and indirect 
production through, for instance, g —• bb are 
researched. 

For the gluinos and squarks of the first 
two generation the signature depends on the 
mass hierarchy. If the squarks are lighter, 
squark production is dominant and squarks 
will decay via q qx° or q q'x± with 

QQXi- I n c a s e the gluino is the lighter 
one, gluino pair production is dominant with 
g —> qq~x° o r g ->• qq'x1*1- With the jets from 
the chargino decay generally being softer, this 
yields a 2, 3, or 4 jet signature together with 
missing E^. The D 0 analysis18 makes a 
preselection, vetoing jet back-to-back topolo
gies, events with leptons, and events where 
the missing ET is close in azimuthal angle 
to a jet. The main SM backgrounds are from 
W/Z plus multijet and QCD multijet produc
tion. After the preselection dedicated anal
yses are made for each jet multiplicity. In 
all three cases the observed events are ex
plained by the background estimate. Fig

ure 11 shows the new excluded region in 
gluino versus squark mass. 

Rp conserving SUSY yields a natural 
dark matter candidate. However, imparity 
conservation is really put into the models ad 
hoc and nature may not conserve it. In case of 
Rp violation (Rp), different signatures arise. 
In the case of a non-vanishing A' coupling 
electrons and u/d-quarks can couple, ideal 
for HERA. In electron-proton mode, A'llfe 

couplings are accessible while in positron-
proton mode, Ay! couplings would produce 
resonant UL. Both HI and ZEUS searched 
for a large variety of |?p signatures. The 
most striking signature is "wrong" sign elec
trons, i.e. events with energetic electrons 
while in positron-proton mode and events 
with positrons, jets, and no missing ET while 
in electron-proton mode. No signals of Rp 
SUSY has been found. Figures 12 and 13 
show the stop and sbottom mass limits as 
function of the coupling constant from ZEUS 
and HI. Squarks with Rp violating couplings 
of electroweak strength are excluded up to 
275GeV/c2. 

In case SUSY is broken via gauge in
teractions (GMSB) the gravition acquires 
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Figure 14. SUSY sensitivity of CMS in the mo versus 
m ^ 2 plane for different integrated luminosity. 

a small mass and becomes the LSP. The 

next-to-lightest SUSY particle will decay 

into a photon plus gravitino for the dis

tinct GMSB photon signature. CDF and D 0 

have both searched in the diphoton plus ET 

channel2 0 . The experiments use chargino-

neutralino production as reference model for 

the search. The two experiment have com

bined their results from the first 250 p b - 1 of 

da ta and exclude charginos in GMSB models 

below 209GeV/c 2 at 95% CL. 

In the case of low energy supersymme-

try, LHC will be a great machine2 1 . It 

will provide a definite answer to the ques

tion and with a small luminosity of only a 

few month probe SUSY scales of over a TeV. 

But LHC can do more and measure sparticle 

masses, for instance, for the second lightest 

neutralino from the dilepton spectrum end-

point or even the gluino mass from the t o p -

bot tom endpoint. 

The ILC 2 2 , however, will be required for 

precision mass and coupling measurements. 

Iso la ted L e p t o n a n d Mis s ing 
E n e r g y 

In Run I of HERA HI observed an excess 

of events with isolated lepton px > 10 GeV 

and missing ET > 12 GeV beyond what one 

would expect from W production2 3 . The ex

cess was pronounced at large p* > 25 GeV 

and did not fit well any new physics model. 

Both HI and ZEUS have searched for an iso

lated lepton plus ET signature in the new 

Run II da ta 2 4 . HI has used the identical 

selection in the analysis of the new data, 

separately for posi tron-proton and electron-

proton data. The muon channel shows no 

more the excess seen in Run I while an event 

excess remains in the electron channel. HI 

has also analysed the tau da ta from Run I 

which show no excess either. ZEUS did 

not observe an event excess in Run I. Wi th 

4 0 p b _ 1 of Run II da ta analysed ZEUS finds 

also no excess in the electron channel. Table 2 

shows the current results of all the searches. 
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Table 2. Expected and observed number of isolated electron, muon, and tau events of HI and ZEUS. 

HI HERA I 
118 pb ' 

HI e*p 
53 p b ' * " 

HI e p 
f new 

39 p b ' 

ZEUS HERA I 
130 pb1 

ZEUS e*p M 

40 pb' 

electron 

all 

11 
l l . 5 4 t l . 5 0 

9 
4.75*0.76 

5 
4.09+0.61 

24 
20.6*".4 .6 

0 
0.46±0.10 

pT
x*25GeV 

5 
1.76*0.30 

5 
0.84±0.19 

1 

0.62±0.11 

2 
2.90*° 5 ' . 0 S 2 

0 
0.58*° °"_0 0 , 

muon 

all 

8 
2.94-. 0.50 

1 
1.33±0.19 

0 
1.10±0.17 

12 
11.9*°'%.7 

pT
x>255eV 

6 
1.68=0.30 

0 
0.85±0.13 

0 
0.67±0.11 

5 
2.75±0.21 

tau ifftfc 

all 

5 
5.8±1.36 

3 
0.40*°1 2 .0 l 3 

pT
x>25SeV 

0 
0.53±0.10 

2 
0.20±0.05 

6 H i g h M a s s Searches 

High-mass searches were one of the first re

sults presented from Run II of the Teva-

tron. New gauge bosons and other high 

mass resonances yield energetic objects when 

they decay. Searches based on energetic lep-

tons, photons, and missing E^ give access 

to a large variety of new physics. For in

stance, events with an energetic electron and 

positron are sensitive to Z', large extra di

mensions, Randall-Sundrum gravitons, $ p 

sneutrinos, and technicolor particles, p and 

u. The analyses2 5 of CDF and D 0 are con

stantly refined, on one side to cover signa

tures in a generic way, by for instance cal

culating sensitivity based on the spin, or to 

incorporate new models and interpretations, 

like expressing Z' sensitivity based on d-aru, 

or B-xL couplings, on the other side to in

clude additional event kinematics like cos 8* 

in the analysis to enhance sensitivity to new 

physics. About 450 p b - 1 of Run II da ta are 

analysed for high mass objects. No excess or 

deviation are observed so far. 

7 Indirect Searches 

With no signals of new physics in any of the 

direct searches, we can search for signs of 

new physics where new particles are in vir

tual states. Processes tha t are rare in the 

SM provide an excellent place to search for 

. ^ 2 0 
m uma tsacKgrouna r-it — \ry 

i—i—rr\—i—i—r 

mEC (GeV/c) 

Figure 15. The energy constraint muon photon mass 
spectrum of the BaBar tau decay into muon plus pho
ton analysis. 

signs of new physics. 

Tau decays into a muon and a photon are 

tiny in the SM with a branching ratio around 

10~4 0 but allowed if one includes neutrino 

mixing. The decay violates lepton flavour 

which occures naturally in SUSY grand uni

fied theories. Both Belle and BaBar 2 6 have 

recorded over 20 million ditau events. BaBar 

uses one tau as tag and then the other as 

probe. A neural network is used to discrimi

nate signal from background. The main back

ground comes from dimuon production and 

di tau production with tau decays into a muon 

plus neutrinos and a photon from initial or 

http://ll.54tl.50
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Figure 16. Distribution of events in the likelihood 
versus dimuon mass plane of the CDF B —> / i + / i -

analysis. 

final state radiation. Figure 15 shows the 

energy constraint muon photon mass with a 

curve of how a potential signal would look. 

Observation agrees with the background ex

pectation and BaBar sets a 90% CL limit on 

the branching ratio of t au into a muon plus 

a photon at 6.8 * 10~8 . 

Another interesting channel is the B s 

into fi+fJ,~ decay. The flavor changing neu

tral current (FCNC) decay is heavily sup

pressed in the SM. In the MSSM, however, 

the branching ratio is enhanced, proportional 

to tan(/3)6 . CDF has a long tradit ion of 

searching for B —> /i+ /x~. The analysis is nor

malized to the observed B + —> J/i /)K+ decays -

to become independent of the b production 

cross-section. A likelihood function is used 

to separate dimuons tha t originate from a de

cay of a particle with lifetime from prompt 

dimuons. CDF observes no events in the 

Bd and B s window, Fig. 16. The combined 

C D F / D 0 analyses set a 95% CL branching 

ratio limit of 1.2 * 1 0 " 7 for B s and 3.1 * 1CT8 

for B d . This excludes first regions in SUSY 

parameter space at high tan(/3). 

8 S u m m a r y and O u t l o o k 

Scientists have explored nature to smaller 

and smaller scales over the years. In the 

last 50 years particle physics has made 

tremendous progress, revealing and explor

ing the next smaller layer of particles. We 

have developed a self-consistent, although in

complete, model tha t describes our current 

knowledge. Nature still surprises us, like with 

the observation of neutrino oscillation and 

the accelerating expansion of the universe. 

Our current understanding strongly suggests 

new physics to be close to the electroweak 

scale. However, no significant evidence of 

new physics has been observed so far. The 

current experiments search extensively in a 

large variety of signatures for deviations from 

the Standard Model. Some of the most in

teresting and promising search channels were 

presented in this review. Both HERA and the 

Tevatron are running well with record lumi

nosities and the experiments are keeping up 

analysing the data. The hope is on the cur

rent experiments to unveil the next layer or 

the next symmetry of nature. A new genera

tion of experiments is only a few years away 

and should answer our question about new 

electroweak scale physics. The transfer of ex

pertise and experience to those new experi

ments has started. 
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DISCUSSION 

Inti Lehmann (Uppsala University): 
What is the long term plans for the Teva
tron after LHC comes into operation? 

Stephan Lammel: As long as the Tevatron 
is at the energy frontier it would not be 
wise to switch off the machine. Once 
LHC has taken over one has to see if any 
measurments remain that can be done 
better at the Tevatron or if it is better 
to focus on LHC and may be prepare at 
Fermilab for a new experiment/machine. 

Dieter Zeppenfeld (Uni. Karlsruhe): 
With about 300 pb-1 or 5-10% of the ul
timate data sample the Tevatron Higgs 
cross section bounds are more than an 
order of magnitude above SM expecta
tions. This indicates that the present 
sensitivity is well below what was pre
dicted. Is this correct? And what are 
the main problems? 

Stephan Lammel: At the moment there is 
more than an order of magnitude dif
ference between experimental limits and 
theoretical expectation. The important 
ingredients for Higgs search at the Teva
tron are lepton and b-tagging efficiency. 
Both experiments are still improving on 
their detection efficiencies. The bb di-
jet mass resolution is also extremly im
portant. Right now the experiments 
are back to their Run I mass resolu
tion of 15% (from 17% at the start of 
Run II). The goal is to use b-jet spe
cific corrections and global event vari
ables which should bring the resolution 
to about 10%. 
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Recent progress in both the experimental and theoretical explorations of electroweak symmetry break
ing is surveyed. 

1 Introduction 

Particle physicists have a Standard Model 
of electroweak interactions which describes 
a large number of measurements extraordi
narily well at energies on the few hundred 
GeV scale. In fact, we have become ex
tremely blase about tables such as that of 
Fig. I,1 which shows an impressive agree
ment between experiment and theory. Vir
tual probes, using the sensitivity of rare de
cays to high scale physics, are also in good 
agreement with the predictions of the Stan
dard Model. This agreement, however, as
sumes the existence of a light, scalar Higgs 
boson, without which the theory is incom
plete. There has thus been an intense experi
mental effort at the Tevatron aimed at discov
ering either the Standard Model Higgs boson 
or one of the Higgs bosons associated with the 
minimal supersymmetric model (MSSM). 

In the Standard Model, using QF, a, and 
Mz as inputs, along with the fermion masses, 
the W mass is a predicted quantity. The com
parison between the prediction and the mea
sured value can not only be used to check 
the consistency of the theory, but also to in
fer limits on possible extentions of the Stan
dard Model. The relationship between Mw 
and Mt is shown in Fig. 2. The curve la
belled "old" does not include the new values 
(as of Summer, 2005), for the W mass and 
width from LEP-2 and the new mass of the 
top quark from the Tevatron. (These new 
values are reflected in Fig. 1.) 

The measurements of Fig. 1 can be used 
to extract limits on the mass of a Standard 

Model Higgs boson. The limit on the Higgs 
boson mass depends quadratically on the top 
quark mass and logarithmically on the Higgs 
boson mass, making the limit exquisitely sen
sitive to the top quark mass. The limit is also 
quite sensitive to which pieces of data are in
cluded in the analysis. The fit of Fig. 2 in
cludes only the high energy data and so does 
not include results from NuTeV or atomic 
parity violation. 

The precision electroweak measurements 
of Fig. 1 give a 95% confidence level upper 
limit on the value of the Higgs boson mass 
of,1 

MH < 186 GeV. (1) 

If the LEP-2 direct search limit of MH > 
114 GeV is included, the limit increases to 

MH < 219 GeV. (2) 

Both CDF and DO have presented ex
perimental limits on the production rate for 
a Standard Model Higgs boson, which are 
shown in Fig. 3.2 For most channels, the 
limits are still several orders of magnitude 
away from the predicted cross sections in the 
Standard Model. With an integrated lumi
nosity of 4 fb'1 (8 fb-1), the 95% exclu
sion limit will increase to MH > 130 GeV 
(MH > 135 GeV). A much more optimistic 
viewpoint is to note that with 4 fb-1 there is 
a 35% chance that the Tevatron will find 3cr 
evidence for a Higgs boson with a mass up to 
MH = 130 GeV. 

Despite the impressive agreement be
tween the precision electroweak data and 
the theoretical predictions of the Standard 

mailto:dawson@bnl.gov
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Tevatron Run II Preliminary 
Measurement Fit 
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Figure 3. CDF and DO limits on the production cross 
section times the branching ratios for various Higgs 
boson production channels as a function of the Higgs 
boson mass, along with the Standard Model expec
tations for each channel.2 

Figure 1. Precision electroweak measurements and 
the best theoretical fit to the Standard Model as of 
September, 2005. Also shown is the deviation of the 
fit for each measurement from the value predicted 
using the parameters of the central value of the fit.1 
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" H • 

J4_ 
150 175 

m, [GeV] 
200 

Figure 2. The relationship between M\y and Mt in 
the Standard Model. The curve labelled "old" does 
not include the Summer, 2005 updates on the 147" bo
son mass and width from LEP-2 and the new top 
quark mass from the Tevatron.1 

Model with a light Higgs boson, theorists 
have been busy inventing new models where 
mechanisms other than a light Higgs boson 
are responsible for the electroweak symmetry 
breaking. We begin in Section 2 by reviewing 
the theoretical arguments for the existence 
of a Higgs boson and continue in Section 3 to 
discuss the reasons why a light Higgs boson is 
unattractive to many theorists. In the follow
ing sections, we review a sampling of models 
of electroweak symmetry breaking. 

2 Who needs a Higgs Boson? 

The Standard Model requires a Higgs bo
son for consistency with precision electroweak 
data, as is clear from Fig. 2. The Standard 
Model Higgs boson also serves two additional 
critical functions. 

The first is to generate gauge invariant 
masses for the fermions. Since left- (ifii,) a n d 
right- (IPR) handed fermions transform differ
ently under the chiral SU(2)L X U(l)y gauge 
groups, a mass term of the form 

Lr, mfi^L^B. -<M>-RVL (3) 
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Table 1. Representative limits (90 % c.l.) on the scale 
of new dimension-6 operators corresponding to L = 
Oi/h?[A}. 

LEP 

LEP-2 

Flavor 

Operator, Oj 

HWHW^B^ 

ej^el^l 

&dR<rllvqLFi"' 

Amin (TeV) 

10 

5 

9 

Figure 4. Feynman diagrams contributing to the pro
cess W+W~ —^ W+W~ with the Higgs boson re
moved from the theory. 

is forbidden by the gauge symmetry. A Higgs 
doublet, $, with a vacuum expectation value, 
v, generates a mass term of the required form, 

Lr, 
mf ^L^R + i>R&i> (4) 

The second important role of the Stan
dard Model Higgs boson is to unitarize the 
gauge boson scattering amplitudes. The 
J = 0 partial wave amplitude for the pro
cess W+W~ —> W+W~ (Fig. 4) grows with 
energy when the Higgs boson is not included 
in the amplitude and violates partial wave 
unitarity at an energy around E ~ 1.6 TeV.3 

The Higgs boson has just the right couplings 
to the gauge bosons to restore partial wave 
unitarity as long as the Higgs boson mass is 
less than around MH < 800 GeV. With a 
Higgs boson satisfying this limit, the Stan
dard Model preserves unitarity at high ener
gies and is weakly interacting. 

3 Problems in Paradise 

The Standard Model is theoretically unsatis
factory, however, because when loop correc
tions are included, the Higgs boson mass con
tains a quadratic dependence on physics at 
some unknown higher energy scale, A. When 
the one-loop corrections to the Higgs boson 

mass, 5MJJ, are computed we find, 

GFA2 

H 4 \ /27r 2 
6M,2 

w 3Mi M2 
H YIMi 

A 

.7 TeV 
200 GeV (5) 

In order to have a light Higgs boson as re
quired by the precision electroweak measure
ments, the scale A must be near 1 TeV. The 
quantum corrections thus suggest that there 
must be some new physics lurking at the TeV 
scale. 

We therefore need new physics at the 
1 TeV scale to get a light Higgs boson. How
ever, much of the possible new physics at 
this scale is already excluded experimentally. 
A model independent analysis which looked 
at various dimension-6 operators found that 
typically new physics cannot occur below a 
scale A > 5 TeV. A representative sampling 
of limits on possible dimension-6 operators 
is shown in Table 1 and a more complete list 
can be found in Ref. [3]. This tension between 
needing a low scale A for new physics in order 
to get a light Higgs boson and the experimen
tal exclusion of much possible new physics at 
the TeV scale has been dubbed the "little hi
erarchy problem". However, a global fit to 21 
flavor- and CP- conserving operators found 
that there are certain directions in parame
ter space where the limit on A can be lowered 
considerably5 (even to below 1 TeV) raising 
the possibility that in specific models the "lit
tle hierarchy problem" may not be a problem 
at all. 

In recent years, there have been a vari-
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ety of creative new models constructed which 
attempt to find a mechanism to lower the 
scale A, while at the same time not violat
ing the existing experimental limits. Super-
symmetric models are the trusty standard 
for addressing this problem and we discuss 
progress and variations on the minimal su
persymmetric model in the next section. In 
the following sections, we discuss attempts 
to address electroweak symmetry breaking 
with Little Higgs models7,8 and with Hig-
gsless models.6 There are many other novel 
models for electroweak symmetry breaking-
fat Higgs models,9 strong electroweak sym
metry breaking10 (and many more!) -which 
will not be addressed here due to space limi
tations. 

4 Super symmet ry 

The classic model of new physics at the TeV 
scale is supersymmetry, where a cancellation 
between the contributions of the Standard 
Model particles and the new partner particles 
of a supersymmetric model keeps the Higgs 
boson mass at the TeV scale. This cancel
lation occurs as long as the supersymmetric 
partner particles have masses on the order of 
the weak scale. For example, the top quark 
contribution to Eq. 5 becomes,13 

5M2
H~GFA2(M?-rh2

tht2y (6) 

where TOji,t2 are the masses of the scalar part
ners of the top quark. 

The simplest version of a supersymmet
ric model, the MSSM, has many positive as
pects: 

• The MSSM predicts gauge coupling uni
fication at the GUT scale. 

• The MSSM contains a dark matter can
didate, the LSP (Lightest Supersymmet
ric Particle). 

• The MSSM predicts a light Higgs boson, 
MH < 140 GeV. 

1 experimental errors 68% CL: _ 

\ LEP2/Tevatron (today) .. -] 

! Tevatron/LHC M S S M rfgjSl ••',~ 

I - . i . . I I 1 

160 165 170 175 180 185 190 
m [GeV] 

Figure 5. Fit to precision electroweak data in the 
MSSM. The curve labelled heavy SUSY assumes the 
supersymmetric parameters are set at 2 TeV.11 

• The MSSM agrees with precision elec
troweak measurements.11 

The fit to the electroweak precision data can 
be performed in the context of the MSSM and 
is shown in Fig. 5 for supersymmetric partner 
masses below 2 TeV. The MSSM with super-
symmetric partner particles in the 1-2 TeV 
region is actually a slightly better statistical 
fit to the data than the Standard Model.14 

There are also many negative things 
about the supersymmetric model, the most 
obvious of which is: Where is it? 

In the MSSM, the lightest Higgs boson 
mass has a theoretical upper bound, 

M2
H < M2

Z cos2 2/3 

2,GFMf (mtlmt2\ , . 

where tan /3 is the ratio of the neutral Higgs 
boson vacuum expectation values. Requir
ing that the Higgs boson mass satisfy the 
LEP direct search limit, MH > 114 GeV, im
plies that the stop squarks must be relatively 
heavy,12 

rhtifhi2 > (950 GeV)2. (8) 

However, the supersymmetric partner parti
cles in the MSSM are naturally on the order 
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Figure 6. Total next-to-leading order cross section in 
the MSSM for bH production at the Tevatron. The 
bands show the renormalization/factorization depen
dence. The solid (red) curves correspond to the four-
flavor number scheme with no b partons, and the 
dotted (blue) curves are the prediction from the five-
flavor number scheme with b partons in the initial 
state.1 5 

of the weak scale, so there is a tension be
tween the desire for them to be light (to fill 
their required role in cancelling the quadratic 
contributions to the Higg boson mass as in 
Eq. 6 ) and the limit of Eq. 8. 

The couplings of the Higgs boson to the 
bottom quark are enhanced in the MSSM 
for large values of tan/? and the dominant 
production mechanism becomes gg —• bbH, 
where 0, 1, or 2 6 quarks are tagged.15'16 

Fig. 6 shows the total next-to-leading order 
cross section for bH production at the Teva
tron as a function of the mass of the lightest 
Higgs boson of the MSSM for tan/5 = 40.15 

DO has a new limit on this process, which is 
shown in Fig. 7.17 

Many variants of the MSSM have been 
constructed. One of the simplest is the 
NMSSM (next-to-minimal- supersymmetric 
model) which is obtained by adding a Higgs 
singlet superfield S to the MSSM.18-19 The 
superpotential in the NMSSM is, 

W = WMSSM + \HiH*S + ~S3, (9) 

where Hx and H2 are the Higgs doublet su-
perfields of the MSSM, and 5 is the Higgs 

-
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Figure 7. 95% c.l. upper limit from the DO exper
iment at the Tevatron on tan/3 in the MSSM from 
gg —* bbtfi, where </> is any of the three neutral Higgs 
bosons of the MSSM.17 

singlet superfield. When the scalar compo
nent of the singlet, S, gets a vacuum expec
tation value, the term \HiH.2{S) in the su
perpotential naturally generates the 11H1H2 
term of the MSSM superpotential and it is 
straightforward to understand why /i ~ Mz-
This is the major motivation for constructing 
the NMSSM. 

In the NMSSM model, the bound on the 
lightest Higgs boson mass becomes, 

Mfj < Mz cos2 2/3 + v2A2 sin2 2(3 

-rT-loop corrections, (10) 

and the lightest Higgs boson can be signifi
cantly heavier than in the MSSM. If we fur
ther assume that the couplings remain per-
turbative to the GUT scale, the theoreti
cal upper bound on the lightest Higgs boson 
mass becomes MH < 150 GeV.20 

The phenomenology in the NMSSM is 
significantly different than in the MSSM. 
There are three neutral Higgs bosons and 
two pseudoscalar Higgs bosons. A typical 
scenario for the masses is shown in Fig. 8. 
New decays such as the Higgs pseudoscalar 
into two scalar Higgs bosons are possible and 
changes the LHC Higgs search strategies. In 
addition, the lightest Higgs boson can have 
a large CP-odd component and so can evade 
the LEP bound on MH.18-19 

The minimal version of the MSSM con
serves CP, but CP violation in the Higgs 
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Figure 8. Typical mass scenario for the Higgs bosons 
in the NMSSM with tan/3 = 3. The region between 
the vertical lines (denoted by arrows) is the region 
allowed by vacuum stability.19 

sector can easily be accommodated in the 
MSSM. Non-zero phases in the scalar tri-
linear couplings can generate large CP vio
lating effects from radiative corrections, es
pecially those involving the third generation. 
If there is CP violation in the Higgs sector of 
the MSSM, then the three neutral Higgs mass 
eigenstates, Hi, H2, and H3, are mixtures of 
the CP-even and CP-odd Higgs states.21 The 
production and decay properties of the Higgs 
bosons can be very different from those of the 
Higgs bosons in the CP conserving version of 
the MSSM since the CP-odd components of 
the Higgs mass eigenstates do not couple to 
the Z boson. 

Experimental searches for the Higgs bo
son in a version of the MSSM with CP viola
tion in the Higgs sector have been performed 
by the LEP collaborations22 using the bench
mark parameters of the CPX model.21 For 
large values of M#2 , Hi is almost completely 
CP-even and the exclusion limit for the light
est Higgs boson mass is similar to the CP 
conserving limit. If M#2 > 130 GeV, then 
MHl > 113 GeV. For lighter M#2 , the Hx 

has a large mixture of the CP-odd compo
nent and the result is that there are unex-

mh (GeV/c2) 

Figure 9. Excluded region in the Mjf1-tan0 plane in 
the CP conserving version of the MSSM. The light 
(dark) green is the 95 % (97 %cl) exclused region in 
the M^(max) benchmark scenario. The solid lines 
from left to right vary the top quark mass: Mt = 
169.3, 174.3, 179.3 and 183 GeV.2 1 

eluded regions in the MHX — tan/3 parame
ter space and the excluded region disappears 
completely for 4 < tan/3 < 10. At 95% c.L, 
tan/3 < 3.5 and MHl < 114 GeV and also 
tan/3 > 2.6 are excluded in the CPX sce
nario.0 

It is interesting to compare the excluded 
regions in the MJJ1 — tan (3 plane for the CP 
conserving and CP nonconserving versions of 
the MSSM, as shown in Figs. 9 and 10. We 
observe that the shape of the excluded region 
is significantly different in the two cases. As 
noted in Ref. [22], the limit is extremely sensi
tive to small variations in the top quark mass. 

5 Little Higgs Models 

Little Higgs models7'8 are an attempt to ad
dress the hierarchy problem by cancelling the 
quadratic contributions to the Higgs boson 
mass in the Standard Model with the contri
butions resulting from the addition of new 
particles which are assumed to exist at a 
scale around 1-3 TeV. The cancellation of 
the quadratic contributions occurs between 

"These limits assume Mt = 179.3 GeV[22]. 
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mH1 (GeV/c2) 

Figure 10. Excluded region in the MJJ1 — tan/3 plane 
in the CPX CP violating version of the MSSM. The 
curves are as in Fig. 9.21 

states with the same spin statistics. Thus 

contributions to Eq. 5 from the Standard 

Model W, Z, and photon are cancelled by the 

contributions from new heavy gauge bosons, 

WH , ZH and AH , with Standard Model quan

tum numbers, while Standard Model contri

butions from the top quark are cancelled by 

those from a heavy charge 2 /3 top-like quark, 

and those from the Higgs doublet by contri

butions from a scalar triplet. A clear predic

tion of the Little Higgs models is the exis

tence of these new particles. Decays such as 

ZH -^ ZH should be particularly distinctive8 

as demonstrated in Fig. I I . 2 6 

The basic idea of the Little Higgs mod

els is tha t a continuous global symmetry is 

broken spontaneously and the Higgs boson 

is the Goldstone boson of the broken sym

metry. There are many variants of this idea, 

with the simplest being a model with a global 

SU(5) symmetry broken to a global SO(5) 

symmetry by the vacuum expectation value 

of a non-linear sigma field £ = e x p ( 2 i l l / / ) . 

The Goldstone bosons contain both a Higgs 

doublet and a Higgs triplet and reside in the 

field n . The parameter / sets the scale of the 

symmetry breaking, which occurs at a scale 

A ~ 4TT/ ~ 10 TeV where the theory becomes 

strongly interacting. The quadratic contribu-

Figure 11. ATLAS simulation with 300 fb~1oi data 
of the e+e~invariant mass distribution in a Little 
Higgs model resulting from the decay ZJJ —> ZH 
for ZH = 2 TeV. The lower dotted histogram is the 
background.26 

tions to the Higgs boson mass of the Stan

dard Model are cancelled by the new states 

at a scale gf ~ 1 — 3 TeV. Furthermore, 

the gauge symmetries are arranged in such 

a manner tha t the Higgs boson gets a mass 

only at two-loops, MH ~ g2f/{Air), and so 

the Higgs boson is naturally light, as required 

by the precision electroweak data. 

The mixing of the Standard Model gauge 

bosons with the heavy gauge bosons of Lit

tle Higgs models typically gives strong con

straints on the scale / > 1 — 4 TeV.2 3 It is 

possible to evade many of these limits by in

troducing a symmetry (T parity) which re

quires that the new particles be produced in 

pairs .2 4 '2 5 This allows the scale / to be as low 

as 500GeV. The lightest particle with T-odd 

parity is stable and is a viable dark mat ter 

candidate for MH between around 200 and 

400 GeV and the scale / in the 1 - 2 TeV 

region, as seen in Fig. 12. 

Little Higgs models allow the lightest 

neutral Higgs boson to be quite heavy, as is 

demonstrated in Fig. 13. 2 7 The relaxation of 

the strong upper bound on the Higgs mass 

of the Standard Model is a generic feature of 
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80.55 

f (GeV) 

Figure 12. Excluded regions at 95%, 99% and 99.9% 
confidence level (from lightest to darkest) in the little 
Higgs model with T-Parity. In the band between the 
two dashed lines the lightest T-Parity odd particle is 
a consistent dark matter candidate and contributes 
to a relic density within 2cr of the WMAP data . 2 5 

150 200 
mt (GeV) 

Figure 13. Predictions for the W mass as a func
tion of the top quark mass in a theory with a Higgs 
triplet. The masses of the three scalars in the the
ory, H°, K°, and H^, are varied between 300 and 
600 GeV. The red point is the experimental data 
point with the \a errors.27 

models with Higgs triplets. 

6 Higgsless Models 

Finally, we consider a class of models in which 
the Higgs boson is completely removed from 
the theory. These models face a number of 
basic challenges: 

• How to break the electroweak symme-
try? 

• How to restore unitarity without a Higgs 
boson? 

• How to generate gauge boson and 
fermion masses? 

• How to ensure 

P 
Ml 

M\ cos2 6>v 
1? (11) 

Models with extra dimensions offer the 
possibility of removing the Higgs boson from 
the theory and generating the electroweak 
symmetry breaking from boundary condi
tions on the branes of the extra dimensions.6 

Before even constructing such a Higgsless 

model, it is obvious that models of this class 
will have problems with the electroweak pre
cision data. As can be seen from Fig. 14, 
as the Higgs boson gets increasingly massive, 
the predictions of the Standard Model get 
further and further away from the data. A 
heavy Higgs boson gives too large a value of 
S and too small a value of T. This figure gives 
a hint as to what the solution must eventually 
be: The Higgsless models must have a large 
and positive contribution to T and must not 
have any additional contributions to S.28 

The Higgsless models all contain a tower 
of Kaluza Klein (KK) particles, V„, with 
the quantum numbers of the Standard Model 
gauge bosons. The lightest particles in the 
KK tower are the Standard Model W, Z, and 
7. These Kaluza Klein particles contribute 
to the elastic scattering amplitudes for gauge 
bosons. In general, the elastic scattering am
plitudes have the form, (where E is the scat
tering energy): 

A = AA 
EA 

+ M 
E2 

M2
W 

An (12) 

In the Standard Model, A4 vanishes by gauge 
invariance and A2 vanishes because of the 
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H 0 

68 % CL 

0.2 0.4 

Figure 15. J = 0 partial wave for elastic gauge boson 
scattering in the Standard Model with the Higgs bo
son removed (red) and with the inclusion of a single 
Kaluza Klein excitation with M = 500 GeV (blue) in 
a deconstructed Higgsless model.30 

Figure 14. Limits on S and T from precision elec-
troweak measurements, as of September, 2005. The 
Standard Model reference values (which give S = 
T = U = 0) are Mt = 175 GeV and MH = 150 GeV.1 

cancellation between the gauge boson and 
Higgs boson contributions. In the Higgsless 
models, the contributions to A4 and A2 can
cel if, 

2 _ y 2 

*ti 3Sfc3 rink 
Ml 
Mr (13) 

where gnnk is the cubic coupling between Vn, 
Vn, and 14, gnnnn is the quartic self coupling 
of Vn, and Mk is the mass of the kth KK 
particle. 

The amazing fact is that the 5-
dimensional Higgsless models satisfy these 
sum rules exactly due to 5-dimensional gauge 
invariance. Similarly, 4-dimensional decon
structed versions of the Higgsless models33 

satisfy these sum rules to an accuracy of a 
few percent. The Kaluza Klein particles play 
the same role as the Higgs boson does in the 
Standard Model and unitarize the scattering 
amplitudes. Of course, the lightest Kaluza 
Klein mode needs to be light enough for the 
cancellation to occur before the amplitude is 
already large, which restricts the masses of 

the Kaluza Klein particles to be less than 
1 _ 2 TeV.29-30 

Fig. 15 shows the growth of the J = 0 
partial wave in the Standard Model with 
the Higgs boson removed and in a Higgs
less model with a single Kaluza Klein par
ticle with mass M = 500 GeV included. The 
inclusion of the Kaluza Klein contributions 
pushes the scale of unitarity violation from 
E - 1.6 TeV in the Standard Model with no 
Higgs boson to around E ~ 2.6 TeV in the 
Higgsless models. 

The Kaluza Klein particles contribute 
to the electroweak precision measurements. 
In general, the corrections are too large 
for KK particles with masses on the TeV 
scale.31 Considerable progress in addressing 
this problem has been made in the last year 
with the realization that the contributions of 
the Kaluza Klein particles to the precision 
electroweak observables depend on where the 
fermions are located in the extra dimen
sions. In the Randall-Sundrum model, S is 
positive if the fermions are located on the 
Planck brane and negative if they are lo
cated on the TeV brane. The trick is to 
find an intermediate point where there is a 
weak coupling between the KK modes and 
the fermions.31'32 It appears to be possible to 
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Figure 16. Oblique parameters, S, T, and U in a Hig-
gsless model as a function of the fermion localization 
parameter, c. If the fermions are localized on the 
TeV brane, c < < ^, while fermions localized on the 

A flat fermion wavefunc-Planck brane have c > > | 

tion corresponds to c = -k-32 
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Figure 17. The number of events per 100 GeV bin in 
the 2-jet plus 3 lepton plus v channel at the LHC, 
coming from the subprocess WZ —> W Z in a Higgs-
less model.34 

Fig. 17.34 The lightest KK resonance should 
be clearly observable above the background. 

construct models which are consistent with 
the electroweak precision measurements by 
having the fermion wavefunction be located 
between the branes.32 

Fig. 16 shows the oblique parameters as 
a function of the variable c, which charac
terizes the location of the fermion wavefunc
tion. If the fermions are localized on the 
TeV brane, c < < | , while fermions localized 
on the Planck brane have c > > | . A flat 
fermion wavefunction corresponds to c = ^. 
For c ~ 1/2 it is possible to satisfy the bounds 
from precision electroweak data. Fermions 
with a flat wavefunction are weakly coupled 
to the Kaluza Klein particles and so such 
Kaluza Klein particles would have escaped 
the direct searches for heavy resonances at 
the Tevatron. 

The next challenge for Higgsless models 
is to generate the large mass splitting be
tween the top and the bottom quarks.35 

Weakly coupled Kaluza Klein particles 
are a generic feature of Higgsless models and 
can be searched for in a model independent 
fashion. These KK particles appear as mas
sive W-, Z-, and 7- like resonances in vector 
boson fusion and they will appear as narrow 
resonances in the WZ channel as shown in 

7 Conclusions 

The mechanism of electroweak symmetry 
breaking could be far more complicated than 
a simple Higgs boson. Almost all models, 
however, have distinctive signatures which 
should be observed at the LHC. Soon, with 
data from the LHC, we should have some in
dication what mechanism nature has chosen! 
A complete understanding of the unknown 
physics awaiting us at the TeV scale will 
probably require a future linear collider.36 
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D I S C U S S I O N 

D a n i e l K a p l a n (Illinois Inst, of Techn.): 

How does the new state possibly seen 

in the HyperCP experiment at Fermilab 

fit into SUSY models? It has a mass of 

214.3 MeV and decays into fJ>+[i~. 

Sal ly D a w s o n : This state is very difficult to 

understand in terms of SUSY models. 

A n n a Lipniacka (University of Bergen): 

Is gauge coupling unification natural in 

Large Extra Dimension models? 

Sal ly D a w s o n : No. These theories typ

ically violate unitarity and become 

strongly interacting at a scale between 

1 and 10 TeV. 

Ignat ios A n t o n i a d i s (CERN): 

Wha t is the prize to pay in models tha t 

solve the little hierarchy problem, such 

as the little Higgs models, in particu

lar on the number of parameters and the 

unification of gauge couplings? 

Sal ly D a w s o n : Obviously, there is a large 

increase in the number of parameters 

and gauge unification is forfeited. 

Luca Si lvestr ini (Munich and Rome): 

Maybe one should comment about the 

statement tha t you made tha t new 

physics has to have a scale A greater 

than 5 TeV. Of course this is a con

ventional scale tha t is only valid if the 

coupling in front of the operator is one, 

which is generally not t rue in any weakly 

interacting theory and generally not t rue 

if new physics enters through loops. So 

I do not want tha t anybody in the au

dience really believes tha t new physics 

must be at a scale larger than 5 TeV. 

It can easily be around the electroweak 

scale as we know very well. 

Sal ly D a w s o n : Absolutely true. The limits 

depend on the couplings to the opera

tors, which in turn depend on the model. 
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The hierarchy problem is one of the main motivations for building the CERN Large Hadron Collider 
(LHC). The prospects for the ATLAS and CMS experiments to understand this problem are discussed, 
with emphasis on early studies with the first LHC data. The longer-term potential for constraining 
the parameters of the underlying new theory is also addressed. 

1 Introduction 

The hierarchy problem1 is the huge gap, 17 
orders of magnitude, between two fundamen
tal scales of physics: the electroweak scale 
and the gravity scale Mpianck. One of the 
consequences is that, if no new physics exists 
between these two scales, so that the Stan
dard Model (SM) is valid all the way up to 
Mpianck, then the Higgs mass (m#) diverges, 
unless it is unnaturally fine-tuned. New 
physics to stabilize ran is already needed at 
the TeV scale, a well-known problem that 
has motivated the construction of the LHC 
and has been addressed by several theories 
beyond the SM. In Supersymmetry2, new 
particles with masses at the TeV scale can
cel divergent loop corrections to the Higgs 
mass. In theories with extra-dimensions3, the 
fundamental scale of gravity is lowered from 
Afpianck to the electroweak scale, thereby re
moving the gap. In so-called "little Higgs" 
models4, the SM is embedded in a larger sym
metry group broken in such a way to pro
vide the exact amount of new physics at the 
TeV scale to stabilize m# . In Technicolour5, 
the source of the problem, i. e. the Higgs bo
son being a fundamental scalar, is removed 
since the Higgs is a fermion condensate. New 
particles and new (strong) interactions are 
predicted at the TeV scale. Finally, in the 
so-called "split Supersymmetry"6, the fine-
tuning of rriH (and of the cosmological con
stant) is accepted on the basis of the an-
thropic principle: we live in a fine-tuned uni

verse, out of all a priori possible landscapes, 
because only in this way can stable galaxy 
structures, atoms, etc. form. Supersymme
try sits at a high energy scale, since it is not 
required to stabilize the Higgs mass, but part 
of the spectrum (the gauginos) can be at the 
TeV scale for convenience (i.e., to provide 
a dark matter candidate and gauge-coupling 
unification). 

Many studies have been performed and 
presented over the past years about the LHC 
potential for exploring the above (and other) 
scenarios and for discovering the Higgs bo
son, a key element of the hierarchy problem. 
The results will not be repeated here. In
stead, two specific questions are addressed 
in the following sections. Firstly, what are 
the prospects for elucidating at least part of 
the hierarchy problem at the beginning of 
the LHC operation, in two years from now 
(Sees. 2 and 3) ? Secondly, assuming that a 
signal from new physics will be observed, how 
well can the experiments discriminate among 
different scenarios and constrain the underly
ing theory (Sec. 4) ? 

2 Early physics goals and 
measurements 

Table 1 shows the data samples expected 
to be recorded by each of the two experi
ments, ATLAS or CMS, for some representa
tive physics processes and for an integrated 
luminosity of 1 fb_ 1 . The latter corresponds 
to about six months of data taking at an 

mailto:fabiola.gianotti@cern.ch


Table 1. For some physics processes, and for each ex
periment (ATLAS or CMS), the expected numbers of 
events on tape for an integrated luminosity of 1 fb—1. 

Channel 

W —> \iv 

Z —> n/j, 

ti^n + X 

gg, m(ff)=l TeV 

Events for 1 fb l 

~ 7 x 106 

~ 1 x 106 

~ 1 x 105 

102 - 103 

instantaneous luminosity of 1032 cm - 2 s _ 1 

(this is 1% of the LHC design luminosity) 
with an efficiency of 50%. It can be seen 
that already in the first months of operation 
huge event samples should be produced by 
known SM processes, larger than those col
lected by the LEP and Tevatron colliders over 
their whole life. We note that this will be true 
in many cases also for very modest integrated 
luminosities, of the order of 100 pb _ 1 . 

The most urgent tasks to undertake with 
the first data will be to understand and cal
ibrate the detectors in situ using well-known 
final states, such as Z —> U and it events, 
and to perform extensive measurements of 
the SM processes, e.g. W,Z,it production. 
The latter are important on their own, but 
also as potential backgrounds to new physics. 
This phase, that will take a lot of time given 
the complexity of the experiments and of the 
LHC environment but will be crucial to pre
pare a solid road to discoveries, is illustrated 
in the next sections with two examples. 

2.1 Understanding the detector 
performance 

Construction, integration and installation of 
the ATLAS and CMS experiments is pro
gressing well7. Figure 1 shows one of the first 
cosmic muons recorded in June 2005 by the 
ATLAS Tilecal hadron calorimeter in the un
derground cavern. 

The strategy to prepare the detectors to 
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Figure 1. Display of a cosmic muon event recorded 
by the ATLAS Tilecal hadron calorimeter in the un
derground cavern (in the garage position). Trans
verse (top left) and longitudinal (bottom) views of 
the ATLAS detector are shown, as well as a map of 
the calorimeter towers (top right). The muon signal 
(in white-yellow) corresponds to about 2.5 GeV per 
calorimeter tower. 

explore the hierarchy problem is illustrated 
here with a specific example: the ATLAS 
electromagnetic calorimeter (ECAL), which 
is a lead-liquid argon sampling calorimeter 
with accordion shape8. Construction is com
pleted, and the barrel detector has been in
stalled in the underground cavern. 

One crucial performance requirement for 
the LHC electromagnetic calorimeters is to 
provide a mass resolution of about 1% in the 
hundred GeV range, needed e.g. to observe 
a possible H —•> 77 signal as a narrow peak 
on top of a huge 77 irreducible background. 
This in turn demands a response uniformity, 
i.e. a total constant term of the energy reso
lution, of <0.7% over the full calorimeter cov
erage (\r]\ < 2.5). This performance is diffi
cult to obtain, especially in the initial phases 
of data taking, but can hopefully be achieved 
in four steps. 

The first step is the construction quality 
of the detector mechanics. A response uni
formity of 0.7% requires that the thickness of 
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Figure 2. Distribution of the thicknesses of the 2048 
absorber plates (3 m long and 0.5 m wide) for the 
ATLAS barrel ECAL, as obtained from ultrasound 
measurements. The mean value of the distribution is 
2.2 mm and the r.m.s. is 11 fim. 

the calorimeter absorber plates be uniform 
to ~0.5%, i.e. 10 /im. This goal has been 
achieved, as shown in Fig. 2. 

As a second step, test-beam measure
ments of some calorimeter modules have been 
performed, in order to verify the construction 
uniformity and to prepare correction factors 
to the detector response. Figure 3 shows the 
results of a position scan of one module (of 
size A77 x A(f> = 1.4 x 0.4) made with high-
energy test-beam electrons. For all tested 
modules, the response uniformity was found 
to be about 1.5% before correction, i.e. at the 
end of the construction process, and better 
than 0.7% after calibration with test-beam 
data. 

As a third step, the calorimeter calibra
tion can be checked in the underground cav
ern with physics-like signals by using cos
mic muons (the signal-to-noise ratio is larger 
than seven for muons in the ATLAS ECAL). 
A few million events can be collected in 
three months of cosmics runs in the first half 
of 2007, during the machine cool-down and 
commissioning. This data sample is large 
enough to check the response uniformity of 
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Figure 3. Energy response of one module of the AT
LAS barrel ECAL, as a function of rapidity, as mea
sured from a position scan over about 500 calorimeter 
cells with test-beam electrons. The various symbols 
indicate different 6 rows. 

the barrel calorimeter as a function of rapid
ity with a precision of ~0.5%. 

Finally, as soon as the first LHC data will 
become available, Z —> ee events, which will 
be produced at the rate of ~0.1 Hz at L = 
1032 cm^2 s - 1 , will be used to correct long-
range response non-uniformities from module 
to module, possible temperature effects, the 
impact of the upstream material, etc. Simu
lation studies indicate that 105 Z —> ee events 
(i.e. an integrated luminosity of ~100 pb _ 1 ) 
should be sufficient to achieve the goal overall 
constant term of 0.7%, thanks to the knowl
edge and experience gained with the three 
previous steps. Therefore, after a few weeks 
of data taking the ATLAS ECAL should be 
fairly well calibrated. 

However, let's consider a very pessimistic 
scenario, as an academic exercise. That is, ig
noring the results and expectations discussed 
above, let's assume the raw (non-)uniformity 
of the calorimeter modules at the end of the 
construction phase, with no corrections ap
plied (neither based on test-beam data, nor 
using Z —> ee events). In this case the ECAL 
constant term would be 2% instead of 0.7%, 
and the significance of a possible H —> 77 
signal would be reduced by about 30%. A 
factor 1.7 more integrated luminosity would 
therefore be needed to achieve the same sen-
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Figure 4. Three-jet invariant mass distribution for 
events selected as described in the text, as obtained 
from a simulation of the ATLAS detector. The 
crosses show the expected signal from it events plus 
the background, and the dashed line shows the W+4-
jet background alone (ALPGEN Monte Carlo9). The 
number of events corresponds to an integrated lumi
nosity of 150 p b _ 1 . 

sitivity. 

2.2 First measurements of SM physics 

Top-quark pair production, a process rele
vant to the hierarchy problem since it is a 
potential background to many new physics 
channels, is discussed here as an example of 
an initial measurement. 

Figure 4 shows the expected signal from 
the gold-plated it —> bjj btv semileptonic 
channel, as obtained from a simulation of the 
ATLAS detector. The event sample corre
sponds to an integrated luminosity of only 
150 pb _ 1 . A very simple analysis was used 
to select these events, requiring an isolated 
electron or muon with transverse momen
tum PT > 20 GeV, missing transverse energy 
larger than 20 GeV, and four and only four 
jets with pT > 40 GeV. The invariant mass 
of the three jets with the highest pT of the 
three-jet system was then plotted. No kine
matic fit was made, and no ^-tagging of some 
of the jets was required, assuming conserva
tively that the 6-tagging performance of the 
ATLAS tracker would not have been well un
derstood yet. Figure 4 demonstrates that, 
even in these pessimistic conditions, a clear 

top signal should be observed above the back
ground after a few weeks of data taking (a 
data sample of 30 p b _ 1 would be sufficient). 
In turn, this signal can be used to understand 
the detector performance. For instance, if the 
top mass were to be wrong by several GeV, 
this would indicate a problem with the jet en
ergy scale. Also, top events are an excellent 
sample to study the 6-tagging performance 
of ATLAS and CMS. We note that, unlike 
at the LHC, at the Tevatron today the num
ber of recorded it events is not sufficient for 
detector calibration purposes. 

3 Early discoveries 

Only after both, detector performance and 
Standard Model physics, will have been well 
understood can the LHC experiments hope 
to extract convincing signals of new physics 
from their data. Three examples relevant to 
the hierarchy problem are discussed below, 
ranked by increasing difficulty for discovery 
in the first year(s) of operation: an easy case, 
namely an extra-dimension graviton decaying 
into an e+e~ pair; an intermediate case, Su-
persymmetry; and a difficult case, a light SM 
Higgs boson. 

3.1 Extra-dimension gravitons 

A narrow resonance of mass about 1 TeV de
caying into e+e~ pairs, such as the gravitons 
(G) predicted by Randall-Sundrum extra-
dimension theories3, is probably the easiest 
object to discover at the LHC. Indeed, if 
the couplings to SM particles are reasonable, 
e.g. branching ratios for decays into electron 
pairs at the percent level, large enough sig
nals are expected with integrated luminosi
ties of 1 fb_ 1 or less for masses up to ~1 TeV. 
In addition, the signal should provide a nar
row mass peak on top of a much smaller and 
smooth Drell-Yan background, as shown in 
Fig. 5, and not just an excess of events in the 
tails of a distribution. 
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Figure 5. Expected signal from Randall-Sundrum 
gravitons G —> e+e— (white histogram) on top of 
the Drell-Yan background (shaded histogram) in the 
CMS experiment10. The distributions correspond to 
a single experiment and to an integrated luminosity 
of 10 fb" 1 . 

Understanding the nature of the ob
served resonance, e.g. if it is a graviton or 
a heavy gauge boson Z', will require more 
time. It has been shown11 that, with an in
tegrated luminosity of 100 fb - 1 , the angular 
distribution of the electron pairs in the final 
state can provide discrimination between a 
spin-1 Z' and a spin-2 graviton. 
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Figure 6. The CMS discovery potential12 for squarks 
and gluinos in minimal Supergravity (mSUGRA) 
models13 , parametrized in terms of the universal 
scalar mass mo and universal gaugino mass m 1 /2, as 
a function of the integrated luminosity. Squark and 
gluino mass isolines are shown as dot-dashed lines 
(masses are given in GeV). 

3.2 Super symmetry 

If Supersymmetry (SUSY) has something to 
do with the hierarchy problem, it must be 
at the TeV scale, and therefore could be 
found quickly at the LHC. This is because of 
the huge production cross-sections for squark 
and gluino masses as large as ~1 TeV (see 
Table 1), and the clear signatures expected 
from the cascade decays of these particles in 
most models. Therefore, by looking for final 
states containing for instance several high-
PT jets and large missing transverse energy, 
the LHC experiments should be able to dis
cover squarks and gluinos up to masses of 
~1.5 TeV in only one month of data taking 
at L = 1033 cm - 2 s _ 1 (Fig. 6), provided that 
the detectors and the main backgrounds are 

well understood (which will take more time 
than for the case discussed in Sec. 3.1). 

Probing the underlying theory after dis
covery requires detailed studies and measure
ments of exclusive SUSY channels, as dis
cussed in Sec. 4.2. 

3.3 Standard Model Higgs boson 

The possibility of discovering a SM Higgs bo
son at the LHC during the first year(s) of 
operation depends very much on the Higgs 
mass, as shown in Fig. 7. The most difficult 
case is the low-mass region close to the LEP 
limit (ma > 114.4 GeV). As an example, 
the expected sensitivity for a Higgs mass of 
115 GeV and for the first good (i.e. collected 
with well-understood detectors) 10 fb - 1 is 
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Figure 7. The expected signal significance for a SM 
Higgs boson in ATLAS 1 4 , 1 5 as a function of mass, for 
integrated luminosities of 10 f b _ 1 (dots) and 30 f b - 1 

(squares). The vertical line shows the mass lower 
limit from searches at LEP. The horizontal line indi
cates the minimum significance (5<j) needed for dis
covery. 

summarized in Table 2. The total signal sig
nificance of about 4cr per experiment is more 
or less equally shared among three channels: 
H —> 77, ttH production with H —• bb, 
and Higgs production in vector-boson fusion 
followed by H —> TT. It will not be easy 
to extract an indisputable signal with only 
10 fb - 1 , because the significances of the in
dividual channels are small, and because an 
excellent knowledge of the large backgrounds 
and close-to-optimal detector performances 
are required, as discussed below. Therefore 
the contribution of both experiments, and the 
observation of possibly all three channels, will 
be crucial for as-fast-as-possible a discovery. 

The channels listed in Table 2 are com
plementary. They are characterized by dif
ferent Higgs production mechanisms and 
decay modes, and therefore by different 
backgrounds and different detector require
ments. Good uniformity of the electromag
netic calorimeters is crucial for the H —> 77 

Table 2. For mjj = 115 GeV and an integrated lumi
nosity of 10 f b - 1 , the expected numbers of signal (S) 
and background (B) events after all cuts and the ex
pected signal significance {S/\f~B) in ATLAS for the 
three most sensitive channels. 

s 

B 

S/VB 

H —> 77 

130 

4300 

2.0 

ttH -> 

-^ttbb 

15 

45 

2.2 

qqH with 

H^TT^ 

~ 10 

- 1 0 

~ 2 . 7 

channel, as already mentioned. Powerful b-
tagging is the key performance issue for the 
ttH channel, since there are four 6-jets in the 
final state which all need to be tagged in order 
to reduce the background. Efficient and pre
cise jet reconstruction over ten rapidity units 
(| 771 < 5) is needed for the H —> TT channel, 
since tagging the two forward jets accompa
nying the Higgs boson and vetoing additional 
jet activity in the central region of the detec
tor are necessary tools to defeat the back
ground. Finally, all three channels demand 
relatively low trigger thresholds (at the level 
of 20-30 GeV on the lepton or photon px), 
and a control of the backgrounds to a few 
percent. These requirements are challenging 
especially in the first year(s) of operation. 

On the other hand, if the Higgs boson is 
heavier than 180 GeV early discovery should 
be easier thanks to the gold-plated H —> 41 
channel. As shown in Fig. 8, the expected 
number of events is small for integrated lu
minosities of a few fb - 1 , but these events 
are very pure, since the background is es
sentially negligible, and should cluster in a 
narrow mass peak. 
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4 Cons tra in ing t h e under ly ing 
t h e o r y 

With more t ime and more data, signals from 

new physics will hopefully become more nu

merous and convincing. Many scenarios re

lated to the hierarchy problem have been 

studied by the LHC Collaborations. The re

sults demonstrate tha t the ATLAS and CMS 

detectors are sensitive to a large number of 

different topologies and final states, which 

indicates robustness and potential ability to 

cope with surprises. Furthermore, it has also 

been shown that the direct discovery poten

tial, and therefore the sensitivity to the hier

archy problem, extends up to particle masses 

of 5-6 TeV. 

However, discovery is not enough. In or

der to constrain the underlying fundamen

tal theory, and hopefully understand the ori

gin of the scale hierarchy, precise measure

ments are needed. Although the expected 

accuracy is in general not competitive with 

tha t achievable at a Linear Collider17, the 

LHC da ta should nevertheless provide a huge 

amount of information about the observed 

new physics. A few examples are discussed 

below. 

4-1 Higgs sector 

ATLAS and CMS can measure the mass 

of a SM Higgs boson with the ult imate 

experimental accuracy of ~ 0 . 1 % up to 

mH ~ 500 GeV1 4 . 

Ratios of Higgs couplings to fermions and 

bosons should be measured with typical pre

cisions of 20%1 8 . The Higgs self-coupling A, 

an important parameter providing direct ac

cess to the Higgs potential in the SM La-

grangian, is not measurable at the LHC, but 

may be constrained to about 20% at an up

graded LHC operating at a luminosity of 

1035 c m - 2 s _ 1 . 

Finally, the scalar nature of the Higgs bo

son and its positive CP-state (Jp = 0 + ) can 

be distinguished unambiguously from other 

spin-CP hypotheses (Jp = 1 + , 1 _ , 0~) for 

ma > 180 GeV. Indeed, in this mass range 

the almost background-free H —> 4£ channel 

can be used to infer the Higgs spin-CP infor

mation from the angular distributions of the 

decay products in the final s ta te 1 9 . In con

trast , hopes are very modest at lower masses, 

where the large backgrounds dilute the signal 

angular distribution. 

The above and other measurements 

should provide very useful insight into the 

electroweak symmetry breaking mechanism. 

4-2 Supersymmetry 

Mass measurements of the observed SUSY 

particles (sparticles) are essential to con

strain the underlying theory. If Nature has 

chosen R-parity conserving scenarios, tha t 

are best motivated because of dark mat ter 

arguments (see below), sparticle mass peaks 

cannot be reconstructed directly, since each 

sparticle produces, at the end of the decay 

chain, the lightest neutralino (xl) tha t is sta

ble and escapes detection. However, mass 

combinations of the visible SM particles pro

duced in the various steps of the long SUSY 

decay chains (an example is given in Fig. 9) 

can be formed, and from the shapes of their 
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Figure 9. An example of squark decay chain (from 
Ref. 20). 
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spectra, in particular from kinematic edges 

and end-points, constraints can be deduced 

on the unknown masses of the involved spar-

ticles. 

As an illustration, for the QL decay chain 

depicted in Fig. 9, which is quite typical 

over a broad region of the parameter space, 

Fig. 10 shows the reconstructed mass of the 

lepton pair obtained from an ATLAS simu

lation of a given point in the mSUGRA pa

rameter space, the so-called S P S l a point2 0 . 

In this case, the sparticle masses are about 

540 GeV, 177 GeV, 143 GeV, 96 GeV for 

QL, X°>> £R> XI respectively. The distribu

tion exhibits a sharp end-point, due to the 

two-body decay kinematics, whose position 

depends on the masses of the involved spar-

ticles (x°> £R, XI)- Similarly, the invariant 

mass of the two leptons and one jet is charac

terized by an end-point tha t depends on the 

QL, X2> XI masses. These edges can be mea

sured with experimental precisions between a 

few permil and a few percent in many cases, 

thereby providing a set of constraints on the 

involved sparticle masses. Therefore, by com

bining all experimental measurements, and 

solving the system of kinematic equations, 

it should be possible to derive the masses of 

several sparticles. This procedure is "model-

independent" , because it is based on a kine

matic method and does not rely on any a pri

ori assumption about the underlying theory. 

Further progress can be made if some 

Figure 10. Expected di-lepton invariant mass dis
tribution (after background subtraction) for point 
SPSla of the mSUGRA parameter space and an in
tegrated luminosity of 100 f b - 1 , as obtained from a 
simulation of the ATLAS detector (from Ref. 20). 

preliminary observations point toward a spe

cific class of models. Indeed, by fitting the 

model (s) to the ensemble of experimental 

measurements (masses, as described above, 

and others), it should be possible to ex

tract some of the fundamental parameters of 

the underlying theory, as well as other non-

observable quantities. The most interesting 

ones are the mass of the escaping neutralino 

X°, a candidate for the universe cold dark 

matter; the expected dark mat ter density, as

suming it is made only of relic neutralinos; 

and the neutralino-nucleon scattering cross-

section. These results could then be com

pared to cosmological predictions, to astro

physics measurements2 1 , and to the findings 

of experiments performing direct searches for 

dark matter . This method has been demon

strated so far in the framework of very min

imal models, like mSUGRA, where the ex

pected precisions on masses1 4 and dark mat

ter parameters 2 2 are between a few percent 

and 20-30%, and is now being extended to 

more general models. 

It would be a spectacular achievement for 

particle physics if we could demonstrate, at 
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the LHC and with more precision later on at 

a Linear Collider17, tha t the neutralinos pro

duced in our laboratories are indeed the con

sti tuent of the universe dark mat ter because 

their features, as determined at accelerators, 

are consistent with cosmological predictions, 

astrophysical measurements and direct dark 

mat ter searches. 

4-3 General strategy 

Prom the examples presented above, it is pos

sible to deduce some lessons about the gen

eral strategy to understand the underlying 

theory. An approach by steps will be fol

lowed: 

1. Discovery phase. Inclusive analyses will 

be used in this phase (e.g. searches for 

events with jets and large missing trans

verse energy, searches for events with 

leptons), since the goal is to be as little 

model-dependent as possible, and there

fore as much sensitive as possible to any 

scenario from new physics. 

2. First characterization of the new the

ory. The combination of several inclu

sive signatures and distributions may of

fer strong discrimination power among 

classes of models. These general ob

servations will include events with lep

tons (same-sign and opposite-sign), with 

taus, with b-tagged jets, with top-

quarks, with large missing transverse 

energy, with exotic signatures (such as 

long-lived massive particles), etc. 

3. Interpretation phase. The selection of 

increasingly more exclusive topologies 

and channels is required at this stage, in 

order to perform detailed precise mea

surements such as those described in 

Sec. 4.2. These exclusive samples may 

contain di-lepton edges, h —> bb peaks 

coming from the cascade decays of heav

ier particles, events with supersymmet-

ric Higgs bosons decaying as A/H —> 

fifj,, TT, events with tt pairs, etc. 

It should be possible, at each of the above 

steps, to narrow the a priori huge variety 

of possible scenarios by excluding some of 

them, and to get guidance on how to con

tinue. It will not be easy to pin down the cor

rect framework. However, the LHC da ta will 

likely provide much more information than 

we can predict today, and the consistency 

with other da ta (e.g. from astrophysics ob

servations, from precision experiments mea

suring rare decays) should also help to draw 

the global picture. 

The ult imate goal will be to reconstruct 

the fundamental theory at high energy, and 

therefore understand the hierarchy of scales. 

For instance, if Nature is supersymmetric at 

the TeV scale, by measuring the masses of 

squarks, gluinos, charginos and neutralinos at 

the electroweak scale, and evolving them to 

the GUT scale using Renormalization Group 

Equations, it could be possible to test uni

fication hypotheses at GUT energies. This 

goal can be best achieved by measuring the 

features of strongly-interacting sparticles at 

the LHC and those of electroweak sparticles 

at a Linear Collider23. 

5 Conc lus ions 

In about two years from now the LHC will 

s tar t operation, and particle physics will en

ter a new epoch, hopefully the most glori

ous and fruitful of its history. Indeed, the 

hierarchy problem indicates tha t the Stan

dard Model is incomplete already at the TeV 

scale, and tha t new physics should be ex

pected there. 

The LHC will be able to explore this scale 

in detail, with a direct discovery potential up 

to particle masses of ~5-6 TeV. Hence, if new 

physics is there the LHC will find it, and will 

also provide definitive answers about the SM 

Higgs mechanism, Supersymmetry, and sev

eral other TeV-scale predictions tha t have re-
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sisted experimental verification for decades °. 
More importantly, perhaps, the LHC will tell 
us which are the right questions to ask and 
how to continue. 
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D I S C U S S I O N Many new physics processes do not have 

clear and clean signatures, and you will 

have to detect them on top of the Stan

dard Model processes. Is our under

standing and simulation of the Stan

dard Model advanced enough and de

tailed enough? 

E d m o n d B e r g e r (Argonne): 

The measurement of the inclusive 

hadronic jet cross section as a function 

of transverse energy should offer an ex

cellent opportunity to observe evidence 

of a new physics scale, based on the de

viations from the Standard Model QCD 

predictions. Scaling from the Tevatron 

results, I would guess tha t LHC should 

be able to access scales E± ~ 4 TeV after 

one year of operation. Many new physics 

scenarios will produce deviations from 

Standard Model QCD predictions. The 

measurement should be easy as long as 

the detectors have adequate energy res

olution. 

Fabiola Gianott i : Indeed, observables re

lated to QCD jets are potentially sensi

tive to a huge number of scenarios be

yond the Standard Model (e.g. Com-

positeness) and, as you mentioned, hun

dreds of events with jet E±_ ~ 4 TeV 

are expected with (very modest) inte

grated luminosities of order 100 p b _ 1 . 

However, extracting an indisputable sig

nal of new physics from jet cross-section 

measurements will not be easy and will 

take a lot of t ime. This is because jet 

cross-sections are affected by large the

oretical and instrumental uncertainties 

(calorimeter response, par ton distribu

tion functions, etc.). In particular, it will 

take t ime to understand the calorimeter 

response to jets as a function of energy 

up to the TeV scale. Possible uncor

rected response non-linearities can pro

duce deviations of the jet E± spectra 

from the QCD expectation, and there

fore fake a signal of new physics. This 

is why I stressed tha t narrow resonances 

decaying into lepton pairs are more reli

able for early discoveries. 

Francesco Forti (INFN-Pisa): 

Fabiola Gianot t i : The Standard Model 

backgrounds will be determined at the 

LHC by using a combination of da ta 

and Monte Carlo simulations (data alone 

or Monte Carlo alone are not enough, 

we need both) . Recently, a lot of 

progress has been made from the theo

retical and phenomenological side. The 

three main processes, the so-called "can

dles", W, Z and it production, are 

theoretically known to 5% or better. 

Furthermore, matrix-element generators 

(e.g. ALPGEN, MC@NLO) for domi

nant background processes like W+je t s , 

t t+ je t s have been developed. They have 

also been interfaced to parton-shower 

Monte Carlo using methods avoiding jet 

double-counting. 

Tord Ekelof (Uppsala University): 

Just as a comment to the previous ques

tion by Ed Berger on the knowledge of 

QCD as opposed to looking for leptons 

and peaks. I think tha t the real way is 

the combination of the two, and you re

ally need to go in great detail with both. 

You have the early evaluation of the jet-

multiplicity — you have to have a very 

good knowledge of that , and then com

bine it with lepton signals. So I do not 

see a choice there — it is really a combi

nation. 

Fabiola Gianot t i : The experiments will 

study everything, all possible final states 

and topologies. 

Ignat ios A n t o n i a d i s (CERN): 

Wha t is the upper limit for a LSP neu-

tralino tha t can be measured in LHC. 



Will LHC be able to explore the whole 
region of a LSP dark matter? 

Fabiola Gianotti: LSP neutralinos (xl) 
are produced at the end of the cas
cade decays of squarks and gluinos. 
Hence their observability depends on the 
observability of the strongly-interacting 
sparticles. Squarks and gluinos can be 
detected at the LHC up to masses of 2.5-
3 TeV, which corresponds to neutralino 
masses of up to about 400 GeV. There 
are regions of the (mSUGRA) parame
ter space with neutralino physics consis
tent with dark matter where squark and 
gluino masses are heavier than 2.5-3 TeV 
(an example is given by the so-called 
"rapid-annihilation funnels"). These re
gions are not accessible at the LHC. 
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This paper is a very short report on the status 
experiments at the end of August 2005 

This paper is a very short report on the 
status of the Large Hadron Collider(LHC)1 

and its four experiments at the end of August 
2005. A copy of the slides2 and a video3 of 
the presentation can be found on the web site 
of the conference. 

The first superconducting magnet for the 
LHC was lowered into the accelerator tunnel 
at 2.00 p.m. on Monday, 7th March. This is 
the first of the 1232 dipole magnets for the 
future collider, which measures 27 km in cir
cumference and is scheduled to be commis
sioned in 2007. The magnets production pro
ceeds very well and is on schedule, to date 
more than 800 magnets have been delivered 
and about 100 have been already installed in 
the tunnel following the installation of the 
cryogenic pipes. The quality of the magnets 
is very good. The first full LHC cell (120 m 
long) comprising 6 dipoles + 4 quadrupoles 
has been successful tests at nominal current 
(12 kA) since 2002. 

The installation of the LHC in the tunnel 
is on the critical path for the first collisions. 
Critical items are the cryogenic services lines 
(QRL). The QRL runs along side the mag
nets in the tunnel and supplies the liquid he
lium necessary to get the super conducting 
magnets down to 1.9 K. The QRL had prob
lems in the past and a recovery plan was im
plemented successfully one year ago. To date 
QRL components have been delivered for 4 
of the 8 LHC sectors and almost two sec
tors have been already equipped. The first 
QRL subsector has been cooled few weeks 
ago: there were some small problems dur-

of the Large Hadron Collider(LHC) and its four 

ing a pressure test before the cool down at
tempt but these were resolved quickly and 
thereafter things went well. 

The LHC schedule4 foresees a parallel in
stallation of pairs of sectors. The last sector 
will be completed in June 2007. The first 
pair of sectors (sector 7 and sector 8) will 
be completed in May 2006 and cooled down 
for a first test with beam. The test will in
volve injection of beam from the SPS down 
TI8 into LHC at the injection point right of 
point 8. The beam would then pass though 
IP8 (LHCb) and then through sector 8-7 to 
a temporary beam dump located after the 
Q6 quadrupole just right of the warm inser
tion of point 7. Around 2 weeks beam time 
is foreseen for the test. The scope of this 
test is to check that the ensemble of installed 
equipment works as foreseen, that there are 
no problems with ongoing installation, and 
to pre-commission essential acquisition and 
correction procedures. 

LHC will be cooled down in summer 
2007. After the machine check-out the com
missioning with beam will start and will be 
followed by a pilot run in fall 2007. The 
startup of the machine is foreseen in four 
stages approaching gradually the final num
ber of bunches (2808), the final bunch in
tensity (1.15 10 n ) and the final squeeze ( 
0.5 m). In the first stage LHC will run 
with 43 x 43 bunches (moving to 156 x 156) 
with moderate intensities. First collisions un
squeezed, followed by partial squeeze. The 
maximal luminosity will gradually approach 
1032 cm~2 sec-1. In the second stage LHC 
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will move to 75 ns bunch crossing with the 

aim of moving to intensities around 3 1010 

particles per bunch. The maximal luminos

ity will gradually approach 1033 cm~2 sec-1. 

In the third stage LHC will move to 25 ns 

bunch crossing and the luminosity will ap

proach again 1033 cm~2 sec-1 with fewer in

teractions per bunch crossing. The fourth 

stage will be done after the installation of 

the final collimator system and of the com

plete dump system. This will allow reaching 

the design luminosity of 1034 cm~2 sec~l. 

The four LHC experiments LHCb, Alice, 

CMS and ATLAS are installing their appa

ra tus and preparing for the commissioning 

phase. 

LHCb 5 have already installed the mag

net, the electromagnetic calorimeter, the 

hadron calorimeter and the iron for the muon 

filters. Good achievement has been made for 

the construction of many subsystems and the 

construction of the muon chambers is pro

ceeding with tight planning. They will be 

able to fully exploit LHC since day one, also 

because their design luminosity is lower than 

ATLAS and CMS. 

The Alice6 magnet (former L3 magnet) is 

ready for the installation of the experiment. 

The very large Time Projection Chamber is 

very much advanced as many other subsys

tems. An almost complete initial detector 

will be ready for the first pp collisions and 

for the first Heavy Ions run. The detector 

will be completed in 2008 with the installa

tion of the remaining 50% of the Transition 

Radiation Detector and the remaining 3 out 

of 8 elements of the photon calorimeter. 

The construction of the CMS 7 magnet 

and its coil has been completed in the sur

face building while the infrastructures are be

ing prepared in the experimental cavern. The 

hadron calorimeter is completed and the in

stallation of the muon chambers in the mag

net joke is proceeding. The magnet will be 

powered for the first time near the end of 

the year. After the test of the magnet in 

the surface building the heavy lowering will 

start: 15 heavy lifts of about 1 week dura

tion each, the heaviest piece (central wheel + 

solenoid) is about 2000 tons. The CMS sub-

detectors are being commissioned with cos

mic rays for addressing system issues. An im

portant integration milestone is the slice test 

during the test of the magnet beginning of 

2006. Test with cosmic rays will continue in 

the pit after installation and re-cabling. CMS 

foresee to install the ECAL endcaps and the 

pixel vertex detector (even though ready) af

ter the pilot run in the 2006/2007 shutdown. 

The procurement of the Ecal barrel crystals 

and the integration of the Tracker proceed 

with very tight planning. The objectives 

for the pilot run are: to verify da ta coher

ence, sub-system synchronization; to inter-

calibrate ECAL barrel crystals to 2%; to 

cross check and complete source calibration 

for HCAL channels to 2%; to align the tracker 

strip detector significantly below the 100 /j,m 

level and to align the muon chambers at the 

100 /im level. 

ATLAS 8 are progressing in the instal

lation in the experimental cavern. They 

have recently completed the installation of 

the eight huge coils of the barrel muon sys

tem. The construction and installation of 

the muon chambers is proceeding on sched

ule. The electromagnetic calorimeter is com

pleted. A full vertical slice of ATLAS was 

tested in the beam in fall 2004: for the 

first time, all ATLAS sub-detectors were inte

grated and run together with common DAQ, 

"final" electronics and DCS. ATLAS are us

ing cosmic rays for initial physics alignment 

and calibration of the detector, debugging 

of sub-systems, mapping dead channels etc. 

These activities will continue during the ma

chine commissioning. The objectives for the 

pilot run are : to prepare the trigger and 

the detector; to tune the trigger menus; to 

begin to measure reconstruction efficiencies, 

fake rates, energy scales, resolutions; to be

gin to understand backgrounds to discovery 
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channels. ATLAS is on track for collisions in 
summer 2007 and physics still in 2007. 
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Type I string theory provides a D-brane world description of our universe and leads to two new 
scenaria for physics beyond the Standard Model: low string scale and split supersymmetry. Lowering 
the string scale in the TeV region provides a theoretical framework for solving the mass hierarchy 
problem and unifying all interactions. The apparent weakness of gravity can then be accounted by 
the existence of large internal dimensions, in the submillimeter region, and transverse to a braneworld 
where we must be confined. I review the main properties of this scenario and its implications for 
observations at both particle colliders, and in non-accelerator gravity experiments. I also present 
a concrete realization of split supersymmetry which guarantees gauge coupling unification at the 
conventional scale M Q U T — 2 X 1016 GeV. 

1 In t roduct ion 

During the last few decades, physics beyond 
the Standard Model (SM) was guided from 
the problem of mass hierarchy. This can be 
formulated as the question of why gravity ap
pears to us so weak compared to the other 
three known fundamental interactions corre
sponding to the electromagnetic, weak and 
strong nuclear forces. Indeed, gravitational 
interactions are suppressed by a very high en
ergy scale, the Planck mass Mp ~ 1019 GeV, 
associated to a length lp ~ 10 - 3 5 m, where 
they are expected to become important. In a 
quantum theory, the hierarchy implies a se
vere fine tuning of the fundamental param
eters in more than 30 decimal places in or
der to keep the masses of elementary particles 
at their observed values. The reason is that 
quantum radiative corrections to all masses 
generated by the Higgs vacuum expectation 
value (VEV) are proportional to the ultravi
olet cutoff which in the presence of gravity 
is fixed by the Planck mass. As a result, all 
masses are "attracted" to become about 1016 

times heavier than their observed values. 
Besides compositeness, there are three 

main theories that have been proposed and 
studied extensively during the last years, cor
responding to different approaches of dealing 

with the mass hierarchy problem. (1) Low 
energy supersymmetry with all superparticle 
masses in the TeV region. Indeed, in the 
limit of exact supersymmetry, quadratically 
divergent corrections to the Higgs self-energy 
are exactly canceled, while in the softly bro
ken case, they are cutoff by the supersymme
try breaking mass splittings. (2) TeV scale 
strings, in which quadratic divergences are 
cutoff by the string scale and low energy su
persymmetry is not needed. (3) Split su
persymmetry, where scalar masses are heavy 
while fermions (gauginos and higgsinos) are 
light. Thus, gauge coupling unification and 
dark matter candidate are preserved but the 
mass hierarchy should be stabilized by a dif
ferent way and the low energy world appears 
to be fine-tuned. All these ideas are experi
mentally testable at high-energy particle col
liders and in particular at LHC. Below, I dis
cuss their implementation in string theory. 

The appropriate and most convenient 
framework for low energy supersymmetry 
and grand unification is the perturbative het-
erotic string. Indeed, in this theory, grav
ity and gauge interactions have the same ori
gin, as massless modes of the closed heterotic 
string, and they are unified at the string scale 
Ms. As a result, the Planck mass Mp is pre-
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dieted to be proportional to Ms: 

MP=Ms/g, (1) 

where g is the gauge coupling. In the sim
plest constructions all gauge couplings are 
the same at the string scale, given by the 
four-dimensional (4d) string coupling, and 
thus no grand unified group is needed for uni
fication. In our conventions «GUT = g2 — 
0.04, leading to a discrepancy between the 
string and grand unification scale MGUT by 
almost two orders of magnitude. Explaining 
this gap introduces in general new parame
ters or a new scale, and the predictive power 
is essentially lost. This is the main defect 
of this framework, which remains though an 
open and interesting possibility. 

The other two ideas have both as natu
ral framework of realization type I string the
ory with D-branes. Unlike in the heterotic 
string, gauge and gravitational interactions 
have now different origin. The latter are 
described again by closed strings, while the 
former emerge as excitations of open strings 
with endpoints confined on D-branes1. This 
leads to a braneworld description of our uni
verse, which should be localized on a hyper-
surface, i.e. a membrane extended in p spa
tial dimensions, called p-brane (see Fig. 1). 
Closed strings propagate in all nine dimen
sions of string theory: in those extended 
along the p-brane, called parallel, as well 
as in the transverse ones. On the contrary, 
open strings are attached on the p-brane. 
Obviously, our p-brane world must have at 
least the three known dimensions of space. 
But it may contain more: the extra d|| = p—3 
parallel dimensions must have a finite size, in 
order to be unobservable at present energies, 
and can be as large as TeV - 1 ~ 10~18 m2. 
On the other hand, transverse dimensions in
teract with us only gravitationally and exper
imental bounds are much weaker: their size 
should be less than about 0.1 mm 3. In the 
following, I review the main properties and 
experimental signatures of low string scale4'5 

Figure 1. In the type I string framework, our Uni
verse contains, besides the three known spatial di
mensions (denoted by a single blue line), some ex
tra dimensions (dy = p — 3) parallel to our world p-
brane (green plane) where endpoints of open strings 
are confined, as well as some transverse dimensions 
(yellow space) where only gravity described by closed 
strings can propagate. 

and split supersymmetry6,7 proposals. 

2 Low string scale 

2.1 Framework 

In type I theory, the different origin of gauge 
and gravitational interactions implies that 
the relation between the Planck and string 
scales is not linear as (1) of the heterotic 
string. The requirement that string theory 
should be weakly coupled, constrain the size 
of all parallel dimensions to be of order of 
the string length, while transverse dimensions 
remain unrestricted. Assuming an isotropic 
transverse space of n = 9 — p compact di
mensions of common radius R±, one finds: 

M2
P = ~M2+nRn

x , gscg\ (2) 

where gs is the string coupling. It follows 
that the type I string scale can be chosen hi
erarchically smaller than the Planck mass8'4 

at the expense of introducing extra large 
transverse dimensions felt only by gravity, 
while keeping the string coupling small4. The 
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tungsten 

H 5 cm H 

Figure 2. Torsion pendulum that tested Newton's 
law at 130 nm. Several sources of background noise 
were eliminated using appropriate devices. 

weakness of 4d gravity compared to gauge in

teractions (ratio Mw/Mp) is then a t t r ibuted 

to the largeness of the transverse space R± 

compared to the string length ls = M^1. 

An important property of these models 

is tha t gravity becomes effectively (4 + n) -

dimensional with a strength comparable to 

those of gauge interactions at the string scale. 

The first relation of Eq. (2) can be un

derstood as a consequence of the (4 + Tri

dimensional Gauss law for gravity, with 

Mi4+n) = M*+n/g4 (3) 

the effective scale of gravity in 4 + n dimen

sions. Taking Ms ~ 1 TeV, one finds a size 

for the extra dimensions Rj_ varying from 108 

km, .1 mm, down to a Fermi for n = 1, 2, or 

6 large dimensions, respectively. This shows 

tha t while n = 1 is excluded, n > 2 is 

allowed by present experimental bounds on 

gravitational forces3,9. Thus, in these mod

els, gravity appears to us very weak at macro

scopic scales because its intensity is spread in 

the "hidden" extra dimensions. At distances 

shorter than R±, it should deviate from New

ton's law, which may be possible to explore 

in laboratory experiments (see Fig. 2). 

The main experimental implications of 

TeV scale strings in particle accelerators 

are of three types, in correspondence with 

the three different sectors tha t are generally 

present: (i) new compactified parallel dimen

sions, (ii) new extra large transverse dimen

sions and low scale quantum gravity, and (iii) 

genuine string and quantum gravity effects. 

On the other hand, there exist interesting im

plications in non accelerator table-top exper

iments due to the exchange of gravitons or 

other possible states living in the bulk. 

2,2 World-brane extra dimensions 

In this case RMS ;> 1, and the associated 

compactification scale R71 would be the first 

scale of new physics tha t should be found in

creasing the beam energy2 '1 0 . There are sev

eral reasons for the existence of such dimen

sions. It is a logical possibility, since out of 

the six extra dimensions of string theory only 

two are needed for lowering the string scale, 

and thus the effective jj-brane of our world 

has in general d^ = p — 3 < 4. Moreover, they 

can be used to address several physical prob

lems in braneworld models, such as obtain

ing different SM gauge couplings, explaining 

fermion mass hierarchies due to different lo

calization points of quarks and leptons in the 

extra dimensions, providing calculable mech

anisms of supersymmetry breaking, etc. 

The main consequence is the existence 

of Kaluza-Klein (KK) excitations for all SM 

particles tha t propagate along the extra par

allel dimensions. Their masses are given by: 

2 

M^ = M* + ^ ; m = 0 , ± l , ± 2 , . . . (4) 

where we used dy = 1 , and Mo is the higher 

dimensional mass. The zero-mode m = 0 is 

identified with the 4d state, while the higher 

modes have the same quantum numbers with 

the lowest one, except for their mass given 

in (4). There are two types of experimental 

signatures of such dimensions1 0 '1 1 , 1 2 : (i) vir

tual exchange of KK excitations, leading to 

deviations in cross-sections compared to the 
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SM prediction, that can be used to extract 
bounds on the compactification scale; (ii) di
rect production of KK modes. 

On general grounds, there can be two dif
ferent kinds of models with qualitatively dif
ferent signatures depending on the localiza
tion properties of matter fermion fields. If 
the latter are localized in 3d brane intersec
tions, they do not have excitations and KK 
momentum is not conserved because of the 
breaking of translation invariance in the extra 
dimension(s). KK modes of gauge bosons are 
then singly produced giving rise to generally 
strong bounds on the compactification scale 
and new resonances that can be observed in 
experiments. Otherwise, they can be pro
duced only in pairs due to the KK momentum 
conservation, making the bounds weaker but 
the resonances difficult to observe. 

When the internal momentum is con
served, the interaction vertex involving KK 
modes has the same 4d tree-level gauge cou
pling. On the other hand, their couplings 
to localized matter have an exponential form 
factor suppressing the interactions of heavy 
modes. This form factor can be viewed as 
the fact that the branes intersection has a fi
nite thickness. For instance, the coupling of 
the KK excitations of gauge fields A,1(x, y) = 
E m ^ m ^ P ' f t o t h e charge density j^x) 
of massless localized fermions is described by 
the effective action13: 

f *-^ - In 16^4* 
d*xY,e 2*n Mx)A^(x). (5) 

^ m 

After Fourier transform in position space, it 
becomes: 

f A 1 « 2MS
2 

J dxdV (27rlnl6)ie 21nl6Jn(x)A*(x>y)> 

(6) 
from which we see that localized fermions 
form a Gaussian distribution of charge with 
a width a = \/ln 16 ls ~ 1.66ls. 

To simplify the analysis, let us consider 
first the case dy = 1 where some of the gauge 
fields arise from an effective 4-brane, while 

1500 3000 4500 6000 7500 
Dilepton mass 

Figure 3. Production of the first KK modes of the 
photon and of the Z boson at LHC, decaying to 
electron-positron pairs. The number of expected 
events is plotted as a function of the energy of the 
pair in GeV. From highest to lowest: excitation of 
7 + Z, 7 and Z. 

fermions are localized states on brane inter
sections. Since the corresponding gauge cou
plings are reduced by the size of the large di
mension R\\MS compared to the others, one 
can account for the ratio of the weak to strong 
interactions strengths if the SU(2) brane ex
tends along the extra dimension, while SU(3) 
does not. As a result, there are 3 distinct 
cases to study12, denoted by (t,l,l), (t,l,t) 
and (t,t,l), where the three positions in the 
brackets correspond to the three SM gauge 
group factors SU(3)xSU(2)xU(l) and those 
with / (longitudinal) feel the extra dimension, 
while those with t (transverse) do not. 

In the (t,l,l) case, there are KK excita
tions of SU(2) x U(l) gauge bosons: W^\ 
^m^> and Z(m\ Performing a x2 fit of the 
electroweak observables, one finds that if the 
Higgs is a bulk state (I), R^1 £ 3.5 TeV 14. 
This implies that LHC can produce at most 
the first KK mode. Different choices for lo
calization of matter and Higgs fields lead to 
bounds, lying in the range 1 — 5 TeV 14. 

In addition to virtual effects, KK excita
tions can be produced on-shell at LHC as new 
resonances11 (see Fig. 3). There are two dif-
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ferent channels, neutral Drell-Yan processes 

pp —> l+l~X and the charged channel V^v, 

corresponding to the production of the KK 

modes 7 ^ , Z^ and W± , respectively. The 

discovery limits are about 6 TeV, while the 

exclusion bounds 15 TeV. An interesting ob

servation in the case of 7^1-) + Z^-1' is t ha t 

interferences can lead to a "dip" just before 

the resonance. There are some ways to dis

tinguish the corresponding signals from other 

possible origin of new physics, such as mod

els with new gauge bosons. In fact, in the 

(t, I, I) and (t, I, t) cases, one expects two res

onances located practically at the same mass 

value. This property is not shared by most 

of other new gauge boson models. Moreover, 

the heights and widths of the resonances are 

directly related to those of SM gauge bosons 

in the corresponding channels. 

In the (t, I, t) case, only the SU(2) factor 

feels the extra dimension and the limits set by 

the KK states of W^ remain the same. On 

the other hand, in the (£, t, I) case where only 

U(1)Y feels the extra dimension, the limits 

are weaker and the exclusion bound is around 

8 TeV. In addition to these simple possibili

ties, brane constructions lead often to cases 

where part of U(l)y is t and part is I. If 

SU{2) is I the limits come again from W±, 

while if it is t then it will be difficult to dis

tinguish this case from a generic extra U(l)'. 

A good statistics would be needed to see the 

deviation in the tail of the resonance as being 

due to effects additional to those of a generic 

U(l)' resonance. Finally, in the case of two 

or more parallel dimensions, the sum in the 

exchange of the KK modes diverges in the 

limit R\\MS > > 1 and needs to be regularized 

using the form factor (5). Cross-sections be

come bigger yielding stronger bounds, while 

resonances are closer implying tha t more of 

them could be reached by LHC. 

On the other hand, if all SM particles 

propagate in the extra dimension (called uni

versal)", KK modes can only be produced in 

0 Although interesting, this scenario seems difficult 

pairs and the lower bound on the compactifi-

cation scale becomes weaker, of order of 300-

500 GeV. Moreover, no resonances can be ob

served at LHC, so tha t this scenario appears 

very similar to low energy supersymmetry. In 

fact, KK parity can even play the role of Im

parity, implying tha t the lightest KK mode 

is stable and can be a dark mat ter candidate 

in analogy to the LSP 1 5 . 

2.3 Extra large transverse dimensions 

The main experimental signal is gravitational 

radiation in the bulk from any physical pro

cess on the world-brane. In fact, the very 

existence of branes breaks translation invari-

ance in the transverse dimensions and gravi-

tons can be emitted from the brane into the 

bulk. During a collision of center of mass 

energy y/s, there are ~ {\/sRj_)n KK exci

tations of gravitons with tiny masses, tha t 

can be emitted. Each of these states looks 

from the 4d point of view as a massive, quasi-

stable, extremely weakly coupled (s/Mp sup

pressed) particle tha t escapes from the de

tector. The total effect is a missing-energy 

cross-section roughly of order: 

{y/sR±)n l r \ / ^ „ + 2 , -
Mp ~ s{Ms> ' { ) 

Explicit computation of these effects leads to 

the bounds given in Table 1. However, larger 

radii are allowed if one relaxes the assump

tion of isotropy, by taking for instance two 

large dimensions with different radii. 

Fig. 4 shows the cross-section for gravi-

ton emission in the bulk, corresponding to the 

process pp —> jet+graviton at LHC, together 

with the SM background1 6 . For a given value 

of Ms, the cross-section for graviton emission 

decreases with the number of large transverse 

dimensions, in contrast to the case of parallel 

dimensions. The reason is tha t gravity be

comes weaker if there are more dimensions 

to be realized, since 4d chirality requires non-trivial 
action of orbifold twists with localized chiral states 
at the fixed points. 
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Table 1. Limits on R± in mm. 

Experiment 71 = 2 n = 4 n = 6 

Collider bounds 
LEP 2 

Tevatron 
LHC 
NLC 

5 x lO" 1 

5 x 10" 1 

4 x lO" 3 

1 0 - 2 

2 x 10~8 

10~8 

6 x 10_ 1 U 

lO" 9 

7 x lO" 1 1 

4 x 1 0 - 1 1 

3 x 10~1 2 

6 x 10~12 

Present non-collider bounds 
SN1987A 

COMPTEL 

3 x 1 0 - 4 

5 x 10~b 

10~8 

-

6 x lO" 1 0 

-

because there is more space for the gravita
tional field to escape. There is a particular 
energy and angular distribution of the pro
duced gravitons that arise from the distribu
tion in mass of KK states of spin-2. This 
can be contrasted to other sources of missing 
energy and might be a smoking gun for the 
extra dimensional nature of such a signal. 

In Table 1, there are also included as-
trophysical and cosmological bounds. Astro-
physical bounds17 '18 arise from the require
ment that the radiation of gravitons should 
not carry on too much of the gravitational 
binding energy released during core collapse 
of supernovae. In fact, the measurements of 
Kamiokande and 1MB for SN1987A suggest 
that the main channel is neutrino fluxes. The 
best cosmological bound19 is obtained from 
requiring that decay of bulk gravitons to pho
tons do not generate a spike in the energy 
spectrum of the photon background mea
sured by the COMPTEL instrument. Bulk 
gravitons are expected to be produced just 
before nucleosynthesis due to thermal radia
tion from the brane. The limits assume that 
the temperature was at most 1 MeV as nu
cleosynthesis begins, and become stronger if 
temperature is increased. 

2.4 String effects 

At low energies, the interaction of light 
(string) states is described by an effective 
field theory. Their exchange generates in par-
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Figure 4. Missing energy due to graviton emission at 
LHC, as a function of the higher-dimensional gravity 
scale M», produced together with a hadronic jet. The 
expected cross-section is shown for n — 2 and n = 4 
extra dimensions, together with the SM background. 

ticular four-fermion operators that can be 
used to extract independent bounds on the 
string scale. In analogy with the bounds on 
longitudinal extra dimensions, there are two 
cases depending on the localization proper
ties of matter fermions. If they come from 
open strings with both ends on the same 
stack of branes, exchange of massive open 
string modes gives rise to dimension eight ef
fective operators, involving four fermions and 
two space-time derivatives20,13. The corre
sponding bounds on the string scale are then 
around 500 GeV. On the other hand, if mat
ter fermions are localized on non-trivial brane 
intersections, one obtains dimension six four-
fermion operators and the bounds become 
stronger: Ms ^ 2 - 3 TeV 13 '5. At ener
gies higher than the string scale, new spec
tacular phenomena are expected to occur, re
lated to string physics and quantum grav
ity effects, such as possible micro-black hole 
production21. Particle accelerators would 
then become the best tools for studying quan
tum gravity and string theory. 

2.5 Sub-millimeter forces 

Besides the spectacular predictions in accel
erators, there are also modifications of grav-
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itation in the sub-millimeter range, which 
can be tested in "table-top" experiments that 
measure gravity at short distances. There are 
three categories of such predictions: 
(i) Deviations from the Newton's law 1/r2 

behavior to l / r 2 + n , which can be observable 
for n = 2 large transverse dimensions of sub-
millimeter size. This case is particularly at
tractive on theoretical grounds because of the 
logarithmic sensitivity of SM couplings on the 
size of transverse space22, that allows to de
termine the hierarchy23. 
(ii) New scalar forces in the sub-millimeter 
range, related to the mechanism of supersym-
metry breaking, and mediated by light scalar 
fields <p with masses24'4: 

o in ^ _ ^ ^ 1 0 _ 4 _ 1 0 - 6 e V ; ( 8 ) 

Mp 

for a supersymmetry breaking scale msusy ~ 
1 — 10 TeV. They correspond to Compton 
wavelengths of 1 mm to 10 /im. msusy can 
be either l/R\\ if supersymmetry is broken by 
compactification24, or the string scale if it is 
broken "maximally" on our world-brane4. A 
universal attractive scalar force is mediated 
by the radion modulus ip = Mp In R, with R 
the radius of the longitudinal or transverse 
dimension(s). In the former case, the result 
(8) follows from the behavior of the vacuum 
energy density A ~ l/Rt for large i?|| (up to 
logarithmic corrections). In the latter, super-
symmetry is broken primarily on the brane, 
and thus its transmission to the bulk is grav-
itationally suppressed, leading to (8). For 
n = 2, there may be an enhancement factor of 
the radion mass by \nR±Ms ~ 30 decreasing 
its wavelength by an order of magnitude23. 

The coupling of the radius modulus to 
matter relative to gravity can be easily com
puted and is given by: 

tflnfl " 3 for * | | 

^ = 1 - 1 . 5 * * ^ 
(9) 

where M denotes a generic physical mass. 
In the longitudinal case, the coupling arises 

dominantly through the radius dependence 
of the QCD gauge coupling24, while in the 
case of transverse dimension, it can be de
duced from the rescaling of the metric which 
changes the string to the Einstein frame and 
depends slightly on the bulk dimensionality 
(a = 1 - 1.5 for n = 2 - 6) 23. Such a force 
can be tested in microgravity experiments 
and should be contrasted with the change of 
Newton's law due the presence of extra di
mensions that is observable only for n = 2 3 '9. 
The resulting bounds from an analysis of the 
radion effects are3: 

M* <; 3 - 4.5 TeV for n = 2 - 6 . (10) 

In principle there can be other light mod
uli which couple with even larger strengths. 
For example the dilaton, whose VEV deter
mines the string coupling, if it does not ac
quire large mass from some dynamical super-
symmetric mechanism, can lead to a force of 
strength 2000 times bigger than gravity25. 
(iii) Non universal repulsive forces much 
stronger than gravity, mediated by possible 
abelian gauge fields in the bulk17'26. Such 
fields acquire tiny masses of the order of 
Mg/Mp, as in (8), due to brane localized 
anomalies26. Although their gauge coupling 
is infinitesimally small, QA ~ Ms/Mp ~ 
10~16, it is still bigger that the gravitational 
coupling E/Mp for typical energies E ~ 1 
GeV, and the strength of the new force would 
be 106 — 108 stronger than gravity. This 
is an interesting region which will be soon 
explored in micro-gravity experiments (see 
Fig. 5). Note that in this case supernova con
straints impose that there should be at least 
four large extra dimensions in the bulk17. 

In Fig. 5 we depict the actual infor
mation from previous, present and upcom
ing experiments23. The solid lines indicate 
the present limits from the experiments indi
cated. The excluded regions lie above these 
solid lines. Measuring gravitational strength 
forces at short distances is challenging. The 
dashed thick lines give the expected sensitiv-
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Figure 5. Present limits on non-Newtonian forces at 
short distances (yellow regions), as a function of their 
range A and their strength relative to gravity a. The 
limits are compared to new forces mediated by the 
graviton in the case of two large extra dimensions, 
and by the radion. 

ity of the various experiments, which will im

prove the actual limits by roughly two orders 

of magnitude, while the horizontal dashed 

lines correspond to the theoretical predictions 

for the graviton in the case n = 2 and for the 

radion in the transverse case. These limits 

are compared to those obtained from particle 

accelerator experiments in Table 1. 

2.6 Brane non-linear super symmetry 

When the closed string sector is supersym

metric, supersymmetry on a generic brane 

configuration is non-linearly realized even 

if the spectrum is not supersymmetric and 

brane fields have no superpartners. The rea

son is tha t the gravitino must couple to a con

served current locally, implying the existence 

of a goldstino on the brane world-volume. 

The goldstino is exactly massless in the infi

nite (transverse) volume limit and is expected 

to acquire a small mass suppressed by the vol

ume, of order (8). In the s tandard realization, 

its coupling to mat ter is given via the energy 

momentum tensor , while in general there 

are more terms invariant under non-linear su

persymmetry tha t have been classified, up to 

dimension eight2 8 '2 9 . 

An explicit computation was performed 

for a generic intersection of two brane stacks, 

leading to three irreducible couplings, besides 

the s tandard one2 9 : two of dimension six in

volving the goldstino, a mat ter fermion and 

a scalar or gauge field, and one four-fermion 

operator of dimension eight. Their strength 

is set by the goldstino decay constant K, up 

to model-independent numerical coefficients 

which are independent of the brane angles. 

Obviously, at low energies the dominant op

erators are those of dimension six. In the 

minimal case of (non-supersymmetric) SM, 

only one of these two operators may exist, 

tha t couples the goldstino x with the Higgs 

H and a lepton doublet L: 

£™t=2K(D,H)(LD»x) + h.c, (11) 

where the goldstino decay constant is given 

by the total brane tension 

J-2=NlT1+N2T3; Ti = -£L,(12) 

with Ni the number of branes in each stack. 

It is important to notice tha t the effective in

teraction (11) conserves the total lepton num

ber L, as long as we assign to the goldstino a 

total lepton number L(x) — —1 30- To sim

plify the analysis, we will consider the sim

plest case where (11) exists only for the first 

generation and L is the electron doublet3 0 . 

The effective interaction (11) gives rise 

mainly to the decays W^ —> e^x a n d Z,H —> 

vx- It turns out tha t the invisible Z width 

gives the strongest limit on K which can be 

translated to a bound on the string scale 

Ms <; 500 GeV, comparable to other collider 

bounds. This allows for the striking possi

bility of a Higgs boson decaying dominantly, 

or at least with a sizable branching ratio, via 

such an invisible mode, for a wide range of the 

parameter space (Ms,mu), as seen in Fig. 6. 
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Figure 6. Higgs branching rations, as functions either 
of the Higgs mass mfj for a fixed value of the string 
scale Ms ~ 2M = 600 GeV, or of M ~ Ms/2 for 
mH = 115 GeV. 

2.1 Electroweak symmetry breaking 

Non-supersymmetric TeV strings offer also a 
framework to realize gauge symmetry break
ing radiatively. Indeed, from the effec
tive field theory point of view, one expects 
quadratically divergent one-loop contribu
tions to the masses of scalar fields. The di
vergences are cut off by Ms and if the cor
rections are negative, they can induce elec
troweak symmetry breaking and explain the 
mild hierarchy between the weak and a string 
scale at a few TeV, in terms of a loop factor31. 
More precisely, in the minimal case of one 
Higgs doublet H, the scalar potential is: 

V = \{H^H)2+pL2(HlH), (13) 

where A arises at tree-level. Moreover, in 
any model where the Higgs field comes from 
an open string with both ends fixed on the 

same brane stack, it is given by an appro
priate truncation of a supersymmetric the
ory. Within the minimal spectrum of the SM, 
A = {gl + g'2)/8, with 5 2 and g' the 5(7(2) 
and U(l)y gauge couplings. On the other 
hand, fi2 is generated at one loop: 

f = -e2g2M2, (14) 

where e is a loop factor that can be estimated 
from a toy model computation and varies in 
the region e ~ 10_ 1 - 10~3. 

The potential (13) has the usual mini
mum, given by the VEV of the neutral com
ponent of the Higgs doublet v = ^/—fi2/\. 
Using the relation of v with the Z gauge bo
son mass, M\ = {g\ + g'2)v2/A, and the ex
pression of the quartic coupling A, one ob
tains for the Higgs mass a prediction which 
is the MSSM value for tan (3 —> oo and niA —• 
oo: rriH = M%- The tree level Higgs mass is 
known to receive important radiative correc
tions from the top-quark sector and rises to 
values around 120 GeV. Furthermore, from 
(14), one can compute Ms in terms of the 
Higgs mass rri2

H = —2fj,2: 

yielding naturally values in the TeV range. 

3 Split supersymmetry 

3.1 Motivations 

Recent precision tests of the SM, implying 
the absence of any deviation to a great accu
racy, suggest that any new physics at a TeV 
needs to be fine-tuned at the per-cent level. 
Thus, either the underlying theory beyond 
the SM is very special, or our notion of natu
ralness should be reconsidered. The latter is 
also motivated from the recent evidence of a 
tiny cosmological constant creating another 
more severe hierarchy problem. This raises 
the possibility that the same mechanism may 
solve both problems and casts some doubts 
on all previous proposals on gauge hierarchy. 
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On the other hand, the necessity of a 
Dark Matter (DM) candidate and the fact 
that LEP data favor the unification of SM 
gauge couplings are smoking guns for the 
presence of new physics at high energies. Su-
persymmetry is then a nice candidate offer
ing both properties and arising naturally in 
string theory. It was then proposed to con
sider that supersymmetry might be broken 
at high energies without solving the gauge 
hierarchy problem. More precisely, making 
squarks and sleptons heavy does not spoil 
unification and the existence of a DM candi
date while at the same time it gets rid of all 
unwanted features of the supersymmetric SM 
related to its complicated scalar sector. On 
the other hand, experimental hints to the ex
istence of supersymmetry persist since there 
are still gauginos and higgsinos at the elec-
troweak scale. This is the split supersymme
try framework6. Its main experimental sig
nals are long lived gluinos that may give rise 
to displaced vertices or decays outside the de
tector, and several relations among Yukawa 
couplings involving Higgs, higgsinos and elec-
troweak gauginos, valid at the supersymme
try breaking scale msusy ~ mo-

3.2 String realization 

Split supersymmetry has a natural realiza
tion in type I string theory with magnetized 
D9-branes, or equivalently with branes at 
angles7. Indeed, internal magnetic fields can 
be turned on around any non-contractible 2-
cycle of the internal compactification mani
fold. The Gauss law for the magnetic flux 
implies that the field H is quantized in terms 
of the area of the corresponding 2-cycle A: 

where the integers m,n correspond to the 
respective magnetic and electric charges; m 
is the quantized flux and n is the wrapping 
number of the brane around the 2-cycle. 

For simplicity, consider the case where 
the internal manifold is a product of three 

factorized tori Yii=i -^m- Then, in the weak 
field limit \H\ < M%, the mass shifts of 
charged states are given by: 

5M2 = J2(2kI + l)\qHI\ + 2qHIZI, (17) 

where q is the charge and £ / the projection 
of the internal helicity along the 7-th plane. 
For a ten-dimensional (lOd) spinor, its eigen
values are £ / = ±1/2, while for a lOd vec
tor T,j = ±1 in one of the planes I = I0 

and zero in the other two (I ^ IQ). Thus, 
charged higher dimensional scalars become 
massive, massless fermions lead to chiral 4d 
zero modes if all Hi ^ 0, while the lightest 
scalars coming from lOd vectors have masses 

Ml=Y,\<lZi\-\QHIo\. (18) 

All of them (IQ = 1,2,3) can be made pos
itive, avoiding the Nielsen-Olesen instabil
ity, if all Hi ^ 0. For arbitrary mag
netic fields, supersymmetry is spontaneously 
broken and described by effective D-terms 
in the 4d theory32. However, if a scalar 
mass vanishes, some supersymmetry remains 
unbroken33'34. 

We now turn on several magnetic fields 
Hf in different Cartan generators U(l)a, so 
that the gauge group is a product of unitary 
factors n o U(Na) with U(Na) = SU(Na) x 
U(l)a. In an appropriate T-dual represen
tation, it amounts to consider several stacks 
of D6-branes intersecting in the three inter
nal tori at angles. An open string with one 
end on the a-th stack has charge ±1 under 
the U(l)a, and is neutral with respect to all 
others. It is now clear that this framework 
leads to models with a tree-level spectrum 
realizing split supersymmetry. Embedding 
the SM in an appropriate configuration of 
D-brane stacks, one obtains massless gaug
inos, since they are neutral under all mag
netized 17(1) 's, while all scalar superpartners 
of quarks and leptons correspond to charged 
open strings stretched among various stacks 
and become massive. On the other hand, 
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the condition to obtain a (tree-level) mass-

less Higgs in the spectrum implies tha t su-

persymmetry remains unbroken in the Higgs 

sector, leading to a pair of massless higgsinos, 

as required by anomaly cancellation. 

It turns out tha t equality of the two 

non-abelian couplings is a consequence of 

the correct SM spectrum for weak magnetic 

fields, while the value for the weak angle 

sin 6w = 3/8 is easily obtained even in sim

ple constructions. Indeed, a general study 

of SM embedding in three brane stacks re

veals a simple model realizing the condi

tions for unification7. In general, split su-

persymmetry offers new possibilities for real

istic string model building, tha t were previ

ously unavailable because they were mainly 

restricted in the context of low scale strings. 

In this scenario, the string and compactifica-

tion scales are of order M Q U T — 2 x 1016 GeV. 

Moreover, light masses in the TeV region 

can be generated for gauginos and higgsinos 

by higher dimensional operators3 5 , yielding 

mi /2 ~ mo/-Wf > f ° r s c a l a r masses mo of or

der 1013 GeV. 
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DISCUSSION 

Jonathan Rosner (University of Chicago): 
I would like you to comment on the 
relative merits of electron-positron and 
hadron colliders for exploring the scenar
ios you describe. 

Ignatios Antoniadis: Hadron colliders, 
such as LHC, are good for discovery of 
which general theory is realized beyond 
the Standard Model. For instance, if 
there are missing energy events and from 
which source (supersymmetry or higher 
dimensional graviton), or a production 
of a new resonance that could corre
spond to some Z' or to a KK excitation. 
Once we know the general framework, 
electron-positron colliders are ideal to 
explore in detail the physics. 

Bennie Ward (Baylor University): 
In the scenario in which the Kaluza-
Klein momentum is not conserved so 
that we produce a single resonance, what 
is its natural width? 

Ignatios Antoniadis: The typical width is 
given by the gauge coupling times its 
mass. Thus, a KK resonance is quite 
narrow with a width roughly a tenth of 
its mass. 

Luca Silvestrini (Munich and Rome): 
I was a little bit confused when you 
discussed your gauge-Higgs unification 
model with Benakli and Quiros. If I 
remember correctly, there was a prob
lem there not only with the Higgs mass 
but also with the downtype quarks being 
massless and not having any flavor mix
ing between fermions. Now you show the 
toy model computation and you say that 
the Higgs mass can be pushed up to 120 
GeV, but what happens to the fermion 
masses? 

Ignatios Antoniadis: The model I pre
sented is not the one with gauge-Higgs 

unification and therefore does not have 
these problems. On the other hand, the 
advantage of the model you mention is 
that the loop factor correction is calcula
ble within the effective field theory lead
ing to an additional prediction for the 
compactification scale. On the contrary, 
in the model I presented, the loop correc
tion depends on the details of the string 
construction, and thus only the Higgs 
mass is predictable and not the string 
scale. 





FLAVOUR PHYSICS 
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Previous page: 
The Museum Gustavianum (above). It holds collections related to the history of the Univer
sity, like the first thermometer built by Celsius. It houses the famous anatomical theater from 
1663. 

The Old University building (below), the premises of the conference. Inaugurated in 1887, it 
housed the lecture rooms and professors' offices. 
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CP V I O L A T I O N I N B M E S O N S 

KAZUO ABE 

KEK, Tsukuba, Ibaraki 305-0801 Japan 

E-mail: kazuo.abe@kek.jp 

Experimental status of CP violation in B mesons is summarized and the measurements are compared 
with the Standard Model expectations. 

1 I n t r o d u c t i o n 

The origin of CP violation in the Standard 

Model is the presence of complex phase in 

the CKM quark-mixing matrix. In this pic

ture, all CP violating phenomena must be 

described in terms of three angles, 0 i , 02, 

and 0 3 of the unitarity triangle (Fig. 1). 

, ( VttVtd \ m 

0 2 = a = arg[ -TI^TT- (1) 
V vubVudJ 

The angle 0 1 ; which is the phase of 

Vtd and appears in B°-B° mixing, induces 

mixing-assisted CP violation. This category 

of CP violation was observed by Babar and 

Belle in 2001 in the B° -> J/^iK0 decay. The 

Standard model allows CP violation in B°-

B° mixing itself. This has not been seen 

yet. The angle 03, which is the phase of 

Vub, causes direct CP violation through in

terference of b —> u transition diagram and 

other diagrams. This was seen by Belle in 

2003 in the B° —> n+ir~ decay, but not sup

ported by BaBar. In 2004, BaBar and Belle 

saw an evidence of direct CP violation in the 

B° -> K+TT~ decay. 

There is another category of CP viola

tion where both 0 i and 03 are involved. Mix

ing assisted CP violation for decays contain

ing Vut, contribution belongs to this category, 

such as B° —> 7r+7r~ and B° —> D*~TT+. An 

evidence for this category of CP violation 

was seen by Belle in 2003 in the B° —> TT+TT~ , 

but not supported by BaBar. For some cases, 

this category leads to 02 measurements. The 

02 related subjects will be covered by F. 

Forti 's talk. 

VcbVcd 

Figure 1. CKM unitarity triangle. 

CP is violated if a process B —> f is dif

ferent from corresponding anti-particle pro

cess B —> / . The most straightforward 

method for detecting CP violation is to per

form a simple counting experiment as used in 

the B° -> K+ir- case 

If CP is conserved, not only the decay rates 

must be the same in B —> f and B —> /', but 

all aspect of the two processes must be the 

same. Therefore we can examine the time-

dependent decay rates 

NB(At) - NB(At) 

Ns(At) + NB(At)' { ) 

This method was used for the first observa

tions of CP violation in B° —> J/tpK° and 

subsequent sin 201 measurements. CP viola

tion can also be detected as a difference of 

Dalitz distributions of any final state parti

cle tha t subsequently decays into three-body 

mailto:kazuo.abe@kek.jp
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state 

\MB(m + ,m_)\ vs Ms(m+,Tn_) . 

63 from f?H 

(4) 

K^TT+TT- Dalitz 
This method is used to extract 
D°K+ by examining D° 
distributions. We can go even further and 
examine time-dependence of the Dalitz dis
tributions 

\MB{m\,m2_){M)\2 vs \MB(m2
+,m2_)(At)\ 

(5) 
which is used for resolving four-fold ambigu
ity in 0i. 

2 Asymmetric Energy e+e~ 
Collision at T(4S) 

Studies of time-dependent CP violations re
quire a large data sample of moving B mesons 
and measurements of proper decay time for 
each detected B meson. PEP-II and KEKB 
are the asymmetric energy e+e~ colliders op
erating at T(4S) (Table 1) and provide such 
data sample to BaBar and Belle experiments, 
respectively. Figure 2 schematically shows 
how this scheme works. Since the B flight-

Figure 2. Asymmetric energy 
T(4S). 

collision at 

length in x-y is only ~ 30/xm as compared 
with ~ 200/xm in ^-direction, we can approx
imate as Az = zcp — 2tag> where zcp and ztag 
are the z decay vertexes of the B for which 
we try to measure CP violation and accom
panying B, respectively. 

It should be noted that the interaction 
point is much larger than Az so that we must 
use the ztag as a reference for the proper 

decay time. The T(45) —> BB decay is 
a strong interaction process and the charge-
conjugation must be conserved. This requires 
a relation tp(t) = \B% > \B% > -\B% > |£° > 
to hold so that one is B° and other is 5 ° at 
any time. Therefore the tag-side B also pro
vides flavor information of the CP-side B at 
At = 0. 

Table 1. Characteristics of the two B factories. 

Parameters 
e + e _ energies (GeV) 

1{3 
IP size x (/^m) 

y ( H 
z (mm) 

Typical Az (/im) 
<TZ (CP-side) (/im) 
<7Z (tag-side) (/im) 

BaBar 
3.1 x 9 

0.56 
120 
5 

8.5 
260 
50 
125 

Belle 
3.5 x 8.5 

0.425 
80 
2 

3.4 
200 
75 
140 

Figure 3 shows the integrated luminos
ity versus years of operation for the two 
B factories. The 1/6 - 1 luminosity corre
sponds roughly to one million BB events. For 
KEKB, it corresponds to a data sample ac
cumulated in one day running. 

400 

300 

200 

TOO 

...̂  ,j 
i ^ 

y£" 

! KEKB 

/ 

._**' 
~ 

-

Figure 3. Integrated luminosity versus operating 
years for the two B factories. 
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3 sin 20i from b —> ccs decays 

Interference between B° —> f and B° —> 
B° —> / leads to time-dependent asymmetry. 

r(5°(At)^/) -r( / j° (A^/) 
r(B°(At)^/) + r(s°(At)^/) 
= 5 / sin(AmdAt) - C/ cos(AmdAt) (6) 

where 

with A 

2Im\ 

qA(B°^f) 

cf = 
\M2 

1 + |A|: 
(7) 

pA(J3°-/)-
The J / ^ X g and other ccs de

cays ( J/i/>K°L, 4>(2S)K°S, XciK°s, VcK°s, and 
J/ipK*0(KgTT0)) provide theoretically clean 
measurements of sin20i. They are domi
nated by only one diagram and / = fcp 

(Fig. 4), and we obtain Sf = sin20i for 
J/I/JK^.. Extending to other b —> ccs decays, 
we obtain sin20i = —rjf x Sf, where r\f is the 
CP value of the final state / . The Standard 
Model corrections to this relation are believed 
to be very small and an oder of 0(1O~4) 1. 

JA|/ 

Ku 

Figure 4. Diagram for B° —• J/ipK'g. 

The At distributions and their raw asym
metry of B°-tag and B°-tag samples from 
BaBar's 227 x 106BB data are shown in Fig
ure 5 2. Recently, Belle updated their results 
using only J/ipK0 mode from 386 x 1Q6BB 
data 3 (Fig. 6) and obtained sin20i = 0.652± 
0.039±0.020 and C = -0.010±0.026±0.036. 
Using these values and the BaBar results 
based on 227 x 106 BB data, new BaBar-Belle 
averages are 4 

sin 20! =0.685 ±0.032 

C = 0.016 ±0.046 (8) 

Figure 5. The At distributions for BaBar, r\$ = — 1 
events (above) and r\f = + 1 (below). 

JM=j 
kt : , ^ 

• • " • S T 

l H , 

- 8 - 6 - 4 - 2 0 2 4 8 8 

Figure 6. The At distributions and raw asymmetries 
for Belle, J/i>K°s (r)f = - 1 ) events (left) and J/i>K°L 

(rjf = +1) events (right). 

3.1 Four-fold ambiguity of 0i 

We still have four-fold ambiguity for the 
value of 0i, 23°, (23 + 180)°, 67°, and 
(67 + 180)°. One approach for resolving 
this ambiguity is to measure cos20i, using 
time-dependent angular analysis of B° —> 
J/ipK*°(Kgir°). BaBar performed this anal
ysis 5 using 88 x 106BB data sample and 
obtained cos20i = + 2 . 7 2 ^ ; ^ ± 0.27 (fix 
sin 20i = 0.731). Based on this result, they 
concluded that the 23° (+180°) solution is 
prefered at 86% CL. Belle performed a sim
ilar analysis 6 using 275 x 106BB data and 
obtained cos20i = +0.87 ± 0.74 ± 0.12 (fix 
sin 20i = 0.726). Error is too large for Belle 
to resolve the four-fold ambiguity. 
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3.2 Direct (j)\ measurement in 

B° -> Dn° 

Time evolution of neutral B meson initially 

created as B° is expressed by 

|B°(At) > = e - l A * l / 2 ^ o x 

.Am At.. n 
c o s ( ^ — ) | S ° 

. q . AmAt . - 0 

p 2 > 

(9) 

where q/p = e -2i<t>i Ignoring CKM-

suppressed decay, B° primarily decays into 

D°TT° and B° primarily decays into D°7r°. If 

we reconstruct neutral D mesons with the 

KgTr+n~ decay mode, D° and D° are in

distinguishable (call these states D°) and 

the two decay amplitudes can interfere. We 

make use of the fact tha t D° —• KSTT+TV~ 

is dominated by quasi-two body amplitudes 

and described by m+ = mKsv+ and m _ = 

mKs7r 

, 2 ^,2 
KSTT+TT is described by 

+ KSTV+I^~ must be de-

If D° 

/K,m2-), D° 
scribed by f(m2_,m2^). 

The time dependent D° Dalitz distribu

tions would then be 

| c o s ( ^ ^ ) / ( m 2
± , m 2

T ) - i e ^ 

. .AmAt. , ., „, o o , l 9 sm( w - ' iv*(—z ~~l M^ - ) r ? h o ( - l ) ' / K , m i ) r (10) 

for the i? 0 sample (upper sign) and the B° 

sample (lower sign). Here we include Dr\ and 

DLU modes and 77̂ 0 for CP values of h° and 

/ for the orbital angular momentum of final 

state must be included. The time-dependent 

Dalitz distributions will look different for B° 

and B° because of 2</>i. 

The D° —> K%-K+-K~ decay amplitude 

f(r "+> • is determined using the D° sam

ple collected in the continuum da ta ( e + e ~ —> 

qq) and specifying the D flavor using the 

charge information of slow pions in the 

D*~ ->_ D%K°STT+TT-)I:;1OW. The D° -+ 

Ksir+ir amplitude is expressed as 

f{m2
+,m2_) 

N 

'£taje
iaiAj(m

2
+,m2_) + bei/3 

(11) 

where 18 resonance amplitides (Ks&, Ksp°, 

Ksui, Ksf, K*TT, and higher mass p, / , 

and K*) and one non-resonant amplitude 

are included, and their relative fractions and 

phases are determined from unbinned maxi

mum likelihood fit. Figure 7 shows the Dalitz 

distribution obtained from Belle's 253fb^1 

da ta sample, and the projections onto m\, 

m2_, and m 2 ^ axes, together with the fit re

sults. 
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Figu re 7. T h e D° —• K^n+n^ Da l i t z d i s t r i b u t i o n 

a n d i ts p ro jec t ions o n t o m2,, m^_, a n d M%^ axes . 

Curves a re fit resu l t s . 

Belle performed a time-dependent Dalitz 

analysis 7 using the B° -> D°(D*°)h° da ta 

samles, where h° = n°,ri,iu and D*° —> 

D°TT°. Using the 386 x 106BB data , a total of 

309 ± 31 signal events are obtained with 63% 

purity: DTT~ (157 ± 2 4 ) , Du (67 ± 10), Drj 

(58±13) , D*ir° and £>* 77 combined (27±11) . 

Figure 8 shows time-integrated Dalitz distri

bution of the £ ° - t a g sample. The .FT (890) 

signal is present in both M2
0 + and M2 

*K°*-

projections since tha da ta sample is a mix

ture of B° and B° when integrated in time. 

However, we can see more K*+(890) t han 

iiT*~(890) as we expect tha t more B° are 

present even after integrated in t ime and they 

decay as B° -> D° -> K*+(89Q). Figure 9 

shows the raw asymmetry for a region in 



89 

-

: 
: 

j; j , 

f-
< • & . : 

: -;• •• • 

;-.r;-'-virv 
' • ' • • ; • ' " • > • • 

At, ps 

Figure 8. Time-
integrated Dalitz distri- . . 
, ,. . _ n , o: raw asymmetry tor the 
bution tor is -tag sam- 0 

pie. 

Figure 9. At dependence 
-aw asy 

p" region. 

the Dalitz distributions where p° are con
centrated, (Np(B°) - (Np(B°))/{Np(B°) + 
(NP(B0)). It behaves as the B° -> J/tpKl 
sample. This is expected because KSp°7T0 is 
a CP eigenstate with 77/ = +1 . Result of fit 
gives 

( 1 6 ± 2 1 ± 1 2 ) c (12) 

corresponding to 95% CL region of —30° < 
0i < 62°. This result exclude <j>x = 67° solu
tion at 95% CL. 

sin 20i from b 
Decays 

s Penguin 

,w 
h , £ u.c.t % „ s , K, K„, K+K" 

s o 
d K 

Figure 10. Diagram for b —> s penguin decays 

The B° —> <pK° decay is dominated by 
penguin diagram (Fig. 10) and the Standard 
Model amplitude is expressed by 

p ~ V:„VUSP
U+v:bvcsp

c+v^vuP1 

~ v;bvcs(P
c - P1) + v:bvus(p

u - p% 
(13) 

Here one of the CKM unitarity relation, 
V*bVcs + V*bVus + Vt*bVts = 0 is used to elim
inate V^bVt3. The first term, which is on the 

order of AX2, has an identical CKM element 
as b —> ccs and leads to sin20i. The sec
ond term is suppressed compared to the first 
term since its CKM factor is on the order of 
AXA(P-ir]). 

For other b —> s penguin modes, there 
are additional small contributions. For B° —> 
r)'K°, f°K°, a contribution from b —> u 
tree diagram of the order of 0(AX4(p — ir])) 
can be present. The B° - • n°K° and tuK° 
modes can also have contribution from b —> u 
tree diagram. In addition, these modes con
tain b —> sdd instead of b —> sss, and this 
can cause a different behaviour. Consider
ing these effects, the Standard Model correc
tions of up to 0{X2) ~ 5% can be possible in 
the extraction of sin20i from the Sf. Mag
nitude of the corrections can differ in differ
ent modes 8. A larger deviation exceeding 
these corrections will be an indication of new 
physics in penguin loops. 

Table 2 summarizes the Standard Model 
expectations of Sf and Cf for the b —> s pen
guin decays. The fraction of CP even compo
nent in the B° —> K+K~K'g events is mea
sured by BaBar and Belle, and is about 90%. 

The B decay candidates are recon
structed using two kinematical variables, 

Mbc = V ^ b e a m - E ^ ) 2 M l e d M E S at 
BaBar) and AE = J2i &i ~ ^beam- The 
( S i Ei)2 is replaced by E2

eain to improve the 
resolution. The Ei and pi are the energy and 
momentum vector for the i-th daughter par
ticle of the B candidate. The signal events 
should concentrate at M\,c = 5.28 GeV/c2 

and AE = 0 GeV regions (Figs. 11 and 12). 
For K*l, two-body decay kinematics must be 
assumed for computing the momentum since 
the if£ energy is too low to be be measured. 
Belle uses a likelihood ratio and calculated 
K\ momentum in the cms selecting the sig
nal candidates for the K£ modes. The At de
pendences are shown in Figure 13 for BaBar 9 

(230 x 106BB) in terms of raw asymmetries of 
B°-tag and .B°-tag events, and in Figure 14 
for Belle 3 (386 x 1Q6BB) in terms of At 
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Table 2. Standard Model expectations of Sf and Cf for b —> s penguin decays. 

Final State 

K«K%K% 

V'K°S 

ri'Kl 
/o(980)^° 
K+K~K% 
K+K-Kl 
ir°K°s 

Vcp 

-1 
+ 1 
+1 
-1 
+1 
+1 

mixture 
mixture 

-f 
-1 

Sf 
sin 20i 

— sin 20i 
— sin 20i 
sin 20i 

— sin 20i 
— sin 20i 

- ( / + - / - ) sin 20i 
- ( / ; - / : ) sin 20i 

sin 201 
sin 20i 

Cf 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Corrections 
u-quark penguin 

u-quark penguin, b —> u tree 

b —> sdd different from b —> sss? 
b —> u tree 

distributions and raw asymmetry. Effective 
sin 20i, " sin 20'/, that are extracted from the 
At distributions of <j>K° are +0.50±0.25±g;^ 
from BaBar, and +0.44 ± 0.27 ± 0.05 from 
Belle. 

The "sin20i' values for K+K~K^ are 
+0.55 ± 0.22 ± 0.04 ± 0.11(CP) for BaBar 9 

and +0.60 + 0.18 + 0 .04^ ;^ {CP) for Belle 3, 
respectively, where the last errors are due 
to uncertainty of CP even component in 
the B° - • K+K~K°S sample. BaBar also 
measured "sin20'/ = +0.09 ± 0 . 3 3 ^ 4 ± 
0.10(CP) for the K+K~K0

L mode 10. 
The B° - • K°SK%K°S mode is a clean 

b —> s penguin although the At measurement 
was thought be difficult. BaBar and Belle 
have now results for this mode n . The BaBar 
result (Fig. 15) is "sin20'/ = 0.63io:28±0-04> 
and corresponding Belle result is 0.58+0.36+ 
0.08. 

