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PREFACE

This volume contains the oral presentations of the first Frontier  Science
International Conlerence held at the Frascati Laboratory from 6 to 11 October 2002.
About 150 people from 18 countries parlicipiled in the conlerence.

This new series of conferences is held in altemate years at Frascati and Pavia,
Italy. Buach conference focuses on one lopic, sclecled from among the mosl dynamic in
nuclcar and sub-nuclcar physics, astrophysics, mathcmalics, thearctical physics, carth
science, instrumentation, electronics, computing, and others. The series is organised into
plenary sessions, devoled partly Lo invited 1alks by senior scienlists and partly (o selected
presenlations by young rescarchers, and a posler scssion. Each year, special awards and
credils arc given Lo significant contributions presented al the confercnce by young
researchers. A further mission of the serics is (o convey lo the general public (he
imporlance of the ficld identificd as a fronticr in modern science.

This first confercnce was dedicated to the physics of charm, beauty and CP
violalion, with special emphusis on cxperimental results from operaling facilities and on
future projects and programs. The main topics were heavy-quark produciion and hadron
decays, CP violation and mixing, heavy-flavour spectroscopy, leptonic and semileptonic
decays. rarc and forbidden decays, instrumentation and facilitics.

The organisation of the conference had three chaltenging focal points. The firsl
was obviously scientific. This was a lime when physics at the meson facilitics Bbar and
Belle was provided exciling new results. A new era was beginning for the topics under
discussion and, as John Ellis said in his remarkable concluding talk: “Providing a
comprehensive and scientific programmc has been a very exciling and motivating task™. If
this was so, as the success of the conference seems (o show, most of the meril goes Lo he
Programme Commiltee members, who helped us in suggesting excellent reviewers.

The sccond task was no less compelling The innovative format of the conference,
that is, mixing dislinguished senior physicisls and young rescarchers, poses both
organisationa) as well as scienbfic issues. From the young rescarchers, we received about
60 presentations, 90% of which presenied at Ihe plenary sessions as uccepled
contributions or shorl falks. Filteen of these presentations were sclected for the Fronticr
Science Awards by a jury chaired by Sergio Bertolucei and Brad Cox. Qur sincere thanks
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to Sergio and Brad for having accepled this difficult task. The best posters, instead, were
selected on the basis of the voles cast by all the atiendees at the poster session. The Award
winners were: Tommaso Boccali, Tim Chrislianscen, Pasquale Di Nezza, Ulrik Egede,
Marc Holfeld, Alexey Petrov, Marco Rovere, Paolo Rumcrio, Ilaria Segoni.

The third task was to establish an outreach activity on the topics of the confercnce.
A leclure open to the public was given in ltalian by Antonino Zichichy and had an
attendance ol aboul 400 people. An educational Web site “ScienzaperTutti”
hup://www Inf.infn.it was realized and starled vp by fthe Froatier Scicnce Organising
Commitiee. The site is now successfulfy operating .

The conference was a success in all thesc aspects and the new scrics has been well
and solidly eslablished.

On behulf of the organizers 1 would like lo thank the Infermational Advisory
Committee members for their valuable advice and support all along the course of the
conference organisation. Our gratitude goes to all our reviewers, who did an excellent job
and inspired lively discussions oo lheir subjecls, to Marina Arturo und Clara Matteuzzi,
who organised and chaired a stimulaling round lable on the “Future in Flavour”, and 1o all
the speakers for their contributions.

I personally would like 10 thank (he Frascaii Laboratory Direclor for his
conlinuous supporl and for having assured the smooth running of the confercnee activitics
by providing help Irom the laboratory services, the people of Ihe Servizio Informazione
Scientifica for their conslant support, Lia Sabatini, Rossana Centioni and Maddalena
Legramante for their day-by-day assistance in all administrative und organisational issues,
and Luigina Invidia for assistance in editing these proceedings.

Franco Luigi Fabbri
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FrontierScience Awards

The Fronlier Science Organizing Commitiee, o encourage and promole the
participation of young researchers to the event, has presenled a number of selected young
physicists with a FrontierScience Award fur the best oral contributions and posters.

An international jury of senior physicists participating al the conference has
evaluated the young physicist oral contributions on the basis of the scientific rclevance,
clearness and originalily, while the best posters hive been sclected based on the votes cast
by all the attendces during the posler session.

The awarded researchers of the (wo catcgories are:
Best Oral Presentation by a Young Physicist

1° Pasquale Di Nezza
2° Alexey Pelrov

3° Ulrik BEgede

4° Pyolo Rumerio

Best Poster by a Young Physicist

[° [laria Segoni

2° Marco Rovere

3° Tim Christiansen

4° (ex equo) Marc Holfeld

4° (ex equo) Tommaso Boccali



First International Workshop on Frontler Science Laborator Nazionall dl Frascali, llaly - October 6 - 11, 2002

o S 20  Chm Bt and (P

The workshop is dedicated to heavy-quark production and spectroscopy, leptonic and
semileptonic decays, CP violation, mixing, detectors and new facilities. Invited speakers will
review key lopics while young researchers will present recent scientific achievements.
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Frascati Physics Serics Vol. XXX1 (2003), pp. 3-10
FRONTIERSCIENCE 2002 — Frascati, Octobcr 6—11, 2002
Invited Review Talk in Plenary Session

HEAVY QUARK PRODUCTION

D H Saxon
Dept of Physics and Astronomy, University of Glasgow,
Glasgow, G12 8QQ, Scotlond

ABSTRACT

The quality of the data on charm and beauty production is improving fast, with
new techniques reported at HERA and the TeVatron. Charm fragmentation at
HERA looks the same as at LEP. There is evidence for charm content in the
photon and fair agreement between theory and data in DIS. Beauty produc-
tion at LEP agrees with astounding precision with theory, but at TeVatron and
HERA there are 70% discrepancies between theory and results. Future accel-
erator running with the upgraded detectors will lead to a great improvement
in understanding.

1 Introduction

This article is an experimental review of open heavy flavour production, prin-
cipally in ep collisions, but with some reference to TeVatron and LEP results,



concentrating on results which are new since the review by Bussey 1), (The-
oretical aspects are dealt with in the talk by Nason in these proceedings.)
There has been considerable progress in technique. In charm-finding H1 use
decay length tagging as well as mass peaks, and the CDTF two-track trigger will
greatly increase charm samples. In beauty-finding results are available using
muon impact parameter as well as p'¢' of the muon relative to jets and for
the first time also D~ correlations. The situation on charm measurements is
relatively healthy. Comparison of the increasing number of beauty results to
theory still leaves more questions than answers.

2 Charm production

The traditional method of identifying charm events is through the decay chain
D*+ — D%¢F, D® - K~ =%, Jooking for a peak in the K~ mass spectrum in
events with a tagged by Am = (m(IK ~wFn}) — m{I~nt)) close to 145 MeV.
Charm signals are also seen in the X~ 7t mass spectrum without the D* tag.
H1 see a modest peak in Dt — K~7* 7t on a huge combinatorial background.
This is massively improved using the H1 silicon tracker to add a decay length
tag, and charm signals are seen for D+, D% D, and D*t in DIS for 2 < Q? <
100 GeV?, typically for pr > 2.5 GeV and |n{D)| < 1.5. Leading order plus
parton shower Monte Carlos such as Aroma 2 provide a good description in
normalisation and shape of the distributions in pr, @27 and y.(see figure 1.)
Having these four channels available allows one to compare charm frag-
mentation parameters in DIS with those found at LEP. H1 find R{u/d) =
1.26 £0.11+£0.04, v, = 0.36 £ 0.10+ 0.04 and V/(P + V) = 0.693 & 0.045 =
0.006 or 0.613 £ 0.061%3:333 depending on the assumptions made about u/d
universality. These are in reasonable agreement with the world averages of
1.00 £+ 0.09,0.26 £ 0.07 and 0.601 + 0.032 respectively. ZEUS have compared
the distribution in z = (E + py)/2Eje with LEP and CLEO data and find
agreement within the modest errors on all these. 3) One concludes that charm
fragmentation in DIS looks like charm [ragmentation in ete™ annihilations.
The NLO-DGLAP model HVQDIS %) (with the gluon ladder ordered in
k) describes differential cross-section distributions well, but double differen-
tial distributions such as the rapidity spectrum of D* for different pr bins are
less well described. HVQDIS lies below the forward D* data. Cascade (us-
ing CCFM parton shower distributions, where the gluon ladder is ordered in
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Figure 1: D% inclusive disiributions in deep inelastic scattering compared to
Monte Carlo calculations

rapidity) seems to do better. 5)

The structure function FQCE can be determined from the D* rate. There
is a large extrapolation to reach full acceptance, so one has to watch the model
assumptions made in doing this. Both ZEUS and H1 have done this in the NLO
DGLAP scheme. The scaling violations have a steeper Q? dependence than Fy,
such that charm contributes about 50% of the scaling violation in F,. One can
make further assumptions and calculate the gluon distribution zg(z) from D*
production in DIS and photoproduction. H1 find results very consistent with
z¢g(z) obtained from scaling violations in DIS. 6) H1 have also calculated Fye
in the CCFM scheme.The extrapolation factors are smaller (which is good) and
the value of F§¢ found tends to be lower. To understand this fully presumably
needs a lot of work on FECFM  comparable to that over the years on FPGLAP,
Watch this space.
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Figure 2: Photoproduced D* angular distribution in v*p centre of mass

ZEUS have studied D** photoproduction for 1.9 < pr < 20 GeV, |n| <
1.6 and 130 < W < 285 GeV looking at distributions of pr,n, W and z(D*).
Theory (NLO or FONLL) agrees reasonably in shape but lies somewhat below
the data in normalisation.

More information about the origin of charm in photoproduction is ob-
tained by studying yp — cc¢X 'in events with two jets and a D* tag. Ex-
perimentally one histograms the fraction of the energy in each event which is
contained in the two highest-Er-jets, (25" = (£,=12FBr;¢;")/2E.). The
region zﬁ’,”‘ > 0.75 is dominated by direct photon-gluon fusion with a hard
quark exchange. In the yp centre-of-mass frame this leads to a jet angular
distribution proportional to 1/(1 — cos#). The z2% < 0.75 region includes
the possibility of a ¢ pair being resolved within the structure of the photon.
One of these is struck by a hard gluon and recoils from the photon with an
angular distribution of 1/{1+ cos8*)?. A strong backward peak is found in the



data, providing clear evidence for charm content in the photon. 7 (see igure
2.) Monte Carlo calculations based on Pythia, Herwig or Cascade describe the
distributions fairly well. .

The ratio, (R = o(z3® < 0.75)/a (23" > 0.75)), for (yp — two jets)
events is sensitive to the resolved photon structure. For all two-jet events this
ratio exceeds 1 for photoproduction (rising to 2 for jets at lower Et) and falls
to around 0.3 (depending on Er) for Q* > 100 GeV?. For events with a charm
tag the ratio is flat at about 0.6 independent of Q2. This result is described by
various approaches: SAS1D describe it in terms of v* structure. Cascade and
Aroma avoid assumptions on 7" structure and produce low values of x@‘” by
parton shower evolution. Aroma, using DGLAP evolution, somewhat under-
predicts this effect. Cascade, using CCFM evolution, lies closer to the data.

There is a curious anomaly reported by ZEUS in that D* production in
etp is less than in e~p at the highest z and Q? values. The result (a factor
of two over several bins) persists after checks for many types of experimental
error. Tt is not understood. 7)

ZEUS report on D* production in diffractive DIS, 7) selecting events on
the basis of the most forward energy deposit, (fmax < 3.0.) This includes
(6.3 £ 0.6752 4+ 0.3)% of all D* in DIS. Seven distributions are studied and
described by models either having a gluon structure within the Pomeron (where
the result falls between the ¢¢ and the ccg models of BJLW,) or using gluon
ladders or higher order processes instead of an explicit Pomeron.

CDF report first results from their new two-track trigger, which is produe-
ing a step increase in quality of data. beautiful signals are seen for D® - KK,
DO 5 7w, Dt = ént and D, - ¢nt. Exclusive beauty hadronic decays such
as B¥ = D% — Knm are found after selecting on the D° impact parameter.
We may expect significant new physics results on charm and beauty production

in the future. 8)

3 Beaufy production

Beauty production in ete~ annihilation is extraordinarily precisely measured
and agrees astoundingly well with theory and model predictions. The b-fraction
and the b-fragmentation are exemplary, and 2% effects on gluon emission are
used to measure precisely m,. 9) 1t is therefore something of a shock to realise
that in pp and ep collisions there are big discrepancies between theory and
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Figure 3: CDF results on BT production compared to caleulations

data.

CDF run I measured b-production via BY = J/9pK* for pt < 20 GeV
and found a signal 2.9 times theéry. Revisiting the theory, 8) with revised
fragmentation functions and updating the calculation (FONLL) has reduced
this ratio to 1.7. A similar story is found in D0O. Jung reports a new fit
using Cascade (CCFM-based) that goes well through the data points. 5) We
can expect an improvement in the data with the upgrades to the TeVatron
detectors. The high b-tagging efficiency means we can look at bb correlations.
Studies of angular differences between two tagged jets will discriminate between
different production mechanisms.

Beauty production at HERA has been studied using muons close to jets
and using the g5 of the muon relative to the jet. ZEUS and H1 report event
samnples which are (27£3)% beauty with a large fake muon component. H1 have
shown results also using the muon impact parameter. The method is partially
independent, and yields similar purity (26 + 5)%. For photoproduction with
Pl > 2 GeV, 35° < 6 < 130° and kp-jets with By > 5 GeV, Hl report a
cross section of (160 & 16 £ 29) pb, which is a {actor 2.4 to 4 times higher than
NLOQCD({(FMNR), Cascade, or Aroma prediction. ZEUS show differential
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Figure 4: Summary of b-production comparisons of data and theory

cross-sections in rapidity (vange -1.6 to 2.3) and p4 (range 3 to 10 GeV), and
find a cross-section 1.9 times FMNR and well outside the errors. 10)

In deep inelastic scattering H1, (using pi¢' and impact parameters,) again
find a value excceding various calculations by a factor 2.6 to 4.3. ZEUS studied
a sample of 836 events from 60 pb™’ of data with a (25 % 5)% purity. They

find the spectra p,,,n,E)?;“eif, well described by Monte Carlo. Their rvesult for

o(ep — ebbX — e jet pX) is 1.4 times HVQDIS and only 1.0 S.D. high. 11)

First results are reported from a new technique of looking for events con-
taining both D* and muon. ¢ production produces these with opposite charge
and in opposite hemispheres in the vg rest frame. bb production also produces
opposite charges in the same hemisphere, same charge in opposite hemisphere.
The statistics are modest but the background suppression is impressive (34
beauty events in the same hemisphere opposite charge, on a background of
anly 3). Results again lie above theory. 12) Figure 4 summavises the state of
our knowledge.

In all these beauty studies the efficiencies are low and acceptance correc-
tions large. Measurements are made in different kinematic regions and maodel
assumptions are needed to veconcile them. Most of the resulis lie well above



the theoretical expectation. All will benefit from detector upgrades to H1 and
to ZEUS for HERA-II.

Results 13) have been reported by L3 and by OPAL on +y = ¢&X, bbX.

L3 use both electron and muon signatures and have lower false-lepton back-
grounds. The result is reminiscent of HERA. There is good agreement with
QCD calculations for charm, but for beauty the data lie a factor of about three
above the predictions. Clearly beauty production is fertile ground for future
study both experimentally and theoretically.
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CHARM PHYSICS IN THE NEUTRINO EMULSIONS

Francesca R. Spada*
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ABSTRACT

The CHORUS emulsion target was exposed during the years 1994-1997 to
the CERN SPS wide band neutrino beam. About 840,000 v, charged current
interactions were collected, out of which 140,000 were located in emulsion. Sig-
nificant improvements in the past few years in the automatic scanning systems
allowed a sample of events located in emulsion to be used for studies of charm
production. Here we present a determination of the semi-leptonic branching
fraction of charm hadrons based on a sample of 56,172 v, charged-current in-
teractions. We find B, = (9.3 £ 0.9 (stat) £ 0.9 (syst)) - 1072, We also present
a preliminary measurement of the production of A} baryon, based on 50,143
events, giving g (A})/o(CC) = (1.99 £ 0.13 (stat) + 0.27 (syst)) - 1072

* On behalf of the CHORUS Collaboration



1 Introduction

CHORUS is a hybrid experimental setup, with a target/detector of nuclear
emulsion which provides the resolution at vertex neceded to directly observe
production and decay of charmed hadrons.

Charm production in neutrino charged-current interactions has been stud-
ied in several experiments, in particular, CDHS 1), CCFR 2), CHARM 3),
CHARM-II 4), NOMAD 3) and NuTev 6) by means of electronic detectors
and through the analysis of dimuon events. Dimuon experiments suffer from
significant background {~30%) in which the second muon originates from an
undetected decay in flight of a pion or a kaon rather than from a charm decay,
and moreover the type of charmed particle and its decay topology cannot be
identified in these experiments. This is instead possible in emulsion experi-
ments which then guarantee a much lower level of background: this technique
has already been used in FNAL E531, that collected a statistics of 125 events
containing a charmed hadron.

2 The CHORUS experiment

The CHORUS event sample consists of about 840,000 v, CC interactions, col-
lected in the years 1994-1997. The SPS Wide Band neutrino beam is an almost
pure », beam with an average energy of about 25 GeV with small contamina-
tions from 5, (5%) and from v, and 7, (about 1%).

2.1 Experimental setup

The spatial resolution of nuclear emulsion (~1 pm with 300 three-dimensional
hits/mm) allows the identifcation of the charmed hadron decay signature, which
consists of the neutrino interaction followed by the charm path (visible for
charged hadrons, invisible for neutrals) and by the charm decay, showing an
odd number of tracks in the case of charged and even for neutrals.

The experimental setup is hybrid 7). the emulsion target is followed by
an electronic detector that reconstructs the kinematics of the event. The tar-
get is composed by 770 kg of emulsion divided into 4 stacks subdivided in 36
plates each. Scintillating fibre trackers are used to predict the vertex position
and drive the event search in emulsion. Downstream the fiber tracker a hexag-
onal air-core spectrometer measures charge and momentum of hadrons with a



30% resolution for 5 GeV/c¢ particles. A lead and fibre calorimeter built with

the spaghetti technique measures energy and divection of electromagnetic and
hadronic showers. The end systemn is an iron-core spectrometer which measures
the momentum of muons with a resolution of 19%.

2.2 Emulsion scanning and event reconstruction

The charm decay search is performed using the netscen method, originally
developed for the DONUT experiment 8). It consists in recording all track
segments within a 400 mrad angular acceptance in a volume surrounding the
assumed vertex position (6.3 mm longitudinally, corresponding to 8 plates, and
1.5 x 1.5 mm? transversely). The parameters of all track segrents found in
this volume are stored in a database. Typically, five thousand track segments
ave recorded per event. Alignment, tracking and a first rejection of tracks not

belonging to the event are then performed offline, giving on average 40 tracks
7 per event. The track sample is redundant: optimized event selections must be
developed for each specific analysis.

3 The semileptonic branching fraction masurement

The charm production cross section is relevant for the determination of several
quantities such as the strange quark content of the nucleon, the charm mass
and the CKM matrix elements |V.4| and |V,|. Counter experiments can only
measure the dimuon production rate, which is correlated to the charm produc-
tion cross section through the average charm branching ration intc muons B,,.
The only existing measurement of this quantity is due to FNAL E531, which
measured fragmentation fractions and combined them to the already known
individual semileptonic branching fractions and found B, = 0.099 £ 0.012.
CHORUS has the statistics sufficient to determine B, directly from the num-
ber of charm events with a secondary muon in the final state with an error
comparable to that of the indirect measurement. The starting sample consists
of 56,172 events analyzed with the netscan.

3.1 Event selection

The selection of events containing a charm decay is based on the evidence of a
secondary signal: either a vertex or an isolated track stopping in the fiducial
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Figure 1: The semileptonic branching fraction behaviour with visidle energy.

volume must have been reconstructed in addition to the primary vertex. The
matching with a detector track guarantees that the vertices do belong to the
event. Thus 1055 events are selected. To evaluate the purity a subsample of
244 events was visually inspected, and 11 events did not show secondary vertex
(primary tracks wrongly tagged as secondary, passing-through tracks identified
as stopping) while 12 events contained secondary interactions. This results in
a selection purity of 0.91 & 0.02 and in a corrected number of selected events
Noer = 956 £ 35. .

Efficiencies were evaluated with a Monte Carlo in which simulated in-
teractions are superimposed onto real netscan acquisitions in order to have a
realistic track background, then processed as real data.

3.2 Secondary muon identification

Muons can be identified in calorimeter and spectrometer. Above 4 GeV,
where all muons reach the latter, the efficiency is above 95%, while it is
much lower where only a calorimeter measurement is available. Integrated
over the momentum spectrum, the average y identification efficiency is 55%.
The number of events in which a secondary muon was identified is Nf:j =
88 + 10 (stat) & 8 (syst). The semileptonic branching fraction is then given
by B, =R- Nf;;/N,e[ where R = 1.01 4 0.05 is a correction factor that takes
into account the efficiencies. CHORUS then measures B, = (9.3 £ 0.9 (stat) +
0.9 (syst)) - 10~2. Dividing the sarple into three bins, the energy dependence

of B,, shown in figure 1 has been obtained.
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Figure 2: Flight length distribution for D¥, D¥ and A} (Monte Carlo).

4 The A} production measurement

The resolution on hadron momentum does not allow particle identification on
an event-by-event basis, thus the A¥ production has been studied with statisti-
cal methods using the particle flight length distribution. As shown in figure 2,
the sample of events with flight length below 400 pm is dominated by AF. The
event selection is then based on the requirement that the the primary muon
and some other track of the event originate in the same emulsion plate. The
starting sample consists of- 50,143 events analyzed with the netscan. To opti-
mize the efficiency no track matching with the detector is required, but this
disfavours the purity which is about 20%: all 1605 selected events were then
visually inspected. Of the confirmed charm events, those with flight length
between 40 and 400 pm are kept (125 events). To estimate the contamina-
tion from DT and D}, anather charm search is performed on events selected
requiring that the secondary vertex (or track) is not in the same plate as the
primary, and 582 events are selected and visually inspected. Of the confirmed
charm events, those with flight length above 400 pm are used in the analysis
(227 events). _

The background mainly comes from white interactions, i.e. in which the
nuclear activity is not visible, and 6 & 1 events are expectéd. Efficiencies are
evaluated with the Monte Carlo simulation described in section 3.1

Combining short and long decay search after dividing decays in 1 prong



from decays in 3 prongs, the number of A} produced can be evaluated solving
the system of equations

_ Dt _p+ ;. ¢D¥ D} AFy AT
Nsi =npfsy €51 +knpfg €gf +np(l— f3°)eg]
_ pt_pt | . Dr _n} AT AT
Ngs =npfss €53 +knpfes €55 +1n,5f37 €55

[ pt _p* p¥ _DF AT st
Niz=npfryepy +hnpfrser; +ny+f3°€;3

where Ngy (g3, 3y s the number of events in the short-1 prong (short—3 prong,

e DY(DFAYY | P ; :
long-3 prong) sample, £, (Sa’ L3y axe the efficiencies evaluated with the sim-

: . DT (DF) AF . . .
vlation, fsisa’ and f,¢ are the production fractions taken from existing

L3)
measurements, the ratio k = np+/np+ = 0.13 is taken from E531, and np =

np+ +p+ and n,+ are free parameters to be determined from the equations.
Taking into account the background, CHORUS measures o{A¥)/o(CC) =
(1.3940.02 (stat) £0.27 (syst)) - 1072, This result must be considered prelimi-
nary as systematics and other background sources are being further evaluated.
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MODEL INDEPENDENT MEASUREMENT OF THE
FRAGMENTATION OF b-QUARKS INTO B MESONS
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ABSTRACT

The new results about b quark fragmentation function at the 7 peak are re-
viewed. Different methods and strategies lead to compatible results, which are
substantially bigher than older results.

1 Introduction

In high energy processes which involve strong interactions the quarks are not
observed as free particles, but appear as jets of colourless hadrons. The process
of hadron production is usually described as the convolution of a perturbative
part (photon and gluon radiation with Q2 > 1 GeV) and the non-perturbative
fragmentation process itself, which is parametrised in terms of the variable z =

E+p .
((F+1|r)) , Where the numerator refers to the hadron after fragmentation, and
- quark



the denominator to the quark just before fragmentation, i.e. taking into account
initial and final state radiation and hard gluon emission. The fragmentation
is described in terms of the probability of a B hadron to be generated with a
given z, called f(z). Many phenomenological models are present in literature
for f(z), amongst the most popular Peterson 1), Kartvelishvili 2), Collins 3)
and Bowler 4) can be cited. Unfortunately 2 is not accessible experimentally,
and hence a direct reconstruction of f(z) is not possible. The energy spectrum
of B hadrons can instead be described ip terms of the scaled mean energy zp,
defined as the ratio of the heavy badron energy to the beam energy zg = Elf,h.i. .
The main difference between the z and z g variables is in the denominator,
because Fheam does not unfold the effects of initial and final state radiation
and hard gluon emission. Together with z, a distribution F{z) analogous to
f(z) can be defined. It is also often better to consider not the first generated
B hadron, but. weakly-decaying B hadron, whose scaled energy is denoted z3%°.
The differences are due to higher resonant states which decay heavily, as in

B** — Bx or in B* — Br.

2 Experimental methods

Different methods have been used so far to directly measure F'(z) fragmentation
functions. Inclusive variables like semileptonic & = v X lepton momenta and B
jet energies are correlated with the energy of the B hadron. Otherwise, one can
select inclusively jets coming from B decays using their lifetime information;
then, a wise choice of the tracks in the jet which are supposed to come from
heavy quark decays allows a direct reconstruction of the energy of the leading
B hadron. Finally, one can also semi-exclusively reconstruct the energy of a B
meson by looking at the semileptonic decays B — fvD*); the charmed meson
can be identified in a number of decay chaunnels, while the neutrino energy has
to be estimated using missing energy techniques or directly correcting with
Monte Carlo simulation. In the first method one basically reconstructs only
the lepton track, and Monte Carlo simulation has to be used to derive the true
B hadron energy; in the last one, instead, almost all of the energy of the B
hadron is directly reconstructed, thus depending less on the simulation.

Older LEP measurements 5) were using the first method, and a functional .
shape for f(z) (usually Peterson 1)) was imposed since the analysing power is
not good enough to retrieve a real spectrum. The average value for (z°) was



0.702 & 0.008. The newest measurements by ALEPH 6), SLD 7), DELPHT 8)
and OPAL 9), instead, use the second and the third methods.

ALEPH 6) selects B mesons exclusively in B = €vD®™ decay channels,
with the D* and D mesons are reconstructed exclusively in five channels. Neu-
trino energy is recovered using missing energy techniques. In this way, 3400
candidates are selected with an expected B energy resolution of 4%.

DELPHI 8 and OPAL 9) select charged and neutral decay B products
with artificial neural networks. Information like track impact parameter sig-
nificance, the presence of displaced vertices and rapidity information are used
as inputs. The B hadron energy is either estimated again by neural networks
(DELPHI), or obtained from a weighted sum of all track and cluster energies,
where the weights are again from neural networks (OPAL). This inclusive se-
lection allows a greater statistical sample (/200000 B decays reconstructed),
but with a resolution on B energy of about 10%.

SLD 7) achieves an inclusive B hadron reconstruction using only charged
tracks from B decays, making use of their excellent vertexing system and of
the very small interaction region of SLC. Neutral track information is retrieved
using B flight direction from the decay vertex and assurning the B average
mass for the vertex. In this way, using hard cuts to select a subsample with
good resolution, SLD selects 254000 events with an energy resolution of ~10%.

Two different kinds of analysis are possible once the reconstructed B
energy is available:

e 2 fit to various f(z) distributions, to check compatibility with data
¢ a model independent deconvolution of detector effects to get a F'(z) shape

The general trends is, consistently among the measurements, that Bowler and
Kartvelishvili f(2) parameterisations describe quite well the data; Peterson is
disfavoured and Collins ruled out. Note also that the results using Peterson
are consistently lower than the best ones.

The model-independent studies result in values for (z3¢)

ALEPH 6) 0.7163 4 0.0061 + 0.0056 SLD ) 0.709  0.003 % 0.003 + 0.002

DELPHIY) 0.7153 +£0.000719:94  OPAL %) 07193 + 0.0016*0-0028

and in full F(x) shapes as in fig.1.
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Figure 1: Reconstructed spectrum for F (z39)

3 Conclusions

The newest results by LEP and SLD Collaborations agree well in setting an
average value for b quark fragmentation function higher than previously mea-
sured 9). This is explained since the older measurements were assuming a
Peterson 1) shape for f(z), while now this seems disfavoured.
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CHARM AND BEAUTY PRODUCTION IN TWO PHOTON
COLLISIONS AT LEP

Achard Pablo*
Geneve University, DPNC, 24 quoi E. Ansermet, 1211 Genéuve 4

ABSTRACT

Heavy quark production is widely studied in two-photon collisions at LEP and
is a very fruitful laboratory for testing perturbative QCD. Clear evidence for
the gluon content of the photon is obtained. The data favour low values of the
charm mass. The bb production is found to be three times higher than the
NLO QCD predictions.

Two photon collisions are the main source of hadrons at LEP. The study
of charm and beauty production in two-photon collisions, introducing a large
physical scale, provides a means of testing pertubative QCD and of probing
the partonic structure of the photon. At LEP energies, the direct and sin-
gle resolved processes, skefched in Figure 1, ave predicted to give comparable
contributions to the cross section o(yy — c&,bb). The resolved photon cross

“ Opn behalf of the L3 Collaboration
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Figure 1: Feynman. diagrams of the two main yy — ¢C, bb processes

section is dominated by the photon-gluon fusion process yg = qq. This talk is
a short survey of recent LEP results 1).

The event selection follows two steps: first hadronic final states from two-
photon collisions are selected, then an heavy quark is tagged. A cut on the
calorimetric energy deposited in the detector provides a clean separation be-
tween two-photon collisions and e*e™ annihilation processes. The charm is
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Figure 2: Left: transverse momentum of the electron with respect to the nearest
jet. Right: total cross section of cc and bb productions with respect to /3.



tagged either by the presence of a D* resonance or by the presence of a lepton
(electron or muon). The D** meson is studied via its decay into a D® meson
and a low energy 7¥. D® o K~7%, D® = K~ nta® and DO = K~ nFq-—at
decay channels are analysed. The beauty is tagged with high momentum lep-
tons. The transverse momentum distribution of the lepton with respect to the
nearest jet is fitted with uds, ¢ and b content as free parameters as shown in
Figure 2(Jeft).

The total cross section of charm production, e*e™ = ete™¢zX, shown in Fig-
ure 2(right) is in good agreement with NLO QCD predictions 2). The direct
process alone is insufficient to describe the data. This is an evidence of the
importance of the gluon-photon fusion process and of the gluon content of the
photon.

The L3 and OPAL measurements of the total cross section of beauty produc-
tion are in good agreement with each other, but data are more than three times
higher than NLO QCD predictions 2).
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Figure 3: Left: differentiol cross section of the charm. production uith respect
to the transverse momentum of the D*. Right: total cross section with respect
to the mass of the yy system.

The differential cross section of the charm production as a function of the trans-
verse momentum and the total cross section vy — ¢€X as a function of the
mass of the y~ system W.,, are also measured. In Figure 3, one can see that
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these measurements favour a low value of the charin mass. The rise of the vy
cross section at high W, values is characteristic of the resolved processes 3),
The separation between the direct and the resolved processcs has also been
studied with kinematic variables of the jets.

As shown in Figure 4, the charm structure function of the photon exhibits at
low z higher values than predicted 4). The gluon component of the photon is

therefore probably underestimated.
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Figure 4: Charm structure function of the photor.
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BARYONS
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ABSTRACT

The SELEX experiment (E781) at Fermilab observes high mass states decay-
ing to AFK~nt+ and AYK~ pitnt, possible decay modes of doubly-charmed

baryons =}, and Z1-F. The masses are consistent with theoretical predictions
for double-charm baryons.
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Universidade Federal da Paraiba, University of Iowa, University of Michigan—
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1 Introduction

The existence of baryons with two and three charm quarks is expected from our
present understanding of hadronic structure. In the double-charm system one
expects a J=1/2 ground state iso-doublet, termed Z5** in PDG notation 1),
Most predictions for the masses of the J=1/2 states and the J=3/2 hyperfine
excitations expect the ground state near 3.6 GeV/c? and a hyperfine split of
60 MeV/c? 2).

2 Features of the Selex spectrometer

The SELEX experiment at Fermilab used a magnetic spectrometer and a high
resolution silicon vertex detector with 600 GeV %~ and «~ beams and a 570
GeV protan beam to study large-zp charm production (< zp >~ 0.35). 3)
A RICH detector identified secondaries above 25 GeV/c. 4) Details of single-
charm analyses involving A — pK ~n reconstructions can be found in 5, 6).
Tbe double-charm search discussed here began with the sample of 1630 A}

events used in the lifetime analysis 5),

3 Double-charm Analysis

Our topological search looked for double-charm baryons decaying via a Cabibbo-
favored decay to an s-quark plus a daughter A} baryon. A double-charm can-
didate formed a vertex having the AF along with 2 more tracks (Q=1) or 3
more tracks (Q=2). We called the negative track a kaon in the right-sign re-
construction, then reanalyzed the same events calling the negative track a pion
to study wrong-sign backgrounds. Event selection cuts required vertex separa-
tion significance L; /oy > 1. The A} momentum vector must point back to the
primary vertex within a x? cut of 4. The signal significance does not depend
critically on any cut value.