The rj'Kg mode has the highest statisti
cal power among the b —> s penguin modes. 
Belle has extended the analysis by adding the 
T]'Kl mode (Fig. 16). They obtained a com
bined result of r)'K% and r\'K\ " sin 20'/ = 
0.62 ± 0.12 ± 0.04 3, whereas BaBar result 
from only r)'K% is 0.30 ± 0.14 ± 0.02 12. 

Figure 17 summarizes the "s in20" re
sults for all b —> s penguin decays 4. Plot
ted here are individual results from BaBar 
and Belle, BaBar and Belle averages for each 

mode, and most recent sin20i result 
reference. All " sin 20'/ except the one from 
r]'K° are within ~ la from the Standard 
Model value of sin 20i = 0.69 ± 0.03. Some
what larger deviations of AS = "sin20" — 
sin 20i from zero and larger descrepancies be
tween the two experiments, that was reported 
earlier 13 seem to be settling down. On the 
other hand AS = "sin20'/ — sin20i is all 
negative in exception of the rj'K0 mode. 

5 sin(20i + 03) from B° £)(*)" 

Interference of the amplitudes for Cabibbo-
favored diagram and B°-B° mixing fol
lowed by doubly-Cabibbo-suppressed dia
gram (Fig. 18) results in an mixing-assisted 
CP violation in the B° -> D(*)~7r+ decay. 
The S and C terms in the At distributions 
are summarized in Table 3. Here r and 5 are 

Table 3. Expressions of S and C terms for B° —> 
£)(*)-7r+ decays. 

Final State 
D*+TT-

D*-7T+ 

D+7T-

D~Tr+ 

S 
- 2 r * s i n ( 2 0 1 + 0 3 + <5*) 
-2r*sin(20i + 0 3 -6*) 
+2rsin(20! + 03 + 6) 
+ 2 r s i n ( 2 0 1 + 0 3 - ( 5 ) 

C 

+1 
- 1 

+1 
- 1 

the amplitude ratio and strong phase differ-
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5.26 5.28 
mES (GeV/c2) 

,3M ;^^*' 
(jb) 

0.02 0.04 

200 
AE (GeV) 

5.22 5.24 5.26 5.28 
mES (GeV/c2) 

Figure 13. Raw asymmetries for the 4>K^ (a), 4>K^ 
(b), K+ K~K*g (c) samples in the BaBar analysis. 
Curves are the result of fit. 

Figure 11. Distributions of MEs for <j>K% (a), AE for 
4>K°L (b), and M E S for K+K~ K% (c) from BaBar's 
230 x 106BB data. 
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Figure 12. Distributions of M\,c for <pK^ (upper-
left), Mbc for K+K~K° (upper-right), likelihood 
ratio and PJjms for <j>K°L (lower) from Belle's 386 x 
106BB data. 

Figure 14. The At distribution and raw asymmetry 
for the (f>K° sample in the Belle analysis. For the A 
distributions, dotted and solid points and curves are 
for B°-tag and B°-tag events and fit results. For the 
raw asymmetry plot, the fit result is given by the solid 
line and the Standard Model expectation is indicated 
by the dotted line. 

ence of DCSD and CFD. We expect r ~ 0.02 
so that C = ±(1 - r 2 ) / ( l + r2) ~ ±1 . 

The At distributions for the D*^^ sam
ples selected by a partial reconstruction tech
nique in BaBar's 232 x 106BB data 14, and 
for the D*=F7r± samples selected by full recon
struction technique in Belle's 152 x 106BB 
data 15 are shown in Figures 19 and 20. 

Significant differences in At > 0 and 
At < 0 in any of these distribution would be 
an indication of CPV. We need a lot more 

data before we begin to see definitive effects. 

6 CP Violation in BB Mixing 

The Standard Model allows CP violation in 
the BB mixing itself in analogy to ex in K° 
System 16. It lead to —> \q/p\ ^ 1, where 
p and q are the coefficients that relate the 
mass and flavor eigenstates of the neutral B 
mesons, as a result of Mi 2 and Ti2 having 
different phases. In the Standard Model, we 
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A t(ps) 

Figure 15. The At and raw asymmetry distributions 
for BaBar's B° -> K°K°K° candidates. 

Figure 16. The At and raw asymmetry distributions 
for Belle's combined sample of-q'K^ and rj'K^. The 
sample is divided into B°-tagged (dotted line) and 
B°-tagged (solid line). Dotted curve in the asymme
try distribution is the Standard Model expectation. 

sin(2(3eff)/sin(2(|)iff) 
PRELIMINARY 

rj->ccs Average 
; 0 BaBar 
! * Beiie 
; " ^ Average 
0 BaBar 
! * Belie 
i ^ Average 
; " ' " " „ BaBar"""" 
; * = Belle 
; "-° Average 
1 m BaBar 

I K Average 
T ~ „ BaBar 
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• s Average 
% BaBar 
i ^ Belie 
i t^ Average 
; i T BaBar 
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• to Average 

|- : 0.69 ±0.03 

J 

1.A, 

4 
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; 0.47 ±0.19 

\ 0.30 + 0.14 + 0.02 

: 0.62 ±0.12 + 0.04 

: 0.48 ± 0.09 

\F-

: 0.47 ± 0.36 + 0.08 

; 0.22 + 0.47 + 0.08 
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' n c i J. r. IA +0.11 

_ 

i 0.63 !S;i ± 0.04 

: 0.58 ± 0.36 ± 0.08 
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Figure 17. Summary of effective sin 20i values for the 
b —> s penguin decays. Most recent sin 2</>i value is 
also plotted as a reference. 

B°!?-
d_ 

^ D ; 

Cabibbo-favored 
Doubly-Cabibbo-

suppressed 

Figure 18. Cabibbo-favored and doubly-Cabibbo-
suppressed diagrams in the B —> D^ir decay. 

expect the observable effect to be 

1 | £ | 2 

p 
Im 

£15 
M 12 

O(10" (14) 

Observation of significantly larger effect will 
certainly be very exciting. 

BaBar and Belle have measured \q/p\ us
ing charge asymmetry in the same-sign dilep-
ton events from T(4S) decays. BaBar ob
tained 0.998±0.006±0.007 using 23 x 106BB 
data while Belle obtained 1.0005 ± 0.0040 ± 
0.0035 using 85 x W6BB data 17. One can 

translate these values to eg in analogy to 
\eK\ = (2.284 ± 0.014) x 10"3 in the K° 
system. The Belle result corresponds to 
^ g r i = (-0.3 ± 2.0 ± 1.7) x 10"3. There is 
no sign of CP violation yet. This is the only 
missing category of CPV for B mesons in 
the Standard Model. The measurements are 
already limitted by the systematic error with 
less than 100/6 - 1 data. We need another fac
tor of ~ 10 improvement in sensitivity. 
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Figure 19. The At distributions for partially recon
structed D^ir^ events in BaBar analysis, (a) -
(d) are lepton-tag, and (e) - (h) are kaon-tag. (a) 
B° - • D*+TT~, (b) B° - • D*~TT+ (c) B° - • D*~ir+, 

(d) B° —> D*+7r~. (e) - (h) are in the same order. 
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Figure 20. The At distributions for fully recon
structed _D*T7r± events in Belle analysis, (a) B° 

B° 
-, (b) B° D*- (c) B° -> D*-n+, (d) 

7 Direct CP Violation in 

In the Standard Model, direct CP violation 
can occur when the decay amplitude contains 
two or more diagrams. The amplitude for 

B —> / is then given as 

Af = \ai\ + \a2\e^5+^ (15) 

where S and <pw are the strong and weak 
phases of the second amplitude with respect 
to the first amplitude. For B —> / , 4>w 

changes sign, but S remains same. The de
cay rate asymmetry is then expressed as 

A CP 
V(B -+ / ) - T(B ^ / ) 
T(B - / ) + T(B ^ / ) 

—2|aia2] sin5sin<pw 

jail2 + |a-212 + 2|aia2 | cos 6 cos </>„,' 
(16) 

where Acp can be non-zero if (f>w and 5 are 
simultaneously non-zero. 

- 7t,K 
7t+,K+ 

Figure 21. Two diagrams contributing to B° 

The 5 ° ->• K+-R- and E° ->• TT+TI- have 
been thought as likely places to see the direct 
CP violation because they are contributed 
by b —> u tree diagram and gluon-penguin 
diagram (Fig. 21). 

Clear evidence of direct CP violation 
in B° —> K+TT~ was seen by BaBar and 
Belle last year 18: ACP(K+TT-) = -0.133 ± 
0.030 ± 0.009 from BaBar (227 x 106BB), 
and -0.101 ±0.025 ±0.005 from Belle (275 x 
106BB). This year Belle updated their mea
surement using 386 x 106i3£? data and ob
tained -0.113 ± 0.022 ± 0.008 19. 

Belle reported an evidence of another di
rect CP violation in B° in 2004 
based on the measurement of the C parame
ter, which is equal to — AQP, in the At dis
tributions using 152 x W6BB data 20, but 
it was not supported by BaBar 21. This 
year both experiments updated their results. 
Using 275 x W6BB data, Belle obtained 
C ^ = —0.56 ± 0.12 ± 0.06, which is consis
tent with their previous result and shows a 
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significant deviation from zero 22. However, 
BaBar result using 227 x 106BB data gives 
-0.09 ± 0.15 ± 0.04, which is consistent with 
no direct CP violation 23. 

Table 4 summarizes the Acp measure
ments for the charmless two body decays 
and contributing diagrams (Fig. 22). Extrac
tion of (fis from Acp may be difficult due 
to hadronic effects. We hope to learn about 
them from the measurements. 

tree penguin 

W^-exchange 
(4>w = 4>i) 

K" 6 

+
 B+ 

K+ u 

= 0) 

.a K-O 

^ s K+ 

a n n i h i l a t i o n 

(4>w = h) 

Figure 22. Diagrams contributing to charmless two 
body decays. 

8 Extraction of <p3 from Direct CP 
Violation in B+ -> DK+ 

Vcb # W* 

Cabibbo-favored Cabibbo-suppressed 
(J, — n\ and color-suppressed 

{4>w = 4>3) 

Figure 23. Two diagrams contributing to B+ —> 
DK+. 

Two diagrams contribute to the B+ —» 
D°K+ decay (Fig. 23). If we reconstruct D° 
and D° with common decay modes, the two 
processes are indistinguishable and an inter
fere can occur, which can then cause differ
ences in the yields or decay patterns of B+ 

and B~ sample. Several methods have been 
pursued using different common decay modes 
such as i) CP eigenstates (GLW method 2 4 ) , 

ii) suppressed K-K charge combinations (ADS 
method 2 5 ) , and iii) K%-K+-K~ decays (GSZB 
method 2 6) . The GLW modes have been es
tablished but no significant CP violation has 
been seen. The ADS modes have not been 
seen 27. For the GSZB, we are getting very 
close to seeing an evidence of CP violation. 

Neutral D from B+ —> D°K+ is mostly 
JD°, but contains ~10% D°. Reconstructing 

decay, the Dalitz distri-
"7T~ should be give by 

|2 

D° in the i^Tr+TT 
butions for K^ir^ 

f(m m- -) + re i(±4>3+») f(m^mi)\ (17) 

for the B+ sample (upper sign) and the B~ 
sample (lower sign). Here r and S are the 
ratio and strong phase difference of the CSD 
and CFD amplitudes. The two patters would 
look different if r ^ 0 and (f>3 ^ 0. 

B+ -> D°K+ B~ D°K~ 

D*0(D\°)K+ D*°(D°n°)K-

£)*°(i?07)if-

Figure 24. Dalitz distributions for the D —> 
Ks7r+7r - decays in the B^ —> DK^ decays from 
BaBar analysis. 

Dalitz distributions from BaBar's 227 x 
W6BB data and Belle's 275 X 106BB data 
are shown in Figures 24 and 25. Fit results 
in terms of lcr and la allowed region in x± = 

JRe(r±e i(±^+5) and y± = Im(r±ei(-±'t's+s) 
are shown in Figures 26 and 27 for each de
cay mode. Extracted values for 03 are (70 ± 
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Table 4. Summary of AQP results for charmless two body decays. 

Decay Mode 
K+TT-

K+ir° 

K°s«+ 

Kfrfi 
TT+7l 

7T+^° 

Tr°7T° 

K+K-
K+K° 

K°K° 

BaBar 
-0.133 ±0.030 ±0.009 

±0.06 ±0.06 ±0.01 
-0.09 ±0.05 ±0.01 
-0.06 ±0.18 ±0.03 
±0.09 ±0.15 ±0.04 
-0.01 ±0.10 ±0.02 
±0.12 ±0.56 ±0.06 

signal not seen 
seen 
seen 

Belle 
-0.113 ±0.021 ±0.008 

±0.04 ±0.04 ±0.02 
±0.05 ±0.05 ±0.01 
-0.11 ±0.18 ±0.09 

±0.52 ±0.14 
±0.02 ±0.08 ±0.01 

0.44+°;g±0.17 
signal not seen 

seen 
seen 

SM diagrams 
tree, penguin 
tree, penguin 
penguin 
penguin 
tree, penguin 
tree 
tree, penguin 
VF-exchange 
penguin, annihilation 
penguin 

D°K~ 

0.5 1 1.5 2 2.5 3 
m2. (GeVV) 

0.5 1 1.5 2 2.5 3 
m2 (GeV2/c4) 

D*°(D°Tr°)K-

0.5 1 1.5 2 2.5 3 
m2. (GeV2/c4) 

0.5 1 1.5 2 2.5 3 
m2 (GeV2/c4) 

Figure 25. Dalitz distributions for the D —> 
i^g7r+7r_ decays in the B± —> DK± decays from 
Belle analysis. 

311 io i i i ) ° from BaBar and i 3+15±13±ll)c 

from Belle, where the last errors come from 
uncertainty of the D° —> Kg-K+ir~ decay 
model 28. These results correspond to 2a al

lowed intervals are 12° - 137° and 22° - 113°, 
respectively. Significance of direct CPV is 
about 2.4cr in both measurements. 

a) 

,«s«sl 

• 
e 

• 

-0.4 -0.2 0 0.2 0.4 -0.4 -0.2 0 0.2 0.4 
x± x* 

Figure 26. Allowed regions in (x±,y±) in BaBar 
analysis. Right circles correspond to the B~ sam
ple in (x±,y±), and the B+ sample in (x±,yj_). 

Figure 27. Allowed regions in (x±, y±) in Belle anal
ysis. 

9 Summary 

Updated result for sin 20i is sin 20i = 0.685± 
0.032 as compared to the previous value of 
0.725 ± 0.037. Deviations of effective sin 2 ^ 
measured in 6 —> s penguin decays from the 
Standard Model, AS =" sin 20'/ - sin 20!, 
are getting smaller. Updated results for AS 
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in most modes are within about la of zero. 

However, for most modes AS are negative 

rather than scattering around zero. Whether 

the results of AS measurements can be fully 

explained in terms of the Standard Model 

corrections or they require new physics to ex

plain remains as one of the most important 

issue in our field. Only significant increase of 

da ta sample will lead us to a definitive con

clusion. We are beginning to see the first use

ful measurement of 03, where Dalitz analysis 

played an important role. In fact this old 

method has been used not only for the 03, 

but also to resolve quadratic ambiguity in 0J 

and a masurement of 02- CP violation in BB 

mixing is not seen yet. This is the only miss

ing category of Standard Model CP violation 

in B mesons. 
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D I S C U S S I O N 

S h e l d o n S t o n e (Syracuse University): 

The last line of your conclusions C P V 

in BB mixing is not seen yet. The 

only missing category of Standard Model 

C P V in B mesons must refer to Bs 

mesons where no measurements yet been 

made and where new physics may yet be 

present and possibly large. 

K a z u o A b e : It is t rue tha t we dont know 

anything about CPV in Bs mesons and 

they have to be explored in detail as B^ 

system. However, what I emphasized 

here is tha t we observe all categories of 

CPV which was laid out in the Standard 

Model except for tha t in BB mixing it

self. These findings strongly supports 

the Standard Model explanation for ori

gin of CPV. 

J o n a t h a n R o s n e r (University of Chicago): 

(1) The direct C P asymmetry in B0 —> 

K+TT~ should be correlated with a large 

direct C P asymmetry in Bo —> TT+TT~, 

favoring the average between the Belle 

and Babar values. 

(2) The inequality between ACp{K+ir~) 

and Acp(K+ir°) is not a problem if 

one notes the important contribution of 

color-suppressed amplitude to the lat

ter process. This ampli tude implies a 

non-zero AQP of K°TT° of approximate 

magnitude 0.15 and sign depending on 

whether one is speaking of C or A. [See 

Gronan and Rosner, Phys. Rev. D71 

(2005), and Iain Stewart 's talk this con

ference] 

K a z u o A b e : I fully agree with your com

ments. We are aware of your works 

on a relation between Acp (TT+TT~) and 

ACP(K+TT~), and an explanation of 

ACP(K+TT-) ^ ACP(K+Tr°). Fur

ther measurements will provide AQP and 

branching fractions for many different 

modes. We like to hear theoretical pre

dictions on their relations, hopefully be

fore the measurements. 

J o n a t h a n Dorfan (SLAC): 

Wha t value of sin2(3 for the new ^>KS 

data? Your first lbOfb^1 gave a mea

surement of 0.72, the new da ta must 

have sin2/3 < 0.60?? Is the new da ta 

all with the 4 layer vertex detector? 

K a z u o A b e : (I did not have these numbers 

with me during the presentation , and 

they were added later.) The Belle sin2f3 

from \Efi;trs(7r+7r~) in the old vertex de

tector da ta (140/fr-1) was 0.67 ± 0.08. 

All modes combined result from this 

da ta set was 0.728 ±0 .056 ±0 .023 . Wi th 

new da ta (old and new vertex detec

tor da ta combined), sin2<^i from J/ipKs 

and J/I/JKL separate samples are 0.668± 

0.047 and 0.619 ± 0.069, respectively. 

The sin 2</>i from J/ipK° subsample was 

on the lower side and seems to stay tha t 

way. However, we think this is just a 

statistical fluctuation. 



98 

CKM PARAMETERS A N D RARE B DECAYS 

FRANCESCO FORTI 

INFN-Pisa, L.go Pontecorvo, 3, 56127 Pisa, Italy 
E-mail: Francesco.Forti@pi.infn.it 

Measurements of the angles and sides of the unitarity triangle and of the rates of rare B meson 
decays are crucial for the precise determination of Standard Model parameters and are sensitive to 
the presence of new physics particles in the loop diagrams. In this paper the recent measurements 
performed in this area by BABAR and Belle will be presented. The direct measurement of the angle a 
is for the first time as precise as the indirect determination. The precision of the \Vub\ determination 
has improved significantly with respect to previous measurement. New limits on B —> ru decays are 
presented, as well as updated measurements on b —> s radiative transitions and a new observation of 
b —» d-y transition made by Belle. 

1 Introduction /—„\ 

ytdvtb 

vcdvcb 

Figure 1. Unitarity triangle. 

In the Standard Model (SM), the in
teraction between up-type and down-type 
quarks is described by a unitarity matrix 
called the Cabibbo-Kobayashi-Maskawa ma
trix (in brief CKM).1'2 This matrix can be 
parametrized with 3 real angles and one com
plex phase, which gives rise to CP viola
tion. A widely used parametrization of the 
matrix3,4 uses the four parameters A, A, p, rj, 
with rj controling the CP violation in this 
framework. The unitarity of the CKM ma
trix imposes 9 complex relations amongst the 
matrix elements, one of which is given by 

v:bvud + v;bvcd + v;bvtd = o, 

where Vqq, is the matrix element relating the 
quark q and qi. This relation can be repre
sented as a triangle (called the unitarity tran-
gle) in the complex p,rj plane, as shown in 
Fig. 1. B-meson decays are sensitive probes 
to measure both the angles and sides of the 
unitarity triangle and can unveil physics be
yond the SM. In fact, most B decay am
plitudes receive contributions from diagrams 
containing loops, where the presence of new 
particles can be detected through effects on 
the branching ratios, asymmetries, or spec
tra. Another possible route to detecting new 
physics is the high precision measurement of 
the unitarity triangle parameters to uncover 

any inconsistency among them or between 
different determinations of the same param
eter. 

After having clearly established CP-
violation in the B sector, the BABAR and 
Belle experiments are now pursuing an ex
tended program of precision measurements of 
the unitarity triangle parameters and of rare 
B decays, taking advantage of the very large 
data sample collected at the B-Factories. The 
recent results of this measurement program 
are reported at this conference in two papers. 
The measurement of sin 2/3 and the direct 
CP violation measurements are presented by 
Kazuo Abe. In this paper, after introducing 
the BABAR and Belle experiments in Sec. 2, I 
will cover the a measurements in Sec. 3 and 
the \VU},\ and \VC\,\ measurements in Sec. 4. 
The rest of the paper will be devoted to rare 
decays: B —> TV in Sec. 5, b -^ S7 in Sec. 6, 
and b —> dr/ in Sec. 7. I will finally give some 
concluding remarks in Sec. 8. 

mailto:Francesco.Forti@pi.infn.it
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2 T h e B-Fac tory e x p e r i m e n t s and 
d a t a s e t s 

The da ta used in the analyses presented 

in this paper have been collected with the 

BABAR detector at the PEP- I I machine at 

SLAC and with the Belle detector at the 

K E K B machine in the KEK laboratory be

tween 1999 and 2005. Both detectors, 

whose detailed description can be found 

elsewhere,5 '6 have been designed and opti

mized to study time-dependent CP-violation 

in B decays at the T(45 ) resonance. Their 

major components are: a vertexing and 

tracking system based on silicon and gas de

tectors; a particle identification system; an 

electromagnetic calorimeter based on CsI(Tl) 

crystals operating within a 1.5 T magnetic 

field; an iron flux return located outside of 

the coil, instrumented to detect K\ and iden

tify muons. The T(45) resonance decays 

most of the time in a pair of B-mesons, ei

ther B+B~ or B°B°, which acquire a boost 

thanks to the asymmetry of the beam ener

gies: 9 GeV e~ on 3.1 GeV e+ for PEP-I I and 

8 GeV e~ on 3.5 GeV e+ for KEKB. Because 

of this boost, the decay vertices of the two 

mesons are separated, thus allowing their in

dividual determination and the measurement 

of time-dependent C P asymmetries. In these 

analyses, the signal B is reconstructed in a 

CP-eigenstate (such as B —> rnr) while the 

other B (the tagging B) is reconstructed in a 

decay mode tha t allows the determination of 

its flavor at the time of decay, such as exclu

sive hadronic or semileptonic modes, or in

clusive modes with a lepton or a kaon, whose 

sign carries the information of the B flavor. 

The da ta samples used in the measure

ments presented in this paper vary for the 

two experiments. Most measurements are 

based on 232 x 1 0 6 B B pairs for BABAR and 

275 x 1 0 6 B B for Belle, but there are several 

results obtained with smaller statistics, while 

Belle performed the b —> d'y analysis with 

385 x 1 0 6 B £ . 

V. ud 

b_ 
d 

u, c J ^ < „ g 

d 

Figure 2. The tree (left) and penguin (right) dia
grams contributing to charmless B decays B° —• 

-,B° and B° pp. 

3 D e t e r m i n a t i o n of t h e angle a(<I>2) 

The angle a is the relative phase of the Vub 

and Vtd CKM matrix elements and can be 

measured in the charmless B decays B —> TTTT, 

B —> p?7 and B —> pp which arise from tree-

level b —> u(ud) transitions (Fig. 2,left). A 

complication to this approach is the presence 

of loop level penguin diagrams leading to the 

same final states (Fig. 2, right), which intro

duce different CKM matr ix elements. While 

in the absence of penguin contribution, the 

measurement of t ime dependent C P asym

metries in neutral B charmless decays would 

directly yield the angle a, the interference 

between tree and penguin diagrams obscures 

the simple relationship between C P observ-

ables and the angle a and requires the devel

opment of specific techniques to disentangle 

the penguin contribution. 

Time-dependent C P asymmetries arise 

from the intereference of two possible paths 

reaching the same final state: B —> / and 

B —> B —> / , and can be expressed m terms 

of the complex parameter Xf = r]fE^, where 

A=\(f\T\B0)\,A=\(f\T\B°)\,r,f\theCP 

eigenvalue of the final s tate and q,p are the 

parameters describing how B° and B° mix to 

form the mass eigenstates. The time depen

dent C P asymmetry follows 

Acp(At) = Sf sm(AmAt) + Cf cos(AmAt), 

where Sf = 2 1 ^ U / j 2 measures the C P vi

olation arising from the interference of the 

decays with and without mixing, and Cf = 

i - |*f | -
l + IA/l2 measures the direct CP violation 



100 

, 4 + 0 = A~n 

Figure 3. Isospin triangles for the charmless B decays 
B° -^Tt+TT', B° -> pp. cos(9) 

.5 0.6 0.7 0.8 0.9 21 
m „ (GeV/c ) 

in the decay. 
(Fig. 2,left) 

For the tree diagram in 

A / 
VtbVtdVubV*d 2ia 

'J T / \ T / * TA* T / . 'J 

with Cf = 0 and S/ = sin(2a). In the pres
ence of the penguin diagram, the expression 
becomes: 

T + Pe+i^eiS 

A f=Vf 
,2ia -

T + Pe~^eiS 

where T and P are the tree and penguin am
plitudes, and S is the strong phase. The effect 
of penguin diagram interference is the possi
bility of direct CP violation (Cf oc sin 5) and 
a shift Aa in the measurement of the angle a: 
Sf = i / l — C? sin(2aeff) with Aa = aeff — OL. 

Isospin relations amongst rates of the 
various B —> nit and B —> pp decays can be 
used7 to extract the shift Aa. The isospin 
analysis involves the separate measurement 
of B° and B° decay rates into h+h~ (h in
dicates either TT or p) and h°h°, as well as 
the measurement of the rate of the charged 
B decay B+^ —> h+(~^h°. Constructing a 
B° and a B° triangle from the 6 amplitudes 
(Fig. 3) one can extract Aa from the mis
match of the two triangles. 

It has also been shown8 that, in alter
native to full isospin analysis, one can use 
the branching fractions for B —> h°h° and 
B —> h+h° averaged over meson and anti-
meson to impose an upper bound on Aa: 

B(B° -> h°h°) 

Figure 4. The distributions for the highest purity 
tagged events in the BABAR B —> pp analysis for the 
variables m^s (a)i A.E (b), cosine of the p helicity 
angle (c), and m7v±wo (d). The dotted lines are the 
sum of backgrounds and the solid lines are the full 
PDF. 

Other relations have also been developed,9,10 

but with the current level of accuracy of the 
measurements none improves significantly 
over the above limit. The constraints on a 
derived from a full isospin analysis in the 
7T7T channel11'12 are very weak, as shown in 
Fig. 5 explained later in the text, mainly due 
to the fact that the branching ratio B(B° —> 
7T°7T°) = (1.45 ± 0.29) x 1CT6 (averaged by 
HFAG13 on the basis of the BABAR14 and 
Belle15 measurements) is too large to be ef
fective in setting the above limit, but is also 
too small for the full isospin analysis. 

The pp channel has three polarization 
amplitudes, which introduce dilution in the 
measurement because they have different CP 
eigenvalues, and has been considered in the 
past as less promising than 7T7r. Both BABAR 
and Belle have recently performed full anal
yses of this decay.16'17 The charged p is re
constructed through the decay p^ —> TT^TT0, 

and the events are selected through a kine-
matical signal identification based on the 
beam-energy substituted mass (also known 
as beam constrained mass) mt,c = TTIES = 

sin Aa < 
B(B± -> h±h°) 

x/^beam ~ P*B an(^ ^he energy difference be
tween the reconstructed B and the beam 
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AE E% E? . All quantities are com
puted in the CM frame. The distribution of 
these variables for the signal and the back
ground is shown in Fig. 4 

It is found that the fraction of longitu
dinal polarization ( / i ) in the pp final state 
is almost 100%, and that therefore there is 
no dilution effect in the measurement of a. 
In addition, the p+p~ and p+p° branching 
fractions are a factor of 5 larger than the cor
responding ones in the TTTT decays, but at the 
same time the p°p° is not yet observed, with 
a relatively small limit on Aa. The results 
are summarized in Table 1 

Using the BABM limit on B(B° ->• p°p°) 
and the average between the two experiments 
for the other quantities one arrives at a rela
tively stringent limit on Aa (Aa < 11°) and 
at the determination a[pp] = (96 ± 13)°. 

The isospin analysis has an intrinsic two
fold ambiguity that can be removed with 
a full time-dependent Dalitz plot analysis 
of the B —> pn decay.18 Results on this 
analysis have been presented the ICHEP04 
conference.19,20 

The results of the three analysis are sum
marized in Fig. 5, where a combined fit21 is 
also shown. The result of this combined fit 
is a = (99lg2)°. The result from the indi
rect measurement of a obtained by fitting 
all the other CKM triangle measurements, 
a [CKM] = (96j^2)° 1S shown I o r compari
son on the same plot. This is the first time 
that the direct measurement of a has a better 
precision than the its indirect determination 
from the CKM triangle fit. 

4 Measurement of \Vub\ and \Vcb\ 

The magnitude of the CKM matrix ele
ments Vub and Vcb can be extracted from 
the semileptonic decay rate of B mesons. At 
the parton level the decay rates for b —> ulv 
and b —> civ can be calculated accurately; 
they are proportional to \Vub\

2 and |Vd,|2, re
spectively, and depend on the quark masses, 

1.2 

1 

0.8 

0.6 

o 

B—>jnt 

-- B->p7t 

•• B ^ p p 

WA 

LL3 Combined 
I-»H CKM fit 

• ! ! 

\ ! 

i j -i» 

If 

0 20 40 60 80 100 120 140 160 180 

a (deg) 

Figure 5. Alpha determination from the charmless B 
decays B° -> TT+TT", B° - • pp and B° -> p+TT~. The 
dotted lines represent the results of the three individ
ual analyses. The green (shaded) area is the result of 
the combined fit. The CKM triangle fit independent 
determination of alpha, which is not included in the 
fit, is shown by the blue point. 

m;,, mu, and mc. To relate measurements of 
the semileptonic decay rate to \Vub\ and \Vcb\, 
the parton-level calculations have to be cor
rected for effects of strong interactions, thus 
introducing significant theoretical uncertain
ties for both exclusive and inclusive analyses. 

For of exclusive decays, the effect is 
parametrized by form factors (FF), such as in 
the simple case of the B —> irtv decay, ne
glecting the 7r mass: 

dT(B° ~£+i 

dq2 

G2
F\Vub\

2 

24TT3 l/+(^)IX, 

where Gp is the Fermi constant, q2 is the 
invariant-mass squared of the lepton-neutrino 
system and pn is the pion momentum in 
the B frame. The FF f+(q2) can be cal
culated with a variety of approaches based 
on quark model,22 Light Cone Sum Rules,23 

and lattice QCD.24 '25 In inclusive decays, the 
main difficulty is to relate the partial rate 
obtained by the experimental event selec
tion process to the matrix elements. This is 
a particularly serious issue for \Vub\, where 
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Table 1. Summary of measurements for the B —> pp decays 

B{B° 

B(B± 

B(B° 

Quantity 

h 

^pp,L 

Cpp,L 

->P+p-)[iCr6] 

- p+P°) [10-6] 

- fPP°) [10-6] 

BAR4R 

0.978 ± 0.014t°;°^ 

-0.33 ± 0.24±g;?l 

-0.03 ±0.18 ±0.09 

30 ± 4 ± 5 

22.5+^ ±5.8 

< 1.1 

Belle 

n nn.1+0.033+0.029 
u - y J 1 - 0 . 0 3 9 - 0 . 0 3 1 

0.09 ± 0.42 ± 0.08 

0.00 ± 0.30t°;°g 

24.4 ± 2.2±|;f 

31.7 ± 7 . 1 ^ 

-

only a small fraction of the total rate can 
be determined experimentally because of the 
severe background rejection cuts. Heavy-
Quark Expansions (HQEs)26 have become a 
useful tool for calculating perturbative and 
non-perturbative QCD corrections and for es
timating their uncertainties. These expan
sions contain parameters such as the b quark 
mass and the average Fermi momentum of 
the b quark inside the B meson. These pa
rameters must be determined experimentally, 
for instance from the photon energy spectrum 
in B —> Xs^f decays and the spectrum of the 
hadronic mass in B —> Xciv decays. 

For the determination of \VC\\, a global 
analysis of inclusive B decays has been 
performed,27 leading to a very precise mea
surement: 

l^lincl. = (41.4 ± 0.6eXp ± 0.1th) X 10"3. 

The measurement obtained from the world 
average of B{B -+ D*iv)28 

\Vcb\D*iy = (41.3 ± 1.0eXp ± 1.8th) x 10~3, 

is fully compatible, although less precise. 
These accurate measurements demon

strate the rapid experimental and theoretical 
advancements in these area. 

4-1 b —» uiv inclusive decays. 

Several methods have been used to isolate in
clusive b —> uiv decays from the much more 
frequent b —> civ decays. 

In the lepton endpoint method29 '30 one 
uses the fact that, due to the mass difference 
between c and u quarks, the lepton spectrum 
in the b —> u transition extends to slightly 
higher energies than in the b —> c decays. 
The lepton momentum window is typically 
1.9 < piept < 2.6GeV/c, and a selection is 
applied on the basis of event shape variables 
and missing momentum. The background re
mains in any case significant with typically 
S/B « 1/14. 

One can refine the selection by using a 
g2-dependent electron energy cut (the Ee — q2 

method)31 where the neutrino momentum is 
estimated from the event missing momentum 
and q2 is calculated from q2 = {pe+Pu)2- For 
each Ee and q2 one can calculate the max
imum kinematically allowed hadronic mass 
square s™ax and veto b —• civ decays by re
quiring sj£ax < 3.5 GeV2 « m2

D. This tech
nique significantly improves the S/B ratio to 
about 1/2. Figure 6 shows the electron en
ergy and s™ax spectra, along with signal and 
sideband regions. 

Reconstructing the other B in the event 
in an exclusive channel allows the direct re
construction of the hadronic system (called 
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Figure 6. The electron energy, Ee, and s™ax spectra 
in the T(4S) frame for continuum-subtracted data 
and simulated BB events satisfying all the selection 
criteria except for the variable shown. The arrows 
denote the signal and sideband regions. 

X) produced in b —> utv decays by assigning 
all the remaining particles to it. BABAR uses 
the mass of the hadronic system to perform 
a 2-dimensional fit for the partial branching 
fraction in the area {Mx < 1.7GeV/c2, q2 > 
8 GeV2},32 while Belle also introduces the 
variable P+ = Ex - \px\, where Ex 

and px are the energy and 3-momentum 
of the hadronic system, analyzing data in 
three kinematical regions Mx < 1.7 GeV/c , 
{Mx < 1.7GeV/c2,q2 > 8GeV2}, and P+ < 
0.66 GeV/c.33 

The extraction of \Vub\ from these partial 
branching fractions involves the determina
tion of HQE parameters, which can be done 
following a variety of schemes and using dif
ferent physical processes.34 This extraction is 
the object of a very active discussion with the 
goal of improving the precision of the mea
surement. A summary of \Vub\ inclusive de
terminations based on HQE parameters de-

CLEO (cndpoim) 
3.93 ±0.46 ±0.33 

BELLE (etidpoint) 

4.82+0.45 ±0.31 

BABAR (endpoim) 

BABAR iLVcfi 
4.00 + 0 11 -r 0.35 

BELLE mx 

4.03 + 0.27 ± 0.25 

BELLE sim ann (m .̂ q~) 

4 32 + 04fj±029 

BXBMtMii .\-> 

4 . ' . ' 0 ^ .-1. •! I 

Average •*•/-e? r - n.1 

X2/dof=6.4/6(CL = 

HQ input from b—» c 

\rii uryi 

38.0%) 

1 v and b-> 

*"*""~~*-~i~~i 
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s 7 moments • 
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, LP-%005 

|Vubl [x 10-3] 

Figure 7. Summary and average of inclusive \Vub\ de
terminations using HQE parameters extracted from 
B —• Xs"/ and B —* Xcl.v moments. 

rived from the moments of the photon energy 
spectrum in B —> Xs^f decays and from the 
hadronic-mass and lepton-energy moments in 
B —> Xclv decays is shown13 in Fig. 7: 

IK b inch (4.39 ± 0.20exp ± 0.27th) x 10" 

An alternative determination, using 
HQE parameters35 obtained fitting the Belle 
B —> Xsj photon energy spectrum, yields:29 

I K b I (5.08 ± 0.47exp ± 0.48th) x 10" 

4-2 B -^ irlv, piv decays. 

Various methods have been devised to isolate 
exclusive B —> ir£v, plv decays from the large 
backgrounds from b —> civ and continuum 
events. Estimating the neutrino momentum 
from the missing momentum in the event al
lows the usage of the mass of the B candi
date ITIES as a discriminating variable. In 
addition, one can analyze the data in bins of 
q2 (three bins for CLEO36 and five bins for 
BABAR37) and measure the q2 dependance of 
the form factor, thus discriminating among 
theoretical models. 
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BABAR SL tag: B J -> It" 1* v X 2t t /T , 

BABAR Breco lag: B " -* it" 1* V X ST./I:,. 

I"S±"'5"±,J'2" " T ^ " 
BABAR SI, lag: B " - * fl~ !* v j 

Belle SL tag: B ° - » Jt' 1* v 1 

L79 ±0.28 ±0.20 ; " A 

BABAR Breco tag: B " - i r l ' i i 
0.89 ±0.34 ±0.12 " • " j 
CLEO untagged: B -> 711+ V i 
1.32 ±0.18 ±0.11 " N " 
BABAR untagged: B -» it 1* v ; 
!.38 ±11.10 J :0 IS «-f—' 

Average: B fl ~> *r r v • 
1.36*0,11 -*f~ 

X2/dof=11.2/6(CL = 8.3%) W l j l K 

I , i , | , L*2005 

B(B° -> 7i" 1+ v ) [x 10"4] 

Figure 8. Summary and average of exclusive B 
niu branching fractions. 

Tagging the other B in the event is 
another powerful method to reduce back
grounds. As in the case of inclusive decays 
one can reconstruct the other B in an exclu
sive hadronic channel38 (BReco tag) which 
allows the reconstruction of the hadronic sys
tem on the signal side. Alternatively, one 
can tag the other B through semileptonic 
decays, and use the kinematics of 2 back-
to-back semileptonic decays to reduce the 
background.39'40'41 

A summary of exclusive B —> TT£U 
branching fractions measurements is shown 
in Fig. 8. The extraction of \Vub\ from these 
branching fractions requires a theoretical cal
culation of the form factor, which depends 
on the q2 range used. Reducing the q2 range 
usually improves the error on the form fac
tor calculation while the experimental er
ror increases because of the loss of statis
tics. For q2 < 15GeV2 Light Cone Sum 
Rules23 provide the most accurate calcula
tion, whereas lattice calculation are limited 
to q2 > 15 GeV due to the restriction to TT 
energies smaller than the inverse lattice spac
ing. Using the FNAL04 lattice calculations25 

for q2 > 16 GeV2 one obtains 

iK&lexci. = (3.75 ± 0.27±g;^) x 10"3. 

It should be noted that the inclusive and 
exclusive determinations of \Vub\ are experi
mentally and theoretically independent. The 
previously reported hints of discrepancy42 

between the two measurements are now re
duced in size and the results are compati
ble. Theory errors have been progressively 
reduced and have broken the 10% limit for 
the inclusive measurement. 

5 B —> TV decay 

In the SM, the purely leptonic decay B+ —+ 
£+v (charge conjugate modes are implied) 
proceeds via the annihilation of the b and u 
quark into a virtual W boson. Its amplitude 
is proportional to the product of \Vub\ and the 
B meson decay constant fs , with a predicted 
branching fraction given by:43 

B(B+ - • £+v) = 

G2
FmB 

8n -mp m, 
/IIK •b\ TB, 

where GF is the Fermi coupling constants, m^ 
and m,B are the lepton and B meson masses, 
and TB is the B+ meson lifetime. The de-
pendance on the lepton mass arises from he-
licity conservation, which suppresses the elec
tron and muon channels. The branching ra
tio in the r channel is predicted in the SM 
to be roughly 10 - 4 , but physics beyond the 
SM, such as supersymmetry or two-Higgs-
doublets models could significantly modify 
the process. Observation of B —> TV would 
allow a direct determination of fg, which 
is currently estimated with a 15% theoreti
cal uncertainty44 using lattice QCD calcula
tions. Besides, the ratio of B(B+ —> T+V) 
to AMBd, the mass difference between heavy 
and light B4 mesons, can be used to deter
mine the ratio of |14(,|2/|yt(i|

2, constraining 
an area in the ~p,rj plane with small theo
retical uncertainties.45 Conversely, from the 
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Figure 9. Exclusion are in the [mjy,tan/3] plane ob
tained from the upper limit on .B{B+ —> T"*"J/). 

global CKM fit one can derive21 the con
straint B(B+ - • T+V) = (8.lt\i) x 10"5. 

Due to the presence of at least two neu
trinos in the final state, the B+ —> T+V de
cay lacks the kinematical constraints that are 
usually exploited in B decay searches to reject 
both continuum and BB backgrounds. The 
strategy adopted is to exclusively identify the 
other B in the event through a semileptonic 
or hadronic decay, and assign all the remain
ing tracks to the signal B. The r lepton 
is then searched in one or three prongs de
cays, with a maximum of one n°. After ap
plying kinematical cuts and requiring a large 
missing mass in the event, the most power
ful variable for separating signal and back
ground is remaining energy [EECL] rion asso
ciated with either B. Applying a cut EECL < 
0.3 GeV, Belle46 finds no significant eccess of 
events over the expected backgrounds, that 
ranges between 3 and 12 events depending 
on the r decay mode, and sets an upper 
limit B(B+ -> T+V) < 1.8 x 10~4 @90%C.L.. 
BABAR finds a slightly higher upper limit. 

This result can be interpreted in the con

text of extensions to the SM. In the two-
Higgs doublet model the decay can occur via 
a charged Higgs particle, and the B{B+ —> 
T+V) upper limited can be translated in a 
constraint in the [TTIH, tan/3] plane, as seen in 
Fig. 9 where m a is the mass of the Higgs par
ticle and tan j3 is the ratio of the vacuum ex
pectation values of the two Higgs doublets.47 

6 b —> s radiative decays 

Radiative decays involving the b —> s flavour-
changing neutral current transition occur in 
the SM via one-loop penguin diagrams con
taining an up-type quark (u,c,t) and a W 
boson. Example of these decays are: B —> 
X s 7 , K*~/, K°sir°~/, Knn>y, K^t+l-, Kvv, •••. 

New physics particles replacing the SM 
ones in the penguin loop, e.g. a charged Higgs 
boson or squarks, can affect both the total 
rate of these processes and the decay proper
ties, such as photon polarization, direct CP 
violation, and forward-backward asymmetry 

mB-^K^e+e-. 

6.1 B —> X s 7 decays 

Within the SM, the inclusive B —> Xs~f rate 
is predicted by next-to-leading order (NLO) 
calculations48 to be B(B -> Xsj) = (3.57 ± 
0.30) x 10"4 for E1 > 1.6 GeV. The photon 
energy spectrum provides access to the dis
tribution function of the b quark inside the 
B meson,49 whose knowledge is crucial for 
the extraction of \Vub\ from inclusive semilep
tonic B —-> Xu£v decays, as discussed in 
Sec. 4. The heavy quark parameters nib 
and / i2 , which describe the effective the 6-
quark mass and the kinetic energy inside the 
B meson, can be determined from the pho
ton energy spectrum, either by fitting the 
spectrum directly or by fitting the spectrum 
moments.50'51 

The branching fraction and the photon 
energy spectrum can be measured with two 
methods, originally introduced by CLEO:52 

in the fully inclusive method the photon en-
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Table 2. Summary of partial branching fraction mea
surements for the B —» Xs^/ process. As explained 
in the text, Belle uses a photon energy cut -E7 > 
1.8 GeV, while BABAR uses £ 7 > 1.9 GeV. The errors 
are statistical, systematical, and model dependent. 

Experiment 

Belle, incl.53 

BABAR, incl.54 

BABAR, excl.55 

£ ( B ^ X s 7 ) [ 1 0 - 4 ] 

Q w _i_n QO+O.30+0.11 o.oo in u.oz_0 3 1 _ 0 0 7 

3.67 ±0.29 ±0.34 ±0.29 

Q 07_|_ n 1 O+0.55+0.04 6.ZI ± 0 . 1 8 _ 0 4 0 _ 0 0 9 

ergy spectrum is measured without recon
structing the Xs system, and backgrounds 
are suppressed using event shape variables 
and high-momentum lepton tagging of the 
other B; the semi-inclusive method uses a 
sum of exclusive final states where possi
ble Xs systems are combined with the pho
ton, and kinematic constraints are used to 
suppress backgrounds. The semi-inclusive 
method suffers from uncertainties on the frag
mentation of the Xs system and on the as
sumptions made as to the fraction of unmea
sured final states. On the other hand the 
fully-inclusive method has much larger resid
ual backgrounds that must be carefully sub
tracted using off-resonance data. Table 2 
summarizes the B(B —> Xsj) measurements. 
Belle uses a photon energy cut E1 > 1.8 GeV, 
while BABAR uses E1 > 1.9 GeV. The results 
are fully consistent with the SM expectations. 

6.2 Photon polarization 

In the SM, the photon from the b —> sj 
(b —> I7) decays has an almost complete left-
handed (right-handed) polarization. This 
pattern was generally assumed to be valid 
up to a 0(ms/mb) correction,56 but it has 
been recently shown57 that the corrections 
can be significantly larger. A different po
larization pattern would be a marker of new 
physics, and can be explored in different 
ways. In one method56 photon helicity is 

l+ / / 

b % t J? 7 b t s 

w_ 
q q q q 

Figure 10. Feynmann diagrams decribing the B —> 
s£+£~ decay. 

probed in mixing-induced CP asymmetries, 
exploiting the fact that left-handed and right-
handed photons cannot interfere, thus sup
pressing time-dependent CP asymmetries in 
decays such as B —> K*°j. In another 
method58 one uses the kaon resonances de
cays B —> Kiesj —> KTTTTJ to measure the 
up-down asymmetry of the photon direction 
relative to the Knir decay plane. Exper
imentally, many B —> KTTTT"/ decay chan
nels have been observed,59,60 with branch
ing fractions varying in the range (1.8 — 
4.3) x 10 - 5 , although with a statistics still 
insufhent for the helicity analysis. Both de
cays B —> K*°7 and B -» Ksir0"/ have been 
observed and their time-dependent CP asym
metry measured.61'62 With the present statis
tics all the results are consistent with zero. 

6.3 B -» K^£+£~ decays 

As shown in Fig. 10, b —> s£+£~ decays pro
ceed in the SM both via a radiative penguin 
diagram with a photon or a Z, and via a 
W-mediated box diagram. The magnitude 
of the photon penguin amplitude is known 
from the b —> sj rate measurement, while 
the Z penguin and W box amplitudes pro
vide new information on FCNC processes. 
The predicted total branching fraction is63 

B(b - • s£+£-) = (4.2 ± 0.7) x 10"6, in agree
ment with measurements.64,65 

The B -> K(*h+£- exclusive decays are 
predicted to have branching fractions of 0.4 x 
10"6 for B -> K£+£- and about 1.2 x 10~6 



107 

• BaBar'05 
• Belle'04 

ES3Ati'02 
raZhong'02 

BABAR 
Preliminary 

K i*r 

Ki*r 

1 1.5 ̂  
Branching Fraction (10 ) 

Figure 11. Experimental measurements (points) and 
theoretical predictions for B —> K^£+£~ branching 
fractions. Red (upper) points are the BABAR70 result, 
while blue (lower) points are the Belle71 result. The 
width of the boxes indicates the estimated precision 
of the predictions,63 '73 

for B —> K*£+£~, with a theoretical uncer
tainty of about 30% mainly due the lack of 
precision in predicting how often the s quark 
will result in a sing le K^ meson in the fi
nal state. Since the electroweak couplings 
to electron and muon are identical, the ratio 
RK = B{B -> Kfj,+fi-)/B(B -> Ke+e~) is 
expected to be unity, while in B —> K*£+£~ 
decays a phase space contribution from a 
pole in the photon penguin amplitude at 

m e+e-
~ 0 enhances the lighter lep-

ton pair, with a prediction of RK* = B{B —> 
K*fi+ii-)/B(B - • K*e+e~) = 0.752. Ne
glecting the pole region (q2 < 0.1 GeV2) for 
B —> K*e+e~, both ratios RK and RK» are 
predicted to be very close to unity. However, 
an enhancement of order 10% is expected 
in the presence of a supersymmetric neutral 
Higgs boson with large tan/3.66 New physics 
at the electroweak scale could also enhance 
direct CP asymmetries, defined as ACP = 
v(E^K^r)-T(B^K^r) y a l u e s f 

order one,67 while the SM expectations68 

are much less than 1%. Finally, the q2-
dependance of the lepton forward backward 
asymmetry is sensitive to some new physics 
effects, such as a change of sign69 of the Wil
son coefficient C^ of the Operator Product 
Expansion, that would not show up in other 
channels. 

Experimentally, the B -> K^l+l' de
cays are identified through kinematical con
straints following a positive K identifica
tion. Care must be taken to reject dilepton 
pairs with a mass consistent with the J/i/> 
and the ip(2S), which are produced abun
dantly in B decays. Both processes are well 
established,70'71 and the branching fractions 
are compared to theoretical calculations in 
Fig. 11 CP asymmetries measurements are 
consistente with zero with an error of 0.25. 
Belle also reports the first measurement of 
the lepton forward-backward asymmetry71 

and of the ratio of Wilson coefficients72 , al
though the statistical power is not yet suffi
cient to identify new physics effects. 

6.4 Other radiative decays 

Several other exclusive B radiative decay 
modes have been looked at, searching for 
deviation from SM expectations. No signal 
has been found yet, but some of the lim
its (given below at 90% C.L.) are getting 
close to the SM values. B —> D*0^ pro
ceeds via a ^-exchange diagram and the 
branching fraction is expected to be around 
10~6 in the SM. The measured limit74 is 
B(B° -> D*°-y) < 2.5 x 10"5. For B -> <fa, 
which proceeds through a penguin annihi
lation diagram75 the SM expectations are 
around 10~12, while the experimental limit 
is B{B° -+ (fry) < 8.5 x 10"7. The double ra
diative decay B —*• 77 has a clean experimen
tal signature and is expected to be around 
3x 10 - 8 in the SM. The measurements76 limit 
its rate at B{B° -> 77) < 5.4 x 10"7 

Observation of b 
decays 

d radiative 

The b —> dj process is suppressed with re
spect to b —> sj by a factor \Vtd/Vts\

2 — 0.04. 
Due to the large background from continuum 
events, only exclusive modes such as .B~ —> 
p~7, B° —• /9°7, B° —> W7 (charge conjugate 
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Figure 12. Projection of the fit results to M^c and 
A E for the individual b —> d'y modes. Lines represent 
the signal (magenta), continuum (blu-dashed), B —> 
K"*7 (red), other B decay background components 
(green), and the total fit result (blue-solid). 

modes are implied), have been searched so 
far. Measurement of these exclusive branch
ing fractions, which are predicted to be in the 
range (0.9 - 2.7) x 1(T6 in the SM,77 gives 
a precise determination of |Vtd/Vts| and pro
vides sensitivity to physics beyond the SM. 
Belle reports the first observation78 of these 
decays, reconstructing the p and u with final 
states with at most one 7r°. Background re
jection is obtained through the use of event 
shape variables, vertex separtion, and by tag
ging the other B in the event. All the vari
ables are used in an unbinned maximum like-
lyhood fit where the B —> (p,co)j and B —> 
K*-f yields are simultaneuosly determined. 

Figure 12 shows the projection of the 
likelihood fit onto the M{,c and AE axes for 
the individual modes. A clear peak is always 

visible. The individual branching ratios are 
determined as follows: 

B(B~ -+ p " 7 ) 

B{B° ->• A ) 

B(B° -> urr) 

(0.55±8;«±8;1?) x 10"", 

(1.17 +0.35+0.09\ 
0.31-0.08 J x 10-

(0.58±S:«.SI) x lO"8, 

where the first error is statistical and the 
second error is systematical. The signifi
cance figures of the three measurements are 
1.5er, 5.1cr, and 2.6a, respectively. A simulta
neous fit is also perfomerd using the isospin 
relation: 

.2 5.22 5.24 5.26 5.28 5.3 

M. (GeV/c2) 

B(B -> p/ury) = B{B- -> p--/) 

2'-^-B{B 
TB0 TB0 

u-y) 

where TB+/TBO = 1.076 ±0.008 is the ratio of 
charged B lifetime to the neutral B lifetime, 
yielding 

B{B -> p/uii) = 1.34 +0.345+0.14 
-0.31-0.10 (5.5CT) 

It should be noted that the individual fit re
sults (especially B{B —> p0ry)) are in marginal 
agreement with the isospin relation above or 
with the previous limits. More statistics will 
hopefully clarify the issue. The simultaneous 
determination of B(B —> K*j) allows the de
termination of |Vtd/Vts|: 

\vtd/vts 

.79 

n 9nn+°-026+0038 

u-^u u-0.025-0.029' 
where the errors are respectively from exper
iment and theory. This value is in agreement 
with global fit to the unitarity triangle,21 but 
the b —> d"f observation provides an inde
pendent constraint on the unitarity triangle 
which will become more and more effective as 
statistics increase. 

8 Summary and conclusions 

The accuracy of the analyses performed by 
the BABAR and Belle experiments has been 
steadily improving, and the precision mea
surement of CKM parameters is now a reality. 
The direct a ($ 2 ) determination a = (99lg2)0 

is for the first time more precise than its in
direct determination from the CKM triangle 
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Figure 13. Allowed region in the p, 77 plane once all 
the constraints are included. 

fit. \Vcb\ is known at the 1.5% level, while 
|VU|i„ci. = (4.39 ± 0.20exP ± 0.27th) x 10"3-
is determined at the 8% level, and is the ob
ject of intense activity to further reduce the 
error. 

Rare decays are very powerful tools for 
testing the consistency of the SM and are 
sensitive to new physics particles in the loop. 
They also allow the investigation of the in
ner structure of the B meson, thus reducing 
theory uncertainties in many measurements. 
b —> drf penguin transitions have been ob
served at the 5.5CT level, B(B —>• p/wy) = 
1.34+°'3i5^°1o

4, starting to provide new con
straints on the unitarity triangle. 

Figure 13 shows the allowed region in 
the J), fj plane after all the constraints have 
been applied. The figure represents the ex
perimental situation after the summer confer
ences 2005. As more data will be necessary to 
disentangle all the effects and identify the sig
nals of new physics, each experiment is set to 
reach a data sample of about 1 ab^1 within a 
few years. Larger samples will require signif
icant machine and detector upgrades which 

are being actively studied by the community. 
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The charm quark has unique properties that make it a very important probe of many facets of the 
Standard Model. New experimental information on charm decays is becoming available from dedicated 
experiments at charm factories, and through charm physics programs at the b-factories and hadron 
machines. In parallel, theorists are working on matrix element calculations based on unquenched 
lattice QCD, that can be validated by experimental measurements and affect our ultimate knowledge 
of the quark mixing parameters. Recent predictions are compared with corresponding experimental 
data and good agreement is found. Charm decays can also provide unique new physics signatures; 
the status of present searches is reviewed. Finally, charm data relevant for improving beauty decay 
measurements are presented. 

1 I n t r o d u c t i o n 

The charm quark has played a unique role in 

particle physics for more than three decades. 

Its discovery by itself was an important val

idation of the Standard Model, as its mass 

and most of its relevant properties were pre

dicted before any experimental signature for 

charm was available. Since then, much has 

been learned about the properties of charmed 

hadronic systems. 

Experiments operating at the ^(3770) 

resonance, near threshold for DD produc

tion, such as MARK III at SPEAR, per

formed the initial exploration of charm 

phenomenology.1 Later, higher energy ma

chines, either fixed target experiments oper

ating at hadron machines or higher energy 

e + e ~ colliders, entered this arena, with much 

bigger da ta samples. In recent years, we 

have seen a renewed interest in studying open 

charm in e + e ~ colliders with a center-of-mass 

energy close to DD threshold. The CLEO-c 

experiment2 at CESR, has collected a sample 

of 281 p b _ 1 at the -0(3770) center-of-mass en

ergy. This experiment is poised to accumu

late a total integrated luminosity of the order 

of 1 fb" 1 at the ^(3770) and a similar size 

sample at an energy optimal to s tudy D$ de

cays. The BES-II experiment, at B E P C , has 

published results based on 33 p b _ 1 accumu

lated around the -0(3770). It has an ongoing 

upgrade program both for the detector (BE-

SIII) and the machine (BEPCII) , designed 

as a charm factory with 1 0 3 3 c m _ 2 s ~ 1 peak 

luminosity.3 

Several features distinguish charm Its 

mass (0(1 .5) GeV) makes it an ideal labora

tory to probe QCD in the non-perturbative 

domain. In particular, a comparative study 

of charm and beauty decays may lead to more 

precise theoretical predictions for key quan

tities necessary for accurate determination of 

important Standard Model parameters. On 

the other hand, once full QCD calculations 

have demonstrated control over hadronic un

certainties, charm da ta can be used to probe 

the Yukawa sector of the Standard model. Fi

nally, charm decays provide a unique window 

on new physics affecting the u-type quark dy

namics. For example, it is the only u-type 

quark tha t can have flavor oscillations. More

over, some specific new physics models pre

dict enhancements on C P violation phases in 

D decays, beyond the 10~3 level generally 

predicted within the Standard Model.4 

The charge-changing transitions involv

ing quarks feature a complex pat tern , tha t 

is summarized by a 3 x 3 unitary matrix, the 

Cabibbo-Kobayashi-Maskawa (CKM) ma-

mailto:artuso@phy.syr.edu
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trix: 

( Vud Vus Vub \ 
vcd vcs vcb . (i) 
Vtd Vta Vtb J 

These 9 complex couplings are described by 
4 independent parameters. In the Wolfen-
stein approximation,5 the CKM matrix is ex
pressed in terms of the four parameters A, A, 
p, and 77, and is expanded in powers of A: 

l - A 2 / 2 A AX3(p-irj)\ 
-A 1 - A2/2 AX2 

AX3(l-p-iv) -AX2 1 / 
(2) 

The parameters A, A, p and 77 are funda
mental constants of nature, just as basic as 
G, Newton's constant, or asm-

B meson semileptonic decays (determin
ing |Kib|/|Vc(,|) and neutral B flavor oscil
lations provide crucial constraints to deter
mine the CKM parameters p and 77. In 
both cases, hadronic matrix elements need 
to be evaluated to extract these parame
ters from the experimental data. Due to 
the relatively small masses of the b and c 
quarks, strong interactions effects are of a 
non-perturbative nature. Lattice QCD cal
culations seem the ideal approach to tackle 
this problem. However, a realistic simulation 
of quark vacuum polarization has eluded the
orists for several decades, thus limiting lattice 
QCD results to the so-called "quenched ap
proximation." A new unquenched approach, 
based on a Symanzik-improved staggered-
quark formalism,6 bears the promise of pre
cise predictions on some key observables.7 

The main ingredients of the new approach 
are: improved staggered quarks represent
ing sea and valence quarks, chiral perturba
tion theory for staggered quarks and heavy 
quark effective theory (HQET) for the heavy 
quarks.7 This formalism is expected to deliver 
predictions soon on some "golden" physical 
quantities with errors of a few %. They are 
matrix elements that involve one hadron in 
the initial state and one or no stable hadrons 

in the final state, and they require that the 
chiral perturbation theory is "well-behaved" 
for the specific mode under consideration. 
Several processes relevant for the study of 
quark mixing fall in this category. Impor
tant examples include the leptonic decay con
stants / B , , and JD,B) and semileptonic decay 
form factors. Checks on theory predictions 
for key "golden quantities" are under way2,3 

and may validate the theory inputs for the 
corresponding quantities in beauty decays. 

2 The decay constant fn+. 

CKM unitarity tests include constraints 
from B?S^B9SS oscillations. The theoreti
cal inputs, are yBdfBd, vBsfBa, or £ = 
yBsfBJ\/BdfBd, where B{ represents the 
relevant "bag parameter", the correction for 
the vacuum insertion approximation, and fBi 

represents the corresponding decay constant. 
It is thus important to validate the theoreti
cal uncertainties, and a proposed strategy is 
to use the corresponding observables in D de
cays for this purpose. The decay D+ —> l+v 
proceeds by the c and d quarks annihilating 
into a virtual W+, with a decay width8 given 
by: 

r (D+ _+ l+v) = ^fl+m2MD+ (3) 

(1 m ' Y W I2 

V'WJ lcdl ' 
where M^+ is the D+ mass, mi is the mass of 
the final state lepton, |Vcd| is a CKM matrix 
element that we assume to be equal to |V„S|, 
and GF is the Fermi coupling constant. Due 
to helicity suppression, the rate goes as m2; 
consequently the electron mode D+ —> e+v 
has a very small rate in the Standard Model. 
The relative widths are 2.65 : 1 : 2.3 x 1(T5 

for the T+IS, p,+ v and e+v final states, respec
tively. 

CLEO-c was the first experiment to have 
a statistically significant D+ —> [iv signal,9 

and has now published an improved measure-
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ment of fD+ .10 They use a tagging technique 
similar to that developed by the MARK III 
collaboration,1 where one D meson is recon
structed in a low background hadronic chan
nel and the remaining tracks and showers are 
used to study a specific decay mode. The rel
atively high single tag yield makes this tech
nique extremely useful.a They reconstruct 
the D~ meson in one of six different decay 
modes and search for D+ —> [iv in the rest of 
the event. The existence of the neutrino is in
ferred by requiring the missing mass squared 
(MM2) to be consistent with zero. Here: 

MM2 = (E< beam E»+? {-VD- Vn 

(4) 
where P D - is the three-momentum of the 
fully reconstructed D~. Events with addi
tional charged tracks originating from the 
event vertex or unmatched energy clusters 
in the calorimeters with energy greater than 
0.250 GeV are vetoed. These cuts are very 
effective in reducing backgrounds. Efficien
cies are mostly determined using data, while 
backgrounds are evaluated either with large 
Monte Carlo samples or with data. Fig. 1 
shows the measured MM2, with a 50 event 
peak in the interval [-0.050 GeV2,+0.050 
GeV2], approximately ±2cr wide. The back
ground is evaluated as 2.81 ± 0.30 ± 0.27 
events. This implies: 

B(D+ -» n+
Vll) = (4.40 ± 0 . 6 6 ^ 2 ) x 1 0" 4 -

(5) 
The decay constant fD+ is derived from 

Eq. 3 using TD+ = 1.040 ± 0.007 ps,11 and 
\Vcd\= 0.2238 ± 0.0029,12 yielding: 

fD+ = (222.6 ± 16.7±l:f) MeV. (6) 

The same tag sample is used to search for 
D+ —> e+ve. No signal is found, corre
sponding to a 90% cl upper limit B(D+ —• 
e+ve) < 2.4 x 10~5. These measurements 
are much more precise than previous obser
vations or limits.13 The very small systematic 
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"Throughout this paper charge conjugate particles 
are implied unless specifically noted. 
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Figure 1. CLEO-c MM2 using D~ tags and one 
opposite charged track with no extra energetic 
clusters.10 The insert shows the signal region for 
D + —> ihv^ enlarged; the defined signal region is 
shown between the two arrows. 

error is achieved through very careful back
ground and efficiency studies, involving large 
Monte Carlo and data samples. 

Fig. 2 summarizes the present experi
mental data10 '13 and the various theoretical 
predictions for the decay constant.1 4 - 2 1 The 
latest lattice QCD result, performed by the 
Fermilab lattice, MILC and HPQCD collab
orations, working together,22 is the first to 
include three quark flavors fully unquenched 
and was published shortly before the CLEO-c 
updated result. It is consistent with the 
CLEO-c result with a 37% confidence level. 

3 Semileptonic decays 

The study of D meson semileptonic decays 
is another important area of investigation. 
In principle, charm meson semileptonic de
cays provide the simplest way to determine 
the magnitude of quark mixing parameters: 
the charm sector allows direct access to |VCS| 
and |Vcd|- Semileptonic decay rates are re
lated to \VCX\2 via matrix elements that de
scribe strong interactions effects. Tradition
ally, these hadronic matrix elements have 
been described in terms of form factors cast 
as a function of the Lorentz invariant q2, the 
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EXPERIMENT 

CLEO-C 

BES 

THEORY 

222.6 ±16.7 tfJMeV 

•—HM—• : Lattice QCD (FNAL & MILC) 

Quenched Lattice QCD (UKQCD) 

-? Quenched Lattice QCD 

QCD Spectral Sum Rules 

QCD Sum Rules 

—• 1 Relativistic Quark Model 

• Potential Model 

i 1 ilsospin Mass Splittings 

i « i 

100 200 300 

fD+(MeV) 
400 

Figure 2. Summary of theoretical predictions and experimental data for /p-t 

invariant mass of the electron-^ pair. Exper
imental determinations of these form factors 
are performed through the study of the dif
ferential decay width dT/dq2. 

3.1 Goals in semileptonic decays 

If we assume that Vcs and Vcd are known, 
experiments can determine the form fac
tor shape as well as their normalization. 
Form factors have been evaluated at spe
cific q2 points in a variety of phenomeno-
logical models,23 where the shape is typi
cally assumed. More recently, lattice QCD 
calculations24 have predicted both the nor
malization and shape of the form factors in 
D —> K£v and D -^ irlv. Note, that we 
can form ratios between leptonic and ex
clusive semileptonic branching fractions that 
can provide direct theory checks without any 
CKM input. 

On the other hand, if we use validated 
theoretical results as inputs, we can derive di
rect measurements for Vcs and Vcci; the most 
accurate determinations of these parameters 
presently require some additional input infor
mation, such as unitarity. Thus we could ex
tend the unitarity checks of the CKM matrix 
beyond the first row. 

The study of charm semileptonic decays 
may contribute to a precise determination of 
the CKM parameter \Vut\. A variety of theo
retical approaches have been proposed to use 
constraints provided by charm decays to re
duce the model dependence in the extraction 
of \Vub\ from exclusive charmless B semilep
tonic decays. In particular, if HQET is ap
plicable both to the c and b quarks, there is a 
SU(2) flavor symmetry that relates the form 
factors in D and B semileptonic decays.25 For 
example, a flavor symmetry relates the form 
factors in D —> -KIV are related to the ones in 
B —> irlv, at the same E = v • p^ , where v is 
the heavy meson 4-velocity and p T is the n 
4-momentum. The original method has been 
further refined;26 the large statistics needed 
to implement these methods may be available 
in the near future. 

3.2 Semileptonic branching fractions: 
the data 

BES-II27 and CLEO-c28 have recently pre
sented data on exclusive semileptonic branch
ing fractions. BES-II results are based on 
33 pb _ 1 ; CLEO-c's results are based on the 
first 57 p b _ 1 data set. Both experiments use 
tagged samples and select a specific final state 
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Table 1. Summary of recent absolute branching fraction measurements of exclusive D+ and D° semileptonic 
decays. 

Decay mode 
D° -> K~e+ve 

D° - • ir~e+ve 

D° - • K*~e+ve 

D° -> p~e+ve 

D+ -> K°e+ve 

D+ -> n°e+ve 

D+ - • K*°e+ve 

D+ -> p°e+ve 

D+ —> we+i/e 

B(%) [CLEO-c]28 

3.44 ±0.10 ±0.10 
0.262 ± 0.025 ± 0.008 

2.16 ±0.15 ±0.08 
0.194 ±0.039 ±0.013 

8.71 ±0.38 ±0.37 
0.44 ±0.06 ±0.0.03 
5.56 ±0.27 ±0.23 
0.21 ±0.04 ±0.01 
0 . 1 6 t ^ ± 0 . 0 1 

B(%) [BES]27 

3.82 ±0.40 ±0.27 
0.33 ±0.13 ±0.03 

B(%) [average]K 

3.54 ±0.11 
0.285 ±0.018 

2.14 ±0.16 
0.194 ±0.039 ±0.013 

8.31 ±0.44 
0.43 ± 0.06 
5.61 ±0.32 
0.22 ±0.04 
0 16+0-07 

u - i o - 0 . 0 6 
The averages reported here include all the branching fractions reported in the PDG 2004 for D —> 

Xe+ve and the CLEO-c and BES-II data. Indirect measurements are normalized with respect to the 

hadronic and average semileptonic branching ratios included in this report. 

through the kinematic variable: 

where Emiss represents the missing energy 

and p represents the missing momentum 

of the D meson decaying semileptonically. 

For signal events, U is expected to be 0, 

while other semileptonic decays peak in dif

ferent regions. Fig. 3 shows the U distri

bution for 5 exclusive D+ decay modes re

ported by CLEO-c, which demonstrate tha t 

U resolution is excellent, thus allowing a full 

separation between Cabibbo suppressed and 

Cabibbo favored modes. Table 1 summarizes 

the recent measurements from CLEO-c and 

BES-II, as well world averages obtained from 

the results presented in this paper and the 

previous measurements of B(D —> Xie+ve) 

reported in the P D G 2004.11 

CLEO-c uses the two tagging modes with 

lowest background (D° —> K+ir~ and D~ —> 

K+ir~ir~) to measure the inclusive D° and 

D+ semileptonic branching fractions.29 Ta

ble 2 summarizes the measured semileptonic 

branching fractions, and it also includes the 

sum of the branching fractions for D decay 

into all the known exclusive modes. The 

CLEO-c da ta have been used in this compari-

0.25 

Figure 3. Fits (solid lines) to the U distributions in 
CLEO-c28 data (dots with error bars) for the five D+ 

semileptonic modes: (a) D+ —> K°e+ve, (b)D+ —> 
K*°e+ve, (c) D+ - • 7T0e+!/e, (d)D+ -> p°e+ue, 
(e)D+ —• ue+Ve. The arrows in (e) show the signal 
region. The background (in dashed lines) is visible 
only in (c) and (d). 

son, as they dominate the present world aver

age: the exclusive modes are consistent with 

saturat ing the inclusive semileptonic branch

ing fraction at a 4 1 % confidence level in the 

case of the D+ and 18% confidence level in 

the case of the D°. 

The preliminary inclusive branching frac-
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tions can be translated into inclusive semilep-
tonic widths F ^ + and r ^ 0 , using the known 
D lifetimes,11. These widths are expected to 
be equal, modulo isospin violations, and in
deed the measured ratio r ^ + / T p 0 = 1.01 ± 
0.03±0.03: thus isospin violations are limited 
to be below ~ 4%. 

Table 2. Comparison between exclusive28 and pre
liminary inclusive29 results from CLEO-c. 

Mode 
(D° - Xtve) 
EiB^D0 - Xilve) 

(£>+ -+ X£ue) 
EiS((D+ - • Xilve) 

B(%) 
6.45 ±0.17 ±0.15 

6.1 ±0 .2 ±0 .2 

16.19 ±0.20 ±0.36 
15.1 ±0.50 ±0.50 

3.3 Form factors for D —• K(n)£p 

Recently, non-quenched lattice QCD calcula
tions for D —> Klv and D —> -KIV have been 
reported.24 The chiral extrapolation is per
formed at fixed E = v-pp, where E is the en
ergy of the light meson in the center-of-mass 
D frame, v is the unit 4-velocity of the D me
son, and pp is the 4-momentum of the light 
hadron P (K or IT). The results are presented 
in terms of a parametrization originally pro
posed by Becirevic and Kaidalov (BK):30 

f+(q2) = jz ~ ^ r , (8) 
(1 -q2){l-aq2) 

p 
f°{q2) = i ^ 1 

where q2 is the 4-momentum of the electron
ic pair, q2 = q2/m2

D,, and F = /+(0), a and 
8 are fit parameters. This formalism models 
the effects of higher mass resonances other 
than the dominant spectroscopic pole (Z?g+ 

for the Klv final state and D*+ for TTIV).31 

The form factors f+(q2) govern the cor
responding semileptonic decays. The lat
tice QCD calculation obtains the parameters 
shown in Table 3. 

The FOCUS experiment32 performed a 
non-parametric measurement of the shape of 

Table 3. Fit parameters in Eq. (8), decay rates and 
CKM matrix elements. The first errors are statistical; 
the second systematic. 

p 
•K 

K 

F 

0.64(3)(6) 
0.73(3)(7) 

a 
0.44(4)(7) 
0.50(4) (7) 

a 
1.41(6) (13) 
1.31(7)(13) 

the form factor in D —> Kfxv^. Fig. 4 shows 
the lattice QCD predictions for D —> Klv 
with the FOCUS data points superimposed. 
In addition, they studied the shape of the 
form factors f+(q2) for D —• Kjiv^ and 
D —> irfii/fi with two different fitting func
tions: the single pole, traditionally used be
cause of the conventional ansatz of several 
quark models,23 and the BK parametrization 
discussed before. Table 4 shows the fit results 
obtained from FOCUS and CLEO III,33 com
pared to the lattice QCD predictions. Both 
experiments obtain very good fits also with 
simple pole form factors, however the sim
ple pole fit does not yield the expected spec
troscopic mass. For example, FOCUS ob
tains mpoie(D° -> KfiUfj,) = (1.93 ± 0.05 ± 
0.03) GeV/c2 and mpole(D° -> TT/XZ )̂ = 
(1.91±o;?5±0.07) GeV/c2, while the spectro
scopic poles are, respectively, 2.1121 ±0.0007 
GeV/c2 and 2.010 ± 0.0005. This may hint 
that other higher order resonances are con
tributing to the form factors.31 It has been 
argued,35 that even the BK parametrization 
is too simple and that a three parameter form 
factor is more appropriate. However, this is
sue can be resolved only by much larger data 
samples, with better sensitivity to the curva
ture of the form factor near the high recoil 
region. 

By combining the information of the 
measured leptonic and semileptonic width, 
a ratio independent of \Vcd\ can be eval
uated: this is a pure check of the 
theory. We evaluate the ratio R = 
s/T(D+ -> i2v^)/T(D ->• ire+ve). We assume 
isospin symmetry, and thus T(D —> ire+ve) = 
T(D° -> Tr~e+ve) = 2T(D+ -> Tr°e+ve). For 
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Table 4. Measured shape parameter a compared to 
lattice QCD predictions. 

D^Klv 9ma/mD,* 

a(D° - • Kiv) 

lattice QCD24 

FOCUS32 

CLEOIII33 

Belle34 

0.5 ±0.04 ±0.07 
0.28 ±0.08 ±0.07 

0.36±0.10±o;o7 
0.40 ±0.12 ±0.09 

a{D° -> -niv) 
lattice QCD24 

CLEOIII33 

Belle34 

0.44 ±0.04 ±0.07 
0.37±o;3i ± 0.15 

0.03 ±0.27 ±0.13 

the theoretical inputs, we use the recent un-
quenched lattice QCD calculations in three 
flavors,22'24 as they reflect the state of the 
art of the theory and have been evaluated in 
a consistent manner. The result is: 

R th lrth(D^ A"V 
Tth(D -> 7rei^e) 

0.212 ±0.028, 

(9) 
The quoted error is evaluated through a care
ful study of the theory statistical and system
atic uncertainties, assuming Gaussian errors. 
The corresponding experimental quantity is 
calculated using the CLEO-c fp and isospin 
averaged T(D —> Tre+i/e); we obtain: 

K7 
ITexP(D+ -> nv) 
TexP(D -> ireise) 

0.249 ±0.022. 

The theory and data are consistent at 28% 
confidence level, that represents a good 
agreement. 

4 The CKM Ma t r ix 

An important goal of the next generation 
of precision experiments is to perform direct 
measurements of each individual parameter. 
This will enable us to perform additional uni-
tarity checks with precision similar to the one 
achieved now with the first row.12 In particu
lar, Vcd and Vcs are now determined with high 
precision, but using unitarity constraints.11 

+ experiment [FOCUS, hcp-cx/0410037] 
— lattice QCD [Fermilab/MILC, hep-ph/0408306] 
— io (statistical) 

lofstat + syst) 

. I . . . . I . . . . I . . . . I . 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 
2, 2 

1 lmD* 

Figure 4. Shape of the form factor for D —> Klu:7 

MILC-Fermilab calculation compared with the non 
parametric data from FOCUS. 

The most recent results from LEP II, us
ing the W -^ tv branching fraction, and 
additional inputs from other CKM param
eter measurement is Vcs = 0.976 ± 0.014.36 

The unitarity constraint implies Vcd ~ Vus = 
0.2227 ±0.0017.12 

If we use the theoretical form factors 
as inputs, we can extract \VCS\ and \Vcd\ 
from the branching fractions reported in 
this paper. The results, obtained using the 
form factors from the unquenched lattice 
QCD calculation24 and the isospin averaged 
semileptonic widths from CLEO-c28 are: 

\Vcs\ = 0.957 ± 0.017(ea;p) ± 0.093(t/i) (11) 

(10) \Vcd\ = 0.213 ± 0.008(ea;p) ± 0.021(t/i) (12) 

A unitarity check derived uniquely from these 
measurements yields: 

1-IK, \Vcd\
2 + \Vcb\2 0.037±0.181(toi). 

(13) 
The mean Vci and their errors have been de
rived from careful application of the theoreti
cal quantities and their stated statistical and 
systematic errors. 

These determinations are not yet com
petitive, but it will be interesting to see the 
results of future estimates, when the accuracy 
is comparable to the one achieved in the first 
row. 
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5 C h a r m as a p r o b e for N e w 

P h y s i c s 

The study of charm decays provides a unique 

opportunity for indirect searches for physics 

beyond the Standard Model. In several dy

namical models, the effects of new parti

cles observed in c, s and b transitions are 

correlated.4 '3 7 Possible new physics manifes

tat ions involve three different facets: D°D° 

oscillations, CP violation and rare decays. 

5.1 D°D° oscillations 

Two main processes contribute to D°D° os

cillations. The short distance physics effects 

are depicted by higher order Feynman dia

grams, such box or loop diagrams tha t in

fluence the mass difference AM. These dia

grams are sensitive to new physics, through 

the interference with contributions with sim

ilar topology including exotic particles in 

place of the d, s, b quarks present in the 

Standard Model loop. In addition, there is 

a coupling between D ° and D° induced by 

common final states such as KK, irn and KTT. 

As the intermediate states are real, one con

jectures tha t only the difference in lifetime 

A r is affected by this coupling. Thus, A r is 

expected to be dominated by Standard Model 

processes. 

mixing haw been studied with a 

variety of different experimental methods, 

several of which suffer from a variety of ad

ditional complications. 

The first approach, which has been pur

sued by a variety of expe r imen t s , 3 8 - 4 1 is the 

study of the "wrong-sign" hadronic decays 

such as D° —> K+TT~ . These decays occur via 

two paths: oscillation of D° into D°, followed 

by the Cabibbo favored D° —> K+TT~ , or dou

bly Cabibbo suppressed decays D° —> K+ir~. 

The two channels interfere and thus there 

is an additional parameter tha t affects the 

wrong-sign rate: the strong phase S between 

D° —> K+n~ and K~TT+ decays. Moreover 

it has been argued4 2 tha t CP violation may 

Table 5. D° —> K+n analysis. Only results of the 
fits allowing for CP violation are included. 

Experiment 
CLEO38 

CLEO38 

FOCUS39 

FOCUS39 

Belle40 

Belle40 

BaBar41 

BaBar41 

Fit Result (xIO3) 
0 < x'2 < 0.82 
- 5 8 < y' < 10 

0 < x'2 < 8 
-112 < y ' < 6 7 -

0 < x'2 < 0.89 
-30 < y' < 27 
0 < x' < 2.2 

-56 < y' < 39 

Table 6. Summary of yep results. 

Experiment 
FOCUS44 

CLEO43 

Belle, untagged45 

Belle, tagged46 

BaBar47 

yCP{%) 
3.4 ±1.4 ±0 .7 

-1.2 ±2.5 ±1.4 
-0.5 ±1.0 ±0.8 
1.2 ±0 .7 ±0.4 
0.8 ± 0.4+°,;! 

have non negligible effects too. Thus exper

iments typically perform a variety of fits for 

the modified variables x' = x cos 5 ± y sin 5 

and y' = — a;sin<5 ± y cos 5, under different 

C P violation assumptions. Table 5 summa

rizes the results of the most generic fit, allow

ing for a C P violating term. 

A second class of measurements involves 

the study of yep' namely the normalized life

t ime difference of D°D° CP eigenstates. In 

presence of CP violation, yep is a linear com

bination of x and y involving the CP vio

lation phase <f>. Table 6 summarizes experi

mental da ta on yep- The average is positive, 

although still consistent with 0. 

The study of semileptonic D decays al

lows the determination of another combi

nation of mixing parameters. Experiments 

study the ratio TM defined as: 

™~ J™V(D°^X+W) ~ 2 • 
(14) 

Table 7 summarizes the sensitivity achieved 
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Table 7. Summary of mixing limits (95 % cl) from 
D° semileptonic decay studies. 

Experiment 
CLEO48 

BaBar49 

Belle50 

RM 

0.0091 
0.0046 
0.0016 

\/x2 + y2 

0.135 
0.1 

0.056 

by present experiments to TM-
Finally, a very interesting analysis 

method has been implemented by the CLEO 
experiment: they have studied the chan
nel D° —> Kgir+n~. Cabibbo favored final 
states, such as K*~ir+, and doubly-Cabibbo 
suppressed channels, such as K*+TT~ inter
fere. They generalize the methodology that 
they used to identify the resonance substruc
ture of this decay51 to the case where the 
time-dependent state is a mixture of D° and 
D0.52 In this case, the parameters x and y 
affect the time-dependent evolution of this 
system. This time-dependent Dalitz plot 
analysis can be used to extract the mixing 
and CP violation parameters. They obtain 
(-4.5 < x < 9.3)% and (-6.4 < y < 3.6)%, 
It is interesting to note that this constraint 
has sensitivity comparable to other limits ob
tained from a much larger data sample. 

5.2 CP violation 

Within the Standard Model, CP violation ef
fects in D decays are expected to be negli
gible small, as they are introduced by box 
diagrams or penguin diagrams containing a 
virtual b quark: thus they involve a strong 
CKM suppression (Vci,V*b). In contrast with 
the D°D° mixing case, where the vast theo
retical effort devoted to pin down the Stan
dard Model predictions did not yield a clear-
cut result, there is a wide consensus that 
observing CP violation in D decays at a 
level much higher than O(10 - 3) will consti
tute an unambiguous signal of new physics. 
There is a vast array of studies that can be 
undertaken:4 exploring CP violation effects 

on mixing observables, searching for direct 
CP violation effects in D°, D+ and D~g de
cays and, finally, studies of DD pairs near 
threshold, that exploit the quantum coher
ence of these states. 

In general, experimental sensitivity is 
0(1)%.4 Recent results from BaBar,53 

Belle54, and CLEO55 have explored CP vi
olation in 3-body D decays. Babar obtains 
A{D+ - • K-K+TT+) = (1.4 ± 1.0 ± 0.8)%. 
CLEO obtains A(D° -> TT+TT-TT0) = (1 ± 
8i?)%. Belle obtains A{D° -> K+^Tr0) = 
(-0.6 ± 5.3% and A(D° - • K+n-ir+n-) = 
(-1.8 ±4.4%. 

A complementary approach involves the 
study of observables that are sensitive to T 
violation,56 such as triple product correla
tions in 4-body decays of D° and D+. This 
technique has been pioneered by FOCUS,57 

through the study of triple product cor
relations in D° ->• K+K-ir+ir-, D+ -> 
K°K~TV+TT-, D°s -> K°SK-TT+TT~. Their 
present sensitivity is at the level of several 
percent, dominated by the statistical error. 
A significant improvement in the sensitivity 
of this technique is expected in future mea
surements. 

6 Charm as a facet of beauty 

The study of b decays has been one of our 
richest sources of information about the Stan
dard Model, as well as a very powerful con
straint on new physics. 

As the dominant tree level diagram in
cludes the b —> c transition, the precision of 
our knowledge of the D decay phenomenol
ogy affects quantities associated with B de
cays in a variety of ways. For example, the 
accuracy of the determination of D hadronic 
branching fractions has an obvious impact 
on the absolute determination of B hadronic 
branching fractions. Moreover, the study 
of specific CP violation observables can be 
made more precise through ancillary informa
tion coming from D decays. Finally, a precise 
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knowledge of the particle yields in D decays, 

allow a more precise modelling of inclusive B 

decays. 

6.1 D absolute branching fractions 

Absolute measurements of D meson branch

ing fractions affect our knowledge of several 

many D and B meson decays, from which 

CKM parameters are extracted. 

CLEO-c has employed tagged samples to 

obtain new values for the branching fractions 

D° -> R-TT+, D+ -> K-7T+TT+, and other 

modes.5 8 This powerful technique, combined 

with careful efficiency studies based on data, 

resulted in an accuracy comparable to the one 

of present world averages. They obtain: 

B(D° -y K-n+) = (3.91 ± 0.08 ± 0.09)%, 

and 

B(D+ -> K-n+i:+) = (9.5 ± 0.2 ± 0.3)% 

Corrections for final s ta te radiation are in

cluded in these branching fractions. 

6.2 D -^ KSTT+TT~ Dalitz plot analysis 

and the determination of the CKM 

phase 7. 

The decay B^ —> DK^ has been the sub

ject of intense theoretical effort to devise op

timal strategies to measure the CKM angle 

7. The original proposal by Gronau, Lon

don and Wyler5 9 uses D decays to CP eigen-

states. Subsequently Atwood, Dunietz and 

Soni60 critiqued this approach and proposed 

a method based on D decays to flavor eigen-

states. Finally, there is one method tha t has 

received a lot of at tention recently,61 the ex

traction of 7 from a Dalitz plot analysis of 

B± _ , D(*)K± -» ^KSTT+T:-. Charm fac

tories can help this measurement in a vari

ety of manners: they can provide informa

tion on D°D° mixing, and measure the strong 

phase S between the Cabibbo favored and 

doubly-Cabibbo suppressed D° —• K~n+ 

and D° —> K~TT+, and perform unique D 

Dalitz plot studies. 

The Dalitz plot technique illustrates the 

contributions tha t CLEO-c and, later, BE-

SIII can provide to reduce the uncertainty 

in this determination of the angle 7. This 

method is at tractive because it involves a 

D decay with a relatively large branch

ing fraction. Moreover this three body fi

nal state comprises a very rich resonance 

substructure, tha t leads to the expecta

tion of large strong phases. Recently both 

BaBar 6 2 and Belle63 reported measurements 

on 7 (BaBar) — $3 (Belle) with this method. 

They obtain: 

03 = 77°+jg(stat) ± 13°(sys) ± 11°(mod), 

7 = 70° ± 26°(stat) ± 10°(sys) ± 10°(mod). 

In both cases, the error labeled "mod," refers 

to uncertainties on the resonance substruc

ture of the Ksir+n~ Dalitz plot. Both collab

orations find tha t to achieve a good fit they 

need to include two ad-hoc 7T7r s-wave reso

nances tha t describe about 10% of the data . 

The study of CP tagged Dalitz plots6 4 allows 

a model dependent determination of the D° 

and D° phase across the Dalitz plot. Using 

da ta samples where the CP eigenstate (S±) 

of the D can be tagged, CLEO-c is studying 

the Dalitz plots 5_/C,s7r+7r_, 5_A^57r+7r~, as 

well as flavor tagged KSTT+TT~ Dalitz plots. 

A simultaneous fit to these three Dalitz plots 

can validate Dalitz plot models and reduce 

the model dependence of these results signif

icantly. Alternatively, a model independent 

result can be obtained from a binned anal

ysis of the three CP or flavor tagged Dalitz 

plot. This work is under way6 5 and should 

eventually reduce the model dependence to a 

couple of degrees. 

7 C o n c lu s io n s 

Charm decays provide a rich phenomenology 

for a variety of important studies tha t im

prove our knowledge of several facets of the 
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Standard Model, and probe for signatures of 
new physics. 

The experimental study of beauty and 
charm decays is prospering through vibrant 
experimental activity taking place in several 
ongoing experiments. The next few years will 
see an opening up of our vistas on these de
cays with the upcoming turn on of LHC and 
of a dedicated charm and beauty experiment 
at a hadron collider, LHCb. This experiment 
bears the promise of precision studies that are 
poised to explore thoroughly all the possible 
new physics manifestations alluded to in this 
paper. 
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D I S C U S S I O N 

Vera L u t h (SLAC): 

W h a t are the plans for CLEO-c to s tudy 

Ds mesons? 

M a r i n a Artuso : The study of Ds mesons is 

one of the key components of the CLEO-

c program and will s tart soon. 

Nikola i U r a l t s e v (INFN Milano): 

Have you tried, or is it in your plan, 

to measure the difference in the in

clusive lepton spectra for charge and 

neutral D? ft can come only from the 

Cabibbo-suppressed decays, therefore, 

alternatively, can you measure the simi

lar inclusive spectra from only Cabibbo-

suppressed decays? 

M a r i n a Artuso : We have not yet pursued 

this measurement, but it is within our 

capabilities and it is in our plans. 
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Recent experimental results on quarkonium physics are reviewed. In particular, the new observed 
particles since last one or two years, such as X(1835), X(3872), X(3940), Y(3940) and Y(4260) are 
discussed, the latest data on double charmonium production, heavy hadron spectroscopy and quarkonia 
decays are presented. 

1 I n t r o d u c t i o n 

The simplest QCD potential, the so called 

"Cornell" potential, can be written as: 

4 ci 
V[r) = --—+kr. 

3 r 

The first term describes the one-gluon ex

change, dominating at short distances (< 0.1 

fm) with large momentum transfers. This is 

the asymptotically "free" regime where the 

as is small and the perturbat ive calculations 

can be performed. The second term, impor

tant at large distances (> 1 fm) with low mo

mentum transfers, leads to the "confinement" 

and is in a regime where the as is large, mak

ing the calculation non-perturbative. 

QCD has been tested extensively at the 

high momentum transfer by lots of high pre

cision experiments. At low energy, it is diffi

cult to be tested due to the non-perturbative 

nature. Quarkonia, the bound states of 

quark and its antiquark, are the QCD equiva

lents of positronium (e + e~) in QED. Quarko

nia form the simplest strongly interacting 

systems with only two constituents (unlike 

baryons) and identical flavor (unlike mesons 

with "open" flavor). Light quarkonia are 

highly relativistic. They also contain mix

tures of quarks of different flavors and so can 

be easily fall apart into other mesons. Char

monium (cc) is the first heavy quarkonium 

discovered and is less relativistic. Bottomo-

nium (bb) is heavier, therefore is less non-

relativistic and has a large number of long-

lived states. The toponium system would 

have been completely non-relativistic. How

ever, the weak decays will be dominant over 

the strong decays in such systems. Therefore, 

charmonium and bot tomonium play a spe

cial role in probing the strong interactions. 

The properties of charmonia and bottomonia, 

and their productions and decays are good 

labs, for QCD in both perturbative and non-

perturbative regimes. 

Firstly, the new observations of X(1835), 

X(3940), Y(3940) and Y(4260) are reported. 

Then, the latest da ta on heavy quarkonium 

production, in particular the big discrepancy 

on double charmonium production between 

da ta and theory are presented. Recent exper

imental heavy hadron spectroscopy results, 

including the results from r]'c, hc and A"(3872) 

are reviewed. Also reported are some latest 

experimental results in quarkonium decays, 

such as the production of a and /•£, ELS well as 

the non-DD decays of ^(3770). 

2 N e w o b s e r v a t i o n s 

There are long-standing predictions of bary-

onium states 1 , multi-quark states, qq-gluon 

hybrids and glueballs. These states have been 

searched for by many experiments for many 

years. However, none of them is identified af

ter all the efforts. Recently there has been 

a revival of interest in the possible existence 

of the states of non-qq or non-qqq. Reported 

mailto:shenxy@ihep.ac.cn
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below are the new observations in searching 
for such states. 

2.1 The observation o/X(1835) in 
J/rj] - • -yri'n+TT- at BESII 

An anomalous enhancement near the mass 
threshold in the pp invariant mass spec
trum from J/-0 —> jpp decays was reported 
by the BESII experiment2. This enhance
ment was fitted with a sub-threshold S-wave 
Breit-Wigner resonance function with a mass 
M = 1859l^t2

5
5 MeV/c2, a width T < 

30 MeV/c2 (at the 90% C.L.) and a prod
uct branching fraction (BF) B(J/ip —> jX) • 
B{X -> pp) = (7.0 ± 0A(stat)±li(syst)) x 
10~5. This surprising experimental observa
tion has stimulated a number of theoretical 
speculations3,4'5,6,7'8 and motivated the sub
sequent experimental observation of a strong 
pA mass threshold enhancement in J/tp —> 
pK^A decay9. Among various theoretical 
interpretations of the pp mass threshold en
hancement, the most intriguing one is that of 
a pp bound state (or barionium) 3 ,1 'e, which 
has been the subject of many experimental 
searches10. 

If such a structure is interpreted as a pp 
bound states, it is desirable to observe this 
state in other decay modes. Possible decay 
modes for a pp bound state, suggested in 
Ref.5,6, include 7r+7r~?/. 

The J/ip —> 77r+7r~?/ decay, with rf 
being tagged in its two decay modes, r/ —> 
ir+ir~r](r] —> 77) and 7/ —> jp, is analyzed 
based on 5.8 x 107 J/ip events collected at 
BESII. 

Figure 1(a) shows the ir+ir~r) invariant 
mass distribution. The 7/ signal is clearly 
seen. The TT+TT~T]' invariant mass spectrum 
for the selected events is shown in Fig. 1(b), 
where a peak at a mass around 1835 MeV/c2 

is observed (named X(1835)). The jp invari
ant mass distribution also shows a clear 7/ 
signal (Fig. 1(c)). A peak near 1835 MeV/c2 

is evident in the 7r+7r~7/ invariant mass spec-

0 c ' ' ' ' ' 0 " • * * ? • -" <"-'""''• -!.'-
0.85 0.9 0.95 1 1.05 1.1 1.5 2 2 5 

M(YJIV) (GeV/c2) M(nVv]| (GeV/ce) 

Figure 1. Invariant mass distributions for selected 
J/ip —* 77r+7r_7?' candidate events: (a) The 7r+7r—77 
invariant mass distribution, (b) The 7r+7r~7/ invari
ant mass distribution with 77' —» 7r+7r-rj. (c) The 
•yp invariant mass distribution, (d) The •n+rK~n' in
variant mass distribution with r\' —> 'yp. The open 
histograms are data and the shaded histograms rep
resent J ftp —> 771+71-̂ 77' phase-space MC events (with 
arbitrary normalization). 

trum (Fig. 1 (d)). 
The combined Tr+TT~r]' spectrum with 

(7/ —> 7r+7r~?7) and (77' —* jp) is fitted with 
a Breit-Wigner (BW) function convoluted 
with a Gaussian mass resolution function and 
a smooth polynomial background function. 
The BW mass and width of X(1835) ob
tained from the fit (shown in Fig. 2) are 
M = 1833.7±6.1 MeV/c2 and V = 67.7±20.3 
MeV/c2, respectively. The statistical signifi
cance for the signal is 7.7 a. The mass and 
width of the X(1835) are not consistent with 
any known particle11. The product branch
ing fractions is determined to be 

B(J/ip ->• 7X(1835))-B(X(1835) - • Tr+Tr"^) 

= (2.2 ±0 .4 ±0.4) x 10~4 

The measured X(1835) mass is consistent 
with the mass obtained from the J/ip —> "/pp 
channel, while the width is higher by 1.9c 
than the upper limit on the width reported in 
Ref.2. However, the refitted mass and width 
of pp threshold enhancement, after including 
the final state interaction effect, are consis
tent with those of X(1835). 
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m(nVii ' ) (GeV/c') 

Figure 2. The 7r+7r~7/ invariant mass distribution 
for selected events from the J ftp —> ryn~*~ir~ri'(ri' —> 
•7T+7T~?7,7; —• 77) and J/i/> —> -K+-K~ T)'(rj' —> 7/9) anal
yses. The solid curve is the fit and the dashed curve 
indicates the background function. 
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Figure 3. B —* KujJ/ip signal yields vs M(uiJ/ip). 
The curve in (a) indicates the result of a fit that 
includes only a phase-space-like threshold function. 
The curve in (b) shows the result of a fit that includes 
an S-wave Breit-Wigner resonance term. 

2.2 Near u>J/ip threshold enhancement 
F(3940) in B - • KuJ/ij) at Belle 

B meson decays are a prolific source of cc 
pairs and the large B meson samples pro
duced at B-factories are providing opportu
nities to search for missing cc charmonium 
mesons as well as more complex states. 

Based on a 253 fb_ 1 data sample that 
contains 275 million BB pairs collected with 
the Belle detector, a study of the uJ/ip sys
tem produced in exclusive B —> KuJ/ip de
cays is performed. 

The B-meson signal yields from the 
binned one-dimensional fits to the M{,c and 
AE distributions for events in different 
M(u>J/tp) intervals are plotted in Figs. 3(a) 
and (b). Here, Mf,c, the beam constrained 

mass, is equal to V^beam ~ P% a n ^ AS , the 
energy difference, is £ b e a m - EB, with Eheam 

representing the cms beam energy, pg the 
vector sum of the cms momenta of the B me
son decay products and EB their cms energy 
sum. 

An enhancement, denoted as F(3940), is 
evident around M(u;J/ip) = 3940 MeV. The 
curve in Fig. 3(a) is the result of a fit with 
a threshold function of the form f(M) = 
A0q*(M), where q*(M) is the momentum 
of the daughter particles in the coJ/ip rest 
frame. This functional form accurately re
produces the threshold behavior of Monte 
Carlo simulated B —> Ku>J/ip events that are 
generated uniformly distributed over phase-
space. The fit quality to the observed data 
points is poor (x2/d.o.f. = 115/11), indicat
ing a significant deviation from phase-space. 

Figure. 3(b) shows the results of a fit 
where an S-w&ve Breit-Wigner (BW) func
tion is included to represent the enhance
ment. The fit, which has y2/d.o.f. = 15.6/8 
(CL = 4.8%), yields the mass and width of 
the signal to be M = 3943 ± 11 ± 13 MeV 
and T = 87 ± 22 ± 26 MeV. The statistical 
significance of F(3940) is 8.1c and the prod
uct branching fraction is 

B(B - • Xy(3940))S(y(3940) -> uJ/i/>) 

= (7.1 ±1 .3 ±3.1) x 10"5 

This F(3940) peaks above DD*. It is 
expected that a cc charmonium meson with 
this mass would dominantly decay to DD 
and/or DD*. While for the cc-gluon hy
brid charmonium states, which were first pre
dicted in 197812 and are expected to be pro
duced in B meson decays13, their decays to 
£>{*)£)(*) meson pairs are forbidden or sup
pressed. Therefore, whether Y(3940) can de
cay to DD and/or DD* or not is crucial to 
identify its being a hybrid charmonium or a 
conventional charmonium state. 
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2.3 Observation o /X(3940) in e + e " 

annihilation at A/S « 10.6 GeV at 

Belle 

The double charmonium production process 

of e + e ~ —> J/ip + X is investigated using the 

integrated luminosity of 350 f b _ 1 da ta sample 

collected by the Belle detector at the T (45 ) 

resonance and nearby continuum. The J/tp is 

reconstructed from its £+£~ decays. A par

tial correction for final s tate radiation and 

bremsstrahlung energy loss is performed by 

including the four-momentum of every pho

ton detected within a 50mrad cone around 

the electron direction in the e+e~ invariant 

mass calculation. 

The recoil mass spectrum of J/tp in in

clusive e+e~ —> J/tpX for the da ta is shown 

in Fig. 4. In addition to the three previously 

observed peaks, the i]c, XcO, Vci^S), another 

significant peak can be seen around a mass of 

3.94 GeV/c 2 . 

A fit to this spectrum tha t includes 

three known (ryc, XcO, Vci^S)) and one new 

(X(3940)) charmonium states is performed. 

In this fit, the mass positions for the rjc, XcO, 

r]c(2S) and X(3940) are free parameters. The 

signal function for the A(3940) is a convo

lution of the Monte Carlo line shape, with 

assumed zero width, with a Breit-Wigner 

function. The background is parametrized 

by a second order polynomial function and 

a threshold te rm (\/Mvecoii{J/tp) - 2MD) to 

account for a possible contribution from 

e+e~ -> J/tpD^D^. The mass of A(3940) 

is measured to be 3.936 ±0.006 ± 0.006 

GeV/c 2 and the width less than 52 MeV/c 2 

at 90% C.L.. The statistical significance of 

the signal is 5a. 

A search for X(3940) decaying into DD 

and D*D final states is performed. The decay 

X(3940) —> D*~D is found to be the dominant 

decay mode with a measured branching frac

tion of 9 6 1 ^ ± 2 2 % . The upper limits for the 

decay X(3940) - • DD and X(3940) - • J/ipuj 

are set to be less than 4 1 % and 26% at 90% 

Mrecoi,(J<V) GeV/c2 

Figure 4. The distribution of masses recoiling against 
the reconstructed J/ip in inclusive e+e~ —• J/tpX 
events. The enhancements correspond to the rjc, XcO, 
rjc(2S) and a new state, X(3940). The curve repre
sents the fit. 

C.L., respectively. 

2.4 Observation o /F(4260) in the 

J/ipir+TT~ Mass Spectrum around 

4.26 GeV/c2 

The initial-state radiation events, e + e ~ —> 

JiSRTt+7T~ J/tp are studied at BaBar, using 

an integrated luminosity of 211 fb~x da ta 

collected at y/s = 10.58 GeV/c 2 , near the 

peak of the T(4S) resonance and 2 2 / 6 " 1 da ta 

collected approximately 40 MeV/c 2 below 

this energy at the SLAC PEP- I I asymmetric-

energy e+e~ storage ring. The candidate J/tp 

is reconstructed via its decay to e + e ~ and 

The 7r+7r_ J/tp invariant mass spectrum 

for candidates passing all criteria is shown 

in Fig. 5 as points with error bars. Events 

tha t have an e+e~ (/x+n~) mass in the J/tp 

sidebands [2.76, 2.95] or [3.18, 3.25] ([2.93, 

3.01] or [3.18, 3.25]) GeV/c 2 but pass all the 

other selection criteria are represented by the 

shaded histogram after being scaled by the 

ratio of the widths of the J/tp mass window 

and sideband regions. An enhancement near 

4.26 GeV/c 2 is clearly observed. The Fig. 5 

inset includes the tp' region with a logarith

mic scale for comparison. 

An unbinned likelihood fit to the 

Tr+ir~J/tp mass spectrum is performed us

ing a single relativistic Breit-Wigner signal 
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Figure 5. The 7r+7r_ J/ij} invariant mass spectrum in 
the range 3.8—5.0 GeV/c 2 and (inset) over a wider 
range that includes the tp'. The points with error 
bars represent the selected data and the shaded his
togram represents the scaled data from neighboring 
e + e - and /i+/i~~ mass regions. The solid curve shows 
the result of the single-resonance fit; the dashed curve 
represents the background component. 

f unc t ion a n d a s e c o n d - o r d e r p o l y n o m i a l b a c k 

g r o u n d . T h e s igna l func t ion is m u l t i p l i e d b y 

a phase space factor and convoluted with a 
resolution function. The fit gives 125±23 
events with a mass of 4259 ± 8(stat)~^1(syst) 
MeV/c2 and a width of 88±23(stat)±l(syst) 
MeV/c2. The statistical significance of the 
signal is larger than 8 a. At the present level 
of the statistics, the existence of additional 
narrow resonance(s) in this region cannot be 
excluded. The broad stucture at around 4.26 
GeV/c2 signifies the presence of one or more 
previously unobserved Jpc = 1 states 
containing hidden charm. 

3 Heavy (flavor) quarkonium 
production 

There are many challenging problems re
maining unsolved in heavy quarkonium 
physics. The effective field theory NRQCD 
factorization approach provides a system
atic method for calculating quarkonium de
cay and production rates. NRQCD has 
been very successful in describing many pro
duction data, such as the inclusive P-wave 
quakonium decays, quarkonium production 
at Tevatron and quarkonium production in 
deep inelastic scattering at HERA. However 

it is problematic in describing the quarko
nium polarization data at the Tevatron, as 
well as the data from double charmonium 
production at B factories. One of the most 
challenging open problems in heavy quarko
nium is the large discrepancy of the double 
charmonium production cross sections mea
sured in e+e~ annihilation at B factories and 
the theoretical calculations from NRQCD. 
Here, I'll only focus on this topic. 

Belle14 observed the double cc produc
tion in e+e~ annihilation at y/s ~ 10.6 GeV. 
The production cross sections measured by 
Belle are about one order of magnitude higher 
than those predicted by non-relativistic QCD 
(NRQCD) calculations15'16'17 for e+e" -> 
7* —> J/tp cc reactions, where cc is a char
monium state with even C-parity. There 
have been attempts18 '19 '20 '21,22 to reconcile 
the large discrepancy between the observed 
cross section and predictions, and the va
lidity of NRQCD approximations has been 
questioned23'24. It has also been suggested 
that at least part of the double charmo
nium production might be due to two virtual-
photon interactions20, i.e., e+e~ —> 7*7* —> 
J/ipcc, where odd C-parity states could be 
produced. However, Belle's updated results 
show that the contamination from e+e~ —• 
77 —> J/ipJ/tp is small25. 

Recently, Belle and Babar presented the 
new measurements of the cross sections for 
double charmonium productions, using their 
155/6 - 1 and 124/6 - 1 data taken at around 
T(4S) peak, respectively. 

The recoil mass distribution for events in 
the J/ip mass window is shown as points with 
error bars in Fig. 6. The upper plot is from 
Belle and the lower from BaBar. The fits to 
the recoil mass distribution are represented 
by the solid curves and the backgrounds are 
shown as the dashed curves. 

The fit results are given in Table 1. 
The cross sections measured by both exper
iments are much larger than those predicted 
by many NRQCD calculations. 



132 

Figure 6. The points with error bars refer to the 
events in the J/ip mass window. The solid curves 
represent the fit and the dashed curves are for back
ground. The upper plot is for Belle and the lower for 
Babar. 

Table 1. Comparison of experimental cross-sections 
with theoretical expectations (fb). 

J/ipcc r/c XcO 
BaBar 17.6 ± 2.8+l]l 10.3 ± 2.5+H 
Belle 25.6 ± 2 . 8 ± 3 . 4 6.4 ± 1 . 7 ± 1 . 0 

NRQCD 1 6 2.31 ±1 .09 2.28 ± 1 . 0 3 
NRQCD 1 5 5.5 6.9 

4 Heavy hadron spectroscopy 

4-1 (Re)discovery of r]c(2S) and hc(lP) 
states 

The two cc states that are expected to be be
low open charm threshold are still not well 
established. They are the radially excited 
n = 2 singlet 5 state, the rjc{2S) meson, and 
the n = 1 singlet P state, the hc(lP). The 
observation of these states and the determi
nation of their masses would complete the 
below-threshold charmonium particle spec
trum and provide useful information about 
the spin-spin part of the charmonium poten
tial. 

In 1982, the Crystal Ball collaboration26 

reported the observation of a small enhance
ment at E1 ~ 91 MeV in the inclusive pho
ton spectrum from tp' —» •yX decays, and 
interpreted it as due to r)c(2S) with mass 

Table 2. The measured r)c{2S) mass 

Exp. 
Belle(02) 
Belle(03) 

BaBar(03) 
CLEO(03) 

Average 

reactions 
B -* KKsKn 
e+e- -» J/tpX 

77 —> KSK
+TT~ 

77 —> KsK+n~ 

Mass (MeV/c2) 
3654 ± 6 ± 8 

3622 ± 12 
3630.8 ± 3.4 ± 1.0 
3642.9 ± 3 . 1 ± 1 . 5 

3637.7 ± 4 . 4 

3594±5 MeV/c2. This result implies a ip{2S)-
r]'c mass splitting that is considerably larger 
than heavy-quark potential model expecta
tions. The result was not confirmed by other 
experiments27. 

The Belle experiment reported their ob
servation of the rjc(2S) in exclusive B —> 
KKsKn decays in 200228 and then in dou
ble charmonium production process e+e~ —> 
J/ipX 29. Later, both BaBar30 and CLEO31 

confirmed the observation of r]c(2S) in 77 —> 
K3K

+ir~ reaction. The measured masses 
of r]c(2S) are listed in Table 2. Recent 
four measurements give consistent results 
on r]c(2S) mass, and the averaged mass of 
77c (25) from these experiments is significantly 
higher than that reported by Crystal Ball 
Collaboration. The deduced mass splitting 
of m^s) ~ m^ys) = 48.4 ± 4.5 MeV/c2 

is consistent with the heavy quark potential 
model calculations (42 -103 MeV/c2) 32 and 
recent quenched LQCD calculations (40 -74 
MeV/c2) 33. 

As mentioned above, QCD-based poten
tial models have been quite successful in pre
dicting masses, widths, and dominant decays 
of several charmonium states. The theoreti
cal calculations also made the prediction that 
the hyperfine splitting AMhf((M(3Pj)) -
M(lPi)) for P-wave states should be zero. 
Higher-order corrections are expected to pro
vide no more than a few MeV deviation from 
this result34,35. Lattice QCD calculations33 

predict AMhf(lP) = +1.5 to +3.7 MeV, 
but with uncertainties at the few-MeV level. 
Larger values of AM^/(1P) could result if 
the confinement potential had a vector com
ponent or if coupled channel effects were im-
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portant . In order to discriminate between 

these possibilities, it is necessary.to identify 

the hc(
lP\) s ta te and to precisely measure its 

mass. 

About 20 years ago, R704 experiment at 

CERN observed a cluster of 5 events in an 

exclusive scan for pp —> J/ip+X56. The mass 

of this cluster is 3525.4 ± 0.8 MeV/c 2 . 

The Crystal Ball Collaboration searched 

for hc in the reaction I/J(2S) —> ir°hc,hc —» 

777c, but did not see it in the mass range 

M(hc) = (3515 - 3535) MeV 3 7 . The FNAL 

E760 Collaboration searched for hc in the re

action pp —+ hc —> ir0J/rp,J/tjj —> e+e~, 

and reported a statistically significant en

hancement with M(hc) = 3526.2 ± 0.2 ± 0.2 

MeV, T(hc) < 1.1 MeV 3 8 . The measurement 

was repeated twice by the E835 experiment 

with ^ 2 x and ~ 3 x larger luminosity, but 

no confirming signal for hc was observed in 

hc —» TT°J/ip decay3 9 . E835 experiment also 

searched for hc s tate by a scan of pp annihila

tion cross section for pp —> hc —> 777c —> 777 . 

An excess of i]cj events is observed, with a 

mass of M = 3525.8 ± 0.2 ± 0.2MeV. It has 

a probability V ~ 0.001 to arise from back

ground fluctuations4 0 . 

Using 3.08 x 106 ip{2S) events accumu

lated with CLEO III and CLEO-c detector 

at the Cornell Electron Storage Ring, the 

isospin-violating reaction e + e ~ —> ip(2S) —•> 

irDhc , hc —> 7??c , ir° —> 7 7 is studied in 

exclusive and inclusive r\c decays, and hc sig

nal is observed in both cases. The statistical 

significance of hc is larger than 5<J using a 

variety of methods to evaluate this quantity. 

Table 3 shows the results for inclusive 

and exclusive analyses for the decay ip(2S) —• 

ir°hc —* 7r°7?7c. The combined inclusive and 

exclusive results give M(hc) = 3524.4 ± 0.6 ± 

0.4 MeV, which is consistent with the spin-

weighted average of the XcJ states. 

Table 3. Results of the inclusive and exclusive anal
yses for the reaction ip(2S) —> 7r°hc —> TT°jr]c. 

Counts 
Significance 
M(hc) (MeV) 
B^BH (10- 4 ) 

Inclusive 
150 ± 40 
~3.8cr 

3524.9 ± 0 . 7 ± 0 . 4 
3.5 ± 1 . 0 ± 0 . 7 

Exclusive 
17.5 ± 4 . 5 

6.1a 
3523.6 ± 0 . 9 ± 0 . 5 

5.3 ± 1 . 5 ± 1 . 0 

4.2 AT(3872) 

The X(3872) was first observed by Belle41 in 

') and then confirmed 

by C D F 4 2 , DO43 and BaBar 4 4 experiments. 

The four experiments give consistent mass 

values of X(3872). The averaged mass of 

X(3872) is 3871.9 ± 0.6 MeV/c 2 , which is 

just above D°D*° threshold (3871.3 ± 1.0 

MeV/c 2 ) . 

Numerous theoretical explanations have 

been proposed for this high-mass, narrow-

width s tate decaying into J/ipTr+ir~. The 

possibilities include a cc charmonium s ta te 4 5 , 

D°D*° molecular s ta te 4 6 , dominant 1++(2P) 

cc component with D0D*°/D*°D0 contin

uum component4 7 , ccg hybrid 4 8 , vector glue-

ball with a small mixture of cc. 4 9 , S-wave 

threshold enhancement in D°D*° scattering 
5 0 and diquark-diquark bound state cucu51. 

The search for more decay modes of X(3872) 

as well as the determination of its JPC will 

be helpful in understanding the nature of 

X(3872). 

A more detailed examination of the 

X(3872) indicates tha t the 7r+7r~ mass dis

tributions peak near the kinematic upper 

limit and are consistent with the decay p° —> 

7r+7r~. If the observed decay is X(3872) —> 

J/tpp° and if these states and their decays 

obey isospin symmetry, then there must be 

a AT(3872)~, which decays to J/tpp~, and 

the rate for B —> X~K should be twice 

of tha t for B —> X°K. For this purpose, 

BaBar has performed a search for the decays 

of B° - • X~K+ and B~ - • X~KS, where 

X~ -> J / ^ T T - T T 0 5 2 , using 234M BB events. 

No charged signal, X~ —>• J/ipir~ir0, is evi-
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dent at 3.872 GeV/c2. 
BaBar also searched for X(3872) —» 

rjJ/ip with 90M BB events and no signal is 
seen53. 

CLEO searched for AT(3872) in 77 fu
sion and radiative production data and no 
evidence is found54. 

In order to examine the experimen
tal constraints on the possible Jpc of 
X(3872), Belle searched for B - • KjJ/ip and 
Kn+TT~n°J/ip decays in a 275M BB events 
sample, accumulated at a center-of-mass sys
tem energy of ^fs = 10.58 GeV. In the jJ/ip 
mass spectrum, a peak around 3872 MeV/c2 

can be seen, which corresponds to a statis
tical significance of 4.OCT. The ratio of the 
decay widths is obtained from the fit as: 

T(X -> 7 J / ^ ) / r ( X - • TT+TT-J/IP) = 0.14±0.05 

The mass spectrum in B 
ir°J/ip also shows the evidence for sub

threshold decay X(3872) —> toJ/ip and the 
statistical significance is 4.3cr. The ratio of 
the branching fractions is determined to be: 

^ p ^ = 1 . 0 ± f l , ± 0 . 3 . 
B(X ->TT+1T-J/i}) 

The evidence of these two decay modes sug
gests the C parity of X(3872) to be +1 . 

In a search for X(3872) -> D°D*° decay 
i n B ^ KD°D*°, with D*° - • £>°7r°, there 
is events excess at around 3872 MeV/c2 in 
D°D°TT0 spectrum. This implies that the 2++ 
is not favored. 

The angular distributions of a sample of 
X(3872), produced in B -> KX (3872) from 
256 pb~l data are analyzed. From the \2 

test, a 1++ X(3872) is favored. 
All the results seem to favor a 1 + + 

X(3872). However, the statistics is low 
for the evidences of X(3872) -> 7 J / ^ , 
X(3872) - • wJ/ip and X(3872) - • D°D*°. 
In the analyses of the angular distributions, 
the statistics is low to use x2 test- Therefore, 
more data are needed and the confirmation 
from BaBar is required to finally determine 
the spin-parity of X(3872). 

5 Selected topics from quarkonium 
decays 

5.1 The a production 

There has been evidence for a low mass pole 
in the early DM255 and BESI56 data on 
J/ip —> W7r+7T~. A huge event concentra
tion in the 1 = 0 S-wave -KIT channel was 
seen in the region of VHV-K around 500-600 
MeV in &pp central production experiment57. 
This peak is too large to be explained as 
background58. There have been many stud
ies on the possible resonance structure in 
7T7T elastic scattering59. It was later proved 
that the a resonance is unavoidable in chi-
ral perturbation theory in order to explain 
the 7T7r scattering phase shift data60. E791 
experiment from FNAL shows the existence 
of a a pole with M = 478+23 ± 1 7 M e V> 
T = 324+12, ± 21 MeV in D+ - • 7r+7r-7r+ -40 
61 

BES studied J/ip —> um+'K~ decays 
based on 58M J/ip events collected at BE-
SII. Figure 7 shows the 7r+7r~ invariant mass 
spectrum recoiling against to. In addition to 
the well known /2(1270), a broad bump in 
the low mass region is clearly seen. Two in
dependent partial wave analyses (PWA) are 
performed and different parametrizations of 
a amplitude are used. All give the consistent 
results for a pole position. The averaged pole 
is determined to be (541 ± 39 - i (252 ± 42)) 
MeV/c2. 

Based on 14M ip(2S) events collected at 
BESII, a partial wave analysis is performed 
to ip(2S) - • TT+-K"J/ip, with J/tp -> ii+fj,-. 
A severe suppression of the ir+ir~ invariant 
mass near the 7T7T threshold is distinctively 
different from the phase space shape, which 
suggests the a production. Using different 
parametrizations of <x amplitude, the data 
can be fitted well through a strong cancel
lation between a and a contact term. The 
obtained pole posision is (554 ± 14 ± 53) - i 
(242 ± 5 ± 24)) MeV/c2, which is consistent 
with that from J/ip —> UJTT+IT~~ . 
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Figure 7. The TT+TT invariant mass recoiling against 

M K* ,- (GeV / c') 

Figure 8. The KIT invariant mass recoiling against 
K*. The crosses are data and histograms represent 
the PWA fit projection. The shaded area shows the 
K contribution. 

BaBar made a full amplitude analysis on 
B± -> TT±TT±TT^ with 210.3/ir1 data sample 
and found that the decays of £?± —> ir±n±irzf 

are dominated by decays through the in
termediate resonances, such as yO°(770) and 
p°(1450). There is no evidence for the exisi-
tence of a. 

5.2 The K production 

The K has been observed in the analyses on 
KTT scattering phase shifts by several groups. 
The observed mass and width are scattered in 
the ranges from 700 to 900 MeV/c2 and 550 
to 800 MeV/c2, respectively, depending on 
the model used. However, some analyses on 
KTT scattering data don't need a re pole. The 
E791 experiment at Fermilab reported the ev
idence of re in the D+ —> K+n^ 62 with 
the mass and width of 797 ± 19 ± 43 MeV/c2 

and 410±43±87 MeV/c2. However, a slightly 
lower statistics of CLEO D° -> R-ir+n0 

data finds no evidence of re63. The FOCUS 
experiment presented evidence for the exis
tence of a coherent KTT S-wave contribution 
to D+ -> K--K+11+V64. 

BES performed partial wave analyses to 
both J/V> -> K*Kir65 and direct J/ip -> 
K+K~TT+TT~ processes. The re are needed 
in both fits. Fig. 8 is the Kn invariant mass 
spectrum which recoils against if* (892). The 
crosses are data and histograms represent 
the PWA fit projection. The shaded area 

shows the re contribution. The pole of re 
from J/-0 —> K*Kir is determined to be 
(841 ± 30±?|) - i(309 ± 45tf2) MeV/c2. 

Both BaBar and Belle made the Dalitz 
plot analyses of B —> KTTTT, but no re is in
cluded in the fit66. 

5.3 0(3770) non-DD decays 

•0(3770) was considered to decay almost en
tirely to pure DD67 because its mass is above 
the open charm-pair threshold and its width 
is two orders of magnitude larger than that of 
-0(25"). Since 0(3770) is also believed to be a 
mixture of the l3Di and 235i states68, other 
xp(2S)-like decays for ^(3770) are expected. 

69,70,71,72,73 
es-Many theoretical calculations 

timated the partial width of F(0(377O) —> 
irnJ/ip). Recently, Kuang73 obtained the 
partial width for •0(3770) —> J/ip-K+rK~ to be 
in the range of 25 to 113 keV, using Chen-
Kuang potential model. 

Based on 27.7 p b _ 1 data sample taken 
in the center-of-mass (cm.) energy region 
of 3.738 GeV to 3.885 GeV, BES reported 
the first evidence of ^(3770) —> J/0>7r+7r~ 
with J / 0 —> e+e~ and /J,+H~74. Figure 9 
shows the dilepton masses determined from 
the fitted lepton momenta of the accepted 
events. Two peaks are clearly seen. The 
lower peak mostly comes from -0(3770) —> 
J/0>7r+7T~, while the higher one is produced 
by the radiative return to the ip(2S) peak. 
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Figure 9. The distribution of the fitted dilepton 
masses for the events of l+l~n+n~ from the data; 
the hatched histogram is for fi+/J,~TT+TT~ , while the 
open one is for e+e~7r+7r~; the curves give the best 
fit to the data. 

A maximum likelihood fit gives 17.8 ± 4.8 
J / 0 —> l+l~ signal events. After subtracting 
the background, (11.8±4.8± 1.3) 0(3770) -> 
J/ip7r+ir~ non-DD decay events are ob
served, leading to a branching fraction of 
BF(tp(3770) - • J/^TT+TT") = (0.34 ± 0.14 ± 

0.09)%, and a partial width r(i/>(3770) - • 
J/i>TT+TT~) = (80 ± 33 ± 23) keV, which is 
consistent with Kuang's estimations73. 

With a much larger data sample (an 
integrated luminosity of £ = (280.7 ± 
2.8) pb"1) , CLEO confirmed the non-DD de
cays of -0(3770) —> mrJ/ip with the statisti
cal significances of 13cr and 3.8a for 7r+7r~ 
and 7T07r° cases, respectively75. More pre
cise branching fractions are obtained to be: 
BF(ip(3770) -> J/VTT+TT-) = (0.214±0.25± 
0.22)% and BF(0(377O) - • J/^7r°7r°) = 
(0.097±0.035±0.020)%. The partial widthes 
are r(^(3770) -> J/^Tr+Tr") = (50 ± 6 ± 
8) keV and r(0(377O) - • J/07r°7r°) = (23 ± 
8 ±5) keV. The 0>(377O) - • J/^TT+TT- results 
are consistent with those from BES but with 
higher precision. 

Using the same data sample, CLEO first 
observed ip (3770) -> jxa -> 77 J M with 
J/ip —> H+fi~ and e+e~76. Figure 10 shows 
the energy of the lower energy photon for the 
selected 0(3770) - • jjJ/ip, J/ip -> y+yT 
(top) and J/tp —>• e+e" (bottom). The ex
cess in the Xci peak represents evidence for 
-0(3770) -> 7Xci transitions. The fitted sig-

100 150 200 250 300 
EY(MeV) 

Figure 10. Energy of the lower energy photon for 
the selected e+e~ —• -y/J/ip, J/ip —• fi/_i (top) and 
J/ip —>• e+e~ (bottom) events at the i/>(3770) res
onance. The solid line shows the fit. The dotted 
line shows the smooth background. The dashed line 
shows the total background including the expected 
background-peaks from radiatively produced tail of 
the ip(2S) resonance. 

nal amplitudes (for the sum of the dimuon 
and dielectron samples) are 0.3io'g,62 ± 11 
and 2At\l events for Xc2, Xci and xco, respec
tively. The statistical significance of the ev
idence for Xci signal is 6.8 a and the decay 
width of ip(3770) to 7Xci is 75± 14± 13 (keV). 

Both CLEO and BES also 
performed many searches for 0(3770) non-
DD decays77'78'79-80. A statistically signifi
cant signal is found for cprf7 by CLEO and a 
suggestive suppression of ir+ir~?i0 and pn is 
observed by CLEO and BES77 '79. 

6 Summary 

Many new discoveries and new results on 
heavy quarkonium productions and decays 
have been recently experimentally revitalized 
by BES, Belle, BaBar, CLEO, as well as 
other experiments. This report represents 
the results including the new observed parti
cles, such as Jf (1835), X(3940), F(3940) and 
F(4260), further studies of X(3872), the ob
servation of hc state, heavy flavor production, 
in particular the double charmonium produc
tion from BaBar and Belle, the production of 
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a and well as -0(3770) non-DD decays. 
More results on quarkonium are com-

ming in the near future from BESII, CLEO-c, 
Belle, Babar and the experiments from Fer-
milab. The BESIII/BEPCII is being con
structing and it will start taking physics data 
in the year of 2008. There is also a proposal 
for a new dedicated pp machine (PANDA at 
GSI) to explore charmonium physics. We ex
pect more results on quarkonium production 
and decay to probe the strong interactions. 
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D I S C U S S I O N 

Ulr ich W i e d n e r (Uppsala University): 

Could you explain in more detail why 

the enhanced double charmonium pro

duction rate could not be explained by 

J/ip + glueball production? 

X i a o y a n Shen: Belle1 measured the pro

duction and J/ip helicity angular distri

butions, (1 + aprod cos2 6pTOd) and (1 + 

aheu cos2 6heli), for e+e~ -> J/tpr]c. The 

ctprod a n d ctheii are measured to be: 

otprod = uheu = 0 .93±Q;47 . It is consis

tent with the expectations for the pro

duction of J/tpr/c via a single virtual pho

ton {aprod = aheH = 1). The predic

tion for a spin-0 glueball contribution2 

( e + e ~ —> J/ip G) to the J/ipr]c peak, 

C-prod = ot-heii = —0.87, is disfavored. 

Tord Ekelof (Uppsala University): 

I have a question on the X(1834). You 

said tha t the X(1860) has 10% branching 

ratio to pp which was an evidence tha t 

it is a pp bound state. The X(1834) you 

discovered in this specific decay channel 

- 1 don' t know how well these 10% can be 

put into a model but if this lower state 

the X(1834) should also then have some 

small branching ratio to pp, how small 

would it be-would it be measurable? 

X i a o y a n Shen: The large branching ratio 

of X(1860), pp threshold enhancement 

from J/ip —> "/pp, to pp indicates 

X(1860) has a large coupling to pp. If 

it is a pp bound state below pp mass 

threshold, the theory predicts tha t its 

r)'ir+Tr~ decay mode would be the most 

favorable one3 '4 . 

The mass and width of X(1835) from 

J/ip —> 7r/7r+7r~ are consistent with 

those of X(1860). Therefore we think 

these two states could be the same state. 

J o n a t h a n L. R o s n e r (Uni. of Chicago): 

The T(4260) is just above D*IJ^ thresh

old in the same way tha t the T(4030) 

is just above D*D* threshold. It 

might therefore be useful to look for 

T(4260) - • DID*. 

X i a o y a n Shen: It is a good suggestion. 

BaBar might be able to check it. 

References 

1. Belle Collaboration, K. Abe et al, Phys. 

Rev. D 70, 071102 (2004). 

2. S. J. Brodsky, A. S. Goldhaber and 

J. Lee, Phys. Rev. Lett. 9 1 , 112001 

(2003). 

3. C.S. Gao and S.L. Zhu, Commun. 

Theor. Phys. 42 , 844 (2004), hep-

ph/0308205. 

4. G.J. Ding and M.L. Yan, Phys. Rev. C 

72, 015208 (2005). 



141 
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I summarize the theoretical progress in the determination of the CKM elements since Lepton-Photon 
2003 and present the status of the elements and parameters of the Cabibbo-Kobayashi-Maskawa 
(CKM) matrix. One finds \VUS\ = 0.2227±0.0017 from K and T decays and |Vcb| = (41.6±0.5) • 1CT3 

from inclusive semileptonic B decays. The unitarity triangle can now be determined from tree-level 
quantities alone and the result agrees well with the global fit including flavour-changing neutral current 
(FCNC) processes, which are sensitive to new physics. From the global fit one finds the three CKM 
angles 012 = 12.9° ± 0 . 1 ° , 023 = 2.38° ± 0.03° and 813 = 0.223° ± 0.007° in the standard PDG 
convention. The CP phase equals 513 ^ 7 = (58 .81 | ; | ) ° at la CL and 7 = (58.8 tH'l)0 at 2<x CL. 
A major progress are first results from fully unquenched lattice QCD computations for the hadronic 
quantities entering the UT fit. I further present the calculation of three-loop QCD corrections to the 
charm contribution in K+ —• n+i/v decays, which removes the last relevant theoretical uncertainty 
from the K —> ixvv system. Finally I discuss mixing-induced CP asymmetries in b —• sqq penguin 
decays, whose naive average is below its Standard Model value by 3<x. 

1 F lavour in t h e S t a n d a r d M o d e l 

In the Standard Model transitions between 

quarks of different generations originate from 

the Yukawa couplings of the Higgs field to 

quarks. The non-zero vacuum expectation 

value v of the Higgs field leads to quark mass 

matrices Mu and Md for the up-type and 

down-type quarks, respectively. The trans

formation to the physical mass eigenstate ba

sis, in which the mass matrices are diagonal, 

involves unitary rotations in flavour space. 

The rotation of the left-handed down-type 

quarks relative to the left-handed up-type 

quarks is the physical Cabibbo-Kobayashi-

Maskawa (CKM) matrix V. It appears in the 

couplings of the W boson to quarks and is the 

only source of transitions between quarks of 

different generations. V contains one physi

cal complex phase, which is the only source of 

C P violation in flavour-changing transitions. 

Flavour physics first aims at the pre

cise determination of CKM elements and 

quark masses, which are fundamental pa

rameters of the Standard Model. The sec

ond target is the search for new physics, 

pursued by confronting high precision da ta 

with the predictions of the Standard Model 

and its extensions. To this end it is use

ful to distinguish between charged-current 

weak decays and flavour-changing neutral 

current (FCNC) processes. The determina

tion of CKM elements from the tree-level 

charged-current weak decays, discussed in 

Sect. 2, is practically unaffected by possible 

new physics." By contrast, FCNC processes 

are very sensitive to virtual effects from new 

particles with masses at and above the elec-

troweak scale, even beyond 100 TeV in cer

tain models of new physics. FCNC processes 

are discussed in Sect. 3. 

V can be parameterized in terms of three 

mixing angles 0i2, #23, #13 and one complex 

phase <5i3, which violates C P . Adopting the 

P D G convention1, in which Vud, Vus, Kb and 

Vtb are real and positive, these parameters 

can be determined through 

K s = sin0i2 cos 0i3, Vuh = sin0i3 e "^ 1 3 , 

Vcb = s in0 2 3 cos 0i3- (f) 

"Still new physics can be revealed if the 3 x 3 CKM 
matrix V is found to violate unitarity: One may then 
infer the existence of new (for example iso-vector) 
quarks which mix with the known six quarks. Further 
leptonic decays of charged mesons are tree-level, but 
sensitive to effects from charged Higgs bosons. 

mailto:nierste@particle.uni-karlsruhe.de
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Figure 1. Unitarity triangle (UT). 

r vi 
£ 

Figure 2. \Vuj\ and \Vcj\, j = d,s,b, are determined 
from semileptonic decays. 

The Wolfenstein parameterization2 
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\A\3{l-p-ir]) -AX2 

f AA2 

1 

(2) 

/ 

is an expansion of V in terms of A ~ 0.22 
to order A3. It shows both the hierarchy of 
the CKM elements and their correlations, like 
|KS | ^ \Vcd\ and \Vc\ ^ \Vts\. The apex of 
the standard unitarity triangle (UT), which 
is shown in Fig. 1 is defined by3 

, , „^ _ v:bvud p + ir] 
v:bvcd 

v:bvu, 
v:bvcd 

o%l (3) 

(p, 77) coincide with (p, 77) up to corrections 
of order A2. With Eq. (3) and 

A = sin ( '12, AX2 = Sin 023, 

the Wolfenstein parameterisation can be 
made exact3, that is V can be expressed in 
terms of (X,A,J),rj) to any desired order in 
A. In the following I always use the PDG 
phase convention and the exact definitions in 
Eqs. (3) and (4), with one exception: I ig
nore the small phase of — Vcd (see Ref.1), so 
that I can identify arg V*b = S\3 with 7 and 
arg Vt*d with the angle (3 of the unitarity tri
angle. This approximation is correct to 0.1%. 

The numerical results presented in the 
following have been prepared with the help of 
the Heavy Flavor Averaging Group (HFAG)4 

and the CKMfitter5 and UTFit6 groups. 
CKMfitter uses a Frequentist treatment of 
theoretical uncertainties, while UTFit pur
sues a Bayesian approach, using flat prob

ability distribution functions for theoretical 
uncertainties. 

2 CKM elements from tree-level 
decays 

The standard way to determine the magni
tudes of the elements of the first two rows of 
V uses semileptonic hadron decays, depicted 
in Fig. 2. From Eq. (2) one realizes that an 
accurate determination of Vus or Vud deter
mines Vcd and Vcs as well. Therefore mea
surements of semileptonic c —> d and c —> s 
decays are usually viewed as test of the com
putation of the hadronic form factors enter
ing the decay amplitudes. Charm decays are 
covered by Iain Stewart.7 

(4) 2.1 Vz ud 

Vud can be determined from superallowed 
(0+ —> 0+) nuclear (3 decay and from the (3 
decays n —> p£Vi(j) and n~ —» n°£Vg(j). 
Since no other decay channels are open, 
the semileptonic decay rate can be accessed 
through lifetime measurements. All three 
methods involve the hadronic form factor of 
the vector current: 

( / | u 7 „ d | i ) , 

where («,/) = (0+.0+), (n,p) or (TT^TT0). 

The neutron /3 decay further involves the 
form factor of the axial vector current: 

( / |W7M75^| i > 

The form factors parameterize the long
distance QCD effects, which bind the quarks 
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into hadrons. The normalization of the vec

tor current is fixed at the kinematic point 

of zero momentum transfer pi — pj in the 

limit mu = irid of exact isospin symmetry. 

The Ademollo-Gatto theorem 9 assures tha t 

corrections are of second order in the sym

metry breaking parameter (mj — mu)/A^ad, 

where Ahad is the relevant hadronic scale. 

No such theorem protects the axial form fac

tor (p\u~ffj.'~f5d\ n), but the corresponding pa

rameter GA can be extracted from asym

metries in the Dalitz plot. Experimentally 

the highest precision in the determination 

of Vud is achieved in the nuclear j3 decay, 

but n —> plVg(pf) s tar ts to become competi

tive. However, there is currently a disturbing 

discrepancy in the measurement of the neu

tron lifetime among different experiments.8 

From a theoretical point of view progress in 

n —> piVed) and, ultimately, in the pristine 

TT~ —> 7T°iT'e('y) decay are highly desirable 

to avoid the nuclear effects of 0 + —> 0 + t ran

sitions. On the theory side QED radiative 

corrections must be included to match the ex

perimental accuracy, recently even dominant 

two-loop corrections to n —> plVi(-y) have 

been calculated.10 

The world average for Vud reads1 1 : 

Vud = 0.9738 ± 0.0005 (5) 

2.2 Vus 

Vus can be determined from Kaon and r de

cays. The most established method uses the 

so-called K13 decays K° -> 7 r "£+^ , K° - • 

Tr^fj,+ ue, K+ —> -K°1+V£ and K+ —> Tr°[i+vg. 

The decay rates schematically read 

T(K^Ti£+ve) ex 

v: n * (o) i ZlASU(2) 2 A ' 

The hadronic physics is contained in 

(7T-(p^\sru\K°(PK)) = 

AK 
- i , AK = 0. 

\vus\ff
w~(o) 

0 . 2 2 2 

0 . 2 2 -

0 . 2 1 8 

0 . 2 1 6 

0 . 2 1 4 

0 . 2 1 2 

E865 KTeV 

KLOE NA48 

Figure 3. Vu3f+ * (0). The horizontal band is 
the range quoted in Eq. (6). Courtesy of Vincenzo 
Cirigliano.11 

and QED corrections are contained in 

A ^ . The Ademollo-Gatto theorem9 en-

sures ff"~(0) = 1 + 0((ms - md)
2/Alad). 

f+ * (0) — 1 can be calculated with the 

help of Chiral Per turbat ion Theory ( x P T ) 1 2 , 

which exploits the fact that the pseudoscalar 

mesons are Goldstone bosons of a dynami

cally broken chiral symmetry of QCD. x ? T 

amounts to a systematic expansion in pjAhad, 

M/Ahadi ^-^/Ahad and the electroweak cou

pling e. Here p and M denote meson 

momenta and masses and mi is the lep-

ton mass. There has been a substantial 

progress in the calculation of both A ^ f 13 

and / f ^ M O ) 14 since LP'03. Significant ef

fects of 0(e2p2) QED corrections on differ

ential distributions were found; they must be 

included in Monte Carlo simulations. The 

value for Vusf+ *" (0) extracted from various 

experiments is shown in Fig. 3. The world 

average reads:1 1 

f+°*~ Vus = 0.2175 ± 0.0008. (6) 

Combining the results from xPT at order p6 

and quenched lattice gauge theory (new) t o 1 4 

n 
one arrives at 

K. 

0.972 ± 0 . 0 1 2 

0.2238 ± 0.0029 (7) 

from K£3. 
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Vus can also be determined from the K\i2 
decay K+ —> (j,+v^-y) ,15 The hadronic quan
tity entering this decay is the Kaon decay 
constant FK- Uncertainties can be better 
controlled in the ratio FK/F^ and one con
siders 

Y{K+ V+v. (7)) 
r(7r 

v2 

r us 
r2 

+ M+^W) 
Fl Ml m,, 

V2 Fl Ml 
u< 

(Cn — CK) 

with QED corrections CV — CK — 3.0 ± 1.5. 
Using the result16 FK/Fn = 1.210 ± 0.004 ± 
0.013 computed by the MILC collaboration 
with 2+1 dynamical quarks, one finds (with 
Vud from Eq. (5)): 

Vus = 0.2223 ± 0.0026 (8) 

from the Kfj,2 decay. This is astonishingly 
precise and K+ —> n+vfi{'i) may constrain 
mass and couplings of a charged Higgs boson, 
which can mediate this decay as well.15 

The third possibility to measure Vus used 
hadronic r decays to the inclusive final state 
with strangeness \S\ = 1. The experimental 
inputs are the ratios 

p A S = l / 
RT 

ixra 

rAS=°fr 

hadrons vT{l)) 

evevT{i)) 

hadrons vT{l)) 

Y{T -> evevT{i)) 

Vz 

oc V,i 

Here S is the strangeness. The optical the
orem allows to relate RTS>d to the QCD 
current-current correlators TLjd and LF/d: 

RTS<d = 12TT / dz{\- zfx 
Jo 

[(l + 2z)ImIPj>) + k n ^ W ] 

with z = s/M2 = (pT -pyr)
2/M2. This re

lationship is depicted in Fig. 4. IlJ'j" can be 
computed through an operator product ex
pansion (OPE). The leading term is mass-
less perturbative QCD, subleading operators 
entering IUj'L are m2

a and ms(qq). The 
OPE amounts to an expansion in AQCD/MT, 

ms/MT and as(mT). In the limit ms = 0 of 

T 

Mr 

'W w 
T 

v^ 

Figure 4. The optical theorem relates r S — 0 , 1 ( T —> 

hadrons fT(7)) to It 'd . The blob denotes the 

hadronic states contributing to I l s 'd . The leading 
term in the OPE is obtained by replacing the blob 
by a (u, d) or (u, s) quark loop and gluons to the de
sired order in as. 

exact SU(3)p symmetry the ratio RTS/RTd 
would directly determine V2

s/V
2
d. Hence it 

suffices to compute the (small) S U ( 3 ) F break
ing quantity1 

6RT V2 V2 ' 
ud us 

With SRT = 0.218 ± 0.02618 and experi
mental data from OPAL19 one finds RTd = 
3.469 ± 0.014, RTS = 0.1694 ± 0.0049 and 
finally:18 

K. 
RT 

V RrdlKd? - 6RT 
= 0.2219 ± 0.0033exp ± 0.0009th 

= 0.2219 + 0.0034. (9) 

The dominant source of uncertainty in 5RT, 
which enters Eq. (9) as a small correction, 
is from ms. In the near future it should be 
possible to improve on Vus with data from 
BaBar and BELLE. 

In summary one finds an excellent consis
tency of the three numbers for Vus from K£3, 
KJJ2 and r decays. This is remarkable, since 
the three methods use very different theoret
ical tools to address the strong interaction: 
Chiral perturbation theory, lattice gauge the
ory and the operator product expansion. The 
result nicely reflects the tremendous progress 
of our understanding of QCD at low energies. 
Averaging the results of Eqs. (7), (8) and (9) 
one finds: 

K. 0.2227 + 0.0017 (10) 
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Figure 5. OPE for B —> Xc£vi- The leading operator 
66 has dimension 3. 

With Vud in Eq. (5) one can perform the first-
row unitarity check 

vl + v2
d + \vub\

2 -1 ~ v2
s + v2

d -1 
= -0.0021 ±0.0012 

The Cabibbo matrix is unitary at the 1.8c 
level, just as at LP'03:20 

Vl + Vld - 1 = -0.0031 ± 0.0017 

2.3 Vcb 

Vcb can be determined from inclusive or ex
clusive b —> clvg decays. Exclusive decays are 
not discussed here. The analysis of the inclu
sive decay employs an OPE21, similarly to the 
determination of Vus from T decay discussed 
in Sect. 2.2. The optical theorem relates the 
inclusive decay rate B —> XciVi to the imagi
nary part of the B meson self energy, depicted 
on the LHS of Fig. 5. The OPE matches 
the self energy diagram to matrix element 
of effective operators, whose coefficients con
tain the short-distance information associ
ated with the scale rrn, and can be calcu
lated perturbatively. Increasing dimensions 
of the operators on the RHS of Fig. 5 corre
spond to decreasing powers of mj, in the co
efficient functions, so that the OPE amounts 
to a simultaneous expansion in AQcn/mf, a n d 
as(mb). Since (B\bb\B) = l+0(A2

QCD/m2
b) 

and there are no dimension-4 operators, non-
perturbative parameters first occur at order 
AQ<Wm6- T W a r e 

£cx-{B\bD2
±b\B) 

V2
G(x{B\bia^G^b\B) 

[1Q, which parameterizes the matrix element 
of the chromomagnetic operator, can be de
termined from spectroscopy. Hence to order 

O 

>" 42 -

41.5 -

41 -

40.5 ' ' ' ' ' ' 
4.55 4.6 4.65 

m,(GeV) 

Figure 6. Fit result for Vcf, vs. m j , which is defined 
in the kinetic scheme.22 Fit and plot are courtesy of 
Oliver Buchmuller and Henning Flacher. See also23 . 

AgC £ ) /m
2 one only has to deal with the three 

quantities m,b, mc and /x2, which quantifies 
the Fermi motion of the b quark inside the B 
meson. 

The OPE can further be applied to cer
tain spectral moments of the B —» XiVg de
cay, the distributions of the hadron invari
ant mass Mx and of the lepton energy. Fur
ther the same parameters govern different in
clusive decays, for instance also B —> Xsj. 
Therefore there is a lot of redundancy in 
the determination of Vcb, providing power
ful checks of the theoretical framework. The 
state of the art are fits to order A g C D / m j , 
which involve 7 parameters.22 The result of 
a global fit to hadron and lepton moments 
in B —> Xiv( and photon energy moments 
in B -> Xs-y from BaBar, BELLE, CDF, 
CLEO, DELPHI23 can be seen in Fig. 6. It 
gives 

Vcb = 4 1 . 6 ± 0 . 3 e X p ± 0 . 3 O P E moments 

± 0.3opErBl 

= (41.6 ± 0.5) -10"3 (11) 

from inclusive B —> X£u£. 
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2.4 \Vub\ 

I discuss the determination of \Vub\ from in
clusive B —> Xuivg decays. Exclusive de
cays are discussed in.7 In principle one could 
determine \Vut,\ in the same way as Vcb, if 
there were no background from B —> Xctvg 
decays. Its suppression forces us to impose 
cuts on the lepton energy Eg, the hadronic 
energy Ex, the hadron invariant mass Mx 
or a judiciously combination of them. Mx 
is too small for an OPE in the portion of 
phase space passing these cuts. Still some 
components of the hadron momentum Px are 
large. The description of inclusive B decays 
in this region involves the non-perturbative 
shape function S, which is a parton distri
bution function of the B meson. At leading 
order in l/mb the same S governs the pho
ton spectrum in B —> Xsj and differential 
decay rates in B —> Xufvi. This allows us 
to extract S from B —> Xs^ for the use in 
B —> Xu&>(. The goal to reduce the theoreti
cal uncertainty below 10% requires to under
stand corrections in both expansion parame
ters as and AQCD/TTII,. For a correct treat
ment of radiative QCD corrections one must 
properly relate the differential decay rate dT 
to the shape function S. This is achieved 
by a factorization formula, which has the 
schematic form:24 

fP+ 
dT ocH dujj (mb(P+ - w)) S(u) 

Jo 

Here H contains the hard QCD, associated 
with scales of order mj,. The jet function J 
and the shape function 5 contain the physics 
from scales of orders Mx ~ yfmb^QCD and 
AQCD, respectively. P+ and P_ are defined 
as P± = EXT \Px\- From AQCD < P+ ~ 
Mx ~ \/vnhkQcD < P- < rnb one re
alizes that one has to deal with a multi-
scale problem, which is more complicated 
than B —» Xc£ve- The second frontier of 
research in B —> Xulvn deals with sublead-
ing shape functions Sj, which occur at order 
1/rrib- They are different in B —» Xulve and 

B —> X s7, but their moments can be related 
to OPE parameters like / i2 , which gives some 
guidance to model these functions.25 Mean
while an event generator for B —> XulUi de
cays is available,26 with formulae which con
tain all available theoretical information and 
smoothly interpolate between the shape func
tion and OPE regions. It is pointed out that 
a cut on the variable P+, which is directly 
related to the photon energy in B —-> Xsj, 
makes the most efficient use of the S(tu) ex
tracted from the radiative decay.27'26 Alter
natively one can eliminate S(ui) altogether by 
forming proper weighted ratios of the end-
point photon and lepton spectra in B —*• Xsj 
and B —> Xuli>e, respectively.28 Using also 
the information from B —> Xclvi on mb and 
\x\ the data from CLEO29, BELLE30 and 
BaBar31 combine to the world average4 

Vub = (4.39 ± 0.20exp ± 0.27 th,mb,^) • 10~3 

= (4.39 ±0.34)- 1CT3 (12) 

from inclusive B —> Xulvi. Eq. (3) implies 
that iKtb/Vc&l defines a circle in the (~p,rj) 
plane which is centered around (0,0). With 
Eqs. (11) and (12) its radius is constrained to 

Ru = yjp2+rj2 =0.45 ±0.04. (13) 

2.5 axgVub 

7 = arg V*b can be determined from exclusive 
B —> D° X decays, where X denotes one or 
several charmless mesons. This method ex
ploits the interference of the tree-level b —^ 
cuq and b —> ucq amplitudes, where q = d or 
q = s. The prototype is the Gronau-London-
Wyler (GLW) method32 shown in Fig. 7. The 
decays B -> D°X and B - • D°X interfere, if 
both subsequent decays D° —> / and D° —> / 
are allowed. One needs four measurements 
to solve for the magnitudes of the b —> c 
and b —> u, their relative strong phase and 
their relative weak phase, which is the de
sired UT angle 7. For example one can com
bine the information of the branching frac
tions of B+ - • '^{-^ K±7T^}K+ and B± -+ 

file:///Px/-


147 

K+ K+ 

Figure 7. The Gronau-London-Wyler method com-

bines the rates of B± - • D° [-> / i ] / ^ for different 
final states fi. 

7r+7r ] i f± . This works with untagged 

non-flavour-specific decays as well:33 E.g. the 

final state D° <p does not reveal whether the 

decaying meson was a Bs or Bs. Still, when 

at least three pairs of Bs —-> £)° [—> /j]^> and 

_BS —> I? 0 [—> / j ]0 branching fractions are 

measured, where / i = C P / j (and the / j ' s are 

not C P eigenstates), one has enough infor

mation to solve for 7. Since no flavour tag

ging is involved, the Tevatron experiments 

may contribute to these class of 7 determi

nations. The described determination of 7 

from tree-tree interference is modular, tha t 

is measurements in different decay modes can 

be combined, as they part ly involve the same 

hadronic parameters. One should further 

first average the branching ratios from dif

ferent experiments and then determine 7 in

stead of averaging the inferred values of 7 ob

tained from different experiments. Combin

ing (almost) all B+ —> D°K+^ da ta gives 

(preliminary)5 

7 = ( 7 0 + M ) 0 (14) 

and the second solution 7 — 180° ~ —110°. 

This is 7 = arg V^b determined from the tree-

level b —> ucs amplitude. 

Within the Standard Model b —> uud de

cays of tagged B° mesons are used to deter

mine the U T angle a. b —> uud decays involve 

both a tree and a penguin amplitude. The 

penguin component can be eliminated, if sev

eral decay modes related by isospin are com

bined, as in the Gronau-London method 3 4 

which uses B+ —> 7r+7r°, B° —> TT+TT and 

B° -> 7r°7r°. The B -+ pir and B -> pp decay 

modes are bet ter suited for the determina

tion of a , because the penguin amplitude is 

smaller. A combined analysis of the irir, pix 

and pp systems gives 

C*exp = (99+sY (15) 

and the second solution a e x P - 1 8 0 ° ~ —81°. 

The experimental result a e x p could differ 

from the true a = &rg{~V*bVtd/(V*bVud)), if 

new physics alters the Bd — Bd mixing am

plitude. However, the influence from new 

physics is fully correlated in a e x p and the 

C P asymmetry measured in b —> ccs decays. 

From the latter (see Eq. (21) below) we in

fer the Bd—Ba mixing phase 2/?exp = (43.7 ± 

2.4)°. The Bd—Bd mixing phase cancels from 

the combination 27 = 360° — 2a!exp — 2/3exp , 

so tha t one obtains 

7 = (59+?2)° (16) 

and the second solution 7 — 180° ~ —121°. 

Since the isospin analysis eliminates the pen

guin component, this is 7 = a r g V ^ deter

mined from the tree-level b —• uud amplitude. 

The results in Eqs. (14) and (16) are in 

good agreement. Their naive average is 

7 = ( 6 3 ^ ) ° . (17) 

The successful determination of a C P phase 

from a tree-level amplitude is a t rue novel re

sult compared to LP '03. For the first t ime we 

can determine the UT from tree-level quanti

ties alone, the result is shown in Fig. 8. This 

is important , because the tree-level UT can 

only be mildly affected by new physics and 

therefore likely determines the t rue values of 

~p and rj. 

3 C K M e l e m e n t s from F C N C 
proces se s 

In the Standard Model FCNC processes are 

suppressed by several effects: First they only 

proceed through electroweak loops. Sec

ond they come with small CKM factors like 
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u,c,t 

Figure 8. UT from tree quantities alone. The annulus 
is the constraint in Eq. (13) derived from \Vub\- The 
dark shadings correspond to •y from Eqs. (14) and 
(16). Courtesy of Maurizio Pierini. 

|T/is| ~ 0.04 and \Vtci\ ~ 0.01. Loops with an 
internal charm quark are further suppressed 
by a factor of nil/M^, from the GIM mecha
nism. Radiative and leptonic decays further 
suffer from an additional helicity suppres
sion, because only left-handed quarks cou
ple to W bosons and undergo FCNC tran
sitions. All these suppression mechanism are 
accidental, resulting from the particle content 
of the Standard Model and the unexplained 
smallness of most Yukawa couplings. They 
are absent in generic extensions of the Stan
dard Model (like its supersymmetric gen
eralizations) making FCNC highly sensitive 
to new physics, probing scales in the range 
of 200 GeV to 100 TeV, depending on the 
model considered. This feature is a ma
jor motivation for the currently performed 
high-statistics experiments in flavour physics. 
Comparing different constraints on the UT 
from FCNCs processes and the tree-level con
straints discussed in Sect. 2 therefore pro
vides a very powerful test of the Standard 
Model. 

^ j jdj — •—-*$• " — "JH|'""•»—<tff"—•-'-" 

q' u,c,t q 

Figure 9. Meson-antimeson mixing. (q,q') = (s,d), 
(b,d) and (6, s) for K—K mixing, B<j—Bj mixing and 
B s — B s mixing, respectively. 

3.1 Meson-antimeson mixing 

1 K — K mixing, Bd — Bd mixing and B s — B s 

mixing are all induced by box diagrams, de-
as picted in Fig. 9. Each meson-antimeson sys-

ld tern involves two mass eigenstates, their mass 
difference Am measures the magnitude of the 
box diagram and therefore constrains magni
tudes of CKM elements. The phase of box di
agram and thereby the phases of the CKM el-

i n ements involved are constrained through CP-

!(j violating quantities. Tab. 1 shows the rela-

a_ tionship of the measurements to the CKM 

3r phenomenology. The quantities in the first 

s_ two columns of Tab. 1 are well-measured and 
j _ there is a lower bound on Amg, . 

i-

:e 3.2 eK 

it 

_, While ex, which quantifies indirect CP vi
olation in K —» WIT decays, is measured at 

;y ' 
the percent level, its relationship to Im V^ oc 
fj(l ^~p) is clouded by hadronic uncertainties 
in the matrix element 

/e 
?e {K° \dsV-AdsV-A\K° ) = | , f | M | BK. 
le A 

a- This defines the hadronic parameter BK, 
id which must be computed by non-perturbative 
s. methods like lattice QCD. MK and JK are 
T the well-known mass and decay constant of 
a- the Kaon. This field has experienced a major 
3- breakthrough since LP'03, since meanwhile 
:d fully unquenched computations with 2+1 dy

namical staggered quarks are available. Us-
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K - K mixing Bd—B, d m i x i n g Bs — Bs mixing 
CP-conserving quantity: 
CKM information: 
UT constraint: 

ArriK 
\VcsVcd\

2 

none 

AmB d 

\VtbVt td\ 

Rt = VU^ p)2 + rf 

AmBs 

\VtbVt's\2 

none 

CP-violating quantity: 
CKM information: 

UT constraint: 

i™(vtsv;d)
2 

fj[(l —~p)-\- const.] 

aCP [Bd 

sin(2/3) 

1 - P 
Table 1. Relationship of meson-antimeson mixing to CKM and UT parameters. /3 : 
angles in Fig. 1 and (3S = arg(—Vjs) ~ X2rj. 

sin(2/3s) 

arg V£d is one of the UT 

ing MILC configurations the HPQCD collab
oration reports a new result356 

BK(n = 2GeV) = 

0.618 ± 0 .018 s t a t ± 0.019chiral extrapolation 

± U.UoUdiscret. ^t tl. loUp e r t . matching 

= 0.618 ±0.136 (18) 

in the MS-NDR scheme. The conventionally 
used renormalization scale and scheme inde
pendent parameter reads 

3-3 Vtd from Bd— Bj mixing 

The Bd — Bd mixing mixing amplitude in
volves the hadronic matrix element 

(B°\bdv-AbdV-A\BP) -M2 

3 Bd / ; BA
BBd 

BK = 0.83 ±0.18 (19) 

The uncertainty from the perturbative 
lattice-continuum matching dominates over 
the statistical error and the errors from chiral 
extrapolation and discretization in Eq. (18). 
This matching calculation was performed 

,36 

Since the decay constant fBd is not mea
sured, the whole combination fBdBBd must 
be obtained from lattice QCD. The hadronic 
matrix element, however, cancels from the 
"gold-plated" mixing induced CP asymme
try a™px(i?(i —> J/ipKs), which determines 
P = arg Vfd essentially without hadronic un
certainties. Combining all data from b —> ccs 
modes results in37'4 

sin(2/3) = 0.69 ± 0.03, cos(2/3) > 0 

^ a r g ( ± V £ ) = / 3 = (21.8 ±1.2)°. (21) 

The precisely measured A m B i = 0.509 ± 
in36. The error in Eq. (18) is a conservative 0.004 ps" 1 is proportional to \Vtd\

2fldB_ 
estimate of the unknown two-loop contribu
tions to this matching. If one instead takes 
twice the square of the one-loop result of36 

as an estimate of the uncertainty, one finds 
0.036 instead of 0.130 in Eq. (18) and 

BK{p = 2 GeV) = 0.618 ± 0.054 

BK = 0.83 ± 0.07 (20) 

€K fixes 77(1-/9), so that it defines a hyperbola 
in the (J5, rj) plane. 

Bd°Bd-
The HPQCD collaboration has computed 
fBd = 216 ± 22MeV with 2+1 dynamical 
staggered quarks.38 This measurement is dis
cussed in detail in7. Combining this with BBd 

from older quenched calculations results in 
fBd\fB

T
B~i = (246 ± 27) MeV, where BBd = 

1.52BBd(/j, = rrib) is the conventionally used 
scale and scheme independent variant of BBd • 
Then from AmB alone we find 

\Vt td\ 0.0072 ± 0.0008, 

^In my talk I reported the preliminary value 
BK = 0.630 ± 0.018stat ± 0.015ch. e x t r . ± 0.030dlsc. ± 

where the error is reduced by a factor of 
2/3 compared to the old determination from 
quenched lattice QCD. 
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34 I Vtd | /1 Vts | from B - B mixing 

A measurement of the ratio AmBd/AmBs 

will determine |Vw|/|VfS| via 

with the hadronic quan
tity £ = fB„ yBBJ(fBdyBBd) which equals 
£ = 1 in the limit of exact SU(3 )F - A new un-
quenched HPQCD result for fBJ'fBd

38 pre
sented in7 can be used to refine the prediction 
for £. The lower bound AmBs > 14.5 p s _ 1 

implies |Vtd/Vts| < 0.235 which constrains 
one side of the unitarity triangle: 

Vtd 
Rt \J(l-p)2 

+ T vtx\ 
< 1.06 

3.5 Global fit to the unitarity triangle 

The result of a global fit of (jo, rj) to state-of-
the-art summer-2005 data is shown in Fig. 10. 
It uses BK = 0.85±0.02±0.07 where the first 
error is Gaussian and the second is scanned 
over according to the standard CKMfitter 
method5. For the remaining input see5. 
The fit output is summarized in this table: 

quantity central ± CL = la ± CL = 2a 

P 

V 

U.ZU4 _0 .o33 

( 1 1 1 +0-021 
U.OOO _o .021 

+0.095 
- 0 . 0 6 9 

+0.045 
- 0 . 0 6 0 

a (deg) 

0 (deg) 

7 (deg) 

\vub\ [io-3] 

\Vtd\ [IO"3] 

98 AtH 
OO 7 7 + 0 . 8 7 
/ z - ' ' - 0 . 8 3 

58.815;3 

3.90±g;ii 

8.38 ig;^ 

+ 16.8 
- 1 1 . 8 

+ 1.92 
- 2 . 0 4 

+ 11.2 
- 1 5 . 4 

+0.29 
- 0 . 2 4 

+0.56 
- 1 . 2 9 

The output of the global fit agrees well 
with the pure tree-level determinations in 
Eqs. (12) and (17) and Fig. 8. 

We can use Eq. (1) to determine #13 = 
0.223° ± 0.007° from the fitted \Vub\ in the 
table. With Eq. (1) one finds 612 = 12.9° ± 
0.1° from Eq. (10) and 6>23 = 2.38° ± 0.03° 
from Eq. (11). Since 1 - cos#13 is negligibly 

small, the Wolfenstein parameters A and AX2 

defined in Eq. (4) are simply given by Vus in 
Eq. (10) and Vc& in Eq. (11), respectively. 

3.6 K -> -KVV 

The rare decays K+ —• -n+vv and KL —> 
7T°i/V provide an excellent opportunity to de
termine the unitarity triangle from s —> d 
transitions. With planned dedicated experi
ments (jo, 77) can be determined with a sim
ilar precision as today from b —> d and 
b —> u transitions at the B factories. This 
is a unique and very powerful probe of the 
CKM picture of FCNCs. Br{KL -> TT°W) 

is proportional to rj2 and dominated by the 
top contribution. The theoretical uncer
tainty of the next-to-leading order (NLO) 
prediction40 is below 2%. Br{K+ -> ir+vv) 
defines an ellipse in the (jo, rj) plane and has a 
sizeable charm contribution, which inflicts a 
larger theoretical uncertainty on the next-to-
leading order (NLO) prediction41, leading to 
0 (5 — 10%) uncertainties in extracted CKM 
parameters. Parametric uncertainties from 
Vcb and nit largely drop out, if sin(2/3) is cal
culated from Br(KL —> iftw) and Br{K+ —> 
TT+VV). Therefore the comparison of sin(2/3) 
determined in Eq. (21) from the B system 
with sin(2/3) inferred from K —> -KVV consti
tutes a pristine test of the Standard Model.42 

The charm contribution is expanded in 
two parameters: mK/m2 and as(mc). The 
calculations of O^rn^/m2,) corrections was 
recently completed, finding a 7% increase 
of Br{K+ —> •K+VV) with a small residual 
uncertainty.43 A new result are the next-to-
next-to-leading order (NNLO) QCD correc
tions to the charm contribution.44 This three-
loop calculation reduces the theoretical error 
from unknown higher-order terms well below 
the parametric uncertainty from mc. The 
branching ratio is now predicted as 

Br{K^ TT+l>l>) . 0± 1.1) • 10 -11 

At NNLO one finds the following reduced 
theoretical uncertainties for parameters ex-
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* V 

-0.5 0 0.5 1 

P 

-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 

Figure 10. LHS: The UT from a global fit to summer 2005 data. RHS: The first UT fit using theoretical 
expressions with NLO QGD corrections, performed in 1995.39 At that time only \Vub\, eK and AraB<1 could 
be used. Region l a corresponds to a scan over la ranges of the input parameters. 

t racted from Bi^K^ 

7r+ i /z?):4 4 

5\Vtd 

^vv) and Br(K^ 

\Vu\ 
0.010, (Jsin(2/?) = 0.006, S-f = 1.2C 

C P v io la t ion in b 

d e c a y s 
a p e n g u i n 

Within the Standard Model the mixing-

induced C P asymmetries in b —• sqq pen

guin amplitudes are proportional to sin(2/?)eff 

which equals sin(2/3) in Eq. (21) up to small 

corrections from a penguin loop with an up 

quark. In b -* suu decays there is also a 

color-suppressed tree amplitude. In any case 

the corrections are parametrically suppressed 

by \VubVus/(VcbVcs)\ ~ 0.025. The experi

mental situation is shown in Fig. 11. A naive 

average of the measurements of Fig. 11 gives 

sin(2/?)eff = 0.51 ± 0.06, 

which is below the value of sin(2/3) from tree-

level b -> ccs decays in Eq. (21) by 3a. More

over QCD factorization finds a small and pos

itive correction to sin(2/?eff)-sin(2,i?) from up-

quark effects.45 While the significance of the 

deviation has decreased since the winter 2005 

conferences, the mixing-induced C P asymme-

sin(2f3eff)/sM 

bl^ccs 

-e-

V 

.-i^-.-.o: 
; ii£ 
: a. 
\ ^ 
: v. 

J ^ -

Average 
BaBar"""" 
Belle 
Average 
"BaBar""" 
Belle 
Average 
BaBar"" 
Belle 
Aveiagc 
BaBar 
Beile -
Aver age 
BaBar 
Beilo 
Average 
"BaBar 
Belle 
Average 
BaBar 
Belle 
Average 

0.03 0.89 

" "o"."50±0.25tS:S 
0.44 + 0,27 ± 0.05 

0.47 ±0.19 

0.30 ±0.14 ±0.02 

0.62 ±0.12 ±0.04 

0.48 ±0.09 

" "o".95il+"o".1o"' 
0.47 ± 0,36 ± 0.08 

0.7S ± 0.24 

" "0.3S':S±0.04 

0.22 ±0.47 ±0,08 

-. 0.96 ± o.53 : j ; i 

0.6310.30 

0.41 ±0.18 ±0.07 ±0.11 

0,80 ± 0.18 ± 0.04 I f J ! 

0,51 ±0,14 : | J ^ 

" "o.e3t||"±"o.o"4 
0.58 + 0.36 ± 0.06 

0.81 + 0.23 

Figure 11. sin(2/3)efr from various penguin decays. 
The small vertical yellow band is sin(2/3) from 
Eq. (21).4 
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tries in b —• sqq decays stay interesting as 

they permit large effects from new physics. 

While in Bd decays the needed interference 

of a Bd and Bd, decay to the same final state 

requires a neutral K meson in the final state, 

b —> sqq decays of Bs mesons go to a flavour

less ~ssqq s tate, so tha t the desired C P effects 

can be studied in any final state. Hence Bs 

physics has the potential to become the "El 

Dorado" of b —> sqq penguin physics. 
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DISCUSSION 

Luca Silvestrini (Rome and Munich): 
Maybe one should rather than saying 
that QCD cannot explain sin 2/3e in 
b —> s penguins, one should say that 
a particular model of power suppressed 
corrections due to Beneke and Co. can
not do it, but this is not a model inde
pendent statement. If you just want to 
use data, and you say you do not know 
anything about power corrections, I do 
not think that you can infer anything 
from that plot. 

Ulrich Nierste: The parametric suppres
sion of the up-quark pollution by 
\VubVua/{VcbVcs)\ ~ 0.025 is undisputed. 
Further the leading term in the l/mj, ex
pansion of sin 2/3e — sin(2/3) can be reli
ably computed and results in the finding 
of Ref.45 that sin 2/3eff - sin(2/3) is small 
and positive for the measured modes. It 
is true that the size of the modeled power 
corrections is currently widely debated. 
Yet I am not aware of any possible dy
namical QCD effect in two-body B de
cays which is formally 0(l/nib), large in 
magnitude and further comes with the 
large strong phase needed to flip the sign 
ofsin2/3eff-sin(2/3). 
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RARE DECAYS A N D CP VIOLATION B E Y O N D THE STANDARD MODEL 
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We review the status of rare decays and CP violation in extensions of the Standard Model. We 
analyze the determination of the unitarity triangle and the model-independent constraints on new 
physics that can be derived from this analysis. We find stringent bounds on new contributions to 
K — K and B^ — Bj mixing, pointing either to models of minimal flavour violation or to models with 
new sources of flavour and CP violation in b —> s transitions. We discuss the status of the universal 
unitarity triangle in minimal flavour violation, and study rare decays in this class of models. We then 
turn to supersymmetric models with nontrivial mixing between second and third generation squarks, 
discuss the present constraints on this mixing and analyze the possible effects on CP violation in b —• s 
nonleptonic decays and on B3 — Bs mixing. We conclude presenting an outlook on Lepton-Photon 
2009. 

1 Introduction 

The Standard Model (SM) of electroweak and 
strong interactions works beautifully up to 
the highest energies presently explored at col
liders. However, there are several indications 
that it must be embedded as an effective the
ory into a more complete model that should, 
among other things, contain gravity, allow for 
gauge coupling unification and provide a dark 
matter candidate and an efficient mechanism 
for baryogenesis. This effective theory can be 
described by the Lagrangian 

C(MW) = A 2 f f t # + £ S M + l £ 5 + 1 £ 6 + ^ _ _ 
A Az 

where the logarithmic dependence on the cut
off A has been neglected. Barring the pos
sibility of a conspiracy between physics at 
scales below and above A to give an elec
troweak symmetry breaking scale Mw <c A, 
we assume that the cutoff lies close to Mw-
Then the power suppression of higher dimen
sional operators is not too severe for £5 '6 

to produce sizable effects in low-energy pro
cesses, provided that they do not compete 
with tree-level SM contributions. Therefore, 
we should look for new physics effects in 
quantities that in the SM are zero at the 
tree level and are finite and calculable at the 
quantum level. Within the SM, such quan
tities fall in two categories: i) electroweak 

precision observables (protected by the elec
troweak symmetry) and ii) Flavour Chang
ing Neutral Currents (FCNC) (protected by 
the GIM mechanism). The first category has 
been discussed by S. Dawson at this confer
ence, while the second will be analyzed here. 

In the SM, all FCNC and CP violating 
processes are computable in terms of quark 
masses and of the elements of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix. This 
implies very strong correlations among ob
servables in the flavour sector. New Physics 
(NP) contributions, or equivalently the oper
ators in £5 '6 , violate in general these correla
tions, so that NP can be strongly constrained 
by combining all the available experimental 
information on flavour and CP violation. 

2 The U T analysis beyond the SM 

A very useful tool to combine the available 
experimental data in the quark sector is the 
Unitarity Triangle (UT) analysis. -1'2 Thanks 
to the measurements of the UT angles re
cently performed at B factories, which pro
vide a determination of the UT comparable 
in accuracy with the one performed using the 
other available data, the UT fit is now over-
constrained (see Fig. 1). It is therefore be
come possible to add NP contributions to all 
quantities entering the UT analysis and to 

http://infn.it


Figure 1. The UT obtained without using (top) and 
using only (center) the measurements of the UT an
gles, and the combined fit result (bottom). 

perform a combined fit of NP contributions 
and SM parameters. In general, NP mod
els introduce a large number of new param
eters: flavour changing couplings, short dis
tance coefficients and matrix elements of new 
local operators. The specific list and the ac
tual values of these parameters can only be 
determined within a given model. Neverthe
less, each of the meson-antimeson mixing pro
cesses is described by a single amplitude and 
can be parameterized, without loss of gener
ality, in terms of two parameters, which quan
tify the difference between the full amplitude 
and the SM one.3 Thus, for instance, in the 
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case of B° - B° mixing we define 

/ r>0| rrfull j 6 0 \ 

CBge
 v * - ^ 0 | # S M | j j 6 ) ' W - a. s) W 

where H™ includes only the SM box dia
grams, while ff|g11 includes also the NP con
tributions. As far as the K° - K° mixing is 
concerned, we find it convenient to introduce 
a single parameter which relates the imagi
nary part of the amplitude to the SM one: 

r _ M(K0\Hif\K0}} 

Therefore, all NP effects in A F = 2 transi
tions are parameterized in terms of three real 
quantities. CBd, d>Bd and CeK. NP in the Bs 

sector is not considered, due to the lack of ex
perimental information, since both Ams and 
Acp(Bs —• J/V>$) are not yet measured. 

NP effects in AB = 1 transitions can 
also affect some of the measurements enter
ing the UT analysis, in particular the mea
surements of a and A S L- 4 However, under the 
hypothesis that NP contributions are mainly 
AI = 1/2, their effect can be taken into ac
count in the fit of the B —> 7<"K, pir, pp decay 
amplitudes. Concerning ASL, penguins only 
enter at the Next-to-Leading order and there
fore NP in AB = 1 transitions produces sub-
dominant effects with respect to the leading 
AB — 2 contribution. 

The results obtained in a global fit for 
CBd, CeK, CBd vs. <j)Bd, and 7 vs. 4>Bd 

are shown in Fig. 2, together with the cor
responding regions in the p-fj plane.4 

To illustrate the impact of the various 
constraints on the analysis, in Fig. 3 we show 
the selected regions in the 6Bd vs. CBd and 
4>Bd vs. 7 planes using different combina
tions of constraints. The first row represents 
the pre-2004 situation, when only \Vub/Vch\, 
Arrid, SK and sin 2/3 were available, select
ing a continuous band for <pBd as a function 
of 7 and a broad region for CBd- Adding 
the determination of 7 (second row), only-
four regions in the (bBd vs. 7 plane survive, 
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Figure 2. From top to bottom and from left to right, p.d.f.'s for CB4, 4>Bd, 4>Bdvs.CBd, 4>Bdvs.'y, C€K 

and the selected region on the p - fj plane obtained from the NP analysis. In the last plot, selected regions 
corresponding to 68% and 95% probability are shown, together with 95% probability regions for 7 (from DK 
final states) and \Vub/Vcb\. Dark (light) areas correspond to the 68% (95%) probability region. 
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Figure 3. Prom top to bottom: distributions of (j>Bd 

vs. Csd (left) and <f>Bdvs. 7 (right) using the follow
ing constraints: i) IV^/Vcs,!, A m j , EK and sin20; ii) 
the constraints in i) plus 7; iii) the constraints in ii) 
plus cos 20 from Bd —* J/ipK* and 0 from B —> Z)/i°; 
iv) the constraints in ii) plus a. 

two of which overlap in the <f>gd vs. Csd 

plane. Two of these solutions have values of 

cos2(/3 + (psd) and a - (pBd different from 

the SM predictions, and are therefore dis

favoured by (cos 2/3)exp and by the measure

ment of (2(3)exp from B —> Dh° decays, and 

by a e x p (third and fourth row respectively). 

On the other hand, the remaining solution 

has a very large value for A$L and is there

fore disfavoured by A^, leading to the final 

results already presented in Fig. 2. The nu

merical results of the analysis can be found 
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Figure 4. P.d.f. in the ( A M P / A S M ) VS. $ N P plane for 
NP in the | A B | = 2 sector (see Eq. (3)). 

in ref. 4 (see ref. 2 , s for previous analyses). 

Before concluding this section, let us ana

lyze more in detail the results in Fig. 2. Writ

ing 

C Bde 2i<f>Bd 
•<4SMG 

2iB •A Npe 2i(i3+<*Np) 

-ASMC o2id 

(3) 
and given the p.d.f. for CBA and (f>Bd,

 w e can 

derive the p.d.f. in the ( A N P / A S M ) VS. <^Np 

plane. The result is reported in Fig. 4. We 

see tha t the NP contribution can be substan

tial if its phase is close to the SM phase, while 

for arbitrary phases its magnitude has to be 

much smaller than the SM one. Notice tha t , 

with the latest data, the SM {<pBd = 0) is dis

favoured at 68% probability due to a slight 

disagreement between sin2/? and IVub/Vcbl-

This requires A N P / 0 and 0 N P ¥= 0. For 

the same reason, <̂ >NP > 90° at 68% proba

bility and the plot is not symmetric around 

<pNP = 9 0 ° . 

Assuming tha t the small but non-

vanishing value for (f>Bd we obtained is just 

due to a statistical fluctuation, the result 

of our analysis points either towards models 

with no new source of flavour and C P viola

tion beyond the ones present in the SM (Min

imal Flavour Violation, MFV), or towards 
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models in which new sources of flavour and 
CP violation are only present in b —> s transi
tions. In the rest of this talk we will consider 
these two possibilities, starting from the for
mer. 

3 M F V models 

We now specialize to the case of MFV. Mak
ing the basic assumption that the only source 
of flavour and CP violation is in the Yukawa 
couplings,6 it can be shown that the phase 
of \AB\ = 2 amplitudes is unaffected by NP, 
and so is the ratio Awj /Amj . This allows 
the determination of the Universal Unitarity 
Triangle independent, on NP effects, based on 
\Vub/Vc\, 7, ACP(B -+ J/tf #<*>), 0 from 
B —* D°h°, a, and Ams/ Am^.7 We present 
here the determination of the UUT, which is 
independent of NP contributions in the con
text of MFV models. The details of the anal
ysis and the upper bounds on NP contribu
tions that can be derived from it can be found 
in ref. 4 

In Fig. 5 we show the allowed region 
in the p — fj plane for the UUT. The cor
responding values and ranges are reported 
in Tab. 1. The most important differences 
with respect to the general case are that i) 
the lower bound on Ams forbids the solution 
in the third quadrant, and ii) the constraint 
from sin 2/3 is now effective, so that we are 
left with a region very similar to the SM one. 

Table 1. Results of the UUT analysis. 

UUT (68%) UUT (95%)" 
p 0.259 ± 0.068 [0.107, 0.376] 
fj 0.320 ± 0.042 [0.241, 0.399] 

sin 2/? 0.728 ±0.031 [0.668,0.778] 
Q[°] 105 ± 11 [81, 124] 
7[°] 51 ± 10 [33, 75] 

[20 + <y}{°] 98 ± 1 2 [77,123] 
Arris [ps'1] 20.6 ± 5.6 [10.6, 32.6] 

Starting from the determination of the 
UUT, one can study rare decays in MFV 

Figure 5. The selected region on p-rj plane obtained 
from the determination of the UUT. 

models.8 In general, a model-independent 
analysis of rare decays is complicated by the 
large number of higher dimensional opera
tors that can contribute beyond the SM.9 The 
situation drastically simplifies in MFV mod
els, where (excluding large tan,/? scenarios) 
no new operators arise beyond those gener
ated by W exchange. Since the mass scale 
of NP must be higher than Mw, w e can fur
ther restrict our attention to operators up to 
dimension five, since higher dimensional op
erators v/ill suffer a stronger suppression by 
the scale of NP. In this way, we are left with 
NP contributions to two operators only: the 
FCNC Z and magnetic vertices.0 NP con
tributions can be reabsorbed in a redefini
tion of the SM coefficients of these opera
tors: C = CSM + AC for the Z vertex and 
CjS = C|fM + ACjS for the magnetic oper
ator.6 

The analysis goes as follows: using 

"The chromomagnetic vertex should also be consid
ered, but this is not necessary for the analysis pre
sented here.8 

6We find it convenient to redefine the C function at 
the electroweak scale, and the C| f f function at the 
hadronic scale. 
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the CKM parameters as determined by the 
UUT analysis, one can use BR(i? —+ Xsj), 
BR(B -> X,l+l-) and BR(K+ -> ix+vv) to 
constrain AC and AC| f f . Then, predictions 
can be obtained for all other K and B rare 
decays. Fig. 6 shows the constraints on the 
NP contributions. Three possibilities emerge: 
i) the SM-like solution with NP corrections 
close to zero; ii) the "opposite C" solution 
with the sign of C flipped by NP and Cfff 

close to the SM value; iii) the "opposite C7" 
solution with the sign of C%s flipped, which 
however requires a sizable deviation from the 
SM also in C. 

The corresponding predictions for other 
rare decays are reported in Fig. 7, and the 
95% probability upper bounds are summa
rized in Tab. 2, together with the SM predic
tions obtained starting from the UUT analy
sis. It is clear that, given present constraints, 
rare decays can be only marginally enhanced 
with respect to the SM, while strong suppres
sions are still possible. Future improvements 
in the measurements of BR(B —• Xs^f), 
BR(B -* XJ+l~) and BR(K+ - • TT+I/P) will 
help us to reduce the allowed region for NP 
contributions. Another very interesting ob
servable is the Forward-Backward asymmetry 
in B —> Xsl

+l~.10 Indeed, the two solutions 
for ACfff and the corresponding possible val
ues of AC give rise to different profiles of the 
normalized APB (see eq. (3.10) of ref. 8 , where 
more details can be found). This can be seen 
explicitly in Fig. 8. 

4 New Physics i n b - > s t rans i t ions 

We concluded sec. 2 pointing out two possi
ble NP scenarios favoured by the UT analy
sis: the first one, MFV, was discussed in the 
previous section, now we turn to the second 
one, i.e. models with new sources of flavour 
and CP violation in h —• s transitions. In
deed, most NP models fall in this class. Since 
the SM flavour SU(3) symmetry is strongly 
broken by the top (and bottom) Yukawa cou-

Vs 

Figure 7. P.d.f.'s for the branching ratios of the rare 
decays Br(K^ —• ix^vv), Br(K/_, —• )U/i)sD> Br(B -+ 
Xd,suv), and Br(_B^iS —» / J + / ^ ~ ) as a function of 
AC. Dark (light) areas correspond to the 68% (95%) 
probability region. Very light areas correspond to 
the range obtained without using the experimental 
information. 

plings, flavour models are not very effective 
in constraining NP contributions to 6 —>• s 
transitions.12 The same happens in models of 
gauge-Higgs unification or composite Higgs 
models, due to the large coupling between 
the third generation and the EW symme
try breaking sector.13 Last but not least, the 
large atmospheric neutrino mixing angle sug
gests the possibility of large NP contributions 
to b —» s processes in SUSY-GUTs.14 

This well-motivated scenario is becom
ing more and more interesting since B fac
tories are probing NP effects in b —> s pen
guin transitions, and the Tevatron and LHCb 
will probe NP effects in Ba — Bs mixing in 
the near future. For the latter process, there 
is a solid SM prediction which states that 
Am s > 28(30) ps" 1 implies NP at 2cr (3cr). 
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Figure 6. P.d.f.'s for ACf (left), A C (middle) and A C vs. ACfff (right). 

Table 2. Upper bounds for rare decays in MFV models at 95% probability, the corresponding values in the 
SM (using inputs from the UUT analysis) and the available experimental information. 

Branching Ratios 
Br(K+ -> -K+VV) x 1011 

Br(KL -> 7r°i/D) x 1011 

Br(KL - • /i/z)SD x 109 

Br(B - • Xsvv) x 105 

Br(B - • Xdvv) x 106 

Br(Bs -> fj+fi') x 109 

Br(Bd - • n+{r) x 1010 

MFV (95%) 
< 11.9 
<4.59 
< 1.36 
< 5.17 
< 2.17 
<7.42 
<2.20 

SM (68%) 
8.3 ±1.2 

3.08 ± 0.56 
0.87 ±0.13 
3.66 ±0.21 
1.50 ±0.19 
3.67 ±1.01 
1.04 ±0.34 

SM (95%) 
(6.1,10.9) 

(2.03,4.26) 
(0.63,1.15) 
(3.25,4.09) 
(1.12,1.91) 
(1.91,5.91) 
(0.47,1.81) 

exp11 

( 1 4 . 7 ™ ) 
< 5.9 • 104 

-
< 6 4 

< 2.2 • 102 

< 1.5 • 102 

< 3.9 • 102 

e :s-

Figure 8. P.d.f. for the normalized forward-backward asymmetry in B —» Xsl
+l for ACfff ~ 0 with 

A C > - 1 (left), for ACfff ~ 0 with A C < - 1 (middle) and for ACfff ~ 1 (right). Dark (light) areas 
correspond to the 68% (95%) probability region. 

For h —> s penguin transitions, B —* Xsj 
and B —* Xsl

+l~~ decays strongly constrain 
the FCNC Z and magnetic effective vertices, 
as already discussed in the previous section 
in the simplified case of MFV. On the other 
hand, NP contributions to the chromomag-
netic b —> s vertex and to dimension six op
erators are only mildly constrained by radia
tive and semileptonic decays, so that they can 
contribute substantially to b —> s hadronic 
decays, although in any given model all these 
NP contributions are in general correlated 

and thus more constrained. 
As shown in the talk by K. Abe at this 

conference, B-factories are now probing NP 
in b —* s transitions by measuring the co
efficient <S of the sin Arridt term in time-
dependent CP asymmetries for 6 - » s nonlep-
tonic decays. Neglecting the doubly Cabibbo 
suppressed b —* u contributions, one should 
have S = sin 2/3 for all b —> s channels within 
the SM, so that deviations from this equality 
would signal NP in the decay amplitude.15 

However, b —> u terms may also cause devi-



ations AS from the equality above, so that 
the estimate of AS becomes of crucial im
portance in looking for NP. While a detailed 
analysis of AS goes beyond the scope of this 
talk,16 the reader should be warned that A<S 
might be quite large for channels that are 
not pure penguins, and in particular for final 
states containing 7/ mesons. c In this respect, 
it is of fundamental importance to improve 
the measurement of pure penguin channels, 
such as <f)Ks, as well as to enlarge the sample 
of available b —• s and b —> d channels, in 
order to be able to use flavour symmetries to 
constrain AS. 

The problem of computing A<S in any 
given NP model is even tougher: as is well 
known, in the presence of two contributions 
to the amplitude with different weak phases, 
CP asymmetries depend on hadronic matrix 
elements, which at present cannot be com
puted in a model-independent way. One has 
then to resort to models of hadronic dynam
ics to estimate AS, with the large theoretical 
uncertainties associated to this procedure. 

With the above caveat in mind, let us 
now focus on SUSY and discuss the phe-
nomenological effects of the new sources of 
flavour and CP violation in b —» s processes 
that arise in the squark sector.18 In gen
eral, in the MSSM squark masses are nei
ther flavour-universal, nor are they aligned 
to quark masses, so that they are not flavour 
diagonal in the super-CKM basis, in which 
quark masses are diagonal and all neutral 
current (SUSY) vertices are flavour diago
nal. The ratios of off-diagonal squark mass 
terms to the average squark mass define four 
new sources of flavour violation in the b —» s 
sector: the mass insertions (623)AB, with 
A,B = L,R referring to the helicity of the 
corresponding quarks. These S's are in gen
eral complex, so that they also violate CP. 

cTheoretical uncertainties might be larger than what 
expected even in the golden mode B —• J/ipKs, al
though they can be reduced with the aid of other 
decay modes.1 
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One can think of them as additional CKM-
type mixings arising from the SUSY sector. 
Assuming that the dominant SUSY contribu
tion comes from the strong interaction sector, 
i.e. from gluino exchange, all FCNC pro
cesses can be computed in terms of the SM 
parameters plus the four S's plus the relevant 
SUSY masses: the gluino mass trig, the aver
age squark mass rriq and, in general, tan/3 
and the (j, parameter.d Barring accidental 
cancellations, one can consider one single 5 
parameter, fix the SUSY masses and study 
the phenomenology. The constraints on S's 
come at present from BR's and CP asymme
tries in B —> Xsj, B —> Xsl

+l~ and from the 
lower bound on Ams. Since gluino exchange 
does not generate a sizable AC in the no
tation of the previous section, the combined 
constraints from radiative and semileptonic 
decays are particularly stringent. 
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Figure 9. P.d.f.'s in the Re(S$3)AB - Im(5^3) j 4s 
plane for A, B = L, R, as determined by B —• Xg-y 
(violet), B —> Xsl

+l~ (light blue) and all constraints 
(dark blue). 

Fixing as an example m~g = rriq = — fi = 
350 GeV and tan/3 = 10, one obtains the 

d The last two parameters are irrelevant as long as 
tan/3 is of 0 (1 ) . 
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constraints on <5's reported in Fig. 9. Sev
eral comments are in order at this point: 
i) only (<^23)LL,LR generate amplitudes that 
interfere with the SM one in rare decays. 
Therefore, the constraints from rare decays 
for (<523)RL,RR are symmetric around zero, 
while the interference with the SM produces 
the circular shape of the B —> Xs"f constraint 
on (^23)LL,LR- h) We recall that LR and RL 
mass insertions generate much larger contri
butions to the (chromo)magnetic operators, 
since the necessary chirality flip can be per
formed on the gluino line (oc rrig) rather than 
on the quark line (oc m^). Therefore, the 
B —> Xs~f constraint is much more effective 
on these insertions, iii) The //tan/3 flavour-
conserving LR squark mass term generates, 
together with a flavour changing LL mass in
sertion, an effective (<$23)KR *na* contributes 
to B —> Xsj. Having chosen a negative 
fj,, we have (S^)^ oc — (#23)1,1, and there
fore the circle determined by B —> X8^ in 
the LL and LR cases lies on opposite sides 
of the origin (see Fig. 9). iv) For LL and 
LR cases, B —> Xs"f and B —> Xsl

+l~ pro
duce bounds with different shapes on the Re 
5 - Im S plane (violet and light blue regions 
in Fig. 9), so that applying them simultane
ously only a much smaller region around the 
origin survives (dark blue regions in Fig. 9). 
This shows the key role played by rare de
cays in constraining new sources of flavour 
and CP violation in the squark sector, v) 
For the RR case, the constraints from rare 
decays are very weak, so that almost all 5's 
with I ($3) RR| < 1 are allowed, except for 
two small forbidden regions where Ams goes 
below the experimental lower bound. 

Having determined the p.d.f's for the 
four J's, we now turn to the evaluation of S as 
defined at the beginning of this section. We 
use the approach defined in ref. 19 to evaluate 
the relevant hadronic matrix elements, warn
ing the reader about the large uncontrolled 
theoretical uncertainties that affect this eval
uation. Let us focus for concreteness on the 
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Figure 10. From top to bottom and from left to right, 
p.d.f.'s for S for B decays to <j>Ks, uKg, r/'Ks and 
•KKS as a function of Im ( S ^ R L -

effects of (#23)RL- Imposing that the BR's 
are correctly reproduced, we obtain the esti
mates of <S for the 4>KS, rj'Ks, u)Ks and ir°Ks 

final states reported in Fig. 10. One can see 
that ( J^RL insertions can produce sizable 
deviations from the SM expectations for S in 
the rj'Ks and u>Ks channels. Similar results 
hold for the other <5's. 

Another place where 5$3 mass insertions 
can produce large deviations from the SM 
is Ams. In this case, hadronic uncertain
ties are under control, thanks to the Lat
tice QCD computation of the relevant ma
trix elements,20 and the whole computation 
is at the same level of accuracy as the SM 
one.21 Considering for example the contri
bution of (S^RR mass insertions, starting 
from the constraints in Fig. 9, one obtains the 
p.d.f. for Aras reported in Fig. 11, where for 
comparison we also report the compatibility 
plot within the SM.1 Much larger values are 
possible in the SUSY case, generally accom
panied by large values of the CP asymmetry 
in Bs —> J/tp<p: both would be a clear signal 
of NP to be revealed at hadron colliders. 
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5 Con c lu s ion s a n d O u t l o o k 

Let us summarize the results presented in this 

talk in four messages: 

1 The recent results from B factories make 

the UT fit overconstrained. This allows us to 

simultaneously fit SM CKM parameters and 

N P contributions to A F = 2 transitions, in 

the most general scenario with N P also af

fecting AF = 1 decays. Wi th present data, 

the SM-like solution in the first quadrant for 

the UT is strongly favoured (see Fig. 2). The 

nonstandard solution in the third quadrant 

has only 4 % probability. 

2 From the generalized UT analysis, we can 

conclude tha t N P contributions to AB = 2 

transitions can be of 0 ( 1 ) if they carry the 

same weak phase of the SM, otherwise they 

have to be much smaller or vanishing (see 

Fig. 4). New sources of flavour and CP viola

tion must therefore be either absent (MFV) 

or confined to b —> s transitions. The lat ter 

possibility is naturally realized in many N P 

scenarios. 

3 In M F V models, the U U T can be deter

mined, independently of N P contributions, 

with an accuracy comparable to the SM anal

ysis. Together with the available da ta on 

B - • Xsl, B -> XJ+r and K+ -> ix+vv, 

this allows to derive stringent upper bounds 

on other rare K and B decays. Sizable en

hancements with respect to the SM are ex

cluded, while strong suppressions are still 

possible at present. 

4 Although the constraints from B —> Xs~f 

and B —> Xsl
+l~ are becoming more and 

more stringent, N P in b —> s transitions is 

still allowed to a large extent and might pro

duce sizable deviations from the SM in the 

time-dependent C P asymmetries in b —> s 

nonleptonic decays and in Bs — Bs mixing. 

This situation can be realized in SUSY mod

els, where detailed computations of the devi

ations from the SM can be performed. 

We are bound to witness further im

provements in the experimental and theoreti

cal inputs to the above analysis in the near fu

ture. In the next few years, the UUT analysis 

might well become the s tandard analysis, N P 

contributions to A F = 2 transitions will be 

either revealed or strongly constrained, and 

rare decays will provide stringent bounds on 

N P in A F = 1 processes or, hopefully, show 

some deviation from the SM expectation. In 

Fig. 12 I show a pessimistic view of what we 

might see at Lepton-Photon 2009, in the dull 

scenario in which everything remains consis

tent with the SM.4 Also in this case, however, 

flavour physics will remain a crucial source 

of information on the structure of NP. This 

information is complementary to the direct 

signals of N P tha t we expect to see at the 

LHC. 

I conclude reminding the reader tha t , for 

reasons of space, I had to omit several very 

interesting topics, including in particular lep-

ton flavour violation and electric dipole mo

ments, which might also reveal the presence 

of N P in the near future. 
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Data from the first three years of running at RHIC are reviewed and put into context with data 
obtained previously at the AGS and SPS and with the physics question of creation of a quark-gluon 
plasma in high energy heavy ion collisions. Also some very recent and still preliminary data from run4 
are included 

1 Introduction 

Very shortly after the discovery of asymptotic 
freedom1 it became apparent that, as a con
sequence, at high temperature and/or at high 
density quarks and gluons would also become 
deconfmed2, leading to a phase transition 
from confined hadronic matter to an uncon-
fined phase. This was studied in subsequent 
years and since the early 1980ies this phase 
is called the Quark-Gluon Plasma (QGP). 

The conditions for this phase transition 
were studied in lattice QCD and state of the 
art calculations3 obtain as critical temper
ature for the phase transition for two light 
and one heavier quark flavors a value for the 
critical temperature of T c = 173 ± 15 MeV 
and for the critical energy density of ec = 
0.7± 0.2 GeV/fm3. It is believed since many 
years that in collisions of heavy atomic nu
clei at high energies such conditions should 
be reached. This motivated an experimental 
program starting simultaneously in 1986 at 
the Brookhaven AGS and at the CERN SPS, 
initially with light projectile nuclei such as Si 
and S and from 1992 and 1994, respectively, 
with Au and Pb projectiles. The experi
mental results from this program prompted a 
press release from CERN4 in February 2000 
stating that the combined results from the 
experiments proved that a new state of mat
ter other than ordinary hadronic matter had 
been created in these collisions, in which 
quarks were 'liberated to roam freely'. The 

experimental results were clearly not recon
cilable with the known hadronic physics and 
it could be estimated that the critical temper
ature had been exceeded in the early phase of 
the collision by about 20-30 % and the criti
cal energy density by somewhat more than a 
factor 2. On the other hand, from those data 
nothing could be said yet that would charac
terize the properties of the new state of mat
ter. Hence, at that time the term QGP was 
not used for the new state of matter. 

In the summer of 2000, RHIC as a ded
icated collider for heavy ions started oper
ation with two large experiments, PHENIX 
and STAR, and two smaller experiments, 
BRAHMS and PHOBOS. In the first 3 years 
of operation data for Au + Au collisions with 
an integrated luminosity of 85//^b, for p + p 
collisions with 2/pb, and for d + Au collisions 
with 25/nb were collected and a summary of 
the results was recently published in a spe
cial issue of Nuclear Physics A by all four 
heavy ion experiments5'6,7'8. In the 2004 Au 
+ Au run the 1/nb level was exceeded and 
data start to appear from this run. Here I 
will rely mostly on published data and re
view some of the key observations from the 
first 3 years including only a few of the still 
preliminary first run4 observations. 
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based on a grand canonical ensemble (updated version of10, taken from9). 

2 E x p e r i m e n t a l R e s u l t s 

2.1 Hadron Production and Statistical 
Models 

Hadron yields have been measured for a large 
range of species at the AGS, SPS and at 
RHIC. It was realized already for many years 
that the data for central collisions of heavy 
nuclei can be rather accurately reproduced 
by calculations for a chemically equilibrated 
system in terms of a grand canonical ensem
ble (a review and complete set of references 
can be found in9). For the lower RHIC en
ergy of y/s = 130 GeV the data are final and 
published and for 200 GeV data are emerg
ing currently. Figure 1 shows experimental 
yield ratios from all four RHIC experiments 
in comparison to a statistical model fit. 

In the calculations, there are two free fit 
parameters, the temperature and the baryon 
chemical potential. For top RHIC energy the 
temperature is fitted as 177± 5 MeV, prac
tically unchanged from y/s = 130 and 17.3 
GeV; the baryo-chemical potential is drop
ping continuously with increasing beam en
ergy reflecting an increasing transparency of 
the nuclei at higher energies and an increas-
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Figure 2. Phase diagram of nuclear matter in the 
temperature - baryon chemical potential plane. 
Experimental points for hadro-chemical freeze-out 
are shown together with a recent lattice QCD 
calculation1 and a curve of constant total baryon 
density. Figure from11. 
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ing dominance of baryon-antibaryon produc

tion. This is shown in Figure 2 where results 

of statistical model fits at various beam ener

gies are summarized and shown together with 

recent results from lattice Q C D 1 2 . 

It appears tha t from top SPS energy 

upwards the temperature at which hadro-

chemical equilibrium is achieved is not chang

ing anymore and practically coincides with 

the lattice QCD prediction for the critical 

temperature , while at lower beam energies it 

is falling. At ,/s = 8.8 GeV it is only 148 

± 5 MeV. The strangeness suppression tha t 

is well established for pp and e + e ~ collisions 

appears to be completely lifted. This leads to 

an enhancement in the yields of particularly 

multistrange hadrons in heavy ion collisions 

as compared to pp results. For the Omega 

baryon at SPS energy this enhancement is 1 3 

a factor 17. How hadrons like the Q can be 

equilibrated on the t ime scales of the nuclear 

collision has been a puzzle for several years 

and there is consensus tha t with two-body 

collisions and the known hadronic cross sec

tions this is not possible1 4 , 1 5 , 1 6 . A possible 

explanation has been presented recently14 . In 

the direct vicinity of the phase transition the 

densities of particles are rising very rapidly 

due to the increase of degrees of freedom by 

more than a factor of 3 between a hadron gas 

and a QGP. At these high densities multi-

hadron collisions become dominant and can 

drive even the O. yield into equilibrium in 

a fraction of a fm/c. Conversely, already 5 

MeV below the critical temperature the den

sities are so low tha t the system falls out 

of equilibrium and the yields cannot follow 

anymore a decreasing temperature . There

fore the authors of14 conclude tha t the rapid 

equilibration is a direct consequence of the 

phase transition from Q G P to hadronic mat

ter and tha t , at least at high beam energies, 

the chemical equilibration temperature is a 

direct experimental measure of the critical 

temperature . 

2.2 Elliptic Flow 

Momentum distributions in three dimensions 

are analyzed with transverse coordinates rel

ative to the reaction plane of the collision 

spanned by the impact parameter vector and 

the beam direction and a decomposition in 

terms of Fourrier coefficients is performed. 

Already at the Bevalac sizeable anisotropies 

were observed for heavy colliding nuclei. In 

particular, the quadrupole coefficient V2 was 

found to be negative, explained by shad

owing of the emitted particles by the tar

get and projectile spectator remnants 1 7 . At 

AGS energies a sign change was observed18 

by E877, i.e. the momentum spectra were 

harder in the reaction plane than perpendic

ular to it. The interpretation used a predic

tion from hydrodynamics1 9 that , for semipe-

ripheral collisions, in the early phase of the 

collision the pressure gradient was larger in 

this direction due to the excentricity of the 

nuclear overlap region". From the hydro-

dynamic evolution it would follow, tha t this 

anisotropy in pressure gradient would evolve 

with t ime into an anisotropy in momentum 

space, driven by the initial condition and 

the equation of s tate of the expanding sys

tem. This was confirmed by a microscopic 

analysis within a t ransport model2 1 . From 

this the name 'elliptic flow' originated for the 

quadrupole coefficient v2 . 

At the higher SPS energy growing posi

tive coefficients v2 were found2 2 , 2 3 , 2 4 and the 

sign change was traced to occur2 5 at beam 

momenta per nucleon of about 4 GeV/c . 

At RHIC energies very large values of v 2 

were observed2 6 '2 7 , 2 8 '2 9 , typically about 50 % 

above SPS top energy results. 

This was studied differentially for differ

ent hadronic species and as function of p t as 

shown for da ta from STAR in Figure 3. It is 

observed tha t for more massive hadrons the 

rise of v2 s tarts at larger values of p t . For 

"The use of hydrodynamics to describe the dynamics 
of a hadronic collision goes back to the 1950ies20. 



174 

>" 

0.12 

0.1 

0.08 

0.06 

0.04 

0.02 

0 

(a) 200 GeV Au + Au 
(minimum bias) 

STAR data 
O 7 1 * 

10 

>W 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 
Transverse momentum pT (GeV/c) 

(b)130GeVAu + Au 
(minimum bias) jf' 

H STAR * U y ^ / 
^ i hydro EOS Q ^ / / ' 
— hydro EOS H J * / / 

0.25 0.5 0.75 1 
pT (GeV/c) 

Figure 3. Left: Elliptic flow coefficient V2 as function of pt for different particle species27. Together with 
the experimental data results from a hydrodynamics calculation including a phase transition are shown30 . 
Right: Experimental data for pions and protons at a lower RHfC energy26 . Also shown are hydrodynamics 
calculations30 with and without phase transition from QGP to hadronic phase. Figure from7. 

o 10 
> 

•o io": 

I-
o. 
5 10 
z 
•D 10 

Jio-' 

~1° 
^ I O ' 1 

10"' 

-11 
10 

• pp -> n°X ® 200 GeV (N coll[80-92%] scaled) 

^ • AuAu -> 7t°X @ 200 GeV [80-92%] 
• NLO pQCD, EKS nPDF, Q F = pT [I.Sarcevic et al.] 

f 
<D 
O 
• W 

> 
^ 
a 
•o 
S 
•o 
i—i 

s 
u Z 
H 

a. 
£ CM 
^ i -

10 

1 

-1 
10 

-2 
10 

-3 
10 

-A 
10 

io"5 

IQ-6 

10 

! 
T 

r 

: 
1 

-

r 

^ 

• pp ^ it°X @ 200 GeV (N co„[0-10%! scaled) 

\ * AuAu -> jt°X @ 200 GeV [0-10%] 

* ^ • NLO pQCD, EKS nPDF, Q F = pT [I.Sarcevic et al.] 

* \ 
* \ -

• \ 

< I . . I . . . I . . . I . . . I 
10 12 14 

Pr(GeV/c) 
10 12 14 

PT (GeV/c) 

Figure 4. Neutral pion transverse momentum spectra measured by PHENIX in peripheral (left) and central 
(right) Au + Au collisions (stars) together with pp data from the same experiment scaled with the number 
of binary collisions (circles)37 '38. Yellow band: Normalization uncertainties of the pp data. Black line: NLO 
pQCD calculation. Figure taken from39. 



175 

the first time there was quanti tat ive agree

ment with hydrodynamic calculations3 0 '3 1 in 

terms of pt and hadronic species dependence, 

as also shown in Fig. 3. These hydrody

namic calculations also reproduce the over

all features of the p t spectra of differenct 

hadrons, although in details there are devia

tions stemming from the different t reatment 

of the hadronic phase and freeze-out (see Fig. 

20 in8 and references there). It is common to 

all the hydrodynamics calculations tha t , in 

order to reproduce the data, a rapid initial 

equilibration on a t ime scale faster than 1 

fm/c is required3 0 '3 1 , 3 2 . 

At p t above 2-3 GeV/c , where hydrody

namics should no longer hold theoret

ical description, another type of scaling was 

discovered33 ,7: dividing both V2 and p t by the 

number of constituent quarks in a hadron all 

results match rather well even including mul-

tistrange baryons. It was realized that an 

old idea of quark coalescence34 could be the 

underlying physics35 and indeed calculations 

based on the assumption of coalescence of va

lence quarks during hadronization of a Q G P 

reproduce this feature rather well36. 

2.3 High Momentum Suppression 

One of the highlights of the RHIC experimen

tal program is the observation of a strong 

suppression in the production of hadrons 

at high transverse momentum when com

pared to pp collisions. Figure 4 shows the 

Pt spectrum of neutral pions in Au + Au 

collisions as compared to a measurement in 

pp in the same experiment and at the same 

energy 
37,38 The pp spectrum compares well 

with a calculation in NLO pQCD. In order 

to compare, the pp spectrum has been scaled 

with the number of binary nucleon-nucleon 

collisions in a Au + Au collisions at a given 

centrality. The number Nc on of binary col

lisions is given by the collision geometry -

measured in the da ta with some resolution 

-, the well known nuclear density distribu-
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Figure 5. Ratio R A A of the pt spectrum for cen
tral Au + Au collisions normalized to the pp spec
trum scaled with the number of binary collisions for 
charged particles from all four RHIC experiments. 
Figure from40. 

tion, and the inelastic pp cross section. The 

collision centrality in Au + Au collisions is 

characterized by the fraction of the geometric 

cross section for which events have been se

lected, which is related to the impact param

eter. The yellow bands in Fig. 4 reflect the 

systematic uncertainty in this scaling. One 

can observe tha t for peripheral collisions pp 

and Au + Au collisions agree very well, while 

in central collisions the Au + Au spectrum is 

significantly suppressed. 

This is bet ter visualized by building the 

ratio R A A between the Au + Au pt spectrum 

and the pp spectrum scaled with NCOJJ as 

shown in Figure 5. All four RHIC experi

ments observe a suppression by about a fac

tor of five for pt larger than 4 GeV/c . Since 

not all experiments measure neutral pions, 

the ratio is shown here for charged hadrons, 

but at large pt the da ta for all hadron species 

merge. At low p t the ratio R A A is expected 

to be below one because there, due to the 

dominance of soft processes, the appropriate 

scaling is with the number of participants, i.e. 

nucleons in the nuclear overlap region. It is 

expected tha t this ratio should rise as hard 

scattering becomes dominant and, in fact, 

due to the well known Cronin enhancement, 

in the region of 2-6 GeV/c values above one 
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are expected. Contrary to this expectation 
the data show a suppression. 

The suppression is not unexpected. It 
was predicted that in a medium with high 
parton density the radiative energy loss 
of a quark or gluon should be strongly 
enhanced41'42, leading to a very effective 
thermalization of jets in a hot color charged 
medium. Calculations employing a large ini
tial gluon rapidity density of about 1100 can 
account43 for the data at top RHIC energy. 
The beam energy dependence of the RAA ra
tio was presented recently by d'Enterria44 

and it appears that the suppression evolves 
in a very smooth way from top SPS energy 
onwards. The RAA(pt = 4GeV/c) values are 
shown in Figure 6 for the top SPS energy and 
three RHIC energies. Already the values of 
about 1.0 measured at the SPS represent a 
slight suppression as compared to the normal 
Cronin enhancement44. Going from y/s^ = 
17.3 to 62.4 to 200 GeV the gluon rapidity 
density needed to reproduce the data grows43 

from 400 to 650 to 1100. An alternative for
mulation of this in medium suppression is by 
increasing and large opacities of the medium 
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M Direct y 
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Figure 7. Preliminary PHENIX results for the sup
pression factor R A A out to high pt for ir° and 77 
mesons together with a calculation based on a high 
gluon rapidity density43 . Also shown are the results 
for direct photons. Figure from53. 

traversed45. 
The proof that this is really a final 

state effect probing the properties of the 
medium traversed by the parton is given 
by the observation that in d + Au colli
sions in the same experiments no suppres
sion is seen, but rather the expected Cronin 
enhancement46'47,48,49. 

Direct photons were measured by 
PHENIX in pp and Au + Au collisions at top 
RHIC energy50'51. The pp spectra are rather 
close to a NLO pQCD calculation52. The Au 
+ Au photon spectra are within errors con
sistent with the scaled pp result and hence 
the expectation from NLO pQCD. For all 
centralities they do not show any significant 
suppression. This is shown in Figure 7 where 
also the most recent neutral pion results from 
run4 53 extending out to p t = 20 GeV/c are 
displayed. It is remarkable that the suppres
sion of the pion p t spectrum remains practi
cally constant over a large range in p t from 
4 to 20 GeV/c, close to the predicted behav
ior for a medium with initial gluon rapidity 
density of 1100 (see Fig. 7). 

The high initial gluon densities corre
spond to an initial temperature of about 
twice the critical temperature and to initial 
energy densities e0 = 14 - 20 GeV/fm3 well 
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Figure 9. Azimuthal angle correlation between a high 
pt trigger particle (4-6 GeV/c) with all particles in 
the window pt = 2-4 GeV/c for intermediate central
ity Au + Au collisions. The distribution is shown for 
both particles in a ± 45 degree window around the re
action plane orientation (in-plane) or a same window 
perpendicular to it (out-of-plane). Figure from56. 

in line with the initial conditions needed for 
the hydrodynamics calculations to describe 
spectra and elliptic flow (see previous section) 
and bracketed by the estimates based on the 
Bjorken formula and transverse energy pro
duction. 

The observed high p t suppression pattern 
is different for different hadronic species5'8,7. 
In particular, a pattern appears where at in
termediate values of p t of 2-6 GeV the sup
pression of baryons is significantly weaker 
than that of mesons. The proton/pion or 
also the A/K° ratios peak at values 1.5-1.6 
for p t = 3-4 GeV/c, close to the ratio 3/2 ex
pected in quark coalescence models. 

Parton thermalization is displayed in a 
very clean way be recent results of the STAR 
collaboration54. Evaluating the mean trans
verse momentum in a cone opposite to a high 
Pt trigger particle as a funtion of centrality, a 
gradual decrease for more central Au + Au 
collisions is observed and in the most central 

collisions a value very close to the inclusive 
mean p t is reached (see Figure 8). 

In azimuthal correlations of two high 
p t particles it was seen that the away-side 
peak disappears in central Au + Au collisions 
for a choice of trigger p t of 4-6 GeV and p t of 
the correlated particle of 2-4 GeV/c 55. In 
pp, d + Au and peripheral Au + Au colli
sions a clear peak opposite to the trigger par
ticle is observed in the same type of correla
tion, also measured by STAR55'48. Recently, 
it was shown that the effect is very strong in 
case the away-side jet is emitted out of the 
reaction plane and much weaker for emission 
in the reaction plane56 as displayed in Fig
ure 9. This supports the strong correlation 
of the suppression with the length of matter 
traversed by the parton. 

When lowering the p t cut on the corre
lated hadron, a very broad structure appears 
on the side opposite to the trigger parti
cle. This was shown by STAR54 for a cut 
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on the correlated hadron of pt = 0.15 - 4 
GeV/c. This calls to mind a similar obser
vation at SPS energy by CERES57 where for 
a condition p t > 1.2 GeV/c for both parti
cles also very strong broadening of the away-
side structure with increasing collision cen-
trality in Pb + Au collisions was observed. 
Recent data58 from PHENIX display a tan
talizing feature as shown in Figure 10: For a 
trigger particle p t of 4-6 GeV/c and a corre
lated particle p t of 1.0 - 2.5 GeV/c the away-
side peak seen in peripheral Au + Au colli
sions develops actually into a hole at A0 = 7r 
for more central collisions while a very broad 
peak appears with a maximum at A(j) = w — 1 
as can be seen in Fig. 10. A suggestion has 
been made that this could be the Mach cone 
due to the sonic boom of the quenched jet. 
A parton traversing a quark-gluon plasma 
with velocity larger than the velocity of sound 
in the QGP (y/TJS for an ideal gas) would 
radiate only up to a cone angle of about 
1 rad 59>60. If this could be established it 
would have far reaching consequences since it 
would be an observable linked directly to the 
speed of sounds of the quark-gluon plasma 
and thereby its equation of state. It remains 
an experimental challenge to establish an ac
tual cone topology in two dimensions. 

2.4 Charm Quarks and Quarkonia 

Open charm has been measured indirectly 
from the inclusive electron p t spectra after 
subtracting known contributions from pho
ton conversions and light hadron decays by 
PHENIX61. The spectrum remaining after 
subtraction is dominated b by open charm 
and beauty contributions. Recently results 
for an elliptic flow analysis were shown62 of 
the electrons dominantly from open charm 
decays. There is a significant nonzero value 
in the p t range 0.4 - 1.6 GeV/c. This is con-

0.5 1 1.5 2 
A <|> (rad) 

1 1.5 2 2.5 3 
A (j> (rad) 

Figure 10. Azimuthal correlations of a leading par
ticle of pt = 4-6 GeV/c and any particle with pt = 
1-2.5 GeV/c for different centralities of a Au -f- Au 
collision. Data and figure from PHENIX5 8 . 
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Figure 11. R A A suppression factor for electrons dom
inantly from open charm and open beauty decay for 
Au + Au collisions at top RHIC energy for different 
collision centrality (see text) measured by PHENIX. 
Figure from64. 
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firmed by preliminary STAR data63 that ex
tend the overall transverse momentum cover
age by adding the range p t = 1.5 - 3.0 GeV/c. 
Together, the data paint a consistent picture 
that indeed the electrons from open charm 
decay exhibit elliptic flow, i.e. follow the 
collective motion of the light quarks. This 
would imply that the charm quark thermal-
izes to a significant degree. Note that this is 
a necesarry prerequisite for any formation of 
charmed hadrons by statistical hadronization 
(see below). 

In that case also jet quenching should be 
observed for charmed hadrons. Indeed, in 
still preliminary data it was shown recently 
that electron spectra, after the subtraction 
of contributions from conversion and light 
hadron decays, show high pt suppression for 
central Au + Au collisions64. The RAA factor 
drops practically as low as for pions at p t of 
4 GeV/c, i.e. to values of about 0.2. In a 
recent publication65 the suppression for elec
trons from D meson decay was studied for 
different transport coefficients. The prelim
inary RHIC data would be consistent with 
a calculation using a transport coefficient of 
14 GeV2/fm (see Fig. 2 of65), at the upper 
end of the range needed to reproduce RAA for 
pions. This is very surprizing, in particular 
also in view of the fact, that at p t of about 
4 GeV/c also the contribution of b-quarks 
to the electron spectrum should become size
able. 

At top SPS energy, for central Pb + 
Pb collisions a significant suppression of 
Z/ip production was observed in the NA50 

experiment 1,67 This suppression is com
pared to the socalled 'normal' nuclear absorp
tion seen also in pA collisions. From analy
sis of all pA data, a cross section for nor
mal nuclear absorption of 4.1±0.4 mb was 
extracted67. To this normal nuclear absorp
tion all results from heavy ion collisions can 
be compared. It turns out that S + U data 
as well as data from peripheral Pb + Pb col
lisions agree with this normal nuclear absorp-

1.5 

1.0-

0.5 
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Figure 12. J/ip yield in Au + Au and Cu + Cu colli
sions at top RHIC energy normalized to the measured 
result for pp collisions, scaled with the number of in
elastic collisions. Results are shown for decays into 
electron and muon pairs at mid- and forward rapidi
ties, respectively. Figure from53. 

tion curve. For transverse energies above 40 
GeV or a length of nuclear matter seen by 
the J/ip of L > 7 fm the points from Pb + 
Pb collisions fall increasingly below this nor
mal nuclear absorption curve. Theoretically, 
the suppression can be explained by disap
pearance of the J/ip (or possibly only the 
charmonia states that feed it) in a hot col
ored medium or by interaction with comovers 
(chiefly pions), albeit with a very large den
sity of more than 1/fm3, i.e. a value not 
deemed achievable for a hadron gas. 

The first results for J/-0 production in 
central Au + Au collisions at RHIC energy 
came very recently from PHENIX53 (run4); 
they are displayed in Figure 12. As compared 
to pp as well as d + Au collisions there is a 
significant suppression. The suppression is, 
however, rather similar to the one observed at 
SPS. This is in contrast to some predictions68 

that in central Pb + Pb collisions at RHIC 
only J/ip mesons from the corona should sur-
vice, i.e. order of 5 % of the normal unsup-
pressed yield. The actually observed yield by 
far exceeds this expectation. This could be 
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Figure 13. J/i/> yield per participating nucleon for Au 
+ Au collisions at top RHIC energy compared to the 
yield expected from statistical recombination. Data 
from53, statistical hadronization prediction from71. 
For statistical hadronization a standard interval of A 
y = 1 is used. Calculations are shown for a cc cross 
section per unit rapidity of 80 fih, of 160 fib. Also 
shown: a calculation for 80 fib and A y = 2.0. 

seen as indication, that at RHIC the energy 

density in the Q G P is not yet high enough to 

dissolve the J/ijj but rather only enough to 

dissolve higher cc states. Recent results from 

high temperature lattice QCD indicate tha t 

the J/-0 bound state may only disappear6 9 in 

the vicinity of T = 2 T c . 

A maybe more interesting alternative 

has been proposed7 0 : Even if the initially 

formed cc pairs are completely dissociated 

in the hot QGP, at hadronization charmed 

hadrons may form in a statistical fashion 

by the same mechanism described above for 

hadrons involving up, down, and strange va

lence quarks. This includes also the forma

tion of charmonia and it was pointed out in7 0 

tha t the formation probability of 3/ip mesons 

would grow quadratically with the cc rapid

ity density. Such increased reformation of 

J/-0 by statistical hadronization could possi

bly account for a suppression apparently not 

much stronger than at SPS. 

Figure 13 shows the prediction of71 to

gether with the recent and still preliminary 

RHIC da ta for Z/tp —> e+e~. Currently the 

main uncertainty in this consideration is the 

overall charm production yield, which enters 

quadratically. A calculation is shown using 

a cross section per unit rapidity of 80 fib 

(400 fib integrated) as expected from NLO 

pQCD 6 8 . The overall charm production cross 

section at RHIC energy has so far been mea

sured indirectly by PHENIX 6 1 for A/S = 130 

and 200 GeV from the inclusive electron spec

t r a in the way described above for Au + 

Au collisions and, at full RHIC energy, also 

for d + Au and pp collisions72. It is found 

tha t the integrated charm cross section, when 

scaled with the number of binary collisions, 

agrees for all three collision systems. The 

value is about 50% above the NLO pQCD 

calculation6 8 but agrees within errors. On 

the other hand, in STAR, D mesons have 

been reconstructed via their hadronic decay 

to Kn in d + Au collisions and a charm 

cross section per nucleon nucleon collision has 

been extracted7 3 . It is twice as large as the 

PHENIX value by nearly two s tandard devi

ations. The experimental situation concern

ing open charm production needs to be im

proved before the J/ip puzzle can be bet ter 

addressed. Only measurements at LHC will 

unambiguously clarify the role of statistical 

hadronisation of charm, since with this mech

anism a significant J ftp enhancement in P b + 

P b collisions at LHC was predicted7 1 instead 

of suppression. Such an enhancement would 

be an unambiguous signal of deconfinement. 

3 S u m m a r y a n d O u t l o o k 

Hadron yields are found to be in chemical 

equilibrium. For top SPS energy and up this 

can be achieved by multi-particle collisions 

in the direct vicinity of T c and hence the ob

served chemical equilibration temperature is 

an experimental measure of the critical tem

perature for the phase transition. 

At RHIC energies, spectra and azimuthal 
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correlations are quantitatively described by 

hydrodynamics. This requires rapid local 

thermalization and high initial energy den

sities more than tenfold above the calculated 

critical energy density for the phase transi

tion between hadronic mat ter and QGP. 

High p t hadrons are suppressed in central 

Au + Au collisions and this is a medium ef

fect. Jet quenching in a hot color charged 

medium was predicted, modelling of the da ta 

with high par ton density is successful. There 

are some indications of valence quark coales

cence in hadronic observables. 

The observations tha t lead to the CERN 

press release are confirmed by the RHIC ex

periments. Beyond this additional features 

are observed that s tar t to probe the prop

erties of the new state of mat ter . Much 

progress in this direction is expected from the 

high luminosity RHIC da ta just start ing to 

appear and, from 2007, from the LHC heavy 

ion program. 
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D I S C U S S I O N 

Igor K l e b a n o v (Princeton University): 

I cannot resist making a comment re

lated to my talk tomorrow. One can ask 

why the strongly coupled plasma has low 

viscosity /entropy ratio. In fact string 

theory gives a clue about this via the 

A d S / C F T correspondence. It also sug

gests why the energy density at T « 2Tc 

is only about 80 % of what it would be 

if the plasma were weakly coupled. 

J o h a n n a Stachel: Indeed it was pointed 

out by Shuryak tha t this ratio of viscos

ity to entropy may be very small indica

tive of a close to ideal fluid. This stems 

from studying the effect of viscous cor

rections to the elliptic flow variable; the 

da ta appear to require no such correc

tion. However, we do not have at present 

a good experimental measure of viscos

ity yet and this question requires further 

study. 

A d r i a n o D i G i a c o m o (Pisa University 

and INFN): Could you comment on 

the experimental evidence of the critical 

point at fi 7^ 0 in the phase diagram you 

showed in one of your first slides? 

J o h a n n a Stachel: It has been proposed 

tha t fluctuations in various observables 

such as baryon number (in some rapidity 

interval) or possibly strangeness could 

grow very much in the vicinity of the 

critical point. Many fluctuations vari

ables have already been studied in exper

iments and beyond a few tantalizing but 

still very preliminary hints no evidence 

for unusually large fluctuations has been 

established. 

Gigi R o l a n d i (CERN): 

ALICE was designed before RHIC data. 

Is there any aspect of the detector you 

would optimize in a different way now 

tha t you have seen RHIC data? 

J o h a n n a Stachel: While there still will be 

a lot of interest in soft probes, most of 

the new information at LHC is expected 

in the sector of hard probes, such as 

heavy quarks, jets and direct photons. 

The main goal will be to probe the prop

erties of the Quark-Gluon Plasma. Al

ready in 1996 we started to optimize AL

ICE in direction of hard probes. You 

were part of the committee tha t for in

stance recommended the addition of the 

T R D in order to optimize the perfor

mance for quarkonia, open charm and 

beauty, triggering on jets and generally 

improving the high momentum perfor

mance of the experiment in the central 

barrel. For instance the momentum res

olution at 100 GeV is in present simu

lations close to 3 %. So, in summary 

we should be very well prepared for the 

challenges of heavy ion physics at LHC. 

Giinter G r i n d h a m m e r (MPI Munich): 

Can the fast equilibration of the quark-

gluon soup be understood within QCD? 

J o h a n n a Stachel: All approaches to un

derstand this within perturbative QCD 

were not successful so far. However, non-

perturbative phenomena such as insta

bilities have been studied recently and 

could provide a way. 

B e n n i e W a r d (Baylor University): 

In your talk you mentioned the press re

lease about the possible discovery of a 

liquid state, but in the equation of s tate 

plot, you showed da ta agreeing with a 

quark gluon plasma. Which do you wish 

to claim, a gas or a liquid? 

J o h a n n a Stachel: As I commented already 

in my answer to Klebanov, a good exper

imental determination of the viscosity is 

still outstanding. Also, in lattice QCD 

at present no indications of a liquid be

havior have been established yet. Also, 

the two approaches are not necessarily 



184 

in contradiction. For example, in nu
clear physics some phenomena are well 
described by the liquid drop model, for 
others the Fermi gas is a useful formal
ism. 
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The status of the search for pentaquark baryon states is reviewed in light of new results from the first 
two dedicated experiments from CLAS at Jefferson Lab and of new analyses from several labs on the 
Q+(1540). Evidence for and against the heavier pentaquark states, the H(1862) and the 0^(3100) 
observed at CERN and at HERA, respectively, are also discussed. I conclude that the evidence 
against the latter two heavier pentaquark baryons is rapidly increasing making their existence highly 
questionable. I also conclude that the evidence for the 0~*~ state has significantly eroded with the 
recent CLAS results, but still leaves room for a state with an intrinsic width of T < 0.5 MeV. New 
evidence in support of a low mass pentaquark state from various experiments will be discussed as well. 

1 I n t r o d u c t i o n really been observed. Wha t happened? 

The announcement in 2003 of the discovery of 

the 0 + (154O), a state with flavor exotic quan

t u m numbers and a minimum valence quark 

content of (uudds)1, generated a tremendous 

amount of excitement in bo th the medium-

energy nuclear physics and the high energy 

physics communities. Within less than one 

year the initial findings were confirmed by 

similar observations in nine other experi

ments 2>3>4,5,6,7,8,9,10^ both in high energy and 

in lower energy measurements. These results 

seemed to beautifully confirm the theoretical 

prediction, within the chiral soliton model by 

D. Diakonov, M. Petrov, and M. Polyakov 
11 , of the existence of s tate with strangeness 

S = + 1 , a narrow width, and a mass of about 

1.53 GeV. This state was predicted as the 

isosinglet member of an anti-decuplet of ten 

states, three of which ( 0 + , H , 3 + ) with 

exotic flavor quantum numbers tha t experi

mentally can be easily distinguished from or

dinary 3-quark baryons. Two observations 

of heavier pentaquark candidates at CERN 
12 and at HERA 13 added to the expecta

tion tha t a new avenue of research in hadron 

structure and strong QCD had been opened 

up. Yet, to this day two years after the initial 

announcement was made, I am here to ad

dress the question if pentaquark states have 

2 T h e pos i t i ve s ight ings of t h e 0 + 

A summary of the published experimental 

evidence for the 0 + and the heavier pen

taquark candidates is given in table 1. In 

most cases the published width is limited 

by the experimental resolution. The ob

served masses differ by up to more than 

20 MeV. The quoted significance S in some 

cases is based on a naive, optimistic evalua

tion S = signal/ ^/background, while for un

known background a more conservative esti

mate is S = signal/ yjsignal + background, 

which would result in lowering the signifi

cance by one or two units. Despite this, these 

observations presented formidable evidence 

for a s tate at a mass of 1525-1555 MeV. A 

closer look at some of the positive observa

tions begins to reveal possible discrepancies. 

2.1 A •problem with the width and 

production ratios 0 + / A * ? 

The analysis of K+A scattering da ta showed 

that the observed 0 + s tate must have an in

trinsically very narrow width. Two analy

ses of different da ta sets found finite width 

of T = 0.9 ± 0.3 MeV 1 6 '1 7 , while others 

came up with upper limits of 1 MeV 18 to 

mailto:burkert@jlab.org
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Table 1. Initial positive observations of the 0 + , —5, and ©[J pentaquark candidates. 

Experiment 

LEPS 
DIANA 
CLAS(d) 
SAPHIR 
CLAS(p) 
i/BC 
ZEUS 
HERMES 
COSY 
SVD 
NA49 
HI 

Reaction 

71 2C -> K~X 
K+Xe - • pK°X 
ryd —> pK~K+n 
7P -> K°K+n 

7P —> 7T+i;C'_.ft'+n 
i/A -> pi^s

0X 
ep —• epK®X 
ed -»pifs°X 

pp -> E+ptf*0 

M^ptf s°* 
p p —• S " 7 T _ X 

ep -> D*~pD*+pX 

Energy 
(GeV) 
E1 « 2 
£^+ < 0.5 
£ 7 < 3.8 
£ 7 < 2.65 
E1 = 4.8 - 5.5 
range 
^ s = 320 
Ee = 27.6 
PP = 3 
Ep = 70 
Ep = 158 
v/s = 320 

Mass 
(MeV/c2) 
1540 ± 10 
1539 ± 2 
1542 ± 5 

1540 ± 4 ± 2 
1555 ± 10 
1533 ± 5 

1522 ± 1.5 
1528 ± 2.6 ± 2.1 

1530 ±5 
1526 ±3 ± 3 

1862 ± 2 
3099 ±3 ± 5 

significance 

4.6(7 
4(7 
5.2 

4.4a-
7.8(7 
6.7(7 
4.6(7 
5.2CT 

3.7(7 
5.6cr 
4(7 

5.4a 

several MeV 19>20. When compared with 
the production ratio of the A* (1520) hyperon 
with intrinsic width of TA» = 15.9 MeV the 
rate of the total cross section for the for
mation of the two states is expected to be 
Re+A* = <7tot(e*)/<7tot(A*) = 0.014 for a 
1 MeV width of the 9 + 21. Although this re
lationship holds strictly for resonance forma
tion at low energies only, dynamical models 
for the photoproduction of the 0 + show that 
the production cross section at modest ener
gies of a few GeV strongly depends on the 
width of the state24 '25 '26 '27. One therefore 
might expect i?@+ A» to remain small in the 
few GeV energy range. The published data 
however, suggested otherwise: Much larger 
ratios were observed than expected from the 
estimate based on the 8 + width. These re
sults, together with the upper limits obtained 
from experiment with null results, including 
the most recent results from CLAS are sum
marized in table 2. 

3 Non-observations of the 6 + . 

Something else that happened in 2004 and 
2005 was a wave of high energy experiments 
presenting high statistics data that did not 

confirm the existence of the 0 + state. There 
are two types of experimental results, one 
type of experiments studies the decays of 
intermediate states produced in e+e~ colli
sions, and gives limits in terms of branching 
ratios. The other experiments searched for 
the 0 + in fragmentation processes. Several 
experiments give upper limits on the RQ+ A* 
ratio. Detailed discussions of experiments 
that claimed sightings of a pentaquark can
didate state, as well as those that generated 
null results are presented in detail in recent 
reviews14,15. 

4 Are these results consistent ? 

It is difficult to compare the low energy ex
periments with the high energy experiments. 
Low energy experiments study exclusive pro
cesses where completely defined final states 
are measured, and hadrons act as effective de
grees of freedom. At high energies we think in 
terms of quark degrees of freedom, and frag
mentation processes are more relevant. How 
can these different processes be compared 
quantitatively? The only invariant quanti
ties for a resonance are quantum numbers, 
mass, and intrinsic width. In the absence of 
a resonance signal we can only place an up-
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Table 2. The ratio R@+ A* measured in various ex
periments. The first 5 experiments claimed a 0 + sig
nal, while the others give upper limits. The last two 
results are from the most recent CLAS measurements 
that give very small upper limits. 

Experiment 

LEPS 
CLAS(d) 
SAPHIR 
ZEUS 
HERMES 
CDF 
HERA-B 
SPHINX 
Belle 
BaBar 
CLAS-2(p) 
CLAS-2(d) 

Energy 
(GeV) 

E<y RS 2 

E1 = 1.4 - 3.8 
E1 = 1 . 4 - 3 

v/s = 320 
£ 7 « 7 

y/s = 1960 
v ^ = 42 
v ^ = 1 2 

E1 = 1.4 - 3.8 
E1 = 1.4 - 3.6 
K+A analysis 

G+/A* 
(%) 

~ 4 0 
- 2 0 

10 
5 

~200 
< 3 
< 2 
< 2 

< 2.5 
< 3 

< 0.2 

« 1 . 5 

per limit on its width as a function of the 
invariant mass in which the resonance signal 
is expected to occur. It is therefore the to
tal resonance width, or an upper limit on it, 
that allows us to compare processes for differ
ent reactions. It may not be unreasonable to 
assume that a narrow width of the 6 + would 
result in much reduced production cross sec
tion compared to broader states such as the 
A* both at low and at high energies. A sim
ilar conclusion may be drawn if one consid
ers quark fragmentation as the main source 
of hadron production at high energies, e.g. 
in e+e~ —> qq, where hadrons are generated 
through the creation of qq pairs from the vac
uum via glue string breaking. In a scenario of 
independent creation of a number of qq pairs 
starting with a single qq pair created in e+e" 
annihilation, or a single quark knocked out 
of a target nucleon in deep inelastic scatter
ing, four additional qq pairs from the vacuum 
are needed to form a (uudds) 5-quark object. 
This should be much less likely to occur than 
the creation of a 3-quark baryon such as the 

A*. The latter requires creation of only two 
additional qq pairs. 

If we take the estimate i?e+,A* ~ 0.015 
for a 1 MeV width of the 0 + from low en
ergy resonance formation as a guide, we have 
a way of relating high energy and low energy 
processes. Comparing the limits for that ra
tio from table 2 one can make several obser
vations: 1) The first set of experiments claim
ing sighting of the 0* show very large ratios. 
2) The second set of experiments quoting up
per limits are not below the ratio extracted 
from low energy K+A analysis. 3) The re
cent CLAS results are an order of magnitude 
below that value. This is to be contrasted 
with the very large ratios measured in the 
first set of experiments in table 2. The focus 
of new experimental investigations should be 
to verify that these initial results are indeed 
correct. 

5 New results - mostly against the 
existence of pentaquark states. 

During the past six months much new evi
dence against and some in favor of the exis
tence of pentaquark baryons have emerged. 
There are new high statistics results from 
the CLAS detector at Jefferson Lab. New 
analyses of previously published data have 
become available from ZEUS and the SVD-
2 collaborations, and LEPS studied a new 
channel with claimed 9 + sensitivity. The 
Belle and BaBar collaborations have gener
ated high statistics data that test the lower 
energy photoproduction results, and high en
ergy experiments at Fermilab, HERA and 
CERN confront the claims for the H5 and ©° 
pentaquark candidates. New evidence for a 
doubly charged 0 + + comes from the STAR 
detector at RHIC. These new results will be 
discussed in the following sections. 

5.1 New results from CLAS. 

The CLAS collaboration has recently com
pleted the first two dedicated high statistics 
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Figure 1. The invariant mass MnK+ from the CLAS 
high statistics experiment on •yp —> K®K+n. 
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Figure 2. The CLAS upper limit on the total cross 
section for 0 + production from hydrogen (top). The 
bottom panel shows the limit on the differential cross 
section at a K+n mass of 1540 MeV. 

experiments aimed at verifying previously re

ported observations of the 0 + . 

The first experiment measured the reaction 

jp —> K^K+(n)) where the neutron is re

constructed using 4-momentum conservation. 

The MK+n invariant mass distribution shown 

in Fig. 1 is structureless. An upper limit for 

the 0 + cross section is derived by fitting the 

data with a polynomial background distribu

tion and a sliding Gaussian tha t represents 

the experimental resolution. The upper limit 

at 95% c.l. is shown in Fig. 2 versus the mass 

of the © + . In the mass range of (1.525 to 

1.555) GeV, a limit of (0.85 - 1.3) nb (95% 

c.l.) is derived. Wha t does this result tell 

us? There are several conclusions tha t can 

be drawn from the CLAS result on the pro

ton. 

1) It directly contradicts, by two orders of 

magnitude in cross section, the SAPHIR 

experiment4 tha t claimed a significant signal 

in the same channel and in the same energy 

range, and published a cross section of 300nb 

for G + production. 

2) Together with the extracted A* cross sec

tion it puts an upper limit on the 9 + / A * ra

tio in table 2 tha t is an order of magnitude 

lower than the value from the K+A analysis, 

and strongly contradicts the 'positive' 0 + . 

3) It puts a very stringent limit on a possi

ble production mechanism. For example, it 

implies a very small coupling Q+NK* which 

in many hadronic models was identified as a 

major source for G + production. 

4) If there is no large isospin asymmetry in 

the elementary process, the -yD and 7 A ex

periments at lower statistics should not be 

able to see a signal. Possible mechanisms to 

obtain a large isospin asymmetry have been 

discussed in the literature following the first 

announcement of the new CLAS da ta 3 0 ' 3 1 . 

The second new CLAS experiment mea

sured the reaction jD —> pK~K+(n), where 

the neutron again is reconstructed from the 

overdetermined kinematics. This experiment 

represents a dedicated measurements to ver

ify a previous CLAS result tha t claimed more 

than 4.6c significance for the 9 + in the same 

channel and same energy range. The aim is 

to measure the possibly preferred production 

on neutrons through •yn —> K~K+n . To 

avoid the complication of precise neutron de

tection the recoil proton is measured instead, 

requiring momenta of greater than 0.3 GeV/c 

for the proton to be detected in CLAS. This 

reduces the acceptance for the exclusive re-
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Figure 3. The missing mass M K- from the CLAS 
high statistics deuterium experiment. Events are se
lected with the same kinematics as the previously 
published results. 

Table 3. Limit on 0 + width from recent CLAS re
sults. Upper limits for the total cross section on pro
tons of 1.25nb, and on neutrons of 4nb are used to 
determine the limit on the width. The first line in 
each row is for jp, the second line is for •yn. The 
cross section is computed for a Jp = 1/2+ assign
ment of the 0 + and a width of 1 MeV. 

Publication 

S. Nam et al. 26 

Y. Oh et al, 27 

C M Ko et al, 25 

W. Roberts 24 

a(-yN) 
(nbarn) 

2.7 
2.7 

~ 1.6 
- 8 . 7 

15 
15 
5.2 
11.2 

r 0 + 
(MeV) 
<0.5 
< 1.7 
< 0.8 
<0 .5 
<0.08 
<0.25 
<0.24 
<0.4 

Figure 4. The upper limit (95% c.l.) of the total cross 
section for 0 + photoproduction from neutrons. 

action by a large factor. The preliminary 

results, representing about 50% of the full 

statistics, are shown in Fig. 4. Again, no sig

nificant signal is seen in a da ta sample with 

about seven times the statistics of the previ

ous result. From this result an upper limit 

of 5nb (95% c.l.) is derived for the elemen

tary cross section on the neutron. The limit 

is somewhat model-dependent as rescattering 

effects in the deuteron must be taken into ac

count. The result clearly contradicts the pre

vious lower statistics data. In order to un

derstand the discrepancy the older da ta have 

been reanalyzed with a background distribu

tion extracted from the new high statistics 

data set. The results show an underestima

tion of the background normalization in the 

original analysis. A new fit with the improved 

background yields a signal with a significance 

of 3cr compared to the (5.2±0.6)<r published. 

Wha t is the impact of the combined 

CLAS data on proton and neutron? For this 

we compare the cross section limits with var

ious dynamical model calculations2 4 '2 5 '2 6 , 2 7 . 

In hadro-dynamical models, the cross section 

is computed based on an effective Lagrangian 

approach. The comparison is shown in ta

ble 3 for the Jp = 1/2+ assignment and 

r 0 + = 1 MeV. The upper limit for the com

bined proton and neutron targets would be 

less than 0.5 MeV for at least one of the tar

gets in each model. 

5.2 BaBar study of quasi-real 

photoproduction 

The BaBar collaboration also studied the 

quasi-real photoproduction of e + Be —> 

pK® + X 3 3 . In this case electrons with en

ergies of ~ 9 GeV resulting from small an-
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Figure 5. Comparison of BaBar results on quasi-real 
photoproduction of pK® from beryllium, with the 
HERMES results. The very high statistics BaBar 
data do not show any structure near 1530 MeV, while 
the HERMES data do. The falloff of the HERMES 
data near the lower mass end may indicate accep
tance limitations. 

gle scattering off the positron beam interact 
with the beryllium beam pipe. The scattered 
electron is not detected, and the invariant 
mass of final state inclusive pK® is studied 
for possible contributions from G + —> pK®. 
There is no evidence for a signal. The data 
can be directly compared to the HERMES 
results which were taken in quasi-real pho
toproduction kinematics from deuterium at 
higher electron beam energies. The compari
son is shown in Fig. 5. While at high masses 
the two distributions coincide, a potential 
loss of acceptance at HERMES is seen for low 
mass pK° pairs. The HERMES peak may, at 
least in part, be the result of the acceptance 
rising up below the nominal 0 + mass. The 
absence of any signal in the high statistics 
BaBar data calls the signal observed by HER
MES into question. BaBar also compare their 
null results with the ZEUS signal observed at 
Q2 > 20 GeV2. However, since ZEUS sees no 
signal at low Q2 and BaBar only probes the 
quasi-real photoproduction kinematics, this 
comparison is indeed misleading. 

5.3 LEPS at SPring-8 

The LEPS experiment originally claimed the 
discovery of the 0 + in photoproduction from 

1.4 1.45 1.5 1.55 1.6 1.65 1.7 1.75 1.8 1.85 1.9 

M M j , - (GeV/c2) 

Figure 6. The LEPS data on deuterium. The missing 
mass distribution MM(~/K~) showing a peak at 1530 
MeV. 

a carbon target in the inclusive reaction 
jC —> K~X plotting the Fermi-momentum 
corrected missing mass Mx • The experiment 
has been repeated with a liquid deuterium 
target and higher statistics. The still prelim
inary results are shown in Fig. 6. A peak at 
1530 MeV is observed. The data also show 
a large ratio of 0+/A* (see table 2). Since 
these data are obtained at energies similar to 
the new CLAS data on deuterium, they need 
to be confronted with the recent exclusive 
CLAS data taken on deuterium in the reac
tion 7d —> K~pK+n, and the resulting cross 
section limit for the elementary cross section 
on neutrons. This will require extraction of 
a normalized cross section from the LEPS 
data. There are also new results from LEPS 
on the channel -yd —> A*X. The mass distri
bution MK+n is shown in Fig. 7. After ac
counting for background from A* (1520) and 
sideband subtraction, a narrow peak near 
1530 MeV/c2 with 5a significance is claimed. 
The signal emerges only when events are se
lected with MK-V ~ MA*, indicating that 
the process 7Z? —> A*6 + may be observed. 
The mass distribution also shows an excess 
of events near 1600 MeV/c2. 
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Figure 7. The LEPS data on deuterium.The miss
ing mass distribution MM K-„ with events selected 
with the invariant mass MK- near the A*. A peak 
is seen at a mass of 1530 MeV, and is interpreted as 
the 0 + . 
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Figure 8. The Belle pK® mass spectrum. 

5.4 Results from Belle 

New results by the Belle collaboration have 
been presented recently22. Belle uses hadrons 
created in high energy e+e~ collisions and 
reconstructs the hadron interaction with the 
vertex detector materials. The momentum 
spectrum is sufficiently low so that resonance 
formation processes such as K+n —• G + —• 
pKg can be studied. The high statistics pK° 
invariant mass shows no signal, as is seen in 
Fig. 8. The upper limit on the formation 
cross section can be used to extract an up
per limit for the 0 + width, which is shown 
in Fig. 9. At a specific mass of 1539 MeV, an 
upper limit of r e + < 0.64 MeV (90% c.l.) is 
derived. The mass corresponds to the 0 + 

mass claimed by the DIANA experiment2. 
However, if one allows the entire mass range 
for the 6 + from 1525 to 1555 MeV claimed 
by experiments, the upper limit would be 
r e + < 1 MeV (90% c.l.). The latter value 
confirms the limit derived in previous analy
ses. 

1.51 1.52 1.53 1.54 1.55 1.56 

Figure 9. The Belle upper limit on the 0 + width. 
The dotted line shows the 90% c.l. limit for the 
width. The data point is result of the analysis of 
the DIANA result in K+Xe - • K°p + X. 
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Figure 10. The BaBar baryon mass spectrum. 
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Figure 11. Q2-dependence of the G+/A* ratio mea
sured by ZEUS. 

5.5 BaBar results in quark 
fragmentation 

The BaBar collaboration at SLAC searches 
for the 0 + as well as the S pentaquark 
states directly in e+e~ collisions23, mostly 
in the quark fragmentation region. With 
high statistics no signal is found for either 
e+(1540) or S—(1862), and upper limits 
are placed on their respective yields. The 
results are shown in Fig. 10. The limit on 
the production rates are 8 or 4 times lower 
than the rates of ordinary baryons at the 
respective masses. It is, however, not ob
vious what this result implies. The slope 
for the production of pseudoscalar mesons 
is d(event rate)/d(mass) = 10~2/GeV. For 
3-quark baryons it is 10~4/GeV, i.e. the 
rate drops by a factor of 10,000 per one unit 
of GeV in mass. In the quark fragmenta
tion region, if we extrapolate from mesons 
where only one qq pair must be created to 
form a meson starting with one of the ini
tial quarks in the e+e~ annihilation, and 
baryons where two qq pairs are needed, to 
pentaquarks where four qq pairs are needed, 
the slope for pentaquark production in frag
mentation would be 10_8/GeV. Since there 

is no rate measured for a pentaquark state 
there is no normalization point available. If 
we arbitrarily normalize the pentaquark line 
at the point where baryon and meson lines 
intersect, the line falls one order of magni
tude below the upper limit for the 0 + and 
several orders of magnitude below the up
per limit for the 2~~ assuming a mass of 
1862 MeV for the latter. The sensitivity of 
quark fragmentation to 5-quark baryon states 
is thus questionable. Moreover, the limit for 
RQ+ A» < 0.02 at 95% c.l. is not in contra
diction with the ratio estimated at low energy 
assuming a width of r 0 + = 1 MeV 1T. 

5.6 New 6+ analysis from ZEUS 

The ZEUS collaboration has extended the 
analysis of their G + signal and studied pos
sible production mechanisms32. The signal 
emerges at Q2 > 20 GeV2 and remains vis
ible at Q2 > 50 GeV2. The G+ and 6 " 
signals are nearly equally strong, however, 
the signal is present only at forward rapidity 
r]lab > 0 and not visible at backward rapidity 
T]lab < 0. There is currently no possible pro
duction mechanism that would generate such 
a pattern. The ZEUS collaboration extracted 
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Figure 12. Results of a new analysis by the SVD-2 
group of their published data. 

the Q2-dependence of the ratio RQ+J^* which 
is shown in Fig. 11. It shows a weak depen
dence o n Q 2 . 

5.7 New results from high energy 
hadronic interaction experiments 

The SVD-2 collaboration has reanalyzed 
their published data42 with much improved 
event reconstruction efficiency. The exper
iment measured the reaction pA —> pK®X 
using a 70 GeV incident proton beam. The 
main component in the detector system is the 
silicon vertex detector (SVD). Events are di
vided into two samples: events with the K® 
decaying inside and events with the decay 
outside the SVD. The two distributions both 
show a significant peak at the mass of 1523 
MeV/c2. One of the distributions is shown 
in Fig. 12. A combined significance for two 
independent data sets of ~ 7.5 a is obtained. 
The strangeness assignment in the pK° chan
nel is not unique, and could also indicate ex
citation of a S* resonance. In this case one 
would expect a decay £ —> An, which is not 
observed. Therefore, an exotic S = +1 as
signment of that peak is likely should it be 
a resonant state. The SVD-2 results have 
been challenged by the WA89 collaboration 
that measured the process E~A —> pK®X in 
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Figure 13. Invariant mass MKop measured in the 
CERN WA89 hyperon experiment. 

comparable kinematics43. Their mass distri
bution, shown in Fig. 13, does not exhibit any 
signal in the mass range of the G + candidate. 
The WA89 collaboration claims their results 
to be incompatible with the SVD results. 

6 An isovector 0++ candidate? 

Inspired by the prediction of Diakonov et al., 
of an anti-decuplet of 5-quark states, with 
the G + being an isoscalar, the focus of the 
search for the lowest mass pentaquark was 
on an isoscalar baryon with S = +1 . How
ever, searches have also been conducted for 
a possible isovector baryon state with charge 
Q = +2. The final state to study is pK+. 
No signal was seen in any of these searches. 
However, recently the STAR collaboration at 
RHIC presented data indicating a small but 
significant G + + candidate44. The data are 
shown in Fig. 14 before and after background 
subtraction. A peak with a significance of 5a 
is seen at a mass of about 1530 MeV/c2 in 
the d-Au collision sample. The A* signal is 
also clearly visible. 

If the 0 + + signal is real, then there must 
be also a signal in the singly charged chan
nel, i.e. a 0 + . A small peak with relatively 
low significance appears in the K®p invariant 
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Figure 14. Invariant mass pK+ + pK~ (left) and 
K~p + K+p (right) measured by STAR. The spectra 
are shown before (top) and after (bottom) subtrac
tion of background from mixed events. The l.h.s. 
shows the 0 + + candidate signal, the r.h.s shows the 
A* signal. 

mass spectrum, however shifted by about 10 
MeV/c2 to higher mass values. 

So far I have focused in my talk on the 
0 + , as without the evidence for the 0 + there 
would not have been any search for other 
pentaquark states within the anti-decuplet. 
However, much effort has been put recently 
into the search for the two heavier pen
taquark candidates claimed in two high en
ergy experiments. 

7 Status of S5 and 9° 

A candidate for a 5-quark S5 has been ob
served in the E~TT~ final state by the CERN 
NA49 experiment, and a candidate 0 ° for 
the charmed equivalent of the 0 + has been 
claimed by the HI experiment at HERA in 
the channel D*p. In contrast to the 6 + , 
which has been claimed in at least ten ex
periments, the heavier candidates have not 
been seen in any other experiment. The 
S5 state of NA49 has been searched for by 
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Figure 15. The NA49 results (top) on the claimed 
85(1862). The sum of the E -7r~ and E~7r+ distri
butions are shown before and after background sub
traction. The COMPASS results are displayed in the 
bottom panel. The S(1530) state is clearly seen in the 
neutral charge combinations, while the H5 expected 
at 1862 MeV is absent. 

several experiments34,35 '37,38,39 '40 '41. The ra
tios Ss/H(1530) determined by several ex
periments are shown in table 7. However, 
the highest energy experiments probe pro
duction through quark fragmentation, and 
may not be directly comparable to the NA49 
results. The FOCUS photoproduction ex
periment and the COMPASS muon scatter
ing experiment are close to the kinematics of 
NA49. The COMPASS results are shown in 
Fig. 15 and compared to the original NA49 
results. No signal is observed. FOCUS also 
did not observe a signal and obtained an up
per limit nearly two orders lower than the sig
nal seen by NA49. A summary of the search 
for the S5 is shown in Fig. 16. 

The O°(3100) pentaquark candidate so 
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Table 4. Results of searches for the 3s pentaquark 
state. 

Exp. 

NA49 

COMPASS 

ALEPH 

BaBar 

CDF 

E690 

FOCUS 

HERA-B 

HERMES 

WA89 

ZEUS 

Initial 

s tate 

PP 
fi+A 

e+e~ 

e+e~ 

PP 
pp 

IP 

pA 

eD 

T,~A 

ep 

Energy 

(GeV) 

Ep = 158 

E„ = 160 

V~s = Mz 

mY(4s) 

y/s = 1960 

Ep = 800 

E1 < 300 

Ep = 920 

Ee = 27.6 

Ex = 340 

y s = 310 

= s 
H(1530) 

0.24 

< 0.046 

< 0.075 

< 0.0055 

< 0 . 0 3 

< 0.003 

< 0.003 

< 0 . 0 4 

< 0 . 1 5 

< 0.013 

not seen 

far has only been seen by the HI experiment 
at HERA. Several other experiments came 
up empty-handed45, and ZEUS and FOCUS 
claim incompatibility of their results with the 
HI findings. The HI results and the FOCUS 
results are shown in Fig. 17. 