3.1 Q = | reconstruction

For single-charged baryons, the K~7t A} mass distribution shows a E¥, can-
didate at 3520 MeV /c?, consistent with most model calculations. The peak is
narrow but consistent with simulation. The signal region contains 22 events
with a background of 6.1 + 0.51 events, for a single-bin significance of 6.3 o.
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Figure 1: (a) The AF K~ 7t mass distribution in 2.5 MeV/c? bins. (b)The
AYK w7+ mass distribution in 7.5 MeV /c? bins.

The probability of such an excess is less than 1078 for a single bin. The proba-
bility of such a fluctuation anywhere in the mass range is < 1.1 x 104 SELEX
has reported this as the first observation of a doubly-charmed baryon 7).

3.2 Q=2 Reconstruction

For double-charged baryons, we look for an isospin partner of the =}, (3520).
The K=n* 7+ A} mass distribution in the vicinity of 3520 MeV /c? is shown at
right in Fig. 1, along with the wrong-sign background. There is a 2} candidate
at 3460 MeV/c?. The observed width (6 + 1 MeV/c?) matches simulation.
Events outside the signal region show a strong preference for the center-of-
mass (CM) angle of the negative track to be near 180 degrees. Simulation
indicates that a cut to remove such events should have very little effect on the
signal region for a phase-space decay distribution. That is indeed the case in
the data. With the selection shown, we find 9 events in the peak, compared to
an expected background of 1 event. The Poisson probability that there is an
excess of 8 events or more anywhere on the plot is 1075.

3.3 Production

Both 2%, and S%* states are produced only by baryon beams in SELEX data.

There are no signal candidates from the pion beam. Simulation studies sug- .
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-gest that the double-charm states may account for as much as 40% of the AT

sample seen in this experiment, a surprisingly high fraction. The FOCUS pho-
toproduction experiment at Fermilab (230 GeV) has looked for these states
using 20,000 A} events and sees no signal peaks 9). 1f SELEX is correct, the
hadroproduction mechanism is unusual. This situation is reminiscent of the
discovery of the EF baryon in the WAG2 experiment at CERN. That experi-
ment observed enormous large-z g production: o- B = 0.6 ub for z > 0.6 from
135 GeV hyperons 8).

4 Summary

SELEX has introduced two statistically-compelling new high-mass states that
decay into a final state AF, K~ and one or two 7F, as expected for double-
charm baryon decays. It is difficult to understand the 60 MeV /c? mass differ-
ence between the Q=1 and Q=2 states if they are members of the ground state
isodoublet. However, any other interpretation of these states is also problem-

atic.
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ABSTRACT

I discuss few recent developments in Heavy Flavour Production phenomenology.

1 Introduction

The phenomenology of Heavy ftavour production attracts considerable theoret-
ical and experimental interest.

The theoretical framework for the description of heavy flavour production
is the QCD improved parton model. Besides the well-established NLO correc-
tions to the indusive production of heavy quark in hadron-hadron L 2,3, 4),

5, 6, 7), and photon-photon collisions 8), much theoretical

hadron-photon
work has been done in the resummation of contributions enbanced in certain
regions of phase space: the Sudakov vegion, the large transverse momentum

region and the small-x region.
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The theoretical effort involved is justified by the large variety of appli-
cations that heavy quark production physics has, in top, bottom and charm
production. Besides the need of modeling these processes, heavy quark pro-
duction js an jimportant benchmark for testing QCD and parton model ideas,
due to the relative complexity of the production process, the large range of
masses available, and the exdstence of different production environments, like
ete~ annihilation, hadron-hadron, photon-hadron and photan-photon colli-
siops. Although the order of magnitude of the total cross sections, and the
shape of differential distribution is reasonably predicted, in some areas large
discrepancy are present, especially for b production.

2 Total cross section for top and bottom

Top production 9, 10) has been a most remarkable success of the theoretical
model. The measured cross section has been found in good agreement with
theoretical calculations, as shown in fig. 1. Resummation of soft gluon ef-
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Figure 1: Results on top cross sections ot the Tevatromn.

fects 11) reduces the theoretical uncertainty in the cross section, pushing it
toward the high side of the theoretical band. It remains, however, inside the
theoretical bang of the fixed order calculation, thus showing consistency with



the estimated error.

Recently, the HERA-B experiment has provided a new measurement of
the bb total cross section 12). Their result is in good agreement with previous
findings 13, 14) More details on this measurement have been given in Saxon’s
talk 15). Here I will only make some remarks on the theoretical aspects. This
experiment is sensitive to the moderate transverse momentum region, where
the bulk of the total cross section is concentrated. Since the production is (in a
certain sense) close to threshold, resummation of Sudakov effects is important
also in this case, and brings about a considerable reduction of the theoretical
uncertainty 1) The HERA-b result is compatible with the central value pre-
diction, with the b pole mass around 4.75 GeV. Higher precision may constrain
further the b quark mass.

3 Differential distributjons

The Tevatron has had a longstanding disagreement with QCD in the b trans-
verse momentum spectrum. A recent publication of the Bt differential cross
section by CDF 16) has quantified the disagreement as a factor of 2.94+0.24+0.4
in the ratio of the measured cross section over the theoretical prediction. This
discrepancy has been present since a long time, and it has been observed both
in CDF and DO. Some authors 17) have argued that the discrepancy could be
interpreted as a signal for Supersimmetry.

Because of the large theoretical uncertainties, this discrepancy has been
often downplayed. In fact, several effects may conspire to raise the b cross
section to an appropriate value: small-z effects 1, 18, 19), threshold effects 11)
and resummation of large logp-. It is not however clear whether these effect
can be added up without overcounting. Furthermore, they are all higher order
effects, and thus should not push the cross section too far out of the theoretical
band, which includes estimates of unknown higher order effects.

Recently, a small-z formalism 20, 21, 22, 23) a5 been implemented in
a Monte Carlo program 24) (the CASCADE Monte Carlo), and it has been
claimed that this programs correctly predicts the b spectrum at the Teva-
tron 25). Although encouraging, this result should be regarded with a word of
caution. The formalism involved only accounts for leading small z effects, and
does not correct for the lack of leading terms, that are known to be important
for heavy flavour production at the Tevatron regime. Experience with other
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contexts wheve resummation techniques bave heen applied has tavght us that
it is not difficult to overestimate the importance of resummation effects, and
much study is needed to reliably assess their importance 26),

It has been observed since some time that an improper understanding
of fragmentation effects may be one of the causes of the Tevatron discrepancy.
This possibility stems from the fact that b quark cross sections are in reasonable
agreement with the Tevatron measurements of the B meson spectrum, while
the cross section obtained by applying a standard fragmentation function of
the Peterson form 27) with ¢ = 0.006 to the quark cross section yields too soft
a spectrum. It was suggested 28) o study b quark jets rather than B meson’s
distributions. In fact, the jet momentum should be less sensitive to fragmen-
tation effects than the hadron momentum. A DO study 29) has demonstrated
that by considering b jets instead of B hadrons the agreement between theory
and data improves considerably. '

It was recently shown 30) that an accurate assessment of {fragmentation
effects brings about a reduction of the discrepancy from the factor of 2.9 quoted
by CDF to a factor of 1.7. This remarkable reduction is essentially due to recent
progress in fragmentation function measurements by LEP experiments and the
sLD 31, 32 33, 39) (the current status of fragmentation measurements has
been reviewed in Boccali’s talk 35)), and by a particular method for extract-
ing the relevant information about non-perturbative fragmentation effects from
the ete™ data. Here I will not enter in the details of the method, that have
been described in 30). T will instead try to give an overall illustration of the
main features of the method. First of all, strictly speaking, the description of
fragmentation effects in terms of a fragmentation function (i.e., a probability
distribution for an initial quark to hadronize into a hadron with a given fraction
of its momentum) is only valid at very large transverse momenta. One could
then extract the fragmentation function from LEP data, and use it in high pr
B production at the Tevatron. Unfortunately, the regime of large transverse
momenta is not quite reached at the Tevatron. For example, the differential
cross section do/dp2dy at the Tevatron, for pr = 10,y = 0, computed at the
NLO level including mass effects is 12.1 nb/GeV?2, while in the massless approx-
imation (i.c., neglecting terms suppressed as powers of m/p..) is 1.78 nb/GeVZ.
At pr = 20 we bhave 0.3721b/GeV? for the full massive, and 0.220nb/GeV?
for the massless limit, which starts to approach the asymptotic value. As a



rule of thumb, the massless approximation starts to approach the massive one
around pr =5 5m'. It does therefore make no sense to use any massless approach
for p» < 5m. In earlier work on heavy quark production at large transverse
momentum 37), this fact went unnoticed, since large higher order terms (i.e.
beyond the NLO level) in the fragmentation function approach accidentally
compensated for the lack of mass terms, thus giving the impression that the
massless approach is good down to pr & 2m.

In order to perform a calculation that is reliable in both the low and the
high transverse momentum regime, we have thus to merge the massive NLO
calculation with the fragmentation function approach. The merging point must
therefore be around pt =~ 5m. A summary of the theoretical tools that have
lead to the matched {so called FONLL) approach are summarised as follows:

1 Single inclusive particle production in hadronic collisions 38), Single
hadron production are described in term of NLO single parton cross sec-
tion convoluted with a NLL fragmentation function;

2 Heavy quark Fragmentation Function 39); a method for the computation
of the heavy quark fragmentation function at all orders in perturbation
theory is developed, and applied at NLL. Several applications in e¥e™

physics have appeared 40, 41, 42, 43)

3 Single inclusive heavy quark production at large pr 37); item 1 and 2
are combined to give a NLL resummation of transverse momentum loga-
rithms in heavy quark production;

4 FONLL calculation of single inclusive heavy quark production; item 3
is merged without overcounting with standard NLO calculations. This
procedure has been implemented both in hadroproduction 44) and in

photoproduction 45, 46)

A summary of comparison of the FONLL calculation with data is given in
fig. 2. More details on the CDF measurement have been given in Saxon'’s talk.
The comparison with DO data {still preliminary) shows very good agreement,
compared to the discrepancy of a factor of order 3 found in the D0 publication.

'This elementary fact has been known for more than five years, although,

surprisingly enough, some authors prefer to ignore it even now 36)
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tion

4 Conclusions

The theory of heavy flavour production seemns to give a good gualitative de-
scription of the available data. In the case of top production, the comparison
between theory and experiment is satisfactory also at a quantitative level.

Recent progress has taken place in the field of b hadroproduction. The
HERA-b experiment has provided a cross section for b production at relatively
low CM energy. Some progress in understanding the role of {ragmentation has
considerably reduced the longstanding problem of the b momentum spectrum
at the Tevatron.

Major problems do remain in the (perhaps less developed) areas of bottom
production.in ¥y and vp collisions. Discussion of these problems were reported
in Saxon’s and Achard’s talk in this conference 1 48). 1 both contexts,
while charm production seems to be reasonably well described by QCD, there
is an excess of bottom production, which seemns to be far out of the theoretical
uncertainty band. These problems have been around for sometimes now. On
the positive side, the recent Zeus measurements presented in 15) seem to show
a smaller discrepancy than previously found.
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ABSTRACT

Recent experiments on heavy quarkonium production performed at high energy
colliders (HERA and the TEVATRON) and at e*e™ machines, are presented
angd discussed within the framework of the NRQCD /factorization formalism.

Experiments at the new high luminosity e*e™ beauty factories (BABAR
and BELLE) and the upgraded versions of CLEO and BES are producing
a wealth of new data on heavy quarkonium decays. Here the discussion is
restricted to the most recent results on radiative cascade decays (Q_Q) -
(@Q)' + ) and on the electromagnetic decays (QQ) — y). The results from
ete” machines are compared to those obtained with a different technique by
E835 at Fermilab.

New evidence for the 2' Sy state of Charmonium , the 77.(25), and for a 1D
state of Bottomonium, announced respectively by the CLEO-ITI and BELLE
collaborations, is also presented.



42

1 Introduction

After a few years of relative quiet, the field of Quarkonium (= heavy quarko-
nium) is now again bursting with activity. New results on spectroscopy, pro-
duction and decay are coming in and more are expected given the large data
samples available. Moreover failures in past attempts of explaining some of
the experimental results have stimulated tbheoretical investigations leading to
improved tools to deal with the boundary domain between perturbative and
non pertu-bative QCD.

In this paper I will introduce briefly the theoretical formalism currently
used to discuss Quarkonium (section 2), review significant experimental results
elucidating the mechanism of Quarkonium production '(section 3), and present.
new results on a subset of interesting Quarkonium decay channels (section 4).

2 The NRQCD /factorization formalism

At the beginning of the past decade Bodwin, Braaten and Lepage 1) introduced
the Non Relativistic QCD/factorization formalism, an effective field theory
based on a double series expansion on ¢, and v, where v is the velocity of the
quarks relative motion within the hadronic states partaking in a reaction. Since
obviously this formalism applies when both «, and v are small, Quarkonium is
an ideal test ground.

In this formalism the cross-section for Quarkonium production is written as:

ala+bd— (QQ) +..) = Sosp(pa +py = (@ + Q)[n] +....) x LDM E[n]

where a and b are the incoming particles and p,, p, are point-like probe and
target for the short distance elementary process. osp is the cross section for
the short distance process, calculated with standard perturbative techniques.
The perturbative series runs over intermediate Fock states [n{colour,(25+1){;))],
characterized by their color and angular momentum degrees of freedom.
LDME|n] are long distance matrix elements that are assumed to be uni-
versal (that is independent of the short distance process) and factorizable. It is
hoped that eventually the LDME|n] will be computed by Lattice techniques. At
present they are derived from fits to experiments. Results should depend only
on [n] and be consistent with a prescribed NRQCD scaling order (for example,



forfn] = [1,3 5] they should contribute a factor o« M3v and for [n] = [3,% Fj]
2 factor oc J\’[gv% ). For 35 states (1 's and Y ’s ), in the limit » — O this
formalism, at lowest order, reduces to the more familiar Color Singlet Mode]
(CSM) where only intermediate colorless states are allowed and whsre the soft
processes are described in terms of QQ state wave-functions calculated from
potential models.
Early results from the measurement of the:

p+p— (QQ)+ ...

cross-section 2), performed in Run I at the Tevatron, encouraged optimism.
As shown in Fig.1, while Lowest Order (LLO) CSM fails to reproduce the data,
LO NRQCD, which allows for a significant contribution of octet terms (CO)
[8,25%11;), describes well the experimental results. In the next section I will
show how the situation evolved in the light of recent experiments.
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Figure 1: Transverse momentum distribution of Y (1S) from prompt production
chunnels
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3  QQ production mechanism

I will discuss first production mechanisms on a proton target. This will include
results from experiments performed at HERA (ZEUS and H1) to study

and results of recent measurements performed at the Tevatron (CDF and DO0)
where the reaction studied is: :

p+p— (QQ)+ ..

The available data samples are listed in Table 1. New results are expected
soon from the current data taking (Run II) at the Tevatron.

Experiment Year Luminosity
ZEUS + H1 (et) 94 -97; mid 99- 00  60;120 pb~!
ZEUS + H1 (e™) 98 - mid 99 15 pb!
CDF and DO 1992-95 110 pb~!

Table 1: Integrated Luminosities for high energy experiments on a proton target

3.1 ZEUS and HI at HERA

Variables used are: transverse momentum, pr, Wfﬂ, = (q +P)?, (with q,P the

four momenta of -y and proton respectively), rapidity, and z = Vqﬁ;“ = g% (with

E* in the proton rest frame). The variable z is used to distinguish diffractive

processes, where z = 1.0, from inelastic processes, where z < 0.9. In what
follows I will only discuss inelastic processes.

In Fig.2 are drawn the NRQCD lowest order photon-gluon fusion graphs
that are thought to give the largest contributions. In (a) the intermediate state
is a singlet and the emitted gluon is a hard one. In (b) the intermediate state
is an octet that transforms into a singlet by bleeding off a soft gluon.

A good example of the ambiguities that can arise in the interpretation
of experimental results is given in Fig.3, left 3) were the p% distribution of
inelastic J/1) photoproduction, is compared to CS LO, to (CS + CO) LO
and to CSM NLO. It is apparent that to describe the experimental results a
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Figure 2: Lowest Order graphs for Quarkonium production in electron proton
interactions. The dash-dotted line is drown to separate hard and soft processes.
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Figure 3: Comparison of p> (left) and z (right) distributions with theoretical
estimates

lowest order calculations would require a CO coutribution, which seems to be
unnecessary when CSM calculations are performed at NLO. In Fig.3, right 3)
the z distribution is compared to theoretical predictions. The dotted curve
going through the data is the result of a NRQCD calculation and includes
contributions of singlet and octet terms. The apparent agreement is misleading
since it was obtained modifying the values of the LDME obtained by CDF for
the same intermediate states.
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3.2 CDF and DO at the Tevatron

The interpretation of experimental results is more complicated in this case due
to the complex nature of the probe. In fip collisions the dominant contribu-
tions to QQ production are expected to come from the lowest order gluon-gluon
fusion diagrams (the diagrams of Fig.2 where a gluon is substituted to the in-
coming " ). At present results are available both for (&) and {bb) production
however, since (é¢) data are much more abundant and since the data on (bb)
seem to follow closely the pattern of (¢¢) production, I will discuss only pro-
duction of (ge) states

The experiments detect J/+ and (25) states through their decay into
a utu~ fina) states. J/t can come from three different sources: (a) directly
produced in the gp reaction, (b) from the decay of heavier (éc) states,h(25)
and x., and (¢) from the decay of b-flavored hadrons. The CDF collaboration
estimated the fraction of J/9's from x. by reconstructing the y,. decays to
J/# +~, while the (c) component was separated from the prompt ((a) + (b))
components reconstructing the displaced vertex of B decay.
CDF has recently measured the polarization of J/3 and #/(25) produced in pp
interactions 4. At large pr one expects the ¢'s to be increasingly transversely
polarized if their production is dominated by gluon fragmentation. This follows
from the fact that the polarization of the gluon, close to being on shell in this
kinematic regime, is preserved when the &c state evolves into a bound state.

The measurement of the polarization of 1 mesons is pexformed by study-
ing the diflerential cross section as a function of the angle 8* between the pt
direction io the 7) rest frame and the 1) direction in the pp center of mass frame.
The angular distribution I(cos8*) is proportional to (1 + a % cos%0*) where a
= +1 (-1) for full transverse (longitudinal) polarization and O for unpolarized
’s. Fig.4 shows the comparison of the experimental results to the predictions
of the NRQCD /factorization model. As seen in Fig.4 the polarization fails to
increase with pr as would be expected from the theory .

3.3 Direct Quarkonium production at eTe™ colliders

Prompt production of Quarkonium has also been extensively studied at eTe~
colliders: at LEP where Z— J/1, Z— 9(25) and 2— Y, cross sections have
been measured and, at low energy, by CLEO, BABAR and BELLE.

The most recent results come from BABAR 5) and BELLE ©) that have stud-
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Figure 4: CDF Polarization Measurements

ied prompt production of J/1 at and just below the Y(4S) with the largest

integrated luminosities ever obtained so far (see Table 2).

In the NRQCD formalism one expects the graphs given in Fig.5 to contribute

FANE S T

| Exper. J/v T (285) Y(15) Y (25) T(39) T(4S) |
BES 5.8x107 1.5%x107
CLEO-III 2.9 x107 3.6 x107 4.7 108
BELLE 91. fb1
BABAR 95.fb71

Table 2: Experiments with large data samples, in part still to be analyzed

to prompt production in ete™ annihilations. Theoretical calculations 7), 8), 9)
predict graph (a), with an intermediate 35, singlet state, to give the dominant
contribution. The other 35, singlet contribution (c), leading to a final state
with two (¢c) pairs, is expected to be of order 10%. The octet terms (b), was
predicted to be small over the range of J/1 (and 1(25)) momenta in the center
of mass system (p*) except at the end point where some calculation predicted

a dramatic increase.
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Figure 5: Lowest order graphs contributing to the process of Quarkonium pro-
duction in ete™ collisions

The parameter A(p*) in the angular distribution I(cos8*) o« (L + A(p*) %
cos%(8*)) is predicted in the range 0.6 < A < 1.0 by NRQCD while CSM pre-
dicts A = -0.8. Finally, J/¥ (and 1(23)) are expected to be longitudinally
polarized only if Fig.5(b) contributes significantly to the production process.
BABAR. and BELLE have performed similar analysis of their data, measuring
(a) the cross-section for production of J/i for p* > 2.GeV/c where back-
grounds from Y decays are small, (b) angular distributions determining the
value of A(p*) and (c) polarization measurements, determining the value of the
parameter @ which is +1 (-1) for transverse (longitudinal) polarization and 0
for unpalatized J/3's. BELLE, that reported results from 41.8 fb~! taken at
the Y formation energy and 4.4 fb~! taken 60 MeV below the resonance, also
quotes results for the 1(25). The two experiments give results that are in fair
agreement, except for the value of the cross section which is measured to be
(1.87 £ 0.10 £ 0.15) pb by BABAR and (1.05 + 0.04 + 0.09) pb by BELLE.



In Fig.6 we give the center of mass momentum (p*) distributions as measured
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Figure 6: J/¢ (a) and $(28) (b) center of mass momentum (p*) distributions

by BELLE; the absence of an increase near the end point suggests that the
contribution of the octet term Fig.5(b) is small . The valve of A for p* > 2.
GeV/c is found to be large and positive, in both experiments, favoring NRQCD
vs the CSM. The value of & is approximately 0.5 and negative, as expected if
the graph of Fig.5 (a) dominates.
The most recent result comes from a study by the BELLE collaboration 10) of
the mass (mpg) spectrum of the object recoiling against the J/¢. In the mass
range My, < mpg < 2 x mpg they observe structures corresponding to the pro-
duction, in association with the J/%, of charmonium states, with a significant
(~ 50) 0. signal and a good hint (~ 3.50) of xo and 7.(25) (Fig.7).
Above the open charm threshold they observe the reactions:
et+e” 5 J/p+D*+X and et +e~ = J/p+ D0+ X
The surprising results is that the (2 x éc), component, which according to cal-
culations should be of order 10%, has been measured to be (5973 & 12)%, if
one sums over charmonium and open charm production. A very interesting
byproduct of this measurement is , of course, the siting of the n.(25) (with
M. (28) = (3.622 £ 0.012) GeV/c?) recoiling against the J/4.

In conclusion these measurements favour NRQCD over CSM, but indicate
that some adjustment needs to be mnade to understand the relative weight of
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the four graphs in Fig.5.

4  Quarkonium decays
(QQ) decays can be divided in three groups:
o Blectromagnetic decays: (QQ) = ~v* = IT1=and(QQ) — v

e Radiative decays to a lower mass charmonium state: (QQ) =~y +(QQ)
or to light hadrons; (QQ) — v+ LH

e Hadronic decays to a lower mass charmonium state: (QQ) - LH +(QQ)
or to light hadrons: QQ — LH

The field is too wide to be covered in this short review. T will restrici the
discussion to few channels guided in the choice by the level of present activity
and understanding and by personal taste.
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Figure 8: RadiatineX(3S) Cascade Decays: (a) to Final State 2vI*1™ and (b)
to Final State 4yI¥1~

41 Radiative (bb) decays

CLEO-TIT 1) has vecently studied Y(3S) decays into a 71~ yy final state
with a data sample of 4.7 x 10° Y(35) events.
The decay chains observed (Fig.8 (a)), are:

338 =+ 2P +y 5 2814+ j=1,2
338, =5 28P 4y =135 +; j=1,2
38 5P 4y =138+ j=1,2
(The 3 Py states decay predominantly to light hadrons, the Branching Ratio for

radiative decays is small and therefore hard to measure.)

In tbe non relativistic limit, the decay rates for E1 radiative transitions scale
with B3:
2 2 3
Pgl x e X i < n;,l;lrln;,l,- > | X E,y

were < ng,lg|r|ni,l; > decreases as the radial quantun number difference
between initial and final states , An = (n; — ng), increases. Deviation from
this rule probe non relativistic effects (that in the case of (bb) states should be
small). The results of the CLEQ-IIT measurement are:

| <2P|r|18 > | |BR(3S = 72P;) x BR(2P; = 18) x E,(2P; - 2§)3 _
[<2P;|r|25 > |~ \ BR(3S = v2P;) x BR(2P; — ¥25) x E,(2P; = 18)3 ~

=0.105+0.004£0.006 for j=2 and =0.087£0.0024+0.005 for ;=1

with a ratio of 1.21 + 0.06, 3.5 standard deviations from unity.
From their measured value of BR(3%S; — v13P) x BR(1*P; = ~135;) using
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the world average for BR(13P; — 138 ++), and assuming the matrix element
to be spin independent, they succeed in extracting a new value for the An = 2

matrix element:

| < 1P;[7|38 > [ = (0.050 + 0.006) GeV ™!

12) searching

Using the same data sample they also studied {+1~ 4~ final states
for Y(1%D;) production in the cascade reactions shown in Fig.8 (b). They claim

a signal of 9.7¢’s and measure:
BR(Y(38) = vy (1D) = yyyyY(18) = yyyyItl™) = (3.34+0.6£0.5) x107°
in good agreement with the predicted value: 3.8 x 1076 13),

4.2 (@c) radiative cascade decays

The BES collabaration 14) has in hand data samples of 5.8 x 107 (25) and
1.5 x 107 J/4 and is presenting preliminary results on the decay:

J/-sn.+v->v+LH

detected by reconstructing exclusive light hadrons final states. In the near
future they should be able to resolve the 7.(2S5) puzzle; the 7.(25) was first
detected by the Crystal Ball experiment in the ¥%(25) = v + 7,(25) inclusive
decay channel at a mass of (3594 £+ 5) GeV/c? 15) and recently spotted in the
et +e” = J/p + X reaction at my, (25) = mx = (3.622 £ 0.012) GeV/c? (see
section 3.3).

M [MeV/c2] Lot [MeV) Bip x T'(xe = J/2 +7)
[eV]
X0 341544+ 04+ 02 98+ 1.0+01 26.6 £ 2.5+ 1.3

Xel 3510.60 £ 0.02 + 0.13  0.88 + 0.06 £ 0.06 193+ 08+ 1.2
X2 355613 £ 0.06 + 0.13  1.96 + 0.13 £ 0.06 26.2 4+ 1.0+ 1.4°

Table 3: Preliminary values of the y. parameters from the Fermilab Exper-
imeots E760 and E835. The last column is obtained dividing the measured
values by BR(J/¥ — ete™) = (5.93 £0.10) x 1072
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The E835 collaboration has recently completed 16) the stndy‘of the
reactions: Pp = 1°P; = Jb+y et +e” +v with j=0,1,2. In this
experiment the mass m(y.;) the total width ['(x,;) and the product

Clxey = J/Y+7) x BR(J/# — et + &™) x BR(x.j — pp)

are determined directly from the study of the resonance excitation curve. The
quality of the data is demonstrated in Fig.9, were the results for the total
widths are also compared with those of the predecessor experiment (E760) 17)
and with those obtained by other experiments with different techniques.
In Tab.3 are reported the values obtained by combining the results of 835
.and E760. The branching ratios for x.; — J/¥ + v and Xcj — Pp (Table 4)
have been recalculated 18), 19) with a global refitting of existing data that uses
as inputs measured combinations of branching fractions and partial widths, in
an attempt to resolve the issue of correlations in the derivation of the values
quoted . The calculation has been recently updated 20) t6 include new results
published but not included in the 2002 issue of PDG 21, 22) or presented at the
summer conferences 25 24). The results are still not sufficiently accurate to
test the E3 scaling Jaw (see section 4.1) and determine the effect of relativistic
corrections that should be larger for (&) than for (bb) states. Indeed the ratios
of scaled widths for s, xe1 and xco are all compatible with 1, within errors.
The inclusive partial widths to light hadrons, F(x.; — LH), also listed
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__ Xeo Xet Xe2
Bix. — 7p) x 107 223+£026 0.72+0.14 0.68=+0.07
B(xe = J/v +79) x 10? 1194014 317431  204+06
T(xe = J/ + ) (keV) 126, +£17. 291446 428 + 37.

E,(MeV) 303.6 389.2 429.6
Pl d4) o 108(MeV=2) (4.5£0.6) (4.8+0.9) (5.4 £0.5)
Ty (MeV) 9.7+10 06+01 1584014

Table 4: Branching Ratios and Partial] Widths as recaleulared with global
fitting (see text). Ty are computed subtracting radiative widths from Ijpy

in Tahle 4, were obtained by subtracting from the total widths given jn Ta-
ble 3 the radiative decay widths given in Table 4. The contribution of non
electromagnetic cascade decays are negligible.

4.3 (ce) partial widths to vy

The (zc) partial widths to vy have been measured by two diffevent. methods:

(a) Two-photon collisions at e¥e™ colliders.
These experiments measure the cross-section for exclusive resonance produc-

tion:
olete” s ete vy s eTe™R) = /L'm x o(y++vy = R)dW

o(y+ v — R) is the Breit Wigner cross-section [rom which the partial width
Iy~ can be exiracted if the value of the total width I';,; is known.

Recent measurements come from DELPHI 25), on 7. production and
from BELLE 22), on Y2 production.

(b) Resonance formation in: pp = R - 7y
These experiments measure the product:

BR(R = pp) x [(R = vv)

EB835 has presented recently new results on 7. and on xco-
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Figure 10: Measurements of U(ne — ~v) by the DELPHI collaboration

Meosurement of T(n. = vvy)
The DELPHI collahovation using method (a) detects the 1. throngh its ex-
clusive decay to light hadrons (Fig.10) and measures the products of T x
BR(n. — X). (with X the detected final state), also given in Fig.J0. From
these results taey extract the value: I'(n. = vy) = (13.942.0+1.4%2.7) keV/,
where the last ervor vellects rthe uncerrainties in the n. — X branching ratios.
A set of theovetical predictions is listed in Fig.11.
A vecent calculation 27) gives: T = vy) = (7.6 £ 1.5) kel
E835 uses method (h) 26), Iig.12 shows the experimental cross section {or the
veaction pp — vy measwred at the 7, formation energy . From the incasured
value of BR(n, - pp) x [(n. = ) they derive:
T(ne = vy) = 38515210 keV
The disagreement. berween the DELPHI and E835 vesults is most, probably
due to the different ingredients used to go rom the experimental result to the
final value, pointing to the necessity of implementing a global fitting procedure
also [or the 7). state.

Measurement of T(xe = v7y)
The BELLE collaboration 22) has recently presented results ol a derermination
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of T'(xc2 = 7vy) performed by measuring the cross section for the process:
ete” sete yysete +xamosete /vy ete T+ 4y
From this measurement they derive:
T(xez = 7Y) X BR(xe2 = J/b +7) = (114 £ 11 + 9} eV

It is interesting to compare this result with that obtained by E835 28) mea-
suring the cross section for pp — vy at the yc2 lormation energy (Fig.13). In
this case the quantity measured divectly is:

r(Xc‘Z — ’Y’)’)
BR(X(_‘Q - J/’J,l)-i—",') X BH(‘]/»,’[)_) et +F3—)

from which one derives:

I'{xc2 = ¥Y)

=(1.94 £ 0. kel/
BR(XCQ‘*J/'L/)+7) (1.9 035) eV

Combining the BELLE and E835 measurements one could extract both the
BR{xe2 = J/¢ +7) and T(xe2 — 7). I prefer here to use the values of
BR(xc2 = J/9 + ) obtained from the global refitting (see Table 4) and com-
pare the values of I'(xc — <y7y) obtained from the two experiments:

BELLE T(xe2 — vv) = (0.56 £ 0.07) kel

E835 I'(xe2 = ) = (0.40 £ 0.07) keV.

E835 has also recently presented preliminary results 24)

on the measurement
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of the pp — 7+ cross section at the x.o formation energy (Fig.14). In this case
the quantity measured directly is: T'(xs0 — vy) X BR(xc0 = pp) from which,
using the branching ratio to fp given in Table 4 one derives:

T(xeo = vy) = (2.9£0.9) keV

4.4 NRQCD predictions for x.; decays to light hadrons and to yy

Expressions for partial x.; widths to light hadrons have been calculated in the
framework of NRQCD 29) t6 3rd order in a;. According to the authors the
accuracy of the calculation is of ~ 12% 30). In this formalism the expressions
for x.; — LH are given in terra of a singlet (Hy(m.)) and an octet (Hg(m.))
matrix element. Color octet contributions do not depend on the spin of the y
state and, for the j=1 state, only appear at arder a2.

Partial x.; widths to yy have been calculated to first order in o 29),

Using the existing formulas and the new experimental data it is possible
to obtain a new determination of H(m.) and Hg(m,), and, more interesting,
a new value for of &, at the charmonium mass.
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Figure 13: E835 X2 = vy excitation curve

5 Conclusions

The cata on heavy quarkonium production are rich and accurate. New results
are expected soon from Run II at the Tevatron and from the continuous fow of
data at the B factories. The interpretation of the data with the current models
is still ambiguous and contradictory but there are signs of renewed interest and
theoretical effort to clarify the picture.

In this review I have limited the discussion to few decay channels omitting
areas (for example that of glueball searches in J/4 decays) of great interest.

New results on Quarkonium radiative cascade decays are approaching the
level of directly measuring the effect of non-relativistic corrections both for the
(bb) and the (Zc) systems and suggest that such corrections are not. very large.

New results on Quarkonium decays to two photons, coupled to meastre-
ments of decay widths to light hadrons will hopefilly stimulate attempts to
extend to higher orders the calculations of these processes.

Finally, a2 new, more rigorous, method (the global refitting procedure) of
combining the data from diffevent experiments shows the promise of reconciling
results thar had so far disagreed embarassingly.
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pD = Xco(13Fp) = n%n® (and 7m) — yyyy

Paolo Rumerio *!
Northwestern University, Department of Physics end Astronomy,
2145 Sheridan Road, Evanston, IL 60208-3112, USA

ABSTRACT

For the first time in hadronic Charmonium production, hadronic annihilation
channels have been clearly identified: 7%7° and 7m at the y.o resonance. This
has required a parameterization of the non-resonant partially intevfering final
state channels. Preliminary results for B(pp) x B(n°n®) and B(pp) x B(ny)
are reported.

1 Introduction

The Fermilab E835 Collaboration has studied Charmonium production using
a gas jet hydrogen target, the virtually monoeunergetic stochastically cooled

* On behalf of the Fermilab E835 Collaboration
! Bmail address: rumerio@fnal.gov
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antiproton beam and a large acceptance shower spectrometer. A description of
the experiment technique can be find in 1), :

" New data were collected in the year 2000, to continue the charmonium
spectroscopy studies of 1996/97 and 1990791 (E760). In particular, 33 pb~! of
luminosity were taken at the x.o energy, divided in 17 energy points.

2 7°7% and nm Angular Distribution

The angular distribution for pp = 7%7% and pp — 11 is:
eyven even

+ Z Cy(z) €7 PJ(Z)} + | Z Ciz) 5@ Py )

\ s
~ Vg

=Ay e'sr =An et

dcr_|

dr x4

where z = %& and z = |cos8*|, with §* defined as the angle between
the beam and the 0 (or n) axes in the center of mass frame. Py(z) and P}(z)
are the Legendre Polynomials and Associate Functions, respectively.

The term —Ag/(z+1) is the parameterization of a Breit-Wigner resonant
amplitude. No z-dependence is included since the x.q is a spin zero state. We
can distinguish two contributions to the non-resonant cross section: Aje®,
which interferes with the resonance, and Aye™, which does not. No matter
how rany partial waves play a role, Ase®’ and Ane*¥ do not change markedly
when the energy varies across the resonance.

Eq.1 can also be written as:

i‘l _ AR +A +2ARArSin5]2—:L‘COS5[
R z2 41

dz 2 +1
cross—term

+AY (2)

;

For fixed values of z, as the energy varies across the resonance (z passes through
zero), even a very small A% (relatively to the non-resonant cross section) can
give rise to a detectable signal thanks to the cross-term of eq.2.

3 7970 Cross Section, Data and Fit

In fig.1 the measured cross section is plotted versus z and versus the energy in
the center of mass, Fcys. At off-resonance energy points, the cross section is
non-resonant production pp = 797% with a smooth dependence on the energy.
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Figure 1: Measured 7°n° cross section versus z at Ecpr = 3415 MeV (left) and
versus Ec s integrated over 0 < z < 0.125 (right). Fits (described in the tett)
and their components are also shown.

The instrumental background (events from different channels, such as 7%7%7°

and 7%w, that are misidentified as 7%7°) is ~ 1.5% at all energies and it has
been subtracted.

A maximum likelihood fit with the parameterization of eq.l, including
partial waves up to J = 4, has been performed simultaneously on all energy
points! (fg.1-teft). The total number of bins is 17 (energy points) x24 (bins
in z, from 0 to 0.6) = 408. The number of free parameters js 15: the resonance
amplitude Ag, the coefficients Cp 5,4 and Cj 4 (each of them is given a linear
dependence on the energy), and the phases dg2,4 and? (8 — 81).

The line A? + A% shows the sum of the two contributions to the non-
resonant cross section. The effect of the resonance, amplified by the interfer-
ence, is seen in the gap (evident at small z) between do/dz and A + A%, and is

IE835 has recently studied the reaction 2) PP > Xeo = J/Yy; T/ —
ete™. This channel has a virtually zero instrumental background and non-
resonant cross section (optimal experimental conditions to fully exploit the
superior mass resolution of the pp technique). The values M, , = (3415.4 +
0.4+0.2) MeV/c? and I'y,, = (9.8 £ 1.0 £0.1) MeV /c? thereby measured are
used here to fit the cross section of the 7%#° channel.

2Only the difference between &} and 63 is measurable.
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due almost entirely to the cross-term of eq.2. The gﬁp decreases as z increases,
following the trend of A;. The terin A} is siall at small values of z, due to
a factor z present in all the associate functions Pj(z). The net suppression
factor of A%, with respect to A? is z? at small z-values. The contribution of
the pure resonance A%/(z? + 1) is negligible.

The fit in fig.1-left is very instructive. However, due to the limited avail-
able z-range and the necessity to contain the number of free parameters, we
cannot further investigate the possible contribution of higher partial waves and
affirm that only J = 0,2,4 are significant (although with just J = 0,2 the fit
gives an adequate description of the cross section in the available range). Can-
sidering also that the fit is dominated by the bigh statistics of the forward peak,
where the resonant signal is not significant, we do not rely on it to estimate
the magnitude of the resonance amplitude Ag.

A more reliable approach is to perform a different fit on a reduced range
at small z (fig.1-right). In this range the resonance signal has a substantial size
and, as observed above, the non-interfering part is very small {reducing there-
fore the uncertainty on the estimate of the ratio A3 /A%, critical in determining
the amplification effect of the interference). The expression used is:

2 0125
dz+/0 Ay dz

0.125 4 _
0:/ | R,JrA; gidr
0 -+

where 43 = A+ Bz + Cz® + Dz%. A} is set to the values estimated by the
fit in fig.1-left and corresponds to the gap between the lines A3 + A%, and
A3. Notice that in this case we do not need to make any assumption on the
nuraber of partial waves involved in the reaction. We just perform a polynomial
expansion on z about z = 0, exploiting the small extension of the range. A
polynomial expansion is used for the energy dependence as well. There are
6 free parameters (Agr, A, B, C, D, and §;), while the number of bins is 17
{energy points) x5 (bins in z) = 85. By searching for improvements in the x?
we find that the phase é; does not exhibit any dependence on z (in this small
z-range) nor on the energy.

It has to be stressed that the pure Breit-Wigner (the fictional cross section
that would result if the non-resonant amplitudes could be tumed off) is very
small. In fig. 1-right it is shown multiplied by 20 to make it comparable to the
signal that we detect.
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Figure 2: Measured nm cross section versus z at Ecp = 3406 — 3430 MeV
(left) and versus Ecp integrated over 0 < z < 0.35 (right). Preliminary fits
and their components are also shown.

Our preliminary result (with statistical and systematic errors, respectively) is:

B(xco = pP) ¥ B(xeo = 7°n°) = (5.09£0.81 £0.25)x 107" (3)

4 The nm and 7% channels

In addition to the data presented above, we are also analyzing the nm and
7% final states. Fig.2 and fig.3 show the measured cross sections and the
preliminary fits.

We observe a signal from the x.o in the 77 channel, as well, as shown in
fig.2-right. The fitting procedure is similar to the one of the 7%z° analysis.
Our preliminary result is:

B(xco — pP) x B(xco = nm) = (4.0%1.2) x 1077 (4)

The error is statistical. A study of the systematic error is ongoing.

No signal from the Y is observed in pp — 7°n (cZ is isospin-suppressed)
and the fit shown in fig.3 is performed using eq.l with Ag set to zero®. The
797 channel provides a check on the systematics of the experiment.

SRemoving the constraint, the fit estimate of Ap is consistent with zero.
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Figure 3: Measured 7% cross section versus cos 85 at Ecp = 3415 MeV (left)
and versus Ec p integrated over 0 < z = |c0s8%| < 0.6 (right). A preliminary
fit and its components are also shown.
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5 Conclusions

We have improved our knowledge of the .o state. Combining our results, eq.3
and eq.4, with measurements from other experiments, improvements in B(pp),
B(J/3 ), B(n°7®), and B(nn) will be obtained.

We have gdeveloped and proved the effectiveness of a technique for deal-
Ing with resonant/non-resonant interference and detecting a resonant signal in
channels dominated by order-of-magnitude larger non-resonant cross section.

Finally, we have gained insights into possible future strategies for attack-
ing outstanding problems, namely the poor knowledge of the singlet ¢ states
and the existence of hadromolecular ¢¢¢g states.
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ABSTRACT

Recent measurerents on inelastic J/3 production in ep collisions at HERA
are presented. The data from the H1 and ZEUS experiments are compared to
model predictions of the Colour Singlet Model and of non-relativistic QCD.

1 Introduction

Inelastic J/4) production ixi ep collisions is dominated by the process of photon—
gluon—gluon fusion where a photon from the incoming electron and a gluon from
the proton produce a c¢ pair. The process can be calculated within the frame-
work of non-relativistic QCD (NRQCD) where the cross section is a sum over
all possible intermediate ¢ states, including colour singlet (CS) and also colour
octet (CO) states. The amplitude for each ¢ state with definite colour and
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Figure 1: a) Total J/+ photoproduction cross section as a function of W,, and

diflerential cross sections as functions of b) p_'fﬂ,, and ¢) z. The ZEUS points 3)
are shifted by up to 12% to account for differences in the covered kinematic
range. The CSM calculations in NLO is shown by the band. The normalization
uncertainties are due to variations of a, and the charm mass m,.

angular momentum factorises into a short distance term which can be calcu-
lated in NRQCD and a long distance matrix element (LDME) describing the
transition to a J/+. The LDME are not calculable and have been determined
frorn J /4 production data in pp collisions 1) where the CO contributions were
found to be sizable. Previous HERA measurements show good agreement with
the colour singlet term alone, which is the only term taken into account in the
Colour Singlet Model (CSM), but small colour octet contributions could not be
excluded. At HERA two kinernatic domains are distinguished: In photoproduc-
tion (Q? < 1GeV?) the exchanged photons are quasi—real, in electroproduction
they have a higher virtuality (Q2 > 2GeV?).

2 Photoproduction Cross Sections

The H1 photoproduction data 2) are studied in the elasticity range 0.05 <
2 < 0.9 and transverse momentum squared of the J/1 meson pfﬂb > 1GeV?2.
Remaining backgrounds to prompt J/% production coming from decays of B,
' or x. and mainly contributing at low values of z are not subtracted from
the data. Figure 1 shows the H1 data in comparison with the ZEUS results 3).
Good agreement is found between the two experiments. The data are well
described by a next—to leading order {NLQO) calculation 4) in the Colour Singlet,
Model. In contrast, the LO calculation is much too steep in pf‘w. The elasticity
distribution (Fig. 2a) can also be described in the whole range by leading order
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Figure 2: Differential J/4 photoproduction cross section as a function of z a)
in comparison to NRQCD calculations 5); b) for p;y > 3GeV in comparison

with a resummed NRQCD calculation 6) (scaled by a factor 3). The parameter
A describes the energy Joss of the J/ due to soft gluon emission.

NRQCD calculations 5) with LDMEs for the colour octet contributions at the
lower end of the range allowed by the Tevatron data. The steeper rise of the
NRQCD calculations towards high z than that in the data may be due to phase
space limitations for the emission of soft gluons in the transition from the c¢
state to the J/y meson which are not considered in 5). A resummation 6) of the
non-relativistic expansion, which is valid at large p; .y, leads to a considerable
reduction of the increase and better agreement with the data (Fig. 2b).

3 Electroproduction Cross Sections

The inelastic electroproduction of J/¢¥ mesons 2) is studied in the region
2 < Q% < 100GeV? for medium elasticities 0.3 < z < 0.9 and the squared
transverse momentum of the JJ/7) meson in the photon—proton center-of-mass
system PZ,?;; > 1GeV?. Neither the full NRQCD calculation 7) hor the colour
singlet part can describe the data in normalisation (Fig. 3a,b). At high Q2 and
p;fw agreement with the full NRQCD prediction is found. The CSM prediction
falls too steeply in pifb This may be due to missing higher order contributions
in this LO calculation (¢f. Fig. 1¢) in photoproduction). The dependence of
the cross section on 2, however, is well described by the CS contribution. The
calculation including the CO contributions rises too strongly towards large z.
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b) pﬁﬂ. ¢) Normalized differential cross section as a function of z. The

data are compared to a full NRQCD calculation 7) (dark band) and to the
colour singlet contribution alone (light band).

4

Summary

New resulis on inelastic .J /4 photo~ and electroproduction have been presented.
In photoproduction agreement is found with the CSM in next-to leading order

and

also with NRQCD calculations in leading order with small colour octet

contributions. In electroproduction the leading order CSM does not describe
the normalisation of the data. The full NRQCD calculation is in agreement with

the

data at large Q* and p;?;, but fails to describe the elasticity distribution.
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ABSTRACT

A measurement of the bb production cross section (a(bE)) was performed by
HERA-B in p-C and p-Ti collisions at 920 GeV. Delayed J/1) — {71~ events
from b decays were ohserved both in the muon and electron channels in the kine-
matic range —0.25 < 2zp < 0.15 and a combined measurement was performed
leading to a full 2 range value o(bb) = 32114 (stat)*$(sys) nb/nuceon 1), in
good agreemens with the most recent theoretical calculations. The perspectives
on an ongoing high statistics measurement will also be discussed.

1 Introduction

Due to the still large theoretical uncertainties in the description of b hadropro-
duction 2), a precise measurement of the bb cross section in proton-nucleus
interactions is of high interest. Ounly two experiments at fixed target have mea-
sured o(bb) so far 3), their results showing a poor compatibility despite the
large experimental errors. Thanks to its large coverage, its fast trigger and its
high resolution Silicon Vertex Detector, HERA - B 4) appears to be the best
“candidate to provide a high precision measurement extending also in the non
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explored negative zr region. A clean and efficient separation of the b decays
from the background is possible in HERA - B thanks to the excellent vertex
resolution (& 500 um along the beam direction and = 40 pm in the transverse
plane) compared to the large average b decay length (= 8000 pmn).

During the year 2000 commissioning phase of the experiment, a small sam-
ple of dilepton triggered events were acquired in a reduced detector and trigger
configuration at 5 M Hz interaction rate. Electron candidates were selected by
the Electromagnetic Calorimeter pretrigger as clusters with a transverse energy
Er > 1.0 GeV, while muon candidates were defined by the MUON pretrigger
as double pad chambers coincidences. Double candidate events were acceted by
the First Level Trigger, further confirmed by the Second Level software Trigger
applying a simplified Kalman filter in the Main Tracker and the Vertex De-
tector System (an additional e¥e~ invariant mass trigger cut > 2 GeV/c? was
applied) resulting in an overall rate reduction of about 10°. About 900 & and
450 k events were acquired in the dielectron and dimuon channels respectively
in about one week of data taking.

2 The measurement

We measured 1) the bb production cross section exploiting the inclusive reaction
pA — bbX with bb — J/ypY — (ete™ /utp~)Y. The b — J/4 production cross
section per nucleon in the measured range, containing a fraction f (= 72%) of
prompt J/4, is:

Np 1

Np ered?Br(bb— J/9X)

We first select a clean prompt J/¢ sample (Np), then isolating the & — J/3
events (Np) via a detached vertex selection with efficiency e5®. Apart from
€57, only the b — J/4 to prompt J/2 relative trigger and reconstruction ef-
ficiency £z has to be evaluated with the Monte Carlo including the J/ and
b — J/+ production models 1) and a detailed detector simulation. The branch-
ing ratio Br(bb— J/¥X) is 2 (1.16 +£ 0.10)% 5), while the reference prompt
J /3 production cross section o, = 314 £ 7(stat) + 31(sys) nb/nucleon is ob-
tained by averaging and rescaling the existing E789 and E771 6) results to
the HERA - B kinematics 1). The procedure is aimed to minimize systematic

Ac(bb) = o, f (1)

errors related to the detector and trigger simulation, which mostly cancel out
in the ratio £ g, and to remove the dependence on the absolute luminosity.
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Figure 1: a) gt p~ invariant mass with same sign background (25 MeV/c2
bins)}. b-¢-d) ete™ invariani mass with different bremsstrahlung requirements
and combinatorinl background (50 MeV/c* bins).

3 Prompt J/¥ Selection

Events with two fully reconstructed trigger tracks and dilepton veriex require-
ment (x? < 5) are selected. A standard muon identification procedure, based
on likelihood cuts in the MUON and RICH systems, is performed resulting in
the dimuon mass spectrum of Fig. 1a) corresponding to Np = 2880 +60 prompt
J/ = ptu~ decays. Additional identification criteria for the J/¢ - e¥e™ sig-
nal are needed in order to reduce the large hadronic background, based op the
electron energy-to-momentum (E/p) ratio.and on the search for accompany-
ing bremsstrahlung photons emitted upstream the magnet (i.e. maintaining
the original electron direction). Fig 1b)-d) show the signal purity for various
bremsstrablung requirements and a 1 o E/p cut. The careful evaluation of the
efficiency for such cuts, confirmed by the simulation, allows to infer the number
of prompt J/i present in a sample with looser identification cuts, in order to
have sufficient statistics for the detached vertex analysis. A total number of
prompt J/+ — ete™ Np = 5710 + 380(stat) £ 280(sys) is found.

4 Detached J/¢ Selection

For the b = J/¢ event selection, detached vertex cuts are applied an the decay
length (Az), defined as the distance along the beam axis between the J/%
decay vertex and the primary interaction wire, and on the impact parameter
to the primary vertex (J,ere) and to the wire (I,,) or to any other track in
the event (J;5,). These cuts allow to reject tracks compatible with coming
from the primary vertex and {rom anywhere along the interaction wire. The
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resulting mass versus Az distribution of the dielectron sample is shown in
Fig. 2a): 19 events downstream the primary interaction region (of which 10 in
the J/1 mass window 2.8 GeV/c® < meso— < 3.3 GeV/c?), and 8 upstream
(pure combinatorial background) survive the requirements Az > 0.5 ¢cm, [, >
200 uma OR Tisp > 250 pm. The mass distribution of the downstream events
is submitted to an unbinned likelihood fit where the yields are left free, the
b— J/3p - ete” signal shape is taken from simulation and the background
shape is a combination of the simulated main physical contribution (dauble
semileptonic b decays) and the pure combinatorial events. The result of the
fit yields 8.6739 b — J/1 — ete™ events. Varying the cuts in order to verify
the stability of the result, a J/¢ signal is always observed with significance
greater than 2 ¢ in the downstream spectrum, but never upstream. Moveover,
the b assignment of the candidates is confirmed by an unbinned maximum
likelihood fit of their Az values, as opposed to the result obtained on the
upstrear pure background. A similar analysis with slightly looser cuts, due to
the smaller available statistics, was applied on the dimuon sample, leading to
1922 b o J/p - ptp~ events.

5 Results and Conclusions

A combined analysis in the muon and electron channels was performed from
Eq. 1 by applying a four parameter likelihood maximization (Aa(bb) , ptu~
background slope, ete™ and p*u~ background yields) and using the computed
efficiencies eg: and £x. The result obtained for the b) production cross section

in the full 2z range is 1):

a(bb) = 32T }(stat) T4 (sys) nb/nucleon. (2)

where the quoted statistical uncertainty has been estimated dircctly from the
fit. A detailed discussion of the systematic errors can be found in 1) and
include contributions both external to the present analysis, statistics related
terms and factors arising from the Monte Carlo simulation including prompt
J/¥ and b production models. It has to be noted that more than 90% of b are
produced in the HERA — B xp acceptance, thus minimizing the uncertainties
in the extrapolation to the full range.

The obtained result shows a satisfactory consistence with the most ve-
cent QCD calculations 2), as shown in Fig. 2b). During the year 2001 HERA
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Figure 2: a) ete™ invariant mass versus Az. b) o(bb) measurements compared
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shutdown, HERA - B underwent a substantial improvement, resulting in an
increased trigger efficiency, acceptance and resolution, which will allow the de-
tector to acquire O(10%) prompt .J/9 events and O(10%) b events during the
ongoing physics run, resulting in a < 15% error (systematic limited). This will
be the by far most precise o(bb) measwement at fixed target energies.
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CHARM AND BEAUTY SPECTROSCOPY

Paul D. Sheldon
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ABSTRACT

Recent results in charm spectroscopy are discussed. Emphasis is given to the
recent results on the wide L=1 charm mesons and to the possible observation
of doubly charmed baryons.

1 Introduction

Charm hadron spectroscopy coantinues to be a vigorous and productive field,
with the ground states well mapped out. Recently, significant forays have been
made into the domain of higher angular momentum states.

For brevity, I will concentrate on recent results on the wide L=1 charm
mesons and the possible observation of doubly charmed baryous.
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Figure 1: Ezpected L=1 charm mesons.
2 Charm Meson Spectroscopy

In Heavy Quark Effective Theory (HQET), mesons with one very heavy quark
can be thought of as an atom where the spin of the heavy quark is decoupled
from that of the light quark. The spectroscopy of states can be described by
jlight, which is the sum of the spin of the light quark and the angular momentum
of the light quark “orbit” around the heavy central quark. This model works
suprisingly well for charm mesons. The expected L=1 states are illustrated in
Fig 1. The siX jiign = 3/2 states (two each for cd, ¢it, and ¢3) are expected to
be narrow because their decays must be D-wave. Mesons consistent with these
states have all been observed and their properties, taken from the particle data
book 2), are summarized in Table 1. The six jigne = 1/2 states states, on the
other hand, are all expected to be very broad (hundreds of MeV) and it was
assumed these states would be difficult if not impossible to ohserve. However,
Belle and CLEO have recently presented what may be evidence for the D° (ci)
version of these states. More tenuous evidence for one of the wide D+ (cd)
states has been shown in preliminary results from the FOCUS collaboration.

2.1 Wide L=1 D° States

Belle, the first generation B-factory at KEK, finds 1) possible evidence for the
wide L=1 DO states using B~ decays: B~ — D**0x=; D=0 — D()*7~_ They
reconstruct D candidates via the decay mode K~ nt7+ and D** candidates
via D%r*; DO — K~nt or D° - K-wtn~n+. They make a cut on the
candidate D mass or the D° mass and D** — D° mass difference, then use a
beam energy constraint to eliminate feed down due to partially reconstructed
decays of other states. The difference {AFE) in the reconstructed energy of
the B~ candidates and the beam energy is plotted in Fig. 2 for candidates
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reconstructed through the D¥ and D** chains.

D7 mass projections for these candidates (Fig. 3) show broad and narrow
peaks. Belle fits the Dam Dalitz plots for these events to a coherent sum of
Breit-Wigner amplitudes, and try a variety of models for the wide contributions.
For the candidates in the D" chain, they always include contributions from the
narrow D30 L=1 state as well as the L=0 D*. For the wide contribution they
try amplitudes with JP = 0%, 17, and 2*. The likelihood for the fit with a
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0% contribution (assumed to be the D3?) is significantly better than the other
models. The mass and width that they get from this fit for the D4® and D3°
are listed in Table 1.

Belle carries out a similar analysis for the D*T chain, and find the like-
lihood is best when they include contributions from the wide L=1 states DY
and D30 (they fix the mass and width of the D® from their D¥ fit above).
They extract the masses and widths of the DJ,, and the DY?; these are listed in
Table 1. CLEQO, in a conferénce talk, has previously reported an observation
of the DY, with similar parameters, and this result is also included in Table 1.

2.2 Wide L=1 D% States

FOCUS, a fixed-target photoproduction experiment at Fermilab, searches for
the wide L=1 D}* state through its decay to D®7+. Candidates for this decay
are shown in Fig. 4. There is a large combinatoric background in these plots,
see the “wrong sign” versus “right sign” comparison in the inset of the figure.
This background is well modeled by an exponential beyond the signal region.
There are also feeddown contributions from partially reconstructed Dy and
D37 decays, the shapes of these are derived from Monte Carlo and included in
the fit. They fit the candidate mass spectrurn, including the three contributions
above and a D-wave Breit-Wigner contribution from the D4%. When they do,



Table 1: Summary of the properties of the L=1 Charm Mesons.

MoVie? Mass Width
D 24589420 23%5 PDG
2461243 40414443 1| Belle
D’ 2422.2+1.8 18.9+4.6-3.5 | PDG
DO 24239+1.7+02 |267+£3.1+£22 Belle
D’ | 2400+30+20 |380+100+100| Belle
2461+48-42 290+110-50 |CLEO
D] 2290+22+20 | 300+30+30 | Belle
D) 2459 £4 25+8-7 PDG
D+ D/ 2427 %5 28+8 PDG
D, unseen
D) 777 seen by FOCUS???
D 2572.4+1.5 I5+5-4 PDG
Dg D’ ]253535+0.34%0.5 <23 PDG
D, unseen
D unseen

the width they get for the D;+ is too wide by a factor of three. If they include
an S-wave contribution (presumably from a D§¥) the x? of their fit gets much
better and the width of the D;* agrees with previous measurements. Whether
or not this tr'uely is evidence for the D5+ remains to be seen.

2.3 L=1 Charm Meson Summary

A summary of the properties of the L=1 charm meson states is given in Table 1.

3 Charm Baryon Spectroscopy

The ground state charm baryons present a rich spectroscopy. The observed
states seermn to be consistent with those predicted by SU(4): candidates for all
of the ground state (L=0) singly charmed baryons have been observed (although
J? has not been determined for any of them).

The SELEX collaboration has recently presented evidence 3) for one, and
possibly two, doubly charmed baryons. SELEX is a fixed-target hadroproduc-
tion experiment at Fermilab. It took data with 600 GeV 77, p, and ¥~ beams.

Doubly charmed baryons should have two secondary decay vertices, one
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Figure 5: Mass spectra for the SELEX candidates. Right sign (e) and wrong
sign (b) EX. candidates. (c) Right sign plot in finer detail. (d) Right and wrong
sign =} candidates.

for each charm guark. SELEX searched for deacys in which the second (most
downstream) vertex was from the decay of a A} (such as EF, — AF Kt
Af = pK~a*). Starting with a sample of ~1600 A} candidates, they look
for evidence of an additional decay vertex between the A} vertex and the
primary {production) vertex. If the first charm quark decays to a strange
quark {Cabibbo favored) then this vertex will likely contain a K~} they use
this to define a “right sign” and “wrong sign” (X+) sample. Their resulting
spectra for =F, — AT K~ xt candidates are shown in Fig. 5 (a) and (b), and
the right sign spectrum is shown in finer detail in Fig. 5 {¢). They observe a
peak in the right sign distribution at a mass of 3520 MeV/c? and a width of
3 MeV/c? There are 15.9 background subtracted events in the signal region,
with an expected background of 6.1 events. They are unable to determine
the lifetime of the state, and can only say that it is < 33 fs. They find the
probability that this peak is a fluctuation is < 1.1 x 107", and note that all 22
events in the signal region were produced by baryon beams (p or £7).
SELEX has also shown a candidate signal (Fig. 5 (d)) for =+ in the
decay mode AF K ~n+x+. The peak in their right sign distribution is at a mass
of 3460 MeV/c2, with a width of 5 MeV/c2. They observe 9 background sub-



Table 2: Decoy modes used in the FOCUS search for ZF. and ZrY. Bzpected
signals are based on a simple model, and are not based on the SELEX result.
Parent  Decay modc BR(D or A _BR(=,) Signal

I DVKm) ATt ar 383 32% 1.0
S DO 16 37) A r+ 1r+ 7.5% 32% 05
=5 DK7Y KO prt 383% 0.69% 0.2
= po 1\ 37)[( prt 1.5% 0.69% 0.1
¥ pr 9.0% L0% 0.2
SN A 9.0% 1.92% 0.8
S DAttt 9.0% 0.32% 0.1
T DRy 9.09% 1.03% 0.5
SHOAT gt Rt 5.0% 50% 1.0
EFr AFpogt 5.0% 190 04
SEOAY Kt et 5.0% 1.72% 0.2
Total ) 5.0
Parcm_ DL cay \OCIL BR(Dor A BR(;',.) 7S|Dn= al
=t DYKm) K pn* 3.83% 1.0% 0.1
=¥ DYK3M K- prt 5% 1.0% 0.1
=¥ D"§1\T)A“ ¥ 3.83% 447% 0.5
=E DOR3r)A w 7.5% 447% 04
¥ DK A a ot 3.83% 0.32% 00
Sl P (€7 At TS 032% 00
= DUWRmKYp % 3.83% 1.03% 0.1
=x D"(mr VRO 7.5% 1.03% 0.1
= DpYKp 9.0% 1L0% 05
=i DYAY 9.0¢. 1.6% 0.4
ZE D A0 g 9.09 0.96% 0.2
= D+K%pg- 9.0% 0.69% 0.1
P Ak 5.0% 3.0% 03
=€ AFK-ataoat 5.0 0.1% 00
Sl S (! 5.0% 0.69% 0.1
=¥ APKRb g 5.0% 0.69% 0.0
Total 28

tracted signal events, with an expected background of 1 event, and determine
that the probability of such a fluctuation is < 1075,

There are some concerns with these signals, however. The mass difference
between these two isospin partners is too large (60 GeV/c?, the largest such
splitting in singly charmed baryons is ~10 MeV/c?). Double charm baryons
would have to account for roughly 40% of SELEX’s A} baryons (10% from each
of the two modes above). Kiselev and Likhoded 4) point out that the SELEX
result requires “exotically high production rate in comparison with theovetical
expectations,” and argue that the lifetime of these states is expected to be
160 fs, much larger than the upper limit of 33 fs observed.

In 2000, the FOCUS collaboration performed a search for doubly charmed
baryons without any knowledge of the SELEX analysis. FOCUS lacked for sig-
nals by combining the 8 %+ and 12 £, modes shown in Table 2. The expected
signals listed in this ta.b}e are based on a relatively simple (naive) “first prin-

§5
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Figure 6: Combined mass plots from the FOCUS search.

Table 3: Comparison of the results of the SELEX and FOCUS searches.

Decay Mode SN AT S S A N R
Expeviment FOCTS SELEN F( 'U 5 SELEXN
= Cvents < 2.2] G0 15.8 <22] i Q0% 8
Reconstrmeted A 19: HJ. :l: 262 1650 19, 444 :I: 2062 1650
E—ﬁici«‘nq‘ Relative w0 A, 3% L0 : o
it <0.23% w 9% 0.6% ) 9.7%
ﬁ: Relo unc 5= Prod > 42 @ 90% > 111 @ 90%

ciples” calculation. Combined mass plots for their search are shown in Fig. 6,
with the signal regions for the SELEX candidates highlighted. Despite that
fact that FOCUS reconstructs ~12 times more AJ’s than SELEX, they see no
evidence for either of the SELEX states. A comparison of the results of both
experiments in given in Table 3. The listed FOCUS efficiencies assume ZF,
(BEF) lifetimes of 0.2 ps (1.0 ps), a mass of 3.6 GeV/c?, and production char-
acteristics of a 3.6 GeV /c? 2, particle in PYTHIA. Given that the production
mechanism for the SELEX candidates is very likely exotic, it is not passible
for FOCUS to confirm or deny the SELEX results. However, the production
ratio of doubly-charmed to singly-charmed baryons must be at least 100 times
larger for SELEX than for FOCUS.

4 Summary

Evidence for the wide L=1 charm meson states, long thought to be experi-
SELEX
has presented candidates for doubly-charmed baryons, but FOCUS does not
see these states. If SELEX’s observations are real, the production mechanism

mentally unobservable, is being presented by multiple experiments.



would probably have to be exotic.
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ABSTRACT

A search for the psendoscalar meson 7y, is performed in two-photon interactions
at LEP2. The data sample corresponds to a total integrated luminosity of
610pb~! collected at the centre-of-mass energies from 189 GeV to 209 GeV.
Preliminary results of the analysis in the 7, mass region are presented. Several
candidate events are found in different final states.

1 Introduction

Two-photon collisions are wel) suited for the study of pseudoscalar mesons, for
which JPC = 0~+. The n., c&(1S) state, has been studied 1) and a value
Fyy =6.9+1.7+ 2.1 keV has been measured. The high energy and luminosity

* On behall of L3 collaboration
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makes LEP a good enviromment to search also for the 7y, the bb state, not yet
observed 2). A first investigation by ALEPH 3) observes a candidate event
in the channel KQK~“ntn~ 7% with a mass m = 9.30  0.02 £ 0.02 GeV and
upper limits on I'j,:

Tyy(m)<BR(n, — 4 charged particles) < 48eV
Ty (my) xBR (1, — 6 charged particles) < 132eV

Many theoretical estimates 4) exist from potential models and lattice
QCD of the mass difference, Am, between the 7, and the T (m~y = 9.46 GeV).
The predictions lie between 30 and 150 MeV. The partial decay width of the
7N into two photons, 'y, (1) is expected to be ~ 500 V.

Here a search is presented which uses the L3 data sample collected at the
centre-of-mass enevgies, /s, from 189 GeV to 209 GeV , cowesponding to a
total integrated luminosity of 610pb~' . The formation of the m, in quasi-real
two-photon interactions ete™ — e*e 1 is studied through the decay into four
and six charged particles only or associated with a 7°. In the last case, because
of G-parity conservation, the decay products must include a J(* K~ pair.

2 Data selection

The L3 detector 5) is suitable for the study of two-photon processes since
events with few tracks and a low energy deposit in the detector are selected by
a track trigger 6).

For quasi-real photon interactions the e* in the final state are mainly
scattered at very small polar angles and go undetected. The e*e™ — ete
events are selected by requiring four or six tracks with charge balance and two
isolated eiectromagnetic clusters in case of a 7% decay.

No other track or electromagnetic bump must be present in the event.

Events are excluded if a photon conversion is detected, i.e. when, assign-
ing the electron mass to an opposite charge pair, the effective mass of the pair
is smaller than 50 MeV .

The vy = 77~ background is reduced in the four track events by re-
quiring the invariant mass of 37 to be greater than 1.9 GeV. Only 2% of 7,
events are climinated by this cut.



Table 1: Detector resolution, mass shift due to (K/=) ambiguity and total

efficiency for the different channels as obtained from Monte Carlo.

Channel | Resolution | (K/#) Mass shift | Total efficiency
(MeV) (MeV) %

4tr 207+ 3 110 4.7+19

dtr 7° 250+ 8 95 1.9+0.7

6tr 254 +4 310 3.6+£06

6trn? 231 £ 7 265 0.94 £0.15

To ensure that no final state particle of the resonance decay has escaped
detection, the squared vectorial sum of the transverse momenta of all detected
particles, Zp]z, is required ta be smaller than 0.1 GeV?2.