8 Summary and conclusions 

Over the past year the evidence for the exis
tence of pentaquark baryons has clearly lost 
much of its original significance. 

The evidence for the two heavy pen
taquark candidate states, the Ss(1862) 
and the 0J?(31OO), observed at unexpected 
masses, and each seen in one experiment only, 
has been drastically diminished. Several ex
periments with high sensitivity to the rele
vant processes have found no indication of 
these states. In the face of overwhelming 
evidence against these states, experiments 
claiming positive sightings should either ex
plain why other experiments are not sensi
tive, or should re-evaluate their own results. 

The situation with the 6 + state observed 
at masses near 1540 MeV is less clear, al
though evidence for the state has also dimin
ished significantly. So far more than ten ex
periments claimed to have observed a nar-
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Figure 16. Summary of experimental results in the 
search for the exotic cascade S5. A comparison of 
the number of observed ground state S _(1320) and 
excited state S°(1530) is shown. The arrows indicate 
upper limits for the number of exotic H5 candidates. 
Only NA49 has observed a signal. 

row state with exotic flavor quantum num
ber S = +1 . Two of the initial results 
(SAPHIR and CLAS(d)) have been super
seded by higher statistics measurements from 
CLAS28'29 conducted at same energies and 
with same or overlapping acceptances. No 
signal was found in either case. In addition, 
the HERMES results are being challenged by 
new high statistics data from BaBar33. It is 
remarkable that experiments claiming a 0 + 

signal, measured 0 + /A* ratios much above 
values naively expected from K+A scattering 
analysis (see table 2). HERMES even mea
sures a 0 + cross section that is significantly 
higher than the cross section for A* produc
tion. 

The Belle experiment22 studying K+A 
scattering, is beginning to challenge the DI
ANA results, the second experiment claiming 
observation of the 6 + . Belle extracted an up
per limit of 0.64 MeV (90% c.l.) for the width 
of any 0 + signal at a mass of 1539 MeV. In 
the larger mass range of 1525-1555 an upper 
limit of 1 MeV has been extracted. This is to 
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Figure 17. Top: The results of HI on a charmed 
0[?(31OO) candidate. Bottom: Results of searches on 
the ©° candidate by FOCUS. The colored area shows 
the measured distributions, while the solid line indi
cates the expected signal extrapolated from the HI 
measurement. 

be contrasted with the width extracted from 

the DIANA experiment as well as from K+D 

scattering of r e + = 0.9 ± 0.3 MeV. However, 

the Belle limit is not (yet) in strict contradic

tion to the DIANA results at this point. It 

will be interesting to see if the Belle limit can 

be further reduced with higher statistics. 

The new CLAS results on protons and 

neutrons also challenge the value of the 0 + 

width. Using hadronic models, upper lim

its of 0.1 to 0.6 MeV are obtained for pro

ton targets , and the Jp = 1/2+ assignment. 

For neutron targets limits from 0.26 and 1.7 

MeV are obtained. Much smaller limits of 

< 0.1 MeV are obtained for Jp = 3 / 2 " , 

while for Jp = 1/2", limits of 1 to 2.5 

MeV are extracted. Although these lim

its are model-dependent, taken together they 

still present formidable constraints on the 

0 + width. Hadronically decaying resonances 

with total decay widths of less than a few 

MeV would seem unusual, but widths of a 

few hundred keV or less would make the exis

tence of the s tate highly unlikely. In order to 

have quantitative tests of the LEPS results, 

which is the only remaining low energy photo-

production experiment with a positive signal, 

the old and new results from LEPS should 

be turned into normalized cross sections and 

compared to the CLAS da ta on deuterium. 

When the dust will have settled on the 

issue of narrow pentaquark baryons, we will 

have learned a lot about the physics of 

hadrons, no mat ter what the final outcome 

will be. 
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DISCUSSION 

Michael Danilov (ITEP): 
(1) What is the fate of the 7.8 a CLAS 
signal in 7p collisions? 
(2) Is there any explanation of compa
rable 0 + and A* rates in experiments 
which claim 0 + observation and limits 
of a few % on this ratio in experiments 
which do not see 0 + ? 

Volker Burkert : 
(1) The CLAS signal in -yp -^ 
ir+K~ K+n was observed with the 7r+ at 
forward angles. This result still stands, 
although the significance maybe lower 
than what is quoted in the paper. This 
process was measured at rather high 
photon energies, and the same kinemat
ics can not be reached with the new high 
statistics data taken at lower energies. 
An experiment at 6 GeV is planned for 
2006/7 to check this result with high 
statistics. 
(2) With regard to the G+ and A(1530) 
ratio, we know from the narrow width 
of 1 MeV or less, that the ratio for the 
formation process of the two states is 
1.4% or less. I would not expect to ob
serve much larger ratios in low energy 
processes. In the two cases I discussed, 
the SAPHIR results on hydrogen, and 
the 2003 CLAS(d) results on deuterium, 
the large ratio of 0 + and A(1530) ob
served in both experiments turned out 
to be incorrect. The high statistics 2005 
CLAS(p) results on protons give an up
per limit (95% c.l.) of 0.16%, while 
SAPHIR had a ratio of about 10%. The 
2005 CLAS(d) data on deuterium also 
give only an upper limit for that ra
tio. Most high energy experiments give 
upper limits of a few % for that ratio. 
ZEUS measured a ratio of about 5%. 
HERMES quotes a Q + cross section that 
is several times larger than the one for 
A* production. The HERMES result is 

now also being challenged by the latest 
results from BaBar that access a similar 
phase space in quasi-real photoproduc-
tion on light nuclei but has much higher 
statistics and sees no signal. 

Vincenzo Cavasinni (Pisa): 
Besides possible statistical fluctuations, 
are there possible experimental system
atic effects which could produce an en
hancement in the 0 + mass region. 

Volker Burkert : 
There are a number of effects that can 
generate enhancements and even narrow 
structures. Kinematical reflections due 
to heavy meson production that decay 
to K+K~ final states may appear as 
shoulders or enhancements in mass dis
tributions when projected on the meson-
baryon axis of the Dalitz plot if the phase 
space is truncated by selecting events in 
some region of phase space. There can 
also be issues of particle misidentifica-
tion that can result in false peaks. False 
peaks can also be generated by so-called 
ghost tracks. Usually the analyzers are 
aware of such pitfalls and check their 
analysis to protect against such effects. 

Barbara Badelek (Uppsala/Warsaw): 
(1) Concerning the cascade pentaquark: 
also COMPASS does not see it (pub
lished on www in March '05) which is 
important due to the kinematics being 
almost identical to that of NA49 and the 
statistics is ten times larger. 
(2) Concerning your last remark in the 
conclusions: the situation resembles that 
of the formed "A2 split" which has in
deed split the scientific community at 
that time. Effects of 20 a were observed. 
Now A2 is for sure not split and we do 
not bother about those experiments that 
saw the effect. 

Volker Burkert : 
Thank you for these comments. 
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A brief review of key recent developments and ongoing projects in perturbative QCD theory, with 
emphasis on conceptual advances that have the potential for impact on LHC studies. Topics covered 
include: twistors and new recursive calculational techniques; automation of one-loop predictions; 
developments concerning NNLO calculations; the status of Monte Carlo event generators and progress 
in matching to fixed order; analytical resummation including the push to NNLL, automation and gap 
between jets processes; and progress in the understanding of saturation at small x. 

1 I n t r o d u c t i o n 

A significant part of today's research in 

QCD aims to provide tools to help bet

ter constrain the s tandard model and find 

what may lie beyond it. For example one 

wishes to determine, as accurately as possi

ble, the fundamentals of the QCD and elec-

troweak theories, such as as, quark masses, 

and the elements of the CKM matrix. One 

also needs precise information about 'pseudo-

fundamentals, ' quantities such as par ton dis

tr ibution functions (PDFs) tha t could be 

predicted if we knew how to solve non-

perturbat ive QCD, but which currently must 

be deduced from experimental data. Finally, 

one puts this information together to predict 

the QCD aspects of bo th backgrounds and 

signals at high energy colliders, particularly 

at the Tevatron and LHC, to help maximize 

the chance of discovering and understanding 

any new physics. 

Other facets of QCD research seek to ex

tend the boundaries of our knowledge of QCD 

itself. The underlying Yang-Mills field theory 

is rich in its own right, and unexpected new 

perturbat ive structures have emerged in the 

past two years from considerations of string 

theory. In the high-energy limit of QCD it is 

believed tha t a new state appears, the widely 

studied colour glass condensate, which still 

remains to be well understood. And perhaps 

the most challenging problem of QCD is tha t 

of how to relate the partonic and hadronic 

degrees of freedom. 

Given the practical importance of QCD 

for the upcoming LHC programme, this talk 

will concentrate on results (mostly since the 

2003 Lepton-Photon symposium) tha t bring 

us closer to the well-defined goals mentioned 

in the first paragraph. Some of the more ex

plorative aspects will also be encountered as 

we go along, and one should remember tha t 

there is constant cross-talk between the two. 

For example: improved understanding of field 

theory helps us make better predictions for 

multi-jet events, which are important back

grounds to new physics; and by comparing 

da ta to accurate perturbative predictions one 

can a t tempt to isolate and better understand 

the parton-hadron interface. 

The first part of this writeup will be 

devoted to results at fixed order. At tree 

level we will examine new calculational meth

ods tha t are much more efficient than Feyn-

man graphs; we will then consider NLO and 

NNLO calculations and look at the issues 

tha t arise in going from the Feynman graphs 

to useful predictions. 

One of the main uses of fixed-order order 

predictions is for understanding rare events, 

those with extra jets. In the second part of 

the writeup we shall instead tu rn to resum-

mations, which help us understand the prop

erties of typical events. 

Throughout , the emphasis will be on the 

conceptual advances rather than the detailed 

phenomenology. Due to lack of space, some 

active current topics will not be covered, in 
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particular exclusive QCD. Others are dis

cussed elsewhere in these proceedings.1 

2 F ixed-order ca lcu lat ions 

2.1 Tree-level amplitudes and twistors 

Many searches for new physics involve signa

tures with a large number of final-state jets. 

Even for as basic a process as ti production, 

the most common decay channel (branching 

ratio of 46%), ti -> bbW+W~ -> bbqqqq in

volves 6 final-state jets, to which there are 

large QCD multi-jet backgrounds.2 And at 

the LHC, with 1 0 f b _ 1 (1 year) of data, one 

expects of the order of 2000 events with 8 or 

more je ts 3 (p t(jet) > 60GeV, % > 30deg, 

Iwl < 3). 

For configurations with such large num

bers of jets, even tree-level calculations be

come a challenge — for instance gg —> 

8g involves 10525900 Feynman diagrams 

(see ref.4). In the 1980's, techniques 

were developed to reduce the complexity 

of such calculations.5 Among them colour 

decomposition,6 where one separates the 

colour and Lorentz structure of the ampli

tude, 

A«~(i,2,...,n)=gn-2 £ 
perms 

Tr(T1T2...Tn)A
t™(l,2,...,n); (1) 

v s, " v ' 

colour struct. colour ordered amp. 

the use7 of spinor products (ij) = (i~\j+) = 

u^(ki)u+(kj) and [ij] = (i+\j~) as the 

key building blocks for writing amplitudes; 

and the discovery8 and subsequent proof9 of 

simple expressions for the subset of ampli

tudes involving the maximal number of same-

helicity spinors (maximum helicity violating 

or MHV amplitudes), i.e. n — 2 positive he

licity spinors for an n-gluon amplitude: 

"™<--++->-(5>fcn>-(a) 

Ref.9 also provided a computationally effi

cient recursion relation for calculating am

plitudes with arbitrary numbers of legs, and 

with these and further techniques,1 0 numer

ous programs (e.g. MadEvent,11 ALPGEN,12 

HELAC/PHEGAS,1 3 CompHEP,14 GRACE,15 

Amegic16) are able to provide results for pro

cesses with up to 10 legs. 

The past two years have seen substantial 

unexpected progress in the understanding of 

multi-leg tree-level processes. It was initiated 

by the observation (first made by Nair1 7) tha t 

helicity amplitudes have a particularly sim

ple form in ' twistor' space, a space where a 

Fourier transform has been carried out with 

respect to just positive helicity spinors. In 

twistor space a duality appears 1 8 between 

the weakly-coupled regimes of a topological 

string theory and JV = 4 SUSY Yang-Mills. 

This has led to the postulation, by Cac-

hazo, Svrcek and Wit ten (CSW), 1 9 of rules 

for deriving non-MHV M = 4 SUSY ampli

tudes from MHV ones, illustrated in fig. 1. 

For purely gluonic amplitudes the results are 

identical to plain QCD, 2 0 because tree level 

SUSY amplitudes whose external legs are glu-

ons have only gluonic propagators. 

non-MHV MHV MHV 

Figure 1. Graphical illustration of the CSW rules: 
by joining together two MHV amplitudes with an off-
shell scalar propagator one obtains an amplitude with 
an extra negative helicity (NMHV). 

Recently a perhaps even more powerful 

set of recursion relations was proposed by 

Brit to, Cachazo and Feng (BCF) , 2 1 which 

allows one to build a general n-leg diagram 

by joining together pairs of on-shell sub-

diagrams. This is made possible by contin

uing a pair of reference momenta into the 

complex plane. The proof22 of these relations 

(and subsequently also of the CSW rules23) is 

remarkably simple, based just on the planar 

nature of colour-ordered tree diagrams, their 
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analyticity structure, and the asymptotic be

haviour of known MHV amplitudes. 

The discovery of the CSW and B C F 

recursion relations has spurred intense ac

tivity, about 150 articles citing the origi

nal papers 1 8 ' 1 9 having appeared in the 18 

months following their publication. Ques

tions addressed include the derivation of sim

ple expressions for specific ampli tudes,2 4 the 

search for computationally efficient recursive 

formulations,25 extensions to processes with 

fermions and gluinos,26 Higgs bosons,2 7 elec-

troweak bosons,2 8 gravity,29 and the s tudy of 

multi-gluon collinear limits.3 0 This list is nec

essarily incomplete and further references can 

be found in a recent review31 as well as below, 

when we discuss applications to loop ampli

tudes. 

2.2 One-loop amplitudes 

For quantitatively reliable predictions of 

a given process it is necessary for it to 

have been calculated to next-to-leading or

der (NLO). A wide variety of NLO calcu

lations exists, usually in the form of pub

licly available programs,3 2 t ha t allow one to 

make predictions for arbitrary observables 

within a given process. The broadest of these 

programs are the M C F M , 3 3 N L O J E T 3 4 and 

P H O X 3 5 families. 

For a 2 —> n process the NLO calcula

tion involves the 2 —> n + 1 tree-level dia

gram, the 2 —> n 1-loop diagram, and some 

method for combining the tree-level matr ix 

element with the loop contributions, so as to 

cancel the infrared and collinear divergences 

present in both with opposite signs. We 

have seen above tha t tree-level calculations 

are well understood, and dipole subtract ion3 6 

provides a general prescription for combining 

them with the corresponding 1-loop contri

butions. The bottleneck in such calculations 

remains the determination of the 1-loop con

tribution. Currently, 2 —> 3 processes are 

feasible, though still difficult, while as yet no 

full 2 —• 4 1-loop QCD calculation has been 

completed. 

In view of the difficulty of these loop cal

culations, a welcome development has been 

the compilation, by theorists and experi

menters at the Les Houches 2005 workshop, 

Physics at TeV Colliders,37 of a realistic pri

oritized wish-list of processes. Among the 

most interesting remaining 2 ^ 3 processes 

one h a s p p -> W W + j e t , pp -> VVV (V = W 

or Z) and pp —> H + 2 jets. The latter can 

be considered a 'background' to Higgs pro

duction via vector boson fusion, insofar as 

the isolation of the vector-boson fusion chan

nel for Higgs production would allow rela

tively accurate measurements of the Higgs 

couplings.38 A number of 2 —> 4 processes 

are listed as backgrounds to ttH production 

{pp -> tiqq,tibb), WW -> H - • WW or 

to general new physics (pp —> V + 3 jets) or 

specifically SUSY (pp -> VVV + je t ) . 

Two broad classes of techniques have 

been used in the past for 1-loop calcula

tions: those based directly on the evaluation 

of the Feynman diagrams (sometimes for the 

1-loop-tree interference39) and those based on 

unitarity techniques to sew together tree di

agrams (see the review4 0). Both approaches 

are still being actively pursued. 

Today's direct evaluations of 1-loop con

tributions have, as a start ing point, the auto

mated generation of the full set of Feynman 

diagrams, using tools such as Q G R A F 4 1 and 

FeynArts.4 2 The results can be expressed in 

terms of sums of products of group-theoretic 

(e.g. colour) factors and tensor one-loop inte

grals, such as 

T _ / , 7 4 + 2 6 / ; ^Ml • • • "iJ-i 
1™~»<-ja t(l + k1)*...(t + kn)* 

(3) 
Reduction procedures exist (e.g.43 '44) t ha t 
can be applied recursively so as to express 
the 

In;iJ,1..fj,i in terms of known scalar inte

grals. Such techniques form the basis of re

cent proposals for automating the evaluation 

of the integrals, where the recursion rela-
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tions are solved by a combination of ana

lytical and numerical methods , 4 5 or purely 

numerically,4 6 , 4 7 '4 8 in some cases with spe

cial care as regards divergences tha t appear 

in the coefficients of individual terms of the 

recursion relation but vanish in the sum. 4 7 ' 4 9 

Results from these approaches include a new 

compact form for gg —• (777 at 1 loop5 0 

and the 1-loop contribution to the 'priority' 

pp —> H + 2jets process.51 Related auto

mated approaches have also been developed 

in the context of electroweak calculations,52 

where recently a first 2 ^ 4 1-loop result 

( e + e ~ —> 4 fermions) was obtained.5 3 

Another approach5 4 proposes subtrac

tion terms for arbitrary 1-loop graphs, such 

tha t the remaining part of the loop integral 

can carried out numerically in 4 dimensions. 

The subtraction terms themselves can be in

tegrated analytically for the sum over graphs 

and reproduce all infrared, collinear and ul

traviolet divergences. 

The above methods are all subject to the 

problem of the rapidly increasing number of 

graphs for multi-leg processes. On the other 

hand, procedures based on 'sewing' together 

tree graphs to obtain loop graphs 4 0 (cut con-

structibility approach) can potentially bene

fit from the simplifications tha t emerge from 

twistor developments for tree graphs. This 

works best for M = 4 SUSY QCD, where 

cancellations between scalars, fermions and 

vector particles makes the 'sewing' procedure 

simplest and for example all gluonic (and 

some scalar and gluino) NMHV 1-loop he-

licity amplitudes are now known;5 5 also, con

jectures for TV = 4 SUSY ra-leg MHV pla

nar graphs, at any number of loops, based 

on 4-gluon two and three-loop calculations,56 

have now been explicitly verified for 5 and 

6 gluon two-loop ampli tudes.5 7 For Af = 

1 SUSY QCD, known results for all MHV 

ampli tudes5 8 have been reproduced5 9 and 

new results exist for some all-n NMHV 

graphs 6 0 as well as full results for 6 gluons.61 

For plain QCD, progress has been slower, 

though all finite 1-loop graphs ( + + + + •••, 

— h + + . . . ) were recently presented6 2 and 

understanding has also been achieved for di

vergent graphs, 6 3 including the full result for 

all 1-loop ( h + + . . . ) MHV graphs. 6 4 The 

prospects for the twistor-inspired approach 

are promising and one can hope tha t it will 

soon become practically competitive with the 

direct evaluation methods. 

2.3 NNLO jet calculations 

NNLO predictions are of interest for many 

reasons: in those processes where the pertur-

bative series has good convergence they can 

help bring perturbat ive QCD predictions to 

the percent accuracy level. In cases where 

there are signs of poor convergence at NLO 

they will hopefully improve the robustness 

of predictions and, in all cases, give indica

tions of the reliability of the series expan

sion. Finally they may provide insight in 

the discussion of the relative importance of 

hadronisation and higher-order per turbat ive 

corrections.6 5 '6 6 '6 7 

So far, NNLO predictions are available 

mostly only for processes with 3 external 

legs, such as the total cross section for Z —• 

hadrons or the inclusive pp —> W, Z68'69'70 or 

Higgs6 9 '7 1 , 7 2 cross sections. A full list is given 

in table 1 of Stirling's ICHEP wri teup. 7 3 

Most current effort is being directed to 

the e+e~ —> 3jets process, where NLO cor

rections are often large, and where one is 

free of complications from incoming coloured 

particles. The ingredients tha t are needed 

are the squared 5-parton tree level (M5) and 

3-parton 1-loop (M 3 a ) amplitudes, and the 

interference between 4-parton tree and 1-

loop (M 4 ) , and between 3-parton tree and 2-

loop amplitudes (M3b), all of which are now 

known (for references see introduction of7 4). 

A full NNLO prediction adds the integrals 

over phase-space of these contributions, mul

tiplied by some jet-observable function J tha t 



203 

depends on the momenta pi 

Ji NNLO = fdD^5M5J(Pl..5)-

Da d ^ 4 M 4 J(pi..4)+ / <ro3(M3„-H,) J(pi..3) • 

Each of the terms is infrared and collinear 
(IRC) divergent, because of the phase space 
integration (M4,s) and/or the loop integral 
(Af3i4). The current bottleneck for such cal
culations is in canceling these divergences for 
an arbitrary (IRC safe) J. 

A standard approach at NLO is to intro
duce subtraction terms (e.g. in the dipole36 

formalism), schematically, 

JN'LO = JdD$5(M5J(Pl..5) - SSJ(PI.A )) 

/ 
cP*4(M4./(pi..4) + 5 4 J ( P I . . 4 ) ) 

such that each integral is separately finite 
and that, alone, the £5 and S4 terms inte
grate to equal and opposite divergent con
tributions (they both multiply the same 4-
parton jet function J(pi..4) and the P\.A are 
a specifically designed function of the P1..5). 
At NNLO a similar method can be envisaged, 
and considerable work has gone towards de
veloping a general formalism.75'76'77,78'79,74 

An alternative approach, sector de
composition,80,81,82,83 introduces special dis
tributions f~i (involving plus-functions, like 
those in splitting functions), which isolate 
the e~l divergent piece of a given integral 
(<= = (D - 4)/2), 

J dD$5M5J(Pl..5) = ±J d4$5/-4M5J(pi..5) 

+ ±Jd%5f-3M5J(Pl..5) + ..., 

where the integration is performed in trans
formed variables that simplify the separation 
of divergences. In such an approach one thus 
obtains separate results for each power of e in 
both real and virtual terms, making it easy 
to combine them. 

A useful testing ground for a num
ber of these approaches has been e+e~ —» 

2jets.83,84,78 Fundamentally new results are 
the differential distributions for W, Z, H 
production85 in the sector-decomposition ap
proach and the (asCp/27r)3 contribution to 
(1 - Thrust) in e+e" -> 3 jets, -20.4 ± 4, in 
the 'antenna' subtraction approach.74 

2.4 NNLO splitting functions 

The landmark calculation of 2004 was prob
ably that of the NNLO splitting functions by 
Moch, Vermaseren and Vogt86 (MVV). These 
are important for accurate DGLAP evolution 
of the parton distributions, as extracted from 
fixed target, HERA and Tevatron data, up to 
LHC scales. 

The results for the splitting functions 
take about 15 pages to express, though the 
authors have also provided compact approx
imations for practical use. These are gradu
ally being adopted in NNLO fits.87-88 Mostly 
the NNLO splitting functions are quite sim
ilar to the estimates obtained a few years 
ago89 based on a subset of the moments and 
known asymptotic limits. In particular it re
mains true that the NNLO corrections are in 
general small, both compared to NLO and in 
absolute terms. The worst region is that of 
small x for the singlet distributions, shown in 
fig. 2, where the NLO corrections were large 
and there is a significant NNLO modification 
as well. Studies of small-a; resummation sug
gest that further high-order effects should be 
modest,90,91 though so far only the gluon sec
tor has been studied in detail. 

Another potentially dangerous region is 
that of large x: the splitting functions con
verge well, but the coefficient functions have 
[a"ln2 r a _ 1(l — x)]/(l — x) enhancements. 
There are suggestions that the all-order in
clusion of these enhancements via a thresh
old resummation may help improve the accu
racy of PDF determinations.92 Fresh results 
from the MVV group,93 for the third order 
electromagnetic coefficient functions, quark 
and gluon form factors, and new threshold 
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Figure 2. Impact8 6 of NNLO DGLAP corrections on 
the derivative of a toy singlet quark distribution qs = 

resummation coefficients should provide the 

necessary elements for yet higher accuracy at 

large x. Together with the large-£ part of 

the NNLO splitting functions these have been 

used as inputs to the N 3 LO soft-collinear en

hanced terms for the Drell-Yan and Higgs 

cross sections.9 4 , 9 5 

Finally, as splitting-function calculations 

approach accuracies at the 1% level, one 

should consider also the relevance of QED 

corrections.8 7 , 9 6 

2.5 Other accuracy-related issues 

In view of the efforts being devoted to im

proving the accuracy of theoretical predic

tions, it is disheartening to discover tha t 

there are still situations where accuracy 

is needlessly squandered through incorrect 

data-theory comparisons. This is the case 

for the inclusive jet cross sections in the cone 

algorithm at the Tevatron, where a parame

ter Rsep = 1.3 is introduced in the cone al

gorithm used for the NLO calculation (see 

e.g.97), but not in the cone algorithm ap

plied to the data. Rsep is the multiple of the 

cone radius beyond which a pair of partons is 

not recombined. It dates to early theoretical 

work98 on NLO corrections to the cone al

gorithm in hadron collisions, when there was 

no public information on the exact jet algo

ri thm used by the experiments: Rsep was in

troduced to parametrize that ignorance. 

The use of Rsep in just the theory in

troduces a spurious NLO correction (at the 

5 — 10% level98), meaning tha t the data-

theory comparisons are only good to LO. 

The size of the discrepancy is comparable 

to the NLO theory uncertainty. As this is 

smaller than experimental errors, for now the 

practical impact is limited. However, as ac

curacies improve it is essential tha t theory-

experiment comparisons be done consistently, 

be it with properly used cone algorithms9 9 or 

with the (more straightforward and power

ful) kt algorithm,1 0 0 which is finally start ing 

to be investigated.101 

An accuracy issue that is easily over

looked when discussing QCD developments 

is the non-negligible impact of electroweak ef

fects at large scales. The subject has mostly 

been investigated for leptonic initial and final 

states at a linear collider (ILC). The dom

inant contributions go as asw In Pt/Mw-

Since the LHC can reach transverse momenta 

(Pt) an order of magnitude larger than the 

ILC the electroweak effects are very consid

erably enhanced at the LHC, being up to 

30 - 40%. 1 0 2 , 1 0 3 Among the issues still to be 

understood in such calculations (related to 

the cancellation of real and virtual correc

tions) is the question of whether experiments 

will include events with W and Z 's as part of 

their normal QCD event sample, or whether 

instead such events will be treated separately. 

3 Al l -order ca lcu lat ions 

All-order calculations in QCD are based on 

the resummation of logarithmically dominant 

contributions at each order. Such calcula

tions are necessary if one is to investigate the 

properties of typical events, for which each 

extra power of as is accompanied by large 
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soft and collinear logarithms. 

The two main ways of obtaining all-

order resummed predictions are with exclu

sive Monte Carlo event generators, and with 

analytical resummations. The former provide 

moderately accurate (leading log (LL) and 

some parts of NLL) predictions very flexibly 

for a wide variety of processes, with hadroni-

sation models included. The latter are able 

to provide the highest accuracy (at par ton 

level), but usually need to be carried out 

by hand (painfully) for each new observable 

and /o r process. All-order calculations are 

also used in small-a; and saturation physics, 

which will be discussed briefly at the end of 

this section. 

3.1 Monte Carlo event generators (MC) 

Various issues are present in current work on 

event generators — the switch from Fortran 

to C + + ; improvements in the showering al

gorithms and the modelling of the underlying 

event; and the inclusion of information from 

fixed-order calculations. 

The motivation for moving to C + + is the 

need for a more modern and structured pro

gramming language than Fortran 77. C + + 

is then a natural choice, in view both of its 

flexibility and its widespread use in the ex

perimental community. 

Originally it was intended tha t Herwig1 0 4 , 

Py th ia 1 0 5 and Ar iadne /LDC 1 0 6 ' 1 0 7 should 

all make use of a general C + + event gen

erator framework known as ThePEG. 1 0 8 

Herwig++, 1 0 9 based on ThePEG, was re

cently released for e + e ~ and work is 

in progress for a hadron-hadron version. 

Pyth ia 7 was supposed to have been the 

Pyth ia successor based on the ThePEG, 

however instead a standalone C + + gener

ator Pyth ia 8 is now being developed,110 

perhaps to be interfaced to T h e P E G later 

on. Another independent C + + event gen

erator has also recently become available, 

SHERPA, 1 1 1 whose showering and hadroni-

sation algorithms are largely based on those 

of Pythia, and which is already functional for 

hadron collisions. 

In both the Pyth ia and Herwig 'camps' 

there have been developments on new show

ering algorithms. Herwig++ incorporates an 

improved angular-ordered shower112 in which 

the 'unpopulated ' phase space regions have 

been shrunk. Pyth ia 6.3 has a new par-

ton shower113 based on transverse momen

tum ordering (i.e. somewhat like Ariadne) 

which provides an improved description of 

e+e~ event-shape da ta and facilitates the 

modelling of multiple interactions in hadron 

collisions. Separately, investigations of al

ternatives to s tandard leading-log backward 

evolution algorithms for initial-state showers 

are also being pursued. 1 1 4 ' 1 1 5 

3.2 Matching MC & fixed order 

Event generators reproduce the emission pat

terns for soft and collinear gluons and also 

incorporate good models of the transition to 

hadrons. They are less able to deal with 

multiple hard emissions, which, as discussed 

above, are important in many new particle 

searches. There is therefore a need to com

bine event generators with fixed-order calcu

lations. 

The main approach for this is the 

C K K W 1 1 6 proposal. Events are generated 

based on the n-parton tree matr ix elements 

(for various n ) , keeping an event only if its 

n partons are sufficiently well separated to 

be considered as individual jets (according to 

some threshold jet-distance measure, based 

e.g. on relative fcj). Each event is then as

signed a 'best-guess' branching history (by 

jet clustering). This defines a scale for each 

hard branching, which enters into the run

ning coupling as well as Sudakov form fac

tors tha t account for virtual corrections. The 

normal par ton showering is then added on to 

each event at scales below the threshold jet-

distance measure. Over the past two years 
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this method has become widely adopted and 
is available in all major generators.117 

As well as seeking to describe more jets 
it is also important to increase the accuracy 
of event generators for limited number of jets, 
by including NLO corrections. Here too there 
is one method that has so far dominated 
practical uses, known as MC@NL0.118 Very 
roughly, it takes the standard MC and mod
ifies it according to 

M C ^ M C ( l + N L O - N L O M c ) , (4) 

where NLOMC represents the effective NLO 
corrections present by default in the MC. 
Since the MC usually has the correct soft 
and collinear divergences, the combination 
NLO - N L O M C should be finite. Eq. (4) 
is therefore a well-behaved way of introduc
ing exactly the correction needed to guar
antee NLO correctness. A prediction from 
MC@NLO for 6-production,119 figure 3, is 
compared to data and a purely analytical 
approach,120 and one notes the good agree
ment between all three. 

: Solid histogram: MC9NL0, 17.2 nb, 
- Dashed histogram: MC@NL0, 16.4 nh 

1 0 - 3 l_^__i- ILJ 
0 5 10 15 20 

PT(VV) (OeV) 

Figure 3. Spectrum for b-production (—• J / $ ) com
pared to MC@NLO and an analytical prediction.120 

A bottleneck in widespread implementa
tion of the MC@NLO approach is the need 
to know N L O M C , which is different for each 
generator, and even process. Furthermore 
MC@NLO so far guarantees NLO correct
ness only for a fixed number of jets — e.g. 
it can provide NLO corrections to W pro

duction, but then W + 1 jet is only provided 
to LO. An approach to alleviate both these 
problems proposes121 to combine, for exam
ple, W, W + l j e t , W + 2jets, etc. with a pro
cedure akin to CKKW. It seeks to alleviate 
the problem of needing to calculate N L O M C 
as follows: when considering W + mjets the 
(m + l ) t h emission (that needed for NLO ac
curacy) is generated not by the main MC, 
but by a separate mini well-controlled gen
erator, designed specifically for that purpose 
and whose NLO expansion is easily calcu
lated (as is then the analogue of eq.(4)). The 
only implementation of this so far (actually 
of an earlier, related formalism122) has been 
for e + e - . 1 2 3 

3.3 Analytical resummations 

It is in the context of analytical resumma
tions that one can envisage the highest re-
summation accuracies, as well as the sim
plest matching to fixed order calculations. 
Rather than directly calculating the distribu
tion da(V)/dV of an observable V, one often 
considers some integral transform F{v) of the 
distribution so as to reduce F{v) to the form 

lnF(̂ ) = £ K ^ + <L2+--.), (5) 
71 LL NLL 

with L = In v. 
Much of the information for certain 

N3LL threshold resummations was recently 
provided by the MVV group.93 The high
est accuracy for full phenomenological dis
tributions is for the recently calculated 
Higgs transverse momentum spectrum124 at 
the LHC and the related125 energy-energy-
correlation (EEC) in e+e~,1 2 6 both of which 
have also been matched to NLO fixed order. 

Boson transverse momentum spectra and 
the EEC are among the simplest observables 
to resum. For more general observables and 
processes, such as event shapes or multi-jet 
events, the highest accuracy obtained so far 
has been NLL, and the calculations are both 
tedious and error-prone. This has prompted 

mailto:MC@NL0.118
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work on understanding general features of re-

summation. One line of research1 2 7 exam

ines the problem of so-called 'factorisable' ob

servables, for an arbi trary process. This ex

tends the understanding of large-angle soft 

colour evolution logarithms, whose resumma-

tion was originally pioneered for 4-jet pro

cesses by the Stony Brook group, 1 2 8 ' 1 2 9 in 

which unexplained hidden symmetries were 

recently discovered,130 ,131 notably between 

kinematic and colour variables. 

Separately, the question of how to t reat 

general observables has led to a procedure for 

automating resummations for a large class of 

event-shape-like observables.132 It avoids the 

need to find an integral transform tha t factor-

izes the observable and introduces a new con

cept, recursive infrared and collinear safety, 

which is a sufficient condition for the expo

nentiated form eq. (5) to hold. Its main appli

cation so far has been to hadron-collider dijet 

event shapes,1 3 3 (see also134) which provide 

opportunities for experimental investigation 

of soft-colour evolution and of hadronisation 

and the underlying event at the Tevatron and 

LHC. 

The above resummations apply to 

'global' observables, those sensitive to radi

ation everywhere in an event. For non-global 

observables, such as gap probabilities1 3 5 or 

properties of individual je t s , 1 3 6 ' 1 3 7 a new 

class of enhanced term appears, non-global 

logarithms a™Ln (NGL), fig. 4. Their resum-

mation has so far only been possible in the 

large-Nc l imit ,1 3 6 '1 3 8 though the observation 

of structure related to BFKL evolution,139 

has inspired proposals for going to finite 

Nc.
140 

Non-global and soft colour resumma

tions (in non-inclusive form1 2 9) come to

gether when calculating the probability of 

a gap between a pair of jets at the Teva-

t ron /LHC, relevant as a background to the 

W fusion process for Higgs production.1 4 1 

Recently it has been pointed out tha t con

tributions tha t are sub-leading in 1/NQ play 

Ez4-4 
GAP , J, 

1, A Ejet 

E j e t»E1 » E 2 

Figure 4. Diagram giving NGL: to calculate the prob
ability of there being no emission into the gap, one 
should resum a large-angle energy-ordered cascade of 
emissions rather than just direct emission from the 
original hard partons. 

an important role for large gaps,1 4 2 and also 

tha t there are considerable subtleties when 

using a kt jet algorithm to define the gap. 1 4 3 

3.4 Small x and saturation 

The rise of the gluon at small x, as pre

dicted by BFKL, 1 4 4 leads eventually to such 

high gluon densities tha t a 'saturat ion' phe

nomenon should at some point set in. Usu

ally one discusses this in terms of a satura

tion scale, Q2(x), below (above) which the 

gluon distribution is (un) saturated. From 

HERA data, it is believed tha t at x = xo ~ 

1(T 4 - 1CT5, Q8 is of order 1 GeV and tha t it 

grows as Q2
s(x) = (x/xQ)~x GeV2 with A ~ 

O.3.145 Qs may be of relevance to the LHC 

because the typical transverse scale Em of 

minimum bias minijets should satisfy the re

lation Q^s/E^) ~ E^, whose solution gives 

Em ~ ( s x 0 ) ^ x G e V 5 T x ~ 2 . 7 - 3 . 6 GeV, or 

if one doesn't t rust the normalization, a fac

tor 1.7 relative to the Tevatron. The exact 

phenomenology is however delicate.1 4 6 , 1 4 7 

The theoretical study of the saturat ion 

scale has seen intense activity these past 18 

months, spurred by two observations. Firstly 

it was pointed out 1 4 8 tha t the Balitsky-

Kovchegov (BK) equation, often used to de

scribe the onset of saturat ion and the evolu

tion din Q2/din x, is in the same universal

ity class as the Fisher Kolmogorov Petrovsky 

Piscounov (FKPP) reaction-diffusion equa

tion, much studied in statistical physics1 4 9 

and whose travelling wave solutions relate to 
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the evolution of the saturat ion scale. Sec

ondly, large corrections were discovered150 

when going beyond the BK mean-field ap

proximation: to LO, XBK °C as, while the 

non mean-field corrections go as a g / l n a 2 . 

Such corrections turn out to be a famil

iar phenomenon in stochastic versions of the 

F K P P equation, with a2
s in QCD playing 

the role of the minimum particle density in 

reaction-diffusion systems with a finite num

ber of particles.1 5 1 The stochastic corrections 

also lead to a large event-by-event dispersion 

in the saturat ion scale. 

These stochastic studies are mostly based 

on educated guesses as to the form of the 

small-a; evolution beyond the mean-field ap

proximation. There has also been extensive 

work on finding the full equation tha t re

places BK beyond the mean-field approxima

tion, a number of new formulations having 

been proposed. 1 5 2 ' 1 5 3 ' 1 5 4 , 1 5 5 It will be inter

esting to examine how their solutions com

pare to the statistical physics related ap

proaches. 

4 C o n c l u d i n g remarks 

Of the topics covered here, the one tha t has 

been the liveliest in the past year is tha t 

of ' twistors ' ." Its full impact cannot yet be 

gauged, but the dynamic interaction between 

the QCD and string-theory communities on 

this subject will hopefully bring further im

portant advances. 

More generally one can ask if QCD is on 

track for the LHC. Progress over the past 

years, both calculationally and phenomeno-

logically (e.g. P D F fitting) has been steady. 

Remaining difficulties, for example in high 

(NNLO) and moderate (NLO) accuracy cal

culations are substantial, however the consid

erable number of novel ideas currently being 

discussed encourages one to believe tha t sig

nificant further advances will have been made 

by the t ime LHC turns on. 

"Second place goes to saturation. 
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DISCUSSION 

Bennie Ward (Baylor University): 
To what extent are the deduced MHV 
rules using twistors now proven? 

Gavin Salam: an outline of a field-theoretic 
proof for the MHV (CSW) rules was 
given in the same article22 as the proof of 
the BCF rules. Recently (after the Lep-
ton Photon Symposium) a more detailed 
version of the proof has appeared.23 
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Q U A N T U M C H R O M O D Y N A M I C S A T C O L L I D E R S 

JON M. B U T T E R W O R T H 

Department of Physics & Astronomy, University College London, WC1E 6BT, London, UK 

E-mail: J.Butterworth@ucl.ac.uk 

QCD is the accepted (that is, the effective) theory of the strong interaction; studies at colliders are 
no longer designed to establish this. Such studies can now be divided into two categories. The first 
involves the identification of observables which can be both measured and predicted at the level of 
a few percent. Such studies parallel those of the electroweak sector over the past fifteen years, and 
deviations from expectations would be a sign of new physics. These observables provide a firm "place 
to stand" from which to extend our understanding. This links to the second category of study, where 
one deliberately moves to regions in which the usual theoretical tools fail; here new approximations 
in QCD are developed to increase our portfolio of understood processes, and hence our sensitivity to 
new physics. Recent progress in both these aspects of QCD at colliders is discussed. 

1 T h e D a t a a n d t h e E x p e r i m e n t s 

QCD studies at colliders involve measure

ments of the hadronic final s tate in e + e ~ , 

lepton-hadron and hadron-hadron collisions. 

The lepton colliders also allow the study of 

effective photon-photon, lepton-photon and 

photon-hadron collisions, due to the almost-

on-shell photon beam which accompanies lep

ton beams. In collisions involving these pho

tons, the photon may part icipate directly in 

the hard process, or it may act as a source 

of partons much like a hadron. Together, 

this array of different colliding beams pro

vides us with many da ta and rich opportuni

ties to learn from cross-comparison between 

experiments. 

Da ta presented at this meeting include 

precise measurements of a great number of 

properties of the final state, and these mea

surement are used to demonstrate and im

prove our understanding of the physics. Wi th 

the confidence tha t this is understood, it then 

becomes possible to infer, from an increasing 

number of measurements, information about 

the initial state; t ha t is, quarks and gluons 

in their natural habi tat inside hadrons. This 

in tu rn enables us to predict effects at future 

colliders, particularly the Large Hadron Col

lider under construction at CERN 1 . 

In sections 2-5, the final state mea

surements are discussed. In the subse

quent section, some experimental advances 

in the current knowledge of par ton densi

ties within the Dokshitzer-Gribov-Lipatov-

Altarelli-Parisi (DGLAP) paradigm are pre

sented. Following tha t , some measurements 

in regions of phase space where DGLAP evo

lution is not applicable are discussed. This 

includes low x and diffractive effects, at which 

point I conclude this contribution and hand 

over to the next speaker2 . 

2 F r a g m e n t a t i o n and H a d r o n 
P r o d u c t i o n 

An obvious observable to s tar t with in look

ing at QCD final states is the charged parti

cle multiplicity. This has been measured as 

a function of the energy scale of the inter

action by many experiments. A summary 3 is 

shown in Fig. 1. The energy scale dependence 

is seen to be universal to within a few per

cent for reasonable definitions of the energy 

scale in e + e ~ and DIS, and the proton da ta 

from ISR also lies close to the same curve. 

This is well modelled by the current Monte 

Carlo (MC) models. The shape is also de

scribed by next-to-leading-order (NLO) QCD 

(not shown), where local parton-hadron du

ality is assumed to give an arbi trary constant 

normalisation factor. 

mailto:J.Butterworth@ucl.ac.uk
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To make more precise statements about 
QCD fragmentation, measurements can be 
designed specifically to suit precise calcula
tions. Accurate calculations for quark and 
gluon fragmentation exist for hemispheres of 
a fragmenting diquark of di-gluon system. In 
the case of quarks, this is a natural configu
ration for comparison with e+e~ data. Ob
taining a comparable configuration for glu-
ons, however, is more difficult. In a con
tribution from OPAL4 the jet boost algo
rithm is employed to do this. Precise agree
ment is observed for 0.06 < x < 0.8. Be
cause of this level of agreement, fundamen
tal parameters of the theory can be extracted 
with confidence. An impressive recent exam
ple is the measurement of the ration of the 
gluon and quark colour factors, CA/CF — 
2.261 ± 0.014 ± 0.036 ± 0.066, by DELPHI5, 
where the first error is statistical, the second 
the experimental systematic error and the the 
third the theoretical uncertainty. This agrees 
well with the QCD expectation of 2.25. 

One assumption employed in such mea
surements is that the soft, hadronization 
stage can be controlled and seperated from 
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Figure 2. The charged particle cross section in 77 
collisions as a function of particle transverse momen-
tuym (PT) as measured by DELPHI. The upper plot 
is the DELPHI measurement of the cross section com
pared to NLO QCD. The lower plot is the DELPHI 
data analysed using cuts close to those used by L3 
(see text). 
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the hard QCD process. This assumption has 
been tested in many measurements, and sev
eral new results from HERA6 have tested it 
in the case of charm quarks. Here it has been 
shown that the fraction of charm quarks frag
menting to the various charmed hadrons is 
the same (to within the measurement accu
racy of a few %) in DIS and photoproduction 
at HERA as it is in e+e~ annihilation. Com
parisons between the fragmentation function 
at HERA, LEP and CLEO also show quali
tative agreement. A fit of the fragmentation 
function using NLO calculations would allow 
a more quantitative statement to be made 
here, and would be of great interest; as would 
more accurate measurements from HERA II. 

The claim is that for some QCD ob-
servables the theoretical understanding is so 
good that deviations in the data really do 
mean new physics. This claim was challenged 
by two results from the L3 collaboration, 
where in 77 events, both the charged par
ticle and jet cross sections lie above the NLO 
QCD prediction, with a discrepancy which 
increases as the scale increases7. This dis
crepancy seems impossible to reconcile with 
QCD; yet the scale is so low (pT sa 5GeV for 
the charged hadrons) that some beyond-the-
standard-model explanation seems unlikely. 
The charged particle measurement has been 
repeated by DELPHI8, however, and no such 
discrepancy is seen (Fig.2 - note that no the
oretical uncertainty is shown). To their great 
credit, DELPHI have gone further, solving 
the puzzle by mimicking the L3 analysis and 
showing that for the L3 selection cuts there is 
a large background from annihilation, which 
has the correct charactierstics to explain the 
discrepancy. This is also shown in Fig.2; it 
is then a victory for some kind of precision 
QCD. It is tempting to speculate that the 
e+e~ background may also contribute to the 
excess seen by L3 in the jet cross section. 
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Figure 3. The x ° B S distribution in charm photopro
duction. 
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Figure 4. The inclusive charm cross section as a func
tion of Q 2 . 

3 Charm and Beauty Production 

Recent data on fragmentation properties of 
charm have been briefly discussed above. The 
production cross sections for both charm and 
bottom quarks also represent an important 
investigative tool for QCD, and since bottom 
in particular is often used as a tag in searches 
for new physics, the QCD production mech
anism is of particular importance. An under
standing of the production dynamics as well 
as inclusive rates is needed. Results continue 
to be produced from pp, ep DIS and photo-
production. 
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3.1 Charm cross sections 

Photoproduction of charm has been mea
sured using tagged D*+ jets and via lifetime 
tagging9'10,11. Changing the fraction of the 
photon's momentum seen in the jets, x ° B S , 
from values near one to lower values allows 
one to move from so-called direct processes, 
dominated by point-like photons, to resolved 
processes, in which the photon acts as a 
source of partons similar to a hadron. Both 
regions are well described by NLO QCD cal
culations (Fig.3). In addition, the inclusive 
cross section is well understood in both the 
photoproduction and DIS regimes, from pho
ton virtualities of near zero up to lOOOGeV 
(Fig. 4). Expressed as the charm structure 
function F^0, the data is already quite pre
cise and is still being accumulated. Again, 
NLO QCD describes it well (Fig. 5)12. 

On a related topic, inelastic J ftp produc
tion, the debate about colout octet terms is 

not yet resolved. NLO QCD corrections to 
the colour singlet term are very large11. 

3.2 Beauty cross sections 

Inclusive measurements of bottom-tagged 
cone dijets from the CDF II have been 
measured17 and compared to PYTHIA 1 3 , 

HERWIG 1 4 and MC@NL01 5 (Fig. 6a). The 

normalisation of the LO MCs has a large un
certainty associated with it due to higher or
der terms. However, it is significant that 
PYTHIA describes the shape of the data very 
well for E^ > 40GeV. MC@NLO is in 
good agreement with the cross section at high 
transverse momenta but falls below the data 
at E^ < 70GeV. Apart from the NLO 
terms, one difference between the two pro
grams is that PYTHIA includes a multiparton 
interaction model to describe the underlying 
event. Adding such a model to MC@NLO in 
the shape of J IMMY 1 6 , leads to good agree
ment between MC@NLO and the data for 
Ef > 40GeV (Fig. 6b). 

There are also measurements from DO 
of muon-tagged jets18, where within 50% 
errors NLO calculations describe the data. 
At HERA, DIS and direct photoproduction 
measurements are reasonably well described, 
though there is a tendency for the data to 
be above the calculations. This seems par
ticularly pronounced at low x ° B S (see Fig.7), 
where it is possible that non-perturbative ef
fects such as the underlying event may play 
some role. Precision data from HERA II will 
hopefully clarify the situation. 

Finally, the first measurements of the 
beauty stucture function F^h have now been 
made12, shown in Fig. 8. These lag the sim
ilar charm measurements in statistical preci
sion, but there are many more data to come, 
and it will be an important challenge for the 
theory to describe such inclusive measure
ments well. 



217 

CDF Run II Preliminary 

—•- Data 
Pythia (CTEQ5I) 

C H MC9NL0 
ffim Herwig (CTEQ5I) 
- — Data Sys. Error 

10' 

10 r 

40 50 60 70 80 90 tOO 110 
Lead Jet E, (GeV) 

CDF Run II Preliminary 

10 

x=0.0002 

/ i=5 

V'f x=0.0005 

' yf "4 

J, x=0.002 

/ y 1 = 3 

// 

^/^" r 
^ 

• HI Data 

' H I Data (High Q2) 

— MRST04 

MRSTNNLO 

CTEQ6HQ 

x=0.005 
i=2 

x=0.013 
T i"1 

x=0.032 
i=0 

JtrS 

10 
Q2 /GeV2 

Figure 8. The bottom-quark tagged structure of the 

proton. 

80 90 100 110 
Lead Jet E, (GeV) 

Figure 6. 

II. 

Bottom-quark jet cross sections from CDF 3.3 Charm and Bottom production 
dynamics 

The charm statistics at HERA are sufficient 
that the production dynamics may be mea
sured. Several measurements already exist11, 
and there are new measurements now of 
the azimuthal correlation of dijets in charm 
events10, as well as jet shapes for charm jets9. 
Both are sensitive to QCD radiation in these 
processes. The azimuthal decorrelation is 
well described by leading-logarithmic parton 
shower models for both resolved and direct 
photoproduction; NLO calculations for mas
sive charm quarks (e.g. in which the charm 
is not an active quark in the photon or pro
ton) describe the direct case well, but fail 
to describe the low-x°BS decorrelation (see 
Fig.9. The jet shapes are well described by 
PYTHIA'S parton showers for high a;°BS, but 
the jets are narrower in the data than in the 
MC at low x°BS. 
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Figure 7. The x ° B S distribution in bottom photo-

production. 
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In the case of beauty, the Tevatron data 
allow studies of such properties in bottom 
quark events. The dijet correlation is rea
sonably well described by MC@NLO, but 
the addition of multiparton interactions does 
again improve the agreement. PYTHIA also 
does a reasonable job. 

Finally, a beautiful new measurement of 
the ratio of bottom- to light-quark jet rates 
from DELPHI19 leads to an accurate mea
surement of the running b-mass m,b(Q) = 
4.25 ± O.llGeV at threshold. 

In summary of this section, it does seem 
that in general charm and bottom production 
are well described by NLO QCD, but that 
there is a need to combine state-of-art non-
perturbative models with the best perturba-
tive calculations in order to get this level of 
agreement. This is true particularly for mea
surements in hadronic collisions spanning a 
large range in transverse energy. 

4 Jet Structure and Event Shapes 

Measurements of jet cross sections and event 
shapes continue to improve in precision, as do 
calculations of such properties. This means 

that the strong coupling, as, may be ex
tracted from a large number of final states 
in many processes. At this conference, new 
results from e+e~ (JADE, OPAL, ALEPH) 
and ep (HI, ZEUS) were presented20'21. A 
particularly interesting measurement is the 
ALEPH extraction from r decays, shown in 
Fig. 10, which greatly improves the accuracy 
at low scales21. In general, none of the oth
ers is a great leap forward in itself, but all 
steadily improve accuracy of the world aver
age, and build confidence in our understand
ing of QCD. 

Behind this achievement lies an increas
ing number of well-understood QCD pro
cesses. Perhaps particularly noteworthy this 
year are the new inclusive jet measurements 
from Tevatron Run II and HERA, where the 
use of well-controlled jet algorithms and the 
impressive level of knowledge of the energy 
scale and resolution in the experiments means 
that the data really lay down a strong chal
lenge for the theoretical predictions. Some of 
the CDF II results are shown Fig. 11; here 
the K± algorithm has been used with dif
ferent distance parameters; this is an impor
tant technique, in that any new physics ef-
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feet seen in such cross sections should be 
present for all reasonable choices, whereas 
the sensitivites to some non-perturbative ef
fects will vary between different algorithms 
and parameters. Another interesting process 
with new data is prompt photon production, 
where both HERA and Tevatron have new 
data22 '23. The DO data in particular now 
show impressive agreement with QCD over 
a wide range of transverse energy. 

5 Production of jets with bosons 

When the LHC starts delivering data, an un
precedented number of W and Z particles 
will be produced, usually in association with 
jets. They feature in many "standard candle" 
cross sections which will be used to extract 
parton densities and calibrate the detectors, 
as well as in many exotic signatures for new 
physics. It is imperative to understand as 
far as possible equivalent processes at exist
ing colliders, particularly the Tevatron. The 
dijet correlation24 at DO is shown in Fig 12. 
It is well described by NLO QCD in the im
portant wide-angle area where the fixed-order 
tree-level diagrams are most significant, and 
is described by parton shower MC in the low 
angle regions, as expected. Importantly, the 
SHERPA program matches these two types of 
calculations and describes the whole shape 
well25. 

A related cross section is the diphoton 
decorrelation, measured by CDF23, shown in 
Fig. 13. The angle between the two photons 
is well described by NLO QCD as contained 
in the DIPHOX26 program. The RESBOS27 

calculation does not include NLO fragmenta
tion contributions and falls below the data at 
high angles. 

Run II measurements of Z cross sections 
are now coming out, and both the incul-
sive Z rapidity28 and the JV-jet rate in Z 
events29 are in good agreement with NLO 
QCD (Fig. 14). 
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Figure 11. CDF inclusive jet measurements using the 
Kx algorithm. The top plot shows the measured 
differential cross section da/dp^, compared to NLO 
QCD for R = 0.7. The lower two plots show the ra
tio of data/theory for similar cross sections measured 
with _R = 0.5 and R = 1.0. 
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Figure 12. Dijet decorrelation from DO. 

6 Parton Densities 

There has been major theoretical progress 
in this area, as discussed in the previous 
contribution30. There have also been some 
notable experimental advances, which are 
discussed below. 

6.1 High x 

The kinematic plane at the LHC is shown in 
Fig. 15, along with the regions where LHC 
and other data will be able to constrain the 
gluon density in the proton. There is an ur
gent need more information about the gluon 
at high x (say 0.05 and above) and at Q2 

between 100 and 10000 GeV2, so that reli
able predictions may be made for the high
est energy cross sections at LHC. In addition 
there is a strong correlation between as and 
the gluon for intermediate x values (0.001 to 
0.05) in fits to F2. 

Figure 13. Diphoton decorrelation from CDF. The 
points are the data, the solid line is the DIPHOX 
calculation and the dashed is RESBOS (see text). 

Including DIS jet cross sections in the fit 
constrains the coupling, but these cross sec
tions are dominantly quark initiated and de
pend only weakly on the gluon density. Jet 
photoproduction, on the other hand, is dom
inantly gluon initiated over a wide kinematic 
range, as can reach very high x. ZEUS have 
included both in a fit35, with their latest in
clusive cross section data, and see a signif
icant improvement in the accuracy of both 
a8 and the gluon at high x. Perhaps most 
excitingly, the jet data used was a fraction 
(around a tenth) of the total expected by the 
end of HERA II. There are major improve
ments expected36. 

HERA II is also now producing high 
luminosities of electron-proton collisions 
(rather than positron-proton), and early 
measurements were shown at this conference. 
The large increase of statistics, matching or 
bettering that achieved with positrons, and 
coupled with lepton polarization, brings sev
eral benefits. One is the ability to mea
sure the electroweak structure of quark cou
pling (see a previous contribution31). The 
measurement of charged and neutral currents 
will also allow constraints on flavour compo
sition of proton to be made from HERA data 
alone, avoiding nuclear correction uncertain
ties from fixed target data. These data also 
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fits and jet production. 

reach up to high x. 
At lower Q2 it is still in principle possible 

to reach high x, since the scattered electron 
may be measured. However, the radiative 
corrections are such in this region that while 
reconstruction of Q2 from electron is good, it 
is very poor for x. A new measurement from 
ZEUS32 uses the hadronic jet to reconstruct 
x. hs x increases, the jet moves forward and 
will at some point be lost down the forward 
beampipe. However, in this case it is pos
sible to set a minimum x based on the fact 
that the hadronic jet escaped, and integrate 
above this. The measurement gives a good 
sensitivity to the high x structure function, 
as shown in Fig. 16. 

Finally in this subsection, the W asym
metry measurements from tevatron run II 
are now appearing33. They are sensitive to 
flavour composition in proton at high x and 
will be important input to new fits. 

6.2 Low Q2 

Measuring inclusive lepton-proton cross-
sections in the low Q2 region probes the 
transition from a region where perturba-
tive calculations are valid to a region where 
non-perturbative techniques must be used to 
make any prediction. It also provides the low
est reach in x, and thus sensitivity to high 
density QCD. Two new measurements from 
HI have been presented in this area34. In the 
first, QED Compton events, with a high vir
tuality exchanged electron, are used. In this 
case the electron virtuality means that the fi
nal state electron can be detected even when 
the virtuality of the exchanged photon is very 
low. In the second such measurement, initial 
state photon radiation is tagged, which im
plies a low virtuality incoming electron with 
an energy lower than the beam energy. This 
incoming electron energy is measured from 
the longitudinal energy imbalance in the cen-
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Figure 16. New measurements of F2 at high x. 

tral detector. This allows the measurement 
to be made at lower Q2 while keeping x mod
erately high. Both of these measurements 
provide new data in the transition region be
tween DIS and photoproduction. 

7 Peripheral Collisions, Low x and 
Diffraction 

The low Q2 region discussed above is an ex
ample of a measurement where we deliber
ately extend into a region where the usual 
theoretical tools are expected to fail. Mov
ing into such regions allow the investigation 
of new approximations in QCD such as clever 
resummations, new evolution equations, new 
perturbative expansions, high parton densi
ties and correlated parton distributions. Us
ing the data to verify or falsify such tools ex
tends our portfolio of understood QCD phe
nomena. There is a large overlap in this 
area with both the previous30 and following2 

speakers, and I will concentrate on the topics 
least aligned with theirs. 

7.1 New resummations and evolutions 

The parton density fits discussed above all 
use the DGLAP evolution equations, which 
are strongly ordered in the scale, Qi 3> Qi 3> 
Q3. For inclusive properties, this is the dom
inant configuration. However, it is of course 
possible to select kinematic configurations in 

Figure 17. Forward jet cross sections at HERA. 

which a large evolution in x (or equivalently 
in rapidity) is required, but where this evolu
tion takes place at a Q2 which is both in the 
perturbative regime and approximately con
stant. New measurements have been made in 
forward jet production (Fig. 17) in DIS and 
other related processes at HERA38. 

In such a region the DGLAP evolution is 
not applicable. Thus if NLO fixed order QCD 
with DGLAP parton densities is used to try 
and predict such cross sections, the predic
tions have large uncertainties. It is also seen 
that they usually lie below the data. Leading-
logarithmic Monte Carlos can do better than 
this, and in particular, the CCFM-based MC 
CASCADE 3 7 probably has the ability to de
scribe such cross sections. However, it has a 
strong dependence on the unintegrated gluon 
density, which is extracted from fits to data. 
The new data should be used to constrain 
this further. 

Such effects may also be studied in vec
tor meson and photon production. The vec
tor mesons I leave to the next speaker2, but 
will mention here the new data from DELPHI 
7*7* collisions, where a signifcant x evolution 
can occur along the exchanged quark line. 
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Again, calculations (BFKL-based) which re-

sum log(x) terms seem to have the best 

chance of describing the data. 

A consistent, and reasonably precise, de

scription of high rapidity/low x da ta seems 

to be within reach. This would give a real 

boost to the credibility of this approach, and 

would be a great help for predicting forward 

jet rates at LHC. 

8 Con c lu s ion 

In an increasing number of important pro

cesses at high energy colliders, perturbative 

QCD calculations, and the data, are rather 

precise, and in rather good agreement with 

each other. New da ta from Tevatron and 

HERA, and (re)analysis of old da ta from PE-

T R A and LEP, continue to improve the sit

uation, as do theoretical advances. There is 

still room for improvement of course, but for 

some important processes QCD is now very 

precisely understood, and there have been 

recent significant advances in measurement 

and theory. As an aside, the point is now 

being reached where for some observables, 

electroweak effects are comparable to QCD 

uncertainties3 9 . For other processes, while 

QCD is becoming better understood, there 

is still experimental and theoretical work to 

do. A list of such processes, in approximate 

decreasing order of how well they are under

stood, could be: 

• Par ton density functions at high Q 2 and 

intermediate x, ideal jet fragmentation. 

• Multijet processes, Boson+jets; Heavy 

flavour production. 

• Par ton density functions at low and high 

x. 

• High rapidities and rapidity gaps. 

• Diffraction, absorption and total cross 

sections. 

• Off-diagonal and unintegrated par ton 

density functions. 

• Underlying events (a topic hardly 

touched on here, but where there is lots 

of work on tuning to Tevatron, HERA, 

SPS and other da ta 4 0 ' 4 1 ) . 

In all these areas existing data, as well 

as da ta still to come from Tevatron run II, 

HERA II and RHIC, provide a challenge. 

Da ta from LHC will make great use of such 

developments, and will also challenge the the

ory further. 
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DISCUSSION 

Tord Ekelof (Uppsala University): 
Given the history of the discrepancy for 
the inclusive jet cross-section at high px 
found in the early days of the Tevatron, 
which eventually came down to be com
patible with QCD, and taking into ac
count the extrapolation of QCD needed 
for the LHC — how confident can we be 
that it would be a signal of new physics 
to see an excess at the yet much higher 
PT that we will reach with LHC, if we 
do not couple that to high pr leptons, 
missing energy or other weak probes? 

Jon Butterworth: Certainly 
there are cases (for instance the L3 high 
PT data mentioned in the talk) where 
QCD cannot be "tweaked" to explain 
away discrepancies. How much tweak
ing is allowed, and therefore ultimately 
our confidence in any such new physics 
signal, depends largely on how carefully 
we measure and calculate QCD at col
liders now, and eventually at LHC it
self. I would add that weak probes at 
hadron colliders don't escape such effects 
entirely - they still depend upon the par-
ton densities, for instance, which turned 
out to be a large uncertainty affecting 
the Tevatron excess. 

Lorenzo Magnea (University of Torino): 
In b production cross section, MC@NLO 
shows large improvements in fitting the 
data with respect to HERWIG (MC@LO) 
— PYTHIA succeeds in fitting the same 
data by tuning internal parameters. 
This is not necessarily good news: one of 
the two Monte Carlos is getting the right 
answer for the wrong reason! MC@NLO 
signals that hard radiation is important, 
PYTHIA assigns the same effect to the 
underlying event or leading-log evolu
tion. 

sense that both effects have to be taken 
seriously, and seem to be important. 
And it is certainly true that by tuning 
"internal parameters" we can muddy the 
picture. My approach would be to im
plement what we know first, then use 
well grounded models to see how close 
we are to understanding what is happen
ing. There are certainly cases (as in my 
previous answer) where no "internal pa
rameters" can help! Also - Monte Carlos 
should be treated as best estimators of 
physics, not as black boxes with internal 
parameters! 

Jon Butterworth: You are right in the 
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The idea of diffractive processes with a hard scale involved, to resolve the underlying parton dynam
ics, was published 1985 and experimentally verified 1988. Today hard diffraction is an active research 
field with high-quality data and new theoretical models. The trend from Regge-based pomeron mod
els to QCD-based parton level models has given insights on QCD dynamics involving perturbative 
gluon exchange mechanisms, including the predicted BFKL-dynamics, as well as novel ideas on non-
perturbative colour fields and their interactions. Extrapolations to the LHC include the interesting 
possibility of diffractive Higgs production. 

1 Introduction 

'Gaps - in my understanding after 20 years' 
could have been an appropriate title on this 
talk, which will focus on today's understand
ing of hard diffraction based on models that 
include both hard perturbative and soft non-
perturbative QCD. I will start, however, with 
some of the 'historical' milestones that have 
established this new research field. Recent 
data have revealed problems with models 
based on the pomeron in 'good old' Regge 
phenomenology. The key issue is whether the 
pomeron is a part of the proton wave func
tion or diffraction is an effect of the scattering 
process. The latter seems more appropriate 
in today's QCD-based models. 

Recently, a new kind of 'hard gap' events, 
having a large momentum transfer across the 
gap, have been observed in terms of a rapid
ity gap between two high-pj_ jets in pp and 
diffractive vector meson production at large 
momentum transfer in jp. This has given the 
first real evidence for the BFKL-dynamics 
predicted since long by QCD. 

Thus, hard diffraction provides a 'QCD 
laboratory' where several aspects of QCD dy
namics can be investigated. Remember that 
QCD, in particular in its non-perturbative 
domain, still has major unsolved problems. 

Based on our current theoretical under
standing, interesting predictions are made for 
hard diffraction in future experiments, e.g. at 

the LHC. Here, much interest is presently fo
cused on the possibility to produce the Higgs 
boson in diffractive events, which may even 
provide a potential for Higgs discovery! 

2 'Historical' milestones 

Going back to 'ancient' pre-QCD history, 
Regge theory provided a phenomenology for 
total and diffractive cross-sections with a 
dominant contribution from the exchange of 
a pomeron with vacuum quantum numbers. 
Hadronic scattering events were then classi
fied as elastic, single and double diffraction, 
double pomeron exchange and totally inelas
tic depending on the observable distribution 
of final state particles in rapidity.0 For ex
ample, single diffraction is then characterised 
by a leading proton (or other beam hadron) 
separated by a large rapidity gap (i.e. with
out particles) to the X-system of final state 
particles (Fig. la). One should note that in 
this Regge approach, there is no hard scale 
involved. In particular, there is no large mo
mentum transfer across the gap which may 
therefore be called a 'soft gap'. 

The basic new idea introduced 20 years 
ago by myself and Peter Schlein1, was to 
consider a hard scale in the X-system in 
order to resolve an underlying parton level 

"Rapidity j / = | In g ^ P z RS — In tan | = 77 pseudo-
rapidity for a particle with (E,pj_,pz) and polar an
gle 9 to beam axis z. 

mailto:gunnar.ingelman@tsl.uu.se
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Figure 1. (a) Single diffractive pp scattering via 
pomeron exchange giving a leading beam particle sep
arated by a rapidity gap to the X-system. (b) Hard 
parton level scattering in the X-system producing 
high-px jets, (c) Jets in the central calorimeter of 
an event triggered by a leading proton in the UA8 
Roman pot detectors giving the discovery of hard 
diffraction. 
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Figure 2. Schematics of diffractive deep inelastic 
scattering in the ZEUS detector and the final state 
rapidity distribution. 

interaction and thereby be able to investi
gate the process in a modern QCD-based 
framework. We formulated this in a model 
with an effective pomeron flux in the pro
ton, fp/p(xjp,t), and parton distributions in 
the pomeron fq,g/p(z,Q2), such that cross-
sections for hard diffractive processes could 
be calculated from the convolution 

da ~ fp/p fq,g/p fq,g/p ^pert. QCD (1) 

of these functions with a perturbative QCD 
cross-section for a hard parton level pro
cess (Fig. lab). This enabled predictions of 
diffractive jet production at the CERN pp 
collider and also of diffractive deep inelastic 
scattering. Although this seems quite natu
ral in today's QCD language, it was rather 
controversial at the time. 

It was therefore an important break
through when the UA8 experiment at the 
CERN pp collider actually discovered2 hard 
diffraction by triggering on a leading pro
ton in their Roman pot detectors and finding 
jets in the UA2 central calorimeter (Fig. lc) 
in basic agreement with our model imple
mented in a 'Lund Monte Carlo' event gen
erator. These observed jets had normal jet 
properties and by investigating their longitu
dinal momentum distribution one could infer 

that the partons in the pomeron have rather 
a hard distribution, fq,g/p(z) ~ z(l — z) and 
also indications3 of a superhard component 
~5(l-z). 

In spite of this discovery, hard diffraction 
was not fully recognised in the whole particle 
physics community. It was therefore a sur
prise to many when diffractive deep inelastic 
scattering (DDIS) was discovered by ZEUS4 

and HI5 at HERA in 1993. These events were 
quite spectacular with the whole forward de
tector empty (Fig. 2), i.e. a large rapidity gap 
as opposed to the abundant forward hadronic 
activity in normal DIS events. A surprisingly 
large fraction ~ 10% of all DIS events were 
diffractive. Moreover, they showed the same 
Q2 dependence and were not suppressed with 
increasing Q2, demonstrating that DDIS is 
not a higher twist process but leading twist. 

The diffractive DIS cross-section can be 
written 6 

da 2-KO1 

dx dQ2 dxp dt xQ4 (1 + (1 - yf) FfW 

(2) 
where fractional energy loss xp and four-
momentum transfer t from the proton de
fine the diffractive conditions. For most of 
the data, the leading proton is not observed 
and hence t is effectively integrated out giv-
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Figure 3. HI data 7 on the diffractive structure func
tion F2 (xp; (3, Q2) with fits based on the Regge 
models with pomeron and reggeon exhange. 

ing the structure function F2
 ( '(xp,f3,Q2) 

which has now been obtained from rapidity 

gap events with high precision (Fig. 3). The 

variables 

/? 

xP 

2<? • (pP ~ PY) 

QAPP-PY) _ 

Q2 + M2-t 
Q2 + M2

x-t 
Q-PP Q2 + w2 M2 

p 

(3) 

/? 

are model-independent invariants. 

In pp, UA8 has provided more informa

tion on diffractive jet production through 

analyses of such cross-sections8. Several dif

ferent diffractive hard scattering processes 

have been observed in pp at the Tevatron. 

Events with jets, W, Z, bb or J/ip have a 

large rapidity gap, and are thus diffractive, 

in about 1% of the cases, as shown in Ta

ble 1. This is an order of magnitude smaller 

relative rate of hard diffraction compared to 

the 10% in DIS at HERA. 

Rh. a r d T. to t . Jxw 
dxi dxf 

-Rhard [%] Exp. observed SCI 

dijets 

W 

W 

bb 

Z 

j/4> 

CDF 

CDF 

D 0 

CDF 

D 0 

CDF 

0.75 ± 0.10 

1.15 ± 0.55 
+0.21 
-0.19 1.08 

0.62 ± 0.25 
1 44 +0 -6 2 

- " - •^ -0 .54 
1.45 ± 0.25 

0.7 

1.2 

1.2 

0.7 

1.0* 

1.4* 

Table 1. Tevatron data on the ratio in % of diffrac
tive hard processes to all such hard events, where 
diffraction is defined by a rapidity gap corresponding 
to a leading proton with large Xp. For comparison 
results of the SCI model discussed in section 4 (* de
note predictions in advance of data). 

3 P o m e r o n a p p r o a c h 

Using Regge factorisation, the diffractive DIS 

structure function can be writ ten 

R D(4) (x, f,xP,t)=fIP/p(x]P,t)Ff((3,Q2) 
(4) 

in terms of a pomeron flux and a pomeron 

structure function, where xp ~ PwjPp is in

terpreted as the momentum fraction of the 

pomeron in the proton and (3 c± pq,g/pp is 

the momentum fraction of the parton in the 

pomeron. 

Good fits with da ta can be obtained 

(Fig. 3), provided tha t also a Reggeon ex

change contribution is included. Factoring 

out the fitted xp dependence, one obtains the 

diffractive structure function F2 \(3,Q2) 

(or F2
P) shown in Fig. 4. The Q2 depen

dence is ra ther weak and thus shows approx

imate scaling indicating scattering on point

like charges. There is, however, a weak log Q2 

dependence which fits well with conventional 

perturbative QCD evolution. 

The j3 dependence is quite fiat, which can 

be interpreted as hard parton distributions in 

the pomeron. This is borne out in a full next-

to-leading order (NLO) QCD fit giving the 

par ton distributions shown in Fig. 5, which 

demonstrate the dominance of the gluon dis

tribution. 
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Figure 4. HI data 7 on the diffractive structure func-

- 2 tion F2
D ( 2 )(/3,Q2) with QCD fits. 

This framework can now be used to cal
culate various processes. In contributions9 to 
this conference, new HERA data on diffrac
tive D* and dijets are compared to calcula
tions using these diffractive parton densities 
folded with the corresponding perturbative 
QCD matrix elements in NLO. For DIS the 
model calculation agree well with the data, 
both in absolute normalization and in the Q2 

and p± dependences. In photoproduction, 
the shapes of distributions agree with data, 
but the model normalization is too large by 
about a factor 2 (Table 2). This fits with the 
theoretical knowledge that QCD factoriza
tion has been proven for diffraction in DIS10, 
but not in photoproduction (i.e. low Q2) or 
hadronic interactions. Remember that the 
photon state (7) = (7)0 + \qq{g)) + \p) • • • 
has not only the direct component, but also 
hadronic components. 

Using this model with diffractive parton 
densities from HERA to calculate diffractive 
hard processes at the Tevatron, one obtains 
cross-sections which are an order of magni
tude larger than observed, as illustrated in 
Fig. 6. This problem can be cured by modifi
cations of the model, in particular, by intro-
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Figure 5. Diffractive quark (singlet zT,(z, Q2)) and 
gluon (zg(z,Q2)) momentum distributions ('in the 
pomeron') obtained7 from a NLO DGLAP fit to HI 
data on diffractive DIS. 

cr(data) 
a (theory) for 

D* in diffr. DIS 
dijets in diffr. DIS 
D* in diffr. jp 
dijets in diffr. ^p 

HI 

0.5 

ZEUS 

1 

0.4 
0.5 

Table 2. Ratio of HERA data on diffractive produc
tion of D* and dijets to model calculation based on 
diffractive parton distributions and NLO perturba
tive QCD matrix elements. 

ducing some kind of damping11 at high en
ergies, such as a pomeron flux 'renormaliza-
tion'. It is, however, not clear whether this is 
the right way to get a proper understanding. 

Thus, there are problems with the 
pomeron approach. The pomeron flux and 
the pomeron parton densities do not seem to 
be universal quantities. They cannot be sep
arately well defined since only their product 
is experimentally measurable. Moreover, it 
may be improper to think of the pomeron as 
'emitted' from the proton, because the soft 
momentum transfer t at the proton-pomeron 
vertex imply a long space-time scale such 
that they move together for an extended time 
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Figure 6. DO data on diffractive dijets at the Teva-
tron compared with model calculations based on 
diffractive parton densities from DIS at HERA. 

Figure 7. Gluon-induced DIS at small x with colour 
flux tube, or string, configuration in (a) the conven
tional Lund string model connection of partons and 
(b) after a soft colour-octet exchange (dashed gluon 
line) between the remnant and the hard scattering 
system resulting in a phase space region without a 
string leading to a rapidity gap after hadronisation. 

which means that there should be some cross
talk between such strongly interacting ob
jects. In order to investigate these prob
lems, alternative approaches have been in
vestigated where the pomeron is not in the 
initial state, i. e. not part of the proton wave 
function but an effect of the QCD dynamics 
of the scattering process. 

4 QCD-based approaches 

A starting point can here be the standard 
hard perturbative interactions, since they 
should not be affected by the soft interac
tions. On the other hand we know that 
there should be plenty of soft interactions, 
below the cut-off Q2, for perturbation the
ory, because as is then large giving a large 
interaction probability (e.g. unity for hadro
nisation). Soft colour exchange may then 
very well have a strong influence on the 
colour topology of the event and thereby on 
the final state via hadronisation. Ideally 
one would like to have a single model de
scribing both diffractive gap events and non-
diffractive events. 

A simple, but phenomenologically suc
cessful attempt in this spirit is the soft colour 
interaction (SCI) model12. Consider DIS at 
small x, which is typically gluon-initiated 

leading to perturbative parton level processes 
as illustrated in Fig. 7. The colour order of 
the perturbative diagram has conventionally 
been used to define the topology of the re
sulting non-perturbative colour string fields 
between the proton remnant and the hard 
scattering system (Fig. 7a). 

Hadronisation, e.g. described by the 
Lund model13, will then produce hadrons 
over the full rapidity region. One should re
member, however, that we have proper the
ory to rely on only for the hard perturbative 
part of the event, which is separated from the 
soft dynamics in both the initial and the fi
nal parts by the QCD factorization theorem. 
This hard part is above a perturbative QCD 
cut-off Ql ~ lGeV2 with an inverse giving 
a transverse size which is small compared to 
the proton diameter. Thus, the hard interac
tions can be viewed as being embedded in the 
colour field of the proton and hence one can 
consider interactions of the outgoing partons 
with this 'background' field. Fig. 7b illus
trates a soft gluon exchange that rearranges 
colour so that the hard scattering system be
comes a colour singlet and the proton rem
nant another singlet. These systems hadro-
nise independently of each other and are sep
arated by a rapidity gap. The gap can be 
large because the primary gluon has a small 
momentum fraction x0 given by the gluon 
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density g(x0,Ql) ~ ^ " ( l - x0)
5, leaving a 

large momentum fraction (1 — XQ) to the rem
nant which can form a leading proton. 

The soft gluon exchange 
is non-perturbative and hence its probabil
ity cannot be calculated theoretically. The 
model, therefore, introduces a single parame
ter P for the probability of exchanging such a 
soft gluon between any pair of partons, where 
one of them should be in the remnant repre
senting the colour background field. Apply
ing this on the partonic state, including rem
nants, in the Lund Monte Carlo generators 
LEPTO for ep and PYTHIA for hadronic in
teractions, e.g. pp, leads to variations of the 
string topologies and thereby different final 
states after hadronisation. 

The definition of diffraction through the 
gap-size is a highly infrared sensitive observ
able, as demonstrated in Fig. 8 for DIS at 
HERA. At the parton level, even after per-
turbative QCD parton showers, it is quite 
common to have large gaps. Hadronising 
the conventional string topology from the 
pQCD phase, leads to an exponential sup
pression with the gap-size, i.e. a huge non-
perturbative hadronisation effect. Introduc
ing the soft colour interactions causes a dras
tic effect on the hadron level result, with a 
gap-size distribution that is not exponentially 
suppressed but has the plateau characteristic 
for diffraction. The result of the SCI model is 
remarkably stable with respect to variation of 
the soft gluon exchange probability parame
ter, illustrating that the essential effect arises 
when allowing the possibility to rearrange the 
colour string topology. The gap events are in 
this approach nothing special, but a fluctua
tion in the colour topology of the event. 

Selecting the gap events in the Monte 
Carlo one can extract the diffractive struc
ture function and the model (choosing P « 
0.5) describes quite well14 the main fea
tures of F°{3){xP, /3, Q2) observed at HERA 
(Fig. 3). This is not bad for a one-parameter 
model! 

Jnadrons 

Figure 8. Distribution of the size A.ymax of the 
largest rapidity gap in DIS events at HERA simu
lated using LEPTO (standard small-a: dominated DIS 
event sample with Q2 > 4 GeV2 and x > 1 0 - 4 ) . 
The dashed-dotted curve represents the parton level 
obtained from hard, perturbative processes (matrix 
elements plus parton showers). The dashed curve is 
for the hadronic final state after standard Lund model 
hadronisation, whereas adding the Soft Color Inter
action model results in the full curve. The dotted 
curve is when the SCI probability parameter P has 
been lowered from its standard value 0.5 to 0.1. 

By moving the SCI program code from 
LEPTO to PYTHIA, exactly the same model 
can be applied to pp at the Tevatron. Using 
the value of the single parameter P obtained 
at HERA, one obtains the correct overall 
rates of diffractive hard processes as observed 
at the Tevatron, see Table 1. Differential dis
tributions are also reproduced15 as exempli
fied in Fig. 9, which also demonstrates that 
the pomeron model is far above the data 
and PYTHIA without the SCI mechanism is 
far below. The SCI model also reproduces 
the observed two-gap events (conventionally 
called double pomeron exchange) with a cen
tral hard scattering system15. 

The phenomenological success of the SCI 
model indicates that it captures the most es
sential QCD dynamics responsible for gap 
formation. It is therefore interesting that re
cent theoretical developments provide a basis 
for this model. As is well known, the QCD 
factorization theorem separates the hard and 
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Figure 9. Ratio of diffractive to non-diffractive dijet 
events versus momentum fraction x of the interacting 
parton in p. CDF data (with error band) compared 
to the POMPYT pomeron model, default PYTHIA and 
the SCI model.15 

soft dynamics and is the basis for the defini
tion of the parton density functions (pdf) 

fq/N ~ Jdx-e-"^+x~/2{N(p)\i,(x-) 

7
+ W[T-;0]V(0) | iV(p) ) , + =o 

where the nucleon state sandwiches an op
erator including the Wilson line W[x_;0] = 
Pexp ig f0 dw~A+(Q,w~,0±)ta which is 
a path-ordered exponential of gluon fields. 
The physical interpretation becomes trans
parent if one expands the exponential 
giving16 

VF[a;";0] ~ 1 + g / dk+A+(kt) , 
' / • 

2TT kj • IE 
(5) 

& J ~W? 
A+(k+)A+(k+) 

^2 (fc+ + k+ - ie){k+ - ie) 

with terms of different orders in the strong 
coupling g. As illustrated in Fig. 10, the first 
term is the scattered 'bare' quark and the 
following terms corresponds to rescattering 
on the target colour field via 1,2.. .gluons. 
This rescattering16 has leading twist contri
butions for longitudinally polarised gluons, 
which are instantaneous in light-front time 

Tk~ Ik, i* 

V 

Figure 10. Diagram representation of Eq. 6 with the 
scattered quark from a hard vertex (marked by the 
cross) and having 0,1,2.. . rescatterings on the gauge 
field of the target (upper part) and its application in 
DIS (lower part). 

x+ = t + z and occurs within Ioffe coherence 
length ~ 1/m.pXBj of the hard DIS interac
tion. 

This implies a rescattering of the scat
tered quark with the spectator system in DIS 
(Fig. 10). Although one can choose a gauge 
such that the scattered quark has no rescat
terings, one can not 'gauge away' all rescat
terings with the spectator system16. The sum 
of the couplings to the gg-system in Fig. 11a 
gives the same result in any gauge and is 
equivalent to the colour dipole model in the 
target rest system (discussed below). Thus, 
there will always be such rescatterings and 
their effects are absorbed in the parton den
sity functions obtained by fitting inclusive 
DIS data. 

This has recently been used17 as a basis 
for the SCI model. As illustrated in Fig. 11a, 
a gluon from the proton splits into a qq pair 
that the photon couples to. Both the gluon 
and its splitting are mostly soft since this has 
higher probability (g(x) and as). The pro
duced qq pair is therefore typically a large 
colour dipole that even a soft rescattering 
gluon can resolve and therefore interact with. 
The discussed instantaneous gluon exchange 
can then modify the colour topology before 
the string-fields are formed such that colour 
singlet systems separated in rapidity arise 
producing a gap in the final state after hadro-
nisation as described by the SCI model. 

Similarly, the initial gluon may also split 
softly into a gluon pair followed by perturba-
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tive g —> qq giving a small qq pair (Fig. l ib) . 
Soft rescattering gluons can then not resolve 
the qq, but can interact with the large-size 
qq-g colour octet dipole and turn that into a 
colour singlet system separated from the tar
get remnant system that is also in a colour 
singlet state. Higher order perturbative emis
sions do not destroy the gap, since it occurs 
in the rapidity region of the hard system and 
not in the gap region. 

j*(q) 

A" 

Y 
rL~\ fm 

!*> * 

p-kj 

(a) 

y*(q) 

Figure 11. Low-order rescattering correction to DIS 
in the parton model frame where the virtual pho
ton momentum is along the negative z-axis with 
q = (q~*~,q~,q±) — (—mpxg, 2v, 0) and the target 
is at rest. The struck parton absorbs nearly all the 
photon momentum giving pi ~ (0, 2i/,p\j_) (aligned 
jet configuration). In (a) the virtual photon strikes 
a quark and the diffractive system is formed by the 
qq pair (pi,p2) which rescatters coherently from the 
target via 'instantaneous' longitudinal (-A+) gluon ex
change with momentum k?. In (b) the QQ quark pair 
which is produced in the j*g —> QQ subprocess has 
a small transverse size r±_ ~ 1/Q and rescatters like 
a gluon. The diffractive system is then formed by the 
(QQ) 9 system. The possibility of hard gluon emis
sion close to the photon vertex is indicated. Such 
radiation (labeled k) emerges at a short transverse 
distance from the struck parton and is not resolved 
in the rescattering. 

) Rapidity 
J gap 

^ Rapidity 
J gap 

Figure 12. Diffractive DIS in the semi-classical 
approach18 where the photon fluctuates into a qq or 
qqg system that interacts non-perturbatively with the 
proton colour field in the proton rest frame (left) and 
the corresponding Breit frame interpretations (right). 

Moreover, the rescattering produces on-
shell intermediate states having imaginary 
amplitudes16, which is a characteristic fea
ture of diffraction. This theoretical frame
work implies the same Q2,x,W dependencies 
in both diffractive and non-difff active DIS, in 
accordance with the observation at HERA. 

In this approach the diffractive structure 
function is a convolution F2

D ~ 9p(xp)f((3) 
between the gluon density and the gluon 
splitting functions /(/3) ~ /32 + (1 - f3)2 for 
g - w a n d /(/?) ~ (l- /?(l- /3))/( /?(l- /3) for 
9 ~~* 99 (assuming that these perturbative ex
pressions provide reasonable approximations 
also for soft splittings). Connecting to the 
pomeron language, this means that the gluon 
density replaces the pomeron flux and the 
gluon splitting functions the pomeron par-
ton densities. One can note that the weak j3 
dependence observed in the diffractive struc
ture function (Fig. 4), here gets a natural 

D(4) explanation since Fffifi) = F2 /fp/p 
X rp D(4) (x), i.e. the applied factor x/f3 essen
tially cancels the increase of the proton struc
ture function F2 at small x. 

Another approach, which has some 
similarities, is the so-called semi-classical 
approach18. The analysis is here made in the 
proton rest frame where the incoming pho
ton fluctuates into a qq pair or a qq-g sys
tem that traverses the proton (Fig. 12). The 
soft interactions of these colour dipoles with 
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Figure 13. Diffractive DIS in the model19 based on 
two-gluon exchange between the non-perturbative 
proton and the perturbative fluctuation of the photon 
to qq and qqg colour dipoles. 

the non-perturbative colour field of the pro

ton is estimated using Wilson lines describ

ing the interaction of the energetic partons 

with the soft colour field of the proton. The 

colour singlet exchange contribution to this 

process has been derived and shown to give 

leading twist diffraction when the dipole is 

large. This corresponds to a dipole having 

one soft parton (as in the aligned jet model), 

which is dominantly the gluon in Fig. 12b. 

One is thus testing the large distances in the 

proton colour field. This soft field cannot 

be calculated from first principles and there

fore modelled involving parameters fitted to 

data. This theoretical approach is quite suc

cessful in describing the da ta (in Fig. 3) on 

F2
D{3)(xP;(3,Q2). 

Yet another approach starts from pertur

bative QCD and a t tempts to describe diffrac

tive DIS as a two-gluon exchange1 9 . Again 

the photon fluctuates into a qq or a qq-g 

colour dipole. The upper part of the cor

responding diagrams shown in Fig. 13 can 

be calculated in perturbative QCD giving es

sentially the (3 and Q2 dependencies of the 

diffractive structure function 

xFFfM=F% + l? qq qqg ^ qq (6) 

with contributions of qq and qqg colour 

dipoles from photons with transverse (T) and 

longitudinal (L) polarization given by 

FT 

qq 

FT 

qqg 

A{Z) ""-« 
B 

( xp 
a s l n ( ^ 2 + 1 ) ( 1 - / 3 ) T 

ZEUS 
BEKW(mod): — Total —• (qq)T ( q q \ •••- (qqg)T 

M v = 1.2GeV 3 GeV 6 GeV 11 GeV 20 GeV 30 GeV 
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Figure 14. ZEUS data 2 0 on the diffractive structure 
function F°^3) (XP;I3, Q2) with fits of the model19 

for perturbative QCD two-gluon exchange. 

c Xp 

01 
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l n ( -
4Q0

2/3 
2 o + 1 . 7 5 ) 

/ 3 3 ( l - 2 / 3 ) 2 

In 2 ! 1 for twist where nT = nTU + nT\ In 

T = 2 , 4 . 

The lower part of the diagram, with the 

connection to the proton, cannot be calcu

lated perturbatively. This soft dynamics is 

introduced through a parameterisation where 

one fits the xp dependence, which introduces 

parameters for the absolute normalization 

A,B,C as well as nTo,nTi,-f. The result2 0 

is a quite good fit to the da ta as shown in 

Fig. 14. The different contributions from the 

two dipoles and photon polarizations are also 

shown, which provide interesting information 

on the QCD dynamics described by this ap

proach. 

This perturbative two-gluon exchange 

mechanism is theoretically related to the pro

cesses in the following section. 



5 Gaps between jets and BFKL 

In the processes discussed so far, the hard 
scale has not involved the gap itself since the 
leading proton has only been subject to a soft 
momentum transfer across the gap. A new 
milestone was therefore the observation21 at 
the Tevatron of events with a gap between 
two high-pj_ jets. This means that there is a 
large momentum transfer across the gap and 
perturbative QCD should therefore be appli
cable to understand the process. This is in
deed possible by considering elastic parton-
parton scattering via hard colour singlet ex
change in terms of two gluons as illustrated 
in Fig. 15. In the high energy limit s/\t\ 3> 1, 
where the parton cms energy is much larger 
than the momentum transfer, the ampli
tude is dominated by terms ~ [as ln(s/ | i |)]n 

where the smallness of as is compensated 
by the large logarithm. These terms must 
therefore be resummed leading to the famous 
BFKL equation describing the exchange of a 
whole gluon ladder (including virtual correc
tions and so-called reggeization of gluons). 

This somewhat complicated equation has 
been solved numerically22, including also 
some non-leading corrections which turned 
out to be very important at the non-
asymptotic energy of the Tevatron. This gave 
the matrix elements for an effective 2 —> 2 
parton scattering process, which was imple
mented in the Lund Monte Carlo PYTHIA 

such that parton showers and hadronisa-
tion could be added to generate complete 
events. This reproduces the data, both in 
shape and absolute normalization, which is 
not at all trivial, as demonstrated in Fig. 16. 
The non-leading corrections are needed since 
the asymptotic Mueller-Tang result has the 
wrong ET dependence. A free gap survival 
probability parameter, which in other models 
is introduced to get the correct overall nor
malization, is not needed in this approach. 
Amazingly, the correct gap rate results from 
the complete model including parton show-
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Figure 15. Hard colour singlet exchange through a 
BFKL gluon ladder giving a rapidity gap between 
two high-p_L jets. 

ers, parton multiple scattering and hadro-
nisation through PYTHIA together with the 
above discussed soft colour interaction model. 
The latter must be included, since the rescat-
terings are always present as explained above 
and without them an ad hoc 15% gap sur
vival probability factor would have to be in
troduced. 

This process of gaps between jets pro
vides strong evidence for the BFKL dynamics 
as predicted since long by QCD, but which 
has so far been very hard to establish exper
imentally. 

Related to this is the new results from 
ZEUS23 on the production of J/ip at large 
momentum transfer t in photoproduction at 
HERA. The data, shown in Fig. 17, agree well 
with perturbative QCD calculations24 (based 
on the hard scales t and mcg) for two-gluon 
BFKL colour singlet exchange. As illustrated 
in Fig. 18, not only the simple two-gluon ex
change is included, but also the full gluon 
ladder in either leading logarithm approxi
mation or with non-leading corrections. Al
though the conventional DGLAP approxima
tion can provide a good description in part 
of the ^-region, in order to describe the full t-
region and the energy dependence of this pro
cess one needs the BFKL formalism. Thus, 
this provides another evidence for BFKL dy
namics. 
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Figure 16. Fraction of jet events having a rapidity 
gap in |?7| < 1 between the jets versus the second-
highest jet-Bj1 . DO data compared to the colour 
singlet exchange mechanism22 based on the BFKL 
equation with non-leading corrections and with the 
underlying event treated in three ways: simple 3% 
gap survival probability, PYTHIA'S multiple interac
tions (MI) and hadronisation requiring a 15% gap 
survival probability, MI plus soft colour interactions 
(SCI) and hadronisation with no need for an overall 
renormalisation factor. Also shown is the Mueller-
Tang (MT) asymptotic result with a 11% gap survival 
probability. 
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|t| (GeV2) 

Figure 17. Differential cross-section dcr/d\t\ for the 
process 7 + p —* J/tf> + Y. ZEUS data compared23 

to BFKL model calculations using leading log (LL) 
with fixed as, and including non-leading (non-L) 
corrections with fixed or running aB as well as sim
ple leading log DGLAP. 

6 Future 

The discussions above illustrate that hard 
diffraction is a 'laboratory' for QCD studies. 
This obviously includes small-x parton dy
namics and two- or multi-gluon exchange pro
cesses, such as gluon ladders and the BFKL 
equation. Moreover, high gluon densities lead 
to the concept of continuous colour fields 
and the interactions of a high energy par-
ton traversing a colour field as described by 
the soft colour interaction model and the 
semiclassical approach discussed above. This 
has natural connections to the quark-gluon 
plasma and the understanding of the jet 
quenching phenomenon as an energy loss for 
a parton moving through the plasma colour 
field. 

Fundamental aspects of hadronisation 
also enters concerning gap formation and the 
production of leading particles from a small 
mass colour singlet beam remnant system. 

The latter is not only a problem in diffrac
tion, but of more general interest, e.g. to un
derstand how one should map a small-mass cc 
pair onto the discrete charmonium states25. 

We can still not exclude the possibility 
that the pomeron is some special kind of 
non-perturbative colour singlet gluonic sys
tem in the proton wave function. If so, 
this could be connected with the recently de
veloped three-dimensional proton structure26 

fq,g/P{x,b,Q2), where the quarks and glu-
ons in the proton do not only have the nor
mal x, Q2 variables, but also an impact pa
rameter b giving the transverse distance of 
the struck parton from the proton center as 
obtained by Fourier transformation of mea
sured transverse momentum. Such analyses 
have led to speculations that the proton has a 
core of valence quarks surrounded by a cloud 
of sea partons. It is conceivable that such 
a cloud contains special gluon configurations 
that correspond to the pomeron. 



Figure 18. Diffractive vector meson production at 
large momentum transfer as described by perturba-
tive QCD hard colour singlet exchange via two gluons 
and a gluon ladder in the BFKL framework24. 

As long as QCD has important unsolved 

problems, diffraction will continue to be an 

interesting topic. This brings us to the LHC, 

where we will have all of the above diffractive 

processes but also some new ones. 

A topical and controversial issue cur

rently is diffractive Higgs production at LHC. 

The first idea was here to exploit the fact 

tha t diffractive events are cleaner due to less 

hadronic activity and tha t it should there

fore be easier to reconstruct a Higgs through 

its decay products in such an environment. 

This has even been considered as a Higgs dis

covery channel. At the Tevatron the cross-

sections turns out to be very small due to the 

low energy available when the leading pro

ton has only lost a small energy fraction27 . 

At the LHC, however, the cross-sections are 

quite reasonable, but Monte Carlo studies2 7 

show tha t the events are not as clean as ex

pected because the energy is so large tha t one 

can have a leading proton and a large gap 

(typically outside the detector) and still have 

plenty of energy to produce a lot of hadronic 

activity together with the Higgs. 

The exclusive process pp —> pHp is, 

however, quite interesting. By measuring the 

protons one can here calculate the Higgs mass 

with missing mass techniques, without even 

looking at the central system. Therefore, 

plans are in progress for adding such lead

ing proton spectrometers some hundred me

ters downstream in the LHC beam line (e.g. 

the '420 m' project). On the theoretical side 

there has been several model calculations for 

this exclusive process. The cross-section es-
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Figure 19. Diagram for the exclusive process pp —> 
pH p, where the scales MH > Q > A.QCD motivate 
the use of perturbative QCD. 

t imates vary by some orders of magni tude 2 8 , 

so some models must be substantially wrong. 

The most reliable state-of-the-art calcu

lation is by the Durham group2 9 based on the 

diagram in Fig. 19. The basic process is cal

culated in perturbative QCD using Sudakov 

factors to include the requirement of no gluon 

radiation tha t would destroy the gap. There 

are, of course, also soft processes tha t might 

destroy the gap and these are taken into ac

count by a non-trivial estimate of the gap sur

vival probability. This gives a cross-section 

a ~ 3 fb for MH = 120 GeV at LHC giving 

~ 90 events for J C ~ 30 / 6 _ 1 , which is cer

tainly of experimental interest. At the Teva

tron the cross-section is a ~ 0.2 fb, which is 

too small to be of interest. Here, however, 

one can make important tests of this model 

calculation by instead of the Higgs consider 

similar exclusive production of smaller mass 

systems such as Xc jet-jet and 77 which have 

larger cross-sections29. 

7 Conc lus ions 

After 20 years of hard diffraction it is obvi

ous tha t there has been great progress. Most 

importantly, this phenomenon has been dis

covered both in pp and ep resulting in a lot 

of high-quality data, much more than could 

be presented here. The developments of the-
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ory and models have provided working phe-

nomenological descriptions, but we do not 

have solid theory yet. Hard diffraction has 

become an important part of QCD research 

where, in particular, the interplay of hard and 

soft dynamics can be investigated. 

In the new QCD-based models, empha

sized above, the pomeron is not a part of the 

proton wave function, but diffraction is an ef

fect of the scattering process. Models based 

on interactions with a colour background field 

are here particularly intriguing, since they 

provide an interesting approach which avoids 

conceptual problems of pomeron-based mod

els, such as the pomeron flux, but also pro

vide a basis for constructing a common theo

retical framework for all final states, diffrac-

tive gap events as well as non-diffractive 

events. 

But, there are still gaps in our under

standing. This is not altogether bad, because 

it means tha t we have an interesting future 

first a few years at HERA and the Tevatron 

and then at the LHC. 
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D I S C U S S I O N 

J o n B u t t e r w o r t h (UCL): 

Is there a connection between the soft 

colour interactions which give rapidity 

gaps, and those which can form the J/ip 

in colour octet calculations? 

G u n n a r Inge lman: Yes, I think so. These 

are different theoretical techniques for 

describing the same, or similar, basic 

soft interactions. The colour octet model 

provides a nice theoretical framework 

with proper systematics, but one still 

need to fit uncalculable non-perturbative 

matrix elements to data. The SCI 

model s tarted as a very simple phe-

nomenological model and is now con

nected to QCD rescattering theory giv

ing it more theoretical support. Also 

I think one should not see these dif

ferent approaches, including the QCD-

based models for diffraction tha t I have 

discussed, as excluding each other. It 

is not so tha t one is right and the oth

ers wrong. None is fully right, but they 

can be bet ter or worse for describing and 

understanding different aspects of these 

poorly understood soft phenomena and 

all of them are likely to contribute to an 

improved understanding. 

K l a u s M o n i g (LAL/DESY): 

If the Pomeron is in fact soft gluon ex

change, shouldn't there be rapidity gaps 

also between quark and gluon jets at 

LEP? 

G u n n a r Inge lman: When using the SCI 

model for e + e ~ we observed a very low 

rate of gaps, as is also the case in the 

data. This is due to the lack of an initial 

hadron giving a spectator system. The 

large gaps in ep and pp depend on having 

a hadron remnant system taking a large 

fraction of the beam momentum when 

a soft gluon interacts. This remnant is 

then far away in rapidity from the rest 

and when it emerges as a colour singlet 

there will be large gap in rapidity after 

hadronisation. 

S t e p h e n L Olsen (Hawaii): 

At the B-factories we see an anoma

lously strong cross-section for exclusive 

e + e " - • J/ip r]c (at ^/s = 10.6 GeV). 

This is as large a "gap" as possible at 

this energy. Can your methods be used 

to adress processes like these? 

G u n n a r Inge lman: In principle yes, since 

the SCI model is implemented in the 

Lund Monte Carlos one could try it on 

anything tha t those Monte Carlos can 

simulate. However, there is a techni

cal complication here when hadronising 

into an exclusive two-body final state, 

which the Lund hadronisation model 

is not constructed for and not suit

able for. In spite of this, we have 

made recent progress in applying the 

model to exclusive 5-meson decays, such 

as B -^ J/tpK, were the SCI mech

anism increases the rate for such de

cay modes which are colour suppressed 

in the conventional theory. It may 

therefore be possible to apply it also 

for your process, but it cannot be ob

tained by just running the Monte Carlo 

straightforwardly—a dedicated study of 

the problem would be required. 
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We first deal with the muon anomalous magnetic moment which is found to differ from the standard 
model prediction by 2.7 a. A new proposal will aim at reducing the error by a factor 2. The main part 
of the paper then deals with the spin structure of the nucleon which can be studied in terms of quark 
and gluon helicity distributions, quark transversity distributions and generalized parton distributions. 
The main recent results are first indications that the total gluon spin in the nucleon might be small 
and a first measurement of the Collins fragmentation function which is needed to extract transversity 
distributions from semi-inclusive DIS data. 

1 The muon anomalous magnetic 
moment 

The muon anomalous magnetic moment a^ = 
(g^ — 2)/2 can be both measured and com
puted very accurately. Deviations from the 
standard model prediction are expected ac
cording to many models: SUSY, leptoquark, 
muon substructure or anomalous W coupling. 

The E821 experiment1 in Brookhaven 
makes use of a muon beam obtained by pion 
weak decay. This beam is naturally polarized 
due to parity violation in pion decay. The 
muons are injected in a ring where their spins 
rotate slightly faster than their momentum. 
This precession is proportional to aM. The 
rate of positrons from muon decay is recorded 
in 24 electromagnetic calorimeters. Due to 
parity violation in muon decay this rate is 
a decreasing exponential modulated at the 
precession frequency, as illustrated in Fig. 1. 
The rate is fitted by N(t) = N0 e-*/T[l ± 
Acos(wat + (p)} which provides the precession 
frequency u>a. The magnetic field is measured 
by a NMR probe in units of the free proton 
precession frequency, top. Knowing the ra
tio of muon-to-proton magnetic moment from 
muonium experiments, the ratio ioajuJv pro
vides a„ = (11,659,208±5±3) x HT1 0 . This 
is an accuracy of 0.5 ppm, which is 15 times 
better than the previous experiment. 

The calculation of a^ in the standard 
model involves several contributions dis-

Table 1. World averaged experimental measurement 
and various theoretical contributions to aM in units 
of 10~ 1 0 , see text 

QED 
HadLO 
Had LBL 
Had HO 
weak 
total 
exp 
exp-the 

11, 659,471.94 ±0.14 
693.4 ±6 .4 

12.0 ±3.5 
-10.0 ±0.6 
15.4 ±0.22 

11,659,182.7 ±7 .3 
11,659,208 ± 6 

25.3 ±9.4 

played in table 1. The QED contribution is 
by far the largest. It is computed up to 4 
loops and is then very accurately known. The 
weak contribution is small; it is computed to 
2 loops and is also very accurately known. 
The hadronic contribution is split into three 
terms: leading order (LO), light by light term 
(LBL) and higher order (HO). The evalua
tion of the leading order term (hadronic vac
uum polarization) is based on e+e~ data. An 
evaluation from tau decay data is also possi
ble but it requires several delicate corrections 
and it does not give a result compatible with 
those from e+e~. 

As can be seen in the table, the world 
averaged experimental result differ from the 
standard model prediction by 25.3 ± 9.4, 
i.e. 2.7 a. A new experiment, E969, is pro
posed in order to reach 8a^ sa 2 • 10~10. The 
main ideas and the ring will be kept, the num-

mailto:jmlegoff@cea.fr
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Figure 1. The positron rate in E821 as a function of 
time exhibits an exponential shape (note logarithmic 
vertical scale) modulated at the precession frequency. 

ber of muons will be increased by a factor 
5 and the systematics decreased. Together 
with expected improvements in the theory a 
gain by a factor 2 is expected in the error on 
the difference between experiment and the
ory. This should clarify whether the 2.7 a 
discrepancy observed is a real effect or not. 

2 Quark polarized distributions 

The spin 1/2 of the nucleon can be de
composed in the contributions from its con
stituents as2 

~-AY, + AG + La + L 9> (1) 

where AE is the total number of quarks with 
spin parallel to the spin of the nucleon mi
nus the number of quarks with spin anti-
parallel; once weighted by the spin of the 
quark, i.e. 1/2, this is the contribution from 
the quark spins to the nucleon spin. Simi
larly, AG is the contribution from the spin of 
the gluons (which have spin 1). Finally, Lq 

and Lg are the contributions from the orbital 
angular momentum of quarks and gluons, re
spectively. 

The contribution AE can be measured in 
inclusive deep inelastic scattering (DIS) ex
periments where a high energy lepton scatters 
on a nucleon target through the exchange of 

a virtual photon. There exist only two in
dependent Lorentz invariants which can be 
chosen as Q2 = — q2 the virtuality of the 
photon, and Xf,j = Q2/2Mv, where v is 
the photon energy and M the nucleon mass. 
Q2 gives the probe resolution, while Xbj can 
be interpreted as the fraction of the nucleon 
momentum carried by the quark which ab
sorbed the virtual photon. In unpolarized 
DIS one measures cross sections which in
volve two structure functions depending only 
on the two invariants x and Q2. To first 
order (i.e. in the parton model) the Q2 de
pendence vanishes, indicating scattering on 
point-like particles (the quarks) and we have 
e.g. F\{x) = | ^e2q(x). Here the quark dis
tribution function q(x) gives the probability 
density for finding inside the nucleon a quark 
of flavor q and momentum fraction x. 

In polarized DIS one measures cross-
section spin differences, ACT — a^ — CT^, 
which involve the polarized structure func
tions <7i and 52- I n the parton model <?i 
reads g\{x) = i ^ e 2 A g ( x ) , where Aq(x) = 
q+{x) — q~(x) counts the number of quarks 
with spin parallel to the spin of the nucleon 
minus the number of quarks with spin an-
tiparallel. 

In 1988 the EMC experiment measured 
F i = Jo 9i{x)dx = U > q A 9 > where Aq = 
J0 q(x)dx. The sum Au + Ad + As is then 
the total number of quarks with spin parallel 
minus those with spin antiparallel, whatever 
their momentum and flavor, i.e. the quark 
spin contribution to the nucleon spin, AE. 
Combining the measurement of Ti with hy-
peron beta-decay data and using flavor SU(3) 
symmetry, they got AE = 12 ± 9 ± 14%. 
Due to a theoretical expectation of w 60% 
this came as a big surprise, which was adver
tised as the "spin crisis", and the correspond
ing paper3 is still one of the 6 most cited 
experimental papers on the SLAC SPIRES 
database. The result was confirmed by 
SMC4, SLAC5 and HERMES6, giving AE = 
20 to 30 % depending on the analysis. The 
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Figure 2. The virtual-photon deuteron asymmetry Af ~ g\/F\ measured by COMPASS. The error bars 
represent the statistical error and the band the systematic error. 

main uncertainty in this result arises from 
the extrapolation in the unmeasured region 
at x < 0.003. 

The new gf data7 from COMPASS pre
sented in fig 2 cover the range 0.004 < x < 
0.5. Below a few 10 - 2 they have much 
smaller errors than earlier data as can be seen 
in the insert. Including these data in a QCD 
analysis performed by COMPASS changes 
AE from 0.202t°o°of7 to 0.237+£;^, where we 
note a reduction of the error by about a factor 
2. 

The final gt data of HERMES8 on pro
ton, deuteron and neutron, presented in 
Fig. 3, exhibit a very good statistical accu
racy. The smearing between x bins, due to 
spectrometer resolution and radiative effects, 
was taken into account in the analysis, re
sulting in a correlation between the measure
ments in the different bins. 

Jefferson laboratory has obtained the 
first accurate virtual-photon neutron asym
metries A\ « 9\IF\ at high x 9, showing 
for the first time that A" becomes positive 
for x > 0.5. Combined with world aver
aged A\ data, this provides a measurement 
of Au/u and Ad/d as illustrated in Fig. 4. If 
orbital angular momentum is neglected, per-

O ) 0.06 
X 

proton 

HERMES 
SMC 
E155 
E143 

.+u*.** 
deuteron 

COMPASS 

neutron (3He) 

E142 
E154 
JLAB 

Figure 3. The final set of HERMES S l 

pared to published data. 

X 

data com-
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Figure 4. Au/u and Ad/d as a function of x from 
JLab (full circles) and HERMES (open circles) com
pared to various models. 

turbative QCD predicts that both Au/u and 
Ad/d should go to 1 when x goes to 1. In 
the figure we note that this seems indeed to 
be the case for Au/u but that Ad/d remains 
negative up to the highest measured x, 0.6. 
This might indicate that orbital angular mo
mentum cannot be neglected, at least in the 
particular domain of high x. 

As a conclusion of this section devoted to 
quark contributions, we should say that the 
measurement of Ti does not exactly provide 
AS, but rather the singlet axial matrix ele
ment CLQ. Naively, the two quantities are iden
tified. However, due to the axial anomaly in 
QCD, they are related by 

a0 = A S - — A G . 
2TT 

(2) 

If AG = 0 then AS = a0 « 0.2, but if AG is 
large, on the order of 2.5, we get AS on the 
order of 0.6, which solves the spin crisis. 

3 Gluon polarized distribution 

3.1 With a lepton beam 

Although they do not carry an electric charge 
the gluons can be probed with a lepton beam 
using the photon gluon fusion (PGF) process, 
7*5 —> qq, where the gluon interacts with 
the virtual photon through the exchange of 
a quark and a qq pair is produced in the fi
nal state. The cross section for this process 
is of course much smaller than for the leading 
order absorption of the virtual photon by a 
quark. Therefore a tagging is needed. 

The cleanest tagging is provided by re
quiring the qq pair to be a cc pair, since the 
presence of c quarks inside the nucleon (in
trinsic charm) is negligible. The c quark is 
identified in the form of a D° meson which 
decays to KIT with a 4% branching ratio. 
Due to multiple scattering inside the thick 
polarized target the D° decay vertex can
not be distinguished from the primary ver
tex and the D° is seen as a peak in the 
reconstructed Kir mass above a combinato
rial background. This background can be re
duced by selecting D° coming from the de
cay D* —> D°ns. Because the difference of 
masses MD* - MDo - Mn is only 6 MeV 
the IT is soft and there is little phase space 
for the background. Due to the background 
and the small cross section, this channel is 
statistically limited: using 2002 and 2003 
data COMPASS gets AG/G = -1.08 ± 0.76. 
There is twice as much data in the 2004 run 
and the data taking is resuming in 2006 with 
an improved apparatus. 

In the absorption of the virtual pho
ton by a quark, the produced hadrons go 
in the direction of the virtual photon with 
a small transverse momentum pt relative 
to it. An alternative tagging of PGF is 
then obtained by requiring a pair of hadrons 
with large pt- However, there are several 
sources of physical background and the mea
sured asymmetry can be written as A\\ = 
RPGFa^F(AG/G) + Abckg. Here RPGF 
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is the fraction of PGF event in the sample; 
aLL ^s * n e analyzing power, i.e. the spin 
asymmetry of the PGF process which can be 
computed in perturbative QCD; and Af,ckg is 
the asymmetry of the background. The back
ground includes the QCD Compton process, 
j*q —> qg, and at low Q2 the resolved pho
ton processes where the photon fluctuates to 
a hadronic state and one of the partons from 
the photon interacts with one of the partons 
from the nucleon. 

Analyzing 2002 and 2003 data at Q2 < 1 
GeV2, using Pythia to estimate RPGF and 
Abckg, COMPASS obtains10 : 

AG 
-7r{x = 0.10) =0.024 ±0.089 ±0.057. (3) 
G 

Such a low systematic error is obtained due 
to the fact that a large part of the error 
is proportional to the asymmetry, which is 
small. This result is presented in Fig. 5, to
gether with earlier measurements. The HER
MES measurement11 is dominated by low Q2 

data where the resolved photon contribution 
is important. The background asymmetry 
was however neglected in this analysis, which 
may cast some doubt on the result. The SMC 
result12 and the COMPASS result at Q2 > 1 
come from a region where the background 
is easier do deal with. However, they suffer 
from low statistics. 

(3° 
\ # COMPASS Q2 < 1 GeV2 

A COMPASS Q2 > 1 GeV2 

• SMC Q2 > 1 GeV2 . / 

: T HERMESJewrO*'"^ ^ 

: y 

A / 
- T " 
- * • - ' 

T 

i 

y 

Figure 5. Various measurements of AG/G compared 
to three parametrisations from GRSV corresponding 
to integrals AG = J 1 AG{x)dx = 0.2 (dots), 0.6 
(dashes) and 2.5 (continuous). 

The experimental results are compared 
to three parametrisations from GRSV13 cor
responding to integrals AG = L AG(x)dx = 
0.2, 0.6 (standard) and 2.5 (max). We can see 
that the new COMPASS result is not com
patible with the "max" parametrization with 
AG = 2.5. This favors lower values of AG, 
but it is still possible that AG(x) has a more 
complicated shape, e.g. crossing zero around 
a; = 0.1. 

3.2 With a pp collider 

The gluon polarization can also be measured 
in a polarized proton-proton collider, such as 
RHIC. The golden channel is pp —> 7+ jet 
+X. This occurs through the partonic pro
cess qg —> 57, so it provides a convolution of 
AG in one proton with Aq in the other pro
ton. There is a physical background, qq —> 
75, but its contribution is small in RHIC 
kinematics. RHIC has not yet accumulated 
enough luminosity to use this channel. 

# ALL from pp at xli=200 GeV 

°-1h J Run 4 (preliminary) 
i Run 3 

L $ Combined 0.05 

Scaling error of -65% 
is not included. 

0 1 2 3 4 5 6 
pT(GeV/c) 

Figure 6. Longitudinal spin asymmetry ALL f° r 

pp—> TT°X measured by Phenix. 

Another possibility is to look at TT° pro
duction. At the partonic level this involves 
99 ~~* 99) 91 ~^ 9Q a n d qq —+ qq- So the mea
sured asymmetry includes contributions pro
portional to AG<g>AG, Aq<&AG and Aq®Aq. 
Fig. 6 presents the results obtained14 by the 
Phenix collaboration at RHIC out of runs 
3 and 4, compared to two of the previous 
GRSV parametrizations13. The error bars 
are still large but the result tends to disfavor 
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the max parametrization. Run 5 was finished 

in June 2005 and it is expected to provide a 

gain by a factor wlOO in terms of the factor 

of merit, CPA. 

4 Transvers i ty 

At leading twist there exist three par ton dis

tribution functions for the nucleon15 . The 

unpolarized pdf, q(x), the longitudinally po

larized pdf or helicity pdf, Aq(x) = q+(x) — 

q~(x), and the transversity pdf, ATq(x) = 

q^(x)—q^(x). Here q^ (x) is the probability 

density function for finding a quark with spin 

parallel to the spin of the nucleon but when 

the direction of the spin is observed perpen

dicularly to the momentum. Because rota

tions do not commute with Lorentz boosts 

transversity and helicity distributions differ. 

For instance, due to gluons having spin 1, 

there is no gluon transversity distribution, 

while there is a gluon helicity distribution. 

Transversity is a chiral odd function. 

Therefore, since all hard processes conserve 

helicity, it decouples from DIS as illustrated 

in Fig. 7. In order to measure transversity, 

one needs to introduce a second soft object 

in addition to transversity, to allow for helic

ity flip. The simplest solution is to introduce 

a second proton and to measure Drell-Yan 

process, pp —> l+l~X. This happens through 

the hard process qq —> 7* —> l+l~ and pro

vides the convolution of Axq in one proton 

by Arq in the other proton. 

It is also possible to measure transver

sity in semi-inclusive DIS. In this case the 

second soft object is a polarized fragmenta

tion function and one measures the product 

of transversity times this polarized fragmen

tation function. Two kinds of polarized frag

mentation have been used so far. The Collins 

fragmentation function tells how much the 

transverse spin of the fragmenting quark is 

reflected in the azimuthal distribution of the 

produced hadrons. It results in an azimuthal 

asymmetry in terms of the Collins angle, 

Figure 7. A pdf represents the probability to emit a 
parton from the nucleon. The square of the corre
sponding amplitude is then the lower part of the di
agram. In the case of transversity the helicity of the 
emitted and reabsorbed partons are opposite whereas 
all hard processes involved e.g. in DIS conserve helic
ity. So the hard (upper) part of the diagram cannot 
be connected to the soft (lower) part, i.e. transversity 
cannot be measured in DIS. 

4>coi = 4>h + 4>s — i", where (j>h is the az

imuthal angle of the produced hadron and 

4>s tha t of the target spin. Note tha t an az

imuthal asymmetry in terms of the Sivers an

gle, (f>aiv = <ph — 4>s, is also possible. It is not 

related to transversity but to quark momen

tum distribution in the plane transverse to 

the nucleon momentum (intrinsic kx). 

The so-called interference fragmentation 

function is due to some interference effects in 

the production of two hadrons. It results in 

an azimuthal distribution in terms of the an

gle 4>RS = <t>R + 4>s ~ TT- In order to define 4>R 

we must introduce the momentum of the two 

hadrons p\ and p2, Ph = Pi + P2, R = Pi ~Vi 

and R± which is the component of R perpen

dicular to Ph- Then 0 # is the azimuthal angle 

otRj_. 

Fig. 8 presents the Collins asymmetry 

measured on a proton target by the HERMES 

collaboration1 6 . A clear evidence for non

zero asymmetry is seen both for the produc

tion of 7r+ and 7T_. Fig. 9 presents the Sivers 

asymmetry measured also by HERMES 1 6 . 

The asymmetry for 7r~ is compatible with 

zero, but for 7r+ it is clearly positive. Such 

a non-zero Sivers asymmetry should in some 

way be related with orbital angular momen

tum. 

Fig. 10 shows the Collins and Sivers 

asymmetries measured by COMPASS on a 
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Figure 11. Interference asymmetry measured by 
HERMES on the proton as a function of the two pion 
mass. The vertical dashed line indicates the position 
of the p mass. 

deuteron target 1 7 . The da ta cover a wider 

range of x than HERMES da ta but , in spite 

of statistical errors comparable to those of 

HERMES, no Collins nor Siver asymmetry 

is observed, neither for positive nor negative 

hadrons. This is ascribed to a possible can

cellation between proton and neutron asym

metries. Three times more statistics is avail

able on tape and a run with a proton target 

is planned in 2006. 

The azimuthal asymmetries in terms of 

4>RS (interference asymmetry), measured by 

HERMES on a proton target, is shown in 

Fig. 11 as a function of the two pion mass 1 8 . 

It clearly shows a positive asymmetry. No 

change of sign is observed at the p mass in 

contrast with the prediction of a model by 

Jaffe19. 

The corresponding asymmetries mea

sured by COMPASS on a deuteron target 2 0 

are shown in Fig. 12. Once again no asym

metry is observed, probably due to a cancel

lation between proton and neutron asymme

tries. 

The Collins asymmetry, as measured by 

HERMES and COMPASS, is the product of 

transversity times a polarized fragmentation 

2002-2003 data 

preliminary 

(Mtirfh 23, 2q05) 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 

M inv[GeV/c2] 

Figure 12. Interference asymmetry measured by 
COMPASS on the deuteron as a function of the two 
pion mass. 
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Figure 13. The azimuthal asymmetry measured by 
Belle as a function of z\ and 22. 

function, which is called the Collins func

tion. This Collins function has to be mea

sured independently. This can be done in an 

e+e~ collider. If we consider the plane de

fined by the beam and jet axes, the cross sec

tion can be writ ten as a = A + B cos(0i + 

<f>2)ATD%(Zl)ATD%(z2), where fa (<fc) is 

the azimuthal angle of the produced hadron 

around the axis of jet 1 (jet 2) with respect 

to the beam and jet plane. Hadrons hi and 

h.2 have different momentum, so A r D ? ( z ) is 

probed at two different z. 

The results obtained by Belle21 are pre

sented in Fig. 13. The first 4 points cor-
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respond to 0.2 < z2 < 0.3 and increasing 
z\. We see a non-zero asymmetry increas
ing with z\. The next 3 points correspond 
to 0.3 < Z2 < 0.5 and increasing z\, we see 
again an asymmetry increasing with z\. The 
next two points correspond to 0.5 < z2 < 0.7. 
In the last point, where both z\ and z2 are 
larger than 0.7, we see a pretty large asym
metry. So we clearly see a non-zero asym
metry and it is increasing with Z\ and z2 as 
expected. Ten times more statistics is avail
able, which should allow for a deconvolution 
and real extraction of the Collins function as 
a function of z. 

5 Generalized parton distributions 

Generalized parton distributions22 (GPD) 
appear in deeply virtual Compton scatter
ing, which is the exclusive process j*p —»• jp. 
In the deep region, i.e. large Q2 and —t <C 
Q2 where t is the transfer to the nucleon, 
this process can be factorized at all orders 
in QCD. At leading order, as illustrated in 
Fig. 14, a quark of longitudinal momentum 
fraction x — £ is emitted by the nucleon, the 
quark absorbs the virtual photon, emits a real 
photon and is reabsorbed with a momentum 
fraction x + £. The factorization involves new 
soft objects, the generalized parton distribu
tions which are real functions of x, £ and t. 
There exist four of them, labelled H, H, E 
and E. 

Figure 14. The DVCS diagram at leading order. 

Due to the optical theorem the DIS cross-
section is proportional to the imaginary part 

of forward Compton scattering, ^*p —> j*p. 
The diagram for the DVCS amplitude is then 
very similar to the diagram for the DIS cross-
section. The difference is that DVCS probes 
correlations V(x - £)^*(x + f) while DIS 
probes \^{x)\2 and that DVCS implies a non
zero momentum transfer to the nucleon, t. 
Two of the GPDs correspond to the same nu
cleon spin in the initial and final states, in 
the limit t = 0 and £ = 0 they give back pdf, 
namely H(x,0,0) = q(x) and H(x,0,0) = 
Aq(x). The two other GPDs have s ^ s' and 
disconnect from the cross section in the limit 
t = 0. 

The GPDs are also related to the form 
factors F(t), which are the Fourier trans
forms of the spatial distributions of quarks 
inside the nucleon. We have the sum rules 
fH(x,£,t)dx = Fx(t) and /E{x,£,t)dx = 
F2(t), where Fi and F2 are the Dirac and 
Pauli form factors. In the limit £ = 0 the 
GPDs can be shown to provide a 3D view of 
the nucleon in terms of the momentum frac
tion and the impact parameter, f(x,d±). It 
is therefore intuitive that GPDs have some
thing to do with the orbital angular momen
tum. This relation is formalized in the so-
called Ji sum rule. 

We can see that the DVCS diagram in
volves a loop over x. Therefore the amplitude 
is an integral of GPD over x: 

/

dx 
r-^H(x,£,t) = 

x - t,+ie 
f dr 

V J ^H(x, £, t) - mH{x = £, Z, t). (4) 

In addition DVCS interferes with the Bethe-
Heitler process which is just an elastic scat
tering on the nucleon accompanied by the ra
diation of a real photon, either by the initial 
or the final lepton. 

This interference can actually be use
ful. Since the Bethe-Heitler amplitude is 
known, the measurement of the interference 
provides a measurement of the DVCS am
plitude. The interference can be measured 
in single spin asymmetry (polarized beam) 
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Figure 15. Beam charge asymmetry for the DVCS 
process as a function of —t for the proton and the 
deuteron. HERMES data are compared to the pre
dictions of different models of proton GPDs 

which selects the imaginary part of the DVCS 

amplitude, i.e. H(x = £,£,£); while the 

beam charge asymmetry ( e + versus e - ) se

lects the real part of the DVCS amplitude, 

Measurements of single spin asymmetries 

and beam charge asymmetries have been per

formed by Jefferson Lab 2 3 and HERMES 2 4 . 

Fig. 15 presents the beam charge asymme

tries obtained recently by HERMES 2 5 . We 

see tha t the error bars are still too large in 

these exploratory da ta to discriminate the 

models. However, much more precise da ta 

are currently being analyzed at Jefferson Lab 

and new precise da ta should be taken by 

HERMES in the coming years. After 2010 

DVCS experiments at COMPASS and at a 

12 GeV upgraded Jefferson lab should cover 

a wider kinematic range. 

6 Conc lus ions 

The E821 experiment at Brookhaven gives 

a muon anomalous momentum which is 2.7 

a from the s tandard model prediction. A 

new experiment and progress in theory are 

expected to reduce the error by a factor 2. 

The spin structure of the nucleon is a 

very active field. More topics than could 

be discussed here are being studied, like the 

tensor structure function of the deuteron at 

HERMES. 

There are some first indications tha t the 

gluon spin contribution to the nucleon, AG, 

could be smaller than the value of about 

2.5 which was somewhat expected because 

it would solve the "spin crisis". If this is 

indeed the case, we are left with the crisis, 

i.e. with a small contribution of the quark 

spin, A E = 0.2 - 0.3. 

Non

zero asymmetries related to transversity have 

been measured by HERMES. The extraction 

of transversity then requires to know a po

larized fragmentation function, the Collins 

function. Asymmetries related to the Collins 

function were measured in e + e ~ collisions by 

Belle and the Collins function itself should be 

extracted soon. 

Generalized par ton distributions (GPD) 

represent an opening field. Exploratory mea

surements have been performed and new 

much more precise da ta are expected soon. 

Several new projects are developing over 

the world. An upgraded version of COM

PASS should allow for the measurements of 

G P D in a wide kinematical range. An up

graded Jefferson Lab at 12 GeV will also 

probe GPDs. The PAX project at the pp col

lider at GSI will be the ideal tool to s tudy 

transversity in the cleanest channel, i.e. in 

Drell-Yan processes. The most complete pro

gram is certainly tha t of the eRHIC project 

of a polarized electron-proton collider. This 

will give the possibility to reach low x, to have 

enough level arm in Q2 for an accurate NLO 

analysis providing Aq and AG, to measure 

directly AG{x) and to further s tudy GPDs. 
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DISCUSSION 

Volker Burkert (Jefferson Lab): 
If AG remains small does that mean 
that the orbital angular momentum con
tributions to the nucleon spin must be 
large? If so, does this put more empha
sis on programs to measure the general
ized parton distributions (GPD) to allow 
access to Lz ? 

Jean-Marc Le GofF: Actually I can see 
two levels of AG being small. The axial 
anomaly gives 

AS = a0 + ^ A G , (5) 

with a0 0.2 to 0.3. If AG is on the or
der of 2 or 3 then we get AE on the or
der of 0.6 as expected, which "solves the 
spin crisis". So the first level of being 
small is relative to the large values of 2 
or 3. And the data tend to disfavor such 
a scenario, even if they cannot exclude it 
completely. 

On the other hand we have the momen
tum sum rule 

i = i A E + AG + L9 + L9. (6) 

Here, with a0 0.2 to 0.3, we need AG « 
0.4 to fill the sum rule. So the other level 
of being small is relative to this value of 
0.4. And according to the current data 
a value of 0.4 is as likely as a null value. 
So I do not think that the current AG 
data can be used to claim that Lz should 
be important. 

However, there are several indications 
that Lz should not be neglected. I men
tioned in the talk the observation of a 
non-zero Sivers asymmetry and also the 
finding that Ad/d is negative at high 
x, which both point to orbital angular 
momentum. In addition GPDs are a 
very interesting topic besides the issue 
of Lz. They generalized the notion of 
pdf and form factor, providing a 3d view 

of the nucleon. So I think we have very 
strong motivations to study GPD and I 
am looking forwards seeing the new ac
curate Jefferson lab DVCS data. 
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This talk begins with some history and basic facts about string theory and its connections with strong 
interactions. Comparisons of stacks of Dirichlet branes with curved backgrounds produced by them 
are used to motivate the AdS/CFT correspondence between superconformal gauge theory and string 
theory on a product of Anti-de Sitter space and a compact manifold. The ensuing duality between 
semi-classical spinning strings and long gauge theory operators is briefly reviewed. Strongly coupled 
thermal SYM theory is explored via a black hole in 5-dimensional AdS space, which leads to explicit 
results for its entropy and shear viscosity. A conjectured universal lower bound on the viscosity to 
entropy density ratio, and its possible relation to recent results from RHIC, are discussed. Finally, 
some available results on string duals of confining gauge theories are briefly reviewed. 

1 Introduction served. 

String theory" is well known to be the lead
ing prospect for quantizing gravity and uni
fying it with other interactions1,2. One may 
also take a broader view of string theory as 
a description of string-like excitations that 
arise in many different physical systems, such 
as the superconducting flux tubes, cosmic 
strings, and of course the chromo-electric 
flux tubes in non-Abelian gauge theories, 
which are the subject of my talk. You could 
object that these string-like excitations are 
"emergent" rather than fundamental phe
nomena. We will see, however, that there 
is no sharp distinction between "emergent" 
and fundamental strings. We will exhibit 
examples, stemming from the AdS/CFT 
correspondence3,4'5, where the "emergent" 
and fundamental strings are dual descriptions 
of the same theory. Besides being of great 
theoretical interest, such gauge/string duali
ties are becoming a useful tool for studying 
strongly coupled gauge theories. A devel
oping connection that is highlighted in this 
talk is with the new results at RHIC:6 there 
are indications that a rather strongly coupled 
Quark-Gluon Plasma (sQGP) has been ob-

"Due to a strict length limit, I did not include figures 
in this manuscript. The figures are included in the 
PowerPoint version of this talk, available at the 2005 
Lepton-Photon Symposium web site. 

2 Some early history 

String Theory was born out of attempts to 
understand the Strong Interactions. Empir
ical evidence for a string-like structure of 
hadrons comes from arranging mesons and 
baryons into approximately linear Regge tra
jectories. Studies of wN scattering prompted 
Dolen, Horn and Schmid7 to make a dual
ity conjecture stating that the sum over s-
channel exchanges equals the sum over t-
channel ones. This posed the problem of find
ing the analytic form of such dual amplitudes. 
Veneziano8 found the first, and very simple, 
expression for a manifestly dual 4-point am
plitude: 

with an exactly linear Regge trajectory 
a(s) = a(0) + a's. Soon after, Nambu9, 
Nielsen10 and Susskind11 independently pro
posed its open string interpretation. This led 
to an explosion of interest in the early 70's in 
string theory as a description of strongly in
teracting particles. The basic idea is to think 
of a meson as an open string with a quark at 
one end-point and an anti-quark at another. 
Then various meson states arise as different 
excitations of such an open string. The split-
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ting of a string describes the decay of a meson 
into two mesons, for example. 

The string world sheet dynamics is gov
erned by the Nambu-Goto area action 

SNG = -T fdadr^-det daX^dbX^ , (2) 

where the indexes a, b take two values rang
ing over the a and T directions on the world 
sheet. The string tension is related to the 
Regge slope through T = ^~. The quantum 
consistency of the Veneziano model requires 
that the Regge intercept is a(0) = 1, so that 
the spin 1 state is massless but the spin 0 is 
a tachyon. But the p meson is certainly not 
massless, and there are no tachyons in the 
real world. This is how the string theory of 
strong interactions started to run into prob
lems. 

Calculation of the string zero-point en
ergy gives 

" (0) = ^ • (3) 

Hence the model has to be defined in 26 
space-time dimensions. Attempts to quan
tize such a string model directly in 3+1 di
mensions led to tachyons and problems with 
unitarity. Consistent supersymmetric string 
theories were discovered in 10 dimensions, 
but their relation to the strong interactions 
was initially completely unclear. Most im
portantly, the Asymptotic Freedom of strong 
interactions was discovered12, singling out 
Quantum Chromodynamics (QCD) as the ex
act field theory of strong interactions. At this 
point most physicists gave up on strings as a 
description of strong interactions. Instead, 
since the graviton appears naturally in the 
closed string spectrum, string theory emerged 
as the leading hope for unifying quantum 
gravity with other forces13. 

3 QCD gives strings a chance 

Now that we know that a non-Abelian gauge 
theory is an exact description of strong in
teractions, is there any room left for string 

theory in this field? Luckily, the answer is 
positive. At short distances, much smaller 
than 1 fermi, the quark anti-quark potential 
is Coulombic, due to Asymptotic Freedom. 
At large distances the potential should be 
linear due to formation of a confining flux 
tube14. When these tubes are much longer 
than their thickness, one can hope to de
scribe them, at least approximately, by semi-
classical Nambu strings15. This appears to 
explain the existence of approximately linear 
Regge trajectories: a linear relation between 
angular momentum and mass-squared 

J = a'm2 + a(0) , (4) 

is provided by a semi-classical spinning rela-
tivistic string with massless quark and anti-
quark at its endpoints. A semi-classical 
string approach to the QCD flux tubes is 
widely used, for example, in jet hadroniza-
tion algorithms based on the Lund String 
Model16. 

Semi-classical quantization around a long 
straight Nambu string predicts the quark 
anti-quark potential17 

V(r) = Tr + fi+^- + 0(l/r2) . (5) 

The coefficient 7 of the universal Liischer 
term depends only on the space-time dimen
sion d and is proportional to the Regge in
tercept: 7 = —7r(d — 2)/24. Recent lat
tice calculations of the force vs. distance for 
probe quarks and anti-quarks18 produce good 
agreement with this value in d = 3 and d = 4 
for r > 0.7fm. Thus, long QCD strings ap
pear to be well described by the Nambu-Goto 
area action. But quantization of short, highly 
quantum QCD strings, that could lead to a 
calculation of light meson and glueball spec
tra, is a much harder problem. 

The connection of gauge theory with 
string theory is strengthened by 't Hooft's 
generalization of QCD from 3 colors (SU(3) 
gauge group) to N colors (SU(N) gauge 
group)19. The idea is to make N large, while 
keeping the 't Hooft coupling A = g\MN 
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fixed. In this limit each Feynman graph car
ries a topological factor Nx, where \ is the 
Euler characteristic of the graph. Thus, the 
sum over graphs of a given topology can per
haps be thought of as a sum over world sheets 
of a hypothetical "QCD string." Since the 
spheres (string tree diagrams) are weighted 
by TV2, the tori (string one-loop diagrams) -
by N°, etc., we find that the closed string 
coupling constant is of order TV-1. Thus, the 
advantage of taking N to be large is that 
we find a weakly coupled string theory. In 
the large N limit the gauge theory simpli
fies in that only the planar diagrams con
tribute. But directly summing even this sub
class of diagrams seems to be an impossible 
task. From the dual QCD string point of 
view, it is not clear how to describe this string 
theory in elementary terms. 

Because of the difficulty of these prob
lems, between the late 70's and the mid-90's 
many theorists gave up hope of finding an 
exact gauge/string duality. One notable ex
ception is Polyakov who already in 1981 pro
posed that the string theory dual to a 4-
d gauge theory should have a 5-th hidden 
dimension20. In later work21 he refined this 
proposal, suggesting that the 5-d metric must 
be "warped." 

4 The Geometry of Dirichlet 
Branes 

In the mid-nineties the Dirichlet branes, or 
D-branes for short, brought string theory 
back to gauge theory. The D-branes are 
soliton-like "membranes" of various inter
nal dimensionalities contained in theories of 
closed superstrings2. A Dirichlet p-brane (or 
Dp-brane) is a p + 1 dimensional hyperplane 
in 9 + 1 dimensional space-time where strings 
are allowed to end. A D-brane is much like a 
topological defect: upon touching a D-brane, 
a closed string can open up and turn into an 
open string whose ends are free to move along 
the D-brane. For the end-points of such a 

string the p + 1 longitudinal coordinates sat
isfy the conventional free (Neumann) bound
ary conditions, while the 9 — p coordinates 
transverse to the Dp-brane have the fixed 
(Dirichlet) boundary conditions; hence the 
origin of the term "Dirichlet brane." In a 
seminal paper22 Polchinski showed that a Dp-
brane preserves 1/2 of the bulk supersymme-
tries and carries an elementary unit of charge 
with respect to the p+1 form gauge potential 
from the Ramond-Ramond sector of type II 
superstring. 

For our purposes, the most important 
property of D-branes is that they realize 
gauge theories on their world volume. The 
massless spectrum of open strings living on 
a Dp-brane is that of a maximally supersym-
metric U(l) gauge theory in p + 1 dimensions. 
The 9 — p massless scalar fields present in 
this supermultiplet are the expected Gold-
stone modes associated with the transverse 
oscillations of the Dp-brane, while the pho
tons and fermions provide the unique super-
symmetric completion. If we consider N par
allel D-branes, then there are N2 different 
species of open strings because they can be
gin and end on any of the D-branes. A"2 is 
the dimension of the adjoint representation 
of U(N), and indeed we find the maximally 
supersymmetric U(N) gauge theory in this 
setting. 

The relative separations of the Dp-branes 
in the 9 — p transverse dimensions are de
termined by the expectation values of the 
scalar fields. We will be interested in the 
case where all scalar expectation values van
ish, so that the N Dp-branes are stacked on 
top of each other. If N is large, then this 
stack is a heavy object embedded into a the
ory of closed strings which contains gravity. 
Naturally, this macroscopic object will curve 
space: it may be described by some classical 
metric and other background fields. Thus, 
we have two very different descriptions of the 
stack of Dp-branes: one in terms of the U(N) 
supersymmetric gauge theory on its world 
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volume, and the other in terms of the clas
sical charged p-brane background of the type 
II closed superstring theory. The relation be
tween these two descriptions is at the heart 
of the connections between gauge fields and 
strings that are the subject of this talk. 

4-1 Coincident D3-branes 

Parallel D3-branes realize a 3 + 1 dimensional 
U(N) gauge theory, which is a maximally su-
persymmetric "cousin" of QCD. Let us com
pare a stack of D3-branes with the Ramond-
Ramond charged black 3-brane classical solu
tion whose metric assumes the form23: 

ds2 = H-^2(r) [-f(r){dx0)2 + {dx1)2] 

+ Hl/2(r)[f-l(r)dr2+r2dn2
5) , (6) 

where i = 1,2,3 and 

H(r) = l + £ , f(r) = l-rf4. 

Here dQ,2 is the metric of a unit 5 dimensional 
sphere, S5. 

In general, a d-dimensional sphere of ra
dius L may be defined by a constraint 

d+l 

Y,(X*f = L2 (7) 
i=i 

on d+1 real coordinates X1. It is a positively 
curved maximally symmetric space with sym
metry group SO(d + 1). Similarly, the d-
dimensional Anti-de Sitter space, AdSd, is 
defined by a constraint 

d - l 

(X0)2 + (Xd)2 - Y^(xi)2 = L'2 . (8) 

where L is its curvature radius. AdSd is 
a negatively curved maximally symmetric 
space with symmetry group SO(2,d — 2). 
There exists a subspace of AdSd called the 
Poincare wedge, with the metric 

ds2 = ^ (dz2 - (dx0)2 + 5f (di*)2 ) , 

(9) 

where z E [0, oo). In these coordinates the 
boundary of AdSd is at z = 0. 

The event horizon of the black 3-brane 
metric (6) is located at r = ro- In the ex
tremal limit ro —• 0 the 3-brane metric be
comes 

ds2 =(l + ^ ) " 1 / 2 (-(da;0)2 + (da:*)2) 

+ ( l + ^ ) 1 / 2 ( d r 2 + r 2 d f i | ) .(10) 

Just like the stack of parallel, ground state 
D3-branes, the extremal solution preserves 16 
of the 32 supersymmetries present in the type 

T 2 

IIB theory. Introducing z = —, one notes 
that the limiting form of (10) as r —> 0 fac-
torizes into the direct product of two smooth 
spaces, the Poincare wedge (9) of AdSs, and 
S5, with equal radii of curvature L. The 
3-brane geometry may be thus viewed as a 
semi-infinite throat of radius L which for 
r S> L opens up into flat 9 + 1 dimensional 
space. Thus, for L much larger than the 
string length scale, \[a', the entire 3-brane 
geometry has small curvatures everywhere 
and is appropriately described by the super-
gravity approximation to type IIB string the
ory. 

The relation between L and VcV may be 
found by equating the gravitational tension 
of the extremal 3-brane classical solution to 
JV times the tension of a single D3-brane, and 
one finds 

L4 = g2
YUNa'2 . (11) 

Thus, the size of the throat in string units 
is A1/4. This remarkable emergence of the 
't Hooft coupling from gravitational consid
erations is at the heart of the success of the 
AdS/CFT correspondence. Moreover, the re
quirement L ^> \fa' translates into A > 1: 
the gravitational approach is valid when the 
't Hooft coupling is very strong and the per-
turbative field theoretic methods are not ap
plicable. 
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5 The A d S / C F T Correspondence 

Consideration of low-energy processes in the 
3-brane background24 indicates that, in the 
low-energy limit, the AdS$ x S5 throat re
gion (r <C L) decouples from the asymp
totically flat large r region. Similarly, the 
Af — 4 supersymmetric SU(N) gauge the
ory on the stack of N D3-branes decou
ples in the low-energy limit from the bulk 
closed string theory. Such considerations 
prompted Maldacena3 to conjecture that 
type IIB string theory on AdS§ x S5, of ra
dius L given in (11), is dual to the N = A 
SYM theory. The number of colors in the 
gauge theory, N, is dual to the number of flux 
units of the 5-form Ramond-Ramond field 
strength. 

It was further conjectured in4'5 that 
there exists a one-to-one map between gauge 
invariant operators in the CFT and fields 
(or extended objects) in AdSs. The dimen
sion A of an operator is determined by the 
mass of the dual field in AdSs. For ex
ample, for scalar operators one finds that 
A(A —4) = m2L2. Precise methods for calcu
lating correlation functions of various opera
tors in a CFT using its dual formulation were 
also formulated4'5. They involve calculating 
the string theory path integral as a function 
of the boundary conditions in AdSs, which 
are imposed near z = 0. 

If the number of colors N is sent to in
finity while g'yMN is held fixed and large, 
then there are small string scale corrections 
to the supergravity limit3,4'5 which proceed 

; 1/9 
in powers of -p- = (<?YM^0 • ^ w e w i s n 

to study finite N, then there are also string 
loop corrections in powers of j% ~ N~ . As 
expected, taking TV to infinity enables us to 
take the classical limit of the string theory on 
AdS5 x S5. 

Immediate support for the AdS/CFT 
correspondence comes from symmetry con
siderations3 . The isometry group of AdS$ is 
50(2, 4), and this is also the conformal group 

in 3 + 1 dimensions. In addition we have the 
isometries of S5 which form 5C/(4) ~ 50(6) . 
This group is identical to the R-symmetry of 
the TV = 4 SYM theory. After including the 
fermionic generators required by supersym-
metry, the full isometry supergroup of the 
AdS5 x S5 background is 577(2, 2)4), which is 
identical to the J\f = 4 superconformal sym
metry. 

To formulate an AdS/CFT duality with 
a reduced amount of supersymmetry, we may 
place the stack of D3-branes at the tip of a 
6-dimensional Ricci flat cone,25 '26,27 whose 
base is a 5-dimensional compact Einstein 
space Y5. The metric of such a cone is 
dr2 + r2ds\\ therefore, the fO-d metric pro
duced by the D3-branes is obtained from (10) 
by replacing dQ,\, the metric on S5, by dsy, 
the metric on y5. In the r —> 0 limit we then 
find the space AdSs x Y5 as the candidate 
dual of the CFT on the D3-branes placed at 
the tip of the cone. The isometry group of Y5 

is smaller than 50(6), but AdS$ is the "uni
versal" factor present in the dual description 
of any large N CFT, making the 50(2,4) 
conformal symmetry geometric. 

The fact that after the compactification 
on Y5 the string theory is 5-dimensional sup
ports earlier ideas on the necessity of the 5-th 
dimension to describe 4-d gauge theories20. 
The z-direction is dual to the energy scale of 
the gauge theory: small z corresponds to the 
UV domain of the gauge theory, while large 
z to the IR. 

In the AdS/CFT duality, type IIB strings 
are dual to the chromo-electric flux lines in 
the gauge theory, providing a string theo
retic set-up for calculating the quark anti-
quark potential28. The quark and anti-quark 
are placed near the boundary of Anti-de Sit
ter space (z = 0), and the fundamental 
string connecting them is required to obey 
the equations of motion following from the 
Nambu action. The string bends into the in
terior (z > 0), and the maximum value of 
the ^-coordinate increases with the separa-
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tion r between quarks. An explicit calcula
tion of the string action gives an attractive 
qq potential28: 

V(r) = -^4- (12) 
r(i)V 

Its Coulombic 1/r dependence is required by 
the conformal invariance of the theory. His
torically, a dual string description was hoped 
for mainly in the cases of confining gauge the
ories, where long confining flux tubes have 
string-like properties. In a pleasant surprise, 
we have seen that a string description can be 
applicable to non-confining theories too, due 
to the presence of extra dimensions in the 
string theory. 

5.1 Spinning Strings vs. Long 
Operators 

A few years ago it was noted that the 
AdS/CFT duality becomes particularly pow
erful when applied to operators with large 
quantum numbers. One class of such 
single-trace "long operators" are the BMN 
operators29 that carry a large R-charge in the 
SYM theory and contain a finite number of 
impurity insertions. The R-charge is dual to 
a string angular momentum on the compact 
space y5. So, in the BMN limit the relevant 
states are short closed strings with a large 
angular momentum, and a small amount of 
vibrational excitation. Furthermore, by in
creasing the number of impurities the string 
can be turned into a large semi-classical ob
ject moving in AdS$ x Y5. Comparing such 
objects with their dual long operators has be
come a very fruitful area of research30. Work 
in this direction has also produced a great 
deal of evidence that the N = 4 SYM the
ory is exactly integrable (see31'32 for recent 
reviews). 

A familiar example of a gauge theory 
operator with a large quantum number is 
a twist-2 operator carrying a large spin J, 
Tr F+llD

J
+~2'F+

>1. In QCD, such operators 

play an important role in studies of deep in
elastic scattering33. In the M = 4 SYM the
ory, the dual of such a high-spin operator 
is a folded string spinning around the cen
ter of AdS^.34 In general, for a high spin, the 
anomalous dimension of such an operator is35 

A - ( J + 2 ) ^ / ( A ) In J . (13) 

Calculating the energy of the spinning folded 
string, we find that the AdS/CFT prediction 

in the limit of large 't Hooft coupling. For 
small A, perturbative calculations in the large 
TV = 4 SYM theory up to 3-loop order give36 

/(A) = J - (A - - + -H*L + 0(X4)) 
J v ' 2TT2 V 48 11520 v 7 

(15) 
An approximate extrapolation formula, sug
gested in36 works with about 10% accuracy: 

/(A) = i | ( - 1 + 7 1 +A/12) 

= 2 ^ - ^ + I ^ + 0 ( ^ 4 ) ) ( 1 6 ) 

Note that / has a branch cut running from 
- c o to —12. Thus, the series has a finite ra
dius of convergence, in accord with general 
arguments about planar gauge theory given 
by 't Hooft. The fact that the branch point 
is at a negative A suggests that in the M = 4 
SYM theory the perturbative series is alter
nating, and that there is no problem in ex
trapolating from small to large A along the 
positive real axis. It is, of course, highly de
sirable to find an exact formula for /(A). Re
cent work37 raises hopes that a solution of 
this problem is within reach. 

6 Thermal Gauge Theory from 
Near-extremal D3-branes 

6.1 Entropy 

An important black hole observable is the 
Bekenstein-Hawking (BH) entropy, which is 
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proportional to the area of the event horizon, 

SBH = Ah/{4:G). For the 3-brane solution 

(6), the horizon is located at r = r$. For r$ > 

0 the 3-brane carries some excess energy E 

above its extremal value, and the BH entropy 

is also non-vanishing. The Hawking temper

ature is then defined by T _ 1 = dSsH/dE. 

Setting ro <C L in (10), we obtain a near-

extremal 3-brane geometry, whose Hawking 

temperature is found to be T = ro/(irL2). 

The small r limit of this geometry is S 5 

times a certain black hole in AdS$. The 8-

dimensional "area" of the event horizon is 

Ah = 7r6L8T3V"3, where V3 is the spatial vol

ume of the D3-brane (i.e. the volume of the 

X • X . X 3 coordinates). Therefore, the BH 

entropy is3 8 

SBH = \N2V^T3 . (17) 

This gravitational entropy of a near-extremal 

3-brane of Hawking temperature T is to be 

identified with the entropy of JV = 4 super-

symmetric U{N) gauge theory (which lives 

on N coincident D3-branes) heated up to the 

same temperature . 

The entropy of a free U(N) J\f = 4 super-

multiplet, which consists of the gauge field, 

6iV2 massless scalars and AN2 Weyl fermions, 

can be calculated using the s tandard statis

tical mechanics of a massless gas (the black 

body problem), and the answer is 

2TT2 

So = — N2V3T
3 . (18) 

It is remarkable tha t the 3-brane geometry 

captures the T3 scaling characteristic of a 

conformal field theory (in a C F T this scal

ing is guaranteed by the extensivity of the 

entropy and the absence of dimensionful pa

rameters). Also, the N2 scaling indicates the 

presence of 0(N2) unconfmed degrees of free

dom, which is exactly what we expect in the 

Af = 4 supersymmetric U(N) gauge theory. 

But what is the explanation of the relative 

factor of 3/4 between SBH and So? In fact, 

this factor is not a contradiction but rather a 

prediction about the strongly coupled J\f = 4 

SYM theory at finite temperature . As we 

argued above, the supergravity calculation 

of the BH entropy, (17), is relevant to the 

A -> oo limit of the TV = 4 SU(N) gauge 

theory, while the free field calculation, (18), 

applies to the A —> 0 limit. Thus, the relative 

factor of 3/4 is not a discrepancy: it relates 

two different limits of the theory. Indeed, on 

general field theoretic grounds, in the 't Hooft 

large N limit the entropy is given by 3 9 

2TT2 

S = —N2f(X)V3T
3 . (19) 

The function / is certainly not constant: 

Feynman graph calculations valid for small 

A = 5 Y M i V give40 

/ W = l " i A + ^ + . . . (20) 

The BH entropy in supergravity, (17), is 

t ranslated into the prediction tha t 

lim /(A) = \ . (21) 
A—>oo 4 

A string theoretic calculation of the leading 

correction at large A gives39 

/ (A) = ^ + | C ( 3 ) A ^ 2 + . . . (22) 

These results are consistent with a monotonic 

function / (A) which decreases from 1 to 3/4 

as A is increased from 0 to oo. The 1/4 deficit 

compared to the free field value is a strong 

coupling effect predicted by the A d S / C F T 

correspondence. 

It is interesting tha t similar deficits 

have been observed in lattice simulations 

of deconfined non-supersymmetric gauge 

theories4 1 >42>43. The ratio of entropy to its 

free field value, calculated as a function of 

the temperature , is found to level off at val

ues around 0.8 for T beyond 3 times the de-

confinement tempera ture Tc. This is often 

interpreted as the effect of a sizable coupling. 

Indeed, for T = 3TC, the lattice estimates in

dicate tha t gyMN RS 7.42 This challenges an 

old prejudice tha t the Q G P is inherently very 

weakly coupled. We now turn to calculations 
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of the shear viscosity where strong coupling 
effects are even more pronounced. 

6.2 Shear Viscosity 

The shear viscosity r\ may be read off from 
the form of the stress-energy tensor in the 
local rest frame of the fluid where T^ — 0: 

2 
Tij - pdij-r^idiUj + djUi- -SijdkUk) , (23) 

where u» is the 3-velocity field. The viscosity 
can be also determined44 through the Kubo 
formula 

77 = lim -?- / d i d W ^ U T ^ i , : ? ) , 7 ^ ( 0 , 0 ) ] ) 

(24) 
For the TV = 4 supersymmetric YM theory 
this 2-point function may be computed from 
absorption of a low-energy graviton hxy by 
the 3-brane metric24. Using this method, it 
was found44 that at very strong coupling 

V = l^2T3 , (25) 

which implies 

after Ti is restored in the calculation (here 
s = 5/V3 is the entropy density). It has 
been proposed45 that this value is the uni
versal lower bound on rj/s. Indeed, at weak 
coupling rj/s is very large, ~ ^\n(i/\)' a n d 

there is evidence that it decreases monotoni-
cally as the coupling is increased46. 

The appearance of % in (26) is reasonable 
on general physical grounds45. The shear vis
cosity 77 is of order the energy density times 
quasi-particle mean free time r. So, rj/s is of 
order of the energy of a quasi-particle times 
its mean free time, which is bounded from be
low by the uncertainty principle to be some 
constant times h. The AdS/CFT correspon
dence fixes this constant to be l/(47r), which 
is not far from some earlier estimates47. 

For known fluids (e.g. helium, nitro
gen, water) rj/s is considerably higher than 
the proposed lower bound45. On the other 

hand, the Quark-Gluon Plasma produced at 
RHIC is believed to have a very low rj/s, 
within a factor of 2 of the bound (26)48'47. 
This suggests that it is rather strongly cou
pled. Recently a new term, sQGP, which 
stands for "strongly coupled Quark-Gluon 
Plasma," has been coined to describe the 
deconfmed state observed at RHIC49 '50 (a 
somewhat different term, "Non-perturbative 
Quark-Gluon Plasma," was proposed in 5 1 ) . 
As we have reviewed, the AdS/CFT corre
spondence is a theoretical laboratory which 
allows one to study analytically an extreme 
example of such a new state of matter: the 
thermal N = 4 SYM theory at very strong 't 
Hooft coupling. 

In a CFT, the pressure is related to the 
energy density by p = 3e. Hence, the speed 
of sound satisfies c2 = dp/de = | . Recent 
lattice QCD calculations indicate that, while 
c2 is much lower for temperatures slightly 
above Tc, it gets close to 1/3 for T > 2TC.42 

Thus, for some range of temperatures start
ing around 2TC, QCD may perhaps be treated 
as an approximately conformal, yet non-
perturbative, gauge theory. This suggests 
that AdS/CFT methods could indeed be use
ful in studying the physics of sQGP, and cer
tainly gives strong motivation for continued 
experimental and lattice research. 

Lattice calculations indicate that the 
deconfinement temperature Tc is around 
175 MeV, and the energy density is sa 
0.7 GeV/fm3, around 6 times the nuclear en
ergy density. RHIC has reached energy den
sities around 14 GeV/fm3, corresponding to 
T ~ 2TC. Furthermore, in a few years, heavy 
ion collisions at the LHC are expected to 
reach temperatures up to 5TC. Thus, RHIC 
and LHC should provide a great deal of use
ful information about the conjectured quasi-
conformal temperature range of QCD. 
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7 String Duals of Confining 
Theories 

It is possible to generalize the AdS/CFT 
correspondence in such a way that the 
quark anti-quark potential is linear at large 
distance. In an effective 5-dimensional 
approach21 the necessary metric is 

ds
2 = ^ + a2{z){- (dx0)2 + {dx'f) (27) 

and the space must end at a maximum value 
of z where the "warp factor" a2(zmax) is fi
nite.6 Placing widely separated probe quark 
and anti-quark near z = 0, we find that the 
string connecting them bends toward larger 
z until it stabilizes at zmax where its tension 
is minimized at the value a ^Zm^x-). Thus, the 
confining flux tube is described by a funda
mental string placed at z = zm a x parallel to 
one of the af-directions. This establishes a 
duality between "emergent" chromo-electric 
flux tubes and fundamental strings in certain 
curved string theory backgrounds. 

Several 10-dimensional supergravity 
backgrounds dual to confining gauge theories 
are now known, but they are somewhat more 
complicated than (27) in that the compact 
directions are "mixed" with the 5-d (x^, z) 
space. Witten56 constructed a background in 
the universality class of non-supersymrnetric 
pure glue gauge theory. While in this back
ground there is no asymptotic freedom in the 
UV, hence no dimensional transmutation, the 
background has served as a simple model of 
confinement where many infrared observables 
have been calculated using the classical su
pergravity. For example, the lightest glue-
ball masses have been found from normal-
izable fluctuations around the supergravity 
solution57. Their spectrum is discrete, and 
resembles qualitatively the results of lattice 
simulations in the pure glue theory. 

bA simple model of confinement62 is obtained for 
a(z) = 1/z in (27), i.e. the metric is a slice of AdSs 
cut off at Zmax- Hadron spectra in models of this 
type were studied in 53,54,55^ 

Introduction of a minimal (J\f = 1) 
supersymmetry facilitates construction of 
gauge/string dualities. As discussed earlier, a 
useful method is to place a stack of D-branes 
at the tip of a six-dimensional cone, whose 
base is Y5. For N D3-branes, one finds the 
background AdS$ x Y$ dual to a superconfor-
mal gauge theory. Furthermore, there exists 
an interesting way of breaking the conformal 
invariance for spaces Y5 whose topology in
cludes an S2 factor. At the tip of the cone 
over Y one may add M wrapped D5-branes 
to the N D3-branes. The gauge theory on 
such a combined stack is no longer conformal; 
it exhibits a novel pattern of quasi-periodic 
renormalization group flow, called a duality 
cascade58,59 (for reviews, see 60>61). 

To date, the most extensive study of 
a theory of this type has been carried out 
for a simple 6-d cone called the conifold, 
where one finds a N = 1 supersymmetric 
SU(N) x SU(N+M) theory coupled to chiral 
superfields AX,A2 in the (N ,N + M) repre
sentation, and Bi, B-x in the (N, N + M) rep
resentation. In type IIB string theory, D5-
branes source the 7-form field strength from 
the Ramond-Ramond sector, which is Hodge 
dual to the 3-form field strength. There
fore, the M wrapped D5-branes create M flux 
units of this field strength through the 3-cycle 
in the conifold; this number is dual to the dif
ference between the numbers of colors in the 
two gauge groups. An exact non-singular su
pergravity solution dual to this gauge theory, 
incorporating the 3-form and the 5-form R-
R field strengths, and their back-reaction on 
the geometry, has been found59. This back-
reaction creates a "geometric transition" to 
the deformed conifold 

a=l 

and introduces a "warp factor" so that the 
full 10-d geometry has the form 

dS
2^h-i/2{T){-{dxy + {dxif) 

+hl/2{T)ds2 , (29) 
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where ds\ is the Calabi-Yau metric of the de

formed conifold, which is known explicitly. 

The field theoretic interpretation of this 

solution is unconventional. After a fi

nite amount of RG flow, the SU(N + 

M) group undergoes a Seiberg duality 

transformation6 2 . After this transformation, 

and an interchange of the two gauge groups, 

the new gauge theory is SU{N) x SU{N + 

M) with the same mat te r and superpoten-

tial, and with N = N - M. The self-

similar structure of the gauge theory under 

the Seiberg duality is the crucial fact tha t al

lows this pa t te rn to repeat many times. If 

N = (k + 1)M, where k is an integer, then 

the duality cascade stops after k steps, and 

we find a SU{M) x SU(2M) gauge theory. 

This IR gauge theory exhibits a mult i tude 

of interesting effects visible in the dual su

pergravity background. One of them is con

finement, which follows from the fact tha t 

the warp factor h is finite and non-vanishing 

at the smallest radial coordinate, r = 0, 

which roughly corresponds to z = zmax in 

an effective 5-d approach (27). This implies 

tha t the quark anti-quark potential grows lin

early at large distances. Other notable IR ef

fects are chiral symmetry breaking, and the 

Goldstone mechanism6 3 . Particularly inter

esting is the appearance of an entire "bary-

onic branch" of the moduli space in the gauge 

theory, whose existence has been recently 

demonstrated also in the dual supergravity 

language6 4 . 

Besides providing various new insights 

into the IR physics of confining gauge the

ories, the availability of their string duals en

ables one to s tudy Deep-Inelastic and hadron-

hadron scattering in this new language5 2 . 

8 S u m m a r y 

Throughout its history, string theory has 

been intertwined with the theory of strong 

interactions. The A d S / C F T correspon

dence3 '4 '5 succeeded in making precise con

nections between conformal 4-dimensional 

gauge theories and superstring theories in 10 

dimensions. This duality leads to a mult i tude 

of dynamical predictions about strongly cou

pled gauge theories. When extended to theo

ries at finite temperature , it serves as a theo

retical laboratory for studying a novel state of 

matter: a gluonic plasma at very strong cou

pling. This appears to have surprising con

nections to the new state of mat ter , sQGP, 

observed at RHIC 6 . 

Extensions of the A d S / C F T correspon

dence to confining gauge theories provide 

new geometrical viewpoints on such impor

tant phenomena as chiral symmetry breaking 

and dimensional t ransmutat ion. They allow 

for studying meson and glueball spectra, and 

high-energy scattering, in model gauge theo

ries. 

This recent progress offers new tantaliz

ing hopes tha t an analytic approximation to 

QCD will be achieved along this route, at 

least for a large number of colors. But there 

is much work tha t remains to be done if this 

hope is to become reality: understanding the 

string duals of weakly coupled gauge theories 

remains an important open problem. 
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DISCUSSION 

Lorenzo Magnea (University of Torino): 
Much of what you said applies to N = 
4 supersymmetric Yang-Mills, although 
many important results have been ob
tained also for A'" = 1. Could you 
comment on the possibility to extend 
these techniques to the case of non-
supersymmetric QCD? 

Igor Klebanov: Yes, as I stressed in my 
talk, the presence of at least J\f = 1 su-
persymmetry has so far been very use
ful in constructing gauge/gravity duali
ties. But there is no deep reason why 
dualities of this sort won't work for 
non-supersymmetric backgrounds. In 
fact, we already know that they do. 
One example of this is provided by 
thermal SYM theories where the tem
perature breaks all the supersymme-
try. A related example is Witten's con
struction of a non-supersymmetric con
fining background which, although it 
does not incorporate asymptotic free
dom, has qualitative features in com
mon with QCD. For example, calcula
tions of the low-lying glueball and meson 
spectra have produced results in reason
able agreement with lattice gauge the
ory. The string dual of large N non-
supersymmetric QCD has not been con
structed: since the coupling is weak 
in the UV, the string dual cannot be 
approximated by a weakly curved su-
pergravity solution. Therefore, a full 
stringy solution is required. This is a 
hard problem, but it is now rather well-
posed, and my feeling is that it is solv
able. 
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Previous page: 

The Gamla Uppsala burial mounds (above). Gamla Uppsala is the site of the first settlement 

in the area, dating back to the Iron Age. Photo: Uppsala kommun 

The Wiks Castle (below), is one of Sweden's best preserved medieval castles. Built during 

the latter half of the 15th century. (Photo: Donald Griffiths) 
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ATMOSPHERIC A N D ACCELERATOR NEUTRINOS 
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Kamioka Observatory, Institute for Cosmic Ray Research, University of Tokyo 
Higashi-Mozumi, Kamioka, Hida-City, 
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E-mail: suzuki@suketto.icrr.u-tokyo.ac.jp 

Recent results from the atmospheric neutrino measurements are discussed. The best constraint 
oscillation parameters of Am 2 =2 .5x l0 — 3 eV 2 and sin22#=1.0 was obtained by a new treatment of the 
atmospheric neutrino data. An evidence for the vT appearance in the atmospheric neutrino events 
was shown by statistical methods. The long baseline oscillation experiment using man-made neutrinos 
has confirmed the atmospheric neutrino oscillation and obtained consistent parameter regions. The 
prospects for future accelerator experiments are presented. 

1 Introduction is ~500 km. 

By the last several years of studies on 
atmospheric1,2'3, solar4'5,6'7'8, accelerator9 

and reactor10 neutrinos, we have obtained the 
knowledge that Am2 3 ~ 2.5 x 10~3eF2 is sig
nificantly larger than Ami2 ~ 8.0 x 10 _ 5ey 2 , 
and #23 is nearly maximal and #12 is also large 
(sin226» ~ 0.7). The value of 0 i 3 has not yet 
been determined and only the upper bound 
of sin226»13 < 0.2 at Amf 3 =2xl0- 3 e l / 2 has 
been obtained11. 

Due to the mass hierarchy and the small-
ness of the #i3, the atmospheric and the so
lar neutrino oscillations are nearly decoupled. 
However it is an interesting subject to look 
for sub-dominant effects, for example, the 
contribution of the solar term on the atmo
spheric neutrino oscillation, which may reveal 
a hint of a deviation of #23 from the maximal 
mixing. 

In the frame work of the two flavor oscil
lation, the oscillation probability is shown by 
P{v^ - • vT) =sin226>23sin2(1.27Am2,3Z/.E). 
The wavelength of the oscillation, 
A=47TE/ATO2 , is proportional to the energy, 
E, of the neutrinos. Therefore, the oscilla
tory behavior may be seen in the L/E plot. 
The mixing angle behaves as a strength of 
the oscillation. The typical half wave length, 
A/2, for the atmospheric neutrinos with the 
energy of lGeV and for Am 2=2.5xl0 3 eV2 

2 Atmospheric Neutrinos 

The atmospheric neutrinos are produced 
through the interactions of the primary cos
mic rays in the atmosphere. The atmospheric 
neutrinos consist of the mixture of i/^, u^, ue, 
ve. In the recent development, the secondary 
particles produced by the primary interac
tions are treated in three dimensions12,13. 
The error of the absolute neutrino flux is es
timated to be about 15% for the low energy 
neutrinos below 10 GeV and the uncertainty 
of 0.05 for the primary CR spectrum index 
above 100 GeV is assigned. 

The flux ratio, (v,
/i + ^M))/\ve + i7e), is 2 in 

low energy limit where all the muons decay 
before reaching on the surface of the earth, 
and increases as energy goes up. The uncer
tainty of this flux ratio is greatly reduced to 
3 % in the low energy region. The systematic 
errors at high energy mostly come from the 
uncertainty of the production ratio of 7r/K, 
and 15% uncertainty is assigned at lOOGeV 
based on the difference of the flux values from 
the three independent flux calculations12'13. 

The zenith angle distribution is a key to 
the oscillation analysis. The uniformity of 
the primary cosmic rays beyond the energy 
above the geomagnetic cut off indicates the 
up-down symmetric distribution of the neu-

mailto:suzuki@suketto.icrr.u-tokyo.ac.jp
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Figure 1. Zenth angle distributions of SK-I atmospheric neutrino data for different event categories. The 
Points show data and sysmetric solid lines are the expected event distributions. The lines following the data 
points are the expected from the best fit neutrino oscillation parameters. ^M-like events have dificits for the 
upward going events while the e-like events show no indications. 

trino flux. The uncertainty of the ratio is 
1~2% for the entire energy range and the 
uncertainty of the horizontal and vertical ra
tio, which is used for the upward going muon 
analyses, is about 2% which mostly come 
from the uncertainty of the K productions in 
the hadronic interactions. 

The atmospheric neutrino events in 
Super-Kamiokande (SK) cover the wide 
range of the path-length, 10 ~ 13,000km and 
cover also the wide range of energy from 0.1 
~ 10,000 GeV, five orders of magnitudes. 

The events are classified in the following 
category depending on their topology. The 
contained events have their event vertices in 
the detector fiducial volume. Those which 
all the tracks produced are stopped in the 
detector are called fully contained (FC), and 
those which some tracks escaped the inner 
detector are called partially contained (PC) 
events. The averaged incident neutrino en
ergy is 1 GeV for the FC events and 10 GeV 
for the PC events. Upward going muons are 
produced beneath the detector. The mean 
incident energy of through-going muons is 

about 100 GeV and that of stopped in the 
detector is about 10 GeV. 

SK-I, took data between May-1996 and 
July-2001, was equipped with 11,146 photo-
multiplier tubes (PMTs) of 50cm in diame
ter providing 40% photo-cathode coverage of 
the inner surface of the detector. SK-II has 
started in December 2002 and is running as 
of July 2005 with a reduced photo-cathode 
coverage of roughly 20% due to the tragic ac
cident happened in Nov-12 in 2001 by which 
nearly 6,777 PMTs were lost in a couple of 
seconds. We expect to finish the full restora
tion work in October 2005, and the so called 
SK-III with all the PMTs back will be taking 
data by the summer 2006. 

2.1 Two flavor analysis 

SK-I has ^15,000 atmospheric neutrino 
events taken for effective 1489 days (con
tained events) and for effective 1678 events 
(upward going muons). A signature of the 
neutrino oscillation can be obtained by the 
double ratio, R = (^/e)data/(fJ./e)Mc, since 
the uncertainty of the ratio is reduced com-
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Figure 2. The allowed parameter region for the SK-I 
data. The solid painted region shows the 90% al
lowed region from the standard 2 flavor analysis ans 
the narrow three lines for the allowed regin from the 
L /E analysis. The lines from inward to outward show 
68%, 90% and 99% C.L.. The result from the L/E 
analysis gives narrower allowed region for A m 2 

paring to the uncertainty in the absolute flux 
normalization. The amount of deviation of R 
from unity, 

RSub-GeV = 0.658±0.016(stat)±0.035(syst) 

Rmuiu-Gev = 0 J02t°0
 0

0f0(stat) ±0.101 {syst), 

indicates that the mass difference ranges be
tween 10~3~2eV2. The first indication of the 
neutrino oscillation was indeed given by this 
ratio14. 

The zenith angle distribution is shown in 
Fig. 1. Total 180 momentum and zenith an
gle bins were used for the fit including the 
39 systematic error parameters. The overall 
normalization was not constrained. The best 
fit parameter obtained are sin22#=1.00 and 
Am 2=2.1xl0 _ 3ey 2 if they are constrained in 
the physical region. The x2 difference to the 
non oscillation is 303.9. The allowed param
eter region is shown in Fig. 2. 

2.2 L/E analysis and parameter 
determination 

Since the oscillation wave length is propor
tional to the neutrino energy, E, one can ex
pect to observe a sinusoidal behavior in the 
L/E plot. This oscillatory pattern also dis
tinguishes other exotic hypotheses. On the 
other hand, this analysis gives strong con
straint on the determination of Am2 , since 
the position of the dip corresponds directly 
to Am2(A/E=47r/Am2). However, the L/E 
plot for all the data decreases monotonously 
and does not reveal any oscillatory patterns 
at all. We need to select the events with good 
L/E resolution in order to observe the ex
pected pattern. 

We therefore have selected those events 
with 5(E/L)< 70%. The selection basically 
has removed horizontally going events and 
low energy events. The rejected events poorly 
determine L. 2726 events, which are about 
1/5 of the total 15726 events, have remained 
after the cuts. 

The results15 are shown in Fig. 3. The 
dip was observed at around 500 km/GeV, 
which provides strong confirmation of the 
neutrino oscillation. This first dip observed 
cannot be explained by other hypotheses, and 
we have rejected those hypotheses with sig
nificance of 3.4 a for decay and 3.8 a for de-
coherence. Even if we have altered the res
olution cut from 50% to 90% at every 10% 
step, the obtained A%2 for those hypotheses 
does not change. The results, therefore, are 
very robust. 

The best fitted oscillation parameters of 
(Am2, sin226»)=(2.4xl0-3 eV2,1.00) for the 
physical region were obtained. The allowed 
parameter regions are shown in Fig. 2 as three 
different lines for the different confidence lev
els at 60%, 90% and 99% from the inner line 
to the outer lines. The obtained regions are 
consistent with that from the standard analy
sis and give much stronger constraint on Am2 

even with fewer events. 
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Figure 3. The L/E plots for the selected data about 
l /5 th of the total data sample. The dip around 500 
km/GeV is clearly seen. THe line following the data 
is obtained from the best fit oscillation parameters 
and two lines which monotonously decrease, are for 
the phyposese of neutrino decay and decoherence. 
The observed oscillatory pattern rejects othere possi
bilities and only the neutrino oscillation explains the 
data. 

The analysis including the data from SK-
II is under study, but the preliminary plot for 
the combined data set is shown in Fig. 4. The 
fist dip has become much stronger. 

2.3 Two flavor analysis with finner 
binning 

The standard zenith angle analysis gives a 
good constrain for the mixing angle, and the 
L/E analysis for the mass square difference. 
What is the best analysis by taking into ac
count of the advantages of each analysis. The 
finner binning data enable us to follow the 
oscillation behavior much better. Especially, 
high energy data are sensitive to the oscilla
tion dip where we use a single combined en
ergy bin for the standard zenith angle analy
sis. 

A new analysis aiming to get the best pa
rameters is done by using the finner binnning 
data. The energy of the multi-GeV data are 
divided into 3 to 5 energy bins and the PC 
data are sub-divided into the PC-stop and 

-1—I I i Hill 1—I i i 11 r] 1—I I I I ill) mj 1 I i i " » | 

Figure 4. The L/E plots for the combined data of 
SK-I and SK-II. The dip around 500 km/GeV has 
become stronger and clearer. 

PC-though data like one adopted in the L/E 
analysis. Furthermore, we have added the 
multi-ring e-like data sample. A total of 370 
bins, 37 momentum bins x 10 zenith bins, 
are used. 

The best fit parameters obtained in the 
physical region are 

(Am2, sin226) = (2.5 x 10_3eF2 ,1.00). 

The x2 distribution sliced at sin2 29=1 for the 
standard analysis, the L/E analysis and the 
370 binned analysis have been compared in 
Fig. 5. The new analysis gives a sharp mini
mum value at 2.5xl0~3ey2 . 

2.4 Tau appearance 

The tau events cannot be identified in an 
event-by-event basis since many hadrons are 
produced and the incident neutrino direc
tions are not known. By making use of the 
characteristic of the tau production and by 
using the fact that tau events can only be 
seen as upward going events, we can apply a 
statistical analysis to enhance the tau events. 

However, it is not an easy task, because 
the energy threshold of the tau production is 

3.5 GeV and the expected rate for the tau 
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Figure 5. The x 2 distributions sliced at sin22#=1.0 
for the three different analyses, the standard (180 
bins) analysis, the L/E analyis and the finner binned 
(370 bins) analysis. The new finner binned analysis 
shows sharp minimum at 2.5xlO~3eV2 while the 180 
bin analysis has a broad minimum covering from 2.0 
to 2.5x 10- 3 eV 2 . 

Figure 6. The zenith angle distribution of the event 
sample enhanced for the tau events. The excess con
sistent with the expected tau production is seen for 
the uupward going events. The number of events cor
responding to the difference between two lines seen 
in the upward direction are the calculated tau pro
duction in the detector. 

production-1 FC charged current vT events 
per kton per year-is very small compared to 
the event rate of the usual v^, ve interactions, 
which is about 130 events per kton per year. 

We have selected multi-GeV and multi-
ring events and constrained the event vertices 
within the fiducial volume, 2m from the ID 
PMT surface. Those events for which the 
most energetic ring is e-like, are selected as 
initial data. The six distributions, for exam
ple, the visible energy, the distance of the 
event vertex to the fi-e decay electron ver
tex, number of rings and so on, were used 
to statistically differentiate tau events from 
other BG events. Two independent meth
ods, a likelihood analysis and a neural net
work program, were applied for those distri
butions. 

For the likelihood analysis, the events 
with higher tau likelihood are selected. The 
efficiency to select tau events are estimated to 
be 42% and the contamination from the z/M, ve 

interaction events are 3.4%. The zenith angle 
distribution for the finally selected events is 
shown in Fig. 6. The clear enhancement due 

to the tau production is seen for the upward 
going events. 

The number of the fitted tau events is 
145±48(stat.)+36(syst.) while the expected 
number of tau events is 79±31(syst.). An
other method, the neural network, gives 
similar results: The number of the fit
ted tau events is 152±47(stat.)t2?(syst.) 
while the expected number of tau events is 
79±31(syst.). Those numbers are consistent 
with the expected excess from the oscillated 
vT events. 

3 Long Baseline Accelerator 
Oscillation Experiments 

3.1 K2K experiment 

The first long baseline neutrino oscillation ex
periment using man-made neutrinos is the 
K2K (KEK to Kamioka) experiment9 which 
has started in 1999, one year after the an
nouncement of the discovery of the atmo
spheric neutrino oscillation. 

For Am2=2.5xlO~3eV2 and full mixing, 
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Figure 7. The time distribution of the clustered 
events within 1.2 fj, sec observed in Super-
Kamiokande, which are supposed to be created by 
man-made neutrinos from KEK. 

by putting the distance of 250km between the 
neutrino source and the detector and the av
eraged energy of 1.3 GeV, the expected sur
vival probability is expected to be about 70%. 

The total number of protons delivered on 
the production target (POT) is 0.561 xlO20 

for SK-I and 0.488xlO20 for SK-II. The to
tal POT used for the analysis is 0.992xl020 

POT. The direction of the beam is controlled 
well within lmrad and monitored by the 
muon distributions measured by the counters 
placed downstream of the end plug of the de
cay volume. 

The neutrino beam at KEK-PS is pro
duced every 2.2 seconds with the duration of 
1.2 /is. The clocks at KEK and Kamioka have 
been synchronized to the accuracy less than 
100ns by using a GPS. The events produced 
by interactions of man-made neutrinos were 
selected by using the expected beam arrival 
time at Super-Kamiokande. 

The criteria like ones used for the at
mospheric neutrino analysis, for expamle, re
quirement of fully contained, Evis>30 MeV, 
fiducial volume of 22.5kt, and so on, were also 
applied. A total of 112 events were found in 
the time cluster of 1.2/xs. Outside of the clus
ter, within ±5/j,s, non of the neutrino events 
were found as shown in Fig. 7. Those ob
served events are classified into 1-ring (67 
events) and multi-ring (45 events). In the 1-
ring event sample, there are 58 /i-like events 
and 9 e-like events. The systematic uncer-

S 4 4.5 5 
MGfVN 

Figure 8. The reconstructed energy distribution of 
the 58 single ring /j-like events. Two lines, each nor
malized to the number of observed events, show the 
expected ones for no oscillation and for the best fit 
oscillation parameters (distorted spectrum). 

tainty for the total number of events is 3%, 
of which the fiducial volume error of 2% is 
the largest. 

3.2 v^ - • vx 

The number of expected events at Super-K 
and the spectrum shape before the oscilla
tion were obtained by using the measured 
neutrino events in the front detectors located 
at KEK and the MC simulations. The to
tal number of observed neutrino events in lkt 
water Cherenkov detector with a detection ef
ficiency of 74.9% was used to obtain the over
all normalization factor. The combined spec
trum fit for all the front detectors, lkt wa
ter Cherenkov detector, Muon Range Detec
tor, Scifi and SciBar, was used to obtain the 
neutrino beam spectrum at KEK site. Then 
the MC calculation was used to estimate the 
spectrum at SK site (Far/Near ratio). Fi
nally the expected number of events at SK, 
N^d=155.9±0.3+}g;6, w a s obtained. The 
4.1% and 17 '3% uncertainties come from the 
lkt fiducial volume error and the Far/Near 
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Figure 9. The allowed parameter region for the final 
data from K2K. The three lines corresponding to 68, 
90 and 99% C.L. 

ratio, respectively. 
The energy spectrum of 1-ring /i-like 

events is shown in Fig. 8. The maximum 
likelihood method using a convolution of the 
number of events, the spectrum and the sys
tematic error parameters, are adopted to ob
tain the oscillation parameters. 

The best fit value for the physical region 
is (Am2,sin22(9)=(2.76xl0-3eV2,1.0), shown 
in Fig. 9, which is consistent with the atmo
spheric neutrino oscillation. Thus, confirma
tion of the neutrino oscillation was made by 
man-made neutrinos. 

3.3 Electron appearance 

In the final sample, we have 9 electron-like 
events. The cuts applied for those selections 
were optimized to choose //-like events, not e-
like events. Therefore we have many electron
like candidates in the final sample. In order 
to look for the electron appearance we need 
to apply further selection criteria on those 9 
candidates to increase the purity of the elec
tron final sample. The tight electron iden
tification algorithm taking into account the 
opening angle information, the visible energy 
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Figure 10. The excluded parameter ragion in A m 2 

and sin22#Me for the K2K electron appearance data. 
Two regions corresponding to the 90 and 99% C.L.. 
and solid lines show the limit and the dasshed lines 
show the sensitivity in the Feldman-Cousin Analysis. 
The CHOOZ limt is also shown. 

cut of 100 MeV and rejection of events with 
(j, —>e decay electron were applied. Then 5 
events remained. 

We further applied so called IT0 cut which 
aims to remove n° contamination. This cut 
is effective to remove those events where the 
energy of one of the 7-rays from 7T° decay is 
dim, or escaped detection. The cut forced 
to look for a second ring and the ir° mass is 
reconstructed. Those events with the recon
structed mass consistent with 7r° mass were 
removed. After applying this cut, 1 elec
tron candidate remained. The total efficiency 
for accepting electrons is 35.7% and 40.9% 
for K2K-I and K2K-II, respectively. The 
estimated remaining backgrounds are 1.63 
events, 1.25 events from v^ interactions and 
0.38 events from the beam ve interactions, 
which is consistent with one observed candi
date. 

The excluded parameter regions are 
shown in Fig. 10, and the 90% C.L. limit, 
sin226»Me < 0.18 at 2 .8xlO - 3 eF 2 , was ob
tained. 
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4 Future Long Baseline 
Experiments 

The purpose of first generation experiments 
is to confirm the neutrino oscillation observed 
in the atmospheric neutrinos. The future ac
celerator oscillation experiment will explore 
the region where the atmospheric neutrino 
study can hardly reach. A search for a defini
tive 6*i3 value through the electron appear
ance experiment can reach to the sensitivity 
of sin22#i3 < 0.01 with the combination of a 
Megawatt neutrino beam and a SK-scale neu
trino detector and could be realized around 
2010. If the definitive #13 has been deter
mined and if the value is relatively large, then 
experiments with the conventional technol
ogy making use of multi-Megawatt neutrino 
beams and Megaton neutrino detectors will 
be able to make detailed studies on the neu
trino sector like CP violation, mass hierarchy 
and so on. 

4.1 MINOS 

The MINOS16 5.4 kt far detector, consisting 
of interleaved planes of 2.54 cm thick steel 
plane and 1 cm thick scintillator planes, and 
a 1.5 T toroidal magnet, is placed in the un
derground Soudan mine, 735 km from the 
neutrino source at Fermilab. Protons ac
celerated to 120 GeV with an intensity of 
1.5^2.5xl013ppp will produce three differ
ent neutrino beams, LE(low energy), ME, 
HE according to the different configurations 
of the beam line. The LE beam with the 
peak energy around 3 GeV with relatively 
large high energy tail will produce 1300 v^ 
charged current events in the far detector for 
2.5xl02 0POT/yr. 

For about 5 years of data taking with 
16xl02 0 POT, MINOS will reach the accu
racy of Am2 <10%. If 0i3 is close to the 
CHOOZ limit, then MINOS will see > 3CT ef
fect in ~3 years of running. 

MINOS has started running at the end 
of 2004. The experiment has already ob

served beam neutrino interaction in the far 
detector and also atmospheric neutrino inter
actions have been observed. The results from 
the experiment are expected soon. 

4-2 CNGS 

The high energy v^ beam from CERN is op
timized for the vr appearance (< Ev >= 
17GeV) in the detectors at the Gran Sasso 
Laboratory, 732 km away (CNGS17). 

OPERA is a emulsion-counter hybrid ex
periment with the total mass of 1700 tons. 
For 5 years running with the yearly accu
mulation of the beam of 4.5xl01 9POT/yr, 
OPERA expected to observe 12.4 vT appear
ance (with 0.8 BG) for 2.4 xlO"3eV2 . Prepa
ration of the emulsion films is going on and 
the first delivery to Gran Sasso was done at 
January, 2005. The experiment is expected 
to start in June 2006 with 850 tons of emul
sion films. 

ICARUS is a liquid Ar detector. The 
476.5ton LAr detector (T600) has been sent 
to Hall C of Gran Sasso and being installed. 
By summer 2006, T600 will be ready. There 
is a plan to increase the volume to T1800. 
With this plan for 5 years of operation, 
ICARUS expected to observe 6.5 vT appear
ance with 0.3 BG for 2.5 xlO"3eT/2. 

4.3 T2K 

The long baseline neutrino oscillation exper
iment from Tokai to Kamioka (T2K) will be 
expected to start taking data in 2009 with 
100 times higher power than K2K18. Neutri
nos are produced at the 40 GeV proton ac
celerator at J-PARC in Tokai Village, Japan. 
The construction of the machine has started 
in 2001 and will be completed in 2007. The 
construction of the neutrino beam line has 
started in 2004 and will be completed in 2008. 
The baseline to Kamioka is 295km and off-
axis beams will be used for the experiment. 
The accelerator power for phase I is 0.75 MW 
and Super-Kamiokande will be used. The ex-
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periment aims to look for the finite #13 effect 
through the appearance of electron neutrinos. 
For a future option, Phase-II to study CP vi
olation, matter effect, mass hierarchy and so 
on, can be done by increasing the machine 
power to 4 MW and building a Megaton de
tector. 

The off-axis beam is quasi monochro
matic and 2~3 times more intense than na
rrow band neutrino beams. The beam energy 
can be tuned for the oscillation maximum by 
selecting the off-axis angle. 

By choosing the off-axis angle at 2.5 de
gree, we can make the peak neutrino energy 
to match the oscillation maximum. T2K 
expected to see 11,000 total v^ and 8,000 
charged current interactions for 5 yeas of run
ning. The beam ve contamination is 0.4% at 
v^ peak energy. After 5 yrs of running T2K 
reaches to the sensitivity of 5(Arn|3) < 1 x 
lQ-4eV2, <5(sin226>23) ~ 0.01 and sin22013 ~ 
0.008, about 1/20 of CHOOZ limit. 

4.4 NOvA 

The ~1 degree off-axis neutrino beam with 
the peak energy about 1~2 GeV will be used 
for NO1/A19. The 30kt scintillator detector 
is placed 819km from Fermilab. The experi
mental sensitivity is <5(Am2

3) < 5 x 10 _ 5eF 2 , 
<5(sin226»23) ~ 0.004 and sin226>i3 ~ 0.0044 ~ 
0.005. The experiment is expected to start at 
around 2010. 

5 Summary 

The atmospheric L/E analysis gives tighter 
Am2 region and has confirmed the oscilla
tory behavior. New finner binning analysis 
with total 370 bins gives the most constraint 
on the oscillation parameters. The best fit 
parameters in the physical region are 
Am2 = 2.5 x 10"3eF2 and sin226»23=1.0, 
and the 90% C.L. regions are 
2.0< Am2 <3.0xlO-3eV2 , sin226i >0.93. 

The evidence for the vT appearance in 
atmospheric neutrinos was obtained. 

K2K has confirmed the atmospheric neu
trino oscillation and the observed energy dis
tortion is consistent with the neutrino oscil
lation. 

The accelerator experiments in future 
will be expected to bring fruitful outcomes. 
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D I S C U S S I O N 

Y e e B o b H s i o n g (National Taiwan Uni

versity) : 

Can you also do the vT anppearance 

analysis for K2K da ta similar to a tmo

spheric data? and why? 

Yoichiro Suzuki: No, we cannot. The 

mean energy of the neutrino beam of 

K2K is 1.4 GeV, which is too low com

paring to the t au production threshold 

energy of 3.5 GeV. 

P e t e r C h l e p e r (University of Hamburg): 

For the vT appearance analysis, the error 

on the Mone Carlo expectation is really 

large. Wha t is the reason for this? 

Yoichiro Suzuki: The most of the errors 

come from the uncertainty of the cross 

section near the energy threshold. The 

oscillation parameter errors, another 

large uncertainties, are included in the 

systematic errors of the number of ob

served events since the oscillation pa

rameters must be included in the process 

for the signal extraction fits. 
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Over the last several years, experiments have conclusively demonstrated that neutrinos are massive 
and that they mix. There is now direct evidence for ues from the Sun transforming into other active 
flavors while en route to the Earth. The disappearance of reactor Des, predicted under the assumption 
of neutrino oscillation, has also been observed. In this paper, recent results from solar and reactor 
neutrino experiments and their implications are reviewed. In addition, some of the future experimental 
endeavors in solar and reactor neutrinos are presented. 

1 Introduction 

From the 1960s to just a few years ago, so
lar neutrino experiments had been observing 
fewer neutrinos than what were predicted by 
detail models of the Sun1 '2 '3,4 '5 '6. The radio
chemical experiments, which used 37C17 and 
71Ga8,9 ,10 as targets, were sensitive exclu
sively to ve. The real-time water Cherenkov 
detector Super-Kamiokande11'12,13,14 (and 
its predecessor Kamiokande15) observes so
lar neutrinos by v-e elastic scattering, and 
has sensitivity to all active neutrino flavors. 
However, its sensitivity to v^ and vT is only 
1/6 of that for ve, and the flavor content of 
the observed solar neutrino events cannot be 
determined. 

As these terrestrial detectors have differ
ent kinematic thresholds, they probed differ
ent parts of the solar neutrino energy spec
trum. The measured solar neutrino flux ex
hibited an energy dependence. These obser
vations of an energy dependent flux deficit 
can be explained only if the solar models are 
incomplete or neutrinos undergo flavor trans
formation while in transit to the Earth. Ta
ble 1 shows a comparison of the predicted and 
the observed solar neutrino fluxes for these 
experiments. 

Since 2001, significant 
advances have been made in solar neutrino 
physics. The Sudbury Neutrino Observatory 

(SNO)16,17,18,19,20,21 has conclusively demon
strated that a significant fraction of ves that 
are produced in the solar core transforms into 
other active flavors. One of the most favored 
explanation for this flavor transformation 
is matter-enhanced neutrino oscillation, or 
the Mikheyev-Smirnov-Wolfenstein (MSW) 
effect25. The KamLAND experiment22,23,24 

observes the disappearance of reactor ves that 
is predicted from the neutrino mixing pa
rameters derived from global MSW analy
ses of solar neutrino results. This provides 
very strong evidence that MSW oscillation 
is the underlying mechanism in solar neu
trino flavor transformation. In this paper, 
these advances in solar and reactor neutrino 
experiments and their physical implications 
are discussed. A brief overview of the future 
program in solar neutrinos and reactor anti-
neutrinos will also be presented. 

2 Solar Neutrino Flux 
Measurements 
at Super - Kamiokande 

The Super-Kamiokande (SK) detector is a 
50000-ton water Cherenkov detector located 
in the Kamioka mine, Gifu prefecture, Japan. 
During the first phase of the experiment 
SK-I (April 1996 to July 2001), approxi
mately 11200 20-inch-diameter photomulti-

mailto:awpoon@lbl.gov
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Table 1. Summary of solar neutrino observations at different terrestrial detectors before 2002. The Bahcall-
Pinsonneault (BP2001) model predictions of the solar neutrino flux are presented in this table. The experi
mental values are shown with statistical uncertainties listed first, followed by systematic uncertainties. The 
Solar Neutrino Unit (SNU) is a measure of solar neutrino interaction rate, and is defined as 1 interaction per 
10—36 target atom per second. For the Kamiokande and Super-Kamiokande experiments, the predicted and 

Experiment 
Homestake7 (37C1) 
SAGE8 (71Ga) 
Gallex9 (71Ga) 
GNO10 (71Ga) 
Kamiokande15 (ye) 
Super-Kamiokande12 (ve) 

Measured Rate/Flux 
2.56 ± 0.16 ± 0.16 SNU 

70.8 t\\ 1 ^ SNU 
77.5 ± 6.2 ±f3

7 SNU 
62.9 t 5 ' 5 ± 2.5 SNU 
2.80 ± 0.19 ± 0.33 
2.32 ± 0.03 ±g;gf 

SSM Prediction (BP2001)1 

7.6 t\i SNU 

128 t9
7 SNU 

5.05 ( 1 ^ ) 

plier tubes (PMTs) were mounted on a cylin

drical tank to detect Cherenkov light from 

neutrino interactions in the inner detector. 

Since December 2002, the experiment has 

been operating in its second phase (SK-II) 

with approximately 5200 P M T s in its inner 

detector. An additional 1885 8-inch-diameter 

P M T s are used as a cosmic veto. 

2.1 Super-Karniokande-I 

In SK-I and SK-II, neutrinos from the Sun 

are detected through the elastic scattering 

process ve —> ve. Because of the strong di

rectionality in this process, the reconstructed 

direction of the scattered electron is strongly 

correlated to the direction of the incident 

neutrinos. The sharp elastic scattering peak 

in the angular distribution for events with a 

total electron energy of 5< E <20 MeV in the 

SK-I da ta set is shown in Figure 1. This da ta 

set spans 1496 days (May 31, 1996 to July 15, 

2001), and the solar neutrino flux is extracted 

by statistically separating the solar neutrino 

signal and the backgrounds using this angu

lar distribution. At the analysis threshold of 

E=5 MeV, the primary signal is ves from 8 B 

decays in the solar interior. The extracted 

solar 8 B neutrino flux in this SK-I da ta set 

*&- is 
26 (in units of 10 cm s x): 

| | _ ! = 2.35 ± 0.02(stat.) ± 0.08(sys.) 

5-20 MeV 

^M^/ĵ vyv)iyA*V^yvv*'tV»,y* swiv t̂'v*!.'̂ ''" 

-1.0 -0.5 0.0 0.5 cos 6si 1.0 

Figure 1. Angular distribution of solar neutrino event 
candidates in the 1496-day SK-I data set. The shaded 
area is the solar neutrino elastic scattering peak, and 
the dotted area represents backgrounds in the candi
date data set. 

When comparing this measured flux to the 

BP2001 1 and BP20042 model predictions: 

«*>ES 
-I 

0BP2OO1 

rhES 
<PSK-I 

0BP2OO4 

0.465 ± 0.005(stat.)Io.oi5(sys 

0.406 ± 0.004(stat . )±°;°^(sys. 

where the model uncertainties (~20%) have 
not been included in the systematic uncer
tainties above. 

2.2 Super-Kamiokande-II 

With only about half of the photocathode 

coverage as SK-I, significant improvements 

have been made to the trigger system in 

the SK-II detector in order to maintain high 
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Figure 2. Angular distribution of solar neutrino event 
candidates in a 622-day data set in SK-II. For the first 
159 days of these data, the energy threshold for the 
analysis was set at E = 8 MeV, and it was lowered to 
7 MeV for the remaining 463 days of data. 

trigger efficiency for solar neutrino events. 

The improved trigger system can trigger with 

100% efficiency at E - 6 . 5 MeV. Results from 

a 622-day SK-II da ta set have recently been 

released. The solar angular distribution plot 

is shown in Figure 2. For the first 159 days 

(Dec. 24, 2002 to July 15, 2003) of these 

data, the energy threshold for the analysis 

was set at E = 8 MeV, and it was lowered to 

7 MeV for the remaining 463 days (Jul. 15, 

2003 to Mar. 19, 2005). The extracted solar 
8 B neutrino flux in this 622-day SK-II da ta 

set ( 0 S K - I I ) ^S ( m units of 1 0 6 c m ~ 2 s - 1 ) : 

0 S K - I I = 2-36 ± 0.06(stat.) ±g;ii(sys.), 

which is consistent with the SK-I results. 

3 S u d b u r y N e u t r i n o Observa tory 

The Sudbury Neutrino Observatory (SNO) 

detector is a 1000-tonne heavy water (D2O) 

Cherenkov detector located near Sudbury, 

Ontario, Canada. Approximately 9500 8-

inch-diameter P M T s are mounted on a spher

ical geodesic structure to detect Cherenkov 

light resulting from neutrino interactions. It 

can make simultaneous measurements of the 

ve flux from 8 B decay in the Sun and the flux 

of all active neutrino flavors27 through the 

following reactions: 

ve + d -^p + p + e~ (CC) 

px+d -^p + n + vx (NC) 

vx + e " -+ vx + e~ (ES) 

The charged-current (CC) reaction on the 

deuteron is sensitive exclusively to ve, and 

the neutral-current (NC) reaction has equal 

sensitivity to all active neutrino flavors 

{vx, x = e,fj,,r). Similar to the Super-

Kamiokande experiment, elastic scattering 

(ES) on electron is also sensitive to all active 

flavors, but with reduced sensitivity to v^ and 

vT. If the measured total vx flux (through the 

NC channel) is greater than the measured ve 

flux (through the CC channel), it would con

clusively demonstrate tha t solar ves have un

dergone flavor transformation since their pro

duction in the solar core. Alternatively, this 

flavor transformation can be demonstrated 

by comparing the vx flux deduced from the 

ES channel to the ve flux. 

3.1 Pure D20 phase 

The first phase of the SNO experiment (SNO-

I) used a pure D2O target. The free neu

tron from the NC interaction is thermalized, 

and in 30% of the time, a 6.25-MeV 7 ray 

is emitted following the neutron capture by 

deuteron. In 2001, the SNO collaboration 

published a measurement of the ve flux, based 

on a 241-day da ta set taken from Nov. 2, 

1999 to Jan 15, 2001. At an electron ki

netic energy Teff threshold of 6.75 MeV 17 , 

the measured i/e and vx fluxes through the 

CC 0 S N O - I a n d ES 0 S N O - I channels are (in 

units of 10 6 cm~ 2 s~ 1 ) : 

</>SNO-i = 1.75 ±0.07(s ta t . )+°;J 2 (sys.) 

0 S N O - I = 2-39 ± 0.34(stat.)+§;^(sys.). 

The measured ^ | N O - I agrees with tha t from 

the SK-I detector 0gK-i- But a comparison 

°f ^ S N O - I t o 0SK-H a f t e r adjusting for the 

difference in the energy response of the two 
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detectors, yields (in units of 106 cm 2s 1) 

<0SK-l("x) " 0SNO-l(^e) = 0.57 ± 0.17, 

which is 3.3cr away from 0. This measurement 

not only confirmed previous observations of 

the solar neutrino deficit from different exper

iments, it also provided the first indirect evi

dence, when combined with the SK-I results, 

t ha t neutrino flavor transformation might be 

the solution to this long-standing deficit. 

In 2002, the SNO collaboration reported 

a measurement of the total active neutrino 

flux through the NC channel1 8 . This mea

surement used a Tefr threshold of 5 MeV and 

was based the 306-day da ta set (Nov. 2, 1999 

to May 28, 2001). Under the assumption of 

an undistorted 8 B ve spectrum, the non-i/e 

component (0gNo-i) °f ^ n e t ° t a l active neu

trino flux is (in units of 106 c m _ 2 s _ 1 ) 

< & - : = 3-41 ± 0.45(stat .)+°;^(Sys.) , 

which is 5.3cr away from 0. This result was 

the first direct evidence tha t demonstrated 

neutrino flavor transformation. The mea

sured total active neutrino flux confirmed 

the solar model predictions and provided the 

definitive solution to the solar neutrino deficit 

problem. 

3.2 Salt Phase 

In phase two of the SNO experiment (SNO-

II), 2 tonnes of NaCl were added to the D2O 

target in order to enhance the detection ef

ficiency of the NC channel. The free neu

tron from the NC channel was thermalized 

in the D2O and subsequently captured by 

a 35C1 nucleus, which resulted in the emis

sion of a 7-ray cascade with a total energy 

of 8.6 MeV. The neutron capture efficiency 

increased three folds from SNO-I. The CC 

signal involved a single electron and multiple 

7s were emitted in the NC channel. This dif

ference in the number of particles in the final 

s tate resulted in a difference in the isotropy 

of the Cherenkov light distribution. The CC 

Data 
• Fit result 
• Neutrons 

CC 
ES 
External neutrons 

b 160 
o 

O 140 

E 120 

W 100 

80 

60 

40 

20 

0 

Figure 3. Statistical separation of CC and NC events 
using Cherenkov light isotropy in SNO-II. The mea
sure of isotropy, /3i4, is a function with Legendre 
polynomials of order 1 and 4 as its bases. Be
cause there were multiple 7s in the NC signal, 
the Cherenkov light distribution was more diffuse 
(smaller Pu). 

and the NC signals could be statistically sep

arated by this isotropy difference. This sepa

ration for events with Tefj >5.5 MeV is shown 

in Fig. 3 for the 391-day da ta set (taken from 

Jul. 26, 2001 to Aug. 28, 2003). This use 

of light isotropy also removed the need to 

constrain the 8 B ve energy spectrum, which 

can be distorted if the neutrino flavor trans

formation process is energy dependent, as in 

SNO-I. The measured energy-unconstrained 

ve and vx fluxes through the different chan

nels are 20,21 

J uncon.CC 
PSNO-II 
t uncon.ES 

PSNO-II 
/ uncon.NC 
"SNO-II 

in units of 10 cm s ): 

= 1.68±0.06(stat.)^°;°g(sys.) 

= 2 .35±0.22(s ta t . )+o;^(sys . ) 
h0.38/ N 
-O.34(SyS0-4 .94±0 .21(s t a t . 

The ratio of the ve flux and the total active 

neutrino flux is of physical significance (which 

will be discussed later), and is 

J,uncon.CC 
^SNO-II n « n ± f i n o o / i , N+0.029, N 

ĵ =r = 0.340 ± 0.023(stat .)_0 0 3 1(sys.) . iuncon 
tfSNO-II 

4 Search for M S W Signatures in 
Solar N e u t r i n o s 

Recent results from SNO 

and Super-Kamiokande have conclusively 
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demonstrated that neutrino flavor transfor
mation is the solution to the solar neutrino 
deficit. The most favored mechanism for this 
transformation is the Mikheyev-Smirnov-
Wolfenstein (MSW) matter-enhanced neu
trino oscillation25. MSW oscillation can be 
a resonant effect as opposed to vacuum oscil
lation, which is simply the projection of the 
time evolution of eigenstates in free space. 
A resonant conversion of ve to other active 
flavors is possible in MSW oscillation if the 
ambient matter density matches the resonant 
density. Two distinct signatures of the MSW 
effect are distortion of the neutrino energy 
spectrum and a day-night asymmetry in the 
measured neutrino flux. The former signa
ture arises from the energy dependence in 
neutrino oscillation. When the Sun is below 
a detector's horizon, some of the oscillated 
solar neutrinos may revert back to ve while 
traversing the Earth's interior. This ve re
generation effect would give an asymmetry 
in the measured ve fluxes during the day and 
the night. 

Both SNO and Super-Kamiokande have 
done extensive searches for these two signa
tures in their data. Figure 4 shows the mea
sured electron spectra from SK-I and SK-II, 
whereas Fig. 5 shows the measured spectra 
from SNO-I and SNO-II. No statistically sig
nificant distortion is seen from either experi
ment. 

The Super-Kamiokande experiment de
fines the day-night asymmetry ratio A^ as14 

$r <J?r> 

I($D + $N)' 

where 3>D is the measured neutrino flux when 
the Sun is above the horizon, and <3?N is the 
corresponding flux when the Sun is below the 
horizon. The measured day-night asymme
tries of the solar neutrino flux by SK-I and 
SK-II are: 

A ̂ _ I = -0.021 ± 0.020(stat.)+°;°}2(sys.) 

A^-u = 0.014 ±0.049(stat.)+o°25(sys.). 

^0.7 

O3 0.6 
O) 

« 
Q 0.5 

0.4 

0.3 

2 0.8 
</> 

io.e 
Q 
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0.2 

SK-I 1496day 22.5W 

i^feipl-
* 
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Energy(MeV) 

SK-II 622day 
(Preliminary) 

. Data/SSM 0.407+-0.01 (stat.) 

-^**S#J 
Errors: stat. only 
Line: SK-i 1496day average 

6 8 10 12 14 16 18 20 
Energy(MeV) 

Figure 4. Measured electron energy spectra from SK-
I and SK-II. The measured spectra have been normal
ized to the BP2004 model predictions. The solid lines 
indicate the mean of the measured 8 B neutrino flux. 
The band in the SK-I spectrum represents the energy-
correlated systematic uncertainties in the measure
ment. 

It should be noted that the flux measured by 
Super-Kamiokande is a mixture of all three 
active neutrino flavors. 

The SNO experiment has also measured 
the day-night asymmetry of the measured 
neutrino flux19'21. It should be noted that 
the SNO and the Super-Kamiokande asym
metry ratios are defined differently, such that 
A^NO = -A$K. Because SNO can measure 
the ve flux and the total active neutrino flux 
separately through the CC and the NC chan
nels, it can determine the day-night asymme
try for these fluxes separately. In addition, 
the asymmetry ratio can be determined with 
the day-night asymmetry in the NC channel 
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A ^ ° D N constrained to 0. 

0 11 12 13 
Kinetic energy (MeV) 

11 12 13 20 
Teff (MeV) 

Figure 5. Measured electron energy spectra from 
SNO-I and SNO-II. Top: The ratio of the measured 
SNO-I CC electron kinetic energy spectrum to the ex
pected undistorted kinetic energy distribution for 8 B 
neutrinos (in BP2001 model) with correlated system
atic uncertainties. Middle: The measured CC elec
tron kinetic energy spectrum in SNO-II is shown as 
the data points (with statistical uncertainties only). 
Bottom: The measured ES electron kinetic energy 
spectrum in SNO-II is shown as the data points (with 
statistical uncertainties only). In the last two plots, 
the bands show the accumulated effect of different 
correlated systematic uncertainties on the electron 
spectra expected from an undistorted 8 B neutrino 
spectrum. 

With the HB shape 
the measured 

day-night asymmetry in the ve flux in SNO-I 
and SNO-II are 

and ^NC°DN
 = 0 constraints 

0.021 ± 0.049(stat.)+°;g}2(sys.) /iSNO-I 

A ? N O - H = _0.015 ± 0.058(stat ^ + 0 0 2 r 
xe,DN -0.027 (sys.). 

Because of the presence of i/M and vT 

in the Super-Kamiokande measured flux, its 
day-night asymmetry is diluted by a factor 
of 1.55 21. Assuming an energy-independent 
conversion mechanism and only active neu
trinos, the SK-I result scales to a ve flux 
asymmetry Ae,SK-i = 0.033 ± 0.03ll^2o-
Combining the SNO-I and SNO-II values 
for AeiDN with the equivalent SK-I value 
(j4e,SK-i) gives Ae,combined = 0.035 ± 0.027. 
No statistically significant day-night asym
metry has been observed. 

5 MSW Interpretation of Solar 
Neutrino Data 

Although no direct evidence for the MSW ef
fect has been observed, the null hypothesis 
that no MSW oscillation in the solar neu
trino results is rejected at 5.6er 28. There are 
two parameters in a two-flavor, active neu
trino oscillation model: Am2 , which is the 
difference of between the square of the eigen
value of two neutrino mass states; and tan2 9, 
which quantifies the mixing strength between 
the flavor and the mass eigenstates. Each 
pair of these parameters affects the total so
lar neutrino spectrum differently, which can 
give rise to the energy dependence in the ra
tio between the observed and the predicted 
neutrino fluxes in different detectors. Using 
the measured rates in the radiochemical (37C1 
and n G a ) experiments, the solar zenith angle 
distribution from the Super-Kamiokande ex
periment, and the day and night energy spec
tra from the SNO experiment, a global sta
tistical analysis can then be performed to de
termine the (Am2, tan2 9) pair that best de
scribes the data29. The best-fit parameters21 
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Figure 6. Global neutrino oscillation analysis of solar 
neutrino data. The solar neutrino data include SNO-
I day and night spectra, SNO-II day and night CC 
spectra and ES and NC fluxes, the SK-I solar zenith 
spectra, and the rate measurements from the 37C1 
(Homestake) and 7 1 Ga (SAGE, GALLEX, GNO) ex
periments. 

are found in the so-called "Large Mixing An

gle" (LMA) region: 

A m 2 = 6.5tH x 10~5eV2 

t an 2 9 = 0.45±g;g|. 

There are two implications to these re

sults. First, maximal mixing (i.e. t an 2 0 = 1) 

is ruled out at very high significance. This is 

in contrary to the atmospheric neutrino sec

tor, where maximal mixing is the preferred 

scenario. Second, because the "dark-side" 

( tan2 9 > 1) is also ruled out, a mass hier

archy of 7TJ2 > m i is implied. 

6 K a m L A N D 

Previous reactor ve oscillation experiments, 

with reactor-detector distances ("baselines") 

ranging from ~10 m to ~ 1 km, did not ob

serve any ve disappearance3 0 . If C P T is con

served and matter-enhanced neutrino oscil

lation is the underlying mechanism for the 

observed flavor transformation in solar neu

trinos, one would expect a significant frac

tion of the reactor Des oscillating (primarily 

through vacuum oscillation) into another fla

vor at a baseline of 100 to 200 km. The 

Kamioka Liquid scintillator Anti-Neutrino 

Detector (KamLAND) experiment2 2 has a 

unique geographic advantage over other pre

vious reactor v& experiments; it is surrounded 

by 53 Japanese power reactors with an aver

age baseline of 180 km. 

KamLAND is a 1000-tonne liquid scintil

lator detector located in the Kamioka mine 

in Japan. Its scintillator is a mixture 

of dodecane (80%), pseudocumene (1,2,4-

Trimethylbenzene, 20%), and 1.52 g/liter of 

P P O (2,5-Diphenyloxazole). An array of 

1325 17-inch-diameter P M T s and 554 20-

inch-diameter PMTs are mounted inside the 

spherical containment vessel. Outside this 

vessel, an additional 225 20-inch-diameter 

P M T s act as a cosmic-ray veto counter. 

KamLAND detects ves by the inverse (3 

decay process ve + p —> e + + n, which has 

a 1.8 MeV kinematic threshold. The prompt 

signal -Eprompt in the scintillator, which in

cludes the positron kinetic energy and the an

nihilation energy, is related to the incident ve 

energy E^ and the average neutron recoil en

ergy En by EVr = £ p r o m p t + En + 0.8 MeV. 

The final state neutron is thermalized and 

captured by a proton with a mean lifetime 

of ^200/xs. The prompt signal and the 2.2-

MeV 7 emitted in the delayed neutron cap

ture process form a coincident signature for 

the ve signal. 

Table 2 summarizes the two KamLAND 

reactor ve ra te measurements 2 3 , 2 4 to-date. 

The exposure of the two measurements are 

162 ton-years and 766 ton-years respectively. 

The null hypothesis tha t the observed ve 

rates are statistical downward fluctuations is 

rejected at 99.95% and 99.998% confidence 

levels in the two measurements. KamLAND 

is the first experiment tha t observes reactor 

ve disappearance. 

If neutrino vacuum oscillation is respon

sible for the disappearance of reactor ves in 

KamLAND, then one might expect a distor

tion of the p rompt spectrum. The measured 
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Table 2. Summary of KamLAND z/e rate measurements. 

First result 23 Second result 24 

Data Sets 
Data span 
Live days 
Exposure 

Mar. 4, 2002 to Oct. 6, 2002 
145.1 live days 
162 ton-year 

Results 

Mar. 9, 2002 to Jan. 11, 2004 
515.1 live days 
766.3 ton-year 

Expected signal 
Background 
Observed signal 
Systematic uncertainties 
ve disappearance C.L. 

86.8 ± 5.6 counts 
1 ± 1 count 
54 counts 
6.4% 
99.95% 

365.2 ± 23.7 counts 
17.8 ± 7.3 counts 
258 counts 
6.5% 
99.998% 

-Eprompt spectrum is shown in Fig. 7. A fit 
of the observed -Eprompt spectrum to a simple 
re-scaled, undistorted energy spectrum is ex
cluded at 99.6%. Also shown in the figure is 
the best-fit spectrum under the assumption 
of neutrino oscillations. The allowed oscilla
tion parameter space is shown in Fig. 8, and 
the best-fit parameters of this KamLAND-
only analysis are24 

Am2 = 7.9±g;| x 10"5eV2 

tan2 6 = 0.46. 

Assuming CPT invariance, a global neu
trino oscillation analysis can be performed 
on the solar neutrino results and the Kam
LAND results. The allowed parameter space 
is shown in Fig. 9. The best-fit parameters 
in this global analysis are21 

Am2 

tan2 6 

= 8.0±g;| x 10"5eV2 

— U.40_0 .o7-

One immediately notices the complementar
ity of reactor anti-neutrino and solar neu
trino experiments. The former restricts Am2 , 
whereas the latter restricts tan2 0 in an or
thogonal manner. 

7 Future Experimental Solar 
Neutrino Program 

In the next several years, both running so
lar neutrino experiments SNO and Super-

Kamkiokande have an ambitious physics pro
gram. 

The three-flavor mixing matrix element 
Ue2 can be written31 as cos #13 sin #12, which 
approximately equals sin 9 for two-flavor so
lar neutrino oscillation when #13 is small and 
when Am2 from the solar neutrino sector is 
much less than that from the atmospheric 
neutrino sector. For oscillation parameters 
in the LMA region, the MSW effect can re
sult in 8B neutrinos emerging from the Sun 
essentially as a pure u2 state. The SNO 
<ficc/(pNC ratio, a direct measure of ve sur
vival probability, is also a direct measure of 
It/"e21 (~ sin2#). Therefore, one of the pri
mary goals of the SNO experimental program 
is to make a precision measurement of this 
fundamental parameter by improving on the 
CC and NC measurements. 

The SNO experiment has entered the 
third phase (SNO-III) of its physics program. 
Thirty six strings of 3He and 4 strings of 4He 
proportional counters have been deployed on 
a 1-m square grid in the D2O volume. In 
SNO-I and SNO-II, the extracted CC and NC 
fluxes are strongly anti-correlated (the cor
relation coefficient is -0.53 in SNO-II). This 
anticorrelation is a significant fraction of the 
total flux uncertainties. By introduction this 
array of 3He proportional counters, NC neu
trons are detected by n + He V H; 
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Figure 7. Prompt energy spectrum of ve candidate 
events in the 766-ton-year KamLAND analysis. Also 
shown are the no-oscillation spectrum and the best-
fit spectrum under the assumption of neutrino oscil
lation. 
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Figure 9. Global neutrino oscillation analysis of solar 
neutrino experiments and KamLAND. The best fit 
point is at (0.45±0-09 « n+0-6 - m - s 0 v 2 i -0.07'° 'U -0.4 x i u eV*). 

99% C L 

99.73% CL. 

KamLAND best (it 

Figure 8. Neutrino oscillation parameter allowed re
gion from the 766-ton-year KamLAND reactor ve re
sults (shaded regions) and the LMA region derived 
from solar neutrino experiments (lines). 

whereas the Cherenkov light from the CC 
electrons are recorded by the PMT array. 
This physical separation, as opposed to a sta
tistical separation of the CC and NC signals 
in SNO-I and SNO-II, will allow a signifi
cant improvement in the precision of the CC 
and the NC fluxes. Table 3 summarizes the 
uncertainties in the CC and NC flux mea
surements in SNO-I and SNO-II, and the 
projected uncertainties for the corresponding 
measurements in SNO-III. 

Because the 3He proportional counter ar
ray "removes" Cherenkov light signals from 

NC interactions, it allows for a search of 
CC electron spectral distortion at an analy
sis threshold of reff =4 to 4.5 MeV. The dis
tortion effects are enhanced at this threshold 
when compared to those analyses at higher 
thresholds in SNO-I and SNO-II. 

The Super-Kamiokande is scheduled for 
a detector upgrade from October 2005 to 
March 2006. After this upgrade, the detector 
will return to the same photocathode cover
age in SK-I. The primary physics goal of the 
SK-III solar neutrino program is to search for 
direct evidence of the MSW effect. With the 
improvements made to the trigger system in 
SK-II and the anticipated increase in photo-
cathode coverage, the SK-III detector will be 
able to push the analysis threshold down to 
E ~4 MeV. 

Figure 10 shows the projected SK-III sen
sitivity to observing spectral distortion in its 
solar neutrino signal. In this figure, the sen
sitivities of several combinations of (Am , 
sin2 9) in the LMA region allowed by so
lar neutrino measurements (c.f. Fig. 6) are 
shown. It is possible to discover MSW-
induced spectral distortion at > 3a after sev
eral years of counting. 

Future solar neutrino experiments focus 
on detecting the low energy pp neutrinos 
(£„ < 0.42 MeV), 7Be neutrinos (Ev = 
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Table 3. Uncertainties in the CC and NC fluxes in SNO-I, SNO-II and SNO-III. The SNO-III entries are 
projected uncertainties for 1 live year of data. The total uncertainties are the quadratic sum of the statistical 
and systematic uncertainties. 

Syst. 
Stat. 
Total 

SNO-I 
A0CC/0CC A^NC/4>NC 

5.3 9.0 
3.4 8.6 
6.3 12.4 

SNO-II 
A<t>cc/4>CC A^/^NC 

4.9 7.3 
3.7 4.2 
6.1 8.4 

SNO-III 
A^cc/<pcc A^C/4>NC 

3.3 5.2 
2.2 3.8 
4.0 6.4 

"0 2 4 6 8 10 12 
Livetime (years) 

Figure 10. Projected sensitivity to spectrum distor
tion for SK-III. Each curve represents the significance 
for observing spectral distortion with the labeled mix
ing parameters. 

0.86 MeV, BR=90%), pep neutrinos {Ev = 

1.44 MeV), or neutrinos from the CNO cy

cle. These experiments are subdivided into 

two broad classes: z^e-only detection mecha

nism through ve charged-current interaction 

with the target nucleus; and ve elastic scat

tering which measures an admixture of ve, 

v^ and vT. The pp neutrino experiments seek 

to make high precision measurement of the 

pp neutrino flux and to constrain the flux of 

sterile neutrinos. The 7 Be and the pep neu

trino experiments seek to map out the ve sur

vival probability in the vacuum-matter t ran

sition region. Figure 11 shows this transition 

region32 . Although certain non-standard in

teraction (NSI) models3 3 can match the sur

vival probability in the pp and the 8 B en

ergy regimes, they differ substantially from 

the MSW prediction in the 7Be and pep en

ergy regimes (Ew ~ 1 — 2 MeV). 

Table 4 is a tabulat ion of future so

lar neutrino experiments (adopted from 

Nakahata 3 4 ) . Most of these experiments are 

in proposal stage; but two liquid scintillator 

experiments, Borexino and KamLAND, will 

come online for 7 Be solar neutrino measure

ments in the next year. The construction of 

Borexino is complete, and it is waiting for 

authorization to fill the detector with liquid 

scintillator. The purification system of the 

KamLAND experiment is being upgraded in 

order to achieve an ultra-pure liquid scintil

lator for the 7Be neutrino measurement. 

For other future solar experiments, a 

summary of their current s tatus can be found 

in the supplemental slides of this conference 

talk3 5 . 

8 Future E x p e r i m e n t a l R e a c t o r 
A n t i - n e u t r i n o P r o g r a m 

The future reactor anti-neutrino program is 

focused on determining the neutrino mixing 

angle #13. This is the only unknown angle in 

the neutrino mixing matrix, and its current 

upper limit is sin2(26>13) < 0.2 (90% C.L.) 3 6 . 

Although there are ongoing efforts in de

veloping accelerator-based #13 measurements 

by searching for v^ —> ve appearance, such 

long baseline measurements can be affected 

by mat ter effects. The determination of #13 

in these appearance experiments is compli

cated by the degeneracy of mixing parame

ters (e.g. 023)• A reactor-based #13 measure

ment can complement accelerator-based ex

periments by removing these intrinsic ambi-
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Tab le 4. F u t u r e solar n e u t r i n o e x p e r i m e n t s . T h o s e e x p e r i m e n t s identified w i t h a n as te r i sk have b e e n funded 

for t h e full scale de t ec to r . 

Experiment v source 

Charged- Current Detectors 

LENS 

Lithium 

MOON 

pp 

pep, CNO 

PP 

Reaction 

^e
115In -> 

z/jLi —> e 

i/e
1 0 0Mo -

ve Elastic Scattering Detectors 

Borexino* 

CLEAN 

HERON 

KamLAND* 

SNO+ 

TPC-type 

XMASS 

7Be 

pp, 7Be 

pp, 7Be 
7Be 

pep, CNO 

pp, 7 Be 

pp, 7 Be 

ve —> ve 

ve —> ve 

ve —> z/e 

ve —> ve 

ve —> z/e 

z/e —• z/e 

z/e —> z/e 

e 1 1 5 

rBe 

S n , e , 7 

+ e100Tc(/3) 

Detector 

15 t of In in 200 t liquid scintillator 

Radiochemical, 10 t lithium 

3.3 t 1 0 0 Mo foil + plastic scintillator 

100 t liquid scintillator 

10 t liquid Ne 

10 t liquid He 

1000 t liquid scintillator 

1000 t liquid scintillator 

Tracking electron in gas target 

10 t liquid Xe 

guities. In a reactor-based measurement, one 
searches for ve flux suppression and spectral 
distortion of the prompt positron signal at 
different baselines. 

The general configuration of such a 
reactor-based experiment consists of at least 
two or more detectors: one is placed at a dis
tance of <0.5 km, and the other at 1-2 km. 
The near detector is used to normalize the 
reactor ve flux, while the far detector is used 
to search for rate suppression and spectral 
distortion. The baseline of the far detector, 
~2 km, is the distance where the survival 
probability reaches its first minimum. In or
der to shield the detectors from muon spal
lation backgrounds, these detectors require 
overhead shielding. For these experiments, 
a < ~ 1 % error budget is required in order to 
reach a sin 2613 sensitivity of < ~ 0.01. 

In addition to #13 measurements, these 
experiments can also make contributions in 
measuring the Weinberg angle sixi9w (at 
Q2 =0), and in investigating the nature of 
neutrino neutral-current weak coupling. The 
precision in #12 can also be improved by a re
actor anti-neutrino experiment with a base
line of 50 to 70 km 37. 

Table 5 is a tabulation of the proposed 

1.0 

0.8 

0.6 

0.2 

0.0 

Vacuum - Matter 
transition 

;os4e„(l-lsin2281 2) 

23/2GFcos2e,3ncEv 

Figu re 11. V a c u u m - m a t t e r t r a n s i t i o n of z/e survival 

probabi l i ty . In t h e pp n e u t r i n o reg ime, t h e survival 

p robab i l i t y is a p p r o x i m a t e l y (1 — ^sva2 2$i2) (for 

013 < < 1). In t h e ene rgy reg ime where 8 B neu t r i 

nos a re observed , t h e survival p robab i l i t y is app rox 

i m a t e l y s in 2 # i2 . N o n - s t a n d a r d in t e rac t ions (NSI) 

p red ic t a s u b s t a n t i a l l y different energy d e p e n d e n c e 

in t h e t r a n s i t i o n region, a n d fu ture 7 B e a n d t h e pep 

n e u t r i n o s e x p e r i m e n t s can b e used t o d i s c r imina t e 

these NSI mode l s from t h e M S W scenar io . 
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Table 5. Proposed reactor anti-neutrino experiments for measuring #13. 

Experiment 

Angra dos Reis 
Braidwood 
Double Chooz 
Day a Bay 
Diablo Canyon 
KASKA 
Kr2Det 

Location 

Brazil 
USA 
France 
China 
USA 
Japan 
Russia 

Baseline 
(km) 

Near 
0.3 
0.27 
0.2 
0.3 
0.4 
0.4 
0.1 

Far 
1.5 
1.51 
1.05 

1.8-2.2 
1.7 
1.8 
1.0 

Overburden 
(m.w.e.) 

Near 
200 
450 
50 
300 
150 
100 
600 

Far 
1700 
450 
300 
1100 
750 
500 
600 

Detector size 
(tons) 

Near 
50 

65x2 
10 
50 
50 
8 
50 

Far 
500 

65x2 
10 
100 
100 
8 
50 

sin2(2#13) 
sensitivity 
(90% C.L.) 
<~0.01 
<~0.01 
<~0.03 
<~0.01 
<~0.01 
<~0.02 
<~0.03 
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D I S C U S S I O N 

J o n a t h a n R o s n e r (U. of Chicago, USA): 

Can you say more about the proposal to 

put liquid scintillator in SNO? 

A l a n P o o n : The main objectives of this 

proposed experiment are to measure the 

pep neutrino flux and to search for geo-

neutrinos. The pep measurement will 

probe the vacuum-matter transition tha t 

I discussed in the talk. 

The project is still in an early proposal 

stage. There are a number of technical 

problems tha t need to be resolved before 

its realisation. For example, the com

patibility of the liquid scintillator and 

the acrylic vessel has to be established; 

the longevity of the current photomul-

tiplier tube mounting structure, which 

was designed to have a life span of 10 

years in ultra-pure water, has to be eval

uated; and the optical response of the 

liquid scintillator has to be established. 

P e t e r R o s e n (DOE, USA): A comment 

about MSW. If you restrict your anal

ysis to 2 flavors, then the fact tha t 

the solar ve survival probability is less 

than 1/2 is evidence for MSW. Pure in-

vacuum oscillation give a survival prob

ability greater than or equal to 1/2. Sec

ondly, the best chance to see a day/night 

effect is to have a detector at the equa

tor. This maximizes tha pa th of the neu

trino through matter , and through the 

densest part of the Ear th . 

A l a n P o o n : Thank you for your comment. 

Because of time constraint, I did not 

have enough time to discuss this point 

further in my talk. It is t rue tha t even 

though we have not directly observed 

MSW effect, there are very strong indi

rect evidence tha t it is the underlying 

mechanism for neutrino flavor transfor

mation in solar neutrinos. Fogli et al. 

showed tha t the null hypothesis of no 

MSW effect in the solar neutrino results 

is rejected at more than 5<r. 
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N E U T R I N O P H Y S I C S A T S H O R T B A S E L I N E 

ERIC D. ZIMMERMAN 
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Neutrino oscillation searches at short baseline (defined as < 1 km) have investigated oscillations with 
Am 2 > O.leV2. One positive signal, from the LSND collaboration, exists and is being tested by 
the MiniBooNE experiment. Neutrino cross-section measurements are being made, which will be 
important for reducing systematic errors in present and future oscillation measurements. 

1 O v e r v i e w 3 T h e L S N D signal 

Acclerator-based neutrino experiments at 

"short" baseline (defined here as < 1 km) 

probe high-Am 2 regions of oscillation param

eter space, using beams with energies rang

ing from stopped muon decay (< 53 MeV) to 

several hundred GeV. In general, these ex

periments are sensitive to oscillations with 

A m 2 > 10~2 eV2 , making them insensitive 

to the solar and atmospheric mass scales. 

These neutrinos are also used as probes 

of electroweak physics and nucleon structure. 

Finally, accelerator neutrinos are being used 

at short baseline to make neutrino interaction 

cross-section measurements necessary for an

alyzing long- and short-baseline oscillation 

data. 

2 Osci l la t ions at h igh A m 2 

The highest energy neutrino beams have been 

used in recent years to investigate the possi

bility of neutrino oscillations at high Am2. 

These have probed primarily v^ —> ve and 

v» ~* ve oscillations at A m 2 > 10 eV2 , 

with sensitivities as low as sin2 29 ~ 10~3 . 

The tightest limits on v^ —> i/e, when mea

sured separately from antineutrinos, come 

from NuTeV1 (Fermilab E815) above A m 2 ~ 

30 eV2 , and from BNL E7342 and E7763 at 

lower A m 2 . The most stringent limits on 
vn -*• VT appearance at high A m 2 are from 

the NOMAD 4 and CHORUS 5 detectors at 

CERN. 

The LSND collaboration has published 

strong evidence for v^ —» ve oscillations using 

neutrinos from stopped muon decay6 . 

3.1 LSND 

LSND used a beam-stop neutrino source at 

the 800 MeV L A M P F proton accelerator at 

Los Alamos National Laboratory. The pri

mary source of neutrinos was n+ and n+ 

decays at rest (DAR) in the target, which 

yielded v^, 9^, and ve with energies below 

53 MeV. In addition, 7r+ and 7r~ decays in 

flight (DIF) provided a small flux of higher-

energy i/y, and Vp. The ve flux was below 

1 0 " 3 of the total DAR rate. The LSND da ta 

were collected between 1993 and 1998. The 

first da ta set, collected 1993-1995, used a wa

ter target tha t stopped all hadrons and pro

vided 59% of the DAR da ta set; the remain

der of the da ta came from a heavy metal 

target composed mostly of tungsten. The 

collaboration searched for De appearance us

ing the reaction ve + p —> e + + n in a 167-

ton scintillator-doped mineral oil (CH2) tar

get /detector . The detector sat 30 m from the 

target, providing an oscillation scale L/E ~ 

0.6 — 1 m/MeV. The detector, which was in

strumented with 1220 8-inch photomultiplier 

tubes (PMTs) , observed a Cherenkov ring 

and scintillation light from the positron emit

ted in the neutrino interaction. An additional 

handle was the detection of the 2.2 MeV 

neutron-capture gamma ray from the reac-
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Figure 1. Limits on oscillations of v^ (a) and vmu 
(b). All curves represent ue(i>e) appearance except 
for NOMAD/CHORUS curve, which is v^~-*vT. 

tion n + p —•> d + 7. The appropriate delayed 
coincidence (the neutron capture lifetime in 
oil is 186 [is) and spatial correlation between 
the e+ and 7 were studied for DAR Pe can
didates. 

In 2001, LSND presented the final oscil
lation search results, which gave a total Ve 

excess above background of 87.9 ± 22.4 ± 6.0 
events in the DAR energy range. The domi
nant background was beam-unrelated events, 
primarily from cosmic rays. These back
grounds were measured using the 94% of de
tector livetime when the beam was not on. 
No significant signal was observed in DIF 
events; the total vejve excess above back
ground was 8.1 ± 12.2 ± 1.7 events, consis
tent with the DAR result. The total events 
and energy distributions of the DAR and DIF 
events were used to constrain the oscillation 

parameter space. 

3.2 KARMEN and the joint analysis 

Another experiment of similar design, the 
Karlsruhe-Rutherford Medium Energy Neu
trino (KARMEN) experiment at the ISIS 
facility of the Rutherford Laboratory, also 
searched for PM —> ve oscillations. KARMEN 
used a similar beam-stop neutrino source, but 
with a segmented smaller neutrino target (56 
tons). KARMEN's sensitivity was enhanced 
because the lower beam duty factor (10~5) al
lowed beam-unrelated events to be removed 
more effectively with a timing cut. In addi
tion, KARMEN had higher flux because it 
was closer to the target (18 m versus 30 m). 
This did. however, reduce KARMEN's sensi
tivity to low-Am2 oscillations compared to 
LSND. KARMEN's final published result7, 
using data collected from 1997 to 2001, re
ported 15 ve oscillation candidates with an 
expected background of 15.8 ± 0.5 events. 
This result does not provide evidence for os
cillations, and indeed can be used to rule out 
most of the high-Am2 portions of the LSND 
allowed region. However, an analysis of the 
combined LSND and KARMEN data sets has 
found regions of oscillation parameter space 
(Fig. 2) that fit both experiments' data well8. 

3.3 Physics scenarios including LSND 

The LSND data indicate a much larger 
Am2 than atmospheric or solar experiments: 
Am2 ~ 0.1 —10 eV2. This led to the paradox 
of three Am2 values all of different orders of 
magnitude; this is impossible if there are only 
three neutrino masses. The more common 
way to account for all the existing oscilla
tion data is to introduce one or more "sterile" 
neutrino flavors9. Other recently proposed 
exotic physics scenarios include mass-varying 
neutrinos10 and a decaying sterile neutrino11. 
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Joint LSND+KARMEN 
confidence regions 

fc- Joiirt LSND+KARMEN 
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Bugey 
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Figure 2. Left: Confidence regions from the joint LSND-KARMEN analysis. Right: LSND-KARMEN region 
superimposed over confidence region from LSND decay-at-rest data and 90% confidence exclusion regions from 
KARMEN2 and Bugey. 

3.4 MiniBooNE 

MiniBooNE12 (Experiment 898 at Fermilab) 
is a short-baseline neutrino oscillation ex
periment whose main purpose is to test the 
LSND result. It uses an 8 GeV proton 
beam from the Fermilab Booster to produce 
pions, which then decay in flight to pro
duce a nearly pure z/M flux at a mineral oil 
Cherenkov detector 500 m away. The detec
tor uses Cherenkov ring shape information to 
distinguish charged-current v^ from ve inter
actions, searching for an excess of ve which 
would indicate oscillations. Data collection 
began in late 2002. 

There are several major differences be
tween MiniBooNE and LSND, which should 
assure that systematic errors are indepen
dent. First, MiniBooNE operates at an en
ergy and oscillation baseline over an order 
of magnitude greater than LSND: Ev ~ 
500 - 1000 MeV, compared to 30 - 53 MeV 
at LSND. The baseline L = 500 m, versus 
30 m at LSND. L/E remains similar, ensur
ing that the oscillation sensitivity is maxi

mized in the same region of parameter space 
as LSND. MiniBooNE uses the quasielestic 
neutrino scattering reaction ve

l2C —> e~X 
with the leading lepton's Cherenkov ring re
constructed, rather than LSND's antineu-
trino interaction with a hydrogen nucleus fol
lowed by neutron capture. Finally, Mini-
BooNE's goal is a factor of ten higher statis
tics than LSND had. 

4 Non-oscillation physics 

4-1 Deep inelastic scattering 

Neutrino deep inelastic scattering has in 
the recent past been used for studies of 
electroweak and nucleon structure physics. 
NuTeV (FNAL E815) is the most recent 
and likely to be the last of these stud
ies. Recent results from NuTeV include a 
measurement13 of the electroweak mixing an
gle sm28w = 0.2277±0.0013stat±0.0009syst, 
a value three standard deviations above the 
standard model prediction. While several 
nonperturbative QCD effects (in particular 
the possibility of isospin violation in the nu-
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cleon and asymmetry in the strange sea) 
could affect this result at the < la level, no 
standard model effect has fully explained the 
experimental result. Unfortunately, no high-
energy neutrino beams are now operating or 
under development, so it is unlikely that a 
new experiment will test this result in the 
foreseeable future. (A collaboration has pro
posed to perform a neutrino-based measure
ment of sin 6w at the Braidwood reactor, 
using a new method14. Sensitivity compa
rable to NuTeV may be achieved, albeit at 
lower Q2.) 

NuTeV has also recently published pre
cise measurements15 of the muon neutrino 
and antineutrino cross-sections in the en
ergy range 30 < E < 340 GeV, along with 
fits to the structure functions F2(x,Q2) and 
xF^(x, Q2)- Full cross-section tables have 
been made available at Ref.16. 

4-2 Neutrino interactions at the GeV 
scale 

Short-baseline neutrino experiments have re
cently made some significant measurements 
of neutrino cross-sections on nuclear targets. 
These measurements are important for test
ing nuclear models, and are critical for under
standing the large data sets being produced 
in current and future oscillation experiments. 

At the MiniBooNE flux (which is very 
similar to T2K, and overlaps with the 
somewhat higher-energy K2K flux), the 
largest cross-section process is charged cur
rent quasielastic scattering (CCQE), 

v^n -> fj,~p. 

This process, which is the primary detec
tion mode for oscillation searches, represents 
~ 40% of the total interaction rate. 

Charged current pion production (la
beled CC7r+) via a nucleon resonance, 

represents about a quarter of the total event 
rate. The recoil nucleons are generally un

detected, so these events are difficult to dis
tinguish from a similar final state that can 
be achieved by scattering coherently off a nu
cleus: 

V^A —> fJ,~TT+A. 

Neutral pion production can occur in 
charged-current scattering through a reso
nance (CC7T0), or in either resonant or coher
ent neutral-current scattering (NC7r°, with 
no charged lepton in the final state). The 
NC7T0 processes, expected to be about 7% 
of the total event rate at MiniBooNE, are 
of particular interest to electron neutrino ap
pearance searches because of the potential for 
the 7T° to be misidentified as an electron. 

Coherent and resonant 7r+ and 7r° pro
duction have been modeled by Rein and 
Sehgal17, and these results are used by all 
the major neutrino collaborations for Monte 
Carlo modeling of these processes. At ener
gies in the 1 GeV range, these models have 
only been tested in the past on proton and 
deuterium targets. K2K and MiniBooNE are 
now producing the first tests of these mod
els on nuclear targets and, therefore, the first 
searches for coherent pion production. 

K2K has measured the q2 distribution 
of CC7r+ production using the SciBar fine
grained scintillation detector at K2K's near 
detector site18. The q2 distribution can be 
used to distinguish statistically the coherent 
and resonant fractions, and is therefore a test 
of the Rein-Sehgal model. That model pre
dicted a coherent 7r+ cross-section ratio to all 
charged-current i/M for the K2K flux of 2.67%. 
The K2K data fit (Fig. 3) to the q2 distribu
tion, however, showed no evidence for coher
ent events: the final sample contained 113 
events with a background estimate of 111. 
This results in an upper limit of the cross-
section ratio of 

cr(Coherent v^A —> n~ix+A) 
7 rrr < U.D/o 

(T(^A -* H X) 
at 90% confidence level, a significant dis
agreement from the Rein-Sehgal prediction. 
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• Data 
I I CC Coherent pion 
S3 CClJt.DIS.NC 
H i CCQE 

M«U_fe^ri—L-u^ 
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Figure 3. Reconstructed q2 for charged-current pion 
candidates in the K2K coherent scattering search 
sample. "•-

MiniBooNE has studied the CCTT+ process 
on carbon and, while the results are still pre
liminary, the angular distribution of leading 
muons shows a deficit at the extremely for
ward angles where coherent scattering is ex
pected. 

Another preliminary measurement re
cently released by MiniBooNE is the neutrino 
energy dependence of the ratio of the CC7T+ 
to CCQE cross-sections. The CC7r+ events 
are readily identified in the MiniBooNE de
tector by their final state: the pion and muon 
both leave stopped-/i decay electron signa
tures after the primary event. The pion is 
generally below Cherenkov threshold, so the 
muon ring can be reconstructed cleanly. By 
using the measured lepton energy and angle 
relative to the beam direction, a neutrino en
ergy is calculated assuming a missing A++ 
mass. This yields ~ 20% resolution on Ev 

for CC7r+ events. Normalization quasielastic 
events are reconstructed similarly, with an as
sumed proton recoil. The resolution on Ev is 
~ 10% for the CCQE sample. The measured 
cross-section ratio is shown in Fig. 4. As ex
pected, the relative contribution of pion pro
duction rises from the kinematic threshold, 
to a level comparable to CCQE for neutri
nos above 1 GeV. Systematic errors are dom
inant at present, and are due primarily to en
ergy scale and photon scattering and extinc
tion models in the mineral oil. MiniBooNE 

i 1.2 t.4 t.6 l.S 2 
(CCPIP/CCQE) o vs. Ev (GeV) 

Figure 4. MiniBooNE preliminary measurement of 
ratio o-O,, + 1 2 C -> yr + TT+ + X)/CT(VM + 1 2 C -> 

H~ + Y), where Y represents a final state with no 
pions. Errors are predominantly systematic. 

expects these errors to be reduced substan
tially as modeling of the detector optics is 
improved. 

We can expect future investigations of 
these processes (and the CC7r° and NC-zr0 

processes) from MiniBooNE in the near fu
ture. In addition, a proposal19 to relocate 
the SciBar detector to the BooNE beamline 
is under review by Fermilab at present. In 
the more distant future, we can expect major 
improvement in neutrino interaction physics 
when the MINERVA (E938)20 experiment at 
Fermilab and the near detectors at the newly 
constructed JPARC neutrino beam (T2K)21 

are commissioned later this decade. 
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The discovery by many different experiments of the flavour oscillation of neutrinos from different 
sources proved clearly that neutrinos have non-vanishing masses in contrast to their current description 
within the Standard Model of particle physics. However, the neutrino mass scale, which is - in addition 
to particle physics — very important for cosmology and astrophysics, cannot be resolved by oscillation 
experiments. Although there are a few ways to determine the absolute neutrino mass scale, the only 
model-independent method is the investigation of the electron energy spectrum of a /3 decay near its 
endpoint. The tritium /3 decay experiments at Mainz and Troitsk using tritium have recently been 
finished and have given upper limits on the neutrino mass scale of about 2 eV/c 2 . The bolometric 
experiments using 1 8 7Re have finished the first round of prototype experiments yielding a sensitivity 
on the neutrino mass of 15 eV/c 2 . The new Karlsruhe Tritium Neutrino Experiment (KATRIN) will 
enhance the sensitivity on the neutrino mass by an ultra-precise measurement of the tritium j3 decay 
spectrum by another order of magnitude down to 0.2 eV/c 2 by using a very strong windowless gaseous 
molecular tritium source and a huge ultra-high resolution electrostatic spectrometer of MAC-E-Filter 
type. The recent achievements in test experiments show, that this very challenging experiment is 
feasible. 

1 Introduction 

The recent discovery of neutrino oscilla
tion by experiments with atmospheric, so
lar, reactor and accelerator neutrinos1 proved 
that neutrinos mix and that they have non
zero masses in contrast to their current de
scription in the Standard Model of parti
cle physics. Unfortunately, these oscillation 
experiments are sensitive to the differences 
of squared neutrino mass states |Am2-| = 
\m?{vi) — m2{vj)\ *, but not directly to the 
neutrino masses m(vi) themselves. On the 
other hand, if one neutrino mass is measured 
absolutely, the whole neutrino mass spectrum 
can be calculated using the values Amf • from 
the oscillation experiments. 

Theories beyond the Standard Model try 
to explain the smallness of neutrino masses 
in comparison with the much heavier charged 
fermions2. One prominent explanation is the 
Seesaw type I mechanism using heavy Ma-
jorana neutrinos yielding a hierarchical pat-

* In the case of matter effects involved — like for solar 
neutrinos - the sign of A m 2 can be resolved. 

tern of neutrino masses. Alternatively, See
saw type II models usually produce a scenario 
of quasi-degenerate neutrino masses with the 
help of a Higgs triplet. Here all masses are 
0.1 eV/c2 or heavier exhibiting small mass 
differences between each other to explain the 
oscillations. In this quasi-degenerate case -
due to huge abundance of relic neutrinos in 
the universe left over by the big bang - neu
trinos would make up not the major, but a 
significant contribution to the dark matter. 
Therefore the open question of the value of 
the neutrino masses is not only crucial for 
particle physics to decide between different 
theories beyond the Standard Model but it 
is also very important for astrophysics and 
cosmology. 

There are different ways to determine the 
neutrino mass scale: 

- Cosmology 
Information on the absolute scale of the neu
trino mass can be obtained from astrophysi-
cal observations like the power spectrum of 
matter and the energy distribution in the 
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universe at different scales. Usually these 
analyses use the combination of Cosmic Mi
crowave Background data {e.g. from the 
WMAP satellite), the distribution of the 
galaxies in our universe, the so-called "Large 
Scale Structure", and information from the 
so-called "Lyman a-Forest" or X-ray clusters 
to describe the distribution at large, medium 
and small scales, respectively. In most cases 
they give upper limits on the mass of the neu
trinos on the order of several 0.1 eV/c2 4. 
In some cases non-zero neutrino masses are 
found5, illustrating the dependence on the as
sumptions and on the data used to obtain the 
cosmological limits. One should not forget 
that these models describe 95 % of the mat
ter and energy distribution of the universe by 
yet non-understood quantities like the cos
mological constant6 and Cold Dark Matter. 
And the limits on the neutrino mass rely on 
the existence of the yet not observed relic 
neutrinos7. 

- Neutrinoless double (3 decay 
One laboratory way to access the neutrino 
mass scale is the search for the neutrinoless 
double (3 decay3. This process is a conver
sion of two neutrons (protons) into two pro
tons (neutrons) within a nucleus at the same 
time. Usually two electrons (positrons) and 
two neutrinos (antineutrinos) are emitted. In 
the case that the neutrino is a Majorana par
ticle (particle is equal to its antiparticle), the 
double (3 decay could occur without emission 
of any neutrinos. This transition is directly 
proportional to the neutrino mass (in the ab
sence of right-handed weak charged currents 
or the exchange of other new particles). The 
observable of double (3 decay is the so-called 
effective neutrino mass 

mee = J2Pei-™(vi)\ (1) 
i 

which is a coherent sum over all neutrino 
mass eigenstates TO(Z^) contributing to the 
electron neutrino with their (complex) mix
ing matrix elements Uei. A subgroup of the 

most sensitive experiment, the Heidelberg-
Moscow experiment using 5 low-background, 
highly-enriched and high-resolution 76Ge de
tectors in the Gran Sasso underground lab, 
has claimed evidence for having observed 
neutrinoless double (3 decay. Recently new 
data and a re-analysis of the old data have 
been presented9 showing a line at the posi
tion expected for neutrinoless double (3 decay 
with 4 a significance. Due to the uncertain
ties of the nuclear matrix element this signal 
translates into 0.1 eV/c2 < mee < 0.9 eV/c2. 
Clearly, this yet unconfirmed result requires 
further checks, which are under way by sev
eral experiments3. 

- Direct neutrino mass determination 
In contrast to the other methods, the di
rect method does not require further assump
tions. The neutrino mass is determined us
ing the relativistic energy-momentum rela
tionship. Therefore m2(v) is the observable 
in most cases. 

The non-observation of a dependence of 
the arrival time on energy of supernova neu
trinos from SN1987a gave a generally ac
cepted upper limit on the neutrino mass of 
5.7 eV/c2 10. Unfortunately nearby super
nova explosions are too rare and too less un
derstood to allow a further improvement to a 
sub-eV sensitivity on the neutrino mass. 

Therefore, the investigation of the kine
matics of weak decays - and with regards 
to eV and sub-eV sensitivities - the elec
tron energy spectrum of a j3 decay is still the 
most sensitive model-independent and direct 
method to determine the neutrino mass. The 
(3 spectrum exhibits the value of a non-zero 
neutrino mass when the neutrino is emitted 
non-relativistically. This is the case in the 
vicinity of the endpoint EQ of the (3 spectrum 
where nearly all decay energy is given to the 
(3 electron. Therefore, the mass of the elec
tron neutrino is determined by investigating 
precisely the shape of the (3 spectrum near 
its endpoint E0 (see fig. 1). From fig. 1 it 
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Figure 1. Expanded (i spectrum around its endpoint 
EQ for m(ue) = 0 (dashed line) and for a arbitrarily 
chosen neutrino mass of 1 eV/c 2 (solid line) The off
set between the two curves explains what the "m(i/e)" 
is: the average over all neutrino mass states with their 
contribution according to the neutrino mixing matrix 
U. In the case of tritium, the gray shaded area corre
sponds to a fraction of 2 - 1 0 - 1 3 of all tritium f} decays 

is clearly visible that the main requirement 
for such an experiment is to cope with the 
vanishing count rate near the endpoint by 
providing the strongest possible signal rate 
at lowest background rate. Additionally, to 
become sensitive to the neutrino mass depen
dent shape of the (3 spectrum a high energy 
resolution on the order of eV is required. 

Tritium is the standard isotope for this 
study due to its low endpoint of 18.6 keV, 
its rather short half-life of 12.3 y, its super-
allowed shape of the (3 spectrum, and its sim
ple electronic structure. Tritium (3 decay ex
periments have been performed in search for 
the neutrino mass for more than 50 years. 
187Re is a second isotope suited to determine 
the neutrino mass. The disadvantage of its 
primordial half life can be compensated by 
using large arrays of cryogenic bolometers. 

For each neutrino mass state m(vi) con
tributing to the electron neutrino a, kink 
at -Eo — m(h>i)c2 with a size proportional 
to |f/gj| will occur. However, due to the 

smallness of differences of squared neutrino 
masses, A m L observed in oscillation exper
iments and as a consequence of the limited 
sensitivity of present and upcoming direct 
neutrino mass experiments, only an incoher
ent sum or an average neutrino mass can be 
obtained8, which can be defined as the elec
tron neutrino mass rn(ve) by 

m 2 K ) = ^ | f / e i | 2 - m 2 ( ^ ) (2) 
i 

Comparing equations (1) and (2) it is ob
vious that the neutrinoless double (3 decay 
and the investigation of the /3 decay spec
trum yield complementary information. In 
the former case complex phases of the neu
trino Majorana mixing matrix U can lead to 
a partial cancellation. Also the still large 
uncertainties of the nuclear matrix element 
and the possibility, that the exchange of 
right-handed currents or more exotic parti
cles than the neutrino can add to the neutri
noless double (3 decay amplitude, disfavours 
double (3 decay for a precise neutrino mass 
determination. On the other hand the high 
sensitivity of the next generation of double 
j3 decay experiments and their unique possi
bility to prove the Majorana nature of neu
trinos underline the very high importance of 
neutrinoless double (3 decay experiments. 

This paper is organised as following: In 
section 2 the recent direct neutrino mass ex
periments investigating the (3 decay spectra 
of tritium are presented, whereas the 1S7Re 
experiments are shortly reviewed in section 3. 
Section 4 describes the new KATRIN exper
iment aiming for a 0.2 eV/c2 neutrino mass 
sensitivity. The conclusions are given in sec
tion 5. 