The ionisation loss measurement, dE/dx, has a good 7/I{ separating
power only for tracks with a momentum below 0.5 GeV. As the momenta of
the decay particles of the m, extend from 0.15 to 3 GeV the dE/dz has a
very weak separating power. The mass of the charged particles is therefore
considered to be that of a pion. The uncertainty due to 7-K misidentification
is studied for each m, candidate.

2.1 Efficiency, mass resolution and background

In Table 1 the mass resolution and the total efficiencies, including acceptance
and selection cuts are given. Trigger inefficiencies are negligeable. The total
efficiency depends on the nature of the particles in the channel, the variation
due to this effect is given in the table. The mass shift, due to (7/K) misiden-
tification is also indicated.

The mass spectra of the channels under study are well represented by a
two-photon cross-section slowly decreasing with W.,,. By comparing the mass
spectra to the data we obtain a good agreement by weighting each MC event
with an exponential function exp(—cW,.), with ¢ ~ 1 GeV ™!

The main background due to ete™ — ete 77~ events, it is estimated
with a MC sample six times larger than the data.

Inclusive channels can also be a source of background, when one or more
particles go undetected. We estimate this background by using the exclusive
channels with an higher number of particles and by considering the side bands
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Table 2: Mass of the my, candidates in the channels studied at 189 < /s <
208GeV. The first column gives the minimal value of the mass obtained os-
suming that all tracks are pions if no 70 is present and that there is o (YK~
pair otherwise. The second column gives the average mass of all possible w /K
combinations; the error includes detector resolution and misidentification un-
certainty. The corresponding cross-section and the 95% confidence level limit
for the two-photon width times branching ratio are also listed.

Channel | Minimum Mass | Average Mass | Cross section | I'y4x BR
(GeV) (GeV) (pb) (keV)
4tr 9.89 10.02 4+ 0.32 0.026 <0.3
4tr 70 — — — <0.5
6tr 9.39 9.70 £ 0.40 0.021 <0.4
Btr 70 9.99 10.21 4+ 0.38 0.120 <14

of the 7%, it is found to be smaller than 1%.

3 Results

In Table 2 two possible values of the candidates mass are listed together with
the mass resolution, assuming first that all tracks are pions if no 70 is present
and that there is a K+ K~ pair otherwise. The 7, is expected to decay through
two gluons, which are flavour blind. We calculate then an average mass, using
different 7 /I hypothesis, by assuming that the production of pions and kaons
is equally probable.

The cross section for each channel 1 is obtained by :

_ N:—-B;
- [:E,'

Here N; is the number of the observed events, B; the expected back-
ground, e; the total efficiency and £ = 610 pb~! the integrated luminosity for
the data between\\/E = 189 GeV and /s = 209 GeV. Upper limits at 95%
confidence level 3) for Iy () XBR{m,) are calculated for each channel. The
results are listed in Table 2.

In Fig. 1 the mass spectrum, obtained by adding all channels together is
presented. Assuming that the 7, branching ratio for each channel is the same,
the combined upper limit for Iy (7)) x BR () i5 0.2 keV .

agi
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ABSTRACT

The status of the experimental determination of the lifetimes of the weakly-
decaying charm and beauty hadrons is reviewed, with emphasis on recent mea-
surements. Averages are given and compared with theoretical expectations.

1 Introduction

Experimental data on the lifetimes of hadrons containing a heavy b or ¢ quark
provide a unique opportunity to improve our understanding of a difficult and
challenging part of strong interaction theory, namely non-perturbative QCD.
In a naive picture, one could assume that a heavy quark undergoes its wealk
decay independently of the other light quarks present in the hadron, and hence
predict that all hadrons containing such a quark have equal lifetimes. However,
this “spectator” model fails dramatically, as the D meson is known to live
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Figure 1: Cabibbo-allowed diagrams coniributing to the hadronic decay width of
charm hadrons.

~ 2.5 times longer than the D° meson. So the accompanying quarks in the
hadron doindeed play a significant role in the decay dynamics of heavy hadrons.

Differences amongst charm hadrons are mainly due to their hadronic de-
cay widths and can be explained by considering diagrams that dor’t contribute
equally in all species of hadrons (see examples in Fig. 1). If there are two iden-
tical quarks in the final state, the internal and external spectator diagrams may
interfere. This Pauli interference is destructive in D% mesons and construc-
tive in strange charm baryons. The W-exchange (WE) and weak-annihilation
(WA) diagrams are only Cabibbo-allowed for the D®, A} and 2 hadrons, and
for the D} meson respectively; these processes are helicity-suppressed for the
mesons, but WE is not for the baryons where a third quark is present. These
considerations usually lead to the following expected hierarchy for the charm
hadron lifetimes (and similarly for beauty hadrons):

(D) > 7(D%) ~ 7(DF) 2 7(EF) > 7(AD) > 7(E) > (). (1)

More quantitative predictions can be made in the framework of the Heavy
Quark Expansion (HQE) theory, a systematic QCD-based approach for the
treatment of inclusive decays. Considering an operator product expansion in
powers of Aqcp/meg, where mg is the mass of the heavy quark Q (= b or ¢),
the decay width of a heavy hadron can be written as

GFmQ
19273

I'= [AO + Ag/mz + Ag/m% + (’)(l/ma)] , (2)
where the Ag term corresponds to the spectator model, the AQ/mé correction
introduces differences between mesons and baryons, and the Ag/m"é correction
includes the WA, WE and Pauli interference effects 1). HQE thus predicts
that the lifetime differences are smaller amongst beauty hadrons than amongst
charm hadrons. This expansion is expected to be reliable for beauty hadrons
(since my > Aqep), but may be questionable for charm hadrons.
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Figure 2: Bzperimental lifetime averages, including preliminary measurements.

2 Charm lifetime measurements

2, 3) of all charm lifetime measurements ave listed

The current world averages
in Fig. 2. Recent measurements have been performed by fixed-target experi-
ments at Fermilab, where charm is either hadro-produced (E791, SELEX) or
photo-produced (FOCUS), and by experiments at ete™ colliders vunning near
the T(48) energy (CLEO, BABAR, Belle). In both cases, charm hadrons are
fully reconstructed in exclusive hadronic modes, and theix direction is used to
determine the production point using other primary tracks (fixed-target case) or
the beam-spot constraint in the transverse plane (Y(4S) case). The momentum
p, and hence the boost v = p/(mc) (typically 40-100 and =~ 1.7 vespectively),
is very well measured. Therefore the resolution on the decay length L deter-
mines the proper-time resolution (20 — 60 fs and 150~ 200 fs respectively). The
background level is low at Y (48) machines (non-prompt charm from BB events
being rejected by requiring p > 2.5 GeV/c in the center-of-mass), but much
higher in fixed-target experiments where a detachment cut is needed. Such
requirement, expressed as L/oy > N, introduces a bias in the distribution of
the proper time { = L/(cfv); however, this can largely be corrected for by
considering instead the reduced proper time t' = (L — Noyg)/(cf7;, which is
expected to have (for the signal) the same exponential distribution as t.

The most precise determinations of the D+ and DO lifetimes arve from
the FOCUS collaboration 4) (see Fig. 3). These are affected by relatively im-
portant systematic uncertainties in the determination of the overall acceptance
function (which includes geometrical eflects, reconstruction efficiency, hadronic
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absorption and decay of charm secondaries). BABAR and Belle, however, are
now collecting large statistics as well and should be able to get similay (and
eventually better) precision, but with very different systematics 5). Combining
all available results, the lifetime ratio 7(D*)/7(D%) = 2.527 & 0.017 reaches
an impressive relative precision of 0.7%. This can be used together with the
measured semileptonic branching ratios 2o yield a semileptonic decay width
ratio consistent with unity, I'(D? - e*v . X)/T(DT = et v, X) = 1.01 £0.12,
clearly indicating that the large lifetime difference is driven by hadronic decays.
This is largely attributed to a destructive Pauli interference in Dt decays, al-
though a small effect is expected from WE in D° decays. Is it interesting to
note that DO lifetime measurements performed with decays to CP-even final
states (7*#~ and KTK ™) can be compared with the ones performed for a
mixture of CP eigenstates (K ~n+) to extract information on a possible small
decay width difference AT induced by mixing in the D? — DO system. The
determinations of AI'/(2T") with this method are all consistent with zero 2, 6),
but the most precise ones (from BABAR and Belle) have recently reached the
1% level, getting close to the largest Standard Model predictions 7).

The ratio 7(D})/7(D°) = 1.191 £ 0.022 (using the D average of Fig. 2,
which does not include a preliminary FOCUS measurement 8) without quoted
systematic uncertainty), is significantly different from unity, and is interesting
to understand the relative WA/WE contributions in D} and D° mesons. In-



deed, when compared to theoretical predictions 9)
that WA /WE effects are significant and perhaps less suppressed than expected.

The lifetime averages of the charm baryons have significantly improved in
the last year or so, due to the new precise FOCUS measurements 2, 10). while
the ratio 7(029)/7(Z%) = 0.71 £ 0.13 is consistent with expectations, the ratio
T(EF)/7(AF) = 2.21 £ 0.15 is at disagreement with the theory, which prefers
the range 1.2-1.7 11), Again this could perhaps point to an undevestimate of
the WE contribution, this time in AF decays.

, such a large ratio indicates

3 DBeauty lifetime measurements

The first b lifetime measurements, performed in 1983 at PEP (SLAC), were
surprisingly large, and hence the first indication for the small value of the CKM
matrix element |V|. Today, the inclusive b lifetime (averaged over all species
of weakly-decaying b hadrons) is known very precisely from measurements at
the Z pole, (1) = 1573+ 7 fs 12), and is still usefu] for the extraction of |V |
from the measurements of the b = ¢fv branching ratio at LEP.

Lifetime measurements of specific b hadrons have mostly been performed
in the last 10 years at high-energy machines, eitber at LEP (ALEPH, DEL-
PHI, L3, OPAL) and SLC (SLD), or at the Tevatron (CDF}. Full reconstruction
of hadronic modes, the cleanest technique in terms of purity and resolution,
suffers from low statistics, so partial reconstruction (e.g. association of a lep-
ton with a reconstructed charm hadron) is often preferred. More inclusive
techniques based on identified leptons or reconstructed secondary vertexes, al-
though more difficult in terms of systematics, have also been applied very suc-
cessfully (e.g. in a vecent DELPHI analysis 13), illustrated in Fig. 4-left). In
all cases the production vertex is reconstructed using tracks from the fragmen-
tation. Although the mean lifetime is sometimes extracted using the impact
parameter method (useful when the decay vertex is not reconstructed), the
proper time i = (m/p)L is usvally determined for each candidate. The resolu-
tion o¢ ~ (m/{p))or ® (o,/p)t includes a constant term due to gy, (typically
0.05—0.3 ps) and a term due to the momentum resolution (10—20% for partial
reconstruction) which increases with proper time.

Since a couple of years, the B9 and B lifetimes have also been measured
at asymmetric Y (45) machines, where produced Bt*B~ or BB pairs are
boosted along the beam (z} axis. The z positions of the two decay vertexes (one
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Figure 4: Proper-time distributions measured at LEP, with lifetime fits su-
perimposed. Left: inclusive samples enriched in BY and BY candidates from

DELPHI 19). Right: B® = ¢4 X candidates from ALEPH 17),

from a reconstructed B candidate and the other one formed with the remaining
tracks) are determined withthe help of a beam-spot constraint in the transverse
plane. The proper-time difference is approximated as At =~ Az /(¢f7) using the
known boost A7 from the beam energies. The production point does not need
to be determined, as |At| follows an exponential distributior: from which the
mean lifetime can be divectly extracted. The At resolution, dominated by
that of Az, is very large due to the small boost (8y ~ 0.5, compared to ~ 6
in Z — bb events) and is comparable to the mean lifetimes to be measured.
Hence, the modeling of the resolution [unction in such analyses (of which Fig. 5
shows two examples) is one of the main sources of systematic uncertainties.
The beauty lifetime averages 12) are shown in Fig. 2. Only the B® and
BT averages have changed since 1999; their accuracy is now twice better due
to recent analysis iinprovements at LEP and new B factory results 2,13, 16),
The ratio 7(B¥)/7(B%) = 1.073£0.014 is now significantly larger than unity (a
5.20 effect compared to 2.80 in 1999), in agreement with predictions. Further-
more, [1{B*)/7(B°) = 1)/[7(D*}/7(D°) —~ 1] = 0.05 £ 0.01 is consistent. with
(fB/fp)?/(ms/m.)?, as expected from HQE (although the quark masses and
decay constants fg and fp still bave rather large theoretical uncertainties).
The BY and B° lifetimes are found to be consistent (within 1.30), how-
ever the precision on 7(BY) is not sufficient yet for an interesting test of the
theory, which predicts equality within 1%. Note that the BY average includes
measurements performed on samples with different mixtuves of the two BY
mass eigenstates, which are expected to have a relative decay width difference
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AT /T of order 10%. Not included in the average is a low statistics measure-
ment from ALEPH 17) based on the ¢¢X final state, assumed to be almost
pure CP-even and to yield the lifetime of the short-lived mass-eigenstate (sce
Fig. 4-right). Combining all available cxperimental inforrmation yields a 95%
CL limit of AT/Ty < 0.52, or < 0.31 if the constraint 1/T, = 7{B°) is im-
posed 18). For the B system, DELPHI obtains ATy/Ty < 0.18 at 95% CL 19,
while at most 0.01 is expected.

For several vears, the low ratio 7(A9)/7(B%) = 0.798 + 0.052 could not,
be accommodated within the theory. However, recent calculations of next-to-
leading order QCD corrections to spectator effects in lifetime ratios, combined
with the latest lattice determinations of the relevant. hadronic matrix elements,
now yield reasonable agreement with all data on beauty lifetimes 20)

4 Summary and outlook

In the last couple of years, impressive unprovements have been achieved for all
seven singly-charmed hadrons, as well as for the B® and BT mesons. While
theory still fails to cxplain some lifetime ratios in the charm sector, in partic-
ular 7(Z5)/7(AF), BQE predictions seem vow in agreement with all available
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auty lifetirne data. However, better experimental precision is highly desir-
le on the more rare b hadrons (B?, B} and the different b-baryon spedies).

This will certainly be provided by the large statistics aimed for at Run IT of
the Tevatron, as shown by the first promising results of CDF 21),
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ABSTRACT

We report a measurement of branching ratios for the Cabibbo suppressed de-
cay A} — LFTK*0(892) and the Cabibbo favored decays A} — SHK* K,
A =Tt ¢ and AF = 2 9(SHKT)KT relative to AT — Strtn~. We also re-
port two 90% canfidence level limits for AF - S~ Ktat and Af - SHICHKE .
Recently, we also searched for new =} decay channels. In particular we mea-
sure the branching ratio of the Cabibbo suppressed mode &F — &K+ I~
relative to EF — LT K ~a* and the branching ratios of ZF - ST~ xt,
= £*(1385)* K and ZF = Q7 It relative to ZF 2 E At

1 Introduction

During the past year FOCUS 1) and BELLE 2) have discovered new decay
modes for the baryon A}. FOCUS concentrated on decays to three fina) state

“On behalf of the FOCUS collaboration



particles containing a . We also investigated many possible decays for =7 .

Few decay modes of the SF have been reported, for example, the only ob-
served Cabibbo suppressed mode 3) was EF - pK~nt. FOCUS now has the
first evidence for three new decay modes of the =F, one of which is Cabibbo
suppressed. In this report we will describe hyperon reconstruction, then we -
will show the charm baryon signals and finally, we will report the measure-
ments with the conclusions. These measurements might offer a useful tool for
mvestigating different contributions (like exchange diagram) to the total decay
width of charm baryon decays. Cabibbo suppressed decays can also serve as
input parameters for lifetime predictions in the charm sector.

2 Hyperon reconstruction 4)

The £ decays into a charged particle (proton or pion) aund a neutral particle
(neutron or pion). Since the direction of the neutral particle is not detected,
FOCUS reconstructs both the decay modes by imposing kinematic constraints
on the decay. This technique creates a two-fold ambiguity on the £+ momen-
tum (80% of the time for the (p, 7°) mode and 20 % of the time for the (n,7+)
mode where calorimeter information serves to break the ambiguity). The two
solutions in the £* momentum for some of the decays change the shape of
the invariant mass of the final state particles. For this reason we implement
a double-Gaussian to fit the signal region over a linear background. In order
to minimize any possible bias due to this feature we nonmalize cach branching
ratio to the bigh statistics modes A} =+ Ttxtn* (Fig. la)and EF 5 S+ K7+
(Fig. 2a) which contain a &% particle in the final state. For 5
Tt in the final state we normalize to the decay =X -5 Z"n*n (Fig. 2b). The
hyperons, =~ and Q, are reconstructed in the (A% #7) and (A%, K(~) modes
where the AY decays in the (p,7~) mode. For this analysis we only selected
events which had SSD information for the hyperon, =7 /07, iracks ie. events
in which the hyperon decays after the SSD systen.

modes without.

3 A and ZF signals

We investigated twa Cabibbo suppressed A} decays into SHI(Frr~ and o~ Kt
final states and the Cabibbo favored decay to &I J(~. For the Cabibbo sup-
pressed modes T K Fx~ we find that most if not all of the decay proceeds via
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the resonant mode BT I(*(892)° (Fig. 1b). Suppression of 2 three body non-
resonant decay has also been ohserved also in the 5~ I *#+ mode where the
I~ resonance is not possible and where we find no evidence of signal (Fig. lc).
In the ST K+ K~ case (Fig. 1d) we find that the decay is dominated by two
resonant contributions, namely =*(1690)°/X* (Fig. le) where the =*(1690)°
decays in (£7,K") and £*¢ (Fig. 1f). The non-resonant contribution has
been evaluated by excluding the resonances signal regions and by correcting
for phase-space.

We report three new observations of =} decays: the Cabibbo suppressed
decay EF = TFK+I ™ and the Cabibbo favored decays ZF = Q7 I(*nt and
ZF - £*(1385)* /(O whoeve the $*(1385)* is reconstructed in (A% #*). For the
modes LYY~ and 7 Ktat we find no significant evidence for resonant
contributions and the signals are presented in Fig. 2 c-e.
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4 Results

We measured several branching ratios for hadronic decays of A} and =}F. The
results are shown in Table 1.

The FOCUS experiment has measured for the first time the relative
branching ratio of the Cabibbo suppressed decay AT — £1I*(892)° and has
placed a limit on the similar mode A} = S~ K*a*. Further, we measured
the relative branching ratio for the A} decay to the final state S+ K+ K~ and
our results agree with BELLE 2) and CLEO 5) measurerents. We find that
these A} decays exhibit a highly favored two-body resonant component. We
searched for new EF decays and we observe for the first time three modes 2} —
S+ICHK~ (Cabibbo suppressed), SF — £*(1385)*K° and =} - Q- K+nt.
Finally, we improved the existing measurement of the branching ratio for
I —» SYK-x* relative to &F = =~ w7+, Contrary to the suppression of
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Table 1: A} end EF branching ratios from FOCUS

| Yield | Branching Ratio
AT
oY IC*(892) /=t~ 49+ 10 (1706 £ 88) | (7.8+1.8+1.3)%
2T Ktat /eI (892)° 10+£11 < 35% @ 90% CL
SHRHK-/Statn~ 103+ 15 (714+114+1.1)%
Tt¢/Stata 57 £10 (8.7£1.6+0.6)%
SOk /T et 3448 (2.24+0.6 + 0.6)%
St~ K \yg/SFntn™ 8+8 < 2.8% @ 90% CL
=+
LYK |SYKat 17+6 (18.1+6.8+0.5)%
¥ (1385)F KO /= qta™ 31+ 10 (269 £ 21) (34+1.24+04)
Q- Ktrrt /2 ntgt 25+8 (5.4+18+1.3)%
LHK-at /2 atat 234 + 23 1.05 4+ 0.13 4 0.07

—~

the AJ three-body non resonant behavior, the £ do not exhibit such a strong
suppression. The low statistics warrant a verification by another experiment.
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ABSTRACT

The connection between light quark spectroscopy and hadronic decays of D
mesons is discussed, with emphasis on the physics of the light scalar mesons.
Recent results from charm decays are presented.

1 Introduction

Forty years have passed since the birth of the Constituent Quark Model (CQM).
This model provided a very successful description of almost all the hadronic
spectrum. The nonets of pseudo-scalar, vector and tensor mesons are now
well identified. There is, however, one remaining and crucial problem: the
identification of the scalar meson nonet(s). The solution of this enigma is of
vital importance for understanding QCD at the low energy limit.



On the other side, there has been tremendous progress in ¢charm physics
in the past decade. High quality data allowed the basic properties of charm
mesons to be well measured. Recently hadronic decays of charim mesons started
being used to study properties of scalar mesons, abundant products of these
decays.

Charm decays have unique features, making them a very interesting tool
for light quark spectroscopy: large couplings to scalar mesons and very small
(less than 10%) non-resonant components; an initial state which is always well
defined: the spin-0 D meson; and a spectrum that is not constrained by isospin
and parity conservation.

There are, however, some conceptual issues related to the formalism com-
monly used in the analysis of resonant substructure of hadronic decays: the
correct representation of overlapping broad states, which is ¢losely connected
to the issue of formulating the unitarity constraint in three and four-body prob-
lems. Moreover, there is the question of how to relate the observations fram
charm to those from scattering.

In what follows I will briefly state the problem of the scalar mesons. Then
I will discuss how we can use charm decays for new insights on the scalars.
Finally, I will discuss the picture so far offered by hadronic decays of charm.

2 The puzzling light scalars

The light scalars are, in some sense, victims of their own simplicity. Due
to their broad widths and the lack of a distinctive angular distribution, the
distinction between scalar mesons and the non-resonant background is rather
difficult. Moreover, there are many overlapping states within a limited range
of the mass spectrum (up to 1.8 GeV). An additional difficulty is the fact that
non-¢g states, like the lightest scalar glueball or multiquark states, all sharing
the same quantum numbers (J” = 0F), are expected to populate the same
region of the spectrum. We can say that the identification of the scalar mesons
will always be a difficult subject. Comprehensive reviews on scalar mesons can
be found in 1) and references therein.

The main candidates, according to their isospin, are: [5{600) or &(500),
fo(980), 10(1370), fo(1500) and f3(1710) (I = 0); x(800) and I(}(1430) (I =
1/2); a0(980) and aq(1450) (f = 1).

If all these states are confirmed, we have 19 states! Too many candidates
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to fit even in two nonets. While the actual existence of some of these states -
the o(500) and x(800) - is controversial, other states just have poorly known
parameters - f(980), 29(980), fo(1370). The interpretation of most of the scalar
candidates is also controversial. Are they genuine ¢§ mesons or more complex
objects? Take the case of the ag(980), for instance. Its expected width is
500 MeV, according to the CQM, whereas the measured width is ‘n the range
50-100 MeV. This fact leads to the interpretation of this state as a ¢¢gq.

The most problematic states arc the isoscalars. In addition to the con-
troverse about the o(500), the nature of the f3(980), there is the issue of the
fg family above 1 GeV and a possible mixing with the scalar glueball 5) . The
remaining of this note is devoted to isoscalars and to what can we Jeara about
them from charm decays. The I = 1/2 states states including the #(800), will
be addressed in the talk by Carla Gobel, to appear in these proceedings.

3 Charm decays and light scalars

Hadronic decays of charni mesons are a natural place to look for scalars, with
unique features that provide new and complementary insights on tkis problem.

Scalars are copiously produced in charm decays. In 3 and 4-body hadronic
decays of D mesons, one always has a 77, a /{7 or a J(J( pair, important decay
modes of scalar mesons. The quantum interference between broad scalars and
the usually large non-resonant background, which is a plague in scattering
experiments, does not affect charim decays because the non-resonant cornponent
is always very small.

But the most appealing features of D decays, when compared toscattering
experiments, are related to the difference in the canstraints that build the 77,
I{w and ICIC spectra. In scattering experiments, only the strong interaction is
involved. The observed spectrum is determined by the conservation of isospin
and parity. Parity and isospin are violated in D meson decays, where the
observed spectrum is determined by the quark content of the initial state, after
the weak decay of the ¢ quark.

It is illustrative to compare, for instance, in the 77~ 7+ final state, the
Dalitz plots from D+, D¥ decays 2, 3) (see figl) and from pfi annihilation 4),
which is most similar to D decays. The differences due to production dynamics
are apparent at a glance. Comparing the D* and D} Dalitz plots wesee clearly
the effects of the different quark content of the initial state.
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There is a related aspect which is also crucial: the bulk of the hadronic
decay widths can be explained by a model in which resonances couple directly to
the D meson. There is no need to add couplings to other states, like glueballs:
gg states alone seem to be enough to account for the observed rates. Take
the decay DY — I~ K*n* as a typical case. The main amplitudes are the
external and internal W-radiation (see fig2). The decay modes corresponding
to these amplitudes are DF — ¢t and D} — K(*X~. These modes account
for almost 100% of the D} — J{~ K +tn+ decay rate. The same argument could
be made using many other final states. Hadronic D decays are an extremely
complex process, and these types of quark diagrams are only an aproximation.
This descripton, however, seems to work fairly well.
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Figure 1: Dalitz plots from D} — w¥rn—nt (left) and DY = stz n+ (right)
decays from Fermilab E791.

It is generally accepted that a resonance, being a real particle, must have
the same parameters in whichever process it appears. The question one may
ask is whether the states produced in different processes are really the same.
Consider, for instance, the fo(1370), f6(21500) and fo(1710) émbroglio. Al three
states have been observed by many experiments, with fairly well measaured
parameters (except for the fp(1370)). But according to the CQM, only two ¢§
states are expected: one being mostly s3 and another being mostly ui + dd.
So, the three fu's could not belong to the same g§ multiplet.

Glueballs are expected to be produced in ”gluon-rich” reactions, like cen-
tral production, in addition to the genuine ¢ mesons. Mixing between the
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scalar glueball and the ¢q states is expected 5). 1f this is really the case, then
the observed states would be mixtures of ¢ and gg, rather than pure states.

On the other hand, in a “gluon-poor” reaction, like D decays, glueballs
are not expected to be produced. In D decays one would access directly the
¢q states with no mixing. In this case masses and widths measured in charm
decays would be different than those obtained in central production. Also, the
number of states present in D decays would be smaller.

K*

eI
v n C

un
2

U _
5 - s K

Figure 2: Dominant amplitudes for DF — K~ K+nt decay.

One last aspect deserves some attention: the role of final state interac-
tions in charm decays. The Dalitz plots of charm decays can only be describe
by models allowing interference between amplitudes in which the resonance and
the bachelor pseudo-scalar are in different states of relative orbital angular mo-
mentum. The role the bachelor pseudo-scalar plays is decisive, which seems not
to be the case in NN annihilations. In this sense Dalitz plot and partial wave
analysis are not quite the same. The case of the D¥ — K~ ntqt 8) is typical.
We see in the Dalitz plot that the upper lobe of the K*(892) band is shifted
with respect to the lower one. This effect is caused by the interference between
the /=1 D* — K*(892)r* and the =0 amplitudes, like D+ — I} (1430)7+.

We conclude this section by noting that relating results from scattering
and charm decays is not so simple. The D — 7w, for instance, cannot be
explained an the basis of pure elastic 7 scattering. The energy dependent
s-wave phase from D — 7w (or K77) may not be the same as the =7 {(or Kx)
phase shifts from peripheral hadron-hadron reactions.
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4 'What have we learned so far from charm decays?

There are only a few experimental results on Jight scalars from charm decays.
I will concentrate on the isoscalars: the ¢ and the fo family.

4.1 o(300) or fp(600)

This is certainly the niost controversial state. In charm decays it appears as an
excess of signal events at low w7~ mass. This effect is observed in the Dalitz
plots of Dt — at7— 2+, from E791 3) and FOCUS, and of D° — J(Oxtz—,
from CLEO 6). The same structure was also observed in J/p - wrta™ decay,
from BES 7). No such effect is observed in w+s— scattering, where the o is
interpreted not as a veal particle, but as a dynamical threshold effect.

The best description of charm decay data requires the presence of a broad,
scalar (in E791 analysis different spin assignments were also tested), complex
amplitude at low #+%~ mass. A crucial aspect is that good fits can only
be obtained allowing the phase of this complex amnplitude to vary across the
Dalitz plot. The above experviments have fitted their cata assuming a Breit-
Wigner function for this state, although it is known that for states like the
o a Breit-Wigner is only an approximation. Different functional forms may
yield different values of mass and width. The very concept of mass and width
is model dependent in this case. The CLEO Collaboration 6) do not claim
evidence for the ¢ meson due to the uncertainty in the best parameterization
of this amplitude. Anyway, good fits were obtained in all cases, and the values
for the mass and width (see table 1) are in good agreement - M ~ 480 MeV,
o ~ 320 MeV.

It weuld be intercsting, definitely, to show the phase variation across the
Dalitz plot without assuming any functional form for the o amplitude. This
is, unfortunately, very difficult because it involves a very large number of free
parameters. In any case, it remains to be explained why in charm decays the

o seems ta be a real particle, but not in low energy elastic 77~ scattering.

4.2 fo(980)

The width of this state is paorly known. The reason is that the f,(980) seems
to behave differently depending on the reaction in which it is produced. While
in scattering it looks broader and with a large coupling to the KX channel, in



charm decays it looks jusi like a narrow regular gg resonance decaying mostly
into pions. In the decay D} — ¥ w2t the f5(980)7 " component correspond
to over 50% of the decay rate.

E791 used a coupled channel Breit-Wigner (the Flatté formula) in its
fit 2). The coupling to KK channel was found ta be consistent with zero.
An equally good fit was obtained using a regular Breit-Wigner, yielding Tp =
(4443) MeV. This is in agreement with preliminary results from FOCUS (Ty ~
55 MeV, from DI — at#~77) and BES (Tg ~ 45 MV, from J/i = ¢nta—).

The large rate in D} = 7¥7~ 7+ suggests a strong affinity of the f5(980)
with $§, if we take the W-radiation amplitude to be the dominant decay mech-
anism. In spite of a large s3 in its wave function, the lack of a significant
coupling to I(X is due essentially to the narrow f5(980) width.

The above situation reinforces the interpretation of this state as a 4-
quark state surrounded by a J{ K molecular cloud. At short distances, as in D
decays, we would access the ggdg comuponent, whereas in peripheral processes
the molecular companent. would manifest itself.

43 £5(1370)/ fa(1500)

The situation here is still rather confusing. The third state of the fo family
above 1 GeV, fo(1710), which would be mostly s3, is difficult to access, since
it lies near the cdge of the DY decay phase space.

Charm decays are useful not only to measure the f5(1370) and f(1500)
masses and widths, but also to infer the quark content of these two states. If
both ave q§ resonances, both should appear in charm decays. If, in addition,
there is a significant s§ component in their wave function, these states should
appear in the DF - I(H I~ 77 decay.

Both E791 and FOCUS/EG87, when analysing the D} — ¥ 7~ 7+ decay,
have found that only one state is necessary to describe the Dalitz plot, although
they do not agree on the measured parameters for this state, While EG87 10)
found a state with rmass near 1475 MeV and a width of about 100 MeV (very
similar ta FOCUS preliminary nambers, and very close to the well measured
Jo(1500) parvameters), E791 2) fonnd a somewhat wider state with a lower
mass: Mo = (1434+20) MeV, T'q = (172£32) MeV.

BaBar 9) have found no evidence of neither one of the fo states in the
D° = KOK*IC~ decay. FOCUS (see L. Edera’s talk in these proceedings)
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have found a small component of fo(1370)7™ in the D} — K+ I~ decay, but
the sum of all decay fractions is over 160%. This is due to a large destructive
interference, which is likely to be unphysical.

Alarge D — 7t~ a7t (and also D — 7t 7%7°) sample are necessary to
disentangle the fo{1370)/ fo(1500) contribution. Apparently only one of the
two fo would be a ¢ state (mostly nn), reinforcing the intevoretation of the
other one as the ground-state scalar glueball. .

5 Conclusjons

The picture offered so far by charm decays points to the existence of two scalar
meson nonets, one having states with mass below 1 GeV ang the other with
masses above 1 GeV.

In the low mass states we have the large rates of the om in D¥ — rtor—xt
and of the fo(980)m in DF — 7rw~n* decay as an indication that both are
qg, or, perhaps ¢qgg states. The evidence for the neutral x(800) would be
endorsed if evidence for the charged & is also found. In tke cases of both
o and k, a demonstration of the phase variation would be very welcome. It
is also important to measure the ag(980) width in either D, —» K+*K 7 or
D, = KOK* K~ decays.

In the region above 1 GeV more data is necessary to show which of the
fo's are penuine ¢§ states. Perhaps the answer is none of those observed in
scattering experiments, since the mixing between the bare ¢g¢ resonances and
the scalar glueball would not occur in charm decays. Apparently only one state
appears in charm decays, although it is not clear yet which state this is. In any
case, this state has no significant coupling to KI<.

"There are important conceptual issues to be addressed. The most im-
portant is to formulate the unitarity constraint in multi-body decays. The
assumption of two-body elastic scattering as the basic process is not trivial
and mway not be justified. Even in the case of two-body elastic scattering, the
introduction of a relative phase can restore unitaxity, which would be violated
in models in which the amplitude is written as a sum of Breit-Wigners 11),

Decays of charm mesons, with their unique features, offer a new way to
look at the light scalar mesons.
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Table 1: Mass and width of the o assuming o Breit- Wigner model.

| experiment | mass (MeV) [ width (MeV) |

E791 478 £ 29 324 & 46
CLEO 390 £ 60 282 £ 77
BES 513 £ 32 335 + 67
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ABSTRACT

A Dalitz plot analysis of the decay DT = K~ wtnt is performed from the
Fermilab 1791 data sample. A model constructed from a coherent sum of
known I{7 resonant amplitudes plus a constant non-resonant term does not
give an acceptable fit. A good fit. is obtained by the inclusion of an extra light
and broad K7 scalar state.