2 Neutrino mass experiments from 
tritium j3 decay 

A major break-through in tritium (3 decay 
experiments was achieved in the nineties 
by a new type of spectrometer, the so-
called MAC-E-Filter (Magnetic Adiabatic 
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SOLENOID DETECTOR 

NEW GUIDING MAGNETS NEW HIGH FIELD ELECTRODES 

Figure 2. The upgraded Mainz setup shown schematically. The outer diameter amounts to 1 m, the distance 
from source to detector is 6 m. 

Collimation followed by an Electrostatic Fil
ter), which was developed independently at 
Mainz, Germany and at Troitsk, Russia11'12. 
This integrating spectrometer provides high 
luminosity and low background combined 
with a large energy resolution. 

The two recent tritium (3 decay experi
ments at Mainz and at Troitsk use similar 
MAC-E-Filters with an energy resolution of 
4.8 eV (3.5 eV) at Mainz (Troitsk). The 
spectrometers differ slightly in size: The di
ameter and length of the Mainz (Troitsk) 
spectrometer are 1 m (1.5 m) and 4 m 
(7 m). The major differences between the 
two setups are the tritium sources: Mainz 
uses a thin film of molecular tritium quench-
condensed on a cold graphite substrate as tri
tium source, whereas Troitsk has chosen a 
windowless gaseous molecular tritium source. 
After the upgrade of the Mainz experiment in 
1995-1997 both experiments run with similar 
signal and similar background rates. 

2.1 The Mainz Neutrino Mass 
Experiment 

Fig. 2 shows the Mainz setup after its up
grade in 1995-1997, which included the in
stallation of a new tilted pair of supercon
ducting solenoids between the tritium source 
and spectrometer and the use of a new cryo-

stat providing temperatures of the tritium 
film below 2 K. The first measure eliminated 
source correlated background and allowed the 
source strength to be increased significantly. 
The second measure avoids the roughening 
transition of the homogeneously condensed 
tritium films with time13. The upgrade of 
the Mainz setup was completed by the appli
cation of HF pulses on one of the electrodes 
in between measurements every 20 s, and a 
full automation of the apparatus and remote 
control. This former improvement lowers and 
stabilises the background, the latter one al
lows long-term measurements. 

Figure 3 shows the endpoint region of 
the Mainz 1998, 1999 and 2001 data in com
parison with the former Mainz 1994 data. 
An improvement of the signal-to-background 
ratio by a factor 10 by the upgrade of the 
Mainz experiment as well as a significant en
hancement of the statistical quality of the 
data by longterm measurements are clearly 
visible. The main systematic uncertainties 
of the Mainz experiment are the inelastic 
scattering of j3 electrons within the tritium 
film, the excitation of neighbour molecules 
due to the (3 decay, and the self-charging 
of the tritium film by its radioactivity. As 
a result of detailed investigations in Mainz 
14,15,16 _ m o s t i v by dedicated experiments -
the systematic corrections became much bet-
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ter understood and their uncertainties were 
reduced significantly. 

The high-statistics Mainz data from 
1998-2001 allowed the first determination of 
the probability of the so-called neighbour ex
citation^ to occur in (5 ± 1.6 ± 2.2) % of all 
(3 decays16 in good agreement with the theo
retical expectation17. 

The most sensitive analysis on the neu
trino mass, in which only the last 70 eV of 
the (3 spectrum below the endpoint are used, 
resulted in the following for Mainz 1998, 1999 
and 2001 data16 

m2(Ve) = (-0.6 ±2.2 ±2.1) eV2/c4 (3) 

which corresponds to an upper limit of 

m{ve) < 2.3 eV/c2 (95 % C.L.) (4) 

This is the lowest model-independent upper 
limit of the neutrino mass obtained thus far. 

2.2 The Troitsk Neutrino Mass 
Experiment 

The windowless gaseous tritium source of the 
Troitsk experiment 18 is essentially a tube of 
5 cm diameter filled with T2 resulting in a 
column density of 1017 molecules/cm2. The 
source is connected to the ultrahigh vacuum 
of the spectrometer by a series a differential 
pumping stations. 

From its first data taking in 1994 the 
Troitsk experiment reports an anomalous ex
cess in the experimental (3 spectrum as a 
sharp step of the count rate at a varying po
sition of a few eV below the endpoint of the 
(3 spectrum E0

 18, which seems to be an ex
perimental artefact appearing with varying 
intensity at the Troitsk setup. The Troitsk 
experiment is correcting for this anomaly by 
fitting an additional line to the (3 spectrum 
run-by-run. 

TThe sudden change of the nuclear charge during 
j3 decay results to a certain percentage in the exci
tation of neighbouring molecules. 

\ i o Mainz 94 data 
0 .05 - A • Mainz 98/99 data 

; \\ fit of 98/99 data for m,2=0 
} \ \ n Mainz 2001 data 

Q Q 4 1 \V fit of 2001 dota for m,2=0 

!i2 A \ \ 

« 0.03- H A
 E° 

t : \ * + + i ! + 
§ 0.02 - V E„,„ J 

^ V ^ p y ^ — * * 
0.01 - j 

1^.55 18.56 18.57 18.58 
retarding energy [keVl 

Figure 3. Averaged count rate of the 1998/1999 data 
filled squares) with fit (line) and of the 2001 data 
(open squares) with fit (line) in comparison with pre
vious Mainz data from 1994 (open circles) as a func
tion of the retarding energy near the endpoint Eg and 
effective endpoint _En,e// (accounting for the width of 
response function of the setup and the mean rotation-
vibration excitation energy of the electronic ground 
state of the 3HeT+ daughter molecule)16. 

Combining the 2001 results with the pre
vious ones since 1994 gives19 

m2{ve) = (-2.3 ± 2.5 ± 2.0) eV2/c4 (5) 

from which the Troitsk group deduce an up
per limit 

m(i/e) < 2.05 eV/c2 (95 % C.L.) (6) 

The values of eq. (5) and (6) do not include 
the systematic uncertainty which is needed to 
account for, when the timely-varying anoma
lous excess count rate at Troitsk is described 
run-by-run with an additional line. 

3 Rhenium (3 decay experiments 

Due to the complicated electronic structure 
of 187Re and its primordial half life the ad
vantage of the 7 times lower endpoint energy 
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EQ of 1S7Re with respect to t r i t ium can only 

be exploited if the [3 spectrometer measures 

the entire released energy, except tha t of the 

neutrino. This situation can be realized by 

using a cryogenic bolometer as the j3 spec

trometer, which at the same time contains 

the (3 emitter 187Re. 

One disadvantage connected to this 

method is the fact tha t one measures always 

the entire (3 spectrum. Even for the case of 

the very low endpoint energy of 1S7Re, the 

relative fraction of events in the last eV be

low E0 is of order 10~ 1 0 only (compare to 

figure 1). Considering the long time constant 

of the signal of a cryogenic bolometer (typi

cally several hundred /xs) only large arrays of 

cryogenic bolometers could deliver the signal 

rate needed. 

Two groups are working on 187Re 

J3 decay experiments at Milan (MiBeta) and 

Genoa (MANU2) using A g R e 0 4 and metal

lic rhenium, respectively. Although cryogenic 

bolometers with an energy resolution of 5 eV 

have been produced with other absorbers, 

this resolution has yet not been achieved with 

rhenium. The lowest neutrino mass limit of 

m{ve) < 15 eV/c 2 comes from MiBeta2 0 . 

Further improvements in the energy resolu

tion and the number of crystals are envisaged 

aiming for a sensitivity of a few eV/c 2 . 

4 T h e K A T R I N e x p e r i m e n t 

The very important tasks presented in the in

troduction - to distinguish hierarchical from 

quasi-degenerate neutrino mass scenarios and 

to check the cosmological relevance of neu

tr ino dark mat ter for the evolution of the uni

verse - require the improvement of the direct 

neutrino mass search by one order of magni

tude at least. 

The KATRIN collaboration has taken 

this challenge and is currently setting up 

an ultra-sensitive tr i t ium (3 decay exper

iment based on the successful MAC-E-

Filter spectrometer technique and a very 

strong Windowless Gaseous Tritium Source 

(WGTS) 2 1 , 2 2 at the Forschungszentrum 

Karlsruhe, Germany. The international KA

TRIN collaboration consists of groups from 

the Czech Republic, Germany, Russia, UK 

and US, which combines the worldwide ex

pertise in t r i t ium (3 decay, groups provid

ing special knowledge, with the strength and 

the possibilities of a big national laboratory 

including Europeans biggest t r i t ium labora

tory. Figure 4 shows a schematic view of the 

proposed experimental configuration. 

The W G T S (see fig. 5) allows for the 

measurement of the endpoint region of the 

tr i t ium (3 decay and consequently the deter

mination of the neutrino mass with a maxi

mum of signal s trength combined with a min

imum of systematic uncertainties from the 

t r i t ium source. The W G T S consists of a 

10 m long cylindrical tube of 90 mm diame

ter filled with molecular t r i t ium gas of high 

isotopic purity (> 95 %) . The tr i t ium gas 

will be continuously injected by a capillary at 

the middle with a rate of about 4.7 Ci/s and 

pumped out by a series of differential tu rbo 

molecular pump stations at both ends giv

ing rise to a density profile over the source 

length of nearly triangular shape with a to

tal column density of 5 • 10 1 7 / cm 2 provid

ing a count rate about a factor 100 larger 

than in Mainz and Troitsk. The (3 electrons 

are leaving the W G T S directly to both ends 

following the magnetic field lines within a 

solenoidal magnetic field of 3.6 T whereas the 

pumped-out t r i t ium gas is then purified by a 

palladium membrane filter and re-circulated. 

About one percent of the pumped-out gas 

is given to a t r i t ium recovery and isotopic 

separation system. Of special importance is 

the control of the column density on the 1 

per mil level by regulating the pressure in 

the tr i t ium supply buffer vessel, the temper

ature of the W G T S tube and the isotopic 

composition of the gas. Wi th the "Test of 

Inner LOop" setup TILO the possibilities to 

achieve this stability goal are being checked 
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Figure 4. Schematic view of the KATRIN experiment with the rear monitoring and calibration system (1), 
the windowless gaseous tritium source (WGTS) (2), the differential and cryopumping electron transport 
section (3), the pre spectrometer (4), the main spectrometer (5) and the electron detector array (6). The 
main spectrometer has a length of 24 m, a diameter of 10 m. the overall length over the experimental setup 
amounts to about 70 m. Not shown is the monitor spectrometer. 

rear system DPS2-F CPS1-F CPS2-F 

injection approx. 10 M mbar S/s 

Figure 5. Schematic view of the KATRIN windowless gaseous tritium source (WGTS) and the differential 
(DPS2-F) and cryopumping (CPS1-F, CPS2-F) electron transport section. The calibration and the monitoring 
system (read system) is located further upstream of the WGTS. The maximum tritium leakage to the pre 
spectrometer amounts to 10~1 4 mbarl. 

at the Forschungszentrum Karlsruhe, yield
ing the required sub-permil stability over 
many hours. To allow a very stable and 
low WGTS temperature at about 27 K the 
WGTS tube will be placed inside a pressure-
stabilised LNe cryostat. The isotopic com
position will be continuously monitored with 
the help of Laser-Raman spectroscopy pro
vided by the Swansea group. Calculations 
and simulations by KATRIN and experi
ments at Troitsk investigate the possible elec
trical potentials within the WGTS due to 
the plasma. It seems that this effect could 
be avoided if the magnetic flux tube is suffi
ciently grounded at the rear side. The WGTS 
setup is under construction at a company. 

The electron transport system adiabati-
cally guides 0 decay electrons from the tri

tium source to the spectrometer by a system 
of superconducting solenoids at a magnetic 
field of 5.6 T. At the same time it is eliminat
ing any tritium flow towards the spectrome
ter by a differential pumping system consist
ing of 1 m long tubes inside the magnets al
ternated by pump ports with turbo molecu
lar pumps yielding a tritium reduction factor 
of about a factor of 107 according to simu
lations by the ASTeC vacuum group. This 
first part of the tritium eliminating system is 
currently being fabricated by a company. To 
reduce the molecular beaming effect, the di
rect line-of-sight is blocked by 20 degree bents 
between each pair of superconducting mag
nets of 1 m length (see fig. 5). In the second 
part the surfaces of the liquid helium cold 
vacuum tube act as a cryotrapping section 



to suppress the tritium partial pressure fur
ther to an insignificant level. With the ded
icated TRAP experiment at Forschungszen-
trum Karlsruhe the cryosorption of tritium 
molecules at LHe cold surfaces which are cov
ered by Argon frost is being checked. A 
mockup of two tubes of the cryopumping sec
tion tritium was build yielding no measur
able penetration of D2 molecules. After the 
Lepton Photon 2005 conference the TRAP 
experiment was repeated with tritium gas. 
Again, no tritium gas was detected at the 
other end of the system even after many days. 
This is an important result, as it was not 
clear whether the radioactivity of tritium and 
the corresponding local heating due to a de
cay would cause a slow migration of tritium 
through the system. 

Between the tritium source and the main 
spectrometer a pre-spectrometer of MAC-E-
Filter type will be installed (see fig. 6). 
It acts as an electron pre-filter running at 
a retarding energy about 200 eV below the 
endpoint of the j3 spectrum to reject all 
(3 electrons except the very high energetic 
ones in the region of interest close to the end-
point EQ. This minimises the chances that 
0 electrons cause background in the main 
spectrometer by ionisation of residual gas. 

A key component of the new experiment 
will be the large electrostatic main spectrom
eter with a diameter of 10 m and an overall 
length of about 23 m. This high-resolution 
MAC-E-Filter will allow to scan the tritium 
8 decay endpoint at a resolution of AE = 
0.93 eV, which is - at a much higher lumi
nosity - a factor of 4-5 better than the MAC-
E-Filters in Mainz and Troitsk. 

Although limiting the electron input rate 
by the pre-spectrometer, stringent vacuum 
conditions have to be fulfilled to suppress 
background from the main spectrometer. 
Special selection of materials as well as sur
face cleaning and out-baking at 350 °C will 
allow to reach a residual gas pressure of bet
ter than 10"11 mbar. To reduce the size of 
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Figure 6. Schematic view of the KATRIN pre spec
trometer consisting of spectrometer vessel and two 
superconduction solenoids. The spectrometer vessel 
is set on high voltage and acts as retarding electrode. 
The inner electrode system is built in the central part 
as a nearly massless wire structure put on a little bit 
more negative potential than the vacuum vessel to 
reject secondary electrons from the walls (see later in 
the text). 

surfaces inside the vacuum chamber, not a 
complex solid electrode system will be in
stalled, but the vacuum vessel itself will be 
put on high voltage and thus will create the 
electric retarding potential. 

A new idea of strong background sup
pression has be developed and successfully 
tested at the Mainz spectrometer. It will be 
applied also to the KATRIN spectrometers: 
the vessel walls at high potential will be cov
ered by a system of nearly massless wire elec
trodes, which are put to a slightly more neg
ative potential. Secondary electrons ejected 
by cosmic rays or environmental radioactivity 
from the vessel wall, will thus be repelled and 
prohibited from entering the magnetic flux 
tube which is connected to the detector. This 
new method of strong background reduction 
resulted at the Mainz spectrometer in a factor 
10 reduced background rate. To achieve an 
even higher suppression factor the KATRIN 
main spectrometer will be instrumented by a 
two-layer wire electrode system being under 
construction at Minister. Another advantage 



306 

of such an inner wire electrode is, that the re
tarding voltage can be stabilised more easily. 

These new ideas and other new technical 
solutions will be applied also to the KATRIN 
pre-spectrometer, which has already being 
set up at the Forschungszentrum Karlsruhe. 
The vacuum tests with the pre-spectrometer 
have been successfully finished yielding at a 
temperature of -20 °C a final pressure of less 
than 10 - 1 1 mbar and an outgasing rate of less 
than 10~13 mbar 1/s cm2. Both values are 
better than the KATRIN requirements show
ing that the material, the pumping scheme 
and the surface treatments are right. A 
wire electrode system for background reduc
tion - build at Seattle - has been installed 
in the KATRIN pre-spectrometer. Becom
ing instrumented with an scanning electron 
gun and a 64-pixel silicon PIN-detector the 
electromagnetic and background properties 
of the KATRIN pre-spectrometer will be in
vestigated soon. 

The final KATRIN detector requires high 
efficiency for electrons at EQ = 18.6 keV and 
low 7 background. A high energy resolution 
of AE < 600 eV for 18.6 keV electrons should 
suppress background events at different en
ergies. The present concept of the detector 
developed at Seattle and Karlsruhe is based 
on a large array of about 400 PIN photodi-
odes surrounded by low-level passive shield
ing and an active veto counter to reduce back
ground. A possible post-acceleration of the 
(3 electrons to about 50 keV will reduce the 
background rate around the signal line fur
ther 

After publishing the Letter of Intent21 

the KATRIN collaboration has done signif
icant work to increase the sensitivity of the 
experiment. The major improvements of the 
setup to increase the statistics are the design 
of a tritium re-circulating and purification 
system providing a near to maximum tritium 
purity of > 95 %, the increase of the diameter 
of the windowless tritium source from 75 mm 
to 90 mm and, correspondingly, of the diam

eter of the main spectrometer from 7 m to 
10 m. Additionally an optimisation of the 
measurement point distribution around the 
endpoint has been performed. 

To reduce the systematic uncertainties 
the instrumental improvements have been de
veloped as well as plans for dedicated ex
periments and their analysis in order to 
determine systematic corrections have been 
worked out. The main systematic uncertain
ties comprise the inelastic scattering within 
the tritium source and the stability of the 
retarding voltage of the main spectrometer. 
The former will be determined and repeat
edly monitored with the help of a high-
precision electron gun injecting electrons 
from the rear system. For the latter, a dedi
cated high-precision high voltage divider with 
a precision in the ppm range has been de
veloped with the support of the Physikalisch 
Technische Bundesanstalt at Braunschweig, 
Germany (see fig. 7) and it is being tested. 

For redundancy, the retarding high volt
age of the main spectrometer is applied in 
parallel to a third spectrometer, the monitor 
spectrometer*, which continuously measures 
a sharp electron line. Different energetically 
well-defined sources are in preparation by the 
Rez, Minister and Bonn groups, e.g. a pho-
toelectron source consisting of a cobalt foil 
irradiated by 7s from 241Am, or a condensed 
8 3 mKr conversion electron source. Further 
systematic uncertainties are the electrical po
tential distribution within the WGTS, which 
will be checked by running the WGTS in 
a second "high temperature regime" of 120-
150 K with the conversion electron emitter 
8 3 mKr added to the gaseous molecular tri
tium and the source contamination by other 
hydrogen isotopes than tritium, which will be 
monitored with the help of laser Raman spec
troscopy. 

The detailed simulations of the KATRIN 

' T h e Mainz spectrometer will be modified for this 
purpose into a high-resolution spectrometer with 
AE RS 1 eV. 



Figure 7. Precision high-voltage divider developed at 
Minister with the help of the Physikalisch Technische 
Bundesanstalt Braunschweig/Germany. Shown is the 
maintenance position. A helix of 100 high precision 
resistors form the primary divider. A secondary di
vider gives the electrical potential to the field-shaping 
copper electrodes, whereas a third capacitive divider 
protects the divider in case of voltage break-downs. 
In operational mode, the whole setup up is placed in 
a temperature controlled vessel filled with dry nitro
gen. 
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neutrino mass m [eV] 

Figure 8. KATRlN's discovery potential or sensitiv
ity in units of the total uncertainty a for a 3 years 
measurement as function of the neutrino mass for the 
improved KATRIN setup with the 10 m spectrometer 
(black) 2 2 and the previous KATRIN design with the 
7 m spectrometer from the KATRIN letter of intent 
2 1 (gray). For a given neutrino mass the y-axis shows 
the difference to zero of the measured neutrino mass 
value in units of the total standard deviation cr, The 
horizontal line shows the upper limit with 90 % C.L. 
in case that no neutrino mass is found. 

experiment yield the following (see fig. 8): 
A sensitivity of 0.20 eV/c2 will be achieved 
with the KATRIN experiment after 3 years of 
pure data taking. Statistical and systematic 
uncertainties contribute about equally. This 
value of 0.20 eV/c2 corresponds to an upper 
limit with 90 % C.L. in the case that no neu
trino mass will be observed. To the contrary, 
a non-zero neutrino mass of 0.30 eV/c2 would 
be detected with 3 a significance, a mass of 
0.35 eV/c2 even with 5 a. 

The design of the experiment is nearly 
finished and a detailed description was doc
umented in22. Some parts (e.g. the pre-
spectrometer) have been setup already. Four 
major components have been ordered, the 
windowless gaseous tritium source, the differ
ential pumping system, the main spectrom
eter vessel and the helium liquefier. Many 
dedicated test experiments are being per
formed at different places to investigate the 
inner tritium loop, the cryotrapping, meth
ods to improve the vacuum conditions, new 
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background suppression methods, calibration 
sources, detector and data acquisition, etc. 
The ground-breaking of the new KATRIN 
halls at the Forschungszentrum Karlsruhe 
has been celebrated in late summer 2005. 
The full setup of the KATRIN experiment 
will be finished and commissioned in 2009. 

5 Conclusions 

Neutrino oscillation experiments have al
ready pointed to new physics beyond the 
Standard Model by proving that neutrinos 
mix and that they have non-zero mass. The 
next goal is to determine the absolute scale 
of the neutrino mass due to its high impor
tance for particle physics, astrophysics and 
cosmology. 

Among various ways to address the abso
lute neutrino mass scale the investigation of 
the shape of /3 decay spectra around the end-
point is the only model-independent method. 
Secondly this direct method is complemen
tary to the search for the neutrinoless double 
(3 decay and to the information from astro
physics and cosmology. 

The investigation of the endpoint spec
trum of the tritium f3 decay is still the 
most sensitive direct method. The tritium 
(3 decay experiments at Mainz and Troitsk 
have been finished yielding upper limits of 
about 2 eV/c2. The new KATRIN experi
ment is being set up at the Forschungszen
trum Karlsruhe by an international collabo
ration. KATRIN will enhance the sensitivity 
on the neutrino mass further by one order of 
magnitude down to 0.2 eV/c2. 

Acknowledgments 

The work by the author for the KATRIN ex
periment is supported by the German Bun-
desministerium fur Bildung und Forschung 
and within the virtual institute VIDMAN by 
the Helmholtz Gemeinschaft. 

References 

1. Y. Suzuki these proceedings, A. Poon 
these proceedings 

2. e.g. R. N. Mohapatra et al, arXiv:hep-
ph/0510213 

3. O. Cremonesi, these proceedings 
4. M. Tegmark, arXiv:hep-ph/0503257 
5. S. W. Allen et al, 

arXiv:astro-ph/0303076 
6. S. Hannestad, arXiv:astro-ph/0505551 
7. J. F. Beacom et al, 

arXiv: astro-ph/0404585 
8. Ch. Weinheimer, ch, 2 of "Massive 

Neutrinos", ed. G. Altarelli and K. Win
ter, Springer Tracts in Modern Physics, 
Springer, p25-52 (2003) 

9. K V. Klapdor-Kleingrothaus et al, 
Phys. Lett. B 586, 198 (2004) 

10. S. Eidelman et al. (Particle Data 
Group), Phys. Lett. B 592, 1 (2004) 

11. A. Picard et al, Nucl. Instr. Meth. 
B 63, 345 (1992) 

12. V M. Lobashev et al., Nucl. Inst, and 
Meth. A240, 305 (1985) V. Lobashev 
et al., 

13. L. Fleischmann et al., Eur. Phys. J. 
B 16, 521 (2000) 

14. V. N. Aseev et al, Eur. Phys. J. D 
10, 39 (2000) 

15. B. Bornschein et al, J. Low Temp. 
Phys. 131, 69 (2003) 

16. C. Kraus et al, Eur. Phys. J. C 40, 
447 (2005) 

17. W. Kolos et al, Phys. Rev. A 37, 
2297 (1988) 

18. V. M. Lobashev et al, Phys. Lett. B 
460, 227 (1999) 

19. V. M. Lobashev , Nucl. Phys. A 719, 
153c (2003) 

20. M. Sisti et al, Nucl Instr. Meth. A 
520, 125 (2004) 

21. A. Osipowicz et al, 
arXiv:hep-ex/0109033 

22. J. Angrik et al, FZK Scientific Report 
7090 



D I S C U S S I O N 

Louis Lyon (Oxford University): 

Is it known why many previous experi

ments gave a negative mass squared for 

the electron neutrino? Was it just due to 

omitting some systematic effect on the 

resolution? 

Chris t ian W e i n h e i m e r : Today we under

stand the problems of the Mainz and 

of the Troitsk experiment in the early 

nineties: Both experiments observed a 

trend towards negative values of m 2 ( f e ) 

for larger fitting intervals (e.g. 100 -

500 eV below the endpoint) due to addi

tional energy losses which were not taken 

into account in the da ta analysis. At 

Mainz it was the roughening transition 

of the tr i t ium films, which was avoided 

by lower tr i t ium film temperatures since 

1997 as this effect follows an Arrhe-

nius law. At Troitsk electrons, which 

were t rapped in the magnetic bottle-like 

configuration of the t r i t ium source and 

which escaped through large-angle scat

tering were neglected in the first anal

ysis. Since any underestimated or not-

accounted broadening of the measured (3 

spectrum with Gaussian width a results 

in a negative shift of m2(ve) according to 

A m 2 = -2a2 (R.G.H. Robertson, D.A. 

Knapp, Ann. Rev. Nucl. Sci. 38, 185 

c(1988)) , it is rather likely tha t the other 

experiments observing negative values of 

m2(ve) has overlooked an energy loss-like 

process. 
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DOUBLE BETA DECAY: EXPERIMENT A N D THEORY 
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E-mail: oliviero.cremonesi@mib.infn.it 

The present status of experiments searching for neutrinoless double-beta decay (/3/3(0^) ) is reviewed 
and the results of the most sensitive experiments discussed. Phenomenological aspects of /3/3(Oi/) are 
introduced and most relevant aspects for neutrino physics discussed. Given the observation of neutrino 
oscillations and the present knowledge of neutrino masses and mixing parameters, a possibility to 
observe /3/3(Of) at a neutrino mass scale mv «10-50 meV could actually exist. The achievement of 
the required experimental sensitivity is a real challenge faced by a number of new proposed projects. 
A review of the most relevant of them is given. 

1 Introduction 

The existence of neutrino oscillations, well 
proved during the last years by the results 
of the neutrino oscillation experiments, has 
convincingly shown that neutrinos have a fi
nite mass and mixing. While a number of 
new oscillation experiments aiming at im
proving our present knowledge of neutrino 
mass and mixing paramenters has been pro
posed and are currently under preparation, 
some relevant neutrino properties are inac
cessible to them. In fact, oscillation experi
ments can only measure the differences of the 
neutrino masses squared (|Am?|) and, while 
Arnfj sign could be in principle measured 
through oscillation matter effects, only ex
periments sensitive to a linear combination of 
the neutrino masses have a reasonable proba
bility to measure the absolute neutrino mass 
scale in a near future. This is the case for 
kinematic measurements of the j3 spectrum 
end-point, @(3(0v) and cosmological measure
ments which are respectively sensitive to 

(1) (mp) = , 
3 

*:=i 

3 

(mpp) = J2 lE/ifclW^* 

{mcosM)^mk (3) 
fc=i 

where m^ are the neutrino mass eigenval
ues and U^k are the elements of the first line 
of the neutrino mixing matrix (cy = cos(#,j), 
Sij = sm(0ij)) 

U — Uatm X Ucross X Usolar 

0s13e
i6' 

1 0 

Cl3 

0 (T iai/2 

fc=l 

0 eia2'2 0 (4) 
0 0 1 / 

Two possible hierarchies are then im
plied by current available data: the normal 
(mi«ni2 <<ni3) and the inverted hierarchy 
(ni3 <<mi W1112) while nothing can be yet 
inferred about the lowest mass eigenvalue. 

A similar ignorance holds also for the 
neutrino nature (Dirac/Majorana). In the 
SM neutrinos are Dirac particles by construc
tion (i.e. in order to conserve lepton nu-
meber L). In the limit of vanishing masses 
however lepton number conservation can be 
equivalently stated in terms of neutrino he-
licity properties (neutrinos of a given helic-
ity are always coupled to leptons of the same 
sign) and the Majorana or Dirac descriptions 
for neutrino are equivalent (i.e. don't change 
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Figure 1. Scheme of a f3f3 transition. 

the physical content of the theory). For finite 

neutrino masses however the two descriptions 

are no more equivalent and can give rise to 

different physical scenarios (e.g. mass gener

ation mechanisms)1 . (3(3{Qv) is the most sen

sitive tool to establish the nature of the neu

trino. It can proceed in fact only if neutrinos 

are Majorana massive particles and can test 

this hypothesis with extreme accuracy. 

The measurement of neutrino masses, 

mixing angles and phases, as well as the as

sessment of the Dirac/Majorana character 

of neutrinos are going to be considered pri

mary goals of the next generation experi

ments. After the discovery of neutrino oscil

lations which provided us with the first clear 

evidence of phenomena beyond the reach of 

Standard Model (SM), these items represent 

in fact a unique tool to see what new Physics 

lies beyond SM predictions. In this frame

work (3f3(0v) searches play a unique role giv

ing the possibility to probe the Majorana 

character of neutrinos while obtaining infor

mations on the neutrino mass hierarchy and 

Majorana phases with unique sensitivity. 

The sum of the masses of the neutrinos 

of the three flavors is presently constrained 

to values from 0.7 to 1.7 eV from the Wilkin

son microwave anisotropy probe full sky mi

crowave map, together with the survey of 

the 2dF galaxy redshift 2'3'4>5<6. A claim 

for a nonzero value of 0.64 eV has also been 

proposed7 . Although these values are more 

constraining than upper limits of 2.2 eV for 

m„ obtained so far in experiments on single-

beta decay, they are strongly model depen-

Figure 2. Simplified scheme of the f3j3 transitions. 

dent and therefore less robust with respect 

to laboratory measurements. On the other 

hand the best sensitivity expected for next 

generation single-beta decay experiments is 

of the order of ~0 .2 eV (KATRIN 8 and Re 

/ibolometers9). Present, and near future 

(3(3(Qv) experiments could reach a sensitiv

ity to span the {mv) region 0.1-1 eV. Differ

ent plans to overcome the challenge implied 

by the achievement of such a sensitivity, thus 

probing the inverse mass hierarchy, have been 

proposed. They will be reviewed in the sec

tion devoted to the future projects. 

Unfortunately, uncertainties in the tran

sition nuclear matr ix elements still affect the 

interpretation of the experimental results and 

new efforts to overcome such a problem are 

strongly required (new theoretical calcula

tions and experimental analyses of different 

(3(3(Qv) active isotopes). Complementary in

formations from beta experiments and astro

physics will be also crucial to solve this prob

lem. 

Several review articles covering both the 

experimental and the theoretical aspects and 

implications of (3(3 have been recently issued 
i o , i i , I 2 , i 3 , i 4 , i s , i 6 _ W e w i U r e f e r t o t h e m for 

more details on the subject. 

2 D o u b l e B e t a D e c a y 

Double Beta Decay (DBD) is a rare sponta

neous nuclear transition in which the charge 

of two isobaric nuclei changes by two units 

with the simultaneous emission of two elec-
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trons. The parent nucleus must be less bound 
than the daughter one, while it is generally 
required that both be more bound than the 
intermediate one, in order to avoid (or at 
least inhibit) the occurrence of the sequence 
of two single beta decays (Fig.l). These con
ditions are fulfilled in nature for a number 
of even-even nuclei. The decay can then 
proceed both to the ground state or to the 
first excited states of the daughter nucleus. 
Nuclear transitions accompanied by positron 
emission or electron capture processes are 
also possible. They are however character
ized by poorer experimental sensitivities and 
will not be discussed in the following. Several 
(3/3 modes are possible. The most popular are 
the 2v mode 

A
ZX -^z+2 X + 2e-+ 2v (5) 

which observes the lepton number conserva
tion and it is allowed in the framework of the 
Standard Model (SM) of electro-weak inter
actions, and the Ov mode 

AX -^A
+2 X + 2e" (6) 

which violates the lepton number and has 
been recognized since a long time as a power
ful tool to test neutrino properties17. A third 
decay mode in which one or more light neu
tral bosons x (Majorons)) are also emitted 

iX^+2X + 2e-+NX (7) 

is often considered. /3/3(0z/, x) requires the 
existence of a Majoron, a massless Goldstone 
boson that arises upon a global breakdown of 
B-L symmetry, where B and L are the baryon 
and the lepton number respectively. Interest 
in the Majoron is due to its possible signi-
cant role in the history of the early Universe 
and in the evolution of stars. The model of 
a triplet Majoron18 was disproved in 1989 by 
the LEP results on the decay width of the 
ZO boson. Some new models were however 
recently proposed19'20, where (3l3{Qv,x) de
cay is possible withouth any contradictions 
with the LEP data. DBD models involv
ing the emission of two Majorons were also 

u d 

T " 
I 
1 e (s-electron) 
i 

I 

X (neutralino) 

I e (s-electron) 
I 
i 

u d 

Figure 3. Example of a fif3(fiv) suspersymmetric di
agram involving the exchange of a neutralino. 

proposed21'22. Due to the variety of proposed 
models with the term Majoron, one generally 
means today a massless or light boson asso
ciated with neutrino. 

In the following, we will focus our at
tention only to the neutrinoless DBD mode. 
In all envisaged modes, f3[3(0v) is a very 
rare transition, hence characterized by very 
long lifetimes. Besides the exchange of 
light or heavy Majorana neutrinos (fig. 2), 
fif3(0v) can be mediated by the exchange 
of a variety of unconventional particles (e.g. 
SUSY partners, fig 3). 

Actually /3/3(Oz/) can be meant as a sort of 
black box involving the emission of two elec
trons by a two-nucleon system with just a 
number of constraints on the process observ-
ables (electron sum energy, single electron en
ergies, single electron energies and decay rate 
decay). Many models beyond SM with lep
ton number violation can therefore contribute 
(e.g. left-right symmetric models, supersym-
metric models with or withouth R-parity con
servation) and /3/3(0v) translates in a sensi
tive tool to obtain constraints on the relevant 
parameters of these models. Present experi
mental sensitivities on supersymmetric model 
predictions are actually lower than those of 
the LHC experiments. This will not be how
ever true for next generation P(3(0L>) experi
ments which will therefore represent a pow-
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erful tool after the LHC era. 

Independently of the actual mechanism 

mediating the decay, /3/3(CV) observation 

would necessarily imply tha t neutrinos are 

Majorana massive particles and would more

over allow to fix the absolute neutrino mass 

scale. Lacking, however, any evidence for 

j3j3(Qv) , experimental lower limits on the de

cay lifetimes can only translate into indepen

dent limits on each of the possible contribu

tions to the decay amplitude. Disregarding 

more unconventional contributions (SUSY or 

left-right symmetric models), the /3/3(GV) rate 

is usually expressed as 

[ 7 * ; 2 ] - 1 = G 0 , ' | M 0 , ' | 2 | ( m v > | 2 (8) 

where G 0 y is the (exactly calculable) phase 

space integral, |M 0 ! y | 2 is the nuclear matr ix 

element and (m„) is the already mentioned 

effective neutrino mass parameter (eq. 1) 

measured in (3(3(Qv) which, in the limit of 

small neutrino masses becomes 

K ) = cl2cj3m1+sl2cl3e
taim2 + sl3e

m2rn3 

(9) 

The presence of the phases a.^ implies tha t 

cancellations are possible. Being equivalent 

to two degenerate Majorana neutrinos with 

opposite C P phase, such cancellations are 

complete for a Dirac neutrino. This stresses 

once more the fact tha t /3/3(Oi/) can occur 

only through the exchange of Majorana neu

trinos. 

It should be stressed tha t (3f3{Qv) represents 

the only possibility to measure the neutrino 

Majorana phases. Predictions on {mv) based 

on the most recent neutrino oscillation re

sults have been recently derived by various 

authors 1 4 ' 2 3 . The most striking aspect of 

such predictions for the /3@(0v) community is 

tha t , finally, a definite goal (other than ver

ifying L conservation) exists: an experimen

tal sensitivity in the range (m„) ~10-50 meV 

could definitely rule out inverse and quasi-

degenerate hierarchies thus assessing a direct 

neutrino mass hierarchy. (3(3(0v) observation 

at larger (m„) scales would be equally impor

tant (expected sensitivities are bet ter than 

for complementary kinematic and cosmologi-

cal measurements) but its occurrence is based 

on more optimistic assumptions (degenerate 

hierarchy is still considered somehow unnat

ural) . 

As it is apparent from eq. (8) the deriva

tion of the crucial parameter (m„) from the 

experimental results on /3/3(Oz/) lifetime re

quires a precise knowledge of the transition 

Nuclear Matrix Elements (NME). Unfortu

nately this is not an easy job and a definite 

knowledge of NME values and uncertainties 

is still lacking in spite of the large at tention 

a t t racted by this area of research. Many, 

often conflicting evaluations are available in 

the literature and it is unfortunately not so 

easy to judge their correctness or accuracy. A 

popular even if doubtful a t t i tude consists in 

considering the spread in the different eval

uations as an estimate of their uncertainties. 

In such a way one obtains a spread of about 

one order of magnitude in the calculated half 

lifetimes (Tab. 1) which corresponds to the 

factor of ~ 3 in {mu) generally used in the in

terpretat ion of /3P(0i/) experimental results. 

Outs tanding progress has been achieved 

over the last years mainly due to the appli

cation of the Quasi Random Phase Approx

imation (QRPA) method and its extensions. 

In spite of the still observed spread in the 

calculation results, the QRPA method seems 

presently the only possibility for heavy neu-

clei; we will refer to it in the following for 

the comparison of experimental results. Re

newed interest in Shell Model calculations 

has been on the other hand boosted by the 

fast development of computer technologies 

even if the reliability of the method is still 

debated, especially for high Z nuclei. Al

ternative approaches (e.g. OEM) have also 

been pursued. Comparison with experimen

tal (3(3{2v) rates has often been suggested as 

a possible way out (direct test of the cal

culation method). The evaluation methods 

for the two decay modes show however rele-
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vant differences (e.g. the neutrino propaga
tor) and the effectiveness of such a compar
ison is still controversial. Recently, encour
aging results have been obtained in24, where 
calculations obtained after fixing QRPA pa
rameters on the 00(2v) experimental results 
show a surprising stability. Discussions on 
the interpretation of this result are however 
still open and experimental 00(2v) results 
are presently not available for all isotopes of 
interest for 00(Qv) experimental searches. It 
is clear that a big improvement in the calcu
lation of NME or at least in the estimate of 
their uncertainties would be welcome. New 
calculation methods should be pursued while 
insisting on the comparison with dedicated 
measurements coming from various areas of 
nuclear physics25. On the other hand, an 
experimental effort to investigate as many 
as possible 00 emitters should be addressed. 
To this end it should be stressed that the 
00 (Ov) observation of one nucleus is likely to 
lead to searches and eventually to observa
tion of the decay of other nuclei contributing 
to definitely solve the NME calculation pre
cision problem26. 

3 Experimental approaches 

Two main general approaches have been fol
lowed so far to investigate (3(3 : i) indirect or 
inclusive methods, and ii) direct or counter 
methods. Inclusive methods are based on the 
measurement of anomalous concentrations of 
the daughter nuclei in properly selected sam
ples, characterized by very long accumula
tion times. They include geochemical and ra
diochemical methods and, being completely 
insensitive to different (3(3 modes, can only 
give indirect evaluations of the (3(3(01/) and 
00(2v) lifetimes. They have played a crucial 
role in 0(3 searches especially in the past. 

Counter methods are based instead on 
the direct observation of the two electrons 
emitted in the decay. Different experimen
tal parameters (energies, momenta, topology, 

etc) can then be registered according to the 
different capabilities of the employed detec
tors. These methods are further classified 
in passive (when the observed electrons origi
nate in an external sample) and active source 
experiments (when the source of 00 's serves 
also as detector). In most cases the vari
ous 00 modes are separated by the differ
ences in the recorded electron sum energy: 
a continuous bell ditribution for 00(2v) and 
00(Ov, x) i a n d a sharp line at the transition 
energy for 00(Qv) . Direct counting experi
ments with very good energy resolution are 
presently the most attractive approach for 
00(Ov) searches. 

Experimental evidence for sev
eral 00(2v) decays as well as improved lower 
limits on the lifetimes of many 00(Qv) emit
ters (Tab. 2) have been provided using the 
measured two-electron sum energy spectra, 
the single electron energy distributions and, 
in some cases, the event topology. 

Various different conventional counters 
have been used in 00 direct searches: solid 
state devices (Germanium spectrometers and 
Silicon detector stacks), gas counters (time 
projection chambers, ionization and multi-
wire drift chambers) and scintillators (crys
tal scintillators and stacks of plastic scintil
lators). New techniques based on the use of 
low temperature true calorimeters have been 
on the other hand proposed and developed in 
order to improve the experimental sensitivity 
and enlarge the choice of suitable candidates 
for 00 searches investigable with an active 
source approach. A common feature of all 
00 experiments has been the constant fight 
against backgrounds caused mainly by envi
ronmental radioactivity, cosmic radiation and 
residual radioactive contaminations of the de
tector setup elements. The further suppres
sion of such backgrounds will be the actual 
challenge for future projects whose main goal 
will be to maximize 00(Ov) rate while mini
mizing background contributions. 

In order to compare the performance of 
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Table 1. Theoretically evaluated /3/3((V) half-lives (units of 1028 years for (m„) = 10 meV). The first two 
columns refer to Shell Model calulations while the other are based on the QRPA method. 

Isotope 
48Ca 
76Ge 
82Se 
100Mo 
116Cd 
i 3 0 T e 

136Xe 
i so N d 
160Gd 

[27] 

3.18 
1.7 

0.58 
-
-

0.15 
-
-

-

[28] 

8.83 
17.7 
2.4 
-
-

5.8 
12.1 

-

-

[29] 

-
14.0 
5.6 
1.0 
-

0.7 
3.3 
-

-

[30] 

-
2.33 
0.6 
1.28 
0.48 
0.5 
2.2 

0.025 
0.85 

[31] 

-
0.26-0.58 

-
-
-

0.077-1.1 
-
-
-

[32] 

-
3.2 
0.8 
0.3 
0.78 
0.9 
5.3 

0.05 
-

[33] 

2.5 
3.6 
1.5 
3.9 
4.7 
0.85 
1.8 
-
-

[24] 

-
5.7 
1.7 
3.4 
2.1 
2.2 
4.6 
0.23 

-

the different (3(3 experiments an experimental 
sensitivity or detector factor of merit is usu
ally introduced. This is defined as the pro
cess half-life corresponding to the maximum 
signal n# that could be hidden by the back
ground fluctuations at a given statistical C.L. 
At la level (nB=VBTMA), : 

17 ^Back.Fluct. _ i n o »r 
-roi/ = T 1 / 2 — In 2 IMppe-nB 

where B is the background level per unit mass 
and energy, M is the detector mass, T is 
the measure time, A is the FWHM energy 
resolution, N ^ is the number of (3(3 decay
ing nuclei under observation, rj their isotopic 
abundance, N^ the Avogadro number, A the 
compound molecular mass, x the number of 
(3(3 atoms per molecule, and e the detection 
efficiency. 

Despite its simplicity, equation (10) has 
the unique advantage of emphasizing the 
role of the essential experimental parameters: 
mass, measuring time, isotopic abundance, 
background level and detection efficiency. 
Fov can be thought as the inverse of the min
imum rate which can be detected in a pe
riod T of measurement. When no counts are 
recorded in the relevant energy interval over a 
statistically significant period of time (a con
dition usually but incorrectly referred to as 

"zero background case"), the term nB in eq. 
10 is constant (e.g. 2.3 at 90 % C.L.) and 
one gets a factor-of-merit which scales lin
early with T and the detector mass: 

\n2Npp^ (90%C.L) . (11) *0v 2.3 

Using eq. 8 one can then easily obtain the 
experimental sensitivity on (mv) 

(12) w, 
^<m„> 

/ 1 

~ V F^G0v\MOv\^ 

= 

= 

A 
_xr]eNAG0»\M0„\2 

A 
_xr,eNAG0»\M0„\2\ 

1/2 

1/2 

~BA' 
MT 

1 

sjMT 

1/4 

(13) 

It now evident that only the second genera
tion experiments characterized by very large 
masses (possibly isotopically enriched), good 
energy resolutions and extremely low back
ground levels will have an actual chance to 
reach the (mv) region below 50 meV. The se
lection of favourable (3(3 nuclei and the use 
of special techniques to suppress background 
(e.g. topological informations) will of course 
help in reaching the goal. In particular, the 
effectiveness in reaching the estimated back
ground levels will be the actual measure of 
a given experiment's chances. Extreme care 
will have to be dedicated to all possible back
ground contributions including environmen
tal radioactivity, cosmogenically and artifi-
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cially induced activity, natural activity of the 
setup materials and (3(3(2v) . 

4 Present experiments 

Impressive progress has been obtained dur
ing the last years in improving (3(3{Qv) half-
life limits for a number of isotopes and in 
systematically cataloging (3(3{2v) rates (Tab. 
2). The effort to cover as many as possi
ble (3(3 nuclei thus allowing a diret check for 
(3(3{2v) NME elements is evident. 

Optimal (3(3(Qv) sensitivities have been 
reached in a series of experiments based on 
the calorimetric approach. In particular, the 
best limit on (3(3{Qv) still comes from the 
Heidelberg-Moscow (HM) experiment36 on 
76 Ge, even if a similar sensitivity and re
sult have been obtained also by the IGEX 
experiment38 (Tab. 2). In both cases a 
large mass (several kg) of isotopically en
riched Germanium diodes (86 %), was in
stalled deep underground under heavy shields 
for gamma and neutron environmental radi
ation. Extremely low background levels were 
then achieved thanks to a careful selection 
of the setup materials and further improved 
by the use of pulse shape discrimination tech
niques. Taking into account the uncertainties 
in the NME calculations, such experiments 
indicate an upper limit in the range of 0.3-1 
eV for (m„) . 

In spite of the above mentioned limit 
on the half-lifetime of 76Ge (3f3(0v) pub
lished by the HM collaboration in the sum
mer 2001, a small subset of the same collab
oration (KDHK in the following) surprised 
the (3(3 community in January 2002 with a 
first claim of evidence for (3f3(Of) 47 with 
T°J2 = 0.8 - 18.3 x 1025 y (best value T°J2 = 
1.5 x 1025 y) corresponding to a (m„) range 
of 0.11-0.56 eV (best value 0.39 eV). The re
sult was based on a re-analysis of the HM 
data including: i) an automatic peak detec
tion method; ii) identification of the found 
lines; iii) narrowing of the fit interval to ex-

V 

Figure 4. The CUORICINO tower and detail of two 
modules. 

elude any contribution from recognized lines. 
The statistical significance of the result and 
the interpretation of the structures observed 
in the background spectrum were criticised in 
a series of papers following the claim48,13,49 

and were even contested by other members 
of the HM collaboration50. A long debate 
started51 until the claim was confirmed 2 
years later52 after a more accurate reanalysis 
of the collected data and the inclusion of ad
ditional statistics up to the data acquisizion 
final date (May 2003). The final reported 
result is T°J2 = 0.69 - 4.18 x 1025 y (best 
value T®Y2 = 1.19 x 1025 y) corresponding 
to a (m„) range of 0.24-0.58 eV (best value 
0.44 eV). The new claim looks actually more 
convincing but, due to the relevance of the 
result, a more extensive substantiation and 
review is needed. In particular the analysis 
of the background has still some weak point 
(e.g. not all observed lines have been iden
tified) and a definitive validation is expected 
by other currently running experiments (e.g. 
CUORICINO) or the very sensitive next gen
eration (3(3{Qv) projects. 

The most severe limit of the calorimet
ric approach with conventional detectors is 
the small number of /3/3(0v) possible iso
topes that can can be studied (e.g. 76Ge, 
136Xe, 48Ca). A solution to this problem, 
was suggested53 and developed54 by the Mi-
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Table 2. Best reported results on 0/3 processes. fi(3(0v) limits are at 90% C.L. 0/3 (2v) results are averaged 
values, taken from ref.34 except when explicitely noted. The effective neutrino mass ranges are obtained 
according to the QRPA calculations reported in Table 1. 

Isotope 
48Ca 
76Ge 

82Se 
96 Zr 
100Mo 
116Cd 
1 2 8 T e 

1 3 0 T e 

136Xe 
1 5 0 N d 

Tlh (y) 
4.3+2J x 1019 

1.42±°;°? x 1021 

(9.8 ±2.0 ±1.0) x 1019(39) 
2.1±°;8) x 1019 

(7.11 ±0.02 ±0.54) x 
3.3t°oi x 1019 

(2.5 ±0.4) x 1024 

(0.9 ±0.15) x 1021 

> 8.1 x 1020<44) 
(7.0 ± 1.7) x 1018 

1 018(39) 

T?/2 (y) 
> 6.8 x 1021(35) 
> 1.9 x 1025(36) 
> 1.6 x 1025(37>38) 
> 1.9 x 1023 <39) 
> 1 x 1021(4°) 
> 4.6 x 1023(39) 
> 7 x 1022(41) 
> 7.7 x 1024<42) 
> 1.8 x 1024(43) 
> 1.2 x 1023(45) 
> 1.2 x 1021(46) 

K ) (eV) 
< 19 - 36 
< 0 .1 -0 .9 
< 0 .1-0 .95 
< 1.8-5.4 

< 0 .8 -2 .9 
< 2 .6 -8 .2 

< 0 . 2 - 1 . 1 
< 1.2-2.1 
< 4 .6-13 .8 

lano group. It is based on the use of low 

temperature calorimeters (bolometers) which, 

besides providing very good energy resolu

tions, can in practice avoid any constraint in 

the choice of the (3(3 emitter. Due to their 

very simple concept (a massive absorber in 

thermal contact with a suitable thermometer 

measuring the temperature increase following 

an energy deposition), they are in fact con

strained by the only requirement of finding 

a compound allowing the growth of a dia-

magnetic and dielectric crystal. Extremely 

massive detectors can then be built, by as

sembling large crystal arrays. Thermal detec

tors have been pioneered by the Milano group 

for 1 3 0Te (chosen, because of its favourable 

nuclear factor-of-merit and large natura l iso-

topic abundance, within a large number of 

other successfully tested (3(3 emitters) in a 

series of constantly increasing mass exper

iments carried out at Laboratori Nazionali 

del Gran Sasso (LNGS, 3400 m.w.e.), whose 

last extension is CUORICINO, an array of 62 

TeC>2 crystals arranged in a 13 storey tower 

(fig. 4), totalling a mass of 40.7 kg and oper

ating at LNGS since 2003. Its operating tem

perature is ~12 mK, with an average energy 

resolution of ~ 7 keV at the 2615 line of 2 0 8T1 

and a very satisfactory detector reproducibil

ity. Besides being a sensitive experiment on 

(3(3(Qv) of 1 3 0Te (Tab. 3) CUORICINO is the 

most effective proof of the feasibility of low 

background large mass arrays of bolometers. 

No evidence for (3(3(0v) of 1 3 0Te has been re

ported up to now, with a lower limit on the 

half-lifetime of 1 .8xl0 2 4 y (90% CL) 4 3 . This 

corresponds to a range 0.2-1.1 on (m„) , par

tially overlapping the KDHK claim. 

The other most sensitive currently run

ning (3(3 experiment is N E M 0 3 (fig. 5), in

stalled in the Frejus underground 

laboratory5 5 at a depth of ~ 4800 m.w.e. 

since 2003. It consists of a 3 x 3 meters cylin

drical tracking (wire chambers filled with an 

ethyl-alcohol mixture, operated in the Geiger 

mode) and calorimetric (1940 plastic scintil

lators) system immersed in a weak magnetic 

field. 20 azimuthal sections can support a 

different source foils for a total of ~10 kg of 

enriched isotopes, currently dominated by 6.9 

kg of 1 0 0Mo and 0.9 kg of 8 2Se. The combi

nation of time of flight measurements, mag

netic tracking and calorimetry allow preci

sion characterization of double beta decays 

and rejection of backgrounds. Despite a rel

atively modest energy resolution, implying a 

non negligible background contribution from 

(3(3{2v) , the expected sensitivity on (mv) is 
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Figure 5. Scheme of the NEMOS detector. 

of the order of 0.1 eV (Tab. 3) on the basis of 
an excellent control of the backgrounds. As 
for its previous versions, (3(3(2v) of various 
(3(3 isotopes remains a primary goal. Rele
vant results on (3(3(2v) and (3(3(0v) of 100Mo 
and 82Se have been reported (Tab. 2). 

5 Fu tu re Exper iments 

Most of the criteria to be considered when 
optimizing the design of a new (3(3(Qv) exper
iment follow directly from eq. 10: i) a well 
performing detector (e.g. good energy res
olution and time stability) giving the maxi
mum number of informations (e.g. electron 
energies and event topology); ii) a reliable 
and easy to operate detector technology re
quiring a minimum level of maintenance (long 
underground running times); iii) a very large 
(possibly isotopically enriched) mass, of the 
order of one ton or larger; iv) an effective 
background suppression strategy. 

Unfortunately, these simple criteria are 
often conflicting, and simultaneous optimisa
tion is rarely possible. As discussed above, 
the best results have been so far pursued 

Figure 6. Scheme of four Majorana cryostats and their 
shielding. 

exploiting the ealorimetric approach which 
characterizes also most of the future proposed 
projects. 

Actually, a series of new proposals has 
been boosted by the renewed interest in 
(3(3(01/) following neutrino oscillation dis
covery. They can be classified in three 
broad classes: i) dedicated experiments us
ing a conventional detector technology with 
improved background suppression methods 
(e.g. GERDA, MAJORANA); ii) exper
iments using unconventional detector (e.g. 
CUORE) or background suppression (e.g. 
EXO, SuperNEMO) technologies; iii) exper
iments based on suitable modifications of an 
existing setup aiming at a different search 
(e.g. CAMEO, GEM). 

Present and near future experiments ex
pected sensitivities are compared in Tab.3. 
In some cases technical feasibility tests are re-
quireed, but the crucial issue is still the capa
bility of each project to pursue the expected 
background suppression. Although all pro
posed projects show interesting features for a 
second generation experiment, we will focus 
in the following only to the few experiments 
characterized by a reasonable technical feasi
bility within the next five years. 

MAJORANA and GERDA are both 
phased programs representing large scale ex
tensions of past successful experiments on 
76Ge (3(3(0v) . They propose to use large en-
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Table 3. Expected 5 y sensitivities of present and near future (funded) experiments. 

Experiment Isotope F0^ (m„) 
(1026 y) (eV) 

CUORICINO56 130Te 0.09 0.09-0.5 
NEM033 9 100Mo 0.04 0.3-1 
NEMQ339 82Se 0.008 0.9-2.7 
CUORE56 130Te 2.1-6.5 0.01-0.1 
GERDA I57 76Ge 0.25 0.1-0.75 
GERDAII5 7 76Ge 2 0.04-0.26 
MAJORANA-18058 76Ge 1 0.05-0.37 
EXO-20059 136Xe 0.15 0.35-0.59 
MOON-20060 100Mo 0.3 0.1-0.36 

riched (86% in 76Ge) germanium crystals as 
both source and detector. 

Evolved from the HM experiment, 
GERDA57 aims at implementig the concept 
of Ge diodes immersed in a LN2 bath61 for a 
radical background suppression (mainly due 
to environmental and setup radioactivity). 
The goal of the first phase (consisting just 
of the HM and IGEX detectors) is a valida
tion of the KHDK results, while the second 
(and possibly the third) phase will aim at a 
(mv) sensitivity well below 100 meV (Tab. 3). 
GERDA has been approved by the German 
and Italian Scientific committees. The LN2 

cryostat and the water tank are under con
struction. Phase I data taking is expected for 
2007 at LNGS while further 20 kg of isotopi-
cally enriched Ge diodes are presently being 
prepared for the phase II. 

The proposed initial configuration of 
MAJORANA58, a mainly USA proposal with 
important Canadian, Japanese, and Rus
sian contributions, would consist of 171 
segmented n-type germanium crystals (180 
kg), distributed in 3 independent ultra-clean 
electro-formed conventional cryostats of 57 
crystals each. The whole assembly would be 
enclosed in a low-background passive shield 
and active veto and be located deep under
ground (fig. 6). The full MAJORANA-180 
design is an evolution of the IGEX exper

iment and would be operational in seventh 
years after approval. 

The main advantage of the Ge based pro
posals is the well understood performance of 
germanium detectors besides an excellent res
olution of -0.16% FWHM, essentially elimi
nating any contamination of the /3/3(0^) sig
nal by (3(3(21/) . Other backgrounds are 
reduced by using ultra-clean materials and 
techniques together with close packing of the 
crystals. The use of germanium crystals 
also allows further background suppression 
via pulse-shape discrimination and segmen
tation. The modular approach allows an easy 
scaling of these experiments to larger size 
with the only possible limitation of the cost. 

CUORE56 (Cryogenic Underground De
tector for Rare Events) is a very large ex
tension of the Te02 bolometric array concept 
pioneered by the Milano group at the Gran 
Sasso Laboratory since the eighties. CUORE 
would consist in a rather compact cylindrical 
structure of 988 cubic natural Te02 crystals 
of 5 cm side (750 g), arranged into 19 sep
arated towers (13 planes of 4 crystals each) 
and operated at a temperature of 10 mK 
(fig. 7). The expected energy resolution is 
- 5 keV FWHM at the (3(3(Qv) transition en
ergy (2.528 MeV). A background level lower 
than 0.01 c/keV/kg/y is expected by extrap
olating the CUORICINO background results 
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Figure 7. Scheme of the CUORE detector. 

and the dedicated CUORE R&D measure
ments to the CUORE setup. CUORE tech
nical feasibility (good energy resolution and 
low background) is demonstrated by the suc
cessful operation of CUORICINO which rep
resents just a slightly modified version of one 
of its 19 towers. The high natural abun
dance of 130Te results in a relatively low 
cost for a detector sensitive to the degener
ate neutrino mass region (Tab. 3). Thanks 
to the bolometer's versatility, alternative op
tions with respect to Te02 could be taken 
into consideration and moreover the cost of 
enriched 130Te needed to extend the sensitiv
ity, is lower than for other isotopes. CUORE 
has been approved by the Italian and LNGS 
Scientific committes and is under construc
tion at LNGS. It is presently the only second 
generation experiment with a timely schedule 
for data taking in 2010. 

EXO59 (Enriched Xenon Observatory) is 
a challenging project based on a large mass 
(~ 1-10 tons) of isotopically enriched (85% in 
136Xe) Xenon. An ingenuous tagging of the 
doubly charged Ba isotope produced in the 
decay (136Xe -*136 Ba++ + 2e") would al
low an excellent background suppression. Af
ter reduction to Ba+ ion, the initial 6 2S'1 / 2 

state would be excited to the 6 2Pi/2 by 

means of a first 493 nm laser pulse, to be 
successively re-excited to the 6 2 P 1 / 2 by a 
second 650 nm laser beam after the decay 
(30% B.R.) to the metastable 5 4Ds/2 state. 
De-excitation to the original 6 2 Pi / 2 state 
would then be followed by the emission of a 
493 nm photon. The technical feasibility of 
such an ambitious project aiming at a com
plete suppression of all the backgrounds re
quires a hard R&D phase. The unavoidable 
pd{2v) contribution is however a serious con
cern due to the poor energy resolution of Xe 
detectors. In order to improve energy reso
lution. the energy deposited in the detector 
is measured by both charge and scintillation 
while only the ionization signal is used to lo
calize the event vertex for signal identifica
tion and background rejection. Two detector 
concepts have been originally considered: a 
high pressure gas TPC and a LXe chamber. 
The second option is however presently pre
ferred. Liquid xenon implies in fact a more 
compact structure, can be easily purified with 
commercial systems and the cryogenic system 
used to keep the detector cold would provide 
a radioactively clean shielding. In addition, 
the lifetime of the recoiling 136Ba ion is long-
enough to allow laser tagging. 

A smaller prototype experiment (EXO-
200) with a Xe mass of 200 kg (80% 136Xe), is 
presently under construction to be installed 
at the WIPP underground laboratory. The 
prototype has no barium tagging and should 
reach an energy resolution of ~1.6% at 2.5 
MeV. The primary goal is to measure 136Xe 
0B(2v) and to study j3/3(0u) with a sensitiv
ity of ~102 5 y in two years of data taking. In 
parallel, different approaches for barium tag
ging to be incorporated in the final full-scale 
experiment are being investigated, the most 
promising being the one based on the extrac
tion of the ions from the liquid xenon and 
transfer to an ion trap for laser tagging. The 
200 kg prototype is fully funded and should 
be operational at WIPP in 2008-2009. 

The proposed Super-NEMO experiment 
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is the only based on a passive source ap

proach. It is an extension of the N E M 0 3 

concept, properly scaled in order to accom

modate ~100 kg of 8 2Se foils spread among 

20 detector modules. The proposed geometry 

is planar. The energy resolution will be im

proved from 12% F W H M to 7% F W H M to 

improve the signal detection efficiency from 

8% to 40% and reduce the I3(3(2v) contribu

tion. The detector modules will have an ac

tive water shield to further reduce any cos

mic ray backgrounds. The proposed detector 

dimensions will require a larger hall than is 

currently available at Frejus. Although an 

expansion of the facility is possible, other 

possible locations are being investigated. If 

funded, Super-NEMO is projected to s tar t 

operations in 2011. It is proposed by an in

ternational collaboration led by French physi

cists. Although the detector design itself is in 

principle scalable to 1000 kg due to its modu

larity, serious limitations could be implied by 

the radio-purity of the detector systems and 

by the low volume fraction occupied by the 

foils. 

Based on a passive source approach the 

MOON project6 0 plans to use natural molyb

denum (9.63 %) to detect not only f3/3 but 

also solar neutrinos. To be installed in the 

Oto laboratory (Japan) , it would consist in 

a large tracking calorimeter made by thin 

foils of enriched 1 0 0 Mo interleaved with spe

cially designed scintillators. The possibility 

to use bolometeric detectors has also been 

considered. Background contributions would 

be substantially reduced by event topology 

reconstruction, leaving (3f3{2v) (which for 
1 0 0Mo is relatively high) as the dominant 

source. The scintillator detection technique 

could support also isotopes other than 1 0 0 Mo. 

If 8 2Se would be used the backgrounds would 

be substantially reduced but at the expense 

of losing solar neutrino detection capability. 

Current proposals call for a 200 kg stage, fol

lowed by a 1 ton phase. 

The CAMEO 6 2 proposal would use 1 ton 

of scintillating 1 1 6 C d W 0 4 cristals inside the 

Borexino detector. CANDLES 6 3 would be 

based instead on the use of CaF2 in liquid 

scintillator. COBRA 6 4 is based on the use of 

CdTe or CdZnTe diodes (~10 kg) to investi

gate Cd and Te /3/3 isotopes in a calorimet-

ric approach. Promising results of measure

ments carried out at LNGS with a reduced 

scale prototype have been reported6 5 . Sim

ilar to GERDA, GEM 6 6 would consist in a 

slight modification of the original GENIUS 

proposal6 7 , in which the complex LN huge 

cryostat has been replaced by a definitely 

smaller one inserted in a large pure water con

tainer (e.g. Borexino). DCBA 6 3 proposes the 

use of a modular 3-D tracking (drift chamber) 

in a uniform magnetic field to study 1 5 0Nd 

PP(0v) ; the expected sensitivity based on the 

analysis of the single electron energy distribu

tions seems unfortunately untenable. An in

teresting P(3{Qv) sensitivity has been claimed 

also by the XMASS 6 8 solar neutrino collabo-

raion. 

6 Conc lus ions 

A renewed interest in (3(3{Qv) searches has 

been stimulated by recent neutrino oscillation 

results. Neutrinoless (3f3 is finally recognized 

as a unique tool to measure neutrino prop

erties (nature, mass scale, intrinsic phases) 

unavailable to the successful experiments on 

neutrino oscillations. Present (m„) sensitiv

ities are still outside the range required to 

test the inverted neutrino mass hierarchy. A 

phased /3/3(0^) program based on a number 

of newly proposed experiments (possibly on 

different f3j3(Qv) isotopes) is of primary im

portance and has been supported by APS 

Multidivisional Neutrino Study 6 9 . The suc

cess of such a program strongly depends on 

the t rue capability of the proposed projects 

to reach the required background levels in 

the /3/3(0^) region. An experimental confir

mation of the (sometimes optimistic) back

ground predictions of the various projects is 
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therefore worthwhile and the construction of 

preliminary intermediate scale setups is rec

ommended. Actually, for most of the pro

posed projects (CUORE, GERDA, MAJO-

RANA, EXO and MOON) a smaller scale de

tector has already been funded. C U O R E is 

the first full scale project funded and under 

construction. 

The claimed evidence for a /3/3(OV) sig

nal in the HM data could be soon verified by 

the presently running experiments and in any 

case, by the forthcoming next generation ex

periments. 

A strong effort to improve the NME evalu

ation should be encouraged while stressing 

the need of experiments addressed to differ

ent nuclei. 
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NEUTRINO OSCILLATIONS A N D MASSES 

SRUBABATI GOSWAMI 

Harish-Chandra Research Institute, Chhatnag Road, Jhusi, Allahabad -211 019, India 
E-mail: sruba@mri.emet.in 

The present status of neutrino oscillation parameters are summarised. The sensitivity of the future 
planned and proposed experiments are discussed. 

1 Parameters of Neutrino mass 
matrix 

Assuming three neutrino flavours there are 
nine parameters in the light neutrino mass 
matrix - 3 masses mi , mi and m.3, 3 mixing 
angles #12, 6*13 and 823, 1 Dirac CP phase and 
2 Majorana CP phases. Oscillation experi
ments are sensitive to the mass squared dif
ferences - Am2}, A m ^ « Am§2, mixing an
gles and the Dirac CP phase. Majorana CP 
phases are observable only in lepton number 
violating processes. Information on absolute 
neutrino mass scale comes from tritium beta 
decay1, neutrino-less double beta decay2 and 
Cosmology3. In this article I will discuss the 
present constraints on the oscillation param
eters coming from solar, atmospheric, accel
erator and reactor neutrino data. I will also 
outline how the precision in determination of 
these parameters can be improved in future 
experimental facilities. 

2 Current Status of Neutrino 
Oscillation Parameters 

2.1 Solar Neutrino Oscillation 
Parameters 

Global solar data from the radiochemi
cal experiments Homestake, Gallex, GNO 
and Sage and the Cerenkov experiments Su-
perkamiokande (SK) and Sudbury Neutrino 
Observatory (SNO)4, constrain the parame
ters Amg Am 2 , i , 6, ?12- Fig. 1 shows 
the allowed area in the A m ^ - sin2 #12 plane 
from global solar data 5. The left panel shows 

SnlarfBPM) [pre 
(before supi 200.?) 

Solar(BP04; Ipost-saltJ 

0.1 0.2 0.3 0.4 : 0.1 0.2 0.3 0.4 0.5 
sin'6,2 

Figure 1. The allowed area in A m | j —sin2 #12 param
eter space from global solar analysis with and without 
the SNO salt data. 

the allowed area before the salt phase while 
the right hand panel shows the allowed area 
including the full salt data (salt-I+salt-II) 
from SNO 6. The inclusion of salt data is 
seen to tighten the constraints on the param
eters. The reason for this can be understood 
if we consider the expressions for charged cur
rents (CC) and neutral current (NC) rates 
for SNO. For oscillation to active neutrinos 
Rcc ~ /s-Pee ~ / B sin2 912 for 8B neutrinos 
and RNC = JB- The SNO salt data deter
mines RNC and hence / s with a greater pre
cision. Therefore regions which could earlier 
be allowed by adjusting fB gets disfavoured 
now. 

In fig. 2 we show the impact of 
KamLAND results 7 on the allowed region in 
the Am2! - sin2 (912 parameter space. The 

mailto:sruba@mri.emet
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Solar + KamLAND 

K i l T v D u i a 

Solar - i -KamLAND 

766.3 Tv Daia 

0.2 0.3 0.4 0.2 0.3 0.4 0.2 0.3 0.4 0.5 

sin2e t, sin29., sin29,, 

u0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.2 0.25 0.3 0-35 0.4 

sin 9,., sin 9.„ 

9 Figure 3. The allowed area in Am?., — sin2 #12 pa-
Figure 2. The change in allowed area in Am21 - r a m e t e r g p a c e f r Q m g ] o b a l s o l a r + K a m L A N D d a t a . 
sin 0i2 parameter space with KamLAND data. 

survival probability for KamLAND is : 

' 1.27 Am^L 
pK KL 1 - shT 26»i2 sin^ 

Ev 

neglecting the small mat ter effect for lower 

values of A m ^ . Assuming C P T conserva

tion i.e same oscillation parameters for neu

trinos and antineutrinos KamLAND is sensi

tive to Ara 2 2i in the so called Large-Mixing 

Angle (LMA) region. The middle panel in 

fig. 2 shows the allowed region with inclu

sion of 162 Ty KamLAND data declared in 

2002 while the rightmost panel shows the al

lowed region after inclusion of the 766.3 Ty 

KamLAND data declared in 2004. The 162 

Ty KamLAND data splits the LMA region 

in two parts called the low and high LMA 

regions. The high-LMA region gets disfa

vored at more than 3a with the 766.3 Ty 

KamLAND data . 

In fig. 3 we show the allowed area in the 

Am,2i — sin #12 parameter space from com

bined solar and KamLAND results 5 . The 

left panel shows the allowed area in 2004 

and the right panel shows the allowed area 

in 2005 after inclusion of the phase 2 SNO 

salt da ta declared in March 2005. The best-

fit including the latest salt da ta comes at 

Am 2 2i = 8 . 0 x M T 5 e V 2 and sin2 912 = 0.31 

The 3(7 allowed ranges as obtained from the 

righthand panel of fig. 2 are Am 2 2 i =(7.0-

9.3) x l O " 5 e V 2 and sin2 012 = 0.24 -0.41. 

Maximal mixing is ruled out at almost 6a 

from the present data . There is strong ev

idence of MSW mat te r effect in the present 

da ta with no-MSW being ruled out at more 

than 5(7 8 . Mat ter effect inside the sun en

sures tha t A m 2 ! > 0 and disfavours the 

9 > 7r/4 (Dark-Side) solutions. 

In Table 1 we present the 3cr allowed 

ranges of A m | i and s in 2 # i 2 , obtained using 

different da ta sets. The only solar and so

lar + 766.3 Ty KamLAND analysis inlcudes 

the latest SNO salt results. We also show 

the uncertainty in the value of the parame

ters through a quanti ty "spread" which we 

define as 

spread 
A m 2 (sin2 Am2(sin2<9), 

Am 2 ( s in 2 6)max + Am 2 ( s in 2 6)min 

Table 1 illustrates the remarkable sensitiv

ity of KamLAND in reducing the uncertainty 

in Arri^i- But 6*12 is not constrained much 

better than the current set of solar experi

ments. The reason for this is the average en

ergy and distance in KamLAND corresponds 

to a Survival Probability MAXimum (SP-

MAX) i.e s in 2 (Am 2 2i L/AE) « 0. This 

means that the coefficient of the sin2 29\2 

term in P|fL is relatively small, weakening 

the sensitivity of KamLAND to #12. The 

precision in 6*12 can be improved by reduc

ing the baseline length such tha t one gets 
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• , , . , i . , \ 

j " ' I : 
j | &r 

1 j 2a~ 

jj.. , i . . . / 

3v osc i l la t ion pa rame te r bounds on i ) l ; 

atmospheric only 
atmospheric * K2K 

0 0.25 0.5 0.75 

sin2e„._ 
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10 15 20 
. 2 

AX 

Figure 4. The allowed area in Am. 2
t m — sin2 8atm, 

parameter space from atmospheric and K2K data 

0 0.02 0.04 0.06 0.08 0.1 

sin2-$13 

Figure 5. The bound on sin2 $13 from various data 
sets 

a minimum of the ve survival probability 
(SPMIN) where sin2 (Am2

2i L/AE) = 1. 
This corresponds to a distance L = 
1.24(E/MeV)(eV2/Am2

12) m 9. 

2.2 Atmospheric Neutrino Oscillation 
Parameters 

In fig. 4 we show the allowed area in the 
Am2

tTO—sin2 0atTO space from two-generation 
analysis of the SK atmospheric10 and K2K 
data11. The figure is taken from12. The 
best-fit values of parameters obtained from 
combined SK+K2K analysis are: A m ^ = 
2.2 x 1G~3 eV2 and sin2 023 = 0.5 12. We also 
show the 1 parameter plots of A%2 vs Am a t m 

or sin2 6'atm. These plots are marginalised 
over the undisplayed parameters. We find 
that Am2,tm values are constrained further 
by inclusion of K2K data but the 9atm. is 
not constrained any better. For a two gen
eration l/fj, — vT analysis the relevant prob
ability is the vacuum oscillation probability 
which has #23 — (TT/2 — #23) symmetry. The 
spread in Am2

t 

in sin 6atm is ' 
rameter plots. 

is ~ 40% whereas the that 
33% at 4a from the 1 pa-

2.3 Status of 613 

In a combined three generation analysis the 
third angle 013 couples the solar and atmo
spheric neutrino oscillations. In fig. 5 we 
show the bounds on sin #13 from 1 param
eter plots8. Combined analysis of solar, at
mospheric, reactor and accelerator data give 
sin2 0i3 & 0.04 at 3a 8 '13. This bound is sen
sitive to value of Am23i 14. Since this mixing 
angle is very small the two-generation allowed 
areas does not change significantly with in
clusion of the third generation. 

2.4 Accommodating the LSND Signal 

The LSND experiment at Los Alamos have 
declared positive evidence for v^ — ue os
cillation corresponding to Am2 ~ eV2 1S. 
Thus this experiment introduces another 
mass scale for oscillations and a three gener
ation explanation of solar, atmospheric and 
LSND observations cannot be obtained. The 
way out includes addition of extra sterile neu
trinos or assumption of CPT violation. The 
simplest possibility is to add one additional 
sterile neutrino. In such a scenario there can 
be two possibilites the so called 2+2 and 3+1 
mass schemes16. The 2+2 mass scheme im-
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Table 1. 3cx allowed ranges and % spread of A m ^ and sin2 612 obtained from 2 parameter plots. 

Data set 
used 

Range of 
A m j j eV2 

spread in Range of 
sin2 6>i2 

spread in 
12 sin20 

only sol 
sol+162 Ty KL 
sol+ 766.3 Ty KL 

3.1 - 21.0 
4.9 - 10.7 
7.0 - 9.3 

74% 
37% 
14% 

0.23 - 0.43 
0.21 - 0.39 
0.25 - 0.41 

30% 
30% 
24% 

Figure 6. The allowed area in 3+1 mass scheme 

Figure 7. The constraints on sin2 612 from a generic 
pp u — e scattering experiment. The horizontal lines 
indicate the current 'So allowed ranges. 

Future Precision of Neutrino 
Oscillation Parameters 

plies transition to almost pure sterile states 
for either solar or atmospheric neutrinos. 
Such a scenario is strongly disfavoured by 
the present data. This result is true inde
pendent of if LSND result is confirmed or 
not. The 3+1 scheme is strongly disfavored 
by the short baseline data as is shown in fig. 
6 12. A very small area remains allowed at 
the 99% C.L. by combining the non-evidence 
of oscillations in other SBL experiments and 
the positive evidence of oscillations in LSND 
experiment. If LSND results are confirmed 
by the MINIBOONE experiment 17 then it 
will be very difficult to accommodate this in 
terms of neutrino oscillation with one addi
tional sterile neutrino. 

3.1 Constraints from Phase III of SNO 

In its phase-Ill the SNO experiment will 
use 3He counters to measure the NC events. 
The projected total error for NC events from 
this phase is 6% as compared to present 
error of 8%. The error in CC measure
ments are also expected to reduce and hence 
the CC/NC ratio will be better determined. 
Since RCC/RNC ~ sin26»i2! a reduced error 
in this ratio is expected to increase the preci
sion in measurement of sin2 0i2. A projected 
analysis including a reduced error for CC and 
NC for SN03 gives the 3<r spreads (1 param, 
Ax2 = 9) as Am22i = 12%; and sin2 912 = 
18%. 
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Table 2. 3a allowed ranges and % spread of Arre^i a n d sin2 #12 obtained from 1 parameter plots. 

Data set 

used 

spread in spread in 

s in W12 

sol2005 + 766.3 Ty KL 

sol2005 + 766.3 Ty KL + SN03 

sol2005 + 3 kTy KL + SN03 

sol2005 + 3 kTy KL + SN03 + pp 

3 kTy KL 

5 Yr SK-Gd 

Reactor expt at SPMIN (3kTy) 

12% 

12% 

6% 

6% 

7% 

2% 

5% 

22% 

18% 

16% 

12% 

32% 

6% 

3.2 Potential of LowNu experiments for 

The pp flux is known with 1% accuracy from 
Standard Solar Models a. Since the pp neu
trino energy spectrum extends up to 0.42 
MeV only, for Am2

2 i in the LMA region, the 
pp neutrino oscillations are practically not af
fected by matter effects. Thus, to a good ap
proximation, the pp neutrino oscillations are 
described by the ve survival probability for 
vacuum oscillations, in which the oscillatory 
term is strongly suppressed by the averaging 
over the region of neutrino production in the 
Sun18: 

9.2e-05 

9c-05 

8.8e-05 

8.6e-05 

8.4e-05 -

8.2e-05 

8e-05 

7.8C-05 -

7.6e-05 
0.1 

99.73 % C.L. from 3 kTy KamLAND 

^ shaded contours are for / ' \ 
\ 5 years of SK-Gd / 

\ 

Figure 8. The allowed area from 5 years of simulated 
SK-Gd data 

PTAVV) = i sin226»i2. 

In fig. 7 we plot the sensitivity of sin2 (912 

as a function of % error in pp scattering rate 
for three illustrative values of measured pp 
rate 19. We find that the error in sin2 #12 is 
~ 14%(~ 21%) at 3<r for 1% (3%) error in the 
measured value of the pp rate. One can also 
conclude that the error in pp rate should be 
& 4% to cause improvement on the exisiting 
range of #i2 marked by horizontal lines. 

a I n comparison, the uncertainty for 8 S is < 
for 7Be is - 10% 

- 20% and 

3.3 Constraints from Future Reactor 
Experiments 

The proposed Super-Kamiokande with 0.1% 
Gadolinium (SK-Gd) would be a very big re
actor anti-neutrino detector with a statistics 
of about 43 times that expected in Kam
LAND 20 h. In fig. 8 we plot the allowed 
area in the Am2! — sin #i2 plane for 5 years 
projected data of Sk-Gd21. We also plot the 
3<r allowed area from KamLAND on this plot 
for purposes of comparison. The plot shows 
that Sk-Gd can further reduce the allowed 
ranges of Airij, and sin26»i2. The 99% C.L. 
spread of Am2,! obtained from this plot is 

6 In 2 0 the detector was named GADZOOKS!. 
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L (km) L (km) 

Figure 9. The sensitivity for a reactor experiment at 
SPMIN 

2.4%, demonstrating a remarkable sensitiv
ity. 

As we had discussed in section 2.1, #12 
sensitivity is best at SPMIN. In fig. 9 we 
plot the allowed range of sin #12 as a function 
of source-detector distance for a same kind 
of experiment as KamLAND but at a base
line that corresponds to SPMIN 19. These 
plots are presented for four different values of 
Am2 1 from the current allowed range. Most 
optimal baseline for the new global best-fit 
Am22i=8.0 x 10"5 eV2 is about 63 km. For 
a higher(lower) value of Am2! the SPMIN 
comes at a lower(higher) distance. We can 
achieve a ~ 6%(2%) accuracy at 3a(lcr) in 
sin #12 in this reactor experiment. In22 such 
an experiment in Japan named SADO is pro
posed. In table 2 we summarise the present 
and future 3<r % spreads of the parameter 
Am2,! and sin26>i2. The table shows that 
Sk-Gd experiment is best for A T O ^ while a 
KamLAND like experiment at SPMIN is best 
for sin2 6*12-

3.4 Constraints from future SK 
atmospheric data 

In fig. 10 we show the allowed area includ
ing 20 years of SK statistics. The panels are 
labeled by #23 values for which the SK spec-

Figure 10. The allowed area in A m ^ —sin2 #23 plane 
from future SK data 

trum is simulated. The Am2
2 values at which 

the spectrum is simulated for each #23 is indi
cated in the first panel. The middle contour 
of the first panel in the third row corresponds 
to spectrum generated at the present best-
fit values. The 3<r spreads as obtained from 
this contour are Am| 2 = 17% and sin2 6*23 = 
24% 23. Atmospheric neutrino flux measure
ments in large magnetized iron calorimeter 
detectors can reduce the uncertainty24. Such 
a detector faciltiy called Indian Neutrino Ob
servatory (INO) is currently planned for lo
cation in India 25. 

3.5 Potential of long baseline 
experiments 

In Table 3 we list the upcoming terrestrial 
experiments in the next ten years 26. The 
constraints obtained on atmospheric neutrino 
oscillation parameters using mainly the dis
appearance channel for Am§2 and #23 the 3<r 
spreads are obtained in Table 4. The pre-



330 

Table 3. 

Label 

Upcoming terrestrial experiments in the 

L 

Conventional beam experiments: 

MINOS 

ICARUS 

OPERA 

Superbeams: 

T2K 

M > A 

735 km 

732 km 

732 km 

295 km 

812 km 

Reactor experiments: 

CHOOZ II 

Reactor-II 

1.05 km 

1.70 km 

<£,) 

3GeV 

17GeV 

17GeV 

0.76 GeV 

2.22 GeV 

~ 4 M e V 

~ 4 M e V 

"next ten years" 

channel 

Vp - • V^ 

Vp -^Vf, 

Vp. ^V„ 

Vp. - • V^ 

Vp - ^ Vp, 

Ve —> Ve 

Ve - > Ve 

Ve 

ve)vT 

ve,vT 

Ve 

Ve 

cision depends on true value of A m ^ . The 
Table is obtained for A m ^ = 2 x 10~3 eV2, 
sin (923 = 0.5. The bounds obtained are sen
sitive mainly to sin2 2#23 and therefore the 
sensitivity is not good specially near 623 = 
TT/4. 

Table 4. 3a spread in A m ^ and sin2 #23 from future 
experiments 

current 
MINOS+CNGS 
T2K 
NOi/A 
Combination 

(Am^l 
44% 
13% 
6% 

13% 
4.5% 

sin2 823 
39% 
39% 
23% 
43% 
21% 

The figs. 11 27 and 12 23 show the po
tential of the future experiments to measure 
the deviation of maximality for #23- The un
shaded regions represent the values of #23 
and ATO?^ for which maximal mixing can
not be rejected whereas for the parameters 
in the shaded regions maximal mixing can be 
excluded. From the first panel in the sec
ond row of fig. 11 one can say that max
imality can be tested to ~ 14% at 3cr for 
Am§2 = 2.5 x 10~3 eV2 after 10 years. The 
results of fig. 11 are generated for the true 
value of 913 = 0 and for non-zero values of 

\ —1 / 1 
-jj 

r i ~ 
\ x 

Vi _ >** 

015 
Figure 11. The regions from dark to light shading 
show the true values of sin2 023 and Am2^ where 
maximal #23 can be disfavoured at 1, 2 and 3<r. 

(A) Theo+Sys+Stat (B) Sys+Stat ••'. • ->I.I only 

""\ 
1 

• ; 

V ; 

" \ : 

) : 

0.3 0.4 0.5 0.6 0.7 0.3 0.4 0.5 0.6 0.7 

sin2 9 „ sinz ( L 

Figure 12. Same as in fig. 11 for atmospheric neutri
nos and future SK data 
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yea r s . 

$13 close to the current bound the results do 
not change significantly. Fig. 12 is for at
mospheric neutrino events in future SK. The 
sensitivity to deviation of maximality comes 
from Am| j driven oscillations which gives 
rise to an excess in sub-GeV electron events. 
At present this electron excess is not at a sta
tistically significant level. But with 20 years 
of SK statistics maximality can be tested to 
~ 21% at 3a. 

3.6 Future sensitivity of #13 

The appearance channel v^ —> ve in beam 
experiments can be used to probe #13. The 
probability for i/M — ve transition can be ap
proximated as 26 

PMe w sin2 26»i3 sin2 (923 sin2 A31 + 0(a, a2) 

where, a = A21/A31. The current global 
data gives best-fit a = 0.03 12 The 0(a) 
terms contain the CP phase 5cp- The sensi
tivity to #13 in this channel is complicated by 
the problem of parameter correlations which 
arises because of our imprecise knowledge of 
other parameters and degeneracies which are 
inherent in a three generation analysis due 
to the presence of non-zero Sep- The de
generacies are the (<5cp,#i3) ambiguity, the 
sign(A3i) or mass hierarchy degeneracy and 
the (823,7r/2 — 623) degeneracy, combining to 
give an overall eight-fold degeneracy28. 

10~6 10"5 1(T4 10-3 10"2 10"' 
sin22fli3 

F igu re 14. T h e sens i t iv i ty t o s in 2 #13 

Clean measurement of sin 26*13 is pos
sible in reactor experiments which measures 
the survival probability to PUeue which is free 
from the CP phase29: 

P{ve -> ve) « 1 - sin2 26*13 sin2 A31 + 0{a2) 

The determination of sin2 6*13 in reactor ex
periments is dominated by systematics. 

In figs. 13 and 14 we plot the sin2 2#i3 
sensitivity for different planned and proposed 
experiments. In fig. 13 the D-CHOOZ reac
tor experiment is found to have the highest 
sensitivity (~ 0.03) to sin226'i3. The sensi
tivity for accelerator experiments measuring 
Pfj,e is spoilt by the effect of parameter cor
relations and degeneracies. Better sensitivity 
to sin2 26*13 c a n be obtained in neutrino fac
tories as is seen from fig. 14. 

The potential of low and high energy so
lar neutrino flux measurement for constrain
ing 6*i3 was considered in13. The survival 
probability for low energy (pp) solar neutri
nos can be approximated as 
• P e e « cos4 #13(1 - 0.5sin2 2012) 
whereas for high energy 8JB neutrinos the 
probability is 
• Pee « cos4 6*i3 sin2 6*12. 
The above equations show that for 6*13 7̂  0 pp 
drives 6*12 to lower values whereas 8B drives 
6*12 to higher values. Because of these op
posing trends combination of low and high 
energy events can constrain 6*13 13. In fig. 
18 we plot the 3cr sensitivity of sin2 #13 as 
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Sensitivity to the sign of Am3 
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Figure 15. Sensitivity to sin2 $13 as a function of % 
error in pp flux measured in a scattering experiment 

a function of % error in a typical pp scat
tering experiment assuming a sample rate of 
0.72. The sensitivity to sin2 6*13 that can be 
attained is ~ 0.01 for 1% error in pp scat
tering rate. Since Pee is free of the CP phase 
this sensitivity is not affected by the 8cp — #13 
degeneracy. However the sensitivity depends 
on the value of sin #12 as is shown in fig. 18. 

3.7 Ambiguity in Mass Hierarchy 

The sign of the atmospheric mass difference 
(Am^ w A m ^ ) is not yet known. Experi
ments sensitive to matter effects can be used 
to probe this. In presence of matter the 1-3 
mixing angle becomes 

tan26>i3
r Am§2 sin 2#i3 

i26l3±2V2GFneE ' 32 *-

where the + sign is for antineutrinos and the 
- sign is for neutrinos. It is evident then 
that for Am 2

t m > 0 matter resonance occurs 
in neutrinos whereas for Am 2

t m < 0 mat
ter resonance occurs in anti neutrinos and 
this difference can be used to ascertain the 
mass hierarchy. Also we see that matter ef
fects for Araftm channel depend crucially on 

" £ = 

• 
Wlli Sftftf 

WSmS&am 

JHPVSK 

iij|iMi 

JHF-HK 

NuFact-I 

NuFact-H 

10"' 10"' 10" 

sin 2#i3 

Figure 16. Sensitivity to the sign of Am 2 

#13 and both parameters get related. In fig. 
16 we plot the sensitivity of the future su-
perbeam and neutrino factory experiments 
to the sign of Am 2

t m . The figure reveals 
that the sensitivity is limited by the corre
lation and degeneracies. For the Superbeam 
experiments JHF-HK or NUMI the hierar
chy cannot be ascertained even at the present 
limit of sin 2613. For neutrino factories, even 
though the problem of correlations and de
generacies is there, hierarchy can be deter
mined for sin2 2613 ~ 0.01 - 0.001. To avoid 
the problem of degeneracies, synergistic use 
of two different experiments or two differ
ent baselines have been considered by many 
people30. Use of magic baselines, where the 
terms containing Sep vanish have also been 
considered as possible alternatives31. 

3.8 Determining Hierarchy by 
Atmospheric Neutrinos 

The v^ survival rate in atmospheric neu
trino events can provide a novel and useful 
method of determining the hierarchy32'33'34. 
For pathlength and energy ranges relevant to 
atmospheric neutrinos, this rate obtains sig
nificant matter sensitive variations not only 
from resonant matter effects in PMe but also 
from those in PM r . In fig. 17 The muon sur
vival probability P ^ in matter plotted as a 
function of E (GeV) for two pathlengths, L 
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E (GeV) E (GeV) 

Figure 17. The muon survival and conversion proba-
bilites as a function of energy. 

= 9700 and 7000 km and for the two signs 
of Am* tm. The survival probability in vac
uum is also shown for comparison. For neg
ative Am^ tm (or inverted hierarchy), there is 
no discernible difference between vacuum and 
matter survival probabilities. For positive 
Am^ tm (or normal hierarchy), the PMA, for 
7000 km suffers a sharp decrease in the energy 
range 5-10 GeV. This is due to a correspond
ing increase in P^e since P w = 1 - P^ - PMT 

and the matter effect in P^ is not appre
ciable for 7000 km. However for 9700 km 
there is a drop in PM r which is as high as 
70%, in the energy range 4 - 6 GeV. This 
drop in PMT overcomes the rise in P^e . Thus 
the net change in PM/i is an increase of the 
matter value over its vacuum value35. It was 
shown in 34 that problem of Sep degeneracy 
is less at these baselines. The matter effect at 
these baselines and energies for atmospheric 
neutrinos passing through the earth can be 
exploited for determining the mass hierarchy 
using fj," rates in magnetized iron calorimeter 
detectors like INO. 

In fig. 18 we plot the number of / i + and 
fjT events in vacuum and matter for L = 
6000-9700 km and E = 5 to 10 GeV. In this 
figure there is a drop in N~ in matter with re
spect to its vacuum value due to a rise in P^e 

L = 6000 to 9700 Km, E = 5 to 10 GeV 

25 i . 1 . 1 1 1 1 1 1 1 1 

20 - r1^! 
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5 ~ fy.ios rl': -F s T., 

2.7 2.8 2.9 3 3.1 3.2 

Log10L/E [Km/GeV] 

Figure 18. The number of ju+ and fi~ events as a 
function of L/E in a magentised iron calorimeter de
tector for 100 kiloton-year exposure 

in matter whereas N™+* « N^_c. This corre
sponds to the righthand panel of fig. 17. In 
fig. 19 the matter effect in P ^ in the bin 
with Log10L/E = 3.2 - 3.35 km/GeV is due 
both to Plie and P^ corresponding to the 
probabilites of the lefthand panel of fig. 17 
and therefore N™?* is higher than the vacuum 
value. This difference between matter and 
vacuum values for \i~ events in chosen L/E 
bins can give rise to a 3-4u signal for mat
ter effects in v^ and hence for Am^j > 0 or 
normal hierarchy in a charge discriminating 
iron calorimeter detector and for sin2 20\z = 
0.1 34. Water Cerenkov detectors cannot dis
tinguish between the lepton charge and what 
they observe is / i + +/ i~ events. Therefore the 
sensitivity of the water Cerenkov detectors 
to matter effects is less compared to that 
of charge discriminating detectors. How
ever, the dominance of muon rates over those 
of anti-muon rates and the resulting higher 
statistics makes it possible to study matter 
effects in such detectors also 36. 

4 Conclusion and Outlook 

• The small observed neutrino masses cannot 
be explained by Standard Model 
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L = 8000 to 10700 Km, E = 4 to 8 GeV 

3.1 3.2 3.3 3.4 

Log10L/E [Km/GeV] 

Figure 19. Same as in figure 19 but for a different L 
and E range 

• This is so far the only observational sig
nal of physics Beyond the Standard Model 
• The theoretical challenges posed by small 
neutrino Masses are: 
— Why mVi < mi,mu, md ? 
—Why two large and one small angle in neu
trino sector while all the angles in quark sec
tor are small ? 
—Why the hierarchy for neutrino masses is 
not strong unlike the quarks and leptons ? 
• Hierarchy, #13, deviation from maximality 
can be good discriminator between various 
mass models 
• Precision neutrino measurements can help 
in choosing between various alternatives. 
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DISCUSSION 

Sachio Komamiya (University of Tokyo): 
What is the sensitivity in sign of A m ^ 
as a function of #13 of the long baseline 
experiments? 

Srubabati Goswami: The sensitivity of 
sign of A31 as a function of sin2 #13 is 
shown in fig. 16. For the long baseline 
experiments there is not much sensitiv
ity even at the current upper limit. The 
reason is the sensitivity to sign of A m ^ 
comes mainly from matter effects and 
distance traversed by the neutrinos for 
these experiments are not large enough 
for matter effects to develop fully. From 
fig. 16 it is seen that even for super-
beam experiments like NuMI and JHF-
HK because of correlations and degen
eracies sign of Amli cannot be ascer
tained even at the present upper limit 
of sin 6*13. 
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ULTRA HIGH ENERGY NEUTRINO TELESCOPES 

PER OLOF HULTH 

Department of Physics, Stockholm University, AlbaNova University Center 
SE-10691 Stockholm, Sweden 

E-mail: hulth@physto.se 

The Neutrino Telescopes NT-200 in Lake Baikal, Russia and AMANDA at the South Pole, Antarctica 
have now opened the field of High Energy Neutrino Astronomy. Several other Neutrino telescopes are in 
the process of being constructed or very near realization. Several thousands of atmospheric neutrinos 
have been observed with energies up to several 100 TeV but so far no evidence for extraterrestrial 
neutrinos has been found. 

1 In t roduct ion 

This paper will mainly discuss Ultra High En
ergy Neutrino telescopes based on the optical 
Cherenkov technique. For acoustic and radio 
based telescopes see Rene Ong's talk "Future 
facilities in astroparticle physics and cosmol
ogy" at this conference. 

1.1 Why Neutrino Astronomy? 

The Universe is not transparent for ultra high 
energy photons since these interact with the 
photons from the Cosmic Microwave Back
ground (CMB) from the Big Bang. 

7 + 1CMB (1) 

A similar process occurs with infrared 
background photons. Photons with energies 
about 1015 eV, for example, will only reach 
us from sources within our own galaxy. Fig
ure 1 shows the observable distance in space 
as a function of the energy of photons and 
protons1. The maximum observed energy of 
the photons is about 1013 eV limiting the dis
tances to the sources to be within 100 Mpc. 
Photons are not suitable to transmit infor
mation about very high energy processes far 
out in space. 

The cosmic microwave background will 
also reduce the mean free path in space for 
protons with energies above 101 9 5 eV via the 
interaction 
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Figure 1. Observable distance in Universe as a 
tion of particle energy1. 

func-

P + 1CMB AH 
(2) 

This process is called GZK (after 
Greisen, Zatsepin, and Kusmin) and limits 
the distance in the Universe for ultra high 
energy protons. However, the use of cos
mic rays for "astronomy" is not possible be
cause intergalactic magnetic fields can change 
the trajectories for charged particles with en
ergies below 1019 eV. Figure 1 shows the 
range in space as a function of the energy of 
the protons. The GZK process will produce 
UHE neutrinos via the n+ —> /i+ + v^ —> 
e+ + ve + v^ from the decay of the A + . The 
detection of the " GZK neutrinos" and the ob
servation of the expected GZK cut off in the 

mailto:hulth@physto.se
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Figure 2. Cosmic ray flux vs. energy2 

cosmic ray spectrum are two very important 

tasks in astroparticle physics. 

Figure 2 shows the observed cosmic 

ray flux for different particles compiled by 

Gaisser2. The spectrum is described by 

power-laws with different spectral index, 

7=2 .7 below 1015 eV (the so-called "knee"), 

and 7 = 3 for energies above 101 5 eV. This has 

been given the interpretation tha t the par

ticles (mainly protons) are leaking out from 

our galaxy. The spectrum changes again to 

a harder spectrum above 101 8 '5 eV (the "an

kle") which is interpreted to be due to an 

influx of extragalactic particles. The leading 

theory to explain the cosmic rays below 1015 

eV is Fermi acceleration in galactic supernova 

remnants (SNR) shocks but so far no direct 

evidence supporting this has been obtained. 

The chemical components in the Cosmic 

rays are identified up to about 1014 eV and 

are dominated by incoming protons. Above 

1014 eV the fraction of heavier chemical el

ements seems to increase. The cosmic rays 

with energies above 101 9 eV should not be 

deflected by magnetic fields in space and in 

principle point back to the source. It is inter

esting to notice tha t no special source candi

dates seem to exist within the GZK range for 

protons. 

The highest observed cosmic ray energies 

correspond to an accelerator with 107 times 

higher energy than what will be available at 

the Large Hadron Collider (LHC) at CERN 

in 2008. The maximum centre-of-mass en

ergy in the cosmic ray interactions (assuming 

incoming protons) is about 25 times higher 

than what will be available in LHC. Wha t 

kinds of sources are able to create particles 

with such energy? 

Using cosmic neutrinos as probes opens 

up a new window to the Universe. The neu

trinos traverse huge amount of mat ter with

out being absorbed. They are not deflected 

by magnetic fields and thus points back to 

the source. Observing neutrinos might reveal 

information about hidden processes close to 

the source. The neutrinos are also not repro

cessed at the sources. 

Further possibilities to study the uni

verse will come from observing cosmic neu

trinos in coincidence with photons, and /or 

gravitational waves. 

So far only two extraterrestrial sources 

of neutrinos have been seen, the Sun and the 

Supernova SN1987a in the Large Magellanic 

Cloud. Both are, however, low energy neu

tr ino sources of a few tens of MeV. 

1.2 Possible cosmic High Energy 

Neutrino sources 

Ultra High Energy (UHE) neutrinos are ex

pected to be produced at the cosmic ray ac

celerators and at possible top-down sources, 

where neutrinos are produced by decays or 

annihilation of heavy particles. Candidates 

for galactic sources for cosmic rays and neu

trinos are micro quasars and Supernova Rem

nants (SNR). Extragalactic sources might be 

Active Galactic Nuclei (AGN) or gamma ray 

bursts (GRB). Accelerated protons interact 

with photons or mat ter in the vicinity of the 
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source producing pions 

p + 7 —> A + —> pit0 or mx+ (3) 

The decay of the A + will produce about 

the same number of photons from 7r° as num

ber of neutrinos from the 7r+ decay. 

For Fermi acceleration the expected neu

tr ino flux will follow an E~2 spectrum. 

The expected flux of cosmic neutrinos 

can be estimated using the observed flux of 

high energy cosmic rays and photons assum

ing different production mechanisms. Many 

different models exist3 '4 . The expected up

per bound for the total diffuse flux of neutri

nos dN/dEv ~ 5 • 1 C T 8 £ - 2 G e V " 1 c m " 2 s " 1 

s r _ 1 . 

The neutrino flavour composition at the 

source is ve:v^:vT= 1:2:0. Due to vacuum os

cillations the flavour composition at the de

tector will change the to v^:ve: vT~ 1:1:1. 

1.3 Particle physics and neutrino 

astronomy 

There are several questions in particle 

physics, which can be studied using Ultra 

High Energy Neutrino telescopes. Perhaps 

the most important one is the question about 

the cold dark mat ter in the universe, which is 

about six times more common than the bary

onic matter . The most popular hypothesis 

for the nature of non-baryonic dark mat te r is 

tha t it consists of the lightest Supersymmet-

ric particle (assuming R-parity conservation), 

the neutralino, left from the Big Bang. The 

mass of the neutralino is expected to be in 

the GeV-TeV range. The neutralinos scatter 

weakly on baryonic mat ter , loose energy and 

may be t rapped in the gravitational field in 

heavy objects like the Sun and the Ear th . In 

the centre of these objects the accumulated 

neutralinos will annihilate and, among other 

particles, neutrinos will be produced. Ob

serving high energy neutrinos from the Sun 

or the centre of the Ear th could be an evi

dence for Supersymmetric particles. 

Other areas of interest for particle 

physics are e.g. tha t a neutrino telescope of 

the size of one km 3 will reconstruct more than 

100 000 atmospheric neutrinos per year with 

energies up to 1015 eV, tha t the cross section 

of ul t ra high energy neutrinos is sensitive to 

effects of extra dimensions, tha t there is the 

possibility to search for magnetic monopoles 

and tha t the weak equivalence principle and 

the Lorentz invariance are possible to test. 

1.4 Detection of neutrinos 

The expected low flux of cosmic neutrinos 

and the low cross-section for neutrino inter

actions demands very large detector mass in 

order to obtain an expected signal. The prob

ability for a neutrino to interact e.g. in 1 km 

of water is only 4 • 10~7 / TeV. 

Using optical Cherenkov detectors the 

choice falls on optical t ransparent natural 

media like water or ice. 

High energy v^s produce muons with a 

range in water or ice of several km (about 

1 km at 300 GeV) allowing muons created 

far outside the instrumented detector volume 

to be detected. The mean angular difference 

between the incoming neutrino and the out

going muons falls approximately as E~05 and 

is about 1 degree at 1 TeV. 

Electron neutrinos, tau neutrinos (at 

moderate energies) and neutral current in

teractions will produce "cascades" in which 

most of the secondary particles will interact 

and stop within a few tens of metres. The 

Cherenkov light will, to first order, look like it 

is coming from a point source inside the large 

detector volume. For isT's at energies above 

several PeV the decay length for the tau will 

be hundreds of meters, allowing detection of 

the two cascades (" double bang events") from 

the primary interaction and the decay of the 

tau. 

The cascades from UHE neutrino inter

actions can also be detected by coherent ra

dio Cherenkov emission from the Askaryan 



342 

effect6 in matter and by acoustic waves cre
ated by the heated interaction volume. See R. 
Ong's presentation in this conference. Radio 
and acoustic detection of neutrino interac
tions have a higher energy threshold (> 1017 

eV) than optical Cherenkov telescopes. 
Optical Cherenkov telescopes are 

planned to reach a volume of the order of one 
km3. To reach even larger detector volumes, 
radio and acoustic techniques become more 
favourable, due to larger attenuation lengths. 

The flux of down-going muons from cos
mic ray interactions in the atmosphere domi
nates by many orders of magnitude the flux of 
neutrino induced muons even at large depth. 
In order to filter out the atmospheric muons, 
the Earth is used as filter and only upward go
ing muons are accepted as neutrino induced 
muons. However, at very large energies the 
expected cosmic neutrino energy will surpass 
the energies of the atmospheric muons allow
ing an acceptance of neutrinos from above the 
horizon. 

The Earth is opaque for v^ and ve neu
trinos with energies above 1014 eV, giving the 
acceptance for PeV neutrinos around the di
rection of the horizon. For EeV neutrinos the 
acceptance is even above the horizon. The r 
neutrinos will also interact in the Earth but 
the produced taus will decay before interact
ing, allowing the vT to continue through the 
Earth but at a lower energy. 

2 Neutrino telescopes 

High energy neutrino detectors deep in the 
ocean for Neutrino Astronomy were proposed 
already in the 1960s5. The first high energy 
neutrino telescope was designed by the DU-
MAND collaboration, which aimed to deploy 
at a depth of 4500 metres in the ocean outside 
Hawaii. The project was closed in 1995 af
ter leakage problems at the large depth. The 
experience gained with this project has been 
important for the development of the field. It 
took almost 40 years from the first ideas until 

Figure 3. The Baikal NT-200 neutrino telescope. 

the first high energy neutrinos (atmospheric 
ones so far) were detected by this kind of tele
scopes. 

2.1 Running telescopes 

Today there are two high energy neutrino 
telescopes taking data. The NT-200 detector 
in Lake Baikal, Russia, and the AMANDA 
telescope at the geographical South Pole, 
Antarctica. The NT-200 telescope is de
ployed at a depth of 1100 m and has been 
taking data since 1998. It consists of eight 
strings with 192 optical modules arranged in 
pairs and is 72 m in height, see figure 3. The 
effective area is >2000 m2 for muon ener
gies above 1 TeV. The telescope is deployed 
and the maintenance is done during spring 
using the lake ice as a platform. The first ob
served neutrino interaction (y^) was reported 
by the Baikal collaboration in 1996 using only 
the first four strings of the telescope. So far 
about 300 atmospheric neutrinos have been 
detected. The angular resolution for muons 
is about 4°. In spring 2005 three new strings 
were deployed at a radius of 100 m below the 
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for comparison 

Signal cables 

y 

AMANDA consists 
o f ! 9 strings with 
a total of 677 
optical modules 

Figure 4. The AMANDA neutrino telescope 

NT200 increasing the sensitivity for cascade 

events with a factor of four. The new config

uration is named NT-200+. 

The AMANDA telescope at the South 

Pole in Antarctica (figure 4) is using the 

t ransparent ice as detector medium instead 

of water. The telescope consists of 19 strings 

with in total 677 optical modules. The dis

tance between the optical modules in a string 

varies between 10 m and 20 m. The main 

sensitive volume is situated between 1500 m 

and 2000 m below the ice surface. The ef

fective area for AMANDA is about 104 m 2 

for 1 TeV muons. The optical modules are 

deployed in holes (about 60 cm in diameter) 

in the ice, which is melted by a hot water 

drilling system. The telescope was completed 

in January 2000 and is continuously taking 

da ta except for short interruptions in Novem

ber and December due to service. Da ta 

were already taken by the partially finished 

AMANDA telescope using the first 10 strings 

(AMANDA-B10). AMANDA is running in 

coincidence with the air shower detector, 

SPASE-II situated on the surface. SPASE-

II is observing the electron component of 

the air shower whilst AMANDA detects the 

muon component. The muons observed in

side AMANDA in coincidence with SPASE 

are used for calibration of AMANDA as well 

as for composition studies of the cosmic rays. 

For the period 2000-2003 AMANDA has re

ported about 3300 atmospheric neutrinos. 

The angular resolution for muon tracks in 

AMANDA is about 2.5°. 

Some recent results from the Baikal and 

AMANDA detectors are given in section 3. 

2.2 Telescopes under constructions 

In the Mediterranean there are three projects 

aiming to build neutrino telescopes deep in 

the sea. In seawater the amount of ra

dioactive background is much larger than in 

Antarctic ice due to the 4 0 K decays giving 

Cherenkov light. A typical noise rate in a 

photomultiplier deep in the sea is in the or

der of 50 kHz whilst in ice it is only about 

1 kHz. Because of the high rate in sea it is 

necessary to run two close-by photomultipli-

ers in coincidence. The absorption length is 

shorter in water but the scattering length is 

larger than in ice. 

Outside the French coast the ANTARES 

collaboration is preparing the deployment of 

12 strings with in total 900 photomultipliers 

at a depth of 2400 m. Two prototype strings 

were successfully deployed in April 2005. The 

first real string is planned to be deployed and 

connected at the end of 2005 and the final 

configuration completed during 2007. The 

strings are deployed from a ship and con

nected to a Junction Box on the seabed with 

a Remotely Operated Vehicle (ROV). The fi

nal size of ANTARES is comparable with the 

AMANDA telescope a t the South Pole. 

The NESTOR collaboration is prepar-
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Figure 5. The IceCube Neutrino Observatory with 
the air shower IceTop at the surface and the IceCube 
telescope inside the ice. The AMANDA telescope is 
seen inside IceCube as a darker cylinder. 

ing a tower-based telescope outside Pylos, 
Greece, at a depth of about 4000 m. The 
telescope will consist of 12 floors with 6 arms, 
each with one optical module facing upwards 
and one downwards. The diameter of the 
floor is 32 m and vertical distance between 
floors is 30 m. One floor was successfully de
ployed and operated in 2003 7. 

The NEMO collaboration investigates a 
site for a possible km3 telescope 80 km out
side the coast of Sicily (Capo Passero) at 
about 3500 m depth. They are investigat
ing optical properties of the water, optical 
background, deep-sea currents and other pa
rameters. They are also developing technolo
gies for a large telescope with 5832 PMTs, 
81 towers, 18 floors, 20 m bar length, with 
one PMT facing downwards and one horizon

tally. An interesting technique has been de
veloped to deploy a tower with optical mod
ules to the bottom of the ocean by folding the 
floors with bars carrying the optical modules 
into a very compact unit. When the unit is 
placed on the bottom the bars are released 
to float up to their positions in the tower. In 
order to test technical solutions for a large 
telescope the collaboration-has started a pro
totyping activity at a site 25 km off the coast 
of Sicily outside Catania at a depth of 2000 
rn. The project is named NEMO-Phase 1 and 
will consist of junction box, underwater ca
bles and two towers, one with four floors and 
one with 16 floors. An electro-optical cable 
connected to the shore station was installed 
in January 2005 together with prototype in
strumentation for acoustic detection. 

The IceCube Neutrino Observatory (fig
ure 5) at the Amundsen-Scott base at the 
South Pole, Antarcti funded project, 
which has started to be installed. It consists 
of the neutrino telescope, IceCube, deep in 
the ice and the IceTop air shower array at 
the surface above IceCube. In the ice, at 
least 70 strings with 60 Digital Optical Mod
ules (DOM) each will be deployed between 
1450 m and 2450 m depth (17 m between 
optical modules). The distance between the 
strings is 125 rn. The instrumented deep ice 
part will cover about 1 km3. The IceTop air 
shower array will consist of two ice Cherenkov 
tanks placed close to each IceCube hole. The 
surface array will be used for calibration and 
background studies as well as for cosmic ray 
studies using the combined detector. The 
AMANDA telescope (inside the volume of 
IceCube) will be integrated in IceCube and 
used as a low energy part of IceCube. The 
modules in IceCube can also be used as veto 
in order to improve AMANDAs acceptance 
for neutrinos from neutralino annihilation in 
the Sun. The first IceCube string and four 
IceTop stations were successfully deployed in 
January 2005. Ten more strings are planned 
to be deployed during the coming season. 
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ergy from AMANDA-and the Frejus experiment. 

The last string is expected to be deployed in 
2010. The telescope is modular and will add 
new strings into the data acquisition system 
as soon as they are deployed and commis
sioned, giving an increasing sensitivity year 
by year. 
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Figure 7. All-flavour neutrino limits and sensitivity 
on an -E 2 4j | plot. Neutrino oscillations are taken 
into account. (1) The MACRO v^ analysis for 5.8 
years (limit multiplied by three for oscillations)16. 
(2) The AMANDA-BIO v^ analysis froml997 (multi
plied by three for oscillations)17. (3) AMANDA-BIO 
ultra-high energy neutrinos of all flavours 199718. (4) 
AMANDA all-flavour cascade limit from 200019. (5) 
Baikal cascades 1998-200320. (6) The preliminary re
sults of the 2000 AMANDA v^ analysis (multiplied 
by three for oscillations). The limits derived after un
folding the atmospheric neutrino spectrum. (7) The 
sensitivity for AMANDA ultra-high energy neutrinos 
of all flavours 200021. (8) 2000 to 2003 AMANDA v^ 
sensitivity (multiplied by three for oscillations)22. 

2.3 Future Cherenkov telescopes 

The different Mediterranean groups are aim
ing to collaborate in order to build one 
full size km3 neutrino telescope which nicely 
will complement IceCube in the northern 
hemisphere allowing a full sky coverage. A 
European Design Study activity for a km3 

(KM3NeT) telescope has been approved by 
EU. A completed northern km3 Mediter
ranean telescope could be finished around 
2012 at the earliest . 

2.4 Multi km3 neutrino detectors 

To detect GZK neutrinos, detector volumes 
even larger than the km3 scale are planned, 
relying on radio- or acoustic detection. The 
ANITA project8 is a balloon-borne radio ex
periment using a large fraction of the Antarc
tic ice sheet as neutrino interaction medium. 

A test flight was carried out in 2005 and a 
full flight is scheduled for end of 2006. 

3 Results 

3.1 Atmospheric Neutrinos 

The cosmic rays interacting in the atmo
sphere produce a flux of atmospheric neutri
nos. These are background when searching 
for high energy cosmic neutrinos. The flux 
spectrum for the atmospheric neutrinos is 
about E~37 and differs from the "expected" 
E~2 for extra-terrestrial neutrinos. The at-
mospheric neutrinos are very useful to study 
the efficiency of the detector, 

AMANDA has used a regular unfold
ing method to estimate the atmospheric neu
trino energies from the observed upward go
ing muon energies. Figure 6 shows the 
preliminary atmospheric neutrino flux for 
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Candidate 

Markarian 421 
Markarian 501 
1ES 1426+428 
1ES 2344+514 
1ES 1959+650 

6(°) a(h) 
Te V Blazars 

38.2 
39.8 
42.7 
51.7 
65.1 

11.07 
16.90 
14.48 
23.78 
20.00 

A m a n d a sea rch for n e u t r i n o s 
from 33 preselected objects 

^ • o b s 

6 
5 
4 
3 
5 

n b 

5.6 
5.0 
4.3 
4.9 
3.7 

0.68 
0.61 
0.54 
0.38 
1.0 

Candidate <5(°) *(h) 
SNR & Pulsars 

SGR 1900+14 
Geminga 
Crab Nebula 
Cassiopeia A 

9.3 19.12 
17.9 6.57 
22.0 5.58 
58.8 23.39 

n0be 

3 
3 
10 
4 

n b 

4.3 
5.2 
5.4 
4.6 

A h m 

0.35 
0.29 
1.3 

0.57 

QSO 
QSO 
QSO 
QSO 
QSO 
QSO 
QSO 

0528+134 
0235+164 
1611+343 
1633+382 
0219+428 
0954+556 
0954+556 

Ge V Blazars 
13.4 5.52 
16.6 
34.4 
38.2 
42.9 
55.0 
55.0 

2.62 
16.24 
16.59 
2.38 
9.87 
9.87 

5.0 
5.0 
5.2 
5.6 
4.3 
5.2 
5.2 

0.39 
0.70 
0.56 
0.37 
0.54 
0.22 
0.22 

SS433 
GRS 1915+105 
GRO J0422+32 
Cygnus XI 
LS I +61 303 
Cygnus X3 
XTE J1118+480 
CI Cam 

'.aneous 

Microquasars 
5.0 19.20 
10.9 
32.9 
35.2 
61.2 
41.0 
48.0 
56.0 

19.25 
4.36 
19.97 
2.68 

20.54 
11.30 
4.33 

4.5 
4.8 
5.1 
5.2 
3.7 
5.0 
5.4 
5.1 

0.21 
0.71 
0.59 
0.40 
0.60 
0.77 
0.20 
0.66 

3EG J0450+1105 
M 87 
UHE CR Doublet 
AO 0535+26 
PSR 1951+32 

11.4 
12.4 
20.4 
26.3 
32.9 

4.82 
12.51 
1.28 
5.65 
19.88 

6 
4 
3 
5 
2 

4.7 
4.9 
5.1 
5.0 
5.1 

0.72 
0.39 
0.30 
0.57 
0.21 

J2032+4131 
NGC 1275 
UHE CR Triplet 
PSR J0205+6449 

41.5 
41.5 
56.9 
64.8 

20.54 
3.33 
11.32 
2.09 

6 
4 
6 
1 

5.3 
5.3 
4.7 
3.7 

0.74 
0.41 
0.95 
0.24 

Table 1. Results from the AMANDA search for neutrinos from selected objects. 5 is the declination in degrees, 
a the right ascension in hours, n0f,s is the number of observed events, and n j the expected background. $ [ j m 

is the 90% CL upper limit in units of 1 0 _ 8 c m _ 2 s _ 1 for a spectral index of 2 and integrated above 10 GeV. 
These results are preliminary (systematic errors are not included). 

AMANDA data taken during 200011 . The 

maximum neutrino energy observed is about 

300 TeV (about 1000 times higher than avail

able neutrino beams at FNAL or CERN). 

Also shown are the lower energy results from 

Frejus9 . The dotted curves in figure 6 are 

the horizontal and vertical fluxes parameter

ized according to Volkov above 100 GeV and 

Honda below 100 GeV1 0 . 

3.2 Diffuse fluxes 

Neutrinos from different cosmic sources with 

too few events to be detected as individual 

point sources will add up as a "diffuse" flux 

of cosmic neutrinos. The signal for diffuse 

cosmic neutrinos will be seen as high energy 

events above the atmospheric neutrino en

ergy distribution due to the expected harder 

spectrum. In figure 6 a 90 % CL upper limit 

for an extraterrestrial E~2 flux component is 

shown between 100 TeV" and 300 TeV giv

ing an upper limit of E2 $ „ < 2.6 • 10~7 

GeV cm~ 2 s r _ 1 s _ 1 . Figure 7 shows sev

eral different obtained limits for diffuse cos

mic neutrinos (sum of all flavours). These are 

based on both v^ and cascade event analysis. 

The single neutrino flavour limits have been 

multiplied by a factor of three for neutrino 

oscillations to obtain the all flavour flux at 

Ear th . The lines labelled 7 and 8 in figure 7 

are not limits but expected sensitivity since 

the da ta were still not unblinded. The sensi

tivity for detecting a diffuse cosmic neutrino 

flux has increased by an order of magnitude 

in less than 10 years. 

3.3 Point source searches 

The most sensitive search for neutrino point 

sources on the northern sky has been per

formed by the AMANDA collaboration using 

3329 u^ events (purity about 95 %) obtained 

during the years 2000-200323. Figure 8 shows 

the directions in the northern sky (in celes

tial coordinates) and the corresponding sig-
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Figure 8. Left: AMANDA northern sky-plot (in celestial coordinates) for 3329 up-going neutrino candidates. 
Right: The corresponding significance map for a search for point sources showing the deviation from a uniform 
background. The scale corresponds to -3<r (white) to +3er (black). No statistical evidence for cosmic neutrino 
point sources is observed 

nificance map for the AMANDA events. No 
evidence for any extraterrestrial point source 
is found. The highest excess corresponds to 
a significance of about 3.4c. The probability 
to observe this or a higher excess, taking into 
account the trial factor, is 92 %. 

A search for 33 preselected neutrino 
candidate sources including galactic and 
extra-galactic sources has been done by the 
AMANDA collaboration23 based on the four 
years data. The result is shown in Table 1. 
The highest excess is found in the direction 
of the Crab Nebula, with 10 observed events 
compared to an average of 5.4 expected back
ground events (about 1.7<r). The probability 
that a background fluctuation produces this 
or a larger deviation in any of the 33 search 
bins is 64 %, taking into account the trial 
factor (due to the multiplicity of the direc
tions examined and the correlation between 
overlapping search bins). 

3.4 Gamma-ray bursts 

Gamma-ray bursts are candidate sources for 
the ultra high energy cosmic rays. They 
are the most energetic objects in the uni
verse and observing neutrinos in coincidence 
with the bursts would give evidence for ac
celeration of hadrons. The search for neutri
nos in coincidence in direction and time with 
a GRB is almost free of background from 
atmospheric neutrinos. AMANDA and Su
per Kamiokande12 have searched for neutri
nos from GRB without any observed signal. 

AMANDA has presented the most sensitive 
limits13-14-15. 

3.5 Searches for neutralino dark matter 

The underground neutrino detectors Bak-
san and Super-Kamiokande have searched 
for neutrinos from neutralino annihilation 
in the Earth and the Sun for many years. 
The high energy neutrino telescopes Baikal 
and AMANDA have started to give lim
its. The most sensitive limits on muon flux 
due to neutrinos from neutralino annihilation 
in the centre of the Earth has been given 
by AMANDA using data from 1997-1999 
(AMANDA-BIO)24. The best correspond
ing limit for the Sun is given by the Super-
Kamiokande collaboration25. AMANDA has 
presented a limit based on one year of data 
(2000)26 and will, when all available data are 
analyzed, be comparable with the best direct 
search limit by the CDMS-II collaboration27 

(see figure 9). The km3 telescopes will be 
able to probe MSSM models not accessible 
for direct searches. The direct and indirect 
methods are complementary since they probe 
different parts of the neutralino velocity dis
tribution. 

3.6 Magnetic monopole search 

Magnetic monopoles with a magnetic Dirac 
charge and moving above the Cherenkov 
threshold in water (/? > 0.75) would emit 
Cherenkov light 8300 times more intense than 
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Figure 10. Upper limits, at 90 % CL, for magnetic 
monopoles as function of monopole velocity. 

Figure 9. Limits on the muon flux due to neutrinos 
from neutralino annihilations in the Sun as function 
of neutralino mass. The points correspond to predic
tions from different MSSM models28 . The dots corre
spond to models excluded by CDMS-II 2 7 . The plus 
signs (+) correspond to models testable to a tenfold 
improved sensitive for direct searches. The crosses 
(x) are models demanding more than a. factor of 10 
in increased sensitivity for direct searches. 

4 Conclusions 

Ultra high energy neutrino astronomy has 
now become a reality but so far no extrater
restrial neutrinos have been observed. The 
sensitivity is increasing every year and the 
new km3 telescopes like IceCube will strongly 
improve existing limits or observe extra
terrestrial neutrinos in the coming years. 

a low energy muon. In high energy neutrino 
telescope this is a very strong signal and is 
easy to observe. Figure 10 shows the most re
cent flux limits obtained from different detec
tors. The km3 telescopes like IceCube will be 
able to improve limits by more than an order 
of magnitude, or detect a signal. Detecting 
the (5-electrons emitted along the monopole 
path would make it possible to extend the 
search to lower /3. In general large neutrino 
detectors are able to look for exotic parti
cles like GUT magnetic monopoles catalyz
ing proton decay, Q-balls or nuclearites. The 
trigger in IceCube will make it possible to 
search for very slowly moving bright parti
cles, which was not the case in AMANDA. 
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More than 90% of matter in the Universe could be composed of heavy particles, which were non-
relativistic, or 'cold', when they froze-out from the primordial soup. I will review current searches for 
these hypothetical particles, both via interactions with nuclei in deep underground detectors, and via 
the observation of their annihilation products in the Sun, galactic halo and galactic center. 

1 Introduction 

Seventy two years after Zwicky's first ac
counts of dark matter in galaxy clusters, and 
thirty five years after Rubin's measurements 
of rotational velocities of spirals, the case 
for non-baryonic dark matter remains con
vincing. Precision observations of the cos
mic microwave background and of large scale 
structures confirm the picture in which more 
than 90% of the matter in the universe is re
vealed only by its gravitational interaction. 
The nature of this matter is not known. A 
class of generic candidates are weakly in
teracting massive particles (WIMPs) which 
could have been thermally produced in the 
very early universe. It is well known that 
if the mass and cross section of these par
ticles is determined by the weak scale, the 
freeze-out relic density is around the observed 
value, fl ~0.1. The prototype WIMP can
didate is the neutralino, or the lightest su-
persymmetric particle, which is stable in su-
persymmetric models where R-parity is con
served. Another recently discussed candidate 
is the lightest Kaluza-Klein excitation (LKP) 
in theories with universal extra dimensions. 
If a new discrete symmetry, called KK-parity 
is conserved, and if the KK particle masses 
are related to the weak scale, the LKP is sta
ble and makes an excellent dark matter can
didate. A vast experimental effort to detect 
WIMPs is underway. Cryogenic direct detec
tion experiments are for the first time probing 
the parameter space predicted by SUSY the

ories for neutralinos, while indirect detection 
experiments may start to probe the distribu
tion of dark matter in the halo and galactic 
center. In the following, I will give a brief 
overview of the main search techniques, fo
cusing on most recent results. 

2 Direct Detection 

WIMPs can be detected directly, via 
their interactions with nuclei in ultra-low-
background terrestrial targets1. Direct detec
tion experiments attempt to measure the tiny 
energy deposition (<50keV) when a WIMP 
scatters off a nucleus in the target material. 
Predicted event rates for neutralinos range 
from 10~6 to 10 events per kilogram detec
tor material and day, assuming a typical halo 
density of 0.3 GeV/cm3. The nuclear recoil 
spectrum is featureless, but depends on the 
WIMP and target nucleus mass. Figure 1 
shows differential spectra for Si, Ar, Ge and 
Xe, calculated for a WIMP mass of 100 GeV, 
a WIMP-nucleon cross section of a = 10 - 4 3 

cm2 and using standard halo parameters. 

Basic requirements for direct detection 
detectors are low energy thresholds, low 
backgrounds and high masses. The recoil en
ergy of the scattered nucleus is transformed 
into a measurable signal, such as charge, scin
tillation light or phonons, and at least one 
of the above quantities is detected. Observ
ing two signals simultaneously yields a power
ful discrimination against background events, 
which are mostly interactions with electrons, 

mailto:lbaudis@ufl.edu
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Figure 1. Differential WIMP recoil spectrum for a 
WIMP mass of 100 GeV and a WIMP-nucleon cross 
section a = 10 3 cm 2 . The spectrum was calculated 
for illustrative nuclei such as Si (light solid), Ar (light 
dot-dashed), Ge (dark solid), Xe (dark dashed). 

as opposed to WIMPs and neutrons scatter
ing off nuclei. 

In order to convincingly detect a WIMP 
signal, a specific signature from a particle 
populating our galactic halo is important. 
The Earth's motion through the galaxy in
duces both a seasonal variation of the total 
event rate2,3 and a forward-backward asym
metry in a directional signal4'5. The ex
pected seasonal modulation effect is of the 
order of O(15kms"1/2 20kms-1) «0.07, re
quiring large masses and long counting times 
as well as an excellent long-term stability 
of the experiment. The forward-backward 
asymmetry yields a larger effect, of the or
der of 0(v0/22Okm/s)?s 1, and fewer events 
are needed to discover a WIMP signal5. The 
challenge is to build massive detectors capa
ble of detecting the direction of the incoming 
WIMP. 

2.1 Experiments 

First limits on WIMP-nucleon cross sec
tions were derived about twenty years ago, 
from at that time already existing germa
nium double beta decay experiments6. With 
low intrinsic backgrounds and already op
erating in underground laboratories, these 

detectors were essential in ruling out first 
WIMP candidates such heavy Dirac 
neutrino7. Present Ge ionization experi
ments dedicated to dark matter searches 
such as HDMS8 are limited in their sensi
tivity by irreducible electromagnetic back
grounds close to the crystals or from pro
duction of radioactive isotopes in the crys
tals by cosmic ray induced spallation. Next 
generation projects based on high-purity ger
manium (HPGe) ionization detectors, such 
as the proposed GENIUS9, GERDA10, and 
Majorana11 experiments, aim at an absolute 
background reduction by more than three or
ders in magnitude, compensating for their in
ability to differentiate between electron- and 
nuclear recoils on an event-by-event basis. 
Solid scintillators operated at room tempera
tures had soon caught up with HPGe experi
ments, despite their higher radioactive back
grounds. Being intrinsically fast, these ex
periments can discern on a statistical basis 
between electron and nuclear recoils, by us
ing the timing parameters of the pulse shape 
of a signal. Typical examples are Nal experi
ments such as DAMA12 and NAIAD13, with 
DAMA reporting first evidence for a posi
tive WIMP signal in 199714. The DAMA 
results have not been confirmed by three dif
ferent mK cryogenic experiments (CDMS15, 
CRESST16 and EDELWEISS17) and one liq
uid xenon experiment (ZEPLIN18), indepen
dent of the halo model assumed19 or whether 
the WIMP-nucleon interaction is taken as 
purely spin-dependent20'21. The DAMA col
laboration has installed a new, 250 kg Nal ex
periment (LIBRA) in the Gran Sasso Labo
ratory, and began taking data in March 2003. 
With lower backgrounds and increased statis
tics, LIBRA should soon be able to confirm 
the annual modulation signal. The Zaragosa 
group plans to operate a 107 kg Nal array 
(ANAIS) at the Canfranc Underground Lab
oratory (2450 mwe) in Spain23, and deliver 
an independent check of the DAMA signal 
in Nal. Cryogenic experiments operated at 
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sub-Kelvin temperatures are now leading the 
field with sensitivities of one order of mag
nitude above the best solid scintillator ex
periments. Specifically, the CDMS exper
iment can probe WIMP-nucleon cross sec
tions as low as 10_43cm2 24. Liquid noble 
element detectors are rapidly evolving, and 
seem a very promising avenue towards the 
goal of constructing ton-scale or even multi-
ton WIMP detectors. Many other interesting 
WIMP search techniques have been deployed, 
yet it is not the scope of this paper to deliver a 
full overwiev (for two recent reviews see25 '26). 

2.2 Cryogenic Detectors at mK 
Temperatures 

Cryogenic calorimeters are meeting crucial 
characteristics of a successful WIMP detec
tor: low energy threshold (<10keV), excel
lent energy resolution (<1% at lOkeV) and 
the ability to differentiate nuclear from elec
tron recoils on an event-by-event basis. Their 
development was driven by the exciting possi
bility of doing a calorimetric energy measure
ment down to very low energies with unsur
passed energy resolution. Because of the T 3 

dependence of the heat capacity of a dielec
tric crystal, at low temperatures a small en
ergy deposition can significantly change the 
temperature of the absorber. The change 
in temperature is measured either after the 
phonons (or lattice vibration quanta) reach 
equilibrium, or thermalize, or when they are 
still out of equilibrium, or athermal, the lat
ter providing additional information about 
the location of an event. 
CDMS: the Cold Dark Matter Search exper
iment operates low-temperature Ge and Si 
detectors at the Soudan Underground Lab
oratory in Minnesota (at a depth of 2080 
m.w.e.). The high-purity Ge and Si crystals 
are 1cm thick and 7.6 cm in diameter, and 
have a mass of 250 g and 100 g, respectively. 
Superconducting transition edge sensors pho-
tolitographically patterned onto one of the 

Timing Parameter (]ls) 

Figure 2. Ionization yield versus phonon timing pa
rameter for 1 3 3 Ba gamma calibration events (dots 
and crosses) and 2 5 2Cf neutron calibration events 
(circles). Low-yield 1 3 3 Ba events (crosses) have small 
values of the timing parameter, and the dashed verti
cal line indicates a timing cut, resulting in a high rate 
of nuclear recoil efficiency and a low rate of misiden-
tified surface events. 

crystal surfaces detect the athermal phonons 
from particle interactions. The phonon sen
sors are divided into 4 different channels, al
lowing to reconstruct the x-y position of an 
event with a resolution of ~1 mm. If an 
event occurs close to the detector's surface, 
the phonon signal is faster than for events far 
from the surface, because of phonon interac
tions in the thin metallic films. The risetime 
of the phonon pulses, as well as the time dif
ference between the charge and phonon sig
nals allow to reject surface events caused by 
electron recoils. Figure 2 shows the ionization 
yield (ratio of ionization to recoil energy) ver
sus the sum of above timing parameters for 
electron recoil events (collected with a 133Ba 
source) and nuclear recoil events (collected 
with a 252Cf source). Events below a yield 
around 0.75 typically occur within 0-30/im 
of the surface, and can be effectively discrim
inated while preserving a large part of the 
nuclear recoil signal. 

Charge electrodes are used for the ion
ization measurement. They are divided into 
an inner disk, covering 85% of the surface, 
and an outer ring, which is used to reject 
events near the edges of the crystal, where 
background interactions are more likely to oc-
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cur. The discrimination against the electron 

recoil background is based on the fact tha t 

nuclear recoils (caused by W I M P s or neu

trons) produce fewer charge pairs than elec

tron recoils of the same energy. The ioniza

tion yield is about 0.3 in Ge, and 0.25 in Si for 

recoil energies above 20keV. Electron recoils 

with complete charge collection show an ion

ization yield of « 1 . For recoil energies above 

10 keV, bulk electron recoils are rejected with 

>99.9% efficiency, and surface events are re

jected with > 9 5 % efficiency. The two differ

ent materials are used to distinguish between 

W I M P and neutron interactions by compar

ing the rate and the spectrum shape of nu

clear recoil events. 

A stack of six Ge or Si detectors together 

with the corresponding cold electronics is 

named a 'tower'. Five towers are currently 

installed in the 'cold volume' at Soudan, 

shielded by about 3 mm of Cu, 22.5 cm of Pb , 

50 cm of polyethylene and by a 5 cm thick 

plastic scintillator detector which identifies 

interactions caused by cosmic rays penetrat

ing the Soudan rock. In 2004, two towers 

were operated for 74.5 live days at Soudan, 

yielding an exposure of 3 4 k g d in Ge and 

12kgd in Si in the 10-100 keV nuclear recoil 

energy range. One candidate nuclear recoil 

event at 10.5 keV was observed in Ge, while 

no events were seen in the Si da ta 2 4 . This 

result was consistent with the expected back

ground from surface events, and resulted in a 

new upper limit on spin-independent W I M P -

nucleon cross sections in Ge of 1 .6xl0~ 4 3 cm 2 

at the 90%CL at a W I M P mass of 60 GeV/c 2 

(see Fig. 3). 

The limits on spin-dependent W I M P in

teractions, shown in Fig. 4, are competitive 

with other experiments, in spite of the low 

abundance of 7 3 Ge (7.8%) in natural germa

nium. In particular, in the case of a pure neu

tron coupling, CDMS yields the most strin

gent limit obtained so far, thus strongly con

straining interpretations of the DAMA signal 
21 97 

region , z l . 

IO1 io2 io3 

WIMP Mass [GeV] 

Figure 3. Experimental results and theoretical pre
dictions for spin-independent WIMP nucleon cross 
sections versus WIMP mass. The data (from high 
to low cross sections) show the DAMA allowed re
gion (red)1 4 , the latest EDELWEISS result (blue)17 , 
the ZEPLINI result (green)18 and the CDMS re
sults from 2 towers at Soudan (red)2 4 . Also shown is 
the expectation for 5 CDMS towers at Soudan (red 
dashed). The SUSY theory regions are shown as filled 
regions or contour lines, and are taken from 2 2 . 

E D E L W E I S S : the EDELWEISS experi

ment operates Ge bolometers at 17 mK 

in the Laboratoire Souterrain de Modane, 

at 4800m.w.e. The detectors are further 

shielded by 30 cm of paraffin, 15 cm of P b and 

10 cm of Cu. They simultaneously detect the 

phonon and the ionization signals, allowing 

a discrimination against bulk electron recoils 

of bet ter than 99.9% above 15 keV recoil en

ergy. The charge signal is measured by Al 

electrodes sputtered on each side of the crys

tals, the phonon signal by a neutron transmu

tat ion doped (NTD) heat sensor glued onto 

one of the charge collection electrodes. The 

N T D sensors read out the thermal phonon 

signal on a t ime scale of about 100 ms. 

Between 2000-2003, EDELWEISS per

formed four physics runs with five 320 g Ge 

crystals, accumulating a total exposure of 

62 kg days1 7 . Above an analysis threshold of 

20 keV, a total of 23 events compatible with 

nuclear recoils have been observed. Figure 5 

shows the ionization yield versus recoil energy 

for one EDELWEISS detector for an exposure 
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Ionization runs - Physics 

WIMP Mass [GeV] 

Figure 4. Experimental results for spin-dependent 
WIMP couplings (90% C.L. contours), for the case 
of a pure neutron coupling. The curves (from high 
to low cross sections) show the DAMA annual mod
ulation signal (filled red region), the CDMS Soudan 
Si data (red crosses), the CDMS Stanford Si data 
(cyan), EDELWEISS (magenta dashed), DAMA/Xe 
(green dotted) and the CDMS Soudan Ge data (solid 
blue). 

of 9.16 kg days. The derived upper limits on 
WIMP-nucleon couplings under the hypothe
sis that all above events are caused by WIMP 
interactions, and for a standard isothermal 
halo, are shown in Fig. 3 and Fig. 4. 

The EDELWEISS experiment has ceased 
running in March 2004, in order to allow the 
upgrade to a second phase, with an aimed 
sensitivity of 10_44cm2. The new 50 liter low-
radioactivity cryostat will be able to house 
up to 120 detectors. Because of the inabil
ity of slow thermal detectors to distinguish 
between low-yield surface events and nuclear 
recoils and the inherent radioactivity of NTD 
sensors, the collaboration has been develop
ing a new design based on NbSi thin-film sen
sors. These films, besides providing a lower 
mass and radioactivity per sensor, show a 
strong difference in the pulse shape, depend
ing on the interaction depth of an event29. 
The EDELWEISS collaboration plans to op
erate twenty-one 320 g Ge detectors equipped 
with NTD sensors, and seven 400 g Ge detec
tors with NbSi thin-films in the new cryostat 
starting in 2005. 
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Figure 5. Ionization yield versus recoil energy for one 
EDELWEISS 320 g Ge detector with an exposure of 
9.16kgdays. Also shown are the electron recoil (blue) 
and neutron recoil (red) bands. Figure taken from17. 

CRESST: the CRESST collaboration has 
developed cryogenic detectors based on 
CaW04 crystals, which show a higher light 
yield at low temperatures compared to other 
scintillating materials. The detectors are 
also equipped with a separate, cryogenic light 
detector made of a 30x30x0.4mm3 silicon 
wafer, which is mounted close to a flat sur
face of the CaWO*4 crystal. The tempera
ture rise in both CaW04 and light detector 
is measured with tungsten superconducting 
phase transition thermometers, kept around 
10 mK, in the middle of their transition be
tween the superconducting and normal con
ducting state. A nuclear recoil in the 300 g 
CaW04 detector has a different scintillation 
light yield than an electron recoil of the same 
energy, allowing to discriminate between the 
two type of events when both the phonon 
and the light signals are observed. The ad
vantage of CaWC>4 detectors is their low en
ergy threshold in the phonon signal, and the 
fact that no light yield degradation for sur
face events has been detected so far. How
ever, about 1% or less of the energy deposited 
in the CaWC>4 is seen as scintillation light16. 
Only a few tens of photons are emitted per 
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keV electron recoil, a number which is further 
diminished for nuclear recoils, because of the 
involved quenching factor. The quenching 
factor of oxygen nuclear recoils for scintilla
tion light is around 13.5% relative to electron 
recoils16, leading to a rather high effective re
coil energy threshold for the detection of the 
light signal. While neutrons will scatter pre
dominantly on oxygen nuclei, it is expected 
that WIMPs will more likely scatter on the 
heavier calcium and tungsten. 

The most recent CRESST results16 were 
obtained by operating two 300 g CaW04 de
tectors at the Gran Sasso Underground Lab
oratory (3800 m.w.e) for two months at the 
beginning of 2004. The total exposure after 
cuts was 20.5 kg days. A total of 16 events 
were observed in the 12keV - 40keV recoil 
energy region, a number which seems consis
tent with the expected neutron background, 
since the experiment had no neutron shield 
at that time. No phonon-only events (as ex
pected for WIMP recoils on tungsten) were 
observed between 12 keV - 40 keV in the mod
ule with better resolution in the light channel, 
yielding a limit on coherent WIMP interac
tion cross sections similar to the one obtained 
by EDELWEISS. CRESST has stopped tak
ing data in March 2004, to upgrade with a 
neutron shield, an active muon veto, and a 
66-channels SQUID read-out system. It will 
allow to operate 33 CaW04 detector mod
ules, providing a total of 10 kg of target ma
terial and a final sensitivity of 10_44cm2. 

2.3 Liquid Xenon Detectors 

Liquid xenon (LXe) has excellent properties 
as a dark matter detector. It has a high 
density (3g/cm3) and high atomic number 
(Z=54, A=131.3), allowing experiments to 
be compact. The high mass of the Xe nu
cleus is favorable for WIMP scalar interac
tions provided that a low energy threshold 
can be achieved (Fig. 1 shows a comparison 
with other target nuclei). LXe is an intrin

sic scintillator, having high scintillation (A = 
178 nm) and ionization yields because of its 
low ionization potential (12.13 eV). Scintil
lation in LXe is produced by the formation 
of excimer states, which are bound states of 
ion-atom systems. If a high electric field (~1 
kV/cm) is applied, ionization electrons can 
also be detected, either directly or through 
the secondary process of proportional scintil
lation. The elastic scattering of a WIMP pro
duces a low-energy xenon recoil, which loses 
its energy through ionization and scintilla
tion. Both signals are quenched when com
pared to an electron recoil of the same en
ergy, but by different amounts, allowing to 
use the ratio for distinguishing between elec
tron and nuclear recoils. The quenching fac
tors depend on the drift field and on the en
ergy of the recoil. At zero electric field, the 
relative scintillation efficiency of nuclear re
coils in LXe was recently measured to be in 
the range of 0.13-0.23 for Xe recoil energies 
of 10 keV-56 keV 30. 

ZEPLIN: the Boulby Dark Matter collab
oration has been operating a single-phase 
LXe detector, ZEPLIN I, at the Boulby Mine 
(-3000 m.w.e.) during 2001-2002. ZEPLIN I 
had a fiducial mass of 3.2 kg of liquid xenon, 
viewed by 3 PMTs through silica windows 
and inclosed in a 0.93 ton active scintilla
tor veto. A total exposure of 293 kg days had 
been accumulated. With a light yield of 1.5 
electrons/keV, the energy threshold was at 
2 keV electron recoil (corresponding to 10 keV 
nuclear recoil energy for a quenching factor of 
20%). A discrimination between electron and 
nuclear recoils was applied by using the differ
ence in the mean time of the corresponding 
pulses. Using this statistical discrimination 
method, a limit on spin-independent WIMP 
cross sections comparable to CRESST and 
EDELWEISS has been achieved (see Fig. 3). 

The collaboration has developed two con
cepts for dual-phase detectors, ZEPLIN II 
and ZEPLIN III. ZEPLIN II will have a 30 kg 
fiducial target mass, observed by 7 PMTs. 
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ZEPLINIII will operate a lower target mass 
(6 kg LXe viewed by 31 PMTs) at a higher 
field (> 5kV/cm). Both ZEPLINII and 
ZEPLINIII are now being deployed at the 
Boulby Mine and are expected to take data 
by 2006. 
XENON: the XENON collaboration, in
cluding groups from US, Italy and Portu
gal, will operate a 10 kg dual-phase detec
tor in the Gran Sasso Underground Labora
tory by 2005-2006. At present, a 3 kg pro
totype is under operation above ground, at 
the Columbia Nevis Laboratory. The detec
tor is operated at a drift field of 1 kV/cm, 
and both primary and proportional light are 
detected by an array of seven 2 inch PMTs 
operating in the cold gas above the liquid. 
The performance of the chamber was tested 
with gamma (5rCo), alpha (210Pb) and neu
tron (241AmBe) sources. The depth of an 
event is reconstructed by looking at the sepa
ration in time between the primary and pro
portional scintillation signal. The x-y posi
tion is inferred with a resolution of 1 cm from 
the center of gravity of the proportional light 
emitted close to the seven PMTs. The mea
sured ratio of proportional light (S2) to direct 
light (SI) for alpha recoils is 0.03 if the cor
responding ratio for gamma events (electron 
recoils) is normalized to 1, providing a very 
clear separation between these type of events. 

More interesting is the ratio S2/S1 for 
nuclear recoil events. It was established us
ing a 241AmBe neutron source, by selecting 
events which were tagged as neutron recoils 
in a separate neutron detector placed under 
a scattering angle of 130 deg. If the S2/S1 
ratio for electron recoils (provided by a 137Cs 
source) is normalized to 1, then S2/S1 for nu
clear recoils was measured to be around 0.1, 
the leakage of electron recoils into the S2/S1 
region for nuclear recoils being < 1% 31. Fig
ure 6 shows a histogram of S2/S1 for events 
taken with the 241AmBe source, compared to 
the corresponding distribution of events from 
the 137Cs gamma source. 

t o 2 5 

ih^MdMi) 
Figure 6. Histogram showing the S2/S1 distribution 
for AmBe events (blue) versus 662 keV gamma events 
from 1 3 7 Cs (red). Two distinct populations are visi
ble in the AmBe data (from31). 

The first XENON detector with a fidu
cial mass of 10 kg (XENON10) to be oper
ated in Gran Sasso is currently under con
struction. Its goal is to achieve a sensitivity 
of a factor of 10 below the current CDMS 
results, thus probing WIMP cross sections 
around 2xl0~4 4cm2 . 

2.. The Future: Direct Detection 

We live in suspenseful times for the field of 
direct detection: for the first time, a couple 
of experiments operating deep underground 
probe the most optimistic supersymmetric 
models. The best limits on WIMP-nucleon 
cross sections come from cryogenic experi
ments with ultra-low backgrounds and excel
lent event-by-event discrimination power. Al
though these experiments had started with 
target masses around 1 kg, upgrades to sev
eral kilograms have already taken place or are 
foreseen for the near future, ensuring (along 
with improved backgrounds) an increase in 
sensitivity by a factor of 10-100. Other tech
niques, using liquid noble elements such as 
Xe and Ar, may soon catch up and probe 
similar parameter spaces to low-temperature 
cryogenic detectors. It is worth emphasiz
ing here that given the importance of the 



357 

endeavor and the challenge in unequivocally 
identifying and measuring the properties of a 
dark matter particle, it is essential that more 
than one technique will move forward. 

In supersymmetry, WIMP-nucleon cross 
sections as low as 10~48cm2 are likely32. 
Likewise, in theories with universal extra di
mensions, it is predicted that the lightest 
Kaluza Klein particle would have a scatter
ing cross section with nucleons in the range of 
10~46 - 10~48cm2 33. Thus, to observe a sig
nal of a few events per year, ton or multi-ton 
experiments are inevitable. There are several 
proposals to build larger and improved dark 
matter detectors. The selection presented be
low is likely biased, but based on technologies 
which seem the most promising to date. 

The SuperCDMS project28 is a three-
phase proposal to utilize CDMS-style detec
tors with target masses growing from 27 kg 
to 145 kg and up to 1100 kg, with the aim of 
reaching a final sensitivity of 3xl0 _ 4 6 cm 2 by 
mid 2015. This goal will be realized by de
veloping improved detectors (for a more pre
cise event reconstruction) and analysis tech
niques, and at the same time by strongly 
reducing the intrinsic surface contamination 
of the crystals. A possible site is the re
cently approved SNO-Lab Deep-site facility 
in Canada (at 6000 m.w.e.), where the neu
tron background would be reduced by more 
than two orders of magnitude compared to 
the Soudan Mine, thus ensuring the manda
tory conditions to build a zero-background 
experiment. In Europe, a similar project 
to develop a lOOkg-lton cryogenic exper
iment, EURECA (European Underground 
Rare Event search with Calorimeter Array) 
25 is underway. The XENON collaboration 
is designing a 100 kg scale dual-phase xenon 
detector (XENON100), towards a modular 
one tonne experiment31. ZEPLIN MAX, a 
R&D project of the Boulby Dark Matter col
laboration, is a further proposal to build a 
ton scale liquid xenon experiment. The de
sign will be based on the experience and re

sults with ZEPLIN II/III at the Boulby Mine. 
WARP34 and ArDM35 are two proposals to 
build ton-scale dark matter detectors based 
on the detection of nuclear recoils in liquid 
argon. The physics and design concepts are 
similar to the discussed dual-phase xenon de
tectors. The Boulby Collaboration is devel
oping a large directional sensitive detector 
based on the experience with DRIFT36, a 
time projection chamber with a total active 
mass of ^170 g of CS2-

3 Indirect Detection 

WIMPs can be detected by observing the ra
diation produced when they annihilate. The 
flux of annihilation products is proportional 
to (pwiMp/mwiMp)2, thus regions of inter
est are those expected to have a relatively 
high WIMP concentration. Possible signa
tures for dark matter annihilation are high 
energy neutrinos from the Sun's core and 
from the galactic center, gamma-rays from 
the galactic center and halo and antipro-
tons and positrons from the galactic halo. 
The predicted fluxes depend on the particle 
physics model delivering the WIMP candi
date and on astrophysical quantities such as 
the dark matter halo profile, the presence of 
sub-structure and the galactic cosmic ray dif
fusion model. 

3.1 Gamma Rays 

WIMP annihilation can result in a contin
uum of gamma rays (via hadronization and 
decay of 7To's) or in a monochromatic flux 
(from direct annihilation into 77 or Z7), in 
which case the energy of the gamma line 
gives direct information on the WIMP mass. 
While the predicted fluxes for the gamma 
continuum are higher, the energies are lower 
and the signature wouldn't be as clear as 
in the monochromatic case. In both cases, 
the expected fluxes are strongly dependent 
on the halo density profile. Direct observa
tion of gamma rays in the energy range of 
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interest to dark matter searches (GeV-TeV) 
can only occur in space, as the gamma will 
interact with matter via e+e~-pair produc
tion, with an interaction length much shorter 
than the thickness of the atmosphere. How
ever, high-energy gamma rays can be de
tected on the ground with air shower detec
tors. Of these, the atmospheric cerenkov tele
scopes (ACTs) detect the Cerenkov light pro
duced by the cascade of secondary particles 
in the atmosphere. The background comes 
from cosmic ray induced showers, and imag
ing ACTs for instance can distinguish be
tween gamma and cosmic ray events based 
on the light distribution in the Cerenkov 
cone. Examples of ACTs either taking data 
or in construction are HESS37, MAGIC38, 
CANGAROO39 and VERITAS40. Their sen
sitivity typically is in the range 10 GeV -
10 TeV. EGRET41, a space-based telescope 
on the Compton Gamma Ray Observatory, 
took data from 1991-2000 in the energy range 
30 MeV-30 GeV. The next telescope to be 
launched in 2007 is GLAST42 , which will 
observe the gamma sky up to ~100 GeV. In 
general, space-based telescopes are comple
mentary to ground-based ones, as their range 
of energies is lower and their field of view and 
duty cycle larger. 

Recently an excess of high-energy (1012 

TeV) gammas rays from the galactic center 
has been detected. This region had been 
observed by the VERITAS and CANGA
ROO groups, but the angular resolution was 
greatly increased by the HESS four-telescope 
array. The HESS 2004 data confirmed the ex
cess and is consistent with the position of Sgr 
A* and a point-like source within the angular 
resolution of the detector (5.8') 43. This sig
nal has been interpreted as due to WIMP an
nihilation, with a WIMP mass around 19 TeV 
providing the best fit to the data43. Apart 
from the high WIMP mass, the observed sig
nal would require large WIMP annihilation 
cross sections and a cuspy halo profile. 

EGRET provided an all-sky gamma-ray 

survey, with about 60% of the sources yet 
to be identified. A reanalysis of EGRET 
data, which is publicly available, revealed 
that the diffuse component shows an excess 
by a factor of two above the background 
expected from 7r°'s produced in nuclear in
teractions, inverse Compton scattering and 
bremsstrahlung. This excess, which is ob
served in all sky directions, has been inter
preted as due to WIMP annihilation, with 
a best fit WIMP mass around 60 GeV 44. 
The relative contributions of the galactic 
background have been estimated with the 
GALPROP code45, while the extragalactic 
background was obtained by subtracting the 
galactic 'foregrounds' (as given by GAL
PROP) from the EGRET data. The pre
dicted cross section for elastic scatters on nu-
cleons is in the 5x l0 _ 8 -2x l0~ 7 pb range, and 
thus testable by the CDMS experiment. 

An analysis of the EGRET extragalac
tic background revealed two components, a 
steep spectrum power law with index a=-
2.33 and a strong bump at a few GeV 46. 
Such a multi-GeV bump is difficult to ex
plain in conventional astrophysical models, 
with contributions from faint blazars, radio-
galaxies, gamma-ray bursts and large scale 
structures, and has been interpreted as evi
dence for WIMP annihilation46. The best fit 
is provided by a WIMP mass around 500 GeV 
and an annihilation cross section of (av) « 
3 x 10~2 5cm3s_ 1 . A typical candidate from 
supersymmetry would have cross sections on 
nucleons <10_ 7pb, thus below the present 
sensitivity of direct detection experiments at 
these masses. However, while a >500GeV 
WIMP would be difficult to detect at the 
LHC (and even at the ILC), it is within the 
reach of next generation direct detection ex
periments. 

3.2 Neutrinos from the Sun 

WIMPs with orbits passing through the Sun 
can scatter from nuclei and lose kinetic en-
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ergy. If their final velocity is smaller t han 

the escape velocity, they will be gravitation-

ally t rapped and will settle to the Sun's core. 

Over the age of the solar system, a sufficiently 

large number of W I M P can accumulate and 

efficiently annihilate, whereby only neutrinos 

are able to escape and be observed in terres

trial detectors. Typical neutrino energies are 

1/3-1/2 of the W I M P mass, thus well above 

the solar neutrino background. Observation 

of high energy neutrinos from the direction of 

the Sun would thus provide a clear signature 

for dark mat te r in the halo. The annihila

tion rate is set by the capture rate, which 

scales with (m.wiMp)~l f ° r a given halo den

sity. Thus, annihilation and direct detection 

rates have the same scaling with the W I M P 

mass. However, the probability of detecting 

a neutrino by searching for muons produced 

in charge-current interactions scales with E2,, 

making these searches more sensitive at high 

W I M P masses when compared to direct de

tection experiments. The best technique to 

detect high-energy neutrinos is to observe the 

upward-going muons produced in charged-

current interactions in the rock below the de

tector. To distinguish neutrinos coming from 

the Sun's core from backgrounds induced by 

atmospheric neutrinos, directional informa

tion is needed. The direction of the upward-

going muon and the primary neutrino di

rection are correlated, the rms angle scaling 

roughly with ~ 2 0 ( £ „ / 1 0 G W ) ~ 1 / 2 -

Two types of detectors are used to search 

for high-energy neutrino signals, with no ex

cess above the atmospheric neutrino back

ground reported so far. In the first cate

gory are large underground detectors, such as 

MACRO 4 7 and SuperKamiokande 4 8 , while 

the second type are dedicated neutrino tele

scopes, employing large arrays of P M T s deep 

in glacier ice, in the ocean or in a lake, such 

as AMANDA 4 9 , BAIKAL 5 0 , NESTOR 5 1 and 

ANTARES 5 2 . These experiments detect the 

Cerenkov light emitted when muons move 

with speeds larger than the velocity of light in 

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1 
cos 0„,„ 

Figure 7. Angular distribution of upward through-
going muons with respect to the Sun in Super
Kamiokande. Data are black circles, while the 
hatched region and the solid line show the expected 
atmospheric neutrino background before and after 
taking into account ^-oscillations. Figure from . 

water/ice, with ~ 1 ns timing resolution. The 

P M T hit pa t te rn and relative arrival times of 

the photons are used to reconstruct the direc

tion of the incoming particle, which is corre

lated with the direction of the neutrino. Neu

trino telescopes have higher energy thresh

olds (in the range 50-100GeV), but their ef

fective area is much larger, thus compensat

ing for the lower fluxes predicted for heavy 

WIMPs. 

The strongest limits on high-energy neu

trinos coming from the Sun are placed by 

Super-Kamiokande4 8 . Figure 7 shows the an

gular distribution of upward through-going 

muons with respect to the Sun, and the ex

pected atmospheric neutrino background in 

the Super-Kamiokande detector. While the 

limits on scalar WIMP-nucleon interactions 

are not competitive to direct detection ex

periments, Super-Kamiokande gives the most 

stringent limit on spin-dependent W I M P -

nucleon cross sections for pure proton cou

plings above a W I M P mass of ~20 GeV (see 

Fig. 8). 
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3.4 Future: Indirect Detection 

10° 101 lO2 103 10* 

WIMP Mass [GeV/c2] 

Figure 8. Upper limits on WlMP-nucleon cross sec
tions for pure proton coupling. The lowest curve 
(green asterisks) is the SuperKamiokande limit, the 
filled region shows the 3-c DAMA region. For details, 
see27. 

3.3 Positrons and antiprotons 

Cosmic positrons and antiprotons produced 
in WIMP annihilations in the galactic halo 
can be observed with balloon or space-based 
experiments. For antiprotons, the back
ground spectrum produced by spallation of 
primary cosmic rays on H atoms in the inter
stellar medium is expected to fall steeply at 
energies below 1 GeV. Thus, observation of 
low-energy cosmic-ray antiprotons could pro
vide evidence for WIMPs in the halo. The 
BESS collaboration has measured the flux 
of antiprotons in several balloon flights be
tween 1193-1997 53. No convincing excess 
above the cosmic ray background has been 
observed. For positrons, the background flux 
is expected to decrease slowly as a function 
of energy. The HEAT experiment has mea
sured a positron excess at energies ~8GeV 
54, which can been interpreted as coming 
from WIMP annihilation in the halo55. The 
spectra can be fit by a WIMP mass of 200-
300 GeV, but the fit is far from perfect. The 
signal requires a boost of a factor of ~30 
in the WIMP density, for instance from the 
presence of dark matter clumps in the halo. 

Several existing observations have been inter
preted as signatures for dark matter annihi
lation in our galaxy, or in extragalactic dark 
matter halos. There is no single WIMP capa
ble of explaining all the data: WIMP masses 
from 60 GeV to 18TeV are required, with 
large boost factors in the halo density and a 
cuspy inner halo. There is a clear demand for 
more data. Existing and future ACTs, such 
as HESS, MAGIC, CANGAROO and VER
ITAS will map out the galactic center with 
improved position, energy and timing resolu
tion, and will likely reveal the source of high-
energy gammas. Planned space-based detec
tors such as GLAST will map the gamma-ray 
sky with unsurpassed sensitivity, while cubic 
kilometer detectors in ice (IceCube) or wa
ter (Km3Net) will considerably increase ex
isting sensitivities to high-energy neutrinos 
coming from the Sun. Finally, PAMELA, to 
be launched in 2007, and AMS-2, to be oper
ated on the ISS starting in 2007 will greatly 
improve the sensitivity to antimatter from 
WIMP annihilation in the galactic halo. 

In looking back over the fantastic 
progress made in the last couple of years, and 
extrapolating into the future, it seems prob
able that these, and other proposed projects, 
will have a fair chance to discover a WIMP 
signature within the present decade. In con
junction with direct WIMP searches and ac
celerator production of new particles at the 
weak scale, they will allow to reveal the de
tailed properties of WIMPs, such as their 
mass, spin and couplings to ordinary matter, 
and shed light on the density profile of dark 
matter in the halo. 
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D I S C U S S I O N 

G u y W o r m s e r (LAL Orsay): 

Can you translate the limits on results 

obtained by indirect experiments like 

HESS on to the parameter space of di

rect searches? 

Laura Baudi s : HESS observes a signal, 

which can be interpreted as due to 

W I M P annihilation in the galactic cen

ter, with a W I M P mass higher than 

12TeV. In general, direct searches have 

reduced sensitivity at such high W I M P 

masses, because of the lower fluxes for a 

given halo density. The WIMP-nucleon 

scattering cross section depends on the 

particle physics candidate. For instance, 

for a scalar cross section larger than 

» 4 x l 0 - 4 2 c m 2 , a 20TeV particle would 

be ruled out by the CDMS experiment. 

P e t e r Schuber (DESY): 

You did not mention the recent publi

cation in Phys. Rev. Lett, from the 

University of Wurzburg tha t reported a 

plausible evidence for neutralinos from 

satellite based high energy photon spec

tra . In fact they indicated even a high 

neutralino mass of about 500 GeV. 

Laura B a u d i s : I misunderstood this ques

tion. I did not know about above 

publication, but have included it in 

these proceedings. A 500 GeV neu

tralino, although likely beyond the reach 

of planned accelerators, can be probed 

by future direct detection experiments. 

B e n n i e W a r d (Baylor University): 

On the slide wherein you exhibited your 

candidate event as one of many back

ground events presumably associated 

with a detector mis-function, what hap

pened to the other events tha t wear near 

it? 

Laura B a u d i s : The other events did not 

survive the s tandard CDMS cuts (such 

as da ta quality, fiducial volume, ioniza

tion yield and timing cuts). 
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The present status of our knowledge about the dark matter and dark energy is reviewed. Particular 
emphasis is put on the. Bounds on the content of cold and hot dark matter from cosmological 
observations are discussed in some detail. I also review current bounds on the physical properties of 
dark energy, mainly its equation of state and effective speed of sound. 

1 I n t r o d u c t i o n dark energy. 

The introduction of new observational tech

niques has in the past few years moved cos

mology into the era of precision science. Wi th 

the advent of precision measurements of the 

cosmic microwave background (CMB), large 

scale structure (LSS) of galaxies, and dis

tant type la supernovae, a new paradigm 

of cosmology has been established. In this 

new standard model, the geometry is flat so 

tha t fitotai = 1, and the total energy den

sity is made up of mat ter ( f i m ~ 0.3) [com

prised of baryons (fib ~ 0.05) and cold dark 

mat ter ( O C D M ~ 0.25)], and dark energy 

(fix ~ 0.7). Wi th only a few free parameters 

this model provides an excellent fit to all cur

rent observations 1 '2 '4-7 . However, cosmology 

is currently very much a field driven by ex

periment, not theory. While all current da ta 

can be described by a relatively small num

ber of fitting parameters the understanding 

of the underlying physics is still limited. 

Here, I review the present knowledge 

about the observable cosmological parame

ters related to dark mat ter and dark energy, 

and relate them to the possible underlying 

particle physics models. I also discuss the 

new generation of experiments currently be

ing planned and built, particularly those de

signed to measure weak gravitational lensing 

on large scales. These instruments are likely 

to bring answers to at least some of the fun

damental questions about dark mat ter and 

2 Cosmolog i ca l d a t a 

2.1 Large Scale Structure (LSS). 

At present there are two large galaxy sur

veys of comparable size, the Sloan Digital 

Sky Survey (SDSS)7 '6 and the 2dFGRS (2 de

gree Field Galaxy Redshift Survey)5 . Once 

the SDSS is completed in December 2005 it 

will be significantly larger and more accurate 

than the 2dFGRS, measuring in total about 

106 galaxies. 

Both surveys measure angular positions 

and distances of galaxies, producing a fully 

three dimensional map of the local Universe. 

From this map various statistical properties 

of the large scale mat ter distribution can be 

inferred. 

The most commonly used is the power 

spectrum P(k,r), defined as 

P(k,r) = \6k\
2(r), (1) 

where k is the Fourier wave number and r is 

conformal time. 5 is the fc'th Fourier mode 

of the density contrast, Sp/p. 

The power spectrum can be decomposed 

into a primordial part , Po(k), generated by 

some mechanism (presumably inflation) in 

the early universe, and a transfer function 

T(k,r), 

P(k,r) = P0(k)T(k,r). (2) 

The transfer function at a particular time is 

mailto:sth@phys.au.dk
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found by solving the Boltzmann equation for 
S(T)

 125. 
As long as fluctuations are Gaussian, the 

power spectrum contains all statistical infor
mation about the galaxy distribution. On 
fairly large scales k < 0.1/i/Mpc this is the 
case, and for that reason the power spectrum 
is the form in which the observational data is 
normally presented. 

2.2 Cosmic Microwave Background. 

The GMB temperature fluctuations are con
veniently described in terms of the spherical 
harmonics power spectrum CjT = (|a;TO|2), 
where ^£(0,</>) = Y.im aimYim(6, <f>). Since 
Thomson scattering polarizes light, there are 
also power spectra coming from the polariza
tion. The polarization can be divided into a 
curl-free ((E)) and a curl ((B)) component, 
much in the same way as E and B in electro
dynamics can be derived from the gradient 
of a scalar field and the curl of a vector field 
respectively (see for instance133 for a very 
detailed treatment). The polarization intro
duced a sequence of new power spectra, but 
because of different parity some of them are 
explicitly zero. Altogether there are four in
dependent power spectra: CfT, CEE, CfB, 
and the T-E cross-correlation CjE. 

The WMAP experiment has reported 
data only on CfT and GjE as described in 
Refs. 3 '4. Other experiments, while less pre
cise in the measurement of the temperature 
anisotropy and not providing full-sky cover
age, are much more sensitive to small scale 
anisotropies and to CMB polarization. Par
ticularly the ground based CBI58, DASI 59, 
and ACBAR57 experiments, as well as the 
BOOMERANG balloon experiment 6°.61>62 

have provided useful data. 

2.3 Type la supernovae 

Observations of distant supernovae have been 
carried out on a large scale for about a 
decade. In 1998 two different projects almost 

simultaneously published measurements of 
about 50 distant type la supernovae, out to 
a redshift or about 0.8 1'2. These measure
ments were instrumental for the measure
ment of the late time expansion rate of the 
universe. 

Since then a, new supernovae have con
tinuously been added to the sample, with 
the Riess et al.63 "gold" data set of 157 
distant supernovae being the most recent. 
This includes several supernovae measured 
by the Hubble Space Telescope out to a red-
shift of 1.7. 

3 Cosmological parameters 

Based on the present cosmological data, 
many different groups have performed like
lihood analyses based on various versions of 
the standard Friedmann-Robertson-Walker 
cosmology (see for instance 7 '64 for recent 
analyses). A surprisingly good fit is provided 
by a simple, geometrically flat universe, in 
which 30% of the energy density is in the 
form of non-relativistic matter and 70% in 
the form of a new, unknown dark energy com
ponent with strongly negative pressure. In 
its most basic form, the dark energy is in 
the form of a cosmological constant where 
w = P/p = —1. The only free parame
ters in this model are: Qm, the total matter 
density, f̂ , the density in baryons, and HQ, 
the Hubble parameter. In addition to these 
there are parameters related to the spectrum 
of primordial fluctuations, presumably gen
erated by inflation. Observations indicate 
that the fluctuations are Gaussian and with 
an almost scale invariant power spectrum. 
More generally, the primordial spectrum is 
usually parameterized by two parameters: A, 
the amplitude, and ns the spectral tilt of the 
power spectrum. Finally, there is the param
eter r which is related to the redshift of re-
ionization of the Universe. Altogether, stan
dard cosmology is describable by only 6 pa
rameters (5 if the spectrum is assumed to be 
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scale invariant °. 
Adding other parameters to the fit does 

not significantly alter the determination of 
the 6 fundamental parameters, although in 
some cases the estimated error bars can in
crease substantially. 

4 Dark matter 

The current cosmological data provides a 
very precise bound on the physical dark mat
ter density7 

nmh2 = 0.138 ±0.012, (3) 

although this bound is somewhat model de
pendent. It also provides a very precise 
measurement of the cosmological density in 
baryons 

ttbh
2 = 0.0230l°;°°ii ( 4 ) 

This value is entirely consistent with the es
timate from Big Bang nucleosynthesis, based 
on measurements of deuterium in high red-
shift absorption systems, flbh2 = 0.020 ± 
0.002 117<118. 

The remaining matter density consists of 
dark matter with the density7 

Odm/i2 = 0.115 ±0.012. (5) 

The bound on the dark matter density in turn 
provides strong input on any particle physics 
model for dark matter. Space limitations al
low only for a very brief review of the cos
mological constraints on dark matter. Very 
detailed reviews can be found in 126>127. 

4.1 WIMPs 

The simplest model for cold dark matter con
sists of WIMPs - weakly interacting mas
sive particles. Generic WIMPs were once 
in thermal equilibrium, but decoupled while 
strongly non-relativistic. For typical mod
els with TeV scale SUSY breaking where 

"See 123>124 for a discussion about how to estimate 
the number of cosmological parameters needed to fit 
the data. 

neutralinos are the LSPs, one finds that 
TD/m ~ 0.05. SUSY WIMPs are currently 
the favoured candidate for cold dark matter 
(see 1 2 7 ) . The reason is that for massive par
ticles coupled to the standard model via a 
coupling which is suppressed by 1/TeV and 
with a mass of order 100 GeV to 1 TeV a 
present density of flmh2 ~ 0.1 comes out 
fairly naturally. SUSY WIMPs furthermore 
have the merit of being detectable. One pos
sibility is that they can be detected directly 
when they deposit energy in a detector by 
elastically scattering (see the contribution by 
Laura Baudis to these proceedings). Another 
is that WIMPs annihilate and produce high 
energy photons and neutrinos which can sub
sequently be detected. 

4.2 CDM Axions 

WIMPs are by no means the only possibility 
for having cold dark matter. Another possi
bility is that CDM is in the form of axions, 
in which case the mass needed to produce the 
correct energy density is of order 10~3 eV. In 
this case the axions would be produced co
herently in a condensate, effectively acting as 
CDM even though their mass is very low (see 
for instance 65 for a recent overview). 

4-3 Exotica 

Another interesting possibility is that dark 
matter consists of very heavy particles. A 
particle species which was once in ther
mal equilibrium cannot possible be the dark 
matter if its mass is heavier than about 
350 TeV 66. The reason is that its annihila
tion cross section cannot satisfy the unitarity 
bound. Therefore, heavy dark matter would 
have to be produced out of thermal equilib
rium, typically by non-perturbative processes 
at preheating towards the end of inflation (see 
for instance 6 7 ) . These models have the prob
lem of being exceedingly hard to verify or rule 
out experimentally. 
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44 Hot dark matter 

In fact the only dark mat ter particle which is 

known to exist from experiment is the neu

trino. From measurements of t r i t ium decay, 

s tandard model neutrinos are known to be 

light. The current upper bound on the ef

fective electron neutrino mass is 2.3 eV at 

95% C.L. 6 8 (see also the contribution by 

Christian Weinheimer to these proceedings). 

Such neutrinos decouple from thermal equi

librium in the early universe while still rela-

tivistic. Subsequently they free-stream until 

the epoch around recombination where they 

become non-relativistic and begin to clus

ter. The free-streaming effect erases all neu

trino perturbations on scales smaller than 

the free-streaming scale. For this reason 

neutrinos and other similar, light particles 

are generically known as hot dark matter . 

Models where all dark mat ter is hot are 

ruled out completely by present observations, 

and in fact the current da ta is so precise 

tha t an upper bound of order 1 eV can be 

put on the sum of all light neutrino masses 
69,70,71,72,73,74,75,76,77,78,79. T h i g i g Q n e o f t h e 

first examples where cosmology provides a 

much stronger constraint on particle physics 

parameters than direct measurements. The 

robustness of the neutrino mass bound has 

been a topic many papers over the past two 

years. While some derived mass bounds, as 

low as 0.5 eV are almost certainly too opti

mistic to consider robust at present, it is very 

hard to relax the upper bound to much more 

than 1.5 eV 7 9 . The reason for the differ

ence in estimated precision lies both in the 

assumptions about cosmological parameters, 

and in the da ta sets used. 

In the future, a much more stringent con

straint will be possible, especially using da ta 

from weak lensing (see section 6). 

4-5 General thermal relics 

The arguments pertaining to neutrinos can 

be carried over to any thermal relic which 

decoupled while relativistic. As long as the 

mass is in the eV regime or lower the free 

streaming scale is large than the smallest 

scales in the linear regime probed by LSS sur

veys. This has for instance been used for par

ticles such as axions8 0 . It should of course be 

noted tha t these axions are in a completely 

different different mass range than the axions 

which could make up the CDM. At such high 

masses, the axions would be in thermal equi

librium in the early universe until after the 

QCD phase transition at T ~ 100 MeV and 

therefore behave very similarly to neutrinos. 

However, for relics which decouples very 

early, the mass can be in the keV regime. In 

tha t case it is possible to derive mass bounds 

using da ta from the Lyman-a forest which is 

at much higher redshifts and therefore still in 

the semi-linear regime, even at sub-galactic 

scales. Using this da ta it has for instance 

been possible to set constraints on the mass 

of a warm dark mat ter particle which makes 

up all the dark mat te r 8 1 . 

4-6 Telling fermions from bosons 

There is a fundamental difference between 

hot dark mat ter of fermionic and of bosonic 

nature. First of all, the number and energy 

densities are different. For equal values of 

flh2 this leads to different particle masses 

and therefore also different free-streaming 

behaviour. The differences are at the few 

percent level, and although not visible with 

present data, should be clearly visible in the 

future1 2 8 . The difference between the mat ter 

power spectra of two different models, bo th 

with Q H D M = 0.02, can be seen in Fig. 1. 

Even more interesting, in the central par ts of 

dark mat te r halos, the density of a bosonic 

hot dark mat ter component can be several 

times higher than tha t of a fermionic compo

nent with the same mass, purely because of 

quantum statistics 1 2 8 . The reason is tha t the 

distribution function, / = \j(eElT + 1), for 

a non-degenerate fermion in thermal equilib-
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Figure 1. Linear power spectra for two different 
AHCDM models. The blue (dotted) line shows a 
model with three massless neutrinos and one mas
sive Majorana fermion, contributing Q = 0.02. The 
red (solid) line shows the same, but with a massive 
scalar instead. The black (dashed) line is the stan
dard ACDM model with no HDM. Note that these 
spectra have been normalized to have the same am
plitude on large scales. [From 1 2 8 ] . 

rium has a maximum at p = 0 where / = 1/2. 

This bound also applies to the species after 

decoupling, and provides an upper bound on 

the physical density of such particles in dark 

mat ter halos. This is known as the Tremaine-

Gunn bound 129.130>131>132. Because there is 

no such limit for non-degenerate bosons, their 

density in dark mat ter halos can be many 

times higher than tha t of fermions. Unfortu

nately the effect is most pronounced in the 

central par ts of dark mat ter halos where the 

density is dominated by cold dark mat ter 

and baryons, and therefore it might not be 

observable1 2 8 . 

5 D a r k e n e r g y 

From the present supernova da ta alone, the 

universe is known to accelerate. In terms of 

the deceleration parameter go, the bound is 

aa , . 
<7o = - T ^ < - 0 . 3 6 

at 99% C.L. 6 3 . Such a behaviour can be ex

plained by the presence of a component of the 

energy density with strongly negative pres

sure, which can be seen from the acceleration 

equation 

a = 4 7 r G £ i ( P » + 3P,) 

a 3 

The cosmological constant is the simplest 

(from an observational point of view) version 

of dark energy, with w = P/p = — 1. How

ever, there are many other possible models 

which produce cosmic acceleration. 

However, since the cosmological constant 

has a value completely different from theoret

ical expectations one is naturally led to con

sider other explanations for the dark energy. 

5.1 The equation of state 

If the dark energy is a fluid, perfect or non-

perfect, it can be described by an equation 

of state w which in principle is constrain-

able from observations. Secondly, this dark 

energy fluid must have an effective speed of 

sound cs which in some cases can be impor

tant . 

A light scalar field rolling in a very flat 

potential would for instance have a strongly 

negative equation of s tate, and would in the 

limit of a completely flat potential lead to 

w = — 1 86>87 '88. Such models are generically 

known as quintessence models. The scalar 

field is usually assumed to be minimally cou

pled to matter , but very interesting effects 

can occur if this assumption is relaxed (see 

for instance8 9) . 

In general such models would also require 

fine tuning in order to achieve fix ~ firm 

where fix and flm are the dark energy and 

mat ter densities at present. However, by cou

pling quintessence to mat ter and radiation it 

is possible to achieve a tracking behavior of 

the scalar field so that fix ~ flm comes out 

naturally of the evolution equation for the 

scalar field8'9'10'11'12'13-14'15-16. 

Many other possibilities have been con-

368 

10-

o 4 
- 1 0 4 

10-

10 ' 



369 

sidered, like fc-essence, which is essen

tially a scalar field with a non-standard 

kinetic term I7,i8,i9,20,2i,22,23_ It is also 

possible, although not without problems, 

to construct models which have w < 

— 1, the so-called phantom energy models 
24,28,25,26,27,29,30,31,32,33,34,35,37,36,38,39 

From an observational perspective there 

are numerous studies in which the effective 

equation of s tate of the dark energy has been 

constrained. 

The simplest parametrization is w = con

stant, for which constraints based on ob

servational da ta have been calculated many 

times 82>83>84>85. The bound on the equation 

of state, w, assuming tha t it is constant is 

roughly (see4 1 '9 0 '4 0 '6 4) 

-1.2 < w < - 0 . 8 (8) 

at 95% C.L. Very interestingly, however, 

there is a very strong degeneracy between 

measurements of w and the neutrino mass 

*^2,mv. When the neutrino mass is included 

in fits of w the lower bound becomes much 

weaker and the allowed range is 

-2.0 < w < -O.c (9) 

at 95% C.L. 7 9 . The result of a likelihood 

analysis taking both parameters to be free 

can be seen in Fig. 2. 

Even though a constant equation of s tate 

is the simplest possibility, as the precision of 

observational da ta is increasing is it becom

ing feasible to search for time variation in w. 

At present there is no indication tha t 

w is varying. Even though the present 

Type la supernova da ta seem to favour 

a rapid evolution of w, this indication 

vanishes if all available cosmological da ta 

is analyzed 41>90>40>64 (for other discus

sions of a time-varying w, see for instance 
42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,91,92,93 

3 
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-i.oHRbfe. 

- 1 .5 

-2 .0 

^^^0V 

• 
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Figure 2. The 68% (dark) and 95% (light) likelihood 
contours for mv and w for WMAP, SDSS, and SNI-a 
data. [From 7g] 

5.2 The sound speed of dark energy 

In general the dark energy speed of sound is 

given by 

c? = 
5P 

V 
(10) 

if it can be described fluid. The per

turbat ion equations depend on the speed of 
sound in all components, including dark en
ergy, and therefore c2. can in principle be mea
sured H9.120,121,122 

For a generic component with constant 

w, the density scales as a~3(1+w\ where a 

is the scale factor. Therefore, the ratio of 

the energy density to tha t in CDM is given 

by p/pCDM °c a~3w. If w is close to zero 

this means tha t dark energy can be impor

tant at early times and affect linear struc

ture formation. If, on the other hand, w is 

very negative, dark energy will be unimpor

tant during structure formation. This also 

means tha t since w < —0.8 there is effec

tively no present constraint on the dark en

ergy equation of state. In Fig. 3 we show 

current constraints in w and c2
a. 
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Figure 3. The 68% (dark) and 95% (light) likelihood 
contours for w and c2. for WMAP, SDSS, and SNI-a 
data. [From 1 2 2 ] . 

5.3 Dark energy or modified gravity? 

A potentially very interesting possibility is 
that what we perceive as dark energy is in 
fact a modification of gravity on very large 
scales. General relativity has been tested to 
work in the weak field regime up to super-
galactic scales. However, it is possible that 
at scales close to the Hubble horizon there 
might be modifications. 

One possible scenario is that there are 
extra spatial dimensions into which grav
ity can propagate. For instance in the 
Dvali-Gabadadze-Porrati model94, the stan
dard model is confined to a 3+1 dimensional 
brane in a 4+1 dimensional bulk where grav
ity can propagate. On small scales, gravity 
can be made to look effectively four dimen
sional by an appropriate tuning of the model 
parameters, whereas on large scales gravity 
becomes weaker. This leads to an effect very 
similar to that of dark energy. Based on this 
idea, other authors have taken a more obser
vational approach, adding extra terms to the 
Friedmann equation95,96,98. 

In this case the dark energy has no mean
ingful speed of sound since it is a change 
in gravity. However, exactly since it affects 

gravity it also affects the way in which struc
ture grows in the universe. In97 it was found 
that, unless the cross-over scale has very spe
cific and fine tuned values, models with mod
ified large scale gravity are almost impossible 
to reconcile with present observations. 

6 Future observations 

6.1 Cosmic microwave background 

In the coming years, the present CMB ex
periments will be superseded by the Planck 
Surveyor satellite99, due to be launched in 
2007. It will carry instrumentation similar to 
that on the latest BOOMERANG flight, but 
will carry out observations from space, and 
for several years. The expectation is that the 
project will measure the CMB spectrum pre
cisely up to I ~ 2500, being essentially lim
ited only by foreground in this range. This 
experiment will be particularly important for 
the study of inflation because it will be able 
to measure the primordial spectrum of fluc
tuations extremely precisely. 

On a longer timescale there will be ded
icated experiments measuring small scales, 
such as the Atacama Cosmology Telescope 
100. Small scale observations will be instru
mental in understanding non-linear effects on 
the CMB, arising from sources such as the 
Sunyaev-Zeldovich effect and weak gravita
tional lensing. 

6.2 Type la supernovae 

There are several ongoing programs dedi
cated to measuring high redshift supernovae. 
For instance the Supernova Legacy Survey is 
currently being carried out at the CFHT101. 
ESSENCE102 is another project dedicated 
to improving the current measurement of w. 
The future Dark Energy Survey103 is ex
pected to find about 2000 Type la super
novae, and the Supernova Acceleration Probe 
(SNAP) satellite mission (one of the con
tenders for the NASA Dark Energy Probe 
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program) will find several thousand super-
novae out to redshifts of order 2 104. 

6.3 Weak lensing 

Perhaps the most interesting future probe of 
cosmology is weak gravitational lensing on 
large scales. The shape of distant galaxies 
will be distorted by the matter distribution 
along the line of sight, and this effect allows 
for a direct probe of the large scale distri
bution of the gravitational potential (see for 
instance105 for a review). Just as for the 
CMB the data can be converted into an angu
lar power spectrum, in this case of the lensing 
convergence 105.106i107.108 Several upcoming 
surveys aim at measuring this spectrum on a 
large scale. The first to become operational is 
the Pan-STARRS 109 project which will have 
first light in 2006. In the more distant future, 
the Large Synoptic Survey Telescope n o will 
provide an even more detailed measurement 
of lensing distortions across large fractions of 
the sky. 

6-4 The impact on cosmological 
parameters 

Many of the cosmological parameters will be 
measured much more precisely with future 
data. For the standard cosmological param
eters, a detailed discussion and analysis can 
be found in m . As an example, the bound 
on the physical matter density could be im
proved from the present ±0.012 to ±0.0022, 
at least an improvement by a factor 5. 

With regards to hot dark matter, the 
neutrino mass could be constrainable to 
a precision of a(J2mu) ~ 0.1 eV or 
better112 '113 '114 '115-116 '79, perhaps allowing 
for a positive detection of a non-zero mass. 

The equation of state of the dark energy 
could be measurable to a precision of about 
5%, depending on whether it varies with time 
40 

7 Discussion 

We are currently in the middle of an im
mensely exciting period for cosmology. We 
now have estimates of most basic cosmolog
ical parameters at the percent level, some
thing which was almost unthinkable a decade 
ago. Cosmology is now at the stage where 
it can contribute significant new information 
of relevance to particle physics. One notable 
example is the density of cold dark matter, 
which is relevant for SUSY parameter space 
exploration. Another is the bound on the 
mass of light neutrinos which is presently 
significantly stronger than the corresponding 
laboratory bound. 

The precision with which most of the cos
mological parameters can be measured is set 
to increase by a factor of 5-10 over the next 
ten years, given a whole range of new experi
ments. For the foreseeable future, cosmology 
will be an extremely interesting field, and its 
relevance to particle physics is set to increase 
with time. 
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ULTRA-HIGH-ENERGY COSMIC RAYS 
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One of the most striking astrophysical phenomena today is the existence of cosmic ray particles with 
energies in excess of 1020 eV. While their presence has been confirmed by a number of experiments, 
it is not clear where and how these particles are accelerated to these energies and how they travel 
astronomical distances without substantial energy loss. We are entering an exciting new era in cosmic 
ray physics, with instruments now producing data of unprecedented quality and quantity to tackle the 
many open questions. This paper reviews the current experimental status of cosmic ray physics and 
summarizes recent results on the energy spectrum and arrival directions of ultra-high-energy cosmic 
rays. 

1 Introduction 

Cosmic ray particles were discovered almost 
one hundred years ago, and yet very little 
is known about the origin of the most ener
getic particles above and around 1018 eV, tra
ditionally referred to as "ultra-high-energy 
cosmic rays." The measured spectrum of cos
mic rays extends beyond 1020 eV, 11 orders of 
magnitude greater than the equivalent rest 
mass of the proton. While the presence of 
particles at these energies has been confirmed 
by a number of experiments, it is not clear 
where and how these particles are accelerated 
to these energies and how they travel astro
nomical distances without substantial energy 
loss. Some indication comes from the en
ergy spectrum itself, which roughly follows 
a power law E~~2-8 and is therefore "non
thermal." The power law behavior and the 
"universal" spectral index indicate that the 
underlying acceleration mechanism could be 
Fermi acceleration1 at shock fronts, e.g. in 
Supernova Remnants (SNRs) and in the jets 
of Active Galactic Nuclei (AGNs). Regard
less of the actual acceleration process, it is 
clear that thermal emission processes cannot 
generate such energies. 

Several quantities accessible to experi
ment can help to reveal the sources of ultra-
high-energy cosmic rays: the flux of cosmic 
rays; their chemical composition; and their 

arrival direction. Charged cosmic ray pri
maries are subject to deflection in Galac
tic and intergalactic magnetic fields and do 
not necessarily point back to their sources. 
The strength and orientation of these fields 
is poorly known and estimates vary2,3, but 
their impact should decrease at the highest 
energies, above several times 1019 eV; here, 
cosmic ray astronomy might be possible. 

Since the cosmic ray flux drops almost 
three orders of magnitude for each energy 
decade, the flux at the highest energies is 
very low, about one particle per km per 
year above 5 x 1018 eV. Low statistics have 
historically plagued the field; the total pub
lished number of events above 4.0 x 1019 eV 
is still less than 100, and drawing conclu
sions on the basis of such a small data set 
has proved rather perilous. However, the 
experimental situation is finally improving; 
new instruments are now collecting data of 
unprecedented quality and quantity. Since 
1999, the High Resolution Fly's Eye (HiRes) 
air fluorescence stereo detector in Utah has 
accumulated data with excellent angular res
olution. The HiRes data set has been used 
extensively over the last two years to search 
for small-scale anisotropies in the arrival di
rections of cosmic rays, correlations of cosmic 
rays with known astrophysical sources, and to 
study the composition of the primary cosmic 
ray flux. 
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Figure 1. Scheme of the different cosmic ray detec
tion techniques (Auger Collaboration). 

In the southern hemisphere, the world's 

largest detector for cosmic radiation, the 

Pierre Auger Observatory in Argentina, is 

nearing completion, and first results on the 

energy spectrum and the arrival direction dis

tr ibution of cosmic rays have recently been 

published. 

In this paper, I will review some re

cent developments in ultra-high-energy cos

mic ray physics. The paper is organized as 

follows: Section 2 gives a short review of the 

experimental techniques and the current ma

jor instruments in the field. I will then dis

cuss new results from the Auger and HiRes 

experiments on the energy spectrum (Section 

3) and the arrival direction distribution (Sec

tion 4). Concluding remarks follow in Sec

tion 5. 

2 E x p e r i m e n t a l Techniques 

Because the flux at ul t ra-high energies is 

small, experiments need a large detector vol

ume. Consequently, detectors have to be 

earth-bound, and the primary cosmic ray 

particles can not be observed directly. Pri

maries interact in the upper atmosphere and 

induce extensive air showers with on the or

der of 1010 particles for a 1019 eV primary. 

The properties of the original cosmic ray par

ticle, such as arrival direction and energy, 

have to be inferred from the observed prop

erties of the extensive air shower. 

There are two different techniques to 

study cosmic ray air showers at ultra-high-

energies. Both are shown schematically in 

Fig. 1. Ground arrays sample the shower 

front arriving on the Ear th ' s surface with an 

array of particle detectors, for example scin

tillation counters or water Cherenkov detec

tors. The arrival direction of the air shower 

and the primary cosmic ray particle is recon

structed from the differences in trigger times 

for individual detectors as the narrow shower 

front passes. The advantage of ground arrays 

is their near 100 % duty cycle and the robust

ness of the detectors. A disadvantage is tha t 

ground arrays sample the shower at one alti

tude only and do not record the development 

of the shower in the atmosphere. Moreover, 

the sampling density is typically very small. 

The classic example of a pure ground ar

ray is the AGASA (Akeno Giant Air Shower 

Array) experiment, which operated in Japan 

from 1984 to 2003. In its final stage, the ar

ray consisted of 111 scintillation counters of 

2.2 m 2 area each on a 1km spacing, leading 

to a total area of about 100 km . 

Apart from the cascade of secondary par

ticles, air showers also produce Cherenkov 

light and fluorescence light. The latter is pro

duced when the particles in the air shower 

cascade excite air molecules, which fluoresce 

in the UV. Air fluorescence detectors mea

sure this light with photomultiplier cameras 
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Table 1. Comparison of Instruments. Comments: ^ above 1020 eV, 10 % duty cycle, 2 ' January 2004 - June 
2004, 3) error bars are strongly asymmetric 

Experiment 

AGASA 
HiRes mono 
HiRes stereo 
Auger (under 
construction) 

Operation 

1984-2003 
1997-
2000-
2004-

Aperture 
[km srl 

- 2 5 0 
IOOOO1) 

100001} 

7400 

Exposure 
[km sr yrl 

1620 
5000 
3400 

1750 (SD)2) 

Angular Resolution 
(68%) 

2.5° 
> 2.50'3> 

0.6° 
2.0° - 0.9° (SD) 

0.6° (FD) 

AE/E 
[%] 

25 
25 
15 
10 

that observe the night sky. The shower is 
observed by a succession of tubes and re
constructed using the photomultiplier tim
ing and pulseheight information. Air fluo
rescence detectors can only operate on clear, 
moonless nights with good atmospheric con
ditions, so the duty cycle is about 10 %; how
ever, they observe the shower development in 
the atmosphere and provide us with a nearly 
calorimetric energy estimate. In addition, the 
instantaneous detector volume is rather large, 
of order 10000 km2 sr at 1020 eV. 

The High Resolution Fly's Eye (HiRes) 
experiment in Utah is a stereo air fluores
cence detector with 2 sites roughly 13 km 
apart. Each site is made up of several tele
scope units monitoring different parts of the 
night sky. With 22 (42) telescopes at the 
first (second) site, the full detector covers 
about 360° (336°) in azimuth and 3° - 16.5° 
(3° — 30°) in elevation above horizon. Each 
telescope consists of a mirror with an area of 
about 5 m2 for light collection and a cluster 
of 256 hexagonal photomultiplier tubes in the 
focal plane. 

The HiRes air fluorescence detector can 
operate in "monocular mode," with air show
ers only observed from one site, or in "stereo
scopic mode," with the same shower ob
served by both detectors simultaneously. The 
monocular operation suffers from poor angu
lar and energy resolution. With only one 
"eye," the shower-detector-plane (i.e. the 
plane that contains the shower and the de

tector (see Fig. 1)) can be reconstructed with 
high accuracy. Unfortunately, the position of 
the shower within that plane, determined us
ing the photomultiplier trigger times, is am
biguous. Stereo viewing of the shower with 
two detectors breaks the ambiguity and leads 
to an excellent angular resolution of order 
0.5°. HiRes has been taking data in monocu
lar mode since 1996 and in stereo mode since 
December 1999. 

In summary, stereo air fluorescence de
tectors have excellent angular resolution and 
give a nearly calorimetric energy determina
tion, while ground arrays have the advan
tage of a relatively straightforward determi
nation of the detector aperture. Obviously, 
the best detector is a detector that com
bines the two techniques. The Pierre Auger 
Observatory, currently under construction in 
Malargue, Argentina, and scheduled to be 
completed in 2006, is such a hybrid detector, 
combining both a ground array and fluores
cence detectors. 

The Auger surface detector array4 will 
eventually comprise 1600 detector stations 
with 1500 m separation, spread over a total 
area of 3000 km . One year of Auger data-
taking will therefore correspond to about 
30 AGASA years. Each detector station 
is a light-tight 11000 liter tank filled with 
pure water. Three 9-inch photomultipliers in 
the tank measure the Cherenkov light from 
shower particles crossing the tank. The sta
tions are self-contained and work on solar 
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power. The surface detector array is com
plemented by 4 fluorescence stations5 with 6 
telescopes each. The field of view of a sin
gle telescope covers 30° in azimuth and 28.6° 
in elevation, adding up to a total field of 
view of 180° x 28.6° for each site. Each tele
scope consists of a spherical mirror of area 
3.5 m x 3.5 m and a focal surface with 440 
hexagonal (45 mm diameter) photomultipli-
ers. Because of the large field of view of each 
telescope, a Schmidt optics is used. 

While still under construction, the Auger 
experiment has recorded data with a growing 
detector since January 2004. The total ex
posure of the surface detector array already 
exceeds the total AGASA exposure, making 
Auger a competitive experiment. 

Table 1 gives an overview of experimen
tal parameters for AGASA, Auger, HiRes 
monocular and HiRes stereo, including the 
aperture of the instruments and the exposure 
used in publications of recent results. 

3 Results 

Until a few years ago, the world data set of 
ultra-high-energy cosmic rays was dominated 
by data recorded with the AGASA air shower 
array. In a number of important publica
tions, the AGASA group has described sev
eral exciting and controversial results, includ
ing the shape of the energy spectrum above 
1018 eV, studies of possible anisotropies in the 
arrival directions above 4.0 x 1019 eV, and 
an excess of cosmic ray flux from the Galac
tic center region around 1018 eV. Due to the 
small number of events, some of these results 
have a small statistical significance. For sev
eral years, statistically independent data sets 
to support or refute these findings were not 
available. Only recently, with the start of 
HiRes stereo data-taking in 1999 and the be
ginning of operations at the Pierre Auger Ob
servatory in January 2004, are we reaching 
the point where we can study these topics 
with new data. 

3.1 Energy Spectrum 

Proton primaries above 5.0 x 1019 eV inter
act with the 2.7K microwave background via 
photo-pion production, losing energy in each 
interaction until they eventually fall below 
the energy threshold. This so-called GZK 
effect, postulated by Greisen6 and indepen
dently by Zatsepin and Kuzmin7 shortly after 
the discovery of the microwave background, is 
expected to lead to a rapid fall-off of the cos
mic ray energy spectrum above this energy, 
but it has not been experimentally confirmed 
at this point. 

The AGASA group claimed8,9 that the 
GZK suppression is not observed, raising 
questions as to the nature of the primary 
particles or even the particle physics in
volved. More recently, the HiRes monocular 
spectrum10'11 has been interpreted as being 
in agreement with a GZK suppression. While 
the disagreement between the AGASA and 
the HiRes mono result has received a lot of 
attention, it has also been pointed out that 
the two spectra actually agree reasonable well 
if systematic errors are taken seriously12'13. 

Fig. 2 depicts the situation. It shows the 
differential energy spectrum as reported by 
AGASA9 and HiRes10,11 in monocular mode 
(the HiRes collaboration has not yet pub
lished a stereo spectrum). While only sta
tistical errors are shown, systematic errors of 
order 25 % (roughly what is reported by the 
experiments) would manifest themselves sim
ply by a shift of one bin in this plot. Keeping 
this in mind, both spectra agree quite well be
low 1019'8 eV. The disagreement at the high
est energies has been estimated to be of order 
2.0CT 1 2 . 

Reversing the argument, it is actually 
quite surprising how well the spectra agree, 
given that ground arrays and fluorescence de
tectors have entirely different systematic er
rors in their estimate of the shower energy. 
AGASA has given a detailed account of their 
energy resolution9. Ground arrays determine 
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log,„(E/[eV]) 

Figure 2. Ultra—high-energy cosmic ray flux as a 
function of energy as measured by the AGASA 
experiment9 and the HiRes detectors in monocular 
mode, HiRes 1 1 0 and HiRes 2 n . 

the energy of a shower from the measured 
particle density S at some (fixed) distance 
from the shower core15. The optimal distance 
is the one where the spread in particle den
sity is minimal, and this optimal distance de
pends on the detector geometry (600 m for 
AGASA9 and 1000m for Auger16). The cor
relation between the particle density and the 
energy is then established using simulated 
data. This of course leads to a strong mass 
and model dependence. 

Air fluorescence detectors image the 
shower development in the atmosphere and 
obtain a nearly calorimetric signal. However, 
the Earth's atmosphere is a tricky calorime
ter. It is not only highly inhomogeneous, 
but also changes on short time scales. The 
atmosphere needs to be monitored continu
ously in order to be able to correctly account 
for Rayleigh and Mie scattering. In addition, 
there are systematic errors from the fluores
cence yield, the absolute calibration, and the 
accounting for "missing energy," i.e. energy 
that goes into particles that do not contribute 
to air fluorescence. 

10 - T • Auger Hybrid 

: s T m HiRes 1 - Monocular 

- • » • AGASA 

10 r 

18.5 18.75 19 19.25 19.5 19.75 20 20.25 20.5 

log(E/[eV]) 

Figure 3. Intensity of the ultra—high-energy cos
mic ray flux as a function of energy measured by 
the AGASA experiment9 and HiRes 1 in monocular 
mode1 0 , compared to a first estimate by the Pierre 
Auger Observatory14. 

The hybrid nature of the Pierre Auger 
Observatory will enable us to understand 
whether there are intrinsic difficulties with 
one of the two methods that contribute to 
the disagreement in the two spectra. At 
this time, the Auger experiment has not 
yet accumulated the necessary statistics to 
make a definitive statement on the shape 
of the energy spectrum at the highest ener
gies. The collaboration has, however, already 
published a first estimate of the spectrum. 
Fig. 3 compares the Auger spectrum to both 
the AGASA and HiRes 1 monocular measure
ment. The spectrum is based on 3525 events 
with energies above 3 x 1018 eV data taken 
with the ground array between January 2004 
and June 2005. At these energies, the ground 
array is fully efficient and the total exposure 
can be inferred from the total running time 
(where the growing size of the detector is ac
counted for) and the geometrical aperture of 
the ground array. The energy of the show
ers is established using the subset of hybrid 
events in the data sample, i.e. the subset of 
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events that are also detected in one of the flu

orescence detectors. These events are used to 

derive a relationship between shower energy 

(as determined by the fluorescence detector) 

and the ground parameter S (as measured by 

the ground array) 1 4 . 

By using the statistics and the exposure 

of the ground array and the nearly calorimet-

ric energy estimate of the fluorescence de

tectors, it is ensured tha t the Auger spec

t rum does not rely strongly on either sim

ulations or assumptions about the chemical 

composition of the cosmic ray flux. Unlike 

the AGASA and HiRes spectra, it is there

fore nearly model-independent. 

As shown in Fig. 3, the Auger spectrum 

agrees quite well with the HiRes measure

ment at this point. Considering the large 

systematic uncertainties, there is also little 

disagreement with AGASA. For this first es

t imate of the spectrum, systematic errors 

range from about 30 % at 3 x 101 8 eV to 50 % 

at 1020 eV, of which about 25 % stem from 

total systematic uncertainties in the fluores

cence detector energy measurements. Errors 

will soon become considerably smaller with 

larger statistics and the application of more 

sophisticated reconstruction methods. 

Two additional aspects of the Auger 

spectrum should be stressed. 

(1) While the spectrum does not show 

any events above 1020 eV, the Auger ex

periment has detected an event above tha t 

energy1 7 . The event does not enter the en

ergy spectrum because its core falls outside 

the surface detector array, but the event is 

well-reconstructed and passes all other qual

ity cuts. This means tha t all major cosmic 

ray experiments have now confirmed the ex

istence of particles above 1020 eV. 

(2) As described above, the energy scale 

of the spectrum is normalized to the fluores

cence detector. When simulations are used 

to determine the shower energy from sur

face detector da ta alone, the energies are sys

tematically higher by at least 2 5 % . Ener

gies determined in this way depend on the 

shower simulation code, the hadronic model, 

and the assumed composition of the cosmic 

ray flux. The difference shows tha t many 

systematics need to be addressed. Auger is 

in a unique position to s tudy these system

atic uncertainties and will measure the spec

t rum in the southern hemisphere accurately 

in coming years. There is no reason to be

lieve tha t the energy spectra in the northern 

sky and the southern sky are identical, al

though differences are probably subtle and 

will require a larger instrument in the north

ern hemisphere. 

3.2 Search for Small-Scale Clustering 

and Point Sources 

A direct way to search for the sources of 

ul t ra-high energy cosmic rays is to study 

their arrival direction distribution. Astron

omy with charged particles of course faces 

a serious problem. At low energies, Galac

tic and intergalactic magnetic fields will bend 

the particle's trajectories sufficiently to ren

der the direction information useless. How

ever, the Larmor radius increases with en

ergy, and cosmic ray astronomy may be pos

sible above some energy threshold. But little 

is known about intergalactic magnetic fields, 

so it is not straightforward to determine an 

optimal energy cut for arrival direction stud

ies. Choosing an energy threshold too low 

means tha t deflections destroy any correla

tion, but too high a threshold also weakens 

the statistical power of the da ta set. Given 

these uncertainties, an a priori optimal choice 

for the energy threshold and the angular sep

aration for clustering searches does not exist. 

AGASA claimed a significant amount of 

clustering in the arrival direction distribution 

as early as 199618 and has updated these re

sults frequently1 9 '2 0 , 2 1 '2 2 . The current claim 

is tha t the 5 "doublets" and 1 "triplet" ob

served in the set of 57 events with energies 

above 4.0 x 1019 eV have a probability of less 
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than 0.1 % to occur by chance in an AGASA 
data set of this size. This is an extremely im
portant result, but its validity has been ques
tioned on statistical grounds. The problems 
stem from the fact that the data set used to 
evaluate the chance probability includes the 
data used for formulating the clustering hy
pothesis in the first place; parameters like 
the energy threshold and the angular scale 
that defines a "cluster" of arrival directions 
were not defined a priori. The probability of 
0.1 % has therefore little meaning, and anal
yses that test the hypothesis only with the 
part of the data set that was recorded after 
the hypothesis was formulated find a much 
higher chance probability of around 8% 2 3 , 
making the result insignificant. 

The AGASA clustering claim has been 
tested with the statistically independent 
HiRes stereo data set. The HiRes col
laboration has published several papers de
scribing searches for deviation from isotropy, 
including the calculation of the standard 
two-point correlation function24, a two-point 
correlation scan25, and a search for point 
sources using an unbinned maximum likeli
hood ratio test26 '27. None of these searches 
have uncovered any deviation from isotropy, 
and no evidence for statistically significant 
point sources in the HiRes or the combined 
HiRes/AGASA data sets above 4.0 x 1019 eV 
or 1.0 x 1019eV were found26'27 (although 
a point source has been claimed by other 
authors28 '29). With an overall exposure that 
exceeds the AGASA exposure and an angular 
resolution that is 4 to 10 times sharper than 
AGASA's, HiRes stereo finds no small-scale 
anisotropy at any energy threshold above 
1019 eV and any angular scale out to 5°. 

3.3 Correlation with BL Lac Objects 

There has recently been marginal evidence 
that a small fraction of the ultra-high-energy 
cosmic ray flux originates from BL Lacer-
tae Objects30'31. BL Lacs are a subclass of 

blazars, which are active galaxies in which 
the jet axis happens to point almost directly 
along the line of sight. The EGRET instru
ment on board the Compton Gamma Ray 
Observatory (CGRO) has firmly established 
blazars as sources of high energy 7-rays above 
100 MeV32, and several BL Lac objects have 
been observed at TeV energies with ground-
based air Cherenkov telescopes33. High en
ergy 7-rays could be by-products of electro
magnetic cascades from energy losses asso
ciated with the acceleration of ultra-high-
energy cosmic rays and their propagation in 
intergalactic space34'35. 

The history of claims for a correlation 
between BL Lacs and ultra-high-energy cos
mic rays is rather convoluted. Correlation 
claims based on data recorded with AGASA 
and the Yakutsk array have been published 
since 200136 '37 '38, but a problematic aspect 
of the claims is the procedure used to es
tablish correlations and evaluate their sta
tistical significance. The authors explicitly 
tuned their selection criteria to assemble cat
alogs showing a maximum correlation with 
arrival directions of cosmic rays above some 
energy. The statistical significance quoted 
is therefore meaningless, and claims of BL 
Lac correlations have been criticized on these 
grounds39'40. In some cases it has been shown 
that statistically independent data sets do 
not confirm the correlations41. 

Recently, the HiRes collaboration pub
lished its own analysis of the data31, us
ing an unbinned maximum likelihood ra
tio test which accounts for the individual 
point spread function of each event. The 
HiRes stereo data does not confirm any of 
the previous claims based on AGASA and 
Yakutsk data, in spite of its larger statisti
cal power. It does, however, verify a recent 
analysis30 of correlations between published 
HiRes stereo events above 1019 eV and a sub
set of confirmed BL Lacs from the 10th Veron 
Catalog42. This subset36 contains 157 con
firmed BL Lacs from the catalog with optical 
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magnitude m < 18. Since the cuts 3 0 used to 

isolate this signal are not a priori, the correla

tion needs to be confirmed with statistically 

independent da ta before any claims can be 

made. 

The correlations are strongest at energies 

around 1019 eV, where magnetic fields are ex

pected to sufficiently scramble the arrival di

rections of charged particles, yet the corre

lations are on the scale of the detector an

gular resolution. This would suggest neutral 

cosmic ray primaries for these events, or at 

least t ha t the primaries were neutral during 

significant portions of their journey through 

Galactic and extragalactic magnetic fields. If 

verified with future data, the correlation with 

BL Lac objects would be the first evidence 

for an extragalactic origin of the highest en

ergy cosmic rays, and a first indication tha t 

at least a fraction of this flux originates in 

known astrophysical objects. 

3-4 Galactic Center 

One of the most interesting regions of the sky 

to search for an excess of ultra-high-energy 

cosmic rays is around the Galactic center. 

This region is a natural site for cosmic ray 

acceleration. It harbors a black hole of mass 

2.6 x 106 solar masses whose position is con

sistent with the radio source Sagittarius A*. 

Hour-scale X-ray and rapid IR flaring indi

cate the presence of an active nucleus with 

low bolometric luminosity. In addition, this 

crowded par t of the sky contains a dense clus

ter of stars, stellar remnants, and the super

nova remnant Sgr A East. The Galactic cen

ter is now also established as a source of TeV 

7-radiat ion4 3 , 4 4 , 4 5 . 

The AGASA experiment reported an ex

cess with a statistical significance of order 

4cr near the Galactic center4 6 '4 7 . The ex

cess is observed in a narrow energy band from 

1 0 1 7 9 eV to 1018-3 eV only. Due to its loca

tion in the northern hemisphere and a zenith 

angle cut of 60°, AGASA's field of view cuts 

off roughly 5° north of the Galactic center, so 

the center itself, at right ascension a = 266.4° 

and declination 6 = - 2 8 . 9 ° , is outside the 

field of view. The AGASA excess is found 

roughly around a = 280°, S = —16°, so it is 

offset considerably from the location of the 

Galactic center. To produce this excess, the 

event density is integrated over a circle with 

a radius of 20°. Several other "beam sizes" 

were tried, but this integration radius was 

found to maximize the signal. 

The chance probability in the AGASA 

publication is a posteriori. Since the anal

ysis has several "tunable" parameters like 

the energy bin and the integration radius, 

the t rue chance probability cannot be de

rived from the AGASA data set itself. The 

AGASA result was, however, supported by 

a re-analysis of archival da ta taken with the 

SUGAR array4 8 , a cosmic ray experiment 

tha t operated in Australia between 1968 and 

1979. Unlike AGASA, SUGAR operated 

from a location with good visibility of the 

Galactic center region. The SUGAR data 

showed an excess of about 2.9 a in the energy 

bin 1 0 1 7 9 e V to 101 8 '5eV, roughly the same 

energy bin as AGASA, but at a = 274° and 

5 = —22°, so offset bo th from the location of 

the AGASA excess and the Galactic center. 

Furthermore, the SUGAR excess was consis

tent with a point source, indicating neutral 

primaries. 

In such a context, it is interesting to 

point out tha t neutron primaries are a viable 

hypothesis, as they could travel undefiected. 

The neutron hypothesis would also explain 

the narrow energy range of the signal. In 

an amazing coincidence, the neutron decay 

length at 1018 eV roughly corresponds to the 

distance between us and the Galactic center, 

about 8.5 kpc. 

Like SUGAR, the Auger detector has 

good visibility of the Galactic center region. 

The Auger coverage map in the vicinity of 

the Galactic center is smooth and shows 

no strong variations (see upper left part of 
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Figure 4. Auger skymap in the vicinity of the Galactic center49 , using surface detector data. Shown are the 
coverage map (upper left) and the significance maps for the data smoothed using three different resolutions: 
the Auger resolution (upper right), the large integration radius of used by the AGASA collaboration for their 
claim of a Galactic center source (lower right), and the resolution of the SUGAR experiment (lower left). The 
Galactic center is indicated by a cross, the regions of excess for AGASA and SUGAR are indicated by the red 
circles. The dashed line indicates the limit of the AGASA field of view. 

Fig. 4). The Auger group has searched for 

an excess in the Galactic center region in the 

da ta set taken from 1 January 2004 through 

5 June 20054 9 , both in the surface detec

tor da ta (angular resolution 1.5°) and hy

brid data (0.6°). The event statistics for 

the surface detector da ta are already larger 

than those of the two previous experiments 

(3 times AGASA, 10 times SUGAR), but 

the AGASA excess occurs in an energy range 

where Auger is not fully efficient (> 30 % for 

protons, > 50% for iron). However, even in 

the worst case (a proton signal on an iron-

dominated background) a 5.2 cr excess is ex

pected if the AGASA source is real. 

Fig. 4 shows the results of an analysis 

using surface detector da ta taken between 

January 2004 and June 2005. The figure 

shows the map smoothed using different an

gular resolutions, corresponding to the Auger 

resolution (upper right), the AGASA sig

nal (lower right), and the SUGAR resolution 

(lower left). No significant excess is found 

in all cases. The Auger group also studied 

neighboring energy bins to account for a pos

sible systematic difference in the energy cal

ibration, but no excess is found in any sce

nario. For the Galactic center itself, a 95 % 

confidence level upper limit for the flux from 

a point source is derived49 which excludes the 

neutron source scenario suggested to explain 

the previous claims4 7 '5 0 . 

4 C o n c l u d i n g R e m a r k s 

The most important and most fascinating re

sult at this point is tha t cosmic ray particles 

with energies above 1020 eV exist- their exis

tence has been confirmed by all experiments, 

regardless of the experimental technique, and 

regardless of whether the GZK suppression is 

present or absent in the data. 

Wi th current statistics, the cosmic ray 

sky is remarkably isotropic. One possible rea-
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son for this could be magnetic smearing. This 
effect should be smallest at the highest ener
gies, above 1020 eV, but until now the num
ber of events has been too small to draw any 
conclusions. In another possible scenario, we 
could be dealing with many sources, each cur
rently contributing at most one or two events, 
and again, more data will help to eventually 
resolve the strongest ones. 

The Pierre Auger Observatory will dra
matically increase the high-energy sample 
size over the next several years. Auger is still 
under construction (to be completed in 2006), 
but the collaboration has already published 
first results, among them a first estimate of 
the cosmic ray energy spectrum. With its lo
cation in the southern hemisphere, its hybrid 
design and unprecedented size, Auger is in an 
excellent position to answer definitively the 
questions left open by the previous genera
tion of cosmic ray experiments, and to make 
the discoveries that will challenge the next 
one. 
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Vincenzo Cavasinni (Universita di 
Pisa/INFN): 
If the cosmic ray excess from the Galac
tic center is due to neutrons, would you 
expect also a neutrino flux coming from 
the neutron decays which could be mea
sured by large volume neutrino detec
tors? 

Stefan Westerhoff : Yes. Neutrons with 
energy less than EeV will decay in flight 
and produce an antineutrino flux above 
TeV that could be detected by the next 
generation neutrino telescopes such as 
IceCube. The expected event rate per 
year above 1 TeV for IceCube was esti
mated to be about 20. See reference [51] 
for details. 

Tim Greenshaw (Liverpool University): 
Does the simultaneous observation of the 
fluorescence and surface signals at Auger 
give additional information on the com
position of UHE cosmic rays and, if so, 
do you have any preliminary results? 

Stefan Westerhoff : There is a wealth of 
information in the combined measure
ment, but studies are ongoing and there 
are no published results from Auger yet. 
The HiRes collaboration has published 
results based on the stereo data. See ref
erence [52] for details. 

Jaques Lefrancois (LAL, Orsay): You 
showed a plot with the Auger and 
AGASA energy spectra. Can the differ
ent rate of almost a factor of three be 
explained by energy calibration? 

Stefan Westerhoff : The rate differences 
between AGASA, HiRes mono, and 
Auger indeed suggest problems in the en
ergy calibration. Further evidence comes 
from the first analysis of the Auger spec
trum. Here, it has already been shown 

that there is a discrepancy in energies if 
the spectrum has its energy scale nor
malized to the fluorescence detector or 
if simulations are used to determine the 
shower energy from surface detector data 
alone. This might indicate problems 
with the shower simulation code, the 
hadronic model, and the assumed com
position of the cosmic ray flux. The 
difference shows that many systematics 
need to be addressed. 
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PARTICLE DETECTOR R&D 
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Recent results on the particle detector R&D for new accelerators are reviewed. Different approaches 
for the muon systems, hadronic and electromagnetic calorimeters, particle identification devices, and 
central trackers are discussed. Main emphasis is made on the detectors for the International Linear 
Collider and Super B-factory. A detailed description of a novel photodetector, a so called Silicon 
Pliotomultiplier, and its applications in scintillator detectors is presented. 

1 Introduction 

Particle detector R&D is a very active field. 
Impressive results of the long term R&D for 
the Large Hadron Collider (LHC) are being 
summarized now by the four LHC detector 
collaborations. A worldwide effort is shifted 
to the detector development for the future In
ternational Linear Collider (ILC) and for the 
Super B-factory. The detector development 
for the FAIR facility has already started. 
Several groups perform R&D studies on de
tectors for the next generation of the hadron 
colliders. 

This review is devoted mainly to the de
tector development for the ILC and Super 
B-factory. The vertex detectors are not dis
cussed here in order to provide more details 
in other fields. R&D on the vertex detectors 
is very active and deserves a separate review. 
This review is organized following the radius 
of a typical collider detector from outside to 
inside. 

2 Muon Detectors 

Muon detectors cover very large areas. 
Therefore they should be robust and inexpen
sive. Resistive Plate Chambers (RPC) are of
ten used in the present detectors, for exam
ple at the B-factories. In the streamer mode 
RPCs provide large signals. Hence it is pos
sible to use very simple electronics. Another 
advantage is a possibility to have different 

shapes of read out electrodes that match best 
the physics requirements. For example the 
BELLE RPCs have ring and sector shaped 
readout electrodes in the end cap regions. 

The European CaPiRe Collaboration de
veloped a reliable industrial technique for the 
glass RPC production1. The production rate 
of more than 1000 square meters per day is 
possible. The RPC efficiency is larger than 
95% up to the counting rates of lHz/cm2. 
This is reasonably adequate for the ILC de
tector but at the Super-B factory one expects 
by far larger rates. The RPCs in the propor
tional mode can stand about hundred times 
higher counting rates. 

Scintillator strip detectors can work at 
even higher rates. A very attractive possi
bility is to use scintillator strips with Wave 
Length Shifting (WLS) fibers read out by so 
called Silicon Photo Multipliers (SiPM). 

SiPM is a novel photo detector developed 
in Russia2'3'4. It will be mentioned many 
times in this review. Therefore we shall dis
cuss its properties in detail0. SiPM is a ma
trix of 1024 = 32x32 independent silicon pho-
todiodes6 covering the area of 1 x 1 mm2. 

"Three groups developed such devices and produce 
them. They use different names for their products. 
We will use a generic name SiPM for all types of mul-
tipixel Si diodes working in the Geiger mode. New 
types of SiPMs are being developed by several groups 
including Hamamatsu 

"SiPMs can be produced with different number of 
pixels in the range 500-5000. We describe here the 
SiPM used for the hadronic calorimeter prototype for 
the ILC5 

mailto:danilov@itep.ru
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Each diode has its own quenching polysili-
con resistor of the order of a few hundred 
kfL All diode-resistor pairs, called pixels 
later on, are connected in parallel. A com
mon reverse bias voltage Vbias is applied 
across them. Its magnitude of the order of 
40 — 60V is high enough to start the Geiger 
discharge if any free charge carrier appears 
in the p — n junction depletion region. The 
diode discharge current causes a voltage drop 
across the resistor. This reduces the voltage 
across the diode below the breakdown volt
age Vbreakdown a n d the avalanche dies out. 
One diode signal is Qpixei = Cpixei(Vbias -
Vbreakdown) where Cpixei is the pixel capaci
tance. Typically Cpixei ~ 50 fF and AV = 

Vbias — Vbreakdown ~ 3 V y ie ld ing Qpixel ~ 

106 electrons. Such an amplification is sim
ilar to the one of a typical photomultiplier 
and 3-4 orders of magnitude larger than the 
amplification of an Avalanche Photo Diode 
(APD) working in the proportional mode. 
Qpixel does not depend on the number of 
primary carriers which start the Geiger dis
charge. Thus each diode detects the carriers 
created e.g. by a photon, a charged parti
cle or by a thermal noise with the same re
sponse signal of ~ 106 electrons. Moreover 
the characteristics of different diodes inside 
the SiPM are also very similar. When fired, 
they produce approximately the same signals. 
This is illustrated in Fig. la. It shows the 
SiPM response spectrum when it is illumi
nated by weak flashes of a Light Emitting 
Diode (LED). First peak in this figure is the 
pedestal. The second one is the SiPM re
sponse when it detects exactly one photon. 
It is not known which diode inside the SiPM 
produces the signal since all of them are con
nected to the same output. However since the 
responses of all pixels are similar, the peak 
width is small. If several pixels in the SiPM 
are fired, the net charge signal is the sum of 
all charges. The third, forth and so on peaks 
in Fig. la correspond to 2, 3, ... fired pixels. 

The SiPM photodetection efficiency de-
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Figure 1. (a) SiPM response to short weak LED 
flashes. The fit curve is a simple model of the SiPM 
response, (b) Number of fired pixels in two SiPMs 
by a cosmic particle at the strip center. Few entries 
around zero belong to the pedestal. 

pends on the light wave length and the over-
voltage AV. A typical value is about 10-15% 
for the green light. It includes geometrical 
inefficiency due to dead regions in the SiPM 
between the pixels. Thus SiPM and tradi
tional photomultipliers have similar gain and 
efficiency. However, SiPM is approximately 
twice cheaper than one channel in the mul-
tianode photomultiplier and further cost re
ductions are expected in case of mass produc
tion. SiPM can work in the magnetic field, 
so there is no need in the light transporta
tion out of the magnetic field. SiPM is so 
tiny that it can be mounted directly on the 
detector. This minimizes the light losses be
cause of a shorter fiber length. SiPM has a 
quite high noise rate of about 2 MHz at 0.1 
photoelectron threshold. However the noise 
rate drops fast with increasing threshold. 

Fig. lb shows the pulse height spectrum 
for cosmic particles obtained with the scintil
lator strip detector read out by two SiPMs6. 
The detector consists of a 200 x 2.5 x 1 cm3 

plastic scintillator strip and a wavelength 
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shifting fiber read out by two SiPMs installed 

at the strip ends. The strip is extruded from 

the granulated polystyrene with two dyes at 

the "Uniplast" enterprise in Vladimir, Rus

sia. The Kuraray multicladding WLS fiber 

Y l l (200) with 1 mm diameter is put in the 

2.5 mm deep groove in the middle of the strip. 

No gluing is used to a t tach the WLS fiber 

to the SiPM or to the strip. There is about 

200 /jm air gap between the fiber end and 

the SiPM. To improve the light collection ef

ficiency, the strip is wrapped in the Superra-

diant VN2000 foil produced by the 3M com

pany. 

In the worst case when the particle passes 

through the strip center there are 13.7 de

tected photons. The Minimum Ionizing Par

ticle (MIP) signal in Fig. l b is well separated 

from the pedestal. The detector efficiency 

averaged over the strip length is as high as 

99.3 ± 0.3% at the 8 pixel threshold. Such 

a threshold is sufficient to reduce the SiPM 

noise rate to 5kHz. 

The I T E P group has also studied 100 x 

4 x 1 cm3 str ips7 with a SiPM 3 at one end 

of the WLS fiber and a 3M Superradiant foil 

mirror at the other end. The strips were pro

duced by the extrusion technique in Kharkov. 

The strip surface was covered by a Ti oxide 

reflector co-extruded together with the strip. 

The Kuraray Y l l , 1mm diameter fiber was 

glued into the 3mm deep groove with an op

tical glue. SiPM was also glued to the fiber. 

More than 13 photoelectrons per MIP were 

detected at the strip end far from the SiPM. 

Wi th such a large number of photoelectrons 

the efficiency of more than 99% for MIP was 

obtained with the threshold of 7 photoelec

trons. The detector can work at counting 

rates above lkHz/cm2. This is sufficient for 

the Super B-factory. Therefore the Belle Col

laboration plans to use this technique for the 

KL and muon system upgrade in the end cap 

region8. 

A scintillator tile structure can be used 

for even higher rates. Sixteen 10 x 10 x 1 cm3 

tiles read out by two SiPM 3 each were tested 

at the KEK B-factory8. They demonstrated 

a stable performance adequate for the Su

per B-factory. An eight square meter cos

mic test system for ALICE T O F R P C cham

bers is constructed at I T E P 9 . It consists 

of 15 x 15 x 1 cm3 tiles read out by two 

SiPMs3 each. The counters have an intrin

sic noise rate below 0.01 Hz, the time resolu

tion of 1.2 nsec, and the rate capabilities up 

to 10 kHz/cm2. 

3 H a d r o n i c Ca lor imeters 

The precision physics program at the fu

ture International Linear Collider (ILC) re

quires to reconstruct heavy bosons (W,Z,H) 

in hadronic final states in multijet events. In 

order to do this a jet energy resolution of 

bet ter than 3 0 % / s f t is required1 0 . The en

ergy E is measured in GeV in this expres

sion and in similar expressions for the en

ergy resolution below. Monte Carlo (MC) 

simulations demonstrate tha t such a resolu

tion can be achieved using a novel "particle 

flow" (PF) approach in which each particle 

in a jet is measured individually11 . Momenta 

of charged particles are determined using 

tracker information. Photons are measured 

in the electromagnetic calorimeter (ECAL). 

Only neutrons and KL should be measured 

in the Hadronic calorimeter (HCAL). They 

carry on average only about 12% of the jet 

energy. Therefore the HCAL can have mod

est energy resolution. The major problem is 

to reconstruct showers produced by charged 

tracks and to remove the corresponding en

ergy from the calorimetric measurements. 

This requirement makes the pa t tern recog

nition ability to be a major optimization pa

rameter of HCAL. 

The CALICE Collaboration investigates 

two approaches for the HCAL. In the dig

ital approach only one bit yes/no informa

tion is recorded for each cell. Extremely 

high granularity of about 1cm 2 /ce l l is re-
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quired in this case. In the analog approach 
the pulse height information is recorded for 
each cell. However a very high granularity of 
about 5 x 5cm2/ceh is still required12. Such 
a granularity practically can not be achieved 
with a conventional readout approach with 
WLS fiber and a multianode photomultiplier 
(MAPM). The use of tiny SiPMs makes such 
a granularity achievable. 

3.1 Analog Hadronic Calorimeters 

A small 108 channel hadronic calorimeter 
prototype has been built in order to gain 
experience with this novel technique5. The 
calorimeter active modules have been made 
at ITEP and MEPhl. Scintillator tiles are 
made of a cheap Russian scintillator using a 
molding technique. A Kuraray Y l l 1mm di
ameter double clad WLS fiber is inserted into 
a 2mm deep circular groove without gluing. 
The SiPM is placed directly on the tile and 
occupies less than 0.5% of a sensitive area. 
There is an air gap of about 100/im between 
the fiber and SiPM. Signals from SiPMs are 
sent directly to LeCroy 2249A ADCs via 25 
meter long 50 0 cables. 

A lot of R&D has been performed in or
der to increase the light yield and the unifor
mity of the response. For better light collec
tion the surface of the tiles is covered with 3M 
Superradiant foil. The tile edges are chemi
cally treated in order to provide diffuse light 
reflection and separation between tiles. A 
light yield of more than 20 photoelectrons per 
MIP has been achieved for 5 x 5 x 0.5 cm3 

tiles. Fig. 2 shows LED and /3-source (90Sr) 
signals from such a tile. Peaks with differ
ent number of photoelectrons are clearly seen. 
Signals from the /3-source are very similar to 
MIP signals. 

The HCAL prototype was successfully 
operated at the DESY electron test beam. 
Fig. 3 shows the linearity of the calorimeter 
response measured with SiPM (circles) and 
MAPM (squares). The agreement between 

1500 
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Figure 2. Pulse height spectrum from a tile with 
SiPM for low intensity LED light (hatched his
togram) and for MIP signals from a /3-source. 

Figure 3. Calorimeter response normalized to num
ber of MIPs versus beam energy; solid points (open 
circles) show SiPM data with (without) response 
function correction, squares are MAPM data and tri
angles are MC predictions . 

two measurements is better than 2%. The 
linear behavior of the SiPM result (better 
than 2%) demonstrates that the applied sat
uration correction due to limited number of 
pixels in the SiPM is reliable. The obtained 
energy resolution agrees well with MC ex
pectations and with a resolution obtained us
ing conventional MAPMs as well as APDs13. 
The obtained resolution of about 21%/vAE is 
modest since this is a hadron calorimeter. 

The 8000 channel HCAL prototype with 
the SiPM readout is being constructed by 
a subgroup of the CALICE Collaboration14. 
The 3 x 3 cm2 tiles are used in the central 
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part of the calorimeter in order to test a 
semidigital approach. MC studies predict 
that the calorimeter with 3 x 3 cm2 cells and 
the 3 threshold measurement of the energy 
deposited in the tile should provide as good 
performance as a digital (yes/no) calorimeter 
with the 1 x 1cm2 granularity15. 

3.2 Digital Hadronic Calorimeters 

The RPC based digital HCAL is de
veloped by a subgroup of the CALICE 
collaboration16. They studied several RPC 
geometries and gases in order to optimize 
the efficiency and to reduce the cross-talk 
between pads. Fig. 4 shows the efficiency 
and pad multiplicity due to cross-talk ob
tained with the developed RPC prototype. 
The prototype consists of two sheets of 
floating glass with the resistive paint layer 
(IMohm/square) and the gas gap of 1.2 
mm. In works in the proportional mode 
and has the efficiency above 90% up to the 
rates of 50 Hz/cm2. The pad multiplicity is 
about 1.5. Much smaller pad multiplicity is 
observed in the RPC in which the readout 
electrode defines the gas sensitive volume in
stead of the glass sheet (see Fig. 4). It will 
be interesting to study further the properties 
of this promising RPC. 

The GEM based digital HCAL is stud
ied by another subgroup of the CALICE 
Collaboration17. They developed a proce
dure for the large area double GEM chamber 
production. A small prototype demonstrates 
95% efficiency at 40mV threshold and pad 
multiplicity of 1.27. The 3M company plans 
to produce already in 2005 very long GEM 
foils of about 30 cm width. 

The number of channels in the digital 
HCAL is enormous. Therefore cheap and re
liable electronics is the key issue for this ap
proach. The RPC and GEM digital HCAL 
teams develop jointly the electronics suitable 
for both techniques. 
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Figure 4. Pad multiplicity dependence on the effi
ciency for two types of RPC: full circles - standard 
RPC with two glass sheets; triangles and squares -
the RPC with one glass sheet. 

3.3 The DREAM Calorimeter 

Usually calorimeters have different response 
to electromagnetic and hadronic showers of 
the same energy. Therefore the fluctuations 
of the electromagnetic energy fraction in the 
hadron shower is one of the main reasons for 
the deterioration of the energy resolution. 

In the Dual Readout Module (DREAM) 
calorimeter18 the electromagnetic energy in 
the hadronic shower is measured indepen
dently using quartz fibers sensitive only to 
the Cherenkov light produced dominantly by 
electrons. The visible energy is measured 
by scintillation fibers. The electromagnetic 
energy fraction in the shower can be deter
mined by the comparison of the two mea
surements. This allows to correct for the 
different calorimeter response to the electro
magnetic showers and to improve the en
ergy resolution. A very similar response to 
electrons, hadrons, and jets was obtained 
in the DREAM calorimeter prototype after 
this correction. The ultimate energy resolu
tion of the DREAM calorimeter is expected 
to be better than 30%/VE. Unfortunately 
the shower leakage and insufficient amount of 
Cherenkov light limited the measured proto-
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type calorimeter resolution to 64%/^/E only. 

The fluctuations of the visible energy be

cause of the nuclear energy loss can be cor

rected for by adding to the DREAM structure 

a third type of fibers sensitive to neutrons. 

In this case the ult imate energy resolution of 

1 5 % / V E is expected1 8 . There are many nice 

ideas how to separate different mechanisms 

in the hadronic shower and to improve the 

energy resolution18 . However they should be 

first demonstrated experimentally. 

4 E l e c t r o m a g n e t i c Ca lor imeters 

4-1 Electromagnetic Calorimeters for 

ILC 

The requirement of a high granularity for 

the ILC detectors leads to the choice 

of very dense electromagnetic calorimeters 

with a small Mollier radius (RM)- Sili

con/ tungsten, scintil lator/timgsten and scin-

ti l lator/lead sandwich options are developed. 

The price for the high granularity is a modest 

energy resolution of the proposed calorime

ters. 

The CALICE collaboration constructs 

the S i /W prototype with about 10 thousand 

channels1 9 . The pad size is as small as 1 x 

1 cm2. The Si thickness is 500/im. The tung

sten plate thickness is 1.4mm, 2.8mm, and 

4.2 mm in the front, middle, and rare parts of 

the calorimeter. One third of the prototype 

has already been tested at the DESY electron 

beam and demonstrated a stable behavior. 

The signal to noise ratio of 8.5 was obtained 

for MIP. The tests of the whole calorime

ter will s tart this Winter. The combined 

tests with the analog hadronic calorimeter 

are planned in 2006 as well. 

The detector and readout plane thickness 

is 3.4 m m in the present prototype. It will 

be reduced to 1.75 mm including the readout 

chip in the final design resulting in RM = 

1.4cm. 

The US groups (SLAC, UO, BNL) de

velop even more aggressive design of the 

S i /W calorimeter20 for the small radius Si 

based ILC detector (ILC SiD). The detec

tor and readout plane thickness is 1 mm only 

which results in the RM = 1.4 cm. Together 

with HPK they developed a Si detector con

sisting of 1024 hexagonal pads with 5 mm in

ner diameter. The detector is read out by 

a specially developed electronic chip2 1 . The 

measured MIP signal in this detector is 26k 

electrons while the pedestal width is 780 elec

trons. The S i /W calorimeter for ILC is also 

developed in Korea2 2 . 

A hybrid scintillator/lead calorimeter 

prototype with three Si layers has been built 

and tested by the INFN groups2 3 . The 

5 x 5 x 0.3 cm 3 scintillator tiles are com

bined into 4 longitudinal sections. Three lay

ers of 9 x 9 m m 2 Si pads are placed between 

the sections at 2, 6, and 12ATo- The proto

type demonstrated a good energy resolution 

of 11.1%/y/E. It has the impressive spatial 

resolution of 1mm at 30GeV and e/-K rejec

tion below 10~3 . However it is not clear 

whether the granularity is sufficient for the 

P F method. Also the light t ransportat ion in 

the real detector will be extremely difficult. 

The use of SiPMs can solve the last problem. 

The Japan-Korea-Russia Collaboration 

develops a scintillator/lead calorimeter with 

the SiPM readout2 4 . The active layer consists 

of two orthogonal planes of 200 x 10 x 2 m m 3 

scintillator strips and a plane of 40 x 40 x 

2 m m 3 tiles with WLS fibers. The fibers 

are readout by SiPMs developed at Dubna 4 . 

Even shorter strips of 40 x 10 x 2mm3 are 

considered as an alternative. The signal of 

5p.e . /MIP was obtained with the 200 x 10 x 

2 m m 3 strips. 

4-2 Electromagnetic Calorimeters for 

the Super B-Factory 

Electromagnetic calorimeters for the Super 

B-factory should have a very good energy res

olution and a fast response. They should be 
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radiation hard up to about 10 kRad in the 
endcap region. The present CsI(Tl) calorime
ters at the KEKB and SLAC B-factories can 
not stand the planned increase of the lumi
nosity above 20a?)-1. The CsI(Tl) light yield 
decreases to about 60% already at 10a6_1. 
There is also a large increase of PIN diode 
dark current. Finally the long decay time of 
about 1 usee leads to the pile up noise and 
fake clusters. 

The BELLE Collaboration proposes to 
use pure Csl crystals with a phototelectrode 
readout and a waveform analysis in the end 
cap region25. The shaping time is reduced 
from 1 fisec to 30 nsec. The time resolution 
of better than 1 nsec is achieved for energies 
above 25 MeV. The electronic noise is simi
lar to the present CsI(Tl) calorimeters. The 
pure Csl crystals keep more than 90% of the 
light output after the irradiation of 7 kRad. 

The BaBar Collaboration considers more 
radiation hard options of LSO or LYSO crys
tals and a liquid Xe calorimeter with the 
light readout26. The LSO and LYSO crys
tals are radiation hard, fast, and dense (see 
Table 1). They meet perfectly the require
ments of the Super B-factory but their cost 
is prohibitively high at the moment. Liquid 
Xe is also an attractive option as it is seen in 
Table 1. The challenge here is the UV light 
collection. BaBar proposes to use WLS fibers 
and WLS cell coating for an immediate shift 
of the light wave length into a region with 
smaller absorption. 

There is a good experience with very 
large liquid noble gas calorimeters. For ex
ample the 11m3 LiKr calorimeter at VEPP-4 
has an excellent spatial (~ 1 mm) and energy 
(~ 3%/VE) resolution27. 

4.3 The CMS Lead Tungstate 
Calorimeter 

The CMS collaboration summarized at this 
conference their more than 10 year long 
R&D on the lead tungstate (PbW04) 

Table 1. Properties of different scintillators. 

Scintillator 

Density (g/cc) 

X0 (cm) 

RM (cm) 

A scint.(nm) 

T scint.(ns) 

Photons/MeV 

Radiation 

hardness(Mrad) 

cost($/cc) 

CsI(Tl) 

4.53 

1.85 

3.8 

550 

680 

3340 

56k 

0.01 

3.2 

LSO 

7.40 

1.14 

2.3 

420 

47 

27k 

100 

- 5 0 

LiXe 

2.95 

2.87 

5.7 

175 

4.2, 

22,45 

75k 

2.5 

calorimeter28. The choice of PbW04{Y/Nb) 
is driven by its small X0 = 0.89 cm, small 
RM = 2.19cm, fast decay time of r ~ 
10 nsec, and a very high radiation hard
ness above 200fcGy. More than 37.000 crys
tal have already been produced at the Bo-
goroditsk (Russia). In spite of a small 
light yield of — 8 p. e. /MeV the excellent en
ergy resolution of 0.51% has been achieved 
at 120 GeV. Intensive R&D together with 
Hamamatsu resulted in excellent APD oper
ated at a gain of 50. All 120.000 APDs passed 
a very strict acceptance test which included 
a 500 krad irradiation and accelerated aging. 
Vacuum phototriodes (RIA, St.Petersburg) 
will be used in the endcaps because they are 
more radiation hard. The main challenge for 
CMS is to finish the production of crystals 
and to maintain the advantages of this ap
proach in the big calorimeter. 

5 Particle Identification 

5.1 Cherenkov Counters 

A novel type of proximity focusing RICH 
counter with a multiple refractive index (n) 
aerogel radiator has been developed for the 
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Figure 5. Principle of the dual radiator Ring Imaging 
Cherenkov counter . 

BELLE detector upgrade29. The multiple ra
diator allows to increase the radiator thick
ness and hence the Cherenkov photon yield 
without degradation in single photon angular 
resolution. With the refractive index of the 
consecutive layers suitably increasing in the 
downstream direction (focusing combination) 
one can achieve overlapping of Cherenkov 
rings from all layers (see Fig. 5). With the de
creasing n (defocusing combination) one can 
obtain well separated rings from different lay
ers (see Fig. 6). 

o=14.3mrad 
Npe=5.4 

o=14.8mrad 
Npe=2.2 

0.1 0.2 0.3 0.4 
Cherenkov Angle [rad] 

0.5 

Figure 6. Distribution of the Cherenkov photon an
gles from 4GeV pions for a defocusing dual radiator 
with m =1.057 and n 2 =1.027 

Fig. 7 shows the performance of the de-
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Figure 7. Single photon resolution (a), number of de
tected photons (b), and single track Cherenkov angle 
resolution for single and multiple focusing radiators 
for AGeV pions (c). 

tector with a single and multiple layer radia
tors. The number of detected photons is sim
ilar in two approaches but the single photon 
resolution is much better in the multiple layer 
configuration. The Cherenkov angle resolu
tion of 4.5 mrad per track was achieved with 
the triple layer radiator. This corresponds to 
the 5.1cr K/ir separation at AGeV. 

The radiators with different refraction in
dex layers attached directly at the molecu
lar level have been produced at Novosibirsk30 

and in Japan29. 
The BaBar DIRC detector demonstrated 

an excellent performance. It is natural to 
consider the improved version of this tech
nique for the Super B-factory. The SLAC 
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Projection 

Figure 8. The principle of FDIRC operation. 

and Cincinnati groups develop the Fast Fo
cusing DIRC (FDIRC) detector26. The idea 
of this detector is illustrated in Fig. 8. With 
the accurate time measurement one gets a 3D 
image of the Cherenkov cone. In FDIRC the 
photon detection part is by far smaller than 
in DIRC. The development of the pixelated 
photodetectors with better than 100 nsec 
time resolution is a challenging task. The de
tail studies of Hamamatsu MAPM and Bur-
ley MCP PM at SLAC give very promising 
results. The FDIRC prototype is ready for 
tests at SLAC. 

In the Time of Propagation (TOP) 
counter the Cherenkov cone image is recon
structed from the coordinate at the quartz 
bar end and the TOP3 1 . The MCP PM SL10 
is developed for TOP together with HPK. 
SL10 has 5 mm pitch and a single photon 
sensitivity in the 1.5T magnetic field. A time 
resolution of 30 psec has been achieved how
ever the cross-talk is still a problem. The 
Ga/As photocathodes developed by HPK 
and Novosibirsk provide enough light for the 
4cr TT/K separation at AGeV. However the 
cathode life time is not sufficient yet. It 
looses 40% of quantum efficiency after col
lecting 350 mC J cm2 which corresponds to 6 
month operation at the Super B-factory. 

Figure 9. Efficiency (triangles,%), time resolution 
(squares, nsec), and streamer probability (circles,%) 
of MRPC versus applied voltage across 5 gaps (kV). 

5.2 TOF systems 

A multilayer RPC (MRPC) with the excel
lent time resolution of better than 50 psec 
(see Fig. 9) has been developed for the ALICE 
TOF system32. It has an efficiency of about 
99% at counting rates as high as few hun
dred Hz/cm2. The MRPC has ten 220\im 
gaps. It would be interesting to investigate a 
possibility to use MRPC for KL momentum 
measurements in the muon system at the Su
per B-factory. 

A time resolution of 48 psec was obtained 
with a 3 x 3 x 40 mm3 Bicron-418 scintillator 
read out directly by a 3 x 3 mm2 SiPM with
out preamplifier33. The MIPs were crossing 
40 mm in the scintillator. Therefore the sig
nal was as big as 2700 pixels in the SiPM 
with 5625 pixels. The threshold was at 100 
pixels. This approach is very promising for a 
super high granularity TOF capable to work 
in a very high intensity beams for example at 
FAIR. 

6 Tracking 

The Time Projection Chamber (TPC) is a 
natural choice for the ILC detector central 
tracker. This approach is developed by a 
large world wide collaboration34. TPC pro
vides continues tracking through a large vol-
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Figure 10. The transverse resolution dependence on 
the drift distance for three values of the magnetic 
field obtained in the TPC with a GEM readout. 

Figure 11. The transverse resolution dependence on 
the drift distance for three values of the magnetic 
field obtained in the TPC with a GEM readout. 

ume with a very small amount of material in 
front of the ECAL (Xo ~ 3% in the barrel re
gion). The dE/dx resolution of better than 
5% helps in particle identification. 

The thrust of the R&D is in the de
velopment of novel micro-pattern gas detec
tors which promise to have a better point 
and two track resolution than the traditional 
wire chambers. These detectors have smaller 
ion feedback into the TPC volume. Mi-
cromegas meshes and GEM foils are consid
ered as main candidates. The spatial res
olution of ~ 100 fim was already achieved 
with GEM after 65 cm drift in a 4 T field (see 
Fig. 10). Tests at smaller fields demonstrate 
that a similar resolution can be achieved with 
Micrornegas as well. The double track reso
lution of ~ 2mm has been already demon
strated in small prototypes. By pitting a re
sistive foil above the readout pads it is pos
sible to spread the signal over several pads. 
As a result the resolution improves up to the 
diffusion limit. 

A very exciting approach is a direct TPC 
readout with the MediPix2 chip34. This 
CMOS chip contains a square matrix of 256 x 
256 pixels of 55 x 55 fim2. Each pixel is 
equipped with a low noise preamplifier, dis

criminator, threshold DAC and communica
tion logic. The extremely high granularity 
allows to distinguish individual clusters in a 
track. Thus the ultimate spatial and dE/dx 
resolution can be achieved. Unfortunately 
the diffusion will severely limit both mea
surements. Nice tracks have been recorded 
by a prototype chamber equipped with Mi
crornegas and MediPix2 (see Fig. 11). The 
number of observed clusters (0.52/mm in a 
He/Isobutane 80/20 mixture) agrees within 
15% with the expectations. The next step 
is to integrate the chip and Micrornegas at 
the postprocessing step and to add the (drift) 
time measurement. Tracks were observed 
also with a GEM/MediPix2 prototype36. A 
compact all Si tracker is vigorously developed 
by the US groups35 for the small radius Si 
Detector for ILC. With small detector mod
ules it is possible to reach a very good S/N 
ratio of about 20, to have a simple low risk 
assembly and relatively small amount of ma
terial of ~ 0.8% X0 per layer including a sup
port structure. The pattern recognition is a 
serious issue for the Si tracker especially for 
tracks not coming from the main vertex. 

The choice of the central tracker for the 
Super B-factory depends crucially on the ex-
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pected background which depends on the in

teraction region design. 

In the BELLE s tudy 2 5 the background 

is expected to increase by a factor 20 from 

the present values. In this case the drift 

chamber with 13.3 x 16mm2 cells is still ad

equate for the radius above 12.8 cm. Small 

5.4 x 5.0mm2 cells are foreseen for the radius 

between 10.2 cm and 11.6 cm. 

In the BaBar s tudy 3 7 the luminosity 

term in the background extrapolation dom

inates. Therefore the background estimates 

are much higher than in the BELLE case. 

A drift chamber can not work in such envi

ronment. Therefore it is proposed to use an 

all Si tracker up to R = 60 cm. A relatively 

large amount of material in the Si sensors and 

support structures leads to multiple scatter

ing and considerable deterioration of the mo

mentum and mass resolution. For example 

the mass resolution in the B —> 7T+7r~ decay 

mode deteriorates from 23Me V in case of the 

drift chamber to 35MeV in case of a conser

vative Si tracker design. Serious R&D efforts 

are required to make the Si tracker thinner. It 

should be also demonstrated tha t the pat tern 

recognition in the Si tracker is good enough. 

May be it is possible to develop an alter

native solution to the Si tracker. Using the 

controlled etching the BINP-CERN group re

duced the Cu thickness in GEM foils from 5 

to 1/xm38. This allows to build the light triple 

GEM chamber with less than 0.15% X0 in

cluding the readout electrode. The light dou

ble GEM chamber has even smaller thickness. 

The double and triple light GEM chambers 

were constructed and demonstrated identical 

performance with the s tandard GEM cham

bers. The light GEM chambers have a po

tential to provide the granularity and spatial 

resolution comparable to the Si tracker but 

with considerably smaller amount of mate

rial. However it is not clear so far how thick 

support structure is needed. A lot of R&D 

studies are required to demonstrate the fea

sibility of this approach. 

7 Conc lus ions 

The ongoing R&D should be sufficient to 

demonstrate the feasibility of detectors for 

the ILC and the Super B-factory. However 

there are many promising new ideas which 

have a potential to improve considerably the 

performance of the detectors and to exploit 

fully the physics potential of these colliders. 

The technologies for practically all detector 

subsystems are still to be selected on the ba

sis of the R&D results. It is very important 

to strengthen and to focus the detector R&D 

especially for the ILC as it was done for the 

LHC collider. 
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This article summarizes the physics at future linear colliders. It will be shown that in all studied physics 
scenarios a 1 TeV linear collider in addition to the LHC will enhance our knowledge significantly and 
helps to reconstruct the model of new physics nature has chosen. 

1 I n t r o d u c t i o n 

Most physicists agree tha t the International 

Linear Collider, ILC, should be the next large 

scale project in high energy physics1 . The 

ILC is an e + e~ linear collider with a cen

ter of mass energy of y/s < 500 GeV in the 

first phase, upgradable to about 1 TeV2. The 

luminosity will be C K. 2 — 5 • 1 0 3 4 c m _ 2 s _ 1 

corresponding to 200 — 500 fb~ /year. The 

electron beam will be polarisable with a po

larisation of V = 80 - 90%. 

In addition to this baseline mode there 

are a couple of options whose realization de

pends on the physics needs. Wi th relatively 

little effort also the positron beam can be po

larized with a polarization of 40 — 60%. The 

machine can be run on the Z resonance pro

ducing > 109 hadronically decaying Z bosons 

in less than a year or at the W-pair pro

duction threshold to measure the W-mass 

to a precision around 6MeV (GigaZ). The 

ILC can also be operated as an e ~ e - col

lider. Wi th much more effort one or both 

beams can be brought into collision with a 

high power laser a few mm in front of the in

teraction point realizing a 77 or e7 collider 

with a photon energy of up to 80% of the 

beam energy. 

At a later stage one may need an e + e ~ 

collider with y/s = 3 — 5 TeV. Such a collider 

may be realized in a two-beam acceleration 

scheme (CLIC). Extensive R&D for such a 

machine is currently going on3 . 

ILC will run after LHC 4 , 5 has taken al

ready several years of data. However the two 

machines are to a large extend complemen

tary. The LHC reaches a center of mass en

ergy of y/s = 14 TeV leading to a very high 

discovery range. However not the full y/s 

is available due to par ton distributions in

side the proton (y/seff ~ 3TeV). The initial 

s tate is unknown and the proton remnants 

disappear in the beam pipe so tha t energy-

momentum conservation cannot be employed 

in the analyses. There is a huge QCD back

ground and thus not all processes are visible. 

ILC has with its y/s < 1 TeV a lower 

reach for direct discoveries. However the full 

y/s is available for the primary interaction 

and the initial s tate is well defined, including 

its helicity. The full final state is visible in 

the detector so tha t energy-momentum con

servation also allows reconstruction of invisi

ble particles. Since the background is small, 

basically all processes are visible at the ILC. 

The LHC is mainly the "discovery ma

chine" tha t can find new particles up to the 

highest available energy and should show the 

direction nature has taken. On the con

t rary ILC is the "precision machine" tha t 

can reconstruct the underlying laws of na

ture. Only a combination of the LHC reach 

with the ILC precision is thus able to solve 

our present questions in particle physics. 

Better measurement precision can not 

only improve existing knowledge but allows 

to reconstruct completely new effects. For ex

ample Cobe discovered the inhomogeneities 

of the cosmic microwave background but only 

the precision of W M A P allowed to conclude 

tha t the universe is flat. As another example, 

mailto:klaus.moenig@desy.de
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from the electroweak precision measurements 

before LEP and SLD one could verify that the 

lepton couplings to the Z were consistent with 

the Standard Model prediction but only the 

high precision of LEP and SLD could predict 

the Higgs mass within this model. 

The ILC has a chance to answer several 

of the most important questions in particle 

physics. Roughly ordered in the chances of 

the ILC to find some answers they are: 

• How is the electroweak symmetry bro

ken? The ILC can either perform a pre

cision study of the Higgs system or see 

first signs of strong electroweak symme

try breaking. 

• Wha t is the mat ter from which our uni

verse is made off? ILC has a high chance 

to see supersymmetric dark matter , also 

some other solutions like Kaluza Klein 

dark mat ter might give visible signals. 

• Is there a common origin of forces? In

side supersymmetric theories the unifica

tion of couplings as well as of the SUSY 

breaking parameters can be checked 

with high precision. 

• Why is there a surplus of mat ter in the 

universe? Some SUSY models of baryo-

genesis make testable predictions for the 

ILC. Also C P violation in the Higgs sys

tem should be visible. 