1 The D* - K~x*xt Dalitz-plot Analysis

The decays of charm mesons can be viewed as a new source of information for
the study of light mesov spectroscopy, cornplementary to that from scattering
experiments, and can be particulavly relevant to the understanding of the scalar

sector.
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Figure 1: (a) The K invarsant mass spectrum. The filled area is background;
(b) Dalitz plot corresponding to the eventis in the dashed area of (a).

Here we present results for the Dalitz-plot analysis of the decay Dt —
K~rtxt (see details in 1)) using data from Fermilab E791 2). Trom the
original 2x 10'? events collected, and after reconstruction and selection criteria,
we obtained the Dt — K ~7t 7+ sample shown in Figure 1(a). The filled area
represents the level of background. The crosshatched region contains the 15090
events selected for the Dalitz-plot analysis, as shown in Figure 1(b), where the
two axes are the squared invariant-mass combinations for K7 (symmetrized
for the two identical pions). An unbinned maximun-likelihood fit is performed
with probability distribution funtions (PDF’s) for both signal and background.
The signal PDT is written as the square of the total physical amplitude 4 and
it is weighted for the acceptance across the Dalitz plot and by the level of signal
to background for each event, as given by Figure 1(a).

Our first approach to fit the data includes the known J(n resonant ampli-
tudes (An, n > 1), plus a constant non-resonant (NR) contribution. We call
this Model A. The signal amplitude is constructed as a coherent sum of the
various sub-channels, 4 = age™ Aq + Z,’:’:, ane®" A,. Each resonant ampli-
tude is written as A, = BW, F,()J) F,(LJ] .MSLJ) where BW,, is the relativistic
Breit-Wigner propagator, BW, = [m] —m? — imgl‘(m)]_l. The quantities
Fp and Fp are the Blatt-Weisskopf damping factors respectively for the D
and the Xx resonances, they depend on the radii of the decaying meson and
are set torp = 3.0 GeV~! and rg = 1.5 GeV™! in Model A. MY describes
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the angular function according to the spin J of the resonance. See 1), Bach
amplitude is Bose symmetrized A, = A4,[(12)3] + A,[(13)2].

For Model A, we find contributions from the channels: NR, with a de-
cay fraction over 90%, followed by K(1430)n+, K*(892)n+, K*(1680)7T and
[3(1430)7t. The decay fracticns and relative phases are shown in Table 1.
These values are in accordance with previous results from E691 3) and E687 4).
There is an important interference pattern, since all fractions add up to 140%.
We find important disagreements between the fit to Model A and data, with
x%/v = 2.7 (v being the number of degrees of freedom) in the Dalitz Plot. The
discrepancies are found mainly at low K7 mass squared (below 0.8 (GeV/c?)?)
and near 2.5 {GeV/c?)2. We thus conclude that a model with the known
Kr resonances, plus a constant NR awplitude, is not able to describe the
Dt o K- wtnt Dalitz plot satisfactorily.

A second model (Model B) allows the mass and width of the scalar
K;(1430) to float. Gaussian-type form-factors 5) are introduced for this scalar
state. T'wo extra floating parameters are the meson vadii 7p and rg introduced
above. We find fractions and phases similar to those of Model A (within errors)
and the mass and width of K§(1439) are found to be 1416 == 27 MeV /¢ and
250421 MeV /c?, respectively, consistent with PDG values 6). The fit improves
but it is still unsatisfactory.

A third fit model, Model C, is constructed by the inclusion of an extra
scalar state, with unconstrained mass and width. We maintain the mass and
width of the J(3(1430) as free parameters, and use the Gaussian form-factors as
in Model B. Using this model, we obtain the values of 797419443 MeV /c? for
the mass and 410 + 43 & 87 MeV /c? for the width of the new scalar state (first
error statistical, second error systematic), referred to here as the k. The values
of mass and width obtained for the KJ(1430) are respectively 1459 4+ 7 + 12
MeV/c? and 175 + 12 + 12 MeV/c?, appearing heavier and narrower than
presented by the PDG. The decay fractions and relative phases for Model C
are given in Table 1. Compared to the results of Model A (without k), the
NR mode drops from over 90% to 13%. The s+ state is now dominant with
about 50%. Moreover, the fit quality of Model C is substantially superior to
that of Model A; the x¥2/v is now 0.73. The meson radii 7 and g are found
to be respectively 5.0 0.5 GeV~! and 1.6 £ 1.3 GeV 1,

Various studies are done to check these results. For example, we replace
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Table 1: Results without s (Model A) and with x (Model C).

Decay " Model A No & Model C: With &

Mode Fraction (%) Phase Fraction (%) Phase

NR 909+26 0° (ﬁxed) 13.0+£58+44 (—11+£14+8)°

kt 5 47.841214+53 (187 +8+18)°
K*(892)rt 138+05  (54+£2)° | 1234+1.0%0.9 0° {fixed)
Ki(1430)yr | 306416  (5422)° | 125414405 (484 7+10)°
I3 (1430)7+ 04+£01 (334+8)° | 05£01£02 (-54%£8%7)°
K*(1680)7+ | 32403  (66+3)° | 25+07+03 (28+13+£15)°

the complex & Breit-Wigner by a real Breit-Wigner, with no phase variation.
In this case, we get similar mass and width for this extra state, but with
unphysical fractions for this state and the NR, and a waorse fit quality. We also
replace the x by hypothetical vector and tensor states, and the fit clearly prefers
the scalar state. Other models with the s are also tried, like modifications to
the scalar Breit-Wigner amplitude and to the form-factors. Other studies for
the parameterization of the NR amplitude are tried with and without the «.
None of these models without the « is able to describe our data satisfactorily.
All variations of madels with s give similar results for the x mass and width
(within errors) although the fractions for km and NR show correlations.

From our results we find a good indication that a light and broad scalar
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ABSTRACT

Some Focus resulis about the Dalitz analysis of D-meson decays into three
pscudoscalars are presenied. The advantages of the I -matrix approach to
formalize the S-wave states are briefly outlined.

1 Introduction

In the last years the Dalitz plot analvsis has emerged as a proper and powerful
tool to understand the main features of the charm hadronic decays, that is to
investigate the resonant substructures, the role of the final state interaction
(FSI) and of nan-spectator diagrams. It is only in more recent years that this
analysis has been used even to better investigate the light quark spectroscopy

* On behalf of the FOCUS collaboration



in the scalar sector. In this report I will present some results of the amplitude
analysis of the D¥ — K+*K~x*, Ktr~at, ntz~n+ and DF - Ktn—nt,
7tr 7T, obtained with the so-called isobar model (see for example 1)). The
advantages of the I(-matrix approach applyed to the charm sector will be
discussed.

2 Dalitz plot analysis results

The Dalitz plot ana]ysié of three-bady decays provides the full set of observa-
bles of the decay: coefficients and relative phases of the different amplitudes
contributing to the same final state. Multibody decays can occur via various
strong resonances which can interfere with each other. Measurements of the
phase shifts between different resonant components allow us to gauge the role
of FSI and thus to shed some light onto the under)ying weak decay dynamies.
Infact, at tree level, the weak amplitudes are real; relatively immaginary phase
shifts in the decay are due to FSIL

A very instructive example for probing the role of FSI is the decay of DT —
K+ K~ nt. The Dalitz plot (fig.1(a)) is very highly dominated by the ¢nt and
K+ channels, with an additional contribution corresponding at high K=
mass region. The asymmetry between the two lobes of K" can be interpreted
as an interference between this resonance and a broad scalar. When a complete
Dalitz analysis is performed, the fit returns contributions of Y*O(SQQ) (with a
fit fraction of about 20%) and R*O(MBO) (~ 67%), that is a broad and large
scalar, ip a relatively imaginary phase configuration, pointing at relevant FSI
effects.

The high statistics and the very good quality of the data collected by Focus
allow for investigation of suppressed and heavly suppressed decays, such as the
Singly Cabibbo Suppressed Decay D — Ktn~n* (fig. 1(b)), for which Fo-
cus is performing the first Dalitz analysis, and the Doubly Cabibbo Suppressed
Decay D¥ — K*tzx~xt (fig. 1(c)). Both Dalitz plot analyses indicate a rich
resonant structure, dominated by p(770) and K*°(892), in a relative real phase
configuration, pointing, in these decays, at a non-relevant role of FSI.

A channel that is particular interesting is the D} — 7rn~ =77, since it is the
best candidate to evaluate annihilation contributions. The amplitude analysis
indicates that the fo, clearly visible over the Dalitz plot (fig. 1(d)), is the domi-
nant contribution (~ 94%); a band for Sq(1475) is also visible and accounts for
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~17%. Finally the tensor f,(1270) (~ 10%) and the p(1450) (~ 5%) populate
the Dalitz plot corner. A non-resonant contribution is necessary to obtain a
good fit quality. Unfortunatelly the experimental scenario is still too poor to
draw final conclusion about the annihilation diagram.

The decay DT - sFr~nt (fig. 1(e)) is dominated by p(770) (~ 30%). The
preliminary results of the fit show that, if the ¢(400) (whose existence is still
controversial and not widely accepted 2 ) is introduced in the fit, it accounts
for a fit fraction of ~ 20%.
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Figure 1: Dalitz plots from Focus
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3 K-matrix approach

All previous results have been obtained using the isobar model, which should
be considered a kind of first order approximation, since it does not. respect the
unitarity and does not incorporate all the present experimental knowledge in
the light meson sector, which is very deep and comprehensive. Tor sure it is
not well suited to analyze charm decays at the high already available statistics
of Focus. So the natural next step to investigate charm decay requires a bet-
ter model to account for strong dynamics. We are rigorously developing the
formalism on the basis of the K-matrix approach 3), which naturally embeds
unitarity and all the present kwnoledge in light meson scattering and spec-
troscopy. The I{-matrix is a vapresentation of the scattering matrix S, where
the resonances are defined as poles of S. This formalism is general and natu-
rally describes, for instance, coupled-channel resonances, such as f3(980), and
nearhy resonances, such as f3(1370) and fo(1500).

The K-matrix, originally developed in the context of the scattering problems,
can be extended to cover the case of more complex resonance formation through
the P-vector approach 4). With this powerful tool the Dalitz plot analysis of
chavm hadronic decays can provide new useful and independent information on
several controversial light-quark resonances.

4 Conclusions

In the last years Dalitz analysis has provided important results to better un-
derstand the charm phenomenology. The excellent quality of the available data
requires now a better model to formalize the strong dynamics; the K-matrix
approach seems to be the proper tool. The preliminary vesults obtained in
Focus are promising.
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ABSTRACT

A short review of HERMES experimental results on the spin structure of the
nucleon is presented. Inclusive polarized deep-inelastic scattering (DIS) on
a longitudinally polarized targets provided precise and complete informations
on the polarized structure function g, (z). By using both inclusive and semi-
inclusive DIS, the polarized quark distributions Agg(z) for each flavour f has
been derived. Measurements of the double-spin asymmetry for the photopro-
duction of high-p7 hadron pairs has been interpreted as a first evidence for a
positive gluon polarization. The beain spin azimuthal asymmetry in the deeply
virtual Compton scattering and the target spin azimuthal asymmetry in the
pion electroproduction has been measured for the first time. Those two mea-
surements proofed the possibility to access the Generalized Parton Distribution
and the still unknown transversity distribution hy(z), respectively.
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£ D1 iNezZga

The understanding of strong interactions including spin as an additional degree
of freedom is an intensively discussed question since QCD become the gauge
field theory of the strong interaction establishing the intuitive quark model
as the valid concept for the nucleon substructure. In this field HERMES,
considered a second generation experiment, by using both a polarized target
and a polarized beam plays a fundamental role. At leading twist, the structure
of the nucleon can be described by three Structure Functions (S8F): Fi(x),
g1{z) and hy(z), all as a function of the Bjorken variable. The unpolarized SF
Py () is now well determined over a broad kinematical range. The polarized SF
g1 (z) contains information on the helicity-dependent quark contributions to the
deep-inelastic scattering cross section. By integrating ¢i(z) over z, the total
contribution AE, of the quark spin to the nucleon spin can be determined. The
first result reported by the HERMES collaboration 1), which was largely based
on measurements on a longjtudinally polarized proton target, provided AL, =
0.30 4 0.04 £0.09 (at Q%2=2.5 GeV?). Since precise data on the proton are now
available 2 3), the emphasis of the most recent HERMES measurements was
on the structure function g¢(x) on the deuteron. The preliminary results are
plotted together with those obtained on polarized proton and 3He targets 4, 5)
in the left panel of fig.1. This figure can be considered the consistent and almost
conclusive picture of about one decade on investigations on ¢, ().

Performing measurements of semi-inclusive deep-inelastic scattering, HER-
MES was able to determine the polarized quark distribution Ags(z) for each
flavour f. Double spin-asymmetries A (z) were determined for different hadron
types h like pions, kaons and protons. The asymmetries A% (z), for each hadron,
are related to the quark distributions Agg(z), for each quark flavour, and the
values obtained for Aqu(z), Aga(z) Aga(z), Aqz(z) and Agy(z) are shown in
the right panel of fig.1. From this figure it is concluded that the u-quarks are
strongly polarized in a direction pavrallel to the proton one, while the d-quarks
are less strongly polarized in the opposite direction. The sea quarks overall
contribution to the proton spin is small and compatible with zero.

Several NLO-QCD analyses of the Q?-dependence of the measured g; (z, Q?)
have been performed to extract the contribution of the gluon polarization. Un-
fortunately the limited accuracy and the kinematical range of the data did
not allow to extract precise information of this observable and even the sign is
not completely determined. The first direct study of AG/G has been carried
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Figure 1: Left: the longitudinal spin-dependent structure function zg;(z) as
measured on longitudinally polarized hydrogen (top ponel), deuterium (middle
panel) and SHe (lower panel) targets. Right: the longitudinal quork spin distri-
bution xAq for u,d, G, d, s-quark. The hatched nreas represent the systematic
uncertainties of the data. The curves are NLO-QCD predictions from. fits fo gy

out. by HERMES 6)., By measuring the double-spin asymmetry for the pho-
toproduction of oppositely charged high-pr hadron pairs on a Jongitudinally
polarized hydrogen target, a value of AG/G = 0.41 £0.18 + 0.03 was obtained
at < zg >=0.17 and < Q2 >= 0.06 GeV? showing positive gluon polarization.
The absolute value, however, is model dependent. as a Monte Carlo simulation
was needed to determine the relative yield of the signal from the photon-gluon
fusion and the background from QCD Compton contributions.

A new and important process studied at HERMES is the Deep Virtual
Compton Scattering (DVCS) which provides information on the Generalized
Parton Distributions (GPDs). In the 1997 Ji 7) has shown that the first moment
of certain GPDs can be related to the total angular momentum of the quarks
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Figure 2: Left: single beam-spin asymmetry for electroproduction of real pho-
tons on an unpolarized hydrogen target as a function of the azimuthal angle
@. The curve represents a sin phi-fit to the data. Right: single target-spin
asymmetry for the electroproduction of 7+ on a polarized deuterium target as
a function of the azimuthal angle ¢.

and the gluons in the nucleon. By exploiting the interference between the DVCS
and Bethe-Heitler (BH) processes, one obtain access to the DVCS amplitudes.
This interference term in the cross section depends on the beam polarization
and results in an azimuthal asymmetry of the distribution of the emitted real
photons with respect to the virtual one. Such a beam spin asymmetry has been
observed at HERMES 8) for interactions etp — eTyX with a missing mass
Mx close to the proton mass as shown in the left panel of fig.2.

Apart from the structure functions Fi(z) and gy (z), there is a third lead-
ing twist but still unknown structure function, hy(z), known as the transversity
distribution. Inclusive DIS cannot be used to measure A;(z) as it is chirally-odd
quantity. In semi-inclusive DIS, informations can be obtained if, the latter, is
combined with a fragmentation function chirally-odd too. First evidence of a
non-zero transversity distribution has been reported by HERMES 9). The data
show a small asymmetry that can be explained from a combination with hy(z)
and the non-zero corresponding chirally-odd fragmentation function. New pre-
liminary results on deuteron target are shown in the right panel of fig.2. On the
basis of the small asymmetries observed on longitudinally polarized térget.s, it
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is expected that sizable asymmetry will be observed if transversely polarized
targets are used. At the moment, such measurements are ongoing at HERMES.

As discussed, besides new and precise data on g;(z), a whole new class
of measurements has been performed at HERMES. In this context, the study
of gluon polarization in the nucleon, of the flavour decomposition of the quark
spin distributions and of the transversity distribution is playing a central role.
At the same time new plans have been started to further exploit deeply virtual
Compton scattering measurements. Hence, there are good reasons to believe
that our understanding of the origin of the nucleon spin will still improve
significantly in the next few years.
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ABSTRACT

The QCD treatment of heavy quarks is illustrated in connection with extracting
|Ves| and to an accurate determination of basic heavy quark parameters. Recent
data provide at least one precision test of the nonperturbative OPE relation.
Experiment points at the proximity to the ‘BPS’ regime for the heavy quark
ground state.

Quantum chromodynamics (QCD) is the well-established theovy of the
strong interactions. Its practical applications are usually complicated by con-
finement: QCD is formulated in terms of color quark and gluon fields, while
only colorless hadrons are observed in experiment. The transmutation of phys-
ical spectrum in QCD has a nonperturbative origin, and its impact must be
quantitatively understood in a model-independent way.

Heavy quark (HQ) theory, in particular as applied to b-hadrons, is now
a well-developed field occupying a special place in QCD. On one hand, the
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b-quark mass often provides a reliable expansion parameter Aqep/me and sets
a hard scale where perturbation theory can be sensibly applied. On the other
hand, nonperturbative effects are non-negligible and have to be accounted for
in precision studies. The application of the dynamical methods of QCD in the
context of the HQ expansion has yielded many novel results and insights into
the dynamics of heavy flavor hadrons. A recent review of these developiments
can be found in Ref. 1).

A true measure of our understanding of strong dynamics is how accu-
rately we can extract the underlying quark-level parameters ||, |Vip| from
the observed decay rates of actual hadrons. The theoretical progress achieved
here over the last decade is remarkable. It has become realistic to aim at a
percent level in |Vp| — even though our methods do not rely on a fine syrametry
per se, but rather account for the badronic effects in a precision way.

A popular method to determine V.| uses the decay rate B— D* v near
zero recoil. At this kinematic point the B — D* formfactor Fp-(0) is unity
when my, m, = oo. Driven by the charm mass scale, power corrections are still
significant: Fp- ~0.9 to order 1/mj, 2) and the 1/m3 effects were estimated

to be in the 3% range 3). Relying on an expansion in 1/m,. makes it difficult
to overcome a 5% level of reliable accuracy here.

These estimates were supported by recent lattice studies which yielded
surprisingly close central values, Fp. ~0.88 and Fp- ~0.91 to order 1/m2 and
1/m},, respectively 4). Since the method is based on a 1 /mgo expansion for
both b and ¢, an important issue is higher-order as well as exponential in m,
terms. This sophisticated lattice approach will hopefully be refined. Presently
a large fraction of the corrections to Fp-{0) = 1 is still added theoretically
rather than emerges directly in the lattice simulations.

Extrapolating the decay amplitude to zero recoil introduces additional
uncertainty. It can be reduced incorporating the model-independent constraints
on the IW function stemming from the set of the HQ sum rules 5),

More extensive opportunities are provided by inclusive semileptonic B
decays. Nonperturbative effects here are controlled by the QCD theorem 6)
which established absence of the leading Agcp/my power corrections to total
decay rates. It applies to all sufficiently inclusive decay probabilities, not. only
semileptonic ones. As pointed out shortly afterwards, the masses and relevant
nonperturbative parameters can be deterruined from the B decay distributions
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themselves 7> 8). Nowadays this strategy is being implemented in a number of
experimental studies.

The new generation of data provides accurate sneasurements of many in-
clusive characteristics in B decays. Proper theoretical formalism has gradually
found its way into their analyses. More recent theoretical findings allow to
shrink theoretical uncertainties — among them constraints from the exact HQ
sum rules and the consequences of the proximity to the so-called ‘BPS’ regime
signified by the hierarchy p2 —p2 <« u2 suggested by experiment.

The low-scale running masses my{12), m.(i), the expectation values p2 (i),
p&(1)... are completely defined and can be determined from experiment with
in principle unlimited accuracy. Violation of local duality potentially limit-
ing theoretical predictability, has been scrutinized and found to be negligibly
small in total semileptonic B widths 9. Present-day perturbative technology
allows computing as-corrections to the subleading Wilson coefficients. It is also
understood how to treat higher-order power corrections.

The ultimate accuracy can be achieved in a comprehensive approach
where many observables are measured in B decays to extract necessary ‘the-
oretical’ input patameters. Since b — ¢ widths strongly depend on m,—mc,
previous analyses to some extent relied on expansion in 1/m, employing its
relation to Mp—Mp. Reliability of the 1 /m,. expansion is however question-
able. On top of that there are indications that the nonlocal correlators affecting
meson masses can be particularly large 10) 5 pattern also observed in the
't Hooft model 11). This expectation is supported by the pilot lattice study 12)
suggesting a very large value of p3_+p%. On the other hand, non-local corre-
lators are not measured in inclusive B decays. A partial cure was suggested
recently 10). The proximity to the ‘BPS’ limit leads to much smaller power cor-
rections for the mass relation applied to ground-state mass difference Mp—Mp
rather than for standard spin-averaged masses.

There is also a way totally free from relying on charm mass expansion 13),
It utilizes the whole potential of the comprehensive approach making full use
of a few key facts 8, 7,

o Total width to order 1/m} is affected by a single new Darwin operator (the
moments also weakly depend on p3 5).

s No nonlocal correlators ever enter per se.

« Deviations from the HQ limit in the expectation values are driven by the
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full scale 1/m; and are additionally suppressed by proximity to the BPS limit;
they are negligible in practice.

e Exact sum rules and inequalities which hold for properly defined Wilsonian
parameters.

Some of the HQ parameters like 1% are known beforehand. Proper field-
theoretic definition allows its accurate determination from the B* — B mass
splitting: p%(1GeV)=0.35""33 GeV? 10), A priori less certain is 2. However,
the inequality p2 > pZ valid for any definition of kinetic and chromomagnetic
operators respecting the commutation relation [Dj, Di] = —ig,Gjk, essentially
limits its range: p2(1GeV)=0.45+0.1 GeV2.

Running b quark mass was accurately extracted from o (ete™— T(nS))
in the end of the 1990s: my(1 GeV)=4.57+£0.06 GeV for the “kinetic” my(p).
However, considering all available constraints, I think that 4.57 GeV is on the
lower side of the m, range which rather centers around 4.63 GeV.

Often extracted from the data are the “HQET parameters” (—A;, A) -
they actually correspond to extrapolating the p-dependent quantities down to
p=0. They are ill-defined and meaningful only as intermediate stage entries,
however can often be translated into properly defined parameters. Say, in the
context of the recent CLEO and BaBar analyses

AugeT ~ A(1GeV) — 0.255 GeV, -\~ p2(1GeV) —0.18GeV? (1)

the recent CLEO’s central values 14) thus correspond to my(1 GeV)=4.62 GeV,
12 (1 GeV)=0.43 GeV?, surprisingly close to the theoretical expectations!

The utility of hadronic maoments (M%) follows from the fact 8) that, at
least if charm were heavy enough the first, second and third moments would
mare or less directly yield A, u? and p}, respectively.

Let me give an illustration how such a strategy works. Leptonic moments,
for instance, are approximated as

(By) = 1.38GeV + 0.38[(ms—4.6 GeV) — 0.7(m,—1.15 GeV))
+0.03(12—0.4GeV?) - 0.09(5%—0.12 GeV?) |

(Bt —(Ee))*) =0.18 GeV2 + 0.1[(mp — 4.6 GeV) — 0.6(m, —1.15 GeV)]
+0.045(p2 —0.4 GeV?) — 0.06(55—0.12GeV?) |

((Be—(E¢))®) = —0.033GeV® — 0.03 [(my—4.6 GeV) — 0.8(m.—1.15 GeV))
+0.024(p2 —~0.4GeV?) - 0.035(5% —0.12GeV?) ; (2)
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they depend basically on one and the same combination of masses m,—0.65m..
The value of |Ves| extracted from I (B) has the following dependence on

the HQ parameters 13, 15)

esl _ 1 0.65](ms— 4.6 GeV) — 0.61(me—1.15 GeV)] + 0.013 (42 — 0.4 GeV?)

+ 0.1(5H—0.12GeV?) + 0.06(u% —0.35 GeV?) — 0.01(p? 5+0.15GeV?) =

1 — 85 [(E;)—1.38GeV] — 0.06 (m,~1.15 GeV) — 0.07(1% ~ 0.4 GeV?) —

0.05(3% —0.12GeV3) - 0.08(1% —0.35 GeV?) — 0.005 (p3 s +0.15GeV3); (3
D

a combination of the parameters has been replaced by (F;) in Eq. (2), and
sensitivity to p% and p3 ¢ is illustrated. We see that the precise value of charm
mass is irrelevant, but reasonable accuracy in x2 and 5% is needed.

The first hadronic moment is

ML) = 4.54GeV? - 5.0 (mp—4.6 GeV) — 0.62 (m.—1.15 GeV)]
X
—0.66 (u2 —0.4GeV?) + (55 -0.12GeV?), (4)

i.e., given by nearly the same combination ms—0.7m+0.142-0.20%, as the lepton
moment. Not very constraining, it provides, however a highly nontrivial check
of the HQ expansion. This has been recently done 16) with DELPHI data,
and resulted in a very convincing agreement. The nonperturbative relation for
My—my =650 MeV has been verified with the uncertainty of only about 50 MeV
dominated by the error bar in (Fj).

The dependence on HQ parameters expectedly changes for higher mo-
ments:

UMZ—(M2E))?)=1.2 GeV?—0.003(my—4.6 GeV) — 0.68 (m.—1.15GeV)
+4.5(u2-0.4GeV?) - 5.5(55-0.12GeV?) ,
(MZ—(M2%))?) = 4GeV® + (my —4.6 GeV) — 3 (m—1.15GeV)
+5(u2—0.4GeV?) + 13 (55 —0.12GeV?) . (5)
Ideally, they would measure the kinetic and Darwin expectation values sepa-
rately. At the moment, however, we have only an approximate evaluation and
informative upper bound on 5%. Measuring the second and third hadronic
moments is the real step in implementing the comprehensive program of ex-

tracting |Vs|. It is crucial that this extraction carries no hidden assumptions,
and at no point we rely on 1/m, expansion.
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There is a caveat in applying the expansion to some experimental data.
The true 'hardness’ of the moments deteriorates when the cut on Ej is im-
posed. As a result, say the extraordinary accuracy of CLEQ'’s restricted mo-
ments cannot be even nearly utilized by theory, whether or not the expressions
we use malke this explicit.!

For iotal widths the effective energy scale parameter is generally Q =
mp—m,.. When OPE applies it is typically given by Q £ wWmax, With wyax the
threshold energy at which the decay process disappears once m; is replaced by
mp—w. With the E; > FEygin cut then

Q ~mpy — Emin - Egﬁn + mg (6)

constituting only 1.25 GeV for Enpin = 1.5GeV. In b — 8 + v decays one has
Q =~ mp—2E4n, once again a rather soft scale 1.2 GeV if the lower cut is set
at E, = 2GeV. For higher moments the hardness deteriorates further. A high
premjum should be placed for lowering the cuts 17),

Considering alternative kinematic variables will help to improve the the-
oretical precision for higher hadronic moments 13, 16) Namely, it is advan-
tageous to trade the traditional hadronic mass M% for the observable more

closely corresponding to the quark virtuality A, defined as
NE=M%Z-2AEy, Ex=Mg—q %

using the B restframe total hadronic energy, and A a fixed mass parameter. Its
preferred values are about Mp —m,(1GeV) ~650MeV. The higher moments
((NE = (NEN?), (NE—(NE)?)... should enjoy better theoretical stability.

The kinematic variable % is not well constrained inclusively at LEP
experiments, however can be used in the B threshold production at CLEO and
B factories. This possibility should be carefully explored.

An intriguing theoretical environment opens up if p2(1 GeV) is confirmed
to be close enough to pZ(1 GeV). If p2—pu% « 42 it is useful to analyze strong
dynamics expanding around the point u2 =pu 10), This is not just one point
of a continuum in the parameter space, but a quite special ‘BPS’ limit where
the ground state satisfies functional relations ¢7|B) =0, remarkable in many

! An instructive example of how naive analysis can miss such effects is given
in 1’), Sect. 5.

144



Y. Ureeiacy

respects. In some instances like the B — D zero-recoil amplitude it extends the
HQ symmetry to bigher orders in 1/mg. One practical application bas been
mentioned — the rabust relation for my—m, via Mpg— Mp. Exclusive B— D*
decay can also benefit from the proximity to BPS. The exact spin sum rules 5)
yield a bound for the IW slope

p—pg=32%("-3), 045GeV £ 1GeV (8)

thus leaving only a small room for the slope of the B — D* formfactor, excluding
values exceeding 1.15—1.2. This would be a very constraining result for a
number of experimental studies.

In conclusion: The comprehensive approach will allow to reach a percent
Jevel of reliable accuracy in translating T'g(B) to |Ves|. We already observe
a nontrivial consistency between quite different measurements, and between
experiment and QCD-based theory.

There are obvious lessons to infer. Experiment must strive to weaken the
cuts in inclusive measurements used in extracting |Ves|. Close attention should
be paid to higher moments or their special combinations, as well as exploring
complementary kinematic observables. The recent progress in experiment can
be complemented by refinement of theory in
o calculating perturbative corrections to subleading operators,

e scrutinizing higher-order power corrections, and
¢ thoroughly studying alternative kinematic variables, e.g. moments of J\/}u

To fully realize the physical information in the quest for the ultimate
precision, a truly comprehensive analysis must implement all theoretical con-
straints on HQ parameters; the suitable framework uses well-defined running
parameters having physical meaning. Heavy quark sum rules yield strong con-
straints on the parameter space; it is important to study the question of their
saturation. If a low p2 around 0.45 GeV? is confirmed by experiment, the BPS
expansion will play an important role in analyzing nonperturbative effects, in-
cluding higher-order corrections.

Acknowledgments: [ am grateful to M. Battaglia, I. Bigi, M. Calvi and
P.Roudeau for helpful discussions. It is a pleasure to thaok the organizers of
the Conference for invitation and for providing creative environrent.
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ABSTRACT

We review selected topics in the field of nonleptonic and rare B meson decays.
We concentrate in particular on exclusive channels, discussing recent devel-
opments based on the concepts of factorization in QCD and the heavy-quark
limit.

1 Introduction

The major goal of B physics is to provide us with novel and decisive tests
of the quark flavour sector. The most interesting B decay channels typically
have small branching fractions below 10" and are being studied by the cur-
rent generation of B physics facilities. Important examples of such decays are
nonleptonic modes as B = 77 or B — 7K, and the radiative rare decays
B — K*+, py, IC*1*]7, lvy. They consitute a rich source of information,
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in particular on CKM angles and flavour-changing neutral currents (FCNC).
Many new results are becoming available from the B factories. Both inclusive
and exclusive decays can be exploited. Loosely speaking, the exclusive channels
are easier for experiment while they are harder for theory. The challenge for
theory js to control the effects of QCD. To achieve this it is necessary to devise
a systematic factorization of short-distance and long-distance contributions,
which usually results in a considerable simplification of ‘the problem. For B
decay matrix elements this factorization relies on the hierarchy my > Aocp.
This allows us to perform an expansion around the heavy-quark limit and to
factorize perturbative contributions (scales of order my) from nonperturbative
dynamics (Agep). Since the general concept of factorization in QCD has re-
cently found new applications in the important domain of ezclusive B decays,
we shall focus the following presentation on this area.

2 Exclusive hadronic B decays in QCD

The calculation of B-decay amplitudes, suchas B — D#, B » mror B = 71K,
starts from an effective Hamiltonian, which has, schematically, the form

Hesr = %/\C’KM CiQ: (1)
Here C; ave the Wilson coeflicients at a scale p ~ my, @; are local, dimension-6
operators and A¢ s represents the appropriate CKM matrix elements. The
main theoretical problem is to evaluate the matrix elements of the operators
{Q;) between the initial and final hadronic states. A typical matrix element
reads (77 |(@b)v —a(du)y—_a|B).

"These matrix elements simplify in the heavy-quark limit, where they can
in general be written as the sum of two terms, each of which is factorized
into hard scattering functions 77 and 77, respectively, and the nonperturba-
tive, but simpler, form factors F; and meson light-cone distribution amplitudes
&, (Fig. 1). Important elements of this approach are: i) The expansion in
Agep/my € 1, consistent power counting, and the identification of the leading
power contribution, for which the factorized picture can be expected to hold. ii)
Light-cone dynamics, which determines for instance the propesties of the fast
light mesons. The latter are described by light-cone distribution amplitudes
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Figure 1: Graphical representation of the factorization formula.

®, of their valence quarks defined as

. 1
(r( MO0 = L7 55 p / d €7 By () (2)

with z on the light cone, 22 = 0. iji) The collinear quark-antiquark pair domi-
nating the interactions of the highly energetic pion decouples from soft gluons
(colour transparency). This is the intuitive reason behind factorization. iv)
The factorized amplitude consists of hard, short- distance components, and
soft, as well as collinear, long-distance contributions.