• How can gravity be quantized? The ILC 

is sensitive to extra dimensions up scales 

of a few TeV and tests of unification in 

SUSY may give a hint towards quantum 

gravity at the GUT scale. 

2 T h e Top Quark M a s s a n d w h y 
w e n e e d it 

ILC can measure the top mass precisely from 

a scan of the t t threshold. Wi th the appro

priate mass definition the cross section near 

threshold is well under control6 (see fig. 1). 

344 345 346 347 348 349 350 351 352 
S~s (GeV) 

Figure 1. Top pair cross section using the NNLL 
pole mass for different values of the top velocity 
parameter6 . 

With a ten-point scan an experimental preci

sion of A m t = 34 MeV and A r t = 42 MeV 

is possible7, so tha t , including theoretical 

uncertainties Am t (MS) « 100 MeV can be 

reached. 

A precise top mass measurement is 

needed in many applications. The interpre

tat ion of the electroweak precision da ta af

ter GigaZ needs a top mass precision better 

than 2 GeV (fig. 2 left) and the interpretation 

of the MSSM Higgs system even needs a top 

mass precision of about the same size as the 

uncertainty on the Higgs mass (fig. 2 r ight)8 . 

Also the interpretation of the W M A P cosmic 

microwave da ta in terms so the MSSM needs 

a precise top mass in some regions of the pa

rameter space9 . 

3 H i g g s P h y s i c s a n d Elec troweak 
S y m m e t r y B r e a k i n g 

If a roughly Standard Model like Higgs ex

ists, it will be found by the LHC. However 

the ILC has still a lot to do to figure out 

the exact model and to measure its param

eters. If only one Higgs exists it can be the 

Standard Model, a little Higgs model or the 

Higgs can be mixed with a Radion from ex

t ra dimensions. If two Higgs doublets exist 

it can be a general two Higgs doublet model 

or the MSSM. However the Higgs s tructure 

may be even more complicated like in the 
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Figure 2. Required top mass precision for the interpretation of the electroweak precision data (left) and for 
the MSSM Higgs system (right). 

NMSSM with an additional Higgs singlet or 
the top quark can play a special role as in 
little Higgs or top-colour models. In all cases 
there maybe only one Higgs visible at LHC 
that looks Standard-Model like, but the pre
cision at ILC can distinguish between the 
models. 

The Higgs can be identified independent 
from its decay mode using the (J,+n~ re
coil mass in the process e + e _ —»• HZ with 
Z —• /U+jU~ (see fig. 3)10. The cross section 
of this process is a direct measurement of the 
HZZ coupling and it gives a bias free normal
ization for the Higgs branching ratio mea
surements. Together with the cross section 
of the WW fusion channel (e+e~ —> vvH) 
this allows for a model independent determi
nation of the Higgs width and its couplings 
to W, Z, b-quarks, T-leptons, c-quarks and 
gluons on the 1 — 5% level11. 

At higher energies the ttH Yukawa cou
pling can be measured from the process 
e+e~ —> tiH where the Higgs is radiated off a 
t-quark. At low Higgs masses, using H —> bb, 
a precision around 5% can be reached. For 
higher Higgs masses, using H —> WW, 10% 
accuracy will be possible (see fig. 4)12. 

If the Higgs is not too heavy the 

uo 120 140 150 160 170 180 
(i|X-recoil mass [GeV] 

Figure 3. Measurement of e+e 
(i+H~ recoil mass. 

HZ from the 

triple Higgs self-coupling can be measured 
to around 10% using the double-Higgs pro
duction channels e+e~ —> ZHH and e+e~ —> 
i/pHH13. As shown in fig. 5 all these Higgs 
coupling measurements allow to show, that 
the Higgs really couples to the mass of the 
particles13. 

These measurements present a power
ful tool to test the model from which the 
Standard-Model-like Higgs arises. Figure 613 
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Figure 5. Higgs-particle coupling and expected un
certainty as a function of the particle mass. 

loop decays of the Higgs are sensitive to the 
model-parameters in many models. As an ex
ample figure 8 shows the expected range of 
couplings within a little Higgs model17. 

shows possible deviations of the Higgs cou
plings from the the Standard Model predic
tion together with the expected uncertainties 
for a two Higgs doublet model, a model with 
Higgs-Radion mixing and a model incorpo
rating baryogenesis14. In all cases the ILC 
allows to separate clearly between the Stan
dard Model and the considered one. 

Further information can be obtained 
from loop decays of the Higgs, namely H —> 
gg and H —• 77. Loop decays probe the 
Higgs coupling to all particles, also to those 
that are too heavy to be produced directly. 
The Higgs-decay into gluons probes the cou
pling to all coloured particles which is com
pletely dominated by the top-quark in the 
Standard Model. The one to photons is sen
sitive to all charged particles, dominantly the 
top quark and the W-boson in the SM. The 
partial width T(H —> gg) can be measured 
on the 5% level from Higgs decays in e+e~. 
The photonic coupling of the Higgs can be 
obtained from the Higgs production cross sec
tion at a photon collider (see fig. 7)15.16. The 

3.1 Heavy SUSY-Higgses 

In the relevant parameter range of the MSSM 
the heavy scalar, H, the pseudoscalar, A, and 
the charged Higgses H* are almost degener
ate in mass and the coupling ZZH vanishes or 
gets at least very small. At the ILC they are 
thus pair-produced, either as HA or H+H~~ 
and the cross section depends only very lit
tle on the model parameters. All states are 
therefore visible basically up to the kinematic 
limit m(H) < y / i /2 . As shown in figure 913 

at least one of the heavy states should be 
visible in another channel in most of the pa
rameter space. The additional channels serve 
as redundancy and can be used to measure 
model parameters. 

In addition to the direct searches the pre
cision branching ratio measurements of the 
light Higgs can give indications of the H and 
A mass. Figure 10 shows the ratio of branch
ing ratios BR(h - • bb)/BR(h -> WW) of 
the MSSM relative to the Standard Model as 
a function of ma18. The width of the band 
gives the uncertainty from the measurement 
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Figure 7. bb mass spectrum in the 77 —> H analysis 
after all cuts1 5 . 

1 

0.98 

0.96 

i 0.94 
en 
o> 
T 0 .92 r, 

0.9 

0.88 

CO 

mH 

120 GeV 
- 150GeV 

180GeV 

'sfW 
X^Ai \ 

f = 1 TeV 

(T 3 TeV -

2 TeV 

0.8 
0.93 0.94 0.95 0.96 0.97 0.98 0.99 1 

T(H -»-fi) I SM 

Figure 8. Possible deviations of Higgs loop decays 
from the Standard Model prediction in little Higgs 
models. 

of the MSSM parameters. Up to A masses 
of a few hundred GeV one can get a good 
indication of TO A • 

Another possibility to find the heavy 
SUSY Higgses is the photon collider. Since 
Higgses are produced in the s-channel the 
maximum reach is twice the beam energy cor
responding to 0.8v/see. Figure 11 shows the 
expected sensitivity in one year of running for 
mA = 350 GeV, ^ = 500 GeV and differ
ent SUSY parameters19. In general H and A 
are clearly visible, however due to the loop 
coupling of the 7 to the Higgs the sensitivity 
becomes model dependent. 

4 Supersyrnmetry and Dark 
M a t t e r 

Supersyrnmetry (SUSY) is the best moti
vated extension of the Standard Model. Up 
to now all data are consistent with SUSY, 
however also with the pure Standard Model. 
Contrary to the SM, SUSY allows the uni
fication of couplings at the GUT scale and, 
if R-parity is conserved, SUSY offers a per
fect dark matter candidate. If some super-
partners are visible at the ILC they wall be 
discovered by the LHC in most part of the pa
rameter space. However many tasks are left 
for the ILC in this case. First the ILC has 
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Figure 10. BR{h - • bb)/BR(h - • WW) MSSM/SM 
within the SPSla scenario as a function of r«A-

to confirm tha t the discovered new states are 

really superpartners of the Standard Model 

particles. Then it has to measure as many 

of the > 100 free parameters as possible in a 

model independent way which allows to check 

if grand unification works and to get an idea 

by which mechanism Supersymmetry is bro

ken. If Supersymmetric particles are a source 

of dark mat ter the ILC has to measure their 

properties. 

Within the minimal supergravity model 

(mSUGRA) the parameter space can be 

strongly restricted requiring tha t the abun-

t 
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Figure 11. Sensitivity of the 77 collider to heavy 
MSSM Higgses. (mA = 350 GeV, ^ / i e e = 500 GeV, 
M 2 = 200 GeV, Mj = 1000 GeV) 

dance of the lightest neutralino, which is sta

ble in this model, is consistent with the dark 

mat ter density measured by WMAP. Figure 

12 shows the allowed region in a pictorial 

way2 0 . In the so called "bulk region" all su

perpartners are light and many are visible at 

the LHC and the ILC. In the "coannihila-

tion region" the mass difference between the 

lightest neutralino, x ° , and the lighter stau, 

f i , is very small so tha t the f\ -decay par

ticles tha t are visible by the detector have 

only a very small momentum. In the "focus 

point region" the xl gets a significant Hig-

gsino component enhancing its annihilation 

cross section. This leads to relatively heavy 

scalars, probably invisible at the ILC and the 

LHC. Other regions, like the "rapid annihila

tion funnel" are characterized by special reso

nance conditions, like 2m(xi) ~ TOA, increas

ing the annihilation rate. All these special 

regions tend to be challenging for both ma

chines. 

After new states consistent with SUSY 

have been discovered at the LHC, the ILC 

can check, if it is really Supersymmetry. As 

an example fig. 13 shows the threshold be

haviour of smuon production and the pro-
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Figure 13. Threshold behaviour of smuon production 
and the production of Kaluza Klein excitations of the 
muon. 

duction of Kaluza Klein excitations of the 
muon21. There is no problem for the ILC 
to distinguish the two possibilities. Figure 
14 shows the expected precision of the mea
surement of the SU(2) and U(l) coupling of 
the selectron22. The agreement with the cou
plings of the electron can be tested to the 
percent to per mille level. 

4-1 SUSY in the bulk region 

An often studied benchmark point in the 
bulk region is the SPSla scenario23. In 
this scenario all sleptons, neutralinos and 

charginos are visible at ILC and and in ad
dition squarks and gluinos at the LHC. The 
LHC can measure mass differences pretty ac
curately, but has difficulties to measure ab
solute masses. The ILC, however can mea
sure absolute masses with good precision, in
cluding the one of the Xi- Table 1 shows 
the expected precision for the mass measure
ments for the LHC and ILC alone and for the 
combination24. In many cases the combina
tion is significantly better than the LHC or 
even the ILC alone. As an example figure 
15 shows the correlation between the squark 
mass and the x\ mass from LHC together 
with m(xi) from ILC24. The improvement 
in m(q) is evident. 

With these inputs it is then possible to fit 
many of the low energy SUSY breaking pa
rameters in a model independent way. Figure 
16 shows the result of this fit to the com
bined ILC and LHC results for the SPSla 
scenario25. Most parameters can be mea
sured on the percent level. 

These parameters can then be extrapo
lated to high scales using the renormalization 
group equations to check grand unification26. 
Figure 17 shows the expected precision for 
the gaugino and slepton mass parameters and 
for the coupling constants. 
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Table 1. Expected precision of mass measurements at LHC and ILC in the SPSla scenario. 
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4-2 Reconstruction of dark matter 

As already mentioned the lightest neutralino 
is a good candidate for the dark matter par
ticle. To calculate its density in the universe, 
the properties of all particles contributing 
to the annihilation have to be reconstructed 
with good precision. In any case the mixing 
angles and mass of the xl need to be known. 

s i i s s : 
Parameter 

Figure 16. Low energy SUSY breaking parameters 
from a fit to the LHC and ILC results. 

However also the properties of other particles 
can be important. For example in the \i ~ T\ 
coannihilation region the x° — fi mass differ
ence is essential. Figure 18 shows the possi
ble precision with which the dark matter den
sity and neutralino mass can be reconstructed 
from the LHC and the ILC measurements27. 
ILC matches nicely the expected precision of 
the Planck satellite, allowing a stringent test 
whether Supersymmetry can account for all 
dark matter in the universe. 
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5 Models without a Higgs 

Without a Higgs WW scattering becomes 
strong at high energy, finally violating uni-
tarity at 1.2 TeV. One can thus expect new 
physics the latest at this scale. At the mo
ment there are mainly two classes of models 
that explain electroweak symmetry breaking 
without a Higgs boson. In Technicolour like 
models28 new strong interactions are intro
duced at the TeV scale. In Higgsless mod
els the unitarity violation is postponed to 
higher energy by new gauge bosons, typically 
KK excitations of the Standard Model gauge 
bosons. Both classes should give visible sig
nals at the ILC. The accessible channels are 
W-pair production, where the exchanged 7 or 
Z may fluctuate into a new state, vector bo
son scattering, where the new states can be 
exchanged in the s- or t-channel of the scat
tering process and three gauge boson produc
tion where the new states can appear in the 
decay of the primary 7 or Z. 

5.1 Strong electroweak symmetry 
breaking 

As already said, in technicolour like models 
one expects new strong interactions, includ-
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ing resonances, at the TeV scale. To analyze 
these models in a model independent way, the 
triple and quartic couplings can be parame
terized by an effective Lagrangian in a dimen
sional expansion29. For the interpretation the 
effects of resonances on these couplings can 
then be calculated. Figure f 9 shows the pos
sible sensitivity to a 4 and a5 at A/S = f TeV 
from vector-boson scattering and three vec
tor boson production30. Typical sensitivities 
are O(0.1/16TT2) for triple and 0(1/16TT2) for 

quartic couplings. This corresponds to mass 
limits around 3 TeV for maximally coupled 
resonances. The different processes can then 
distinguish between the different resonances. 
For example W-pair production is only sen
sitive to vector resonances. 

5.2 Higgsless models 

Higgsless models predict new gauge bosons 
at higher energies. Especially also charged 
states are predicted that cannot be confused 
with a heavy Higgs. Figure 20 shows the 
cross section for the process WZ —> WZ in 
a Higgsless model, the Standard Model with
out a Higgs and the SM where unitarity is 
restored by a 600GeV Higgs31'32. Detailed 

* 103 

Mt=500 GeV 

SM-H 

- " " ^ mh=500 GeV 

. . 1 . . .1....1....1....1....1....1....1 . . . . 1 . . . . j . . . . 1 , . . . 
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Figure 20. Cross section a(WZ —> WZ) in a Hig
gsless model and in the Standard Model with and 
without a Higgs32. 

studies show that these states can be seen 
at LHC, however it is out of question that 
such a state would also give a signal at ILC 
in WZ —> WZ and in WWZ production so 
that its properties could be measured in de
tail. 

6 Extra Gauge Bosons 

The ILC is sensitive to new gauge bosons in 
e+e~ —> ff via the interference with the Stan
dard Model amplitude far beyond i / i . The 
sensitivity is typically even larger than at the 
LHC. If the LHC measures the mass of a new 
Z' a precise coupling measurement is possible 
at the ILC. In addition angular distributions 
are sensitive to the spin of the new state and 
can thus distinguish for example between a 
Z' and KK graviton towers. A review of the 
sensitivity can be found in11. 

An interesting possibility is the recon
struction of the 2nd excitation of the Z and 7 
in universal extra dimensions. In this models 
an excitation quantum number may be de
fined that is conserved and makes the light
est excitation stable and thus a good dark 
matter candidate33. The second excitations 
couple to Standard Model particles only loop 
suppressed and thus weakly34. Cosmology 
suggests -g PS 771(7') < 1 TeV corresponding 
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to m(7") < 2 TeV33. The LHC can see the 7' 
in pair production up to about this energy. 
The ILC is sensitive to the Z" and 7" up 
to 2-y/s which corresponds to the same l/R 
reach for y/s = ITeV (see fig. 21)35, helping 
enormously in the interpretation of a possible 
LHC signal as KK excitation. 

Little Higgs models explain the "little hi
erarchy problem" by a new gauge structure 
and a new top-like quark36. The new gauge 
structure also predicts new vector bosons 
(ZH, AH, WH) at masses of a few TeV. Fig
ure 22 shows the precision with which the 
mixing angles of the Zu can be measured at 
A/S = 500 GeV once its mass (3.3 TeV in this 
example) in measured at the LHC37. 
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Figure 22. Measurement of the ZH mixing angles at 
the ILC. 

some understanding of the breaking mecha
nism and measure the properties of the dark 
matter particle. 

If there is a Higgs without Supersymme-
try the precision measurements of the Higgs 
boson guide the way to the model of elec-
troweak symmetry breaking. In addition sev
eral models, like some extra dimension mod
els or little Higgs models have extra gauge 
bosons that are visible via their indirect ef
fects. 

If the LHC doesn't find any Higgs boson, 
the ILC can fill some loopholes that still exist, 
can see signals of strong electroweak symme
try breaking and is sensitive to a new gauge 
sector. 

In any case we know that the top quark is 
accessible to the ILC and that its properties 
can be measured with great precision. 
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DISCUSSION 

Bernd Jantzen (Univ. of Karlsruhe): 
Can anything be said about if we need 
CLIC and what we would like to explore 
with it before the data of LHC and/or 
ILC has been analyzed? 

Klaus Monig: The detailed physics case for 
CLIC can only be made once we know 
the scenario realized in nature. For 
example if relatively light SUSY exists 
CLIC can extend the ILC precision mea
surements to the coloured part of the 
spectrum. However, it may also be pos
sible, that a hadron collider at very high 
energy may be the better next machine 
at the energy frontier. 
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Research & development for future accelerators are reviewed. First, I discuss colliding hadron beams, 
in particular upgrades to the Large Hadron Collider (LHC). This is followed by an overview of new 
concepts and technologies for lepton ring colliders, with examples taken from VEPP-2000, DAFNE-
2, and Super-KEKB. I then turn to recent progress and studies for the multi-TeV Compact Linear 
Collider (CLIC). Some generic linear-collider research, centered at the KEK Accelerator Test Facility, 
is described next. Subsequently, I survey the neutrino factory R&D performed in the framework of 
the US feasibility study Ha, and I also comment on a novel scheme for producing monochromatic 
neutrinos from an electron-capture beta beam. Finally, I present innovative ideas for a high-energy 
muon collider and I consider recent experimental progress on laser and plasma acceleration. 

1 Introduction 

The past 40 years have seen a remarkable 
increase in the energy of colliding particle 
beams, which is illustrated in Fig. 1. This 
progress in acceleration technology has paved 
the way for many fundamental discoveries 
in particle physics. With the advent of the 
Large Hadron Collider (LHC) in 2007, the 
steep improvement is set to continue. Up
grades of the LHC are already considered, 
first, around 2014, in luminosity and after 
2020 also in energy. Later perhaps a Very 
Large Hadron Collider (VLHC) could become 
the ultimate hadron collider. In parallel, 
the lepton colliders have followed a similar 
trend. The final incarnation of the Large 
Electron Positron Ring (LEP-2) presumably 
marks the maximum energy which will ever 
be reached by storage-ring electron-positron 
colliders. For the future, three novel types 
of lepton colliders are, therefore, proposed, 
which in different ways overcome the fun
damental obstacle of synchrotron radiation. 
Two of them are linear colliders, with the de
sign extrapolated over many orders of mag
nitude from the only linear collider ever in 
operation, namely the Stanford Linear Col
lider (SLC). The International Linear Col
lider (ILC) uses superconducting accelerat
ing structures and is limited to a maximum 

beam energy of 500 GeV. The Compact Lin
ear Collider (CLIC) is based on two-beam ac
celeration with an ultimate beam energy of 
2.5 TeV. In the longer-distant future, a muon 
ring collider may conceivably reach beam en
ergies of 10 TeV. The dates indicated in Fig. 1 
for the various future colliders represent sub
jective guesses based on the current state of 
planning and development, optimistcally as
suming that all proposed projects will be re
alized. Beyond the muon collider, several 
evolving advanced acceleration techniques, 
e.g., ones utilizing lasers or plasmas, offer the 
exciting prospect of pushing the high-energy 
frontier even further. 

2 Hadron Colliders 

Presently two hadron colliders are in opera
tion — the Tevatron and RHIC. A third, the 
LHC, is scheduled to start in 2007. The R&D 
at the Tevatron is limited to electron cooling 
in the recycler ring and to beam-beam com
pensation using a pair of electron lenses. At 
the time of writing, a first successful cooling 
of unbunched antiprotons in the recycler ring 
has been reported, with an electron beam en
ergy of 4.3 MeV, which constitutes a world 
record1. The beam-beam compensation is on 
a promising track as well, with a successful 
demonstration of beam-lifetime improvement 
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Figure 1. Schematic of collider energy as a function 
of year. Shown are the beam energies of hadron ring 
colliders (blue rhombi), including an intrepid extrap
olation into the future, those of electron-positron col
liders (pink squares) as well as hypothetical points for 
future electron-positron linear colliders (red squares) 
and a high-energy muon collider (green triangles). 
Only data points before 2005 are certain. 

in 2004, by a single lens2. RHIC pursues an 
ambitious extension plan. Studies for an up
grade of the LHC have begun. 

2.1 RHIC Upgrade 

The expanded RHIC complex is illustrated 
in Fig. 2. It consists of two parts. First, the 
RHIC luminosity will be increased by a fac
tor of 10, primarily by a pioneering scheme 
of high-energy bunched-beam electron cool
ing, which requires a 54-MeV electron beam3. 
Second, an additional electron beam acceler
ated in a recirculating linac and stored in a 
5-10 GeV static ring will collide with the ion 
beams stored in RHIC. The upgraded RHIC 
will explore QCD at high energy and high 
temperature (strongly coupled quark gluon 
plasma), as well as QCD at low x (colour 
glass condensate), and the origin of nuclear 
spin. 

2.2 LHC Upgrade 

In 2001 two CERN task forces investi
gated the physics potential4 and accelera
tor aspects5 of an LHC upgrade. Presently, 

, rccirculnting linac 
iiijcctm 

e-cooling 

Figure 2. Schematic of the upgraded RHIC complex, 
with high-energy electron cooling and additional ion-
electron collisions (bottom right and top, in green). 

the European CARE-HHH Network6 and the 
US DOE US LARP programme7 are jointly 
studying ways of increasing the LHC lumi
nosity by a factor of 10, from the nominal 
value of 1034 cm~2s_ 1 to 1035 cm~ 2s _ 1 at 
two interaction points (IPs) by about 20148'9. 
A factor two increase in luminosity can be 
achieved by a reduction of the IP beta func
tions /3* y. The remaining factor of five may 
be obtained by raising the beam current: The 
baseline upgrade scheme foresees decreasing 
the bunch spacing from 25 ns to either 15 
or 10 ns, at the ultimate bunch population 
of Nb « 1.7 x 1011 protons8. An alterna
tive scheme would collide fewer, but longer 
and more intense bunches (Nb ~ 6 x 1011), 
and operate with a large Piwinski angle cf> = 
8caz/(2a*) « 3, where az denotes the bunch 
length, 6C the full crossing angle, and a* the 
rms beam size8. An upgrade of the LHC in
jectors for higher energy and reduced LHC 
turnaround time is under consideration, and 
for a later stage the increase of the LHC beam 
energy itself. 

Two reasons call for an upgrade of the 
LHC after about 6 years of operation. They 
are illustrated in Fig. 3, due to J. Strait10. 
The figure illustrates two possible evolutions 
of peak luminosity as a function of the year, 
as well as the corresponding integrated lu
minosity and the run-time needed to halve 
the statistical error of experimental measure-
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Figure 3. Time to halve the statistical error (green 
curves), integrated luminosity (blue curves), and 
peak luminosity (red curves) for two different sce
narios compatible with the baseline LHC: (1) the lu
minosity is raised to the nominal value by 2011 and 
then stays constant, (2) it continues to increase lin
early, reaching the ultimate value by 2016. The as
sumed radiation damage limit of the IR magnets is 
700 f b " 1 1 0 [J. Strait]. 

ments. Both scenarios assume an LHC start 
up in 2007, and that 10% of the design lumi
nosity is reached in 2008, and 100% in 201111. 
In one case, the luminosity is taken to be 
constant from then on, in the other it con
tinues to increase linearly until the so-called 
ultimate luminosity (2.3 times the nominal) 
would be reached by 2016. The radiation 
damage limit of the LHC low-/3 quadrupoles 
is estimated at an integrated luminosity of 
600-700 fb - 1 1 3 . As the figure shows, this 
value would be exceeded in 2014 or 2016 de
pending on the scenario. The additional run
time required to halve the statistical error 
rises more steeply. It would exceed 7 years 
by 2011 or 2013, respectively. In view of the 
life expectancy of the interaction-region mag
nets and the forecast for the statistical-error 
halving time, it is reasonable to plan a ma
chine luminosity upgrade based on new low-/? 
IR magnets before about 2014. 

Figures 4 and 5 illustrate various op
tions for the IR configuration of an up
graded LHC11,12. Either quadrupoles or 
dipoles are the first magnetic elements clos
est to the main collision points. Placing 

short bunches 
minimum crossing angle & 
BBLR 

crab cavities & 
large crossing angle 

Figure 4. IR 'baseline' schemes for the LHC up
grade with minimum crossing angle and possibly 
long-range beam-beam compensation (left) or with 
large crossing angle and possibly crab cavities (right); 
see also12 . 

dipole first & 
small crossing angle dipole first & 

large crossing angle & 
long bunches or crab cavities 

Figure 5. Alternative IR schemes for the LHC up
grade with dipole first for small (left) or large crossing 
angle (right). The right layout needs to either oper
ate with large Piwinski angle or employ crab cavities; 
see also12 . 

the quadrupoles in front (Fig. 4) reduces the 
chromaticity, while "dipoles first" (Fig. 5) 
leads to a rapid separation or the two beams 
and minimizes the number of long-range col
lision points. In the dipoles-first scheme, col
lision debris is swept into the magnet, and 
for this reason the US-LARP program stud
ies the design of open-midplane s.c. dipoles. 
In addition, the two LHC beams could be 
collided either with a small crossing angle, 
necesitating long-range beam-beam compen
sation, e.g., using current-carrying wires, or 
with a large crossing angle, requiring crab 
cavities, much shorter bunches, or operation 
in a regime of large Piwinski angle. 

A possible injector upgrade consists of 
refurbishing the PS, and replacing the SPS 
with two new rings, a first ring using normal 
conducting or super-ferric magnets and accel-
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Figure 6. Schematic of a dual-pipe 24-T block dipole 
magnet with Bi-2122 in inner high field windings 
(green) and NbaSn in outer low field windings 
( red) 1 ' . 

erating to 150 GeV and a second fast cycling 
superconducting ring, raising the LHC injec
tion energy to 1 TeV14. The higher injec
tion energy will alleviate dynamic effects in 
the LHC and should significantly reduce the 
LHC turnaround time. In addition, beams 
with larger normalized emittance and higher 
intensity can be injected at the higher energy. 
Finally, the increased injection energy can be 
the first step of an energy upgrade for the 
LHC. 

The LHC beam energy is determined by 
the main dipole field, which nominally is 8.39 
T corresponding to 7 TeV beam energy. A 
proof-of-principle magnet based on NbaSn 
s.c. material at LBNL has reached 16 T a 
few years ago, with a 10-mm aperture15. The 
European NED activity16 aims to develop a 
large-aperture (up to 88 mm), 15-T dipole-
magnet model. A 24-T block-coil dipole for 
an LHC energy tripler is also being devel
oped by Texas A&M University17. It em
ploys high-Tc superconductor (Bi-2212) in 
the inner high-field windings and Ti3Sn for 
the outer low-field windings. The magnet 
lauout is illustrated in Fig. 6 and its small 
coil area is emphasized in Fig. 7. 

3 Electron-Positron Ring Colliders 

Among the e+e^ colliders, several high-
luminosity factories will explore innovative 
beam-manipulation techniques. Though 

0 5 10 15 20 25 
field strength (T) 

Figure 7. Magnet coil area vs. field strength for dif
ferent s.c. dipoles, showing a reduced size for the 
proposed block-dipole magnets of the LHC energy 
tripler17 . 

BEPC-II, CESR-c and PEP-II are contribut
ing to this effort, below we can only present 
a few selected highlights from VEPP-2000, 
DAFNE, and Super-KEKB. 

3.1 VEPP-2000 

VEPP-2000 will fill the missing-data gap for 
hadron production in the range of 1.4-2.0 
GeV cm. energies. The start of operation 
is foreseen for 2007. VEPP-2000 will collide 
round beams focused by s.c. 13-T solenoids. 
The round beam collisions offer two distinc
tive advantages: (1) for the same particle 
density (tune shift), the luminosity doubles, 
(2) the transverse particle motion becomes 
1-dimensional, introducing an additional in
tegral of motion, which, according to simula
tions, should allow about 3 times higher tune 
shifts than flat beams18. The VEPP-2000 lu
minosity scales with £2. Its design value is 
1032 c m ' V 1 . 

8.2 DAFNE-2 

The upgrade of DAFNE, DAFNE-2, will 
study discrete symmetries in the neutral kaon 
system, and perform the most sensitive test 
of CPT invariance. For DAFNE-2, a new 
concept of "strong rf focusing" has been pro
posed, where the bunch length and momen
tum spread vary around the ring19. At the 
collision point, the bunch length assumes a 



421 

minimum, so tha t the beta function can be 

squeezed to a small value. Over the rest 

of the ring a long bunch length is desirable, 

since this improves the beam lifetime and 

mitigates impedance effects. The strong rf 

focusing is realized by a higher rf voltage and 

by tayloring the local momentum compaction 

around the ring. It has recently been shown 

tha t such a scheme can be realized without 

a synchrotron tune near the half integer. An 

experiment of strong rf focusing at DAFNE 

is foreseen for 2007, with the installation of a 

10-MV 1.3-GHz multi-cell s.c. rf cavity2 0 . 

DX 

(LEF-il 

LHC-H 

1000 10000 100000 

cm. energy [GeV] 

Figure 8. Peak luminosity of various past and pro
posed colliders vs. centre-of-mass energy. 

3.3 Super-KEKB 

KEKB and its upgrade, Super-KEKB, rep

resent the luminosity frontier. Super-KEKB 

will provide definitive answers on new physics 

beyond the s tandard model in the heavy-

flavor sector. Wi th a peak luminosity of 

1.58 x 1034 c m - V 1 , K E K B presently holds 

the record luminosity of any collider. The 

goal of Super-KEKB is a luminosity of 4 x 

1035 c m _ 2 s _ 1 , which would make it a truly 

unique facility, as illustrated in Fig. 8. The 

luminosity can be expressed as 

R, 

7± 
2erP_ 

1 
0* (1) 

where RL and Ry denote geometric reduction 

factors, due to crossing angle and hourglass 

effect, re is the classical electron radius, and 

7 the Lorentz factor. Three improvements 

will increase the luminosity by more than a 

factor 20 compared with the present KEKB: 

(1) The stored beam currents I± are raised 

from 1.27/1.7 A to 4.1/9.4 A, (2) the ver

tical beta function at the collision point is 

squeezed from about 6 mm to 3 mm, and (3) 

the beam-beam tune-shift parameter £± will 

be enlarged by a factor of two or three by 

using crab cavities21 . These are transversely 

deflecting dipole-mode cavities, which rotate 

the bunches at the collision point, so tha t 

the particle dynamics becomes equivalent to 

the one of the head-on case, even though the 

bunch centroids cross with an angle. In early 

2006, single crab cavities will be installed in 

both K E K B rings. Simulations predict a re

sulting large increase in the achievable beam-

beam tune-shift parameter. 

A schematic of Super-KEKB is shown 

in Fig. 9. All elements in color are new. 

The upgrade notably comprises a new inter

action region with a new detector, additional 

rf stations, new vacuum chambers for both 

rings including antechambers and novel low-

impedance bellows, as well as an exchange 

of the electron and positron beams between 

the two rings. Positrons will be stored in 

the high-energy ring, where they both have 

a lower current and are more rigid, which 

is expected to combat the "electron-cloud ef

fect", i.e., a beam-size blow up due to photo-

electrons and secondary electrons. To accel

erate the positrons to the higher injection en

ergy (8 GeV instead of 3.5 GeV), their beam 

size is reduced in a new damping ring, before 

they are accelerated by a new C-band linac, 

which replaces the second half of the existing 

lower-gradient S-band linac. 

4 Linear Col l iders 

Reaching the high-energy frontier in electron-

positron collisions requires a linear collider. 

From initially five proposals (VLEPP, NLC, 

J L C / G L C , TESLA and CLIC), only two 
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Figure 9. Schematic of Super-KEKB, with existing 
components shown in grey, and new ones in color. 

Figure 10. Layout of CLIC for 3 TeV c m . energy. 

have survived, namely the ILC (based on 
TESLA technology) and CLIC. Since ILC 
is covered by a separate talk22, we discuss 
CLIC. Afterwards we present some generic 
linear-collider R&D of interest to both ILC 
and CLIC. 

4-1 Compact Linear Collider (CLIC) 

The physics motivation of CLIC is to probe 
beyond the standard model and to address, 
in particular, the origin of mass, the unifica
tion of forces, and the origin of flavors. With 
its centre-of-mass energy reach of 3-5 TeV, 
CLIC is fully complementary to the LHC. Its 
physics potential is described in

23>24>25>26_ 
The key features of CLIC are27: (1) 

a high accelerating gradient, 150 MV/m, 
which — in view of various limits due to 
dark-current capture, surface heating, and rf 
breakdown — requires a high rf frequency, 
namely 30 GHz; (2) two-beam acceleration, 
where the energy is stored in a drive beam, 
which can be transported over long distances 
with small losses, and the rf power is gener
ated locally from the drive beam, where it is 
required; and (3) a central injector produc
ing the drive beam, which comprises a fully 
loaded normal conducting linac with 96% 
rf-to-beam power-transfer efficiency followed 
by rf multiplication and power compression. 
The overall layout of the CLIC complex for 

3-TeV cm. energy is presented in Fig. 10. 
The high accelerating gradient of CLIC 

allows constructing a mufti-TeV electron-
positron collider with an acceptable length. 
High-gradient tests of 30-GHz rf structures 
with molybdenum and tungsten irises ex
ceeded the CLIC design goal of 150 MV/m 
accelerating gradient and reached a world 
record of 190 MV/m28 (Fig. 11), but with 
an rf pulse length of 16 ns only, while the 
nominal CLIC value is 70 ns. Tests with 
the nominal pulse length are foreseen at 
CTF-3 (Fig. 12), presently under construc
tion and commissioning, in the second half 
of 2005. CTF-3 has already demonstrated 
two other aspects of the CLIC scheme, 
namely drive-beam acceleration with full 
beam loading, shown in Fig. 13, and fre
quency multiplication29, in Fig. 14. 

The two beam acceleration scheme en
sures that the main-linac tunnel is simple, 
without any active elements, which is illus
trated in Fig. 15. An additional advantage is 
that the construction can be staged by simply 
adding additional structures and correspond
ing drive beams, each of which accelerates by 
about 75 GeV/c. 

CLIC aims at colliding nanometre-size 
beams, for which ground motion and support 
vibrations are a concern. Using commercially 
available active stabilization systems, CLIC 
prototype quadrupoles were stabilized to less 
than 0.5-nm above 4 Hz, on the CERN site 



423 

200 

E 
S 150 
S 

£100 

50 

„ „ « « a - B - e 

_^a-«r 
. . . . . . .jar*® . • . . t^tst^ -

Ms&p$^«& £ 

--&- 3.5 mm tungsten iris 
-A - 3.5 mm tungsten iris after ventilation 
~e - 3.5 mm copper structure 
-B~ 3.5 mm molybdenum structure 

CLIC goal loaded 
CLIC goal unloaded 

0.5 1.5 
No. of shots x10" 
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Figure 12. CLIC Test Facility (CTF) 3. 

next to a busy street, which is a factor 2 bet
ter than the requirement for the CLIC linac 
and represents a factor 10 suppression of the 
ground motion30. 

The design optics of the CLIC damp
ing ring provides the exceedingly small target 
emittances of ^ex = 550 nm, ^ey = 3.3 nm, 
(crz AEims) — 4725 eV-m, taking into ac
count the strong effect of intrabeam scatter
ing which far outweighs the quantum excita
tion from synchrotron radiation31. A collab
oration with BINP is investigating wiggler-
design options for the damping ring. A pos
sible prototype is the permanent wiggler built 
for the PETRA-3 light source. 

In 2005, the CLIC parameters have been 

Figure 13. Fully loaded operation of the CTF-3 linac, 
with higher-order mode damping and short fill time. 

Saturn e., 

s bunch distance 333 ps -- 67 ps 

i frequency 3 GHz —> IS GHz 

i I 

M i\ l 

lbL±LXl£iJ 

Figure 14. Bunch frequency multiplication by fac
tors of 2-5 demonstrated in the CTF-3 preliminary 
phase. Left top plot shows a schematic of the in
jection into the combiner ring using rf detectors; the 
right and bottom picture show streak-camera mea
surements during and after bunch multiplication. 

re-optimized32. As a result, the bunch-train 
length was reduced by almost a factor of 2 to 
58 ns, with the same luminosity above 99% 
of the nominal cm. energy, which is 3.3 x 
1034 cm~~2s1 including the effect of beam-
strahlung, and lower detector background. 

The CLIC schedule anticipates a com
plete demonstration of the CLIC feasibility 
by the end of 2009, at a time when first re
sults from the LHC may offer a clearer picture 
of the physics ahead. 

5 Generic Linear Collider R&D 

We briefly describe three items of generical 
linear-collider R&D centered at the KEK Ac
celerator Test Facility (ATF). 
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Figure 16. Layout of ATF/ATF-2 facility with the 
existing ATF damping ring on the right, and the 
planned ATF-2 final focus on the top left. 

Figure 15. CLIC tunnel cross section. 

5.1 ATF Damping Ring 

The ATF is the world's largest linear-
collider test facility. It accommodates sev
eral sources, an S-band injector linac, a pro
totype damping ring and an extraction line. 
The 1.3-GeV ATF ring produces the world's 
smallest-emittance beams. It has demon
strated single-bunch emittances of "fex « 
3.5 — 4.3 /jm and -fey m 13—18 nm, at 
Nb « 8 x 109 electrons per bunch33; the 
emittances are highly current dependent due 
to the strong effect of intrabeam scattering 
(for comparison, the CLIC design values are 
jex ss 0.45 /xm and jey s=s 3 nm, at A^ w 2.6x 
109). Numerous new beam-diagnostic instru
ments were developed at the ATF, for moni
toring the unprecedentedly small beam size in 
a storage ring, among which are laser wires, 
non-invasive diffraction radiation diagnostics, 
X-ray optics, and interferometry. Damping-
ring tuning and correction algorithms were 
developed, and a young generation of accel
erator physicists was trained. 

5.2 ATF-2 Final Focus 

The ATF-2 is a proposed extension of the 
ATF extraction line, accommodating a pro
totype compact final focus34. The ATF-2 fi
nal focus is a scaled down version of the NLC, 
ILC or CLIC final-focus optics, based on a de

sign principle which has never been put into 
practice. The ATF-2 final focus will squeeze 
the extremely low-emittance beam from the 
ATF damping ring to a spot size of 30 nm 
with less than 5% orbit jitter. The ATF-2 will 
also test nm-resolution beam position moni
tors, various advanced spot-size monitors, as 
well as feedback and stabilization schemes. 
Figure 16 presents the ATF layout including 
the ATF-2 extension. 

5.3 Polarized Positron Source 

A possible scheme of producing highly po
larized positron or electron beams is laser 
Compton back-scatterng of a circularly polar
ized laser off an unpolarized electron beam. 
The resulting X-ray photons are polarized 
and their polarization is inherited by the 
higher-energy component of pairs created 
when the X-rays impinge on a thin tung
sten target. In pioneering experiments at the 
ATF, about 104 positrons were produced per 
pulse with a measured average polarization of 
about 75%3S. A recent improvement of this 
scheme, for ILC or CLIC, is the proposal to 
accumulate the positrons in a dedicated ac
cumulator ring, or in the main damping ring, 
and, e.g., to combine many small bunches 
from the Compton-ring source to form one 
nominal bunch36. The accumulation greatly 
relaxes the requirements on the laser pulse 
energy. 
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6 N e u t r i n o B e a m s 

Neutrino beams can be produced by smash

ing proton superbeams on a target , by muon 

decay in a future muon storage ring (y fac

tory) , and by f3 decay or inverse beta decay of 

unstable isotopes. We discuss the latter two 

options. 

6.1 Neutrino Factory 

The physics goals of the neutrino factory are 

the measurement of the #13 mixing angle, de

termining the neutrino mass hierarchy, and 

detecting the CP violating phase 6 in the 

neutrino sector. The target intensity of neu

trinos required is a few 1020 per year. All 

neutrino-factory designs so far are based on 

existing sites with appropriately adapta ted 

accelerator infrastructure, like CERN (3.5 

GeV s.c. proton linac), FNAL (6 GeV s.c. 

proton linac), BNL (AGS upgrade), J -PARC 

(50 GeV RCS), or RAL. In 1999-2001 two 

US feasibility studies were conducted for the 

FNAL and BNL sites. As part of the 2003 

APS Study on the Physics of Neutrinos, the 

design of the second feasibility s tudy was re-

optimized for cost reduction. The outcome is 

known as feasibility s tudy Ha and was pre

sented at this conference37. 

The v factory proposed here consists of 

a high-power proton source (24-GeV BNL 

AGS ugrade), a target (mercury jet in 20-

T solenoid), first a bunching and then a 

phase-rotation section, cooling (solid LiH ab

sorbers, closed cavity apertures), fast ac

celeration (comprising a s.c. linac, a recir

culating linac, 'RLA', and two non-scaling 

fixed-field alternating gradient synchrotrons 

or 'FFAGs') , and a storage decay ring. Fig

ure 17 illustrates the muon acceleration. 

Crucial demonstration experiments re

late to the three areas of targetry, muon cool

ing, and acceleration: (1) A mercury jet tar

get with 20 m / s speed will be tested in a 

15-T solenoid at the CERN n T O F beamline 

(experiment " n T O F l l " ) . The instantaneous 

I I eV FFAG 

^tlOGeV Fl \( \ 

wssssmaamiseimsttsemss*Bmm&*W -.a™™™*™™**™ 
Linac to 1 ̂  Ge\ ----- -

^ ^±5GeVDogboneRLA 

Figure 17. Layout of neutrino-factory muon acceler
ation for feasibility37. 

power deposition of 180 J / g in this experi

ment corresponds to tha t from a 4-MW pro

ton driver. (2) The first phase of on ioniza

tion cooling experiment, "MICE" 3 8 , has been 

approved for construction at RAL. It com

prises the assembly of two solenoid tracking 

spectrometers, which will be cross-calibrated 

using a muon beam. In a second phase it is 

foreseen to install one lattice cell of a cooling 

channel between these spectrometers. The 

expected emittance reduction is of order 10%. 

At MICE various absorbers and lattice optics 

can be tested and compared. (3) The "non-

scaling" FFAG is a novel approach, entail

ing unconventional beam dynamics; building 

a scaled-down electron-beam model of a non-

scaling FFAG is under discussion. 

6.2 Beta and Electron-Capture Beams 

The physics goals of (3 or electron-capture 

beam facilities are similar to those of the v 

factories. The main difference is tha t the neu

trinos are produced by the beta decay or in

verse beta decay of unstable nuclei instead of 

muon decay. This type of neutrino beam has 

recently has become more attractive thanks 

to the discovery of nuclei tha t decay fast 

through atomic electron capture, like 1 5 0 Dy 

or 1 4 8 Gd 3 9 , which provides the fascinating 

possibility to create mono-energetic neutrino 

beams. The energy of the emitted neutrinos 

is Lorentz boosted, e.g., in the forward direc

tion Ev = 2^Eo, where E0 is the emission 

energy in the rest frame. It is assumed tha t 

1018 neutrinos can be obtained per year, for 

example, at EURISOL. Figure 18 shows the 
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Figure 18. CERN part of a "CERN to Frejus" 
electron-capture neutrino beam facility39. 

schematic of a proposed "CERN to Frejus" 

(130 km) electron-capture neutrino beam fa

cility. Such a project would greatly profit 

from an LHC injector upgrade, e.g., from a 

Super-SPS. 

7 M u o n Col l ider 

A collaboration of Muons Inc., IIT, FNAL 

and JLAB is developing innovative schemes 

for a muon collider. The new ideas include4 0 

(1) high-gradient rf cavities filled with pres

surized H2, which simultaneously capture, 

bunch rotate and cool the muon beam [no 

strong interactions, no showers], (2) contin

uous absorbers for emittance exchange, (3) 

helical cooling channels consisting of solenoid 

plus transverse helical dipole and quadrupole 

fields, (4) parametric-resonance ionization 

cooling, and (5) reverse emittance exchange. 

These novel concepts are expected to reduce 

the 6D emittance by about 8 orders or mag

nitude, which would produce high luminosity, 

e.g., 1035 c m ~ 2 s - 1 at 5 TeV c m . energy, with 

10 bunches of 1011 muons each per beam. 

8 A d v a n c e d A c c e l e r a t i o n S c h e m e s 

Going to even higher energies, beyond several 

or tens of TeV, will require radically novel 

concepts. Candidate schemes include laser 

and plasma acceleration41 . 

8.1 Plasma Acceleration 

Plasmas can sustain high accelerating gra

dients of 10-100 G V / m . To produce these 

fields the plasma must be excited either by 

a laser of by a drive beam. The resulting 

plasma wake may be used to accelerate a wit

ness bunch. 

One long-standing problem has been the 

extremely poor beam quality and the large 

energy spread of electrons accelerated by a 

laser in a plasma. Recently, three experimen

tal groups accelerated more than 109 elec

trons in a few-mm long plasma interacting 

with an intense laser pulse to 100-200 MeV 

with less than 10-20% full energy spread4 2 . 

Planned as the next step is the development 

of a 1 GeV compact module utilizing a 100 

T W laser43 . Numerous issues still need to 

be addressed, however, before a laser-driven 

plasma can be employed as the primary ac

celerator in a high-energy collider. Examples 

are the limited efficiencies of the laser and 

the plasma, both directly proportional to the 

collider luminosity. 

Closer to a practical application in 

high-energy physics appears the beam-driven 

plasma acceleration, which has produced 

spectacular results in the Final Focus Test 

Beam (FFTB) line at the end of the SLAC 

linac. Here, 28.5-GeV bunches of Nf, « 

2 x 1010 electrons, or positrons, with an rms 

length <JZ of 12-20 fim are sent through a 10-

cm Li plasma gas cell of maximum density 

of 1018 cm~ 3 44>45. in passing the plasma, 

the bunch excites a large amplitude plasma 

wave which focuses and accelerates beam par

ticles. For a single bunch, particles in the 

head of the bunch lose energy, while those at 

the end of the bunch are accelerated. For the 

parameter regime of this experiment, the ac

celerating field scales as Ez oc A^/cr2. Figure 

19 shows the energy distribution of a bunch 

measured by an energy spectrometer with

out a plasma and when passing through a 

10-cm long plasma of 2.8 x 1 0 i r c m - 3 . The 
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Figure 19. Single-bunch energy spectra at the end 
of the SLAC FFTB line without plasma (left), and 
after traversing a 10-cm long 2.8 x 101 7 c m " 3 lithium 
plasma (r ight)4 4 , 4 5 . 

figure demonstrates that some particles gain 
more than 2.7 GeV in energy, which corre
sponds to an accelerating gradient above 27 
GV/m. The large energy spread is an arti
fact of the single-bunch experiment. Future 
studies will aim at accelerating a second wit
ness bunch travelling at a variable distance 
behind a short drive bunch. 

8.2 Production of Ultra-Short Bunches 

Laser-driven accelerators require the injected 
bunches to be of femtosecond length. Such 
bunches can be produced by an inverse free 
electron laser (IFEL) inducing an energy 
modulation which is followed by a magnetic 
chicane for microbunching. In an IFEL, the 
electron beam travelling through an undu-
lator absorbs energy from a co-propagating 
laser beam. Experiments by a SLAC-
Stanford collaboration have recently demon
strated IFEL operation for a 30-MeV beam 
at 800 nm laser wavelength over a length of 
about 6 cm46. A peak-to-peak energy mod

ulation of 50 keV was observed. Adjusting 
the undulator gap in situ revealed multiple 
resonances of the IFEL interaction. 

8.3 Laser Acceleration 

Laser-driven particle acceleration in a struc
ture-loaded vacuum instead of a plasma is 
also under study. It has some similari
ties to conventional microwave acceleration. 
A proof-of-principle experiment has acceler
ated electrons in a semi-infinite vacuum us
ing 800-nm laser radiation, and it achieved 
a 40 MV/m peak gradient over a distance of 
1000 A47. For net laser acceleration to oc
cur a boundary was proven to be necessary. 
In the experiment an 8-jLtm gold-coated Kap-
ton tape was employed. Future applications 
would use more efficient structures, e.g., ones 
resembling miniature versions of disk-loaded 
rf waveguides coupled to a laser. 

9 Summary and Conclusion 

Ongoing R&D activities for future accelera
tors are multiple. Exciting results achieved 
so far and ambitious plans for the future hold 
great promise for the next decades. 
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DISCUSSION 

Gerhard Brandt (Uni. of Heidelberg): 
Do you know attempts to use high tem
perature superconductors, like these ce
ramics, to build dipoles? 

Prank Zimmermann: Yes. For example, 
the 24-T block-coil dipole, which is being 
developed by P. Mclntyre at Texas A&M 
University for an LHC "energy tripler", 
combines NbaSn superconductor in the 
outer low-field coil windings with Bi-
2212 in the inner high-field windings. I 
have shown a cross section of this magnet 
towards the beginning of my presenta
tion. The cuprate ceramic Bi-2212 (bis
muth strontium calcium copper oxide) is 
a typical high-temperature superconduc
tor. 

Anna Lipniacka (University of Bergen): 
What are the currents achieved in these 
plasma accelerators so far? 

Prank Zimmermann: Bunches of 1 — 2 x 
1010 electrons were used in the beam-
driven plasma wake-field experiments at 
SLAC. The peak current at the bunch 
center was increased up to 30 kA by com
pressing the bunch length to less than 
100 fs. Since the same bunch acts as 
drive and as witness, only 5-10% of its 
electrons are accelerated, however, i.e., 
about 2 x 109 electrons per pulse, at a 
linac repetition rate of 1 or 10 Hz. For 
the complementary approach of laser-
driven plasma wake fields, the maxi
mum number of electrons which were re
cently accelerated in the so-called "bub
ble" regime was of comparable magni
tude. Earlier, in the mid-90's a different 
laser-plasma scheme was pursued, where 
pairs of less-intense lasers at two differ
ent wavelengths were used to generate 
"plasma beat waves" for electron accel
eration. At that time and with this alter
native scheme, the typically accelerated 

charge was much lower, namely of order 
105 electrons, spread over about 100 ps. 
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Lepton Photon 2005 told the saga of the Standard Model which is still exhilarating because it leaves 
all questions of consequence unanswered. 

Over the last decade the biennial gather

ing discussing leptons and photons has broad

ened its horizons to reflect the excursions par

ticle physics techniques have made into as

tronomy and cosmology. It was in the grand

est of particle physics traditions however tha t 

five days of talks in the historic aula of one 

of Europe's oldest universities, the home of 

Linnaeus, Manne and Kai Siegbahn and Dag 

Hammarskjold, erected the impressive edifice 

tha t is called the Standard Model. Experi

mental ingenuity has not been able to pierce 

the Model's armor and I cannot help think

ing of the prophetic words of Leon Lederman 

at the Rochester meeting held in Madison 

twenty five years ago: "the experimentalists 

do not have enough money and the theorists 

are overconfident". Where experimentalists 

are concerned, nobody could have anticipated 

tha t today we would be studying the pro

ton structure to one thousandth its size and 

would have established the Standard Model 

as a gauge theory with a precision of one in 

a thousand, pushing any interference of pos

sible new physics to energy scales beyond 10 

TeV. The theorists can modestly claim tha t 

they have taken revenge for Leon's remark. 

Because all the big questions remain unan

swered, there is no feeling though tha t we are 

now dotting the i's and crossing the t ' s of a 

mature theory. Worse, the theory has its own 

demise built into its radiative corrections. 

The most evident of unanswered ques

tions is why the weak interactions are weak. 

Though unified with electromagnetism, elec-

tromagnetism is apparent in daily life while 

the weak interactions are not. Already 

in 1934 Fermi provided an answer with a 

theory1 tha t prescribed a quanti tat ive rela

tion between the fine-structure constant and 

the weak coupling G ~ a/raf^. Although 

Fermi adjusted raw to accommodate the 

strength and range of nuclear radioactive de

cays, one can readily obtain a value of mw 

of 40 GeV from the observed decay rate of 

the muon for which the proportionality fac

tor is ir/\f2. The answer is off by a factor 

of 2 because the discovery of parity violation 

and neutral currents was in the future and 

introduces an additional factor 1 — ra^ /m?z: 

G„ na 
V2r, hw 

1 

1 ,jm\ 
(1 + Ar ) 

(1) 
Fermi could certainly not have anticipated 

tha t we now have a renormalizable gauge the

ory tha t allows us to calculate the radiative 

corrections A r to his formula. Besides reg

ular higher order diagrams, loops associated 

with the top quark and the Higgs boson con

tribute; they have been observed2 '3 , 4 . 

I once heard one of my favorite physicists 

refer to the Higgs as the "ugly" particle, but 

this is nowadays politically incorrect. Indeed, 

scalar particles are unnatural . If one calcu

lates the radiative corrections to the mass ra 

appearing in the Higgs potential, the same 

gauge theory tha t withstood the onslaught of 

precision experiments at L E P / S L C and the 

Tevatron yields a result tha t grows quadrat-

ically: 

bra2 

16TT2V'-
;(2m : 

w ra\ m H 4m 2 )A 2 
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where m2
H = 2Aw2, A is the quartic Higgs 

coupling, v = 246 GeV and A a cutoff. Upon 
minimization of the potential, this translates 
into a dangerous contribution to the Higgs 
vacuum expectation value which destabilizes 
the electroweak scale5. The Standard Model 
works amazingly well by fixing A at the elec
troweak scale. It is generally assumed that 
this indicates the existence of new physics 
beyond the Standard Model; following Wein
berg 

C(mw) = \m2rfH + \\{H^Hf + £fM
uge 

+ Z^ukawa + _L £ 5 + _ j _ £ 6 + ( 3 ) 

The operators of higher dimension param
etrize physics beyond the Standard Model. 
The optimistic interpretation of all this is 
that, just like Fermi anticipated particle 
physics at 100 GeV in 1934, the electroweak 
gauge theory requires new physics to tame 
the divergences associated with the Higgs po
tential. By the most conservative estimates 
this new physics is within our reach. Avoid
ing fine-tuning requires A < 2~3TeV to be 
revealed by the LHC, possibly by the Teva-
tron. For instance, for m^ = 115-200 GeV 

8m2 

m2 = 
Sv2 

V2 

Dark clouds have built up around this 
sunny horizon because some electroweak pre
cision measurements match the Standard 
Model predictions with too high precision, 
pushing A to 10 TeV. The data pushes some 
of the higher order dimensional operators in 
Weinberg's effective Lagrangian to scales be
yond 10 TeV. Some theorists have panicked 
by proposing that the factor multiplying the 
unruly quadratic correction (2m2

v + m2
z + 

m2
H — 4m2) must vanish; exactly.' This has 

been dubbed the Veltman condition. The 
problem is now "solved" because scales as 
large as 10 TeV, possibly even higher, can be 
accommodated by the observations once one 
eliminates the dominant contribution. One 

can even make this stick to all orders and for 
A < 10 TeV, this requires that TUH ~ 210-
225 GeV 5 . 

Let's contemplate the possibilities. The 
Veltman condition happens to be satisfied 
and this would leave particle physics with 
an ugly fine tuning problem reminiscent of 
the cosmological constant. This is very un
likely; LHC must reveal the Higgs physics 
already observed via radiative correction, or 
at least discover the physics that implements 
the Veltman condition6. It must appear at 
2^3 TeV, even though higher scales can be 
rationalized when accommodating selected 
experiments2. Minimal supersymmetry is 
a textbook example. Even though it ele
gantly controls the quadratic divergence by 
the cancellation of boson and fermion con
tributions, it is already fine-tuned at a scale 
of 2 ~ 3 TeV. There has been an explosion 
of creativity to resolve the challenge in other 
ways; the good news is that all involve new 
physics in the form of scalars, new gauge 
bosons, non-standard interactions... Alter
natively, it is possible that we may be guess
ing the future while holding too small a deck 
of cards and LHC will open a new world that 
we did not anticipate. Particle physics would 
return to its early traditions where experi
ment leads theory, as it should be, and where 
innovative techniques introduce new acceler
ators and detection methods that allow us to 
observe with an open mind and without a 
plan, leading us to unexpected discoveries. 

There is good news from Fermilab7. The 
Tevatron experiments are within an order of 
magnitude of the sensitivity where they may 
discover the Higgs; see Fig. 1. The integrated 
luminosity of 8fb_ 1 , expected by extrapo
lating present collider performance, bridges 
that gap. Discovery will require an additional 
boost in sensitivity from improved detector 
performance which is actually expected for 
lepton identification and jet mass resolution. 
The performance of the detectors has been 
nothing short of spectacular as illustrated by 
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Figure 1. The Tevatron roadmap to the Higgs by increased luminosity and improved detector performance. 

the identification of the top quark in 6-jet 
events3. 

Baryogenesis is another one of the grand 
issues left unresolved by the Standard Model. 
We know that at some early time in the evo
lution of the Universe quarks and anti-quarks 
annihilated into light, except for just one 
quark in 1010 that failed to find a partner and 
became us. We are here because baryogene
sis managed to accommodate the three Za-
kharov conditions; one of them dictates CP-
violation. Evidence for the indirect violation 
of CP-invariance was first revealed in 1964 
in the mixing of neutral kaons. Direct CP-
violation, not mixing-assisted, was not dis
covered until 1999. Today, precision data 
on neutral kaons have been accumulated over 
40 years; the measurements can, without ex
ception, be accommodated by the Standard 
Model with three families8. History has re
peated itself for B mesons, but in three years 
only, thanks to the magnificent performance 
of the B-meson factories Belle and BaBar9. 
Direct CP-violation has been established in 
the decay B^ —> Kir with a significance in 
excess of 5 sigma. Unfortunately, this re

sult, as well as a wealth of data contributed 
by CLEO, BES and Dafne, fails to reveal 
evidence for new physics10. Whenever the 
experimental precision increases, the higher 
precision measurements invariably collapse 
onto the Standard Model values; see Fig. 2. 
Given the rapid progress and the better the
oretical understanding of the Standard Model 
expectations relative to the K system11, the 
hope is that at this point the glass is half 
full and that improved data will pierce the 
Standard Model's resistant armor12. Where 
theory is concerned, it is noteworthy that lat
tice techniques have reached the maturity to 
perform computer experiments that are con
firmed by experiment. 

The rise and fall of theories, or at least 
of their popularity, can be easily assessed by 
consulting the citation index. The number of 
citations to Wolfenstein's seminal paper on 
neutrino oscillations in the presence of mat
ter has, after a steady increase from 1978-
2000, dropped by almost a factor of two since. 
Progress in neutrino physics has been led by a 
string of fundamental experimental measure
ments summarized by the simple vacuum re-
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Figure 2. Geometry of the CKM triangle converges on the standard model by measuring sides, angles, or 
both. 

high-precision data from the pioneering ex
periments trickle in at a slower pace, al
though new evidence for the oscillatory be
havior in L/E of the muon-neutrinos in 
the atmospheric neutrino beam has become 
very convincing. The new results included 
first data from the reborn SuperKamiokande 
experiment14. The future of neutrino physics 
is undoubtedly bright. Construction of the 
KATRIN spectrometer measuring neutrino 
mass to 0.02 eV by studying the kinematics 
of tritium decay is in progress and a wealth 
of ideas on double beta decay and long-
baseline experiments is approaching reality15. 
These experiments will have to answer the 
great "known-unknowns" of neutrino physics: 
their absolute mass and hierarchy, the precise 
value of the second and third small mixing 
angle and its associated CP-violating phase 

lations between the neutrino states produced 
by the weak interactions in e, mu and tau fla
vors and propagating as mixed states v\, h"2 

and 1/3: 

v\ = — cos vve + sin 9 ' — 

1/2 = sin 9 ve + cos 9 \ -^—-A- J , 

V'i 
' V2 

(5) 

Here 6 is the solar mixing angle. Discovery of 
neutrino oscillations in solar and atmospheric 
beams has been confirmed by supporting ev
idence from reactor and accelerator beams13. 

As usual, next-generation experiments 
are a lot more challenging and the boom 
times of neutrino physics are probably over 
as reflected by Wolfenstein's citations. Also, 
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and whether neutrinos are really Majorana 
particles. In Eq. (5) we assumed that the 
mixing of mu and tau neutrinos is maxi
mal, with no admixture of electron neutrinos. 
Observing otherwise will most likely require 
next-generation experiments. 

Among these, discovery of neutrino-
less double beta decay would be especially 
rewarding16. Its observation would confirm 
the theoretical bias that neutrinos are their 
own antiparticles, yield critical information 
on the absolute mass scale and, possibly, re
solve the hierarchy problem. In the meantime 
we will keep wondering whether small neu
trino masses are our first glimpse at grand 
unified theories via the see-saw mechanism, 
or represent a new Yukawa scale tantalizingly 
connected to lepton conservation and, possi
bly, the cosmological constant. 

The cosmological constant represents a 
thorny issue for the Standard Model17. New 
physics is also required to control the Stan
dard Model calculation of the vacuum en
ergy, also known as the cosmological con
stant, which diverges as 

bution of galaxies on the sky. With a con
tribution to the Universe's matter balance 
similar to that of light, neutrinos play a sec
ondary role. The role is however identifiable 

- neutrinos, because of their large mean-
free paths, prevent the smaller structures in 
the cold dark matter from fully developing 
and this is visible in the observed distribu
tion of galaxies; see Fig. 3. Simulations of 
structure formation with varying amounts of 
matter in the neutrino component, i.e. vary
ing neutrino mass, can be matched to a vari
ety of observations of today's sky, including 
measurements of galaxy-galaxy correlations 
and temperature fluctuations on the surface 
of last scattering. The results suggest a neu
trino mass of at most 1 eV, summed over the 
3 neutrino flavors, a range compatible with 
the one deduced from oscillations. 

lhw = '-hy/k2+m2 Sk ~ A4 

(6) 
It has not escaped attention that the cutoff 
energy required to accommodate its now "ob
served" value happens to be A = 10 - 3 eV, of 
the order of the neutrino mass. 

Information on neutrino mass has 
emerged from an unexpected direction: 
cosmology18. The structure of the Universe is 
dictated by the physics of cold dark matter 
and the galaxies we see today are the rem
nants of relatively small over-densities in the 
nearly uniform distribution of matter in the 
very early Universe. Overdensity means over
pressure that drives an acoustic wave into the 
other components making up the Universe: 
the hot gas of nuclei and photons and the 
neutrinos. These acoustic waves are seen to
day in the temperature fluctuations of the mi
crowave background as well as in the distri-

varying amounts of matter in the neutrino compo
nent, i.e. varying neutrino mass: (top left) mv = 
0 eV; (top right) m„ = 1 eV; (bottom right) mv = 
4 GeV; (bottom left) mv = 7 eV. 

Cosmology, in association with the dis
covery of neutrino mass, has also been re
sponsible for renewed interest in deciphering 
baryogenesis — a tally of the rapidly increas
ing number of citations to the 1986 paper 
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by Fukugita and Yanagida underscores the 
point. The problem is more clearly framed 
than ever before. The imprint on the sur
face of last scattering of the acoustic waves 
driven into the hot gas of nuclei and pho
tons reveals a relative abundance of baryons 
to photons of 6.5i°:3 x 1 0 _ 1 ° (WMAP obser
vation). Gamov realized that a Universe born 
as hot plasma must consist mostly of hydro
gen and helium, with small amounts of deu
terium and lithium added. The detailed bal
ance depends on basic nuclear physics as well 
as the same relative abundance of baryons to 
photons; the state of the art result of this ex
ercise yields 4.7^'g x 10~10. The agreement 
of the two observations is stunning, not just 
because of the precision, but because of the 
concordance of two results derived by totally 
unrelated ways to probe the early Universe. 

Physics at the high energy frontier is the 
physics of partons. For instance, at the LHC 
gluons produce the Higgs boson and the high
est energy neutrinos interact with sea-quarks 
in the detector. We master this physics with 
unforeseen precision because of a decade of 
steadily improving HERA measurements of 
the nucleon structure19. These now include 
experiments using targets of polarized pro
tons and neutrons. HERA is our nucleon 
microscope, tunable by the wavelength and 
the fluctuation time of the virtual photon ex
changed in the electron proton collision. The 
wavelength of the virtual photons probing the 
nucleon is reduced with increased momentum 
transfer Q. The proton has now been probed 
to distances of one thousandth of its size 
of 1 fm. In the interaction the fluctuations 
of the virtual photons survive over distances 
ct ~ 1/x, where x is the relative momentum 
of the parton. HERA now studies the pro
duction of chains of gluons as long as 10 fm, 
an order of magnitude larger than and prob
ably totally insensitive to the proton target. 
These are novel QCD structures, the under
standing of which has been challenging20. We 
should not forget however that theorists ana

lyze HERA data with calculations performed 
to next-to-next to leading order in the strong 
coupling. In fact, beyond this precision one 
has to include the photon as a parton inside 
the proton21. These electromagnetic struc
ture functions violate isospin and differen
tiate a u-quark in a proton from a d-quark 
in a neutron because of the different electric 
charge of the quark. Interestingly, their in
clusion in the structure functions modifies the 
extraction of the Weinberg angle from NuTeV 
data, bridging roughly half of its discrepancy 
with the particle data book value. Added 
to already anticipated intrinsic isospin viola
tions associated with sea-quarks, the NuTeV 
anomaly may be on its way out. 

Recalling Lederman, whatever the actual 
funding, the experimenters managed to de
liver most highlights of this conference. And 
where history has proven that theorists had 
the right to be confident in 1980, they have 
not faded into the background, and provided 
some highlights of their own. Developing 
QCD calculations to the level that the pho
ton structure of the proton becomes a factor 
is a tour de force and, there were others at 
this meeting. Progress in higher order QCD 
computations of hard processes is mind bog
gling — progress useful, sometimes essential, 
for the interpretation of LHC experiments22. 
Discussions of strings, supersymmetry and 
additional dimensions were very much fo
cused on the capability of experiments to con
firm or debunk these concepts23. 

Theory and experiment joined forces in 
the ongoing attempts to read the information 
supplied by the data on heavy ion collisions 
from Brookhaven. Rather than the antici
pated quark gluon plasma, the data suggests 
the formation of a strongly interacting fluid 
with very low viscosity for its entropy24. Sim
ilar fluids of cold 6Li atoms have been cre
ated in atomic traps. Interestingly, theorists 
are exploiting the Maldacena connection be
tween four dimensional gauge theory and ten 
dimensional string theory to model such a 
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thermodynamic system25. The model is that 
of a 10-D rotating black hole with Hawking-
Beckenstein entropy. It accommodates the 
low viscosities observed. This should put us 
on notice that very high energy collisions of 
nuclei may be more interesting than antici
pated from QCD-inspired logarithmic extrap
olations of accelerator data. This is relevant 
to the analysis of cosmic ray experiments. 
Enter particle astrophysics. 

Conventional astronomy spans 60 oc
taves in photon frequency, from 104 cm radio-
waves to 10~14cm photons of GeV energy. 
This is an amazing expansion of the power of 
our eyes that scan the sky over less than a 
single octave just above 10~5 cm wavelength. 
Recently detection and data handling tech
niques of particle physics26 are reborn in in
strumentation to probe the Universe at new 
wavelengths, smaller than 10~14 cm, or pho
ton energies larger than 10 GeV. Besides 
gamma rays, gravitational waves and neutri
nos as well as very high-energy protons that 
are only weakly deflected by the magnetic 
field of our galaxy, have become astronom
ical messengers from the Universe27. As ex
emplified time and again, the development of 
novel ways of looking into space invariably 
results in the discovery of unanticipated phe
nomena. For particle physicists the sexiest 
astrophysics problem is undoubtedly how Na
ture manages to impart an energy of more 
than 108 TeV to a single elementary particle. 

Although cosmic rays were discovered al
most a century ago, we do not know how and 
where they are accelerated28. This may be 
the oldest mystery in astronomy and solving 
it is challenging as can be seen by the follow
ing argument. It is sensible to assume that, in 
order to accelerate a proton to energy E in a 
magnetic field B, the size R of the accelerator 
must encompass the gyroradius of the parti
cle: R > -Rgyro = E/B, i.e. the accelerating 
magnetic field must contain the particle or
bit. This condition yields a maximum energy 
E < TBR by dimensional analysis and noth

ing more. The factor T has been included to 
allow for the possibility that we may not be 
at rest in the frame of the cosmic accelerator 
resulting in the observation of boosted par
ticle energies. Opportunity for particle ac
celeration to the highest energies is limited 
to dense regions where exceptional gravita
tional forces create relativistic particle flows: 
the dense cores of exploding stars, inflows on 
supermassive black holes at the centers of ac
tive galaxies, annihilating black holes or neu
tron stars? All speculations involve collapsed 
objects and we can therefore replace R by the 
Schwartzschild radius R ~ GM/c to obtain 
E < TBM. 

The above speculations are reinforced by 
the fact that the sources listed happen to 
also be the sources of the highest energy 
gamma rays observed. At this point a real
ity check is in order. Note that the above 
dimensional analysis applies to the Fermi-
lab accelerator: kGauss fields over several 
kilometers (covered with a repetition rate of 
105 revolutions per second) yield 1 TeV. The 
argument holds because, with optimized de
sign and perfect alignment of magnets, the 
accelerator reaches efficiencies close to the 
dimensional limit. It is highly questionable 
that Nature can achieve this feat. Theorists 
can imagine acceleration in shocks with effi
ciency of perhaps 1-10%. 

Given the microgauss magnetic field of 
our galaxy, no structures seem large or mas
sive enough to reach the energies of the high
est energy cosmic rays. Dimensional analysis 
therefore limits their sources to extragalac-
tic objects. A common speculation is that 
they may be relatively nearby active galactic 
nuclei powered by a billion solar mass black 
holes. With kilo-Gauss fields we reach 100 
EeV, or 1020 eV. The jets (blazars) emit
ted by the central black hole could reach 
similar energies in accelerating substructures 
boosted in our direction by a T-factor of 
10, possibly higher. The neutron star or 
black hole remnant of a collapsing super-
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massive star could support magnetic fields 
of 1012 Gauss, possibly larger. Shocks with 
r > 102 emanating from the collapsed black 
hole could be the origin of gamma ray bursts 
and, possibly, the source of the highest en
ergy cosmic rays. 

The astrophysics problem is so daunt
ing that many believe that cosmic rays are 
not the beam of cosmic accelerators but the 
decay products of remnants from the early 
Universe, for instance topological defects as
sociated with a grand unified GUT phase 
transition near 1024 eV. A topological de
fect will suffer a chain decay into GUT par
ticles X,Y, that subsequently decay to famil
iar weak bosons, leptons and quark- or gluon 
jets. Cosmic rays are the fragmentation prod
ucts of these jets. HERA again revealed to us 
the composition of these jets that count rel
atively few protons, i.e. cosmic rays, among 
their fragmentation products and this is in
creasingly becoming a problem when one con
fronts this idea with data. 

We conclude that, where the highest en
ergy cosmic rays are concerned, both the ac
celerator mechanism and the particle physics 
are enigmatic. There is a realistic hope that 
the oldest problem in astronomy will be re
solved soon by ambitious experimentation: 
air shower arrays of 104 km area (Auger), ar
rays of air Cerenkov detectors (H.E.S.S. and 
Veritas, as well as the Magic 17 m mirror tele
scope) and kilometer-scale neutrino observa
tories (IceCube and NEMO). Some of these 
instruments have other missions; all are likely 
to have a major impact on cosmic ray physics. 
While no breakthroughs were reported, pre
liminary data forecast rapid progress and im
minent results in all three areas27. 

The Auger air shower array is con
fronting the low statistics problem at the 
highest energies by instrumenting a huge col
lection area covering 3000 square kilometers 
on an elevated plane in Western Argentina. 
The instrumentation consists of 1600 water 
Cherenkov detectors spaced by 1.5 km. For 

calibration, showers occurring at night, about 
10 percent of them, are also viewed by four 
fluorescence detectors. The detector will ob
serve several thousand events per year above 
10 EeV and tens above 100 EeV, with the ex
act numbers depending on the detailed shape 
of the observed spectrum. The end of the 
cosmic ray spectrum is a matter of specula
tion given the somewhat conflicting results 
from existing experiments, most notably the 
HiRes fluorescence detector and the AGASA 
scintillator array; see Fig. 4. 

SS J*Re» 1 Monaeutai 

iog10fE)(eV) 

Figure 4. Extragalactic cosmic ray spectrum before 
Auger and HiRes stereo measurements. 

Above a threshold of 50 EeV the cos
mic rays interact with cosmic microwave pho
tons and lose energy to pions before reaching 
our detectors. This is the Greissen-Zatsepin-
Kuzmin cutoff that limits the sources to our 
supercluster of galaxies. The feature in the 
spectrum is claimed at the 5 sigma level in 
the latest HiRes data. It is totally absent in 
the AGASA data, a fact that would require 
some radical departure from established par
ticle physics or astrophysics. At this meet
ing Auger presented the first results from 
the partially deployed array28. The expo
sure is similar to that of the final AGASA 
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data . The da ta confirms the existence of su

per EeV events. There is no evidence, ei

ther in the latest HiRes or the Auger data, 

however, for anisotropics in the arrival di

rections of the cosmic rays claimed mostly 

on the basis of the AGASA data . Impor

tantly, Auger observes a discrepancy between 

the energy measurements of showers obtained 

from the fluorescence and particle array tech

niques. The discrepancy suggests tha t very 

high energy air showers do not develop as 

fast as modeled by the particle physics simu

lations used to analyze previous experiments, 

i.e. the da ta necessitate deeper penetrat ion of 

the primary, less inelasticity and more energy 

in fewer leading particles than anticipated. 

Auger da ta definitely indicate tha t the exper

iment is likely to qualitatively improve exist

ing observations of the highest energy cosmic 

rays in the near future. 

Cosmic accelerators are also cosmic beam 

dumps producing secondary photon and neu

trino beams 2 9 . Particles accelerated near 

black holes pass through intense radiation 

fields or dense clouds of gas leading to pro

duction of secondary photons and neutri

nos tha t accompany the primary cosmic-ray 

beam. The target material, whether a gas or 

photons, is likely to be sufficiently tenuous so 

tha t the primary beam and the photon beam 

are only partially at tenuated; see Fig. 5. 

Although gamma ray and neutrino tele

scopes have multiple interdisciplinary sci

ence missions, in the case of neutrinos the 

real challenge has been to develop a re

liable, expandable and affordable detector 

technology30 . The South Pole AMANDA 

neutrino telescope, now in its fifth year of 

operation, has improved its sensitivity by 

more than an order of magnitude since re

port ing its first results in 2000. It has now 

reached a sensitivity close to the neutrino 

flux anticipated to accompany the highest 

energy cosmic rays, dubbed the Waxman-

Bahcall bound. Expansion into the Ice-

Cube kilometer-scale neutrino observatory, 

NEUTRINO BEAMS: HEAVEN SfARTH 

black hole 

radiation 
enveloping 
black hole 

Figure 5. Cosmic ray accelerators are also cosmic 
beamdumps producing fluxes of neutrinos and TeV 
photons accompanying the cosmic rays. 

required to be sensitive to the best esti

mates of potential cosmic neutrino fluxes, 

is in progress. Companion experiments in 

the deep Mediterranean are moving from the 

R&D into the construction phase with the 

goal to eventually build an IceCube size de

tector. Wi th the sun and SN87 neutrino 

observations as proofs of concepts, next-

generation neutrino experiments will also 

scrutinize their da ta for new particle physics, 

from the signatures of dark mat ter to the ev

idence for additional dimensions of space. 

I t is however the H.E.S.S. array of four 

air Cherenkov gamma ray telescopes de

ployed under the southern sky of Namibia 

tha t delivered the highlights in the particle 

astrophysics corner2 7 . For the first t ime an 

instrument is capable of imaging astronomi

cal sources in TeV gamma rays. Its images of 

young galactic supernova remnants shows fil

ament structures of high magnetic fields tha t 

are capable of accelerating protons to the en

ergies, and with the energy balance, required 

to explain the galactic cosmic rays; Fig. 6. Al

though the smoking gun for cosmic ray accel

eration is still missing, the evidence is tanta-

lizingly close. 
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Figure 6. TeV gamma ray image of a young supernova remnant. 

The big event of the next biennium is the 
commissioning of the LHC. With dark mat
ter and energy18,31, astronomers have raised 
physics problems that seem as daunting as 
the problem of the lifetime of the sun over 
one century ago. Evolution and geology re
quired a sun that was older than several tens 
of millions of years. Chemistry established its 
lifetime at 3000 years. Neither chemistry nor 
astronomy solved the puzzle, Rutherford did. 
May history repeat itself with the solution re
vealed by the accelerators in our future. LHC 
and a linear collider32! 

Rendez vous in 2007 in Daegu, Korea. 
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Our understanding of ordinary matter is remarkably accurate and complete, but it is based on prin
ciples that are very strange and unfamiliar. As I'll explain, we've come to understand matter to be 
a Music of the Void, in a remarkably literal sense. Just as we physicists finalized that wonderful 
understanding, towards the end of the twentieth century, astronomers gave us back our humility, by 
informing us that ordinary matter - what we, and chemists and biologists, and astronomers them
selves, have been studying all these centuries constitutes only about 5% of the mass of the universe 
as a whole. I'll describe some of our promising attempts to rise to this challenge by improving, rather 
than merely complicating, our description of the world. 

In a lecture of one hour I will not be able 

to do justice to all the ways in which the Uni

verse is a strange place. But I'll share a few 

highlights with you. 

1 Interior S t r a n g e n e s s 

First I 'd like to talk about how strange I am. 

Oh, and you too, of course. Tha t is, I'd like 

to describe how strange and far removed from 

everyday experience is the accurate picture of 

ordinary mat ter , the stuff tha t we're made of, 

tha t comes from modern physics. 

I think tha t 10,000 years from now, our 

descendants will look back on the twentieth 

century as a very special time. It was the 

time when humankind first came to under

stood how mat ter works, indeed what it is. 

By 1900, physicists had a great deal of 

Newtonian-level knowledge. The paradigm 

for this level of understanding is Newton's ac

count of the motion of planets, moons, and 

comets in the solar system. Newtonian-level 

knowledge takes the form: if bodies are ar

ranged with given positions and velocities at 

t ime to, then the laws of physics tell you what 

their positions and velocities will be at any 

other time. Newton's theory is extremely ac

curate and fruitful. It led, for example, to the 

discovery of a new planet - Neptune - whose 

gravity was necessary to account for anoma

lies in motion of the known planets. (We're 

facing similar problems today, as I'll describe 

later. Neptune was the "dark matter" of its 

day.) 

But nothing in Newton's theory pre

scribes how many planets there are. Noth

ing predicts their masses, or their distances 

from the Sun. For planetary systems all tha t 

freedom is a good thing, we know now, be

cause astronomers are discovering other sys

tems of planets around other stars, arid these 

solar systems are quite different from ours, 

but they still obey Newton's laws. 

But no such freedom is observed for the 

building blocks of ordinary matter . Those 

building blocks come in only a few kinds, 

tha t can only fit together in very restricted 

ways. Otherwise there could not be such a 

subject as chemistry, because each sample of 

mat ter would be different from every other 

sample. Pre-modern physics could not ac

count for tha t fact, and therefore it could not 

even begin to account for the specific chem

ical, electrical, and mechanical properties of 

mat ter . 

The turning point came in 1913, with 

Bohr's model of the hydrogen atom. Bohr's 

model brought quantum ideas into the de

scription of matter . It pictured the hydrogen 

mailto:wilczek@mit.edu
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atom as analogous to a simplified solar sys

tem (just one planet!) held together by elec

tric rather than gravitational forces, with the 

proton playing the role of the sun and the 

electron the role of the planet. The crucial 

new idea in Bohr's model is tha t only certain 

orbits are allowed to the electron: namely, 

oribts for which the angular momentum is a 

whole-number multiple of Planck's constant. 

When the a tom exchanges energy with the 

outside world, by emitting or absorbing light, 

the electron jumps from one orbit to another, 

decreasing its energy by emitt ing a photon or 

increasing its energy by absorbing one. The 

frequency of the photon, which tells us what 

color of light it conveys, is proportional to 

its energy according to the Planck-Einstein 

relation E = hv, where E is the energy, v 

is the frequency, and h is Planck's constant. 

Because the allowed orbits form a discrete 

set, rather than a continuum, we find dis

crete spectral lines corresponding to the al

lowed energy changes. 

Bohr's model predicts the colors of the 

spectral lines remarkably accurately, though 

not perfectly. When Einstein learned of 

Bohr's model, he called it "the highest form 

of musicality in the sphere of thought" . I 

suppose Einstein was alluding here to the an

cient idea of "Music of the Spheres", which 

has enchanted mathematically inclined mys

tics from Pythagoras to Kepler. According to 

tha t idea the planets produce a kind of mu

sic through their stately periodic motions, as 

the strings of a violin do through their peri

odic vibrations. Whether the "Music of the 

Spheres" was intended to be actual sounds or 

something less tangible, a harmonious state 

induced in the appreciative mind, I 'm not 

sure. But in Bohr's model the connection 

is close to being tangible: the electron re

ally does signal its motion to us in a sensory 

form, as light, and the frequencies in the line 

spectrum are the tonal palette of the atomic 

instrument. 

So tha t ' s one way in which Bohr's model 

is musical. Another is in its power to sug

gest meanings far beyond its actual content. 

Einstein sensed immediately tha t Bohr's in

troduction of discreteness into the description 

of matter , with its constraint on the possible 

motions, intimated tha t the profound limita

tions of pre-modern physics which I just de

scribed would be overcome - even though, in 

itself, Bohr's model only supplied an approxi

mate description of the simplest sort of atom. 

In one respect, however, Einstein was 

wrong. Bohr's model is definitely not the 

highest form of musicality in the sphere of 

thought. The theory tha t replaced Bohr's 

model, modern quantum mechanics, outdoes 

it by far. 

In modern quantum mechanics, an elec

tron is no longer described as a particle in 

orbit. Rather, it is described by a vibrat

ing wave pat tern in all space. The equa

tion tha t describes the electron's wave func

tion, Schrodinger's equation, is very similar 

to the equations tha t describe the vibrations 

of musical instruments. In Schrodinger's ac

count light is emitted or absorbed when the 

electron's vibrations set the electromagnetic 

field - aether, if you like - in motion, by the 

same sort of sympathetic vibration tha t leads 

to the emission of sound by musical instru

ments, when their vibrations set air in mo

tion. These regular, continuous processes re

place the mysterious "quantum jumps" from 

one orbit to another tha t were assumed, but 

not explained, in Bohr's model. 

A major reason tha t physicists were able 

to make rapid progress in atomic physics, 

once Schrodinger found his equation, is tha t 

they were able t o borrow techniques tha t had 

already been used to analyze problems in 

sound production and music. Ironically, de

spite his well-known love of music, Einstein 

himself never accepted modern quantum me

chanics. 

After the consolidation of atomic physics 

in the early 1930s, the inner boundary of 

physics shrank by a factor of a hundred thou-
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sand. The challenge was to understand the 
tiny atomic nuclei, wherein are concentrated 
almost all the mass of matter. The nu
clei could only held together by some new 
force, which came to be called the strong 
force, since gravity is much too feeble and 
electrical forces are both too feeble and of 
the wrong sign to do the job (being repul
sive, not attractive). Experimenters found 
that it was useful to think of nuclei as being 
built up from protons and neutrons, and so 
the program initially was to study the forces 
between protons and neutrons. You would 
do this by shooting protons and neutrons at 
each other, and studying how they swerved. 
But when the experiments were done, what 
emerged was not just existing particles swerv
ing around in informative directions, but a 
whole new world containing many many new 
particles, a Greek and Roman alphabet soup 
containing among others n, p, K, u, 4> mesons 
and A, A, E,fi baryons and their antiparti-
cles, that are unstable, but otherwise bear 
a strong family resemblance to protons and 
neutrons. So the notion of using protons 
and neutrons as elementary building blocks, 
bound together by forces you would just go 
ahead and measure, became untenable. 

I'll skip over the complicated story of 
how physicists struggled to recover from this 
confusing shock, and just proceed to the an
swer, as it began to emerge in the 1970s, and 
was firmly established during the 1990s. The 
building blocks of nuclei are quarks and glu-
ons. Add electrons and photons, and you 
have all the building blocks you need for 
atoms, molecules, ions, and indeed all ordi
nary matter. 

Quarks once had a bad reputation, be
cause for many years attempts to produce 
them in the laboratory, or to find them any
where, failed. People went so far as to search 
with great care through cosmic ray tracks, 
and even in moon rocks. And gluons had 
no reputation at all. But now we know that 
quarks and gluons are very real. You can see 

them, quite literally — once you know what 
to look for! Here (Fig. 1) is a picture of a 

Figure 1. A three-jet event at LEP. Courtesy L3 col
laboration. 

quark, an antiquark, and a gluon. What is 
shown here is the result of colliding electrons 
and positrons at very high energy. It was 
taken at the Large Electron Positron collider 
(LEP) at CERN, near Geneva, which oper
ated through the 1990s. You see that the 
particles are emerging in three groups, which 
we call jets. I want to convince you that one 
of these jets represents a quark, one an anti-
quark, and one a gluon. 

The key idea for justifying this interpre
tation is asymptotic freedom, for which the 
Nobel Prize was awarded in 2004. Asymp
totic freedom says that an energetic quark 
(or antiquark or gluon) will frequently emit 
soft radiation, which does not significantly 
change the overall flow of energy and mo
mentum; but only rarely emit hard radia
tion, which does produce changes in the flow. 
Here's what asymptotic freedom means, con
cretely, in the LEP situation. Right after 
the electron and positron annihilate, their 
energy is deposited into a quark-antiquark 
pair moving rapidly in opposite directions. 
Usually the quark and antiquark will only 
emit soft radiation. In that case, which oc
curs about 90% of the time, we will have 
two jets of particles, moving in opposite di
rections, whose total energy and momentum 
reflect those of the original quark and anti
quark. More rarely, about 10% of the time, 
there will be a hard radiation, where a gluon 
is emitted. That gluon will then initiate a 
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third jet. And 10% of the 10%, that is 1%, of 
the time a second hard radiation will occur, 
and we'll have four jets, and so forth. Having 
invested hundreds of millions of Euros to con
struct the LEP machine, physicists exploited 
it intensely, producing many millions of col
lisions, working up to about one bang per 
buck. So it was possible to study the proper
ties of these multi-jet events, to see how likely 
it was for them to emerge at different angles 
and to share the available energy in various 
ways, and thereby to test precisely whether 
they behave in the way that our basic the
ory of quarks and gluons, namely quantum 
chromodynamics (QCD), predicts. It works. 
That's why I can tell you, with complete con
fidence, that what you're seeing in the picture 
is a quark, an antiquark, and a gluon. We 
see them not as particles in the conventional 
sense, but through the flows they imprint on 
the visible particles. 

There's another aspect of this business 
that I think is extremely profound, though 
it is so deeply ingrained among physicists 
that they tend to take it for granted. It is 
this: These observations provide a wonder
fully direct illustration of the probabilistic 
nature of quantum theory. At LEP experi
mentalists just did one thing over and over 
again, that is collide electrons and positrons. 
We know from many experiments that elec
trons and positrons have no significant in
ternal structure, so there's no question that 
when we make these collisions we really are 
doing the same thing over and over again. 
If the world were governed by deterministic 
equations, then the final result of every colli
sion would be the same, and the hundreds of 
millions of Euros would have had a very mea
gre payoff. But according to the principles of 
quantum theory many outcomes are possible, 
and our task is to compute the probabilities. 
That task, computing the probabilities, is ex
actly what QCD accomplishes so successfully. 

By the way, one consequence of the prob
abilistic nature of our predictions is that 

while I can tell you that you're seeing a quark, 
an antiquark and a gluon, I can't say for sure 
which is which! 

So we know by very direct observations 
that quarks and gluons are fundamental con
stituents of matter. QCD proposes that glu
ons and quarks are all we need to make pro
tons, neutrons, and all the other strongly in
teracting particles. That's an amazing claim, 
because there's a big disconnect between the 
properties of quarks and gluons and the prop
erties of the things they are supposed to 
make. 

Most notably, gluons have strictly zero 
mass, and the relevant quarks have practi
cally zero mass, but together, it's claimed, 
they make protons and neutrons, which pro
vide overwhelmingly most of the mass of or
dinary matter. That claim flies in the face 
of the "conservation of mass" principle that 
Newton used as the basis of classical mechan
ics and Lavoisier used as the foundation of 
quantitative chemistry. Indeed, before 1905, 
this idea of getting mass from no mass would 
have been inconceivable. But then Einstein 
discovered his second law. 

My friend and mentor Sam Treiman liked 
to relate his experience of how, during World 
War II, the U.S. Army responded to the chal
lenge of training a large number of radio 
engineers starting with very different levels 
of preparation, ranging down to near zero. 
They designed a crash course for it, which 
Sam took, and a training manual, which Sam 
loved, and showed me . In that training man
ual, the first chapter was devoted to Ohm's 
three laws. The Army designed Ohm's first 
law is V = IR. Ohm's second law is / = 
V/R. I'll leave it to you to reconstruct Ohm's 
third law. 

Similarly, as a companion to Einstein's 
famous equation E = mc2 we have his second 
law, rn = E/c2. 

All this isn't quite as silly as it may seem, 
because different forms of the same equation 
can suggest very different things. The great 
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theoretical physicist Paul Dirac described his 

method for making discoveries as "playing 

with equations". 

The usual way of writing the equation, 

E suggests the possibility of ob

taining large amounts of energy by convert

ing small amounts of mass. It brings to 

mind the possibilities of nuclear reactors, or 

bombs. In the alternative form m = E/c2, 

Einstein's law suggests the possibility of ex

plaining mass in terms of energy. Tha t is a 

good thing to do, because in modern physics 

energy is a more basic concept than mass. 

It is energy tha t is strictly conserved, energy 

tha t appears in the laws of thermodynamics, 

energy tha t appears in Schrodinger's equa

tion. Mass, by contrast, is a rather special, 

technical concept - it labels irreducible rep

resentations of the Poincare group (I won't 

elaborate on that . ) 

Actually, Einstein's original paper does 

not contain the equation E = mc2, but rather 

m = E/c2. So maybe I should have called 

m = E/c2 the zeroth law, but I thought tha t 

might be confusing. The title of the origi

nal paper is a question: "Does the Inertia of 

a Body Depend Upon its Energy Content?" 

From the beginning, Einstein was thinking 

about the foundations of physics, not about 

making bombs. I think he would have been 

delighted to learn tha t our answer to his ques

tion is a resounding "Yes!" Not only does 

the inertia of bodies depend on its energy 

content; for ordinary mat ter most of inertia 

is the energy associated with moving quarks 

and gluons, themselves essentially massless, 

following m = E/c2. Who knows, it might 

even have inspired him to accept modern 

quantum mechanics. 

To solve the equations of QCD, and iden

tify the different ways in which quarks and 

gluons can organize themselves into the par

ticles we observe, physicists have pushed the 

envelope of modern computing. They sculpt 

upwards of 1030 protons and neutrons into 

a massively parallel computer, which runs at 

teraflop speeds - tha t is, a thousand billion, 

or 1012 multiplications of big numbers per 

second for months, t ha t is 107 seconds. All 

to calculate what every single proton does in 

10~ 2 4 seconds, tha t is figure out how to ar

range its quarks and gluons efficiently, to get 

the minimum energy. 

Evidently there's room for improvement 

in our methods of calculation. But already 

the results are most remarkable. They are 

displayed in Fig. 2. I think what you see in 
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Figure 2. Hadron masses as computed numerically in 
QCD. Courtesy D. Toussaint. 

tha t modest-looking plot is one of the great

est scientific achievements of all time. We 

star t with a very specific and mathematically 

tight theory, QCD. An objective sign of how 

tight the theory is, is tha t just a very few pa

rameters have to be taken from experiment. 

Then everything else is fixed, and must be 

computed by algorithms the theory supplies, 

with no room for maneuver or fudge factors. 

Here three parameters were fixed, indicated 

by the diamonds, by matching the masses of 

the 7r and K mesons and a splitting among 

heavy quark mesons (I won't enter the tech

nicalities) and then all the other calculated 

masses are displayed as circles, with line in

tervals indicating the remaining uncertainty 

in calculation (due to computer limitations). 
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As you see, they agree quite well with the 
measured values, indicated as squares. 

What makes this tour de force not only 
impressive, but also historic, is that one of 
the entries, N, means "nucleon", that is, pro
ton or neutron. So QCD really does account 
for the mass of protons and neutrons, and 
therefore of ordinary matter, starting from 
ideally simple elementary objects, the quarks 
and gluons, which themselves have essentially 
zero mass. In this way, QCD fulfills the 
promise of Einstein's second law. 

Another important aspect of Figure 2 is 
what you don't see. The computations do not 
produce particles that have the properties of 
individual quarks or gluons. Those objects, 
while they are the building block, are cal
culated never to occur as distinct individual 
particles. They are always confined within 
more complex particles - or, as we've seen, 
reconstructed from jets. This confinement 
property, which historically made quarks and 
gluons difficult to conceive and even more dif
ficult to accept, is now a calculated conse
quence of our equations for their behavior. 

Thus our theory corresponds to reality, 
in considerable detail, wherever we can check 
it. Therefore we can use it with some confi
dence to explore domains of reality that are 
extremely interesting, but difficult to access 
directly by experiment. 

I think that for the future of physics, 
and certainly for the future of this lecture, 
the most profound and surprising result to 
emerge from late twentieth-century physics 
may be the realization that what we per
ceive as empty space is in reality a highly 
structured and vibrant dynamical medium. 
Our eyes ?/ere not evolved to see that struc
ture, but we can use our theories to cal
culate what empty space might look like if 
we had eyes that could resolve down to dis
tances of order 10"14 centimeters, and times 
of order 1CT24 seconds. Derek Leinweber 
in particular has put a lot of effort into 
producing visualizations of the behavior of 

quark and gluon fields, and I highly recom
mend his website www.physics.adelaide. 
edu .au / theory /s ta f f / l e inweber / 
VisualQCD/QCDvacuum/welcome.html as a 
source of enlightenment. Figure 3 shows 
gluon fields as they fluctuate in "empty" 
space. I want to emphasize that this is not a 
free fantasy, but part of the calculation that 
leads to Fig. 2 (for experts: what is shown is a 
smoothed distribution of topological charge). 

Figure 3. Gluon fields fluctuating in Void. Courtesy 
D. Leinweber. 

The different particles we observe are 
the vibration patterns that are set up in the 
medium of "empty" space, let's call it Void, 
when it is disturbed in different ways. Sta
ble particles such as protons correspond to 
stable vibration patterns; unstable particles 
correspond to vibration patterns that hold 
together for a while, then break apart. This 
is not a metaphor, it is our most profound 
understanding. Rather it is more familiar 
and conventional ideas about matter that are 
metaphors, for this deeper reality. 

Indeed, the way Figure 2 was produced, 
and more generally the way we compute the 
properties of matter from first principles, is to 
introduce some disturbance in Void, let it set
tle down for a while, and observe what kind 
of stable or long-lived patterns emerge. An 
example is shown in Fig. 4. Here a quark 
and an antiquark are inserted on the left, the 
medium responds, and a stable vibration pat
tern emerges (the plane shows a slice of time). 

http://www.physics.adelaide
http://edu.au/theory/staff/leinweber/
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Figure 4. Disturbance in Void from injecting quark-
antiquark pair. Courtesy G. Kilcup. 

This picture is obtained by averaging over 
the fluctuations that would occur in the ab
sence of the quark and antiquark, so the stuff 
in Figure 3 has been subtracted; we're inter
ested in the net disturbance. This is how we 
produce a IT meson for numerical study. The 
picture for a proton would look similar; you'd 
get it by studying the disturbance when you 
introduce three quarks, instead of a quark 
and antiquark. 

We go from these vibration patterns to 
masses by combining Einstein's second law 
m — E/c2 with the Einstein-Planck relation 
E = hv between the energy of a state and the 
frequency at which its wave function vibrates. 
Thus 

m = E/c2 — hv/c" 

or alternatively 

v = mc2/h. 

Thus masses of particles correspond in a very 
direct and literal way to the frequencies at 
which the Void vibrates, when it is disturbed. 
That is how we calculate them. The ancient 
"Music of the Spheres" was an inspiring con
cept, but it never corresponded to ideas that 
are very precise or impressive. Now we have 
a Music of the Void, which I trust you'll agree 
is all three of these things. 

2 Our St range Surroundings 

Just as we physicists were finally consolidat
ing this powerful understanding of ordinary 

matter, astronomers made some amazing new 
discoveries, to help us maintain our humility. 
They discovered that the sort of matter we've 
been familiar with, made from electrons, pho
tons, quarks, and gluons — the stuff we're 
made of, the stuff of chemistry and biology, 
the stuff of stars and nebulae — makes up 
only 5% of the Universe by mass. The re
mainder consists of at least new substances. 
There's 25% in something we call dark mat
ter, and 70% in what we call dark energy. 

Very little is known about dark matter, 
and even less about dark energy. One thing 
we do know is that neither of them is re
ally dark. They're transparent. They neither 
emit nor absorb light to any significant extent 
— if they did, we'd have discovered them a 
long time ago. In fact, dark matter and dark 
energy seem to interact very feebly not only 
with photons, but with ordinary matter alto
gether. They've only been detected through 
their gravitational influence on the (ordinary) 
kind of matter we do observe. 

Other things we know: Dark matter 
forms clumps, but not such dense clumps as 
ordinary matter. Around every visible galaxy 
that's been carefully studied we find an ex
tended halo of dark matter, whose density 
falls off much more slowly than that of ordi
nary matter as you recede from the center. 
It's because it is more diffusely distributed 
that averaged over the Universe as a whole 
the dark matter has more total mass than 
ordinary matter, even though ordinary mat
ter tends to dominate in the regions where it 
is found. 

Dark energy doesn't seem to clump at 
all. It is equally dense everywhere, as far as 
we can tell, as if it is an intrinsic property of 
space-time itself. Most strange of all, dark 
energy exerts negative pressure, causing the 
expansion of the Universe to accelerate. 

With that, I've basically told you every
thing we know about dark matter and dark 
energy. It's not very satisfying. We'd like 
to know, for example, if the dark matter is 
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made of particles. If so, what do those parti

cles weigh? Do they really not interact with 

mat ter at all, except by gravitation, or just 

a little more feebly than we've been sensitive 

to so far? Do dark mat ter particles interact 

strongly with each other? Can they collide 

with one another and annihilate? 

How do you find answers to questions like 

those? One way, of course, is to do experi

ments. But the experiments have not borne 

fruit so far, as I mentioned, and as a gen

eral rule it 's difficult to find something if you 

don' t know what you're looking for. There 's 

another way to proceed, which has a great 

history in physics. Tha t is, you can improve 

the equations of fundamental physics. You 

can t ry to make them more consistent, or to 

improve their mathematical beauty. 

For example, in the middle of the nine

teenth century James Clerk Maxwell studied 

the equations of electricity and magnetism as 

they were then known, and discovered tha t 

they contained a mathematical inconsistency. 

At the same time Michael Faraday, a self-

taught genius of experimental physics who 

did not have great skill in mathematics, had 

developed a picture of electric and magnetic 

phenomena tha t suggested to Maxwell how 

he might fix the inconsistency, by adding an

other term to the equations. When Maxwell 

added this term, he found tha t the new 

equations had solutions where changing elec

tric fields induce magnetic fields, and vice 

versa, so tha t you could have self-supporting 

waves of electromagnetic disturbance trav

eling through space at the speed of light. 

Maxwell proposed tha t his electromagnetic 

disturbances in fact are light, and in this 

way produced one of the great unifications 

in the history of physics. As a bonus, he 

predicted tha t there could be electromagnetic 

waves of different wavelength and frequency, 

which would in effect be new forms of "light", 

not visible to human eyes. Waves of this 

sort were finally produced and detected by 

Heinrich Hertz in 1888; today of course we 

call them radio waves, and also microwaves, 

gamma rays, and so on. Another example 

came around 1930, when Paul Dirac worked 

to improve Erwin Schrodinger's equation for 

the quantum mechanical wave function of 

electrons. Schrodinger's equation, as I men

tioned before, made a big logical improve

ment on Bohr's model and is quite success

ful in giving a first account of atomic spec

tra. We still use it today. But Schrodinger's 

equation has a severe theoretical flaw: it is 

not consistent with special relativity. In 1928 

Dirac invented an improved equation for elec

trons, tha t implements quantum dynamics 

and is also consistent with special relativ

ity. Some of the solutions of Dirac's equation 

correspond closely to solutions of solutions 

of Schrodinger's equation, with small correc

tions. But Dirac's equation has additional 

solutions, tha t are completely new. At first it 

was quite unclear what these solutions meant 

physically, but after some struggles and false 

starts in 1932 Dirac put forward a convincing 

interpretation. The new solutions describe a 

new kind of matter , previously unsuspected. 

Dirac predicted the existence of antielectrons, 

or positrons. Within a few months, the ex

perimentalist Carl Anderson found positrons, 

by studying cosmic rays. It was the first ex

ample of ant imatter . Nowadays positrons are 

used for medical purposes (Positron Emission 

Tomography, or P E T ) , and many other kinds 

of ant imat ter have been discovered. 

Today we have several good new ideas 

for how to improve the equations of physics. 

I'll mention a few momentarily. But first 

let me make a preliminary observation: Be

cause we understand so much about how mat

ter behaves in extreme conditions, and be

cause tha t behavior is remarkably simple, we 

can work out the cosmological consequences 

of changes in our fundamental equations. If 

our suggestion for improving the equations 

predicts new kinds of particles, we can pre

dict the abundance with which those particles 

would be produced during the big bang. If 
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any of the particles axe stable, we will predict 
their present cosrnological density. If we're 
lucky, we might find that one of our new par
ticles is produced in the right amount, and 
has the right properties, to supply the as
tronomers' dark matter. 

Recently experimenters have been test
ing our theoretical understanding of the early 
universe in a most remarkable v/ay. By col
liding gold nuclei at extremely high energies 
they create, for very brief times and in a very 
small volume (around 10^20 seconds, and 
10~~12 centimeters), conditions of tempera
ture and density in terrestrial laboratories 
similar to those that last occurred through
out the universe a hundredth of a second or 
so after the Big Bang. The ashes of these tiny 
fireballs are thousands of particles, as shown 
in Fig. 5. It looks very complicated, and 

Figure 5. Particles emerging from a violent collision 
of gold nuclei, which reproduces physical conditions 
close to the big bang. Courtesy STAR collaboration. 

in many ways it is, but our theories makes 
many predictions about the overall flow of en
ergy and the properties of the most energetic 
particles that can be compared with observa
tions, and those predictions work pretty well, 
so we're encouraged, and emboldened. 

So, how do we go about improving our 
equations? Over the course of the twenti
eth century, symmetry has been immensely 
fruitful as a source of insight into Nature's 
basic operating principles. QCD, in partic
ular, is constructed as the unique embodi
ment of a huge symmetry group, local 517(3) 

color gauge symmetry (working together with 
special relativity, in the context of quantum 
field theory). As we try to discover new laws 
that improve on what we know, it seems good 
strategy to continue to use symmetry as our 
guide. This strategy has led physicists to 
several compelling suggestions. Let me very 
briefly mention four of them: 

1. We can combine our theories of the 
strong, weak, and electromagnetic inter
actions into a single unified theory, by 
extending the symmetries that form the 
basis of these theories into a larger sym
metry, that contains all of them (and 
more). This is known as grand unifi
cation. Grand unification predicts the 
existence of new particles and new phe
nomena, including mass for neutrinos 
(which has been observed) and instabil
ity of protons (not yet observed). 

2. We can extend the space-time symmetry 
of special relativity to include mixing of 
space and time with additional quantum 
dimensions. This is known as supersym-
metry. Supersymmetry predicts the ex
istence of a whole new world of parti
cles. Each currently known particle will 
have a heavier superpartner, with differ
ent spin. 

3. We can enhance the equations of QCD 
by adding a symmetry that explains why 
the strong interactions exhibit no pre
ferred arrow of time. This leads us to 
predict, by quite subtle and advanced ar
guments, the existence of a new kind of 
extremely light, extremely feebly inter
acting particle, the axiom 

4. We can enhance the symmetry of our 
equations for the weak and electromag
netic interactions, and achieve a par
tial unification, by postulating the exis
tence of a universal background field, the 
so-called Higgs condensate, that fills all 
space and time. There is already a lot 
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of indirect evidence for tha t idea, but 

we'd like to produce the new particles, 

the Higgs particles, tha t this field is sup

posed to be made of. 

Each of these items leads into a beautiful 

story and an active area of research, and it 's 

somewhat of a tor ture for me to restrain my

self from saying a lot more about them, but 

t ime forbids. I'll just describe one particular 

line of ideas, tha t ties together the first two 

of these items with the dark mat ter problem, 

and tha t will soon be tested decisively. 

Both QCD and the modern theory of 

electromagnetic and weak interactions are 

founded on similar mathematical ideas. The 

combination of theories gives a wonderfully 

economical and powerful account of an as

tonishing range of phenomena. It constitutes 

what we call the Standard Model. Jus t be

cause it is so concrete and so successful, the 

Standard Model can and should be closely 

scrutinized for its aesthetic flaws and possi

bilities. In fact, the structure of the Stan

dard Model gives powerful suggestions for its 

further fruitful development. They are a bit 

technical to describe, but I'll say a few words, 

which you can take as poetry if not as infor

mation. 

The product structure SU(3) x 5/7(2) x 

U(l) or the gauge symmetry of the Standard 

Model, the reducibility of the fermion repre

sentation (that is, the fact that the symme

try does not make connections linking all the 

fermions), and the peculiar values of the hy-

percharge quantum numbers assigned to the 

known particles all suggest the desirability of 

a larger symmetry. The devil is in the details, 

and it is not at all automatic tha t the superfi

cially complex and messy observed pat tern of 

mat ter will fit neatly into a simple mathemat

ical structure. But, to a remarkable extent, 

it does. 

There seems to be a big problem with 

implementing more perfect symmetry among 

the different interactions, however. The dif

ferent interactions, as observed, do not have 

the same overall strength, as would be re

quired by the extended symmetry. The 

strong interaction, mediated by gluons, re

ally is observed to be much stronger than 

the electromagnetic interaction, mediated by 

photons. Tha t makes it difficult, on the face 

of it, to interpret gluons and photons as dif

ferent aspects of a common reality. 

But now we should recall t ha t empty 

space is a dynamical medium, aboil with 

quantum fluctuations. Gluons or photons see 

particles not in their pristine form, but rather 

through the distorting effects of this unavoid

able medium. Could it be tha t when we cor

rect for the distortion, the underlying equal

ity of different interactions is revealed? 

To t ry out tha t idea, we have to extend 

our theory to distances far smaller than, or 

equivalently energies far larger than, we have 

so far accessed experimentally. Fig. 6 gives 

a sense of what ' s involved. The left-most 

part of the graph, with the discs, represents 

our actual measurements. I t 's a logarith

mic scale, so each tick on the horizontal axis 

means a factor of ten in energy. Building 

an accelerator capable of supplying one more 

factor of ten in energy will cost a few bil

lion Euros. After tha t it gets really difficult. 

So the prospects for getting this information 

directly are not bright. Nevertheless, it 's in

teresting to calculate, and if we do tha t we 

find some very intriguing results. 

In correcting for the medium, we must 

include fluctuations due to all kinds of fields, 

including those tha t create and destroy par

ticles we haven't yet discovered. So we have 

to make some hypothesis, about what kind of 

additional particles there might be. The sim

plest hypothesis is just t ha t there are none, 

beyond those we know already. Assuming 

this hypothesis, we arrive at the calculation 

displayed in the top panel of Fig. 6. You see 

that the approach of coupling strengths to a 

unified value is suggested, but it is not quite 

accurately realized. 

Physicists react to this near-success in 
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Unification of gauge couplings... 
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Figure 6. Unification of couplings using the currently known particles (upper panel) and with low-energy 
supersymmetry (lower panel). 

different ways. One school says that near-
success is still failure, and you should just 
give up this dream of unification, that the 
world is bound to be a lot more complicated. 
Another school says that there is some truth 
in the basic idea, but the straightforward ex
trapolation of physics as we know it (based on 
quantum field theory) to such extreme ener
gies and distances is wrong. You might have 
to include the effect of extra dimensions, or 
of strings, for example. So you should be 
grateful that this calculation works as well as 
it does, and wait for revolutionary develop
ments in physics to teach you how to improve 
it. 

Either or both of these reactions might 
turn out to be right. But I've long advo
cated a more definite and (relatively) con
servative proposal that still seems promis
ing, and I'd like to mention it now, having 
warned you that not all my colleagues have 

signed on to it, by any means. It is based on 
yet another way to improve the equations of 
physics, known as low-energy supersymme
try. 

As the name suggests, supersymmetry 
involves expanding the symmetry of the basic 
equations of physics. This proposed expan
sion of symmetry goes in a different direction 
from the enlargement of gauge symmetry, 
which we've just been considering. Super-
symmetry connects particles having the same 
color charges and different spins, whereas ex
panded gauge symmetry changes the color 
charges while leaving spin untouched. Super-
symmetry expands the space-time symmetry 
of special relativity. 

In order to implement low-energy super-
symmetry, we must postulate the existence of 
a whole new world of heavy particles, none of 
which has yet been observed directly. There 
is, however, a most intriguing indirect hint 
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that this idea may be on the right track. If we 
include the particles needed for low-energy 
supersymmetry, in their virtual form, into 
the calculation of how couplings evolve with 
energy, then accurate unification is achieved! 
This is shown in the bottom panel of Fig. 6. 

Among the many new particles, one is 
particularly interesting. It is electrically neu
tral and has no color charge, so it interacts 
very weakly with ordinary matter. It lives a 
very long time - longer than the current life
time of the Universe. Finally, if we calculate 
how much of it would be produced during 
the big bang, we find that it supplies roughly 
the right density to supply the dark matter. 
All this adds up to suggest that maybe this 
new particle is supplying the dark matter as
tronomers have discovered. 

By ascending a tower of speculation, in
volving now both extended gauge symme
try and extended space-time symmetry, we 
seem to break though the clouds, into clar
ity and breathtaking vision. Is it an illu
sion, or reality? That question creates a 
most exciting situation for the Large Hadron 
Collider (LHC), due to begin operating at 
CERN in 2007. For that great accelerator 
will achieve the energies necessary to access 
the new world of heavy particles, if it ex
ists. How the story will play out, only time 
will tell. In any case, I think it is fair to 
say that the pursuit of unified field theories, 
which in past (and many present) incarna
tions has been vague and barren of testable 
consequences, has in the circle of ideas I've 
been describing here attained entirely new 
levels of concreteness and fertility. 

3 Three Great Lessons 

Now I'm done with what I planned to tell 
you today about the strangeness of the Uni
verse. I think it's appropriate to conclude by 
connecting these grand considerations about 
the nature of reality to human life. So I'll 
conclude by drawing what I feel are three 

great lessons — I'm not sure whether I should 
call them moral, philosophical, or spiritual 
lessons — from the scientific results I've de
scribed. 

1. The part of the world we understand 
is strange and beautiful. We, and all 
the things we deal with in everyday life, 
are Music of the Void. 

2. If we work to understand, we can 
understand. Using hands and minds 
evolved for quite other purposes, by dili
gent labor and honest thought, we have 
come to comprehend vastly alien realms 
of the infinite and the infinitesimal. 

3. We still have a lot to learn. 
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DISCUSSION 

Nobu Katayama (KEK): 
Do you think you can calculate the mass 
of the proton without using computers? 

Frank Wilczek: I don't think it will be pos
sible to do really accurate calculations, 
at the few per cent level, without heavy 
use of computers. I hope I'm wrong, but 
I don't see any real prospect of it. 

One aspect of the problem is that the 
proton mass has to be considered in its 
natural context, which is the entire spec
trum of hadrons, and that spectrum is 
quite complicated. It's hard to get a 
complicated answer from a simple calcu
lation with simple equations. We know 
lots of examples in cellular automata, 
fractals, and chaos where simple equa
tions or algorithms can give you tremen
dously complicated answers, but these 
connections always emerge from gigan
tic, computer-intensive calculations. 

That said, if we lower our standards a 
bit, I think there's lots of room for cre
ativity in devising approaches to strong 
interaction problems that give rough an
swers, say at the ten or twenty per 
cent level, without using computers, 
or using only modest computer power. 
We already have examples of that sort 
of thing, including the bag model, 
the strong coupling expansion, and the 
Regge-Chew-Frautschi phenomenology, 
which can be reproduced using a flux 
tube or string model. Each of these 
approaches could be considerably im
proved, I believe, and to make such im
provements is a noble goal. 

Betsy Devine 
(betsydevine.weblogger.com) If ordi
nary matter is built up of massless parti
cles and if, as you claim, mass is not con
served — then why did Lavoisier claim 
mass is conserved? 

Frank Wilczek: It's a beautiful example of 
an emergent law: that is, a law that 
makes no sense, or is drastically wrong, 
directly at the level of fundamental equa
tions, but is an important fact about so
lutions of those equations. When physi
cists go down to the level of elementary 
particles, they don't see anything like 
the conservation of mass. It's just not 
true that if you add up the masses of 
everything that comes out you get the 
same result as the sum of the masses of 
what came in, even roughly. At LEP, 
for example, you always start with an 
electron and a positron, but the out
put of their annihilation often contains 
tens of particles, whose masses adds up 
to many thousand times the electron 
plus positron mass. And, as I empha
sized in the lecture, we build protons 
and neutrons, which provide overwhelm
ingly most of the mass ordinary mat
ter - the stuff Lavoisier was concerned 
with - from essentially massless build
ing blocks, namely gluons and the u and 
d quarks. So at that level, Lavoisier 
couldn't have been more wrong. 

Yet Lavoisier's experimental proof of the 
conservation of mass was a great mile
stone in science, and remains the foun
dation of modern quantitative chemistry. 
And his experiments were correct, of 
course. How could it be that a principle 
that is totally wrong as a fundamental 
principle is incredibly accurate in prac
tice? 

The explanation is quite interesting and 
calls on some deep physical ideas. It 
would take me a whole lecture to do 
them all justice. Here I'll just mention 
one profound idea, that plays a central 
role. That is the idea of an energy gap, 
which comes from quantum mechanics. 

As I explained, the proton is a sta
ble vibration-pattern of the Void, that 

http://betsydevine.weblogger.com


you can set in motion by injecting three 

quarks. If you a t tempt to disturb this 

vibration-pattern a little bit, you find 

tha t you can' t do it - the Void will relax 

back to the same stable pat tern. Tha t 

means tha t the energy in this pa t te rn is 

locked up. You can't change it. Accord

ing to Einstein's second law, tha t means 

the mass associated with the vibration 

pat tern doesn't change either. 

On the other hand if you make a really 

big disturbance, so you excite qualita

t i v e ^ different vibration pat terns , corre

sponding to new kinds of particles, and 

then the mass can change. 

In chemistry - and in particular, in 

the kinds of experiments Lavoisier per

formed - the disturbances involved are 

too small to change a proton's vibra

tion pat tern , and so the proton's mass 

is locked up. You can't change it a little 

bit, so you can't change it at all. But at 

accelerators we do violent enough oper

ations to change the vibration pat tern, 

and then all bets about the mass are off. 

A n n a Lipniacka (University of Bergen): 

Wha t is your opinion on using the an-

thropic principle to explain the Universe 

we ended up in? 

Frank Wilczek: My opinion is compli

cated. I've writ ten about it at length, 

and to get the full answer, you'll have to 

read those papers. But I'll say just a few 

words now. 

From the point of view of fundamental 

physics and cosmology, life is very frag

ile. If the electron mass, or the up-down 

quark mass difference, were significantly 

different, then you could wind up eas

ily wind up in situations where it was 

impossible to form complex nuclei, for 

example, and there 'd be no interesting 

chemistry. I t 's difficult to imagine tha t 

intelligent entities would emerge in such 

circumstances. Yet we have no good 

ideas about why the values of these pa

rameters are what they are. Similarly, 

if the amount of dark energy were much 

different, or the amount of dark matter , 

or the amplitude of the initial fluctua

tions tha t drive structure formation, var

ious disasters would ensue, and again it 's 

difficult to imagine tha t intelligent enti

ties would emerge. And again, we have 

no convincing ideas from fundamental 

physics why the values of these parame

ters are what they are. 

In the context of our overwhelming suc

cess in explaining so many things in 

physics and cosmology using the ideas 

we love about symmetry and quantum 

dynamics, and our failure despite much 

clever work to explain those conspiracies, 

it becomes tempting to tu rn to another 

sort of argument, which has been avail

able for a long time, but not very popu

lar until recently. This sort of argument, 

the anthropic reasoning you mentioned, 

turns the problem of conspiracies on its 

head. It takes the emergence of intelli

gent observers as a primary explanatory 

principle. Then the same facts that were 

called conspiracies among the parame

ters get called explanations of their rela

tionships. 

One reason this kind of idea has not 

been very popular is the empirical fact 

tha t when we look out at the universe, 

we seem to observe the same laws ev

erywhere. If tha t ' s the case, we should 

search for "universal" explanations of 

the laws, and not selection for intelligent 

observers. But inflationary cosmology, 

which has been quite successful in recent 

years, suggests tha t we see only a small 

part of the whole universe, and the very 

distance parts might be quite different, 

so that reason doesn't seem convincing 

anymore. 
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Another reason is more methodological: 

anthropic reasoning is hard to justify 

properly, and it seems not to give you 

the kind of depth and precision tha t the 

grand old methods of theoretical physics 

do. So it 's like a recreational drug, tha t ' s 

fun to use in the short run but danger

ous, because it can ruin your mind. It 

might lead you to be satisfied with sub-

optimal explanations, and to give up pre

maturely. 

I think tha t we may be driven to an

thropic reasoning, and we should explore 

it and take it seriously, but tha t it should 

not be seen as a substi tute for more dy

namical arguments, and tha t in every 

specific application we should only ac

cept it as the final answer if we can con

vince ourselves that there's no alterna

tive. 

Frederick Harris (Hawaii): 

Wha t are your conjectures concerning 

the source of dark energy? 

Frank Wilczek: There are some enormous 

positive contributions to the density of 

empty space arising from the quark-

antiquark condensate tha t drives chiral 

symmetry breaking, the Higgs conden

sate tha t drives electroweak symmetry 

breaking, and presumably other conden

sates tha t drive breaking of unified gauge 

symmetry and supersymmetry. If grav

ity truly measures the total density, then 

there has to be a source of negative en

ergy density, and tha t ' s something we're 

not familiar with. Maybe it can' t be ex

plained in terms of anything else, it 's just 

what we call a bare cosmological term. 

The real question is why all these posi

tive terms and some negative term add 

up to something tha t gravity doesn't 

care about. One possibility, championed 

by Steven Weinberg, is tha t the expla

nation is anthropic: without a pret ty ac

curate cancellation, the Universe would 

either expand or contract too fast, and 

condensed structures would not emerge. 

Another possibility, tha t would be very 

interesting and exciting, is tha t gravity 

is not quite what Einstein thought, tha t 

in the true theory of gravity there's prin

ciple tha t zeros out its response to uni

form distributions over cosmological dis

tances. I've played with ideas of this 

sort, but I don' t have anything I want 

to show in public. 

Tord Ekelof (Uppsala University): 

Dark energy represents an energy den

sity in the vacuum. In particle physics 

we have another hypothesis of a field 

tha t represents an energy density, which 

you did not speak of — the Higgs field, 

only tha t there is some 120 orders of 

magnitude difference in energy density. 

Tha t seems to me to be one of the 

big problems of unification of particle 

physics and cosmology. 

Frank Wilczek: I agree, it 's a very suspi

cious conspiracy. 
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09:00 -Charm decay measurements, Marina Artuso, Syracuse. 

09:35 -Heavy flavour oscillations and life times, Rick Jesik, IC, London. 

10:10 -Heavy flavour and quarkonia production and decay, 

Xiaoyan Shen, IHEP, Beijing. 

10:45-11:15 Coffee 
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Search for Radions at LEP2 
OPAL Collaboration 
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OPAL Collaboration 
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OPAL Collaboration 
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Search for stop production in R-parity violating supersymmetry at HERA 
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ZEUS Collaboration 
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ZEUS Collaboration 
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ZEUS Collaboration 

Measurement of the Strange Spectral Function in Hadronic tau Decays 
OPAL Collaboration 

WW production cross section and W branching fractions in e + e ~ collisions from 161 - 209 GeV 
OPAL Collaboration 

Measurement of the mass of the W boson in e+e~ annihilations at LEP2 
OPAL Collaboration 
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Study of Bose-Einstein Correlations in e e —> W^W Events at LEP 
OPAL Collaboration 

Search for Neutral MSSM Higgs Bosons at LEP 
ALEPH, DELPHI, L3 and OPAL Collaborations, 

Constraints on Anomalous Quartic Gauge Boson Couplings from 1^77 and qq'yy Events at LEP2 
OPAL Collaboration 

W Boson Polarisation at LEP2 
OPAL Collaboration 

Measurement of Rb at LEP2 
OPAL Collaboration 

Measurement of the running of CXQED (t) 
OPAL Collaboration 

Determination of the LEP Beam Energy using Radiative Fermion-pair Events 
OPAL Collaboration 

Measurement of the partial widths of the Z into up- and down-type quarks 
OPAL Collaboration 
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NA48 Collaboration 

Precise measurements of the Branching Ratios KL > 7r+7r_ and K^ —> 
NA48 Collaboration 

New precise measurement of the ratio of leptonic decays of K+ and K- mesons. 
NA48 Collaboration 

Search for Chargino and Neutralino Production at ^/s=192-209 GeV at LEP 
OPAL Collaboration 

CP violation in semileptonic tau lepton decays 
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Study of the T~ —> 3h~2h+vT Decay 
BaBar Collaboration 

Search for the Decay T~ —• 47r_37r+(7r°)i/T 

BaBar Collaboration 

Search for Lepton-Flavor and Lepton-Number Violation in the Decay T ~ —> t^h^h~ 
BaBar Collaboration 

Search for Lepton Flavor Violation in the Decay r —* /x 7 
BaBar Collaboration 

Four Leptons Production at Next Linear Colliders from 3-3-1 Model 
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Final results from DELPHI on neutral Higgs bosons in MSSM benchmark scenarios 
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Study of T—lepton mass measurements at Belle 
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Measurement of the TT~TV spectral function in the decay T~ —-» ir~n vT 

Belle Collaboration 

Search for lepton flavor violating decay r —> IKQ
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Belle Collaboration 

Search for the lepton flavor violating decay r —> fj,j 
Belle Collaboration 



Transversely polarized beams and Z boson spin orientation in e+e~ —> Z7 with anomalous ZZ^j 
and Z77 couplings 
I. Ots, H. Uibo, H. Liivat, R.-K. Loide and R. Saar 

Electroweak corrections uncertainty on the W mass measurement at LEP 
F. Cossutti 

A Measurement of the Tau Hadronic Branching Ratios 
F. Matorras (DELPHI Collaboration) 

Flavour Independent Searches for Hadronically Decaying Neutral Higgs Bosons 
DELPHI Collaboration 

Measurement and Interpretation of Fermion-Pair Production at LEP Energies above the Z Res
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DELPHI Collaboration 
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DELPHI Collaboration 

Search for excited leptons in e + e~ collisions at sqrts=189-208 GeV 
DELPHI Collaboration 
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Hadronic contributions to the muon g -2 in the instanton liquid model 
A. E. Dorokhov 

Precision calculations of W and Z production at the LHC 
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Study of Trilinear Gauge Boson Couplings ZZZ , ZZ7 and Z77 at LEP 
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A determination of the centre-of-mass energy at LEP2 using radiative 
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physics and related fields. 
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