More details on the factorization formalism can be found elsewhere 1).
Here we would like to emphasize an important phenomenological application.
Consider the time-dependent, mixing-induced CP asymmetry in B = 7t~

D(B(t) = nt7™) = T(B(t) = 7+a~) 3
T(B(t) = i) + T(B(t) = mFm) (3)
—Ssin(AMgt) + C cos(AMgt) 4)

.Ac-p(t)

Using CKM-matrix unitarity, the decay amplitude consists of two components
with different CKM factors and different hadronic parts, schamatically

A(B - 7tr7) = V.3 Vua(up — top) + V, Veg(charm — top) (5)

If the penguin contribution ~ V3 V.4 could be neglected, one wonld have C = 0
and S = sin 20, hence a direct relation of Acp to the CKM angle . In
reality the penguin contribution is not negligible compared to the dominant
tree contribution ~ V.5 V,,4. The ratio of penguin angd tree amplitude, which
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Figure 2: Constroints in the p, 7j plane from CP violation observeble S in B —
ata~. The constraints from |Vys/Ves| (dashed circles) and from the standard
analysis of the unitarity triangle (irregulor shoded area) are also shown.

enters the CP asymmetry, depends on hadronic physics. This complicates the
relation of observables S and C to CKM parameters. QCD factorization of
B-decay matrix elements allows us to compute the required hadronic input
and to determine the constraint in the (g, 77) plane implied by measurements
of the CP asymmetry. This is tllustrated for S in Fig. 2. The widths of the
bands indicate the theoretical uncertainty 2). Note that the constraints from
S are relatively insensitive to theoretical or experimental uncertainties. The
analysis of direct CP violation measured by C' is more complicated due to the
importance of strong phases. The current experimental results are

C=-0941031 +0.09 (Belle) —0.30%0.25+0.04 (Babar) ()
§=-1.21+338+01¢  (Belle) +0.02+0.34+0.05 (Babar)

QCD factorization to leading power in A/m; has been demonstrated at
O(a;) for the important class of decays B — nw, 7K. For B = D (class 1),
where hard spectator interactions are absent, a proof has been given explicitly
at two loops 1) and to all orders in the framework of soft-collinear effective
theory (SCET) 3). Complete matrix elernents are available at O(a,) (NLO) for
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B — ww, wK, including electroweak penguins. Power corrections are presently
not calculable in general. Their impact has to be estimated and included into
the error analysis. Critical issues here are annihilation contributions and certain
corrections proportional to m2/((m,, + my)mys), which is numerically sizable,
even if it is power suppressed. However, the large variety of channels available
will provide us with important cross checks and arguments based on SU(2) or
SU(3) flavour symmetries can also be of use iv further controling uncertainties.

3 Radiative decays B — Vv

Factorization in the sense of QCD can also be applied to the exclusive radiative
decays B — Vv (V = K*, p). The factorization formula for the operators in
the effective weak Hamiltonian can be written as 4 9)

1
v1(@IQI) = [P + [ a6 8a0 0]« (1)

where ¢ is the photon polarization 4-vector. Here F8=V is a B — V transi-
tion form factor, and ®g, ®v are leading twist light-cone distribution ampli-
tudes (LCDA) of the B meson and the vector meson V, respectively. These
quantities describe the long-distance dynamics of the matrix elements, which
is factorized from the perturbative, short-distance interactions expressed in
the hard-scattering kernels 7/ and T//. The QCD factorization formula (7)
holds up to corrections of relative order Agep/ms. Annihilation topologies are
power-suppressed, but still calculable in some cases. The framework of QCD
factorization is necessary to compute exclusive B = V« decays systematically
beyond the leading logarithmic approximation. Results to next-to-leading or-
der in QCD, based on the heavy quark limit mp > Agep have been computed
4, 5) (see also 6)).

The method defines a systematic, model-independent framework for B —
V«~. An important conceptual aspect of this analysis is the interpretation of
loop contributions with charm and up quarks, which come from leading oper-
ators in the eflective weak Hamiltonian. These effects are calculable in terms
of perturbative hard-scattering functions and universal meson light-cone distri-
bution amplitudes. They are O{a,) corrections, but are leading power contri-
butions in the framework of QCD factorization. This picture is in contrast to
the common nation that considers charm and up-quark loop effects as generic,
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uncalculable long-distance contributions. Non-factorizable long-distance cor-
rections may still exist, but they are power-suppressed. The improved theoret-
ical understanding of B — V' decays strengthens the motivation for still more
detailed experimental investigations, which will contribute significantly to our
knowledge of the flavour sector.

The uncertainty of the branching fractions is currently dominated by the
form factors Fx-, F,. A NLO analysis 5) yields (in comparison with the
experimental results in brackets) B(B — K*%v)/107% =7.14 2.5 (4.21 £0.29
7)) and B(B~ — p=7)/10~% = 16 £ 0.6 (< 2.3 8)). Teking the sizable
uncertainties into account, the results for B — K™+ are compatible with the
experimental measurements, even though the central theoretical values appear
to be somewhat high. B(B — pvy) is a sensitive measure of CKM quantities
such as the angle «.

4 Forward-backward asymmetry zero in B — I(*1]~

Substantial progress has taken place over the last few years in understand-
ing the QCD dynamics of exclusive B decays. The example of the forward-
backward asymmetry in B — I *I™]™ nicely illustrates some aspects of these
developments. '

The forward-backward asymmetry App is the rate difference between
forward (0 < # < 7/2) and backward {(7/2 < 8 < 7) going I, normalized by
the sum, where 8 is the angle between the [* and B momenta in the centre-
of-mass frarae of the dilepton pair. App is usually considered as a function of
the dilepton mass g2. In the standard model the spectrum dAppg/dg® (Fig. 3)
has a characteristic zero at

qg _ My, Cy

= -, ——
2 +
my . mBC;!I

8

depending on short-distance physics contained in the coefficients C7 and C;”.
The factor a., on the other hand, is a hadronic quantity containing ratios of
form factors.

It was first stressed in 9) that o is not very much affected by hadronic
uncertainties and very similar in different models for form factars with «y =~ 2.
After relations were found between different heavy-light form factors (B — P,
V) in the heavy-quark Jimit and at laxge recoil 10), it was pointed out in 11)
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Figure 3: Apg spectrum for B — K*I*1™ at leading and next-to-leading order
in QCD (from 4))

that as a consequence @, = 2 holds exactly in this limit. Subsequently, the
results of 10) were demonstrated to be valid beyond tree level 4, 12) The
use of the Appg-zero as a clean test of standard model flavour physics was thus
put on a. firm basis and NLO corrections to (8) could be computed 4) . More
recently also the problem of power corrections to heavy-light form factors at
large recoil in the heavy-quark limit bas been studied 13) . Besides the value
of g2, also the sign of the slope of dArp(B)/dg* cau be used as a probe of new
physics. For a B meson, this slope is predicted to be positive in the standard

model 14)

5 Radiative leptonic decay B — lvy

The tree-level process B — vy is not so much of direct intevest for flavour
physics, but it provides us with an important laboratory for studying QCD
dynamics in exclusive B decays, which is crucial for many other applications.
The leading-power contribution comes from the diagram in Fig. 4 (b), which
contains a light-quark propagator that is off-shell by an amount (¢—&)* ~ gk
Here g is the hard, light-like momentum of the photon with cormponents scaling
as my, (this restricts the region of phase-space where the present discussion
applies), and & is the soft momentum of the spectator quark. The decay is thus
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Figure 4: Tree-level diagrams for B — lvy. Only diagram (b) contributes at

leading power (see 16)).

determined by a hard-scattering process, but also depends on the structure of
the B meson in a non-trivial way 15), Recently, in 16) it has been proposed,
and shown to one loop in QCD, that the form factors F for this decay factorize
as

F= [ d8a(E) () (9)

where T is the hard-scattering kernel and @ the light-cone distribution am-
plitude of the B meson defined as

$p(ks) = /dz*em‘" (016(0)it(2)|B)| 24 =2, =0 (10)

The hard process is characterized by a scale pup ~ VmpA. At lowest order
the form factors are proportional to [ dk; ®p(k;)/k; = 1/)g, a parameter
that enters hard-spectator processes in many other applications. The analysis
at NLO requires resummation of large logarithms In(ms /k..). An extension of
the proof of factorization to all orders was subsequently given by 17) within
the SCET.

6 Conclusions

Factorization formulas in the heavy-quark limit have been proposed for a large
variety of exclusive B decays. They justify in many cases the phenomenological
factorization ansatz that has been employed in many applications. In addition
they enable consistent and systematic calculations of corrections in powers of
as. Non-factorizable long-distance effects are not calculable in general but
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they are suppressed by powers of Agep/my. So far, B = D*rn™ decays are
probably understood best. Decays with only light hadrons in the final state
such as B — =, K*v, py, or K*I"1™ include hard spectator interactions at
leading power and are therefore more complicated. An important new tool that
has been developed is the soft-collinear effective theory (SCET), whirh is of use
for proofs of factorization and for the theory of heavy-to-light form factors at
large recoil. Recent studies of the prototype process B — vy have also led
to a better understanding of QCD dynamics in exclusive hadronic B decays.
All these are promising steps towards achieving a good theoretical control over
QCD dynamics in rare hadronic B decays, which is necessary for probing CP
violation, flavour physics and new phenomena at short distances.
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ABSTRACT

This paper reviews the stacus of experimental determinations of the |V, and
[Va| elements in the Cabibbo-IKobayashi-Vaskawa {CKM) mixing matrix.

1 Introduction

Measureinents of the |V,,,,] and |1/;| elements in the Cabibbo-Kobayashi-Maskawa
(CKM) mixing matrix, with small and well understood uncertainties, represent
a key goal for the present heavy flavour physics programn.

Becanse |Vyy|. the smallest quark mixing element, provides a bound on
the upper vertex of oue of the triangles represeuting the unitarity property of
the CICM matbrix and [V gives the overall normalisation, these studies play
a crucial role in examining these unitarity constraints and the (undamental
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questions which relate to them. Comparing the direct deterininations of the
CP violating phases with the values predicted by the Standard Model (SM),
from the size of these and other CKM elements, may reveal sources of CP
violation arising from New Physics beyond the SM.

Theories, phenomenological models and experimental techniques are mak-
ing conslant progresses to address these requirements. Within the present and
forescen experimental accuracies, theory uncertainties dominate the error bud-
get, making the test of their underlying assumptions an absolute priority.

The extraction of the CKM elements from inclusive s.1. decay is based on
Heavy Quark Theory inmplemented through an Operator Product Expansion
(OPE). This provides a consistent theory framework for computing inclusive
rates and partially integrated spectra. The main input parameters are the
heavy quark masses my, m. [or A], the kinetic energy of the b-quark inside
the heavy hadron p2 |or ;| and the coeflicients governing the 1/m3 correc-
tions. Recently, their extraction directly from measurements of the moments of
spectral distributions in b — X 0 and b — X~ decays has become possible.
Also the shape function, which encodes the non-perturbative effects velating
the parton level dynamics to the physical distributions, could be constrained
using the photon energy spectrum in b — X,y radiative decays.

It is important to observe at this point that the OPE predictions rely
on an implicit. assumption of quark-hadron duality. While this is expected to
hold best for s.1. decays, at the levels of accuracies achieved, experimental tests
are required. Performing several determinations with different methods and
verifying their consistency will add trust.

Different kinematics and detector configurations available at symmetric
Y (4S) colliders, asymumetric B-factories and at colliders operating at the Z°
peak and the large recorded data sets have brought an healthy competition of
complementary approaches to this program.

2 |V, DETERMINATIONS
2.1 Inclusive Determinations

.The |V,| value can be obtained from the measured b-quark s.l. decay partial
width, by measuring the inclusive s.l. branching fraction of B hadrons and
their lifetiime(s). These are presently known to a few percent and a fraction
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of percent respectively. This brings the experimental uncertainty on |V| to
about 1%. New results from BABAR and BELLE have added [urther accuracy,
while confirming the central value determined at LEP and CESR. Issues on
the model uncertainties of the LEP results ave also better understood. After
averaging the Y (45) and Z9 results and correcting for the b — w contribution,
the B s.l. decay width is T(b — X.6v) = 0.434 x (14 0.018) x 107! MeV.

Theoretical expressions for the s.l. decay width depend on several param-
eters and include perturbative and non-perturbative QCD corrections. The
uncertainty on the heavy quark masses, has been a major source of uncer-
tainties, due to the m) dependence of the partial width. There has been a
significant progress in evalvatiog the & quark mass and the mass clefinition
itself has been refined by moving from pole masses to short-distance masses,
which are free from renormalon ambiguities. Several determinations have been
reported and miy(my)=(4.21£0.08) GeV, or my(l GeV)=(4.57£0.09) GeV,
represents a generally accepted estimate. Extracting |Vey| in this way has
a £3% relative uncertainty from my and ,ufn-. More recently the analysis
of spectral moments in b — sy and b — X v has offered the means to
extract these parameters directly fromn the data. This turns the uncertain-
ties from theory parameters, whose ranges and statistical meaning have a
degree of arbitrariness, imto experimental uncertainties. A recen: analysis
based on moments determined by DELPHI and the average s.1. width gives
V| = 0.0419 x (1 + 0.016(stat) & 0.015(moments) + 0.010(pert)) 2),

2.2 Exclusive Determinations

Determining |Ves| using exclusive s.1. B — D™)¢5 decays takes advantage of
Heavy Quark Eflective Theory (HQET), which relates the differential decay
rate dl'/dw to |Ve| by means of a form factor F(w) for which the normali-
sation F(co) = 1 at zero recoil is known for mg — oo. The D*t — D%t
decay is reconstructed either through the exclusive D° — /(n, K7a° Krnn
modes or inclusively. The first method gives higher signal purities and better
w resolution, while the inclusive reconstruction provides with higher statistics.
One advantage found in performing this measurement at the Z° peak is the
flat acceptance vs. w, since the slow n* momentum is enhanced by the large
B boost. At the T(4S), the reduced charged pion acceptance is compensated
in part by adding the D** — D*#% mode. An important source of corre-
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Figwre 12 Summary of exclusive determinotions of [V

lated systematics is represented by the b — D**lv background, which is still
quite poorly known. Recent analyses it the D* X (v fraction divectly on data
by using angular distributions or track topology. A recent DELPAI study 3)
finds BR{b — D™t X (i) = (0.6440.08%0.09)%. The functional dependence of
dl’/dw towards w = 1 is not known, but costraints are provided by dispersion
relations 1. An expansion around w = 1 in terms of the form factor slope p
is adopted for the extraopolation at zero recoil. The results ‘or the measured
product of (1) x |V,;| are summarised in Figure 1.

In order to extract |Vyp|, the F(1) corrections due to finite d-quark mass
need to he estimated. Computations have been performed using guark models,
sum nrules and lattice QCD. Results agree. Quark models, which rely on a
quark-hadron duality assumption are not used and the adopted average 9) is
F(1)=0.6140.04. This gives |V,;,|=(d1.92:1.14£1.9)x1073. There has been a
thorough review of the error budget. for the lattice result and an effort to define

10)

the result in terms of a (ull probability density function , useful as input

into fits of the unitavily triangle.
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3 |V,,] DETERMINATIONS

Contrary to the case of |V|, where the backgrounds are benign and the main
questions are related to the experimental resolution and the theory inputs, the
central issue in the determination of |V, is the extraction of-the & — X v
signal in presence of a ~ 75 times larger b — X € backgrounds. This requires
to know and control differential vates in regions of phasc space where the b —
X transitions are suppressed. The first determination of |V,,| was in lact
obtained by measuring the vyield of leptons produced ahove the kinematical
limit {or b — X 0 decays. However, the accuracy was limited by the model
dependence. A recent review can bhe found in 11)

New paths, capable of leading to significant improvements in $he control
of these model uncertainties, have been undertaken. The first is the study of
inclusive s.1. B decays, where the signal is isolated by selections based on the
lepton energy, hadronic mass, {7 mass or a couibination of them. The second
is the detcrmination of the branching fractions of exclusive decays, such as
B — =, pfi , which is now reached a good statistical accuracy. Owing to
the divergent directions taken by these developments, the present picture has
been enriclied by new data of good experimental accuracy, affected by largely
uncorrelated systematic uncertainties.

3.1 TInclusive Determinations

There are three main regions, available in the s.]. b decay decay phase space. to
enhance signal & — X, i 1) the lepton energy end-point region: £, > Mé;,—fﬁl,
ii) the low hadronic mass region: My < Mp and iii) the high g2 vegion:
M} =q¢* > (Mg — Mp)% They select ~15%, 70% and 20% of the inclusive
charmless s.1. rote, respectively.

The lepton endpoint vegion has originally been affected by large system-
atics due to the uicertainties in extrapolating from a small fraction of selected
events, at the edge of the phase space, to the full rate. However, it has been
known since some time that, at leading twist, the same shape function cor-
rects the parton level b — X v photon spectrum and the b — X, ¢ lepton
spectrum. CLEO first determined the shape function parameters from the pho-
ton spectrum. using different ansatz (or its functional form 1) Tuis allowed
to derive the fraction of b — w s.l. transitions yielding a lepton with energy

(o atutnid
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2.2 GeV< E; <2.6 GeV. A new preliminary analysis has now been presented
by BABAR 12), which uses the same CLEO shape function result, but re-
stricts the acceptance to 2.3 GeV< Ep <2.6 GeV. The near future will provide
with more accurate determinations of the £ spectrum, allowing even better
determinations. However, it will be important to understand the effects of
subleading corrections which, although suppressed by Agep/my, factors, have
recently been recognised to be numerically enhanced

The use of an upper cut on the reconstructed hadronic mass, My, recoil-
ing against the lepton, was first attempted by DELPHI, exploiting the favourable
kinematics of LEP. This method has an advantage in the larger fraction of de-
cay rate accepted but has to deal with a rather limited signal-to-background
ratio. The shape function sensitivity is smaller compared to the end-point
method, as it has been verified using the range of parameters determined by
CLEO. At LEP, inclusive analyses have been performedby ALEPH and OPAL,
using a Neural Network (NN) discriminant, based on a selection of kinematic
variables providing separation of the b — X, signal.

A recent development has been the introductiou of a combined My — g2
analysis to reduce the theory uncertainties, while restricting to a part of the
phase space where the b — ¢ background is suppressed. CLEO has presented
the first experimental attempt to implement this method 15), The analysis is
based on a full fit to (]2/(Eg + E,)?, Mx and cosfywe. Models are needed to
extract the sample composition and to relate the regions of higher sensitivity
and theoretically safer to the inclusive charmless s.l. branching (raction.

With the severe selections needed to extract the signal, the effects of
experimental cuts trimming inclusive distributions must be understood. An
important question to assess is to which degree the inclusive analyses are evenly
probing the selected phase space. The NN anpalyses are biased towards the
region of large £y and low My where the signal-to-backgrourd ratio is more
favourable. While the resulting uncertaiuty is accounted by the range of models
tested, for example in the ALEPH analysis, it is desirable to test more unbiased
methods. DELPHI has shown that the My analysis has a reasonably uniform
sensitivity on the A x-E; plane. The recent CLEO analysis has been repeated
for diflerent sets of Mx-g? selections, finding compatible [V, results.
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3.2 Exclusive Determinations

The exclusive reconstruction of charinless s.l. decays offers the comfortable
signal-to-background ratios that the inclusive analyses lack. However, since
liere there is no equivalent to the HQET predictions for the form factors at
zero recojl which make the B ~— D*¢0 channel so atiractive, the form factors
represent the main limitation in the accuracy of the exclusive V;, determina-
tions. These uncertainties stem from three sources: i) the signal efficiency, ii)
the subtraction of the cross-feed background and iii) the rate normalisation.
Form factors have been computed with a variety of techniques. Typically,
Light-Cone Sum Rules give 15-20% accuracy and are subject to quark-hadron
duality uncertainties. Quenced Lattice calculations give a comparable preci-
sion, but their applicability is mostly confined to the high % region. Progresses
with Lattice calculations is expected to reduce these uncertainties significantly
in the coming years.

La.fger statistics will also allow to reduce mode] systematics. CLEO has
reported the preliminary results of a B — 7~ €%y analysis where the signal
rates are extracted in three regions of g% independently 16). This reduces the
form factor sensitivity from the first two sources. The statistical accuracy of
the data is alsu becoming sensitive to the details of the ¢? dependence of the
signal yield predicted by different form factor computations. Results bave been
presented by both CLEO and BELLE for the nfv channel. This makes possible
to discriminate between models and the CLEO fit shows that the ISGW 1I
model, with a x? probability of less than 1%, is not a reliable reference for this
channel.

The wfv mode, which involves a single form factor, is free from non-
resonant backgrounds and has reduced feed-down uncertainties. It will most
probably enjoy the role of golden channel for performing the exclusive deter-
mination of |V,,|. The p, w, név channels will also play an important role in
adding confidence, if they will result in compatible measurements.

An overall summary of the results presently available is given in Figure 2.
At present no attept is made to average these measurements. As the under-
standing of the model dependence improves and parameter ranges can be con-

sistently defined for different analyses, averages for the inclusive and exclusive
determinations will become possible. While tbere is a remarkable agreement
between the measurements obtained with a variety of diflerent techniques, it
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Figure 2:- Summury of inclusive and exclusive determinalions of |Vl
will be interesting to inonitor possible systematic shifts between the inclusive
and exclusive measurements.
Other paths may also become available to the large data sets of the B
factories. An inclusive techniques, which uses a direct ratio of b — sv and

b — ufv spectra has been recently proposed 18).

4 CONCLUSIONS

A large set of determinations of V| and |Vg| exploiting different. techniques
and affeczed by different assumptions and sources of uncertainties has become
available. The determination of |V, is reaching a precision better than 1%.
New approaches start allowing a determination of most of the input parameters
direct]y from the data. Tests of OPE through moment analyses are also becom-
ing availasble. The jncreasing ingenuity of experimentalists and phenomenolo-
gists in devising methods to measure |V,,;| has brought individual accuracies
to approach 15%.

The overall consistency is encouraging for the perspectives of bringing
Vs and |Vep| towards the domain of precision physics. Averaging inclusive
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and exclusive results can improve nwnerical accuracy due to partly uncorrelated
uncertainties. A deeper understanding of the sources of systematic uncertain-
ties and thorough checks of consistency to the level of the anticipated total
accuracy will be required to validate tbe new froutier of accuracy
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ABSTRACT

Leptonic and semileptonic decays of B and D mesons have been actively inves-
tigated both experimental and theoretical sides to understand the electrowealk
decays of quarks and mesons and the

effects of strong interactions therein. In this paper, recent experimental
results on leptonic and sermileptonic B and D meson decays are summarized.

1 Introduction

Semileptonic decays of charm and bottom mesons are important in studying
weak decays of quarks and mesons and understanding the effects of strong
interactions therein. Fov this reason, semileptonic B and D decays have been
actively studied in both experiment and theory over the last decade and many
advances have been made. In this paper, I will make a very brief revicw on the
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recent experimental results. Some topics will not be mentioned in this talk as
they are covered by other people in this conference.

This paper is organized as follows. In the next section, we start with
a purely leptonic B decays. Recent Belle results on Bt — /+u, and BaBax
results on B = £*t¢~ are described. In section 3, recent experimental efforts
on semileptonic B decays will be listed. In section 4, we will review recent
results on the semileptonic decay D — K #fv and the observation of interference
phenomena from FOCUS. In section 5, recent results on the neutrinoless B
semileptonic decays from CLEQ, BaBar and Belle will be presented.

2 Search for purely leptonic B decays

In the Standard Modecl (SM), purely leptonic decays BY — ¢+¢~ and Bt —
£*v; occur via highly-suppressed vertical penguin, W-box (for B® = £+¢7) or
W-annihi'ation diagram (for B¥ — #*y;). Because of high suppression of these
modes, they can be used for sensitive tests of the Standard Model (SM). For
example, such particles from beyond the SM as leptoquarks or charged Higgs,
etc. may interfere with the SM processes and enhance the decay rate to the
level of experimental sensitivity.

2.1 Search for B® — ¢*+¢~ from BaBar

The BaBar collaboration has searched for purely leptonic decays B® — ete™,
B® — ¢+, and BY — e*puT, using 54.4Mh~! sample of BB events. The
signal candidates are reconstructed by locating the I3 decay vertex from two
oppositely-charged high-p Jeptons and using the kinematic variables AF =
VM )2 - B atd mes =/ (Bieam)? — (Oo; p1)%. Electron can-
didates are selected with > 90% efficiency and ~ 0.1% fake rate, while muon
candidates are selected with approximately 70% efficiency and ~ 2.5% fake

rate.

Background events from continuum are suppressed using the cosine angle
between the thrust axes of the signal tracks and the rest of the event, and
the thrust value itself of the rest of the event. For each mode, the number of
events in the signal region is either zero or consistent with the background level
estimated with the side-band data. The following upper limits are obtained
with 90% confidence level (CL): B® — ete™ < 3.3 x 1077, B® = ptu~ <
2.0 x 1077, and BY -5 e*uT <21 x 1077,
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2.2 Search for Bt — £ty from Belle

A striking signature of BT — v, (£ = ¢ and p) events is a nearly monochro-
matic lepton in the B rest frame. To exploit this feature, the momentum
spectrum of charged leptons for p; > 2.2 GeV/¢, where p} is measured in the
B rest frame, i1s analyzed. The 4-momenta of the signal B and opposite B
are determined by measuring the 4-momenta of all charged and neutral par-
ticles in an event except for the signal lepton. To suppress background, we
use the beam-constrained mass and energy difference of the opposite B. The
continuum background events are suppressed using event-shape variables.

The signal yield in each mode is obtained by Atting the p; distributions.
The signal and background components are determined with MC event samples.
Analyzing 60fb~! BD events, there was no evidence for signals in either B+ —
ety, or BY — pty, and the following upper limits are obtained with 90% CL:
B(B* = e*v,) < 5.4 % 107% and B(B* — ptv,) < 6.8 x 1075.

3 Semileptonic B decays

Semileptonic B decaya B — X{Tv; ave very good places to measure CKM
matrix elements 17, and V,,;, because strong interaction effects are much sim-
plified due to the appearance of two leptons in the final state. In particular,
B — X, ¢* v, decays are used to measure V,; which is a crucial element to test
the KM mechar.ism of CP violations in B and I decays 1),

In recent years, there are so many new experimental results on semilep-
tonic B decays that it is virtually impossible for me to cover them all in this
limited space. Moreover, much of the experimental results related with Vi, and
Vi determinations are already covered by another talk in this workshop 2),
Therefore, I wil) only list the subjects that were covered in the workshop and
will not give detailed description of each result.

s Analysis of hadronic and leptonic moments in B semileptonic decays by
CLEQ, DELPHI, and BaBar.

s Exclusive B = D**¢*v by DELPHIL
e Inclusive B — X ¢*v by ALEPH.

e Inclusive B — X, ¢Tv by LEP experiments, especially the 2001 analysis
by OPAL.
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e V,; measurement by CLEO using the lepton end-point analysis combined
with photon energy spectrum of B = Xg.

o V,, measurement by CLEO using combined inclusive variables ¢2, My
and cos @y, to determine B(B — X, ¢1v).

e Exdusive B = X,¢*v analyses by CLEQO, Belle and BaBar. In par-
ticular, the ¢* distribution of B — wév decay is studied by Belle and
CLEO.

4 Semileptonic D decays: interference in D¥ — (K~ 2+l

Two subjects on semileptonic D decays were discussed in the talk: (i) evidence
of interference in Dt — (K~ n+)lv from FOCUS, and (ii) new branching
fraction measurements of Dy = ¢fv and D — J(*fv from FOCUS and CLEO.
In this paper, only (i} will be mentioned.

In the process of studying Dt — K~ ntutv decay distribution, FOCUS
found significant discrepancies in the angular distributions between data and
expectations for pure Dt — K*°uty. In particular, they observed a signifi-
cant forward-backward asymmmetry in 8y (Arg(dv)), the angle between 7 and
D in the KX~ 7t rest frame. The data are explained by adding a coherent
K~ @+ s-wave contribution to Dt — K~ n*tuty, which is modeled as a con-
stant amplitude of the approximate value 0.36 exp(in/4) (GeV)~!. This new
interference creates a &= 15% App(fyv) with mg, below the X* pole, which is
consistent with data. The data can also be described by I{*? interference with
broad spin 0 resonance.

5 Neutrinoless semileptonic B decays: electroweak penguins and
beyond

5.1 Electroweak penguin decays B — X ¢+¢~ from BaBar and Belle

While most of the semileptonic B decays occur via charged-current processes
mediated by W, flavor-changing neutral cwrrent decays (FCNC) are also pos-
sible through electroweak penguin processes. Since FCNC decays are highly
suppressed in the SM, they provide very sensitive search for new physics. Re-
cently, Belle and BaBar made observations of such decays.
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Figure 1: The cosfv distrbutions, separately for M (I m) below and above
0.9 GeV/c?. The points with error bar are FOCUS data and the solid histogram
is a MC simulotion, including oll known backgrounds.

Searches for exclusive FCNC modes B — K ¢+¢~ and K* &+ ¢~ are straight-
forward with dominant. backgrounds coming from () and continuum events.
The B — K)9() events are suppressed by m(f+¢~): BaBar used m(*+2~)
cuts that are correlated with AE, while Belle used simple cuts in m(£+£7).
With 60fb~! data, Belle observed B — K{¢+{~ decays with 5.40 significance:
the measured branching fraction is B(B — K¢+¢7) = (5.8711+0.6)x1077. Us-
ing 78fb~', BaBar also abtained an evidence for B — K/*{~ with 4.4 signif-
icance: their measured branching fraction is B(B - K£+¢~) = (7.8733F14) x
1077, Neither experiments observed significant excess for B — K*¢+¢~ and the
following upper limits are obtained with 90% CL: B(B = K*¢+{7) < 1.4%10~°
(Belle) and < 3.0 x 107% (BaBar). In case of BaBar, the significance of
B = K*tte~ is 2.80.

Belle also measured the inclusive B — X £+~ decays. The decays are
pseudo-reconstructed by matching up to 4 pions to a K+ or K2 for the hadronic
X¢ system: for each event, a best candidate is selected based on AE and
cosfp where fg is the angle between the flight. of B and the beam axis. Then,
My (which is equivalent to mps explained in Sec. 2.1) is calculated to assess
the signal yield. Figure 2 shows the M, distribution for X ete™, X, utpu~
and combined. Also shown in Fig. 2 is B — X,e* T where we don’t expect
any signal. Combining e*e™ and ptp™ modes, the significance of the signal
excess is 5.40 and the branching fraction is measured: B(B — X 0*() =
6.1+ 1.43) x 1076
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Figure 2: The M. distributions from pseudo-reconstruction of the B —
X ltl~ decays.

5.2 Leptono-flavor violating B — hél from CLEQ

Recently, CLEQ searched for different kinds of B decays to two charged leptons:
B — KMe®u¥ which is not allowed in SM except via nentrino flavor mixing,
and B — h{*£* the observation of which could provide a strong evidence
for majorana neutrino. A total of 16 exclusive modes are searched for. The
signal yield for each mode is determined using a likelihood function based on
kinematic variables of B decays, event shape information combined with Fisher
discriminant 3), and missing energy. Analyzing 9.2fb~! of BB event sample,
no signal is observed in any mode and upper limits are obtained in the range
(1.0 ~ 8.3) x 1076,
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ABSTRACT

Pair production of W bosons at LEP has allowed the indirect determination of
the CKM matrix element |V¢| through the measurement of the W hadronic
branching fraction. A more direct determinatio, based on the measurement
of the charm content in hadronic W decays provides a largely uncorrelated
though less precise value for [Vs|. The preliminary ALEPH resu't from the
data collected at LEPIT is |Vs| = 0.967 £ 0.01844y & 0.0145ys¢ -

1 Introduction

Prior to LEPII, V¢ was the least well-known of the CKM matrix elements,
at least as far as absolute uncerfainty is concerned. The 1998 PDG value 1)
[Ves| = 1.01 £0.17 was determined from the study of D meson decays. At
LEP2, the measurement of the W hadronic branching ratio can provide an
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indirect determination of |Veg|. In the Standard Model, this is related to the
sum of the squared CKM matrix elements involved in the W decay:

B))
1- B,

= (1+as(m?,) /) (|vud|2 + Vs |2 + [Vao|? + [Vea|* + [Ves|* + |vcb|2)
(1
where By, = B(W — had).
An alternative, more direct determination comes from the measurement
of the inclusive charm production in hadronic W decays. In the Standaxd
Model the branching fraction RY = (W — ¢X)/T(W — had) is given by

W o_ |Vccl|2 + [VCS|2 + |Vcb|2
= 5 :
|vud‘v + |Vus|2 + |Vub|2 + |Vcr1|2 + ‘Vcs|2 + |vcb|(2

(2)

and is equal to 0.5 due to umitarity of the CKM matrix, which also predicts
the suin of the six squared matrix elements, appearing in Eq. 1 and Eq. 2,
to be equal to 2.0. The unitarity constraint can be dropped to allow indirect
determinations of Vgfrom the measurement of Rz’v and the knowledge of the
remaining five matrix elements.

2 Measurement of B(W — had)

The hadronic branching ratio of the W is determined from the measurement of
the W pair production cross-section. Based on the three possible combinations
of decay channels for the two bosons, W pairs are selected as fully hadronic,
semileptonic and fully leptonic, and classified according to the lepton species
(electron, muon, tau) for the leptonic channels. The selection alzorithms for the
leptonic channels ave based on topological properties and lepton identification
techniques. Neural networks combining the information of several discriminat-
ing variables are used for the semileptonic and fully hadvonic selections.

The production cross-sections for all the considered decay channels are
measured at each centre-of-mass energy. The results are then combined in a
global fit which extracts the total cross-section values at all the energy points
and a single value for the W hadronic branching fraction, assuming Jepton uni-
versality. The result presented here is the ALEPH preliminary value obtained
fram the data collected in the years 1987-2000 at eight ete™ centre-of-mass en-
ergy points ranging from 183 to 207 GeV 3). The total integrated luminosity
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is roughly 680 pb~!. The fitted value of the hadronic branching fraction is
B(W — had) = (66.97 & 0.6551a; + 0.32sys1) %,

where the main contribution to the systematic error comes from uncertainties
in the simulation of the QCD two-fermion background for the fully hadronic
selection.

Using ag(m?,) = 0.121 £ 0.002 and the measured values 1) of the five
remaining CKM elements in Eq. 1, the following result is obtained:

[V = 0.967 + 0.01840 £ 0.014gyq.

3 Determination of RV

An independent analysis 4), based on an integrated luminosity of 67.7 pb~!
collected by ALEPH in 1996 and 1997, obtained a measurement of RY from
the properties of W pair events selected in the {ully hadronic and semileptonic
channels. A charm-jet tag algorithm based on a Neural Network was developed,
which allowed to discriminate, on a statistical basis, W = ¢X from W — uX
decays. The Neural Network was built out of twelve jet variables, related to
topological and kinematic properties expected for charmed jets. The jet with
the highest NN output was taken as charm-jet candidate within a given jet
pair. The resulting charm tag distribution for jet pairs in semileptonic and
fully hadronic events is shown in fig. 1.
The analysis led to the result

RY = 0.51 & 0.0550a & 0.034yst

where the maia contribution to the systematics carme from uncertainties in the
hadronization modeclling. Making use of Eq. 2 and of the known values of the
remaining CKM elements, this was turned into

IVCSI =100+ 0.115Lﬂt + 0.065!,“.

Although intrinsically less precise, this Vg, determination is largely uncorre-
lated with the one from the hadronic branching fraction. The two results can
in principle be combined, as was done in reference 4, at a time when the two
statistical errors were still comparable io size.
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Figure 1. Distribution of the charm-tag variable for jet pairs in o) semilep-
tonic and b) fully hadronic candidate W decays. Date and Monte Carlo are
normalized to the same number of entries.
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ABSTRACT

A brief and selective survey of the main issues, the present status, and the future
prospects for studies of rare decays of bottom, strange, and charm quarks.

1 Introduction

Rare decays of bottom, strange, and charm quarks are interesting principally
for two reasons. Fivst, Standard Model (SM) contributions are small and the
possibility of observing new physics is correspondingly improved; and second,
rare decays in many cases provide a means to measure or explore SM parame-
ters and processes which are interesting in their own right and not necessarily
under adeguate control at the present time. Depending on the decays under
study, sensitivity to new physics may include supersymmetric extensions of
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the SM and any of the large number of parametrically determined varieties of

such, or may probe the validity of fundamental symmetries. SM parameters

of interest that may be uniquely or distinctively probed by rare decay stud-

ies include CKM elements — both magnitudes and phases — ard issues related

to hadronization, including form factors, strong interaction phases, the range

of validity of factorization assumptions, the role of final state interaction and
" other so-called long-distance eflects.

In this talk we begin with a brief summary of the main features of flavor-
changing neutral currents (FCNC) in the SM. 1) The decay of a down-type
quark into another down-type quark, or an up-type quark into another up-type
quark is an example of FCNC, which in the SM must proceed through higher-
order processes involving internal loops. Of course not all rare decays of interest
involve FCNC, but the natural suppression of FCNC in the SM provides one
means to open the window on new physics.

The decay diagrams relevant to FCNC are the penguin and box diagrams.
For b and s quarks the internal quark lines are u, ¢, and t, with top dominating
because of the ~ m:"Q dependence of the corresponding Inami-Lim function in
the region of the top quark mass. This dominance implies that the decays b — s
and s — d are majnly sensitive to the CKM elements |V V| and |Vj5 V44| In
the case of FCNC decays of charm quarks, the internal loop quarks must be
d, s, and b, and absent strong domination of one quark species such diagrams
are heavily GIM suppressed. This distinctive feature makes rare charm decays
particularly rare in the Standard Mode!; correspondingly, it makes the window
for new physics in such decays particularly clean. We note that in general
the presence of loops means that non-SM particles can contribute to the total
decay amplitude, possibly with the introduction of new phases. The indication
of new physics may thus be a discrepancy between an observed rate and the
SM-calculsted rate, or a discrepancy between an observed distribution {such
as an angular distribution) and the SM prediction, or may be the presence of
a CP or other asymmetry that differs from the SM prediction. In all cases, the
advantage of having small SM contributions is obvious.

Computation of FCNC decay ratescan be complicated by competing long-
distance processes which may have significant. contributions, but which do not
involve the interesting short-distance physics. The complications affect rare
kaon decays most significantly, followed by rare charm decays, and are least
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important for rare b decays. Strongly CKM suppressed modes, however, such
as b — d modes can also suffer long distance contributions.

The remainder of this article is organized by decay type, proceeding
roughly from the (conceptually) simplest decays to the more complex. Note
that experimental simplicity typically has little (or negative) covvelation with
theoretical simplicity.

2 Lepton-Neutrino Modes

Decays of the form M~ — ¢~ proceed through an annihilation diagram. The
decay vate is helicity suppressed, favoring the heaviest charged Jepton (usually
TP;) and is proportional the the square of the decay constant and the square
of the CKM element at the annihilation vertex. Interest in such decays stems
primarily from the experimental access to decay constants which can be used
to check LQCD calculations, but may also be used to measure CKM clements
if the decay constant can be normalized out by ratio with a suitable alternate
process. B(B — 79)/Amg is a possible route to determine |Vip|/[Vial. 2)
Minimal extensions of the SM can include charged Higgs particles which may
mediate these decays. The scalar Higgs does not inflict helicity suppression as
the vector W does, but its mass-dependent coupling to the final state leptons
results in essentially identical dependence on lepton mass.

Experimentally the search for B — 7 has reached a sensitivity which is
still a factor 10 above the SM prediction. The most recent results from CLEO 3)
have not changed this situation. About 500M Y(4S5) decays will be needed for
observation, assuming the analysis of choice requires full reconstruction of the
companjon B meson. Because of the weak signatuve it is unlikely that any
non-Y(45) will be able to measure these decays.

In the charm sector the situation is much better. Measurements of D, —
ui are available 4), as is a single observation of D = pv from BES 5). With
the advent of CLEO-¢ 6) precision measurements of both will become available
within the next couple of years.

3 Lepton-Lepton

Decays of the form M -3 £¢~ proceed via penguin and box diagrams and
are exceedingly suppressed in the SM. Theoretical calculations for B(Bs 4 —

181



J A NCALLULET

i) ~ )"}23m|1/'tq|2 and are reliable bot predict tiny branching ratios that
will delay observation of useful yields at least to the end of the decade. Long
distance physics are expected to be prominent in charm to dilepton modes, and
the precise measurement of KX — ptu~ is almost entirely a measurement of
long distance physics.

4 Neutrino-Neutrino

No calculations or serious attempts to look for totally invisible mesonic decays
are known to the author. The decay mechanisms should be similar to those of
the lepton-lepton modes, minus the photonic penguin contribution. In principle
experimental searches for such modes should not be significantly different from
searches for M — £0.

5 Lepton-Lepton-Meson

The constraints imposed by a purely leptonic final state are substantially lifted
by admitting a hadron into the picture, and decays of the kind M — mf*t ¢~
play an important role in rare bottom, charm, and strange decay studies. The
presence of the meson also introduces hadronic uncertainties for predictions
of exclusive channels. In addition to branching ratio measurements there will
eventually be dilepton mass distributions and forward-backward asymmetries.
In principle even polarization asymmetries can bhe measured in 717~ final
states.

Recent results from Babar and Belle 7) show statistically significant sig-
nals in the B — K/£*¢~ mode, with branching ratios averaged over muon and
electron final states just below ~ x 1078 The K*£*¢~ mode is not yet statis-
tically significant at this writing. Belle also reports signal in B — X,¢+¢ at
a rate abcout ten times higher than the exclusive mode. Future datasets could
yield I(*£+¢~ signals in the range of ~ 102 events each for Babar, Be]]e, CDF,
and DO, and ~ 10° events for LHCb and BTeV. (At this writing the fate of the
BTeV proposal is still being debated.)

In the charm sector, D — wf+t¢~, D — K{+{™, and related modes still
fall below experimental sensitivity 8) but theoretical calculations 9) indicate
that at least the Standard Model long distance contribution to such modes
could be jast around the corner.
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In the strange sector, KTeV has set a limit of 5%107!° on the direct
CP violaring mode K, — wf+{¢~, still substantially above expected rate of
~4x107'2

6 Neutrino-Neutrino-Meson

Modes of the form B — Kvv and K — 7vv are theoretically clean probes of
CKM matrix elements, but. pose serious experimental challenges due to the low
branching ratios and unseen neutrinos in the final state. Limits on B — Kvi
are at the ~ x 1071 level 10) while theoretical predictions are closer ta ~ x1079.
In the strange sector two events have been observed in KT — 7%y in BNL
E787 11), but the yet mare difficult mode K — 7% remains in the future.

7 Hadronic

Rare hadronic B decay modes are being pursued agressively at Babar 12) and
Belle 13), and CLEO 14) has released what are probably its last results on this
topic. Divect CP violation is one of the important targets of these measure-
ments, and determination of the phase of V,, is another target. In the latter
case, there is a wealth of theoretical literature 15) to support treatment of
experimental data. The possibility to constrain the unitarity triangle indepen-
dently of the conventional constructions based on B mixdng, sin 283, and kaon
physics is an intriguing option that may be opened by these rare charmless
hadronic B decay modes 16)

8 Conclusions

In the search for Physics Beyond the Standard Model, the pursuit of rare
decay modes of bottom, charm, and strange quarks offers a useful experimental
approach.
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RECENT RESULTS FROM NA48 ON RARE DECAYS OF
NEUTRAL KAONS

Andrew Maijer™
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ABSTRACT

New and recent measurements of the branching ratios of rare decays of neutral
K5 and K, mesons are presented. The results have been extracted from data
collected during the NA48 ¢’ /e runs as well as in a special high intensity K3 and
hyperon run. In particular the presentation focuses on the decay of Ky, — 7%+,
Ky — mPete and K5 = v7.

1 Introduction

The NA48 experiment has heen designed fto measure the direct CP-violation

1, 2, 3)

parameter ¢’ /e to a precision of 2 x 107" using simnltanenus almost

" on hehalf of the NA48 collaboration: Cagliari, Cambridge, CERN, Dubna,
Edinburgh, Ferrara, Firenze, Mainz, Orsay, Perugia, Pisa, Saclay, Siegen,
Torino, Vienna, Warsaw.
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Fignve 1: Invariant mass distribution of the photons resulting from 70 and .
The photons associuted with the 7° are labeled 1 ond 2, while the ~v peir is
labeled 8 and 4, respectively. The rightmost figure displays the distribution of
the low mass tail for the v~ system for both daio und Monie Curlo.

collinear Ks and Iy heams 4). The design of the experiment, its good un-
derstanding of the systematics necessary for the measuwrement of ¢'/¢ and the
high kaon flux make NA48 an excellent tool for the investigation of rare neutral
kaon cecays.

This paper will review some results obtained from data taken from the
€' /e run in 98/99, from a two day high intensity K's run in 1999 as well as from
data taken in 2000 when no spectrometer was present.

2 K, - lyy

The decay of K, — 7%y has two interesting aspects. Tirst it can be used
to measure the CP conserving component of K;, = n°e*e™, which has also
a direer. CP-violating component. In addition it is a good test of chiral per-
turbation theory (xPT) One loop calculations of this decay rate are finite, yet,
O(4) calculations predict only 1/2 to 1/3 of the measured rate. Calculations
of O(6) including Vector Meson Dominance (VMD) contributions can accom-
modare for the measured rare by the choice of a parameter a, which has to be
determined from experiment. VMD also predicts a mass tail at low v+ mass.
The data for this analysis were taken from the 98/99 ¢/ /¢ run. using a
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large IV, = 27" data ser witl: the same ropology as K, = 7%y, K, — 27°
was also used 28 a normalization channel, hence trigger elliciencies caucel.

The main background to this channel comes from /¢y, -5 27° and K/ —
370 decays. The 27" background is removed using a mass constraint and by
constructing a x? like variable with a #” mass hypothesis in order to reject. 27°
events.

Background from 370 decays originates mainly from missing or overlap-
ping showers in the liquid krypton electromagnetic calorimeter (LKr). These
backgrounds are removed nsing combinatorial cuts and mass constraints, which,
under a 37° hypoathesis, result in the vertex of the decay to be in an unphysical
region for signal events, but not for background. Additional cuts on the shower
width remaove hackground from hadronic showers.

Tigire 1 shows the mass distribntion of the remaining signal for the 2 pho-
tons associated with the 7° as well as the remaining 2 7. A low mass tail is
evident in two ~ distribution indicating a value of n,, different. from 0.

Depending on the value of a,, different numbers of events are expected
in the various mass vegions of m.. This is illustrared in the righimost pic-
ture of Fignre 1. Comparing data with Monte Carlo simulations a value of
a, = ~0.46 = 0.034/0¢ & 0.035,5 £ 0.02460 can be extracted, which indicates
a negligible contriburion of indirect CP violation in K, = 7% e™. Applying
this value of a,, a branching ratio of BR(K,;, — 7"4~) = (1.36 £ 0.0350/ +
0.035ys £ 0.03500m) X 1078 is measuered. This analysis has now been pub-
lished ).

3 Kg— vy

A new measurement of g — v has heen performed using data collected
during the 2000 neutral run. This run was divided into a K, run from the far
target and a high intensity Kg run from the near target.

The motivation for this decay arises from the fact that in xPT, the decay is
calculable with no counter rerms and the hranching ratio is therefore predicted
with a small error. Contrihution from higher orders are not expected to he
large. The previous result 6) was statistically and systematically limited and
could ot test this prediction.

Since hoth I, and Kg are produced in the targef it is necessary to

subrract, the number of decays of I, — vy from the number of all K — ~~



A. Mater

)
-« yy eundidutes i
Ks—yy MC
w0 Ky —vy MC
Kg—2n® MC
4 signel
W ragion
F"‘»f
£ e
103 --\L\
\_\_‘
A
i o,
wopfl

J
1. =
200 0 200 400 GDO B(]D 1000 12 ‘-100

Z cn)
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ground originating from Kg — 27°.

events. Since the branching ratio of Ky, = yv was not known to the required
accuracy, NA48 has also measured the branching ratio of K, — <y using
the data from the far target data. This results in a new result of BR(/(; —
YY)/BR(K ), = 37°) = (2.81 £ 0.0151; 2 0.0245,) x 1077

Events were selected to have at least two clusters in the LIKr. The highest
invariant mass m., that can originate from pairing two photons from K, — 27°
is 548 MeV, which translates into a vertex shift of 9 m, if analyzed under a
K — v hypothesis. The choice of a short decay region therefore allows to
distinguish signal from background of K; — 27° with 2 missing photons.
Monte Carlo studies show that by including cuts on the shower-width of the
clusters a. background free region of 5 m fron the target exdsts.

The vertex distrihution for signal and hackground, both far data and
Monte Carlo, is shown in Figure 2. The contrihution from K, — ~v is re-
maved, and, using J(g — 27° as a normalization channel, a branching ratio of
BR(Ks = yv) = (2.78 4 0.065,a; = 0.104,) x 107 is measured 7). This vesult
is the first measurement of BR(Ks - %) to show significant differences from
the O(p*) calculations of YPT.
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The decays of J¢;, into w01+~ are of considerable interest due to their sensitivity
to direct CP violation 8). However, in 7%*e™ decay, both CP conserving and
indirect. CP violating amplitudes contribute. The CP conserving component,
can be measired fram the decay K;, — %%y, while the indirect CP violating
part can be measured from the decay s — 7% e™. The K5 decay is expected
to be of the order of BR(Kgs — n%%e™) = 5.202 x 1079, where a, is expected
to he of O(1) but is not well hounded theoretically. The decay has so far not.
been observed.

The data for this analysis was taken in a two day high infensity test
run after the end of the 1999 ¢'/¢ data taking period. Events were selected
to have at least 4 clusters in the electro-magnetic calorimeter and two tracks
identified as elecrrons with an 0.9 < £/p < 1.1, using the calorimeter and the
spectrometer. The invariant mass of the event had to be compatible with the
K® mass and the invariant mass of the two photons resulting from clusters not
associated to tracks had to be compatible with the 7%-mass.

Background from the Dalitz decays n°#, and 7%z}, is removed by requir-
ing that the mass of the ey system be al least 30 MeV larger or smaller than
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the 70 mass. In addition, the mass of the ee system is required to he larger
than 165 MeV /c*. While this cut safely vemoves all background expected from
the simulation, it also removes about 50% of the expecred signal (see Figure 3).

After this sclection, no events remain in the signal region. Using K¢ —
707% as normalization channel, a new npper limir for the branching ratio can be
given to be: BR(K5 — 7%*e™) < 1.4 x 1077 at the 90% confidence level 10),
This result. includes a 7% systemaftic etror, and it improves the current best

9)

measurement by a facrtor of 8 2/,

Data taken dnving this year’s 2002 run was to a good extent motivated to
taprove this limit. Dwring a 78 day run more than 40 times the dara compared
to 1999 were taken. The analysis of this data is in progress, and results will be

reported as soon as possible.

References
1. V. Fanti et al.. Physics Letters B 465.335-348 (1999).
2. NA4§ Collaboration, Bur. Phys. J. C, 22,231-254 (2001)
3. J. R. Barely et. al,Phys. Lett, B 544,97-112 (2002)

4. C. Bimo et alin Proceedings of the 6th Euvropean Particle Accelerator Con-
ference (S. Myers, L. Lijeby, C. Detit-Jean-Genaz, et. al., eds.), 1998.

5. A. Lai el al. Phys. Lett. B 536, 220-240 (2002)

6. A. Lai et al., Phys. Lett. B 493, 19-25 (2000)

7. A. Lai el al., Phys. Lett. B 551,7-15 (2003)

8. G. D’Ambrosio and G. Tsicdori, Int. .J. Mod. Phys. A A13,1 (1998)
9. G. Barr et. ol, Phys. Lert. B 304 381 (1993)

10. A. Lai ei. al, Phys. Lett. B 514,253-262 (2001)

192



Frascati Physics Scries Vol. XXXI (2003), pp. 193-197
FRONTIERSCIENCE 2002 — Frascati, October 611, 2002
Invited Contribution in Plenary Session
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Tommaso Spadaro*
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ABSTRACT

The KLOE experiment at the Frascati ¢-factory DAPNE js uniquely suited to
the study of K5 decays. Neutral kaons at DAONE are produced in collinear
pairs with momenta of about 110 MeV/c in a pure C-odd quantum state
(KsK; — K; Ks). Hence, at KLOE one can tag a pure /{5 beam with bigh
eficiency by detecting K interactions in the calorimeter or by reconstruct-
ing ) decays in the drift chamber. This has allowed us to perform the best
measurement. of the branching fraction for the channel Kg — w%eTw(v) to
date. The study of the above decay is particularly interesting as a test of the
AS = AQ rule as well as the validity of CPT invariance in the neutral kaon
system via mcasurement of the leptonic charge asymmetry.

* On behalf of the KLOE Collaboration:
http://www.1lnf.infn.it/kloe/kloe _authors.ps
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1 Physics motivations

The branching ratio of the decay I{s — wev is a very well calculable quantity
if CPT symmetry and the AS = AQ rule are assumed. Trom the equality
[(Ks — mev) = I'(I; = mev) and using the measured values of BR{(K; —
wev) and rg/rr 1), BR(Ks — mev) = (6.70 £ 0.07) - 10~4 is abtained.

In the Standard Model no AS # AQ transition exists at tree level. At
higher order, AS # AQ transitions are suppressed by a factor of about 1076 —
1077 relative to those with AS = AQ 2), At present, the best experimental
limit on the real part of the amplitude ratio A(AS # AQ)/A(AS = AQ) is
as low as 6 - 1073, obtained from the study of the decay time distribution of
tagged K° and 7¢° beams 3). This limit can be improved by measuring the
K — mev branching ratio with a precision better than 2%.

One can also test CPT conservation by measuring s and I(p charge
asymmetries in semileptonic decays, defined as:

I‘E—,S B TE,S

Tfs+T0s

(1)

oLs =

where Fffs_) are the decay widths for K1, g decays to a positively (negatively)
charged Jepton. It can be shown that the quantity ds — &1, measures the amount
of CPT violation either in the decay or in the kaon mixing matrix 4. At
present, while &, is known with an absolute error of about 70 parts per mil-
lion 5), ds has never been measured.

2 DAENE and KLOE

DA®NE, the Frascati ¢-factory 6), is an ete™ collider operating at a center of

mass energy of ~1020MeV, the ¢-meson mass. The ¢ meson decays ~34% of

. the time into a KgK pair, which is nearly collinear at DA®NE. In each event,

the identification of the J(; allows the tagging of a Ks of given momentum.

DA®NE is therefore an exceptional source of nearly monochromatic, tagged
I{s particles, allowing for detailed studies of their more rare decays.

The KLOE detector " ) consists of a cylindrical drift chamber 4m

in diameter and 3.3m in length, surrounded by a lead-scintillating fiber elec-

tromagnetic calorimeter. A superconducting coil provides a 5.2KG magnetic
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field. The momentum resolution for large-angle tracks is o,/p < 0.4%. Ver-
tices are reconstructed with spatial resolutions o,y ~ 1560 um and o, &~ 2mm.
The calorimeter provides a solid angle coverage of 98%, an energy resolution of
0glE = 5.7%//E(GeV), and a timing resolution of ¢, = 54 ps//E(GeV) &
50 ps.

3 Ks— 7teTy(v) event selection

In KLOE more than one half of the K’s reach the calorimeter before they
decay. An efficient I{s tag is therefore provided by the identification of the Iy,
interaction in the calorimeter. The signature for such events is the presence of
a cluster with relatively large energy deposit and timing compatible with that
of a slowly moving (8 = 0.22) neutral particle (KCRASH' events).

In order to search for K5 — mev decay candidates, events with a KCRASH
and two oppositely charged tracks from the interaction region are initially se-
lected. Events are then rejected if the two tracks’ invariant mass (in the pion
hypothesis) and the resulting Ks momentum in the ¢ rest frame are compatible
with those expected for a Ks = 777~ decay.

In order to perform time of flight identification of the charged particles,
both tracks are required to be associated with a EmC cluster. For each particle,
the time of Aight measured by the calorimeter is compared with that expected
for an electron {pion) of the same momentum; events in which an electron-pion
pair cannot be identified are rejected.

Each selected event is finally kinematically closed. The K5 momentum is
estimated making use of the measured direction of the K, and the 4-momentum
of the ¢. The missing energy and momentum of the Ks-7*e¥ system, which
should correspond to those carried away by the neutrino, are then computed.
Their difference is distributed as in figure 1; it must be equal to zero for the
signal. The data are fit using Moote Carlo spectra for both signal and the

residual background (due mostly to g = 7+ 7~ events with an early decay of
one of the two pions) to obtain the number of K'g — mev decays in the selected
sample.

To determine the efficiency for all of the above cuts, several diflerent data
control samples are used: (1) K, — mev events in which the I{; decays near
the interaction region and Jg decays into charged pions; (2) ¢ = «ta~7°

decays; (3) events with ¢ — KK° and Ks = ntz~. Monte Carlo simulation
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Figure 1. Distribution of the difference between missing energy and missing
momentum for I{s = wev candidates (left 7~e¢tv, right 7+~ 7). The peak
at zero is the signal. The distribution is fit to a linear combination of Monte
Carlo signal and background spectra in the range -40 MeV + 40 MeV.

is used orly to determine geometrical acceptance 9),

The above procedure for signal extraction and efficiency determination
can be applied separately for the two charged states, taking into account the
differences in 7t and 7~ interaction in the calorimeter, thus allowing for the
measurement of the charge asymmetry, s of Eq. 1.

4 Results and conclusions

The measurement 10) of the branching ratio irrespective of the lepton charge
is given here for the final analysis of the data taken in year 2000, corresponding
to an integrated luminosity of ~ 17pb~'. The measured yield is of 627 + 30
events, for a total efficiency of (21.8 £ 0.3)%. The total number of events
is then normalized to the number of observed Ks — w7~ events, giving
BR(Ks — mev) = (6.79 £ 0.33sa¢ & 0.20sys¢) - 1077 in agreement with the
expectation from the AS = AQ rule. In the ratio, the tagging efficiency, which
is the largest cause of systematic uncertainty, cancels out identically. The-
relative uncertainty on the KLOE measurement is less than a third of that on
" the only previous measurement 11),

The analysis of the data taken in 2001 and 2002 is under way. The analysis
of the first 89 pb™' gives a preliminary value of BR{(Ks — mev) in agreement
with the previous result. On this data sample, the charge asymmetry has been
measured to be compatible with zero, at the 3% level. The uncertainty is
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expected to be lowered to 1% when the entire data set is analyzed.

At the beginning of 2003, major upgrades of the KLOE interaction region

ave planned, which should allow an increase in the luminosity of the machine.

The hope is to reach soon the design luminosity of 5 - 10%%cm

~2g=l  With

this luminosity, the statistical accuracy on the semileptonic charge asymmetry
can be Jowered to 0.2%, thus allowing a test of C'PT symmetry at the level of

5-

1079,

References

1.
2.

10.

K. Hagiwara et al., Phys. Rev. D66, 010001 (2002).

C. Q. Dib, B. Guberina, Phys. Lett. B255, 113 (1991). M. Luke, Phys.
Lett. B256, 265 (1991).

. A. Angelopoulos et al.,, Phys. Lett. B444, 38 (1998). A. Angelopulos et al.,
Phys. Lett. B444, 43 (1998).

. L. Maiani, CP and CPT violation in neutral kaon decays, in: L. Maiani,
G. Pancheri, N. Paver (Eds.), The Second DA®NE Physics Handbook,
Vol. 1, 1995, p. 3.

. A. Alavi-Harati et ol., Phys. Rev. Lett. 88, 52 (2002).

. S. Guiducad, Status of DA®NE, in: P. Lucas, §. Webber (Eds.), Proc. of
the 2001 PAC - Chicago, IL U.S.A., 2001, p. 353.

. M. Adinolfi, et al. (the KLOE collaboration), KLOE: A general purpose
detector for DASNE, LNF-92/019 (IR). M. Adinolfi, et ol. (the KLOE col-
laboration), The KLOE detector, technical proposal, LN¥-93/002 (IR).

.M. Adinolfi, et al. (the KLOE collaboration), Nucl. Inst.
Meth. A 482, 364 (2002), Nucl. Inst. Meth. A488, 51 (2002), Nucl.
Inst. Meth. A492/1-2, 134 (2002).

. C. Gatti, T. Spadaro, Measurement of BR{/{s — mev), KLOE note 176
(2002). URL http://vwv.lnf.infn.it/kloe/pub/knote/knl76.ps.gz

M. Adinolf, et al. (the KLOE collaboration), Phys. Lett. B535, 37 (2002).

. R. Akhmetshin, et al., Phys. Lett. B456, 90 (1999).

197



Frascati Physics Series Vo). XXXI (2003), pp. 199-211
FrONTIERSCIENCE 2002 — Frascati, October 6-11, 2002
Invited Review Talk in Plenary Session

REVIEW ON Bj AND B? MIXING MEASUREMENTS
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ABSTRACT

The B%B® oscillation phenomenon is now well established and measured in
the case of the BY meson. The average value for its frequency oscillation is
Amg = .503+.006 ps~!. Within the Standard Model the B? meson oscillation
frequency is expected to be about 20 time larger than the B} meson frequency.
Despite the fact that elaborate analyses have been developed, no measurement
of Amgs have been obtained but a lower limit of Amg > 14.4 ps~! at 95 % CL
has been reached.

1 Oscillation analyses overview

1.1 Formalism

The neutral B meson mass eigenstates can be expressed as linear combinations
of the weak ecigenstates. Solving the Schrédinger equation allows to calculate



VLA L. JUTHLTTEG

vid' vid d
Vib Vis* d Vtb Vis*
b b s
1 S
\%Y
= 0 = 0
B W w B B { ( B
;i t i) ;i W b
5 Vid * Vib 5 VldMth
Vis * Vis”®

Figure 1: The two boz diagrams, which, in the Standard Model are the source
of BB oscillations. The three up-type quarks enter in the loop but the top
quark dominate the process and s only shown here.

the probability that a purely B° state produced at time t = 0 will decay as a
BY (BO )! at time ¢ :
P 1 o—t/7s 1 & cos(Amgt) (1)
Ty 2 !

The frequency Am, is the mass difference between the two mass eigenstates
and 7, is the average BY lifetime. It has been assumed that A7, = 0 and CP
violation has been neglected. _

Within the Standard Model B°B® oscillations are due to box diagrams
(Figure 1) in which a top quark exchange dominates.

The frequency Am, can be computed:

Amg = g%'—‘|V 1?|Vig | M3, Mpo f3o Bronpe S ﬂ (2)
Q= gl el Vi w MBg Jpe LBy 7S M2,

with ¢ = d or s. My is the W mass , Mpp the B} or B mass D, fog the
pseudo scalar decay constant of the Bg meson, BBg the so called “Bag factor”

YThey lead respectively to two types of events : the so-called unmixed and
mixed events)
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and fgo \/B—Bg 1s estimated to be of the order of 230 £ 40 MeV. Finally 7By i
a perturbative QCD correction factor and is of the order of 0.55. The func-
tion § S% is known and computable to a high precision given the present
knowledge of the top mass. The impact of the large theoretical uncertainty on
fBg \/BiBg can be reduced by the use of the ratio given in Eq 3.

2
Amg _ [Vaal® Mg Jag Bag

Amng B |Vts|2 MBE féo BBQ @
. f;(‘BB“ o) . .
with Ty = €. This factor reflects the SU(3) Aavour symmetry breaking
B9 By

and is theoretically better known : €2 = 1.16 + 0.06 8).

1.2 Various experimental contexts

The study of the BOBO oscillation phenomenon is now performed in various
places in the world. It is namely done at LEP (ALEPH, DELPHI, L3 and
OPAL) where the Z° decay produces both B} and B mesons (about 15 % Z°
decay in a bb pair). The neutral B mesons are produced with a large boost
* and fly about 3 mm before decaying. There is thus a clear separation of the
two hemispheres allowing to perform both inclusive and exclusive analyses.
The amount of statistics is of the order of 4 108 2% per experiment. The first
experimental evidence for time dependent oscillations for the BY was seen at
LEP. All the detectors are equipped with high resolution silicon detectors to
precisely reconstruct the decay vertex of the B hadrons. At SLD (SLC collider)
the experimental situation is similar to LEP except for a smaller bearn spot
and a more precise vertex determination. In addition there is the possibility
to perform the production state tagging with the beam polarisation. The SLD
collaboration has registered about ~ 0.4 108 Z° events. At CDF (Tevatron
collider) due to the very large cross section there is a huge production of B
and BY . But the difficult experimental environment leads to a large reduction
of the number of events (the inclusive bb cross section js about 1000 times
smaller than the inelastic one). Finally at B factories which are running at the
Y(45) BaBar and BELLE can only study BS mixing. They are characterised
by very large samples (~ 90 105 BY ) but also by a small boost : on average
the BY will fly only 250 um before decaying.
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1.3 Principle of the measurement

The three main ingredients needed for a mixing analysis are the decay time
reconstruction, the final state tagging and the initial state tagging. Their
influence on the analysis is summarised in the quality factor @ defined in Eq. 4

v —1(Amgos)?
Q = N‘recfsignal\/etag (]- - 277) e 3(Amqoi) (4)

Where N (the reconstructed number of B ) and fs;na (the signal fraction
in the sample) are determined by the final state reconstruction. The two fac-
tors reflecting the tagging performances show clearly that it is relatively more
important to tag the event correctly (low mistag fraction ) than to efficiently
tag it (£1ap). The exponential term which modelizes the dumping of the signal
for large decay time resolution contains the B® mixing frequency. From this
term it can be seen that the decay time resolution will not be crucial for Amy
measurements whereas at high Am, frequencies it will be the limiting factor.

In order to perform a time dependent oscillation analysis one needs to
reconstruct the decay time of the B® meson. This reconstruction implies the
estimates of the decay length as well as of the momentum. In the B factories
context the B® momentum reconstruction is not needed since it is produced
with a known boost due ta the Y (4S) decay. For the analyses performed at
the LEP, SLC or Tevatron colliders the reconstruction of the momentum has
to be performed.

In order to decide if the event is mixed or unmixed it is necessary to know
the production state of the meson (B® or B® ) as well as the decay state. The
decay state is usually determined from the charge of one of the reconstructed
decay products : for example from the energetic lepton (a2 £+ signs the decay of
a B® meson). The determination of the production state is more complicated
and the information from both hemispheres can be used (at B factories only
the other B information is available). In all cases it relies on the fact that a
correlated bb pair is produced.

o In the hemisphere opposite to the B® an energetic lepton with a large
transverse momentum with respect to the jet axis can be searched for or
the jet charge of the hemisphere can be cormputed. Their sign indicates
if a b or a b quark was produced in this hemisphere. Using the fact that
a bb pair is produced, the production state of the BO can therefore be
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deduced. The same information can also be obtained from the charge of
a kaon produced in b = ¢ = s transitions.

» In the B® hemisphere the tagging of the production state can be per-
formed using information from the fragmentation tracks. Indeed the
charge of the highest order fragmentation tracks is correlated to the pro-
duction state of the B® meson. The same kind of information is also
present in the sign of the jet charge of this hemisphere. The B** decay
can also be used : B** - Bort.

This initial state tagging is not perfect due to experimental problems
(misidentification, incorrect linking of the tracks to the primary vertex ...) but
also due to physics. For example at colliders other than B factories the opposite
hemisphere lepton can in fact come from the decay of a beauty hadron which
has undergone oscillation.

2 Amy results

The BY oscillation frequency is small (~ .50 ps™!) and thus the time resolution
is not crucial. However one aims at a precise measurements so there is a clear
need for higb statistics and a good control of the systematics. Up to now
35 analyses are available. The combination has been performed by the LEP
Oscillation Working Group 2), taking into account correlated uncertainties.
The overall result is an impressive 1.2 % precision measurement : Amy =
0.5034.006 ps~!. It should emphasised that the average is now fully dominated
by the B factories results as can be seen from Figure 2. In the following sections
two example analyses are described.

2.1. An example : D®*) ¢y with Same Side Tagging from CDF

In this analysis 9) the final state reconstruction consists in D**¢Fy, DEpFy
and D%/Fv. The first two channels are mainly due to BS decay whereas the
last one comes from charged B decay (used as cross checks). The initial state
tagging is obtained from the same side information both from fragmentation
pions and B** decays. The two cases are not explicitly separated in the analysis
and the tagging pion is searched for among tracks compatible within +3¢ with
the primary vertex and close in transverse momentum with the reconstructed
B. The time measurement is performed using the distance between the primary
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Figure 2: Summary of all the Amy anolyses. The results ot the bottom of the
plot are those obtained oi B factories and cleorly dominate the average.
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Figure 3: Mizing asymmetries o« cos(Amaqt) for the § D¢ combinations. The
upper one consists mainly of charged B events and as ezpected no oscillation
15 visible. The two lower ones are mostly due to neutral B and the cosine term
eppears clearly. The points are the data, the line is the result of the unbinned
mazimum likelhood fit.

and the B vertices and the B momentum approximated by the Df system. A
Monte-Carlo correction is applied to correct for the missing neutrino.

The measured time asyrumetries are shown together with the fit in Fig-
ure 3. The BY mixing frequency is measured : Amg = 0.471 I8 (stat) +
0.034 (syst) ps—!. The systematical uncertainty is dominated by the knowledge
of the sample composition {D** background); however the result is still cleatly
statistically dominated.

2.2 An example : the BaBar analysis using exclusive reconstruction

This analysis 4) relies on the very large By mesons sample accumulated
by the BaBar experiment. The BY is fully reconstructed using the modes :
BS — D=7t /pt /af and BG — J/WK*C. The signal sample contains about
7300 candidates which a very high purity (86 %). The initial state tagging
is sequential : a high momentum lepton is searched for among the remaining
tracks in the event, in the case where no lepton is found, charged kaons are
identified. If no charged kaons are identified a neural network is used to tag the

event taking the information from soft pions from D** decays, and fast pions
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from the W decay. The time difference is obtained {from the distance between
the two B vertices. Both the tagging performances and the time resolution
function parameters are directly extracted on the data by the fit itself. The
time distributions for mixed and unmixed events are shown on Figure 4 as
well as the fit which is superimposed. The B} mixing frequency is measured :
Amg = 0.516 % 0.016 stat + 0.010 syst ps~'. The systematical uncertainty
is dominated by the knowledge of the alignment and of the resolution function
parameters which are parameters of the fit. This systematical uncertainty has
thus clearly a part which is of statistical nature and which will decrease in the
future.

& | Unmixed Events
~+ A
S 102 |
L 10 t
| Mixed Events
10 iy
l E 1 L] | . ./kﬁ. P ]"" | - “.l( 1}' I ' 1 _:;‘
0

s 10 15 20
At (ps)

-20 ~15 -10 -5

Figure 4: Time distributions for the unmized (a) and mized (b) events. The
points are the data, the line is the result of the unbinned mazimum likelihood
fit over the full sample.

3 Amy results

3.1 Overall result

In this case the frequency which is studied is expected to be about 20 times
larger than the BS mixing frequency. The time resolution is now crucial and
in all the analyses emphasis has been put on this point. As no measurement
. has yet been performed, one has to face various problems such as limit setting,
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handling of the systematics and combination of several limits. These problems
have been overcome by the use of the amplitude method which consists in
adding an amplitude factor in front of the oscillating term 5) (see Eq. 5).

1 e 1 & cos{Amst) . 1 e 1+ Acos(Amst) (5)
T 2 T 2

For various frequencies one is left with the task of measuring this amplitude.
To get the average limit Am, > 14.4 ps™! at 95% CL 13 analyses have been
combined and the limit is set at the Amg value for which 4+ 1.64504 = 1
which is the standard definition of a one-sided 95 % CL limit. The relative
weights of the various analyses vary for different Amyg values. The overall
amplitude plot is shown on Figure 5. Several points should be emphasised :
the vesult is fully dominated by the statistical uncertainty, the limit set. is below
the sensitivity (19.2 ps~!) and the uncertainties from a point to another are
extremely correlated due to the fact that the same data is used.

@ 2.5 T T T T T T T T
= [ World average (prel.) ]
%’:. 2 F ]
£ F datntTa A 95% CI.limit 14.4 ps’’ 1
~ [ - 16435 a -© sensitivily 19.2 ps! 3
1.5 F [ dutnt1.6450 —_\
' [ duta+ 1.645 g (stat only) 1

1
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Figuve 5: Amplitude distribution obtained from the average of the 13 available
analyses.
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Figure 6: Initial state tagging variable : for simulated events (a) and for all se-
lected events (b). Neural network outputs for data (points) and MC (histogram,)
the two shaded distributions show the NN outputs for b and b quarks as seen
on Monte Carlo.

3.2 An example : the ALEPH analysis

This analysis 6) incorporates different final state reconstructions. The ex-
clusive reconstruction is characterised by an excellent time resolution which
compensates for the very low statistics. With reduced purity the D,Z recon-
struction has still a good time reconstruction. The last analysis is a fully in-
clusive reconstruction in which the very large statistics compensates for poorer
time reconstruction and for the imperfect final state tagging.

The initial state tagging is performed using a sophisticated algorithm
which includes the outputs of various subnets in a final neural network. The
dedicated subnets are used for Same Side Tagging (a fragmentation kaon is
identified via its momentum, its dE/dz and its proximity with the BY candi-
date), as well as for Opposite Side Tagging (the charges of the secondary and
primary vertices and of the leptons and kaons if any are used). Figure 6§ shows
that the NN outputs for data and MC are in very good agreement. The limit
is set at Amg > 10.9 ps~?! at 95% CL.

3.3 An example : the SLD analysis

Tts main characteristics 1) are a very good decay length reconstruction due
to the very precise vertex detector and to the small beam spot and a powerful
initial state tagging which makes use of the polarised forward-backward asym-
metry : polarised electrons tag b quarks in the forward hemisphere. Adding the
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information of the jet, vertices as well as of leptons and kaons a mistag fraction
as Jow as 23 % is obtained for a 100% efficient tagging. The final state recon-
struction is performed using two different techniques The first one reconstructs
a D¢ pair in which the D is only identified topologically. A Neural Network
is used to suppress the b = ¢ = ¢ contribution. The other technique is more
inclusive since it consists of regonstructing topologically both the secondary
and the tertiary vertices. The final state tagging is done using the so-called
charge dipole which is built from the difference of the charges of the secondary
(B) and the tertiary (D) vertices multiplied by the distance between these two
vertices. The limit is set at AmQ) 7.6 ps~! at 95% CL. The amplitude plot is
shown on Figure 7. It is wortbwhile noting that the sensitivity of this analysis
is relatively high : 13.0 ps~!, due to the very good decay length reconstruction
and that this result has been obtained with 400000 Z° only.

o S T T e T T =T T >
= SL. DI‘R[I I\llN \R\’
& 4r ]
= b s dun - la A 9SS CLlimit Tapy '
- F 1.645 <3 vendiiviny !
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[ I duis - 1.h43 0 i R
L Untu ~ 1648 @ (s1ar unlyy AN 1
1 - . \ .
[de31li ]
: i |'|'§?T [
= s - A REPS AN 11 Sl
it st
o ‘l‘.~_—_ AN
Ty o §

-d TS BN T OPUPETS AP ey I T ST Wt 1

1
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K -1
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Figure 7: Amplitude distribution obtained by the SLD ezperiment.
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Figuve 8: The preferred region in the (p, 7) 1s shown together with the warious
constraints used in the fit ( Viu/Vey, €5, sin283). For the left plot, the infor-
mations from. the Bg and B2 mizing are not used whereas for the right plot
they are included. In that last cose, the preferred region is reduced by a factor
two.

4 Influence on the Unitarity Triangle

Using the Wolfenstein parametrisation, the CKM matrix can be expressed in
the following way :

1-& X AN(p—in)
Verm = - 1-4 AX? +O0(\)  (6)
AX(1—p—in) —AN? 1

Using the ratio of Eq 3, it follows immediately that the constraint due to the
BY mixing frequencies appears as a circle in the (p,n) plane. Using the results
of 8) and omitting the constraints from Amg and Amg one gets the preferred
region shown on the left plot of Figure 8. Including the constraints due to the
mixing analyses one gets the results shown on the right plot of Figure 8, the
area of the preferred region is reduced by a factor of the order of two.

5 Summary

Since the first evidence of B§BY oscillation obtained by ARGUS in 1987, an
important number of analyses have been developed and are now combined to
get an impressive 1.2% precise measurement : Amg = 0.503+0.006 ps~'. This
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evage is now fully dominated by the B factories analyses.
In the case of the B? mixing frequency measnrement a first Jimit was sex

by ALEPH in 1994 : Amg > 1.9 ps™' at 95% CL. However, eight years later,

de
ye

an overall sensitivity of 19.2 ps™'.

spite a lot of improvements in the analyses, the B? mixing frequency has not
t been measured and only a limit is set : Amg > 14.4 ps—' at 95% CL with
. One can reasonably hope that it will be

measured at the Tevatron next year by the DO and CDF collaborations ... or

may be one should better wish that it is so high (> 40 to 50 ps™') that. it can’t

be measured at the Tevatron, this would clearly be a sign of new plysics !
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ABSTRACT

Kaons have strongly influenced the construction of the Standard Model. During
che last ten years the measurement of the direct C'P violation in the K9 — K0
system has been vigorously carried out by the experiments NA48 at CERN
and XTeV at Fermilab. We review recent results on the direct C'P violation
search and the experimental techniques used. The final result from NA48 is
Re(e'/e) = (14.7+2.2) x 10 establishes the existence of direct C'P violation.

1 CP violation in the neutral Kaon system

CP Violation has been discovered in the neutral Kaon system in 1964 1),
In strong interactions Ky and Ky are produced differing only by their strangeness

* On behalf of NA48 collaboration
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value, Tleir linear combinations K and K, are CP eigenstates. However the
physical mass-states, Ks and K, deviate, from pure CP = + 1 eigenstates:
the long-lived Ky, is made 99.8% of K|, which decays in three bodies, but it
also contains 0.2% of K, which allows the decay into 2 bodies. This kind of
CP Violation is the main component of the effect. and it is called Indirect as
it comes from the mixing and it is described by the parameter e.
Moreover another type of CP Violation can occur in Kaon decays to two pi-
ons as the K can also decay to 2 bodies via its Ky component, through the
so-called penguin diagrams allowing the interference of amplitudes in different,
isospins. This effect is called Direct CP Violation and is described by the pa-
rameter ¢’
In the Standard Model both indirect and divect CP Violation appears naturally
because the existence of more than two quark families implies an irreducible
complex phase in the CKM matrix 2),
The quantity which can be measured experimentally is the double ratio R of
the decay widths:

T (K,‘ — 71'07{0) /T (](5 - ﬂ'07r°)

F= T (K = ata”) [T(Kg - ata~) ~1-6x Re(e'/e) M

On the theoretical side, the short distance contributions to € /e are under con-
trol 3 but the presence of considerable Jong distance hadronic uncertainty
precludes a precise value of ¢'/e in the Standard Model. Consequently while
theorists were able to predict the sign and the order of magnitnde of the effect,
the raunge is still pretty wide: (¢'/€),, = (5 to 30) x 1074

2 Re(€/¢) measurements

In the experimental reality the double ratio R of equation (1) is measured
by detecting the four decay modes in the detector acceptance. Later the true
Re(e'/e) value is deduced correcting for fluxes, acceptances, detector efficiencies
and effects from accidental induced event losses.

At frst order corrections on R cancel if data are collected simultaneously in the
four decay modes. Only second order differential eflects have to he quantified.
As Re(€'/e) 1s expected to be small a significant result can be achieved if an
high experimental accuracy (= 10™") is reached. This means that more than
3x 108 K — %70 decays, which is the statistical limiting mode, must be
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collected.

2.1 The first generation of experiments

The first generation of experiments have been designed to achieve a statistical
error of the order of ~ 107%. They published their final result on Re(¢’/e) in
1993:

NA31 at CERN 4 (23.0+£6.5) x 104 -
E731 at Fermilab 9) (7.4 +5.9) x 10~

They were both fixed target experiments exploring different method to build the
Ks beam. E731 measured one single final mode at the time with simultaneous
bearns using the regenerator technique. Some data were also taken with the
four modes. NA31 recorded both final modes in a single beam. The Kg target
had 41 differenz positions in order to simulate the X;, decay vertex distribution.
The two experiments had different systematics, their results were inconclusive:
NA31 claimed the existence of Direct CP Violation with 3.5 standard deviations
significance while E731 found a result compatible with zero.

2.2 The second generation of experiments

The new experiments have been conceived in order to achieve precisions on

Re(e'/e) of ~1—2x 107" and to collect simultaneously the four decay modes: -

NA48 6) at CERN, KTeV 7) at Fermilab and KLOE 8) at Frascati.
This paper is an attempt to drawn a comparative presentation of KTeV and
NA48 as they have recently published results.

3 Beams and Detectors

NA48 and KTeV are fixed target experiments. NA48 uses the 450 GeV /¢ SPS
protons ! and two targets, while KTeV profits of the 800 GeV/c protons from
the Tevatron and of the regeneration technique for Ks production.

'in 2001 the machine duty cycle was improved and 400 GeV /¢ protons were
extracted from the SPS
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3.1 KTeV implementation

In the KTeV experiment two parallel K, beams from the same beryllium target
are produced cleaned and collimated and let fly for 120 m. One beam is going
through an active regenerator made of plastic scintillator blocks (2A;) and
because of the Ky and Ky different nuclear cross section a component p of
regeverated K take places (regenerated beam).

The charge decays modes are reconstructed by a magnetic spectrometer while
the neutral decays modes by the an electro-magnetic calorimeter made of 3100
pure CsI crystals. The Cs! calorimeter 9) performs very well in terms of energy
resolution (05/E = 2%/VE ® 0.4%) and the non-linearity is within 0.5% for
all the energy range (2-100 GeV). The detector has two holes to let the neutral
beams to go through. The regenerator moves from one hole to the other every
minute, in such a way that K, and Ks decays are equally sensitive to eventual
left-right asymmetries of the detectors.

3.2 NA48 jmplementation

NA48 uses two different production targets, located 126 m and 6 m upstream
the decay region, in order to take into account the diflerent mean decay lengths
of Ky and Ks. The Kg beam is created close to the detector by deviated pro-
tons hitting the second target. The two beams are quasi-collinear and converge
at the LKr with an angle of 0.6 mrad. The charge decays modes are recon-
structed by a magnetic spectrometer while the neutral decays modes by the an
electro magnetic calorimeter made of a 10 m® tank of liquid Krypton and 13212
channels. The LKr calorimeter 10) is very stable and offers a good energy res-
olution (g5 /E = 3.2%/VE ® 9%/E ® 0.42%) and a very little non-linearity
(< 0.1%). The detector is traversed by a beam pipe which confines the intense
neutral beam.

3.3 Data samples

The following table summarise the NA48 and KTeV data takmg periods. Both
experiments published first results in 1999.

4 Analysis strategy

Here it follows a list of some of the main analysis items.
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Year KTeV # of Ky — 070 NA48 # of Ky, » 7970
1996 Re(€'fe) debugging
2.5% 108
1997 Re(e'/¢) Re(e'/¢) 0.5%108
1998 | Not running Re(e'[€)
3.3x108
1999 Re(e'[e) 2.5x 108 Re(€'/e)
2000 Checks
2001 Re(e' [¢) 1.4%108

4.1 Xaon identification: KTeV I{s regeneration

The identification of the Kaon type in KTeV is made looking at the center of
gravity, in both charged and neutral decay modes. As the left-right position
of the regenerator is known and the two parallel beams are 10 cm apart a K
decay is unambiguous disentangled from a K5 decay. The advantage of using
a regenerator is in the fixed ratio of regenerated and vacuum decays. However
care must be taken to identify inelastic and diffractive Kaon scattering. In the
energy centroids in the calorimeter the shadow of the two beam holes apart
10 ¢m is visible. One of the two beam projection has an evident halo, which
comes from scattered events in the regenerator. The effect is precisely studied
in charge mode looking at the Pr” distribution and then introduced into the
simulation for evaluate its contribution to the neutral mode. The regenerator
scattering is an important background to n%n? events in the regenerator beam
(1.13% ) while is only 0.25% in the vacuum beam. The regenerator vertex Z
distribution for two pion events shows a clear (s — J(, interference pattern,
which implies & K, contamination of 3 x 1072 while is down to 10~% in NA48.

4.2 Kaon identification: NA48 proton tagging

In order fo distinguish K, and K decays, the protons directed to the K
target are detected by an array of scintillation counters which comprise the
tagging detector. The presence (absence) of a proton in coincidence (within
2 nsec) with the event time as measured by the detector, defines the event as
Ks (K1). The tagging performances is straightforward for m* 7~ events, where
the good charge vertex resolution can be used.

Whenever the time measurement of one of the components of the tagging sys-
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tem fails, a K5 can be misinterpreted as a Ky, (as® = (1.1240.03) x 10792
However the effect tend to cancel out between 7+7~ and 7%7° and only the
difference requires a correction to R, which turn out to be negligible with an
uncertainty of £3.0 x 1074, Occasionally due to the high rate of protons cross-
ing the tagger, in time coincidence with a genuine J(; one can find a proton,
which induces the Ky, to be misidentified as s K5 {(ars* = (8.115 £ 0.010)%).
Again, it is the neutral-charge difference which is relevant and the correction
AR = (6.9 4 2.8) x 10~ was derived.

4.3 Charge mode reconstruction

Both experiments use a magnetic spectrometer with four drift (wire for KTeV)
chambers and veconstruct the decaying particle’s mass, the momentum and
the vertex position under the 717~ assumption. The resolution in the recon-
structed Kaon mass is o(x+ 7~ )=2.5 MeV for NA48 and o(7t77)=1.6 MeV
for KTeV which bending power is stronger.

The 3-body background to K5 — 7t 7~ is negligible while it is important for
K1, = wtn~, mainly due to K, and K,,,. It is rejected by a Pr® cut and the
residual K, background is tagged by the muon veto detector while the K,
decays are recognised from the ratio %

The amount of Jeft-over background is similar for the two experiments: for
KTeV is 0.09% for the vacuum beam and 0.003% for the regenerator one, while
in NA48 it is 0.14%.

4.4 Neutral mode reconstruction

The J — 7970 are reconstructed using energies and positions of four photons
in the calorimeter. NA48 reconstructs m,o and the vertex decay position using
the My constraint, while KTeV reconstructs the My and vertex decay position
using the m.o constraint. Both compute a x? to test the event compatibility
with the 770 hypothesis. The 37° background with fused or lost photons
is located in the tail of the x? distribution. The final 37° background Jevel
is 0.06% in NA48 while is 0.11% in the KTeV vacuum beam and 0.03% in
the regenerator one. Furthermore, in KTeV, the regenerator contributes to an

2Here we report the result of the analysis of 2001 data taken with slightly
different condition from 1998-1999 data period
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additional kind of background which becomes especially important. in neutral
foal srates (1.23%).

4.5 Dehlnition of the hducial volume

This is a crucial point as the Aducial volume has to be the same for 7°7°% and
a*a~ decays to allow the cancellation of the fluxes of Kaon in the ratio. Tt is
defined by applying cuts on the reconstructed I aon energy and the decay vertex
position. The distance scale is then translated in energy scale definition. The
uncertainty introduced on R is small if the beginning of the K5 decay region is
defined by the position of a geometrical object by vetoing K¢ decays occurring
upstream. The uncerrainty of 1 cm on the vertex positiou is induceing an error
of 107" on the energy scale. I(TeV uses the regenerator edge, which position
is veconstructed and adjusted with the Monte carlo with a precision of &5 cm.
NA48 uses the position of a set of scintillators with a converter (called AKS)
which is reconstructed with an uncertainty of =3 cm.

4.6 Acceptance to four modes

Because of the very different J(;, and Kg lifetime the average acceptance for
decays in the two beams is different.
The acceptance correction on R in KTeV is based on a detailed Monte carlo

079729 decays, and it is as

simulation, tuned with K; — wev and K;, — 7
large as 5.1%. However this is mostly due to the well-know detecior geometry
(85%). The remaining effort is to understand detector vesponse and resolution.
The errors quoted on this correction to R are derived from data-Monte carlo
comparison in 777~ and 7%7%7° events.

NAd48 weights the K events hy the reconstructed Ks lifetime in order to
minimise K, — K decay spectra differences. The acceptance correction to R
in calculated alter weighting and it is decreased to the 0.22%, with a precision
limited by the know']edge of the beam positions and shapes. The drawback of

the weighting mmethod is a 35% increase of the scaristical error on R.

5 Fitting R

In NA48 the four final decay distributions, corresponding to 777~ and #%#°

decays for (;, and K, are corrected for the mistagged fraction of K events
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and for trigger inefficiencies, weighted and background subtracted. The raw,R
ratio is corrected for the acceptance in 5 GeV energy bins and the final result is
given combining 20 values with an unbiased estimator shown in Agure 1. XTeV
after background subtraction has four samples corresponding to Vacuum beam
(K, decays) and Regenerator beam (essentially K5 decays) to + 7~ and 7970
final modes. They are corrected for acceptances from the very detail Monte
carlo that include all other possible eflects. Data are fitted in 10 GeV bins, as
in figure 2, resulting in Re(e’/e) and two regenerator parameters.

I 1.1
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I 2
105 F x Indf=27/19
+
T ey e oY L oore
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i I
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Kaon Energy (GeV)

i e e e it

Figure 1: Final result for the double ratio in 5-GeV energy bins os fitted by
NA4S. :

5.1 Results

The experimental world average result on Re(¢’/e) is (16.7 £ 2.3) x 107%.

The NA4§ measurement (14.7 + 2.2) x 107* is the average of tae three results
for cach data taking period: 1997 (18.5 % 4.5 + 5.8) x 10~* 21), 1998-1999
(1505175 2.1) x 1074 12) and 2001 (13.7 £ 2.5 £ 2.0) x 10~ 13),

226



The KTeV measurement (20.7 + 2.8) x 107* is the average of two different
data sets : 1996-1997a (improved analysis) (23.24 3.0 % 3.9) x 107 and 1997b
(19.8 & 1.7 £ 2.9) x 10~* 14) KTeV has still to analyse an equal amount of
data.
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Figure 2: Data from KTeV in 10-GeV energy bins.
5.2 Cross checks

Many many check have been made to test the stability of the results against the
cut variations or grouping data in perjods. KTeV has also introduce a weighted
analysis which results differs from the stapdard one-by only (1.5+3.9) x 1074

i

6 Conclusions

Is almost 40 years that a significant portion of the physics community tried
to understand the CP violation phenomenum in the [{aon system. Different
techriques have been used by two groups to measure Re(e' /¢). This showed the
importance of several systematics. The value of Re(¢’fe) = (16.742.3)x 107 *is
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now stabilised and solid: Direct CP Violation exists and it is precisely measured
(100). However theoretical predictions have still large uncertainties.
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ABSTRACT

The first experiment dedicated to the measurement. of the charge asymmetry
of Dalitz plot parameters for K+ — n¥m07® decays is described. The results
on the linear and quadratic coefficients and the charge asymmetry of the slope
are presented.

1 Imtroduction

Recent results 1) on the direct CP-violation obtained with &° beams at CGRN
and Fermilab demonstrate that CP-violation can also be observed for KX de-
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cays, in particular for K* — 77%70 by measuring the charge asymmetry
of the Dalitz plot slope Ag = (¢t — ¢7)/(g* +¢~). At this moment both
theoretical and experimental estimations of Ag are rather uncertain. Theo-
retical predictions are model dependent and vary from about 1073 to 107%.
The most precise experimental results 2, 3) obtained in the independent ex-
periments annd quoted in PDG-2002 4) give Ag=0.11740.020. It is very un-
probable to expect the CP-violation at this level and one can assume Lhat
systematic errors are underestimated in one or both experiments. New data

on g~ = 0.697 £ 0.007°‘et 4 0.019¢¥* published in May 2002 5) somewhat
clarify the situation. Using this result and those from 3) one can obtain
Ag=0.027£0.011(stat)£0.016(syst).

Tt is hard to expect that the systematic error of Ag can be less than 1072
if Ag is derived from different experiments. So both ¢ and g~ should be

measured simultaneously in the same high statistics experiment to reach the

accuracy of the order of 1073 or better. Such an experiment 6) was performed
for K* — 7% 7% 7T decays where Ag = —0.0070 & 0.0053 was obtained. The
results of the first experiment dedicated to search for the direct CP-violation

in K — 7t7%79 decays are presented in this report.

2 Experimental setup

The experiment was performed at 70 GeV IHEP accelerator. The experimental
layout is shown in Fig.1. Unseparated 35 GeV/c positive and negative hadron
beams produced by 70 GeV protons in the external 30 cm Al target were
used for kaon decay studies. The typical particle flux .was 4x10% per 1.7 s
spill. Scintillation counters S1-54 and beam hodoscopes BH1-BH4 were used
to monitor the beam intensity and to measure particle trajectories and beam
profiles. Kaons were selected with three threshold C1-C3 and two differential
D1, D2 gas Cherenkov counters. The threshold counters were also used to
select 10 GeV /c electrous to calibrate GEPARD calorimeter.

Abcut 20% of kaons decayed in the 58.5 m vacuum pipe. Kaons that pass
the decay pipe were detected by the anticoincidence scintillation counter AC.

Particles from kaon decays were detected by the three scintillation ho-

doscopes H1-H3 7) and the gamma spectrometer GEPARD consisted of 1968
lead-scintillator cells. GEPARD calibration was made using both 10 GeV/c
electron beam scanned Gver all cells and reconstructed events of K+ — 7+7°
decays. Both methods gave consistent results. The 7° mass resolution obtained
from the reconstructed decays turned out to be 13 MeV.

Signals from the scintillation and Cherenkov counters were used to form

the first Jevel trigger 71 = S1-52 - 53 - S4-(D1+ D2)-C1-C2-C3- AC.
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Figuwe 1: Ezperimental setup (M — magnets, Q — quadrupoles, K — collimators,
S - beam counters, BH — beam hodoscopes, C — threshold Cherenkov counters,
D - differential Cherenkov counters, AC - anticoincidence counter, H - scin-
tillation hodoscopes).

For the further reduction of the trigger rate down to 103 per spill 3 or more
clusters with energy above 1 GeV were required to be registered in GEPARD.

Stability of the particle beam and detectors was carefully monitored dur-
ing the runs. Bearn polarity was changed every 1-2 days to minimize systematic
uncertainties in measuring charge asymmetry for K* decays.

3 Data analysis and results

Two sets of criteria were used for off-line selection of K+ — 7¥707x% decays.
The fixst set includes the following main requirements: a) decay vertex is re-
constructed with the confidence level of >0.05 and is inside the decay pipe, b)
ouly one track is reconstructed in the H1 - H3 hodoscopes, ¢) 4 gammas with
energies above 2 GeV are registered in GEPARD. In the second set the two
last requirements were more loose: b) one or two tracks are reconstructed in
the H1 - H3 hodoscopes, c¢) 4 gammas with energies above 1 GeV are registered
in GEPARD. The selected events were subjected to a kinematic fit to check
their consistence with the hypothesis of K* — 7%7%7% decay. Events with
confidence level higher than 0.05 were accepted.

Up to now about 50% of the total statistics have been analysed. The
numbers of selected events are equal to 53k(K ), 69k(K~) and 227k(K ™),
285k(I( ™) for the first and second sets of criteria respectively.

Kinematic parameters of the decays obtained in the fit were used to cal-
culate the Dalitz plot variables » and v. The matrix element M of X — 37

decays as a function of u,v can be presented in the form 4):

|[M?oc1+g u+h u?+k-v2
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To estimate the Dalitz plot parameters g, h and k the least square fitting
procedure with weighted MC events was used to obtain the best agreement
between MC and experimental u, v-distributions of the events selected with
the first set of criteria. Obtained parameters for K+ and I~ decays turned
out to be equal within the errors and their average values are:

g=00688+0.021, h=005040021, k=-0.01040.006.

To evaluate Ag the method mentinned above was applied to the differ-
ence of normalized u-distributions for X and I~ events szlected with the
second set of criteria. As a result Ag = —0.0003 + 0.0025(stat) was obtained.
The systematic error was estimated to be less than 1.5-1073. This is the best
experimental estirnation of the charge asymimetry of the Dalitz plot slope.

We would like to thank A.Logunov, N.Tywin, A.Zaitsev for the contin-
uous support of our experiment. This work was supported v part by RFBR
grants 00 15 96733 and 02 02 17019.
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ABSTRACT

The method of QCD light-cone sum rules is applied in the calculation of soft
nonfactorizable contributions to the decay amplitude for B ~ J/¢K. The
result confirms expectations that in color-suppressed decays nonfa,ctomzable
corrections can be sizable.

1 Decay amplitude

Precise measurements of exclusive nonleptonic B decays have initiated theoret-
ical considerations which go beyond the naive factorization approach frequently

*Work done in collaboration with R. Rickl.
t Alexander von Humboldt Fellow. On ]eave of absence from the Rudjer
Bogkovié Institute, Zagreb, Croatia.



used in the calculation of decay amplitudes. Nonfactorizable contributions have
been investigated in several approaches L, 2, 3) for different classes of two-body
nonleptanic B decays. In this talk we focus on nonfactorizable corrections in
the decay B = J/¢I. This channel is particularly interesting because of a
substantial discrepancy between the prediction from naive factorization and ex-
periment by more than a factor of three in the branching ratio. Also, this mode
belongs to the color-suppressed class-2 decays for which large nonfactorizable
contributions are expected.
The weak matrix element can be written in the form

(J/WK|Hw|BY = V2Gr Ve Viy e gy fore Fag (m3/¢) as, (1)

where F' g}( is the B = K form factor and the parameter a, incorporates factor-
izable and nonfactorizable contributions. A particular useful parametrization
is given by )
+.
CJI\S/’) +2C (p) F—fB (’;i f)—) ; (2)
¢ BrR\TM gy
where C; are the short-distance Wilson coefficients. The first two terms in
(2) result from the naive factorization, while the term proportional to ng
represents nonfactorizable contributions. Since a, parametrizes a physical de-
cay amplitude, the scale dependencé of the individual terms in a, must cancel.
Taking p = my, one has, numerically, C\ (my,) = 1.802 and C>(m,;) = —0.185 4),

ar = Co(u) +

2 Nonfactorizable effects

According to the large N, analysis 5), there could be a cancellation between
the last two terms in (2), which are both of order 1/N, relative to the leading
term. In case of such a cancellation, as ~ Cy would be negative. While the
negative value of a; is consistent with experiment on D decays, experimental
data on B decays suggest a positive ap. However, different explicit estimates
of nonfactorizable contributions in B decays have predicted different signs of
as.

In 6:', the QCD light-cone sum rule method 3) was applied to the cal-
culation of soft nonfactorizable contributions in B = J/J(. The relevant
operators in the weak Hamiltonian Hw are

O3 = (E,0)ETH), O = (EF‘,,\—;c)(EI‘“gb) . (3)
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Figure 1: Leading soft nonfactorizable contributions as estzmated by Q CD light-
cone sum rules. The sh,aded ellzpse denotes the I{ meson light-cone distribution
amplitude. The currents ]., ¥ and 78 generate states with J/¢ and B quantum
numbers, respectively. The square stands for the Oy four- qumk weak opera-

tor 6)

It is the contribution of O, to the matrix element (1), which is expected to
give rise to the leading nonfactorizable effects. The sum rule approach allows
to estimate the contribution of soft-gluon exchange between the J/¢ and the
B — I system, see Fig. 1. To this end, one has to isolate the ground state
contribution in the correlation function 6)

Fo(p.a,k) / d'ze= T / By DK ()T (5272 ()0(0)37 (2)}[0)
4)

represented graphically in Fig.1l. Taking to account twist-3 and twist-4 contri-
butions calculated at the appropriate scale uy ~ my/2, one finds

Fre(up) = 0.009 - 0.017, (5)
and substituting (5) in (2),
ay = 014+ 0.17 | ey, - (6)

Although the nonfactorizable matrix element. (5) is rather small, it enhances
s by 30 + 70%, due to the large coefficient 2C ().

In addition, one has nonfactorizable contributions from hard-gluon ex-
change. They have been estimated in QCD factorization 1)
another 25% correction 7). Thus, in total one obtains

and amount to

ay = 0.16 + 0.19 | =, - (7)
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One can see, that the theoretical expectation (8) is still too small to
explain the experimental value

(6% = 0.29 % 0.03 . (8)

However, it is interesting to note, that the theoretical approach described here
predicts a positive sign of ay in agreement with experiment and in the con-
tradiction with the argument based on 1/N, expansion 5). Finally, 2 com-
parison of the value (8) deduced from the measurement of B = J/¢J with
|az]®P = 0.4 + 0.5 for B° — D*°70 decays &) indicates a substantial nonuni-
versality of as in color-suppressed decays.
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ABSTRACT

We report a preliminary result for D%-D° mixing and the doubly Cabibbo
suppressed decay rate Rp based on an analysis of DY — K+7~ decays from
57.1 fo~! of data collected at or just below the 7(4S) resonance with the
BABAR. detector at the PEP-II collider. We set 95% confidence limits for the
mixing parameters z'> and y' and find that our result is compatible with no
mixing and no CP violation. In the Jimit of no mixing we find the doubly
Cabibbo suppressed decay rate Rp = {0.357 + 0.022 (stat.) 4 0.027 (syst.))%
and the C'P violating asymmetry Ap = 0.095 = 0.061 (stat.) + 0.083 (syst.).

1 Motivation

Mixing can be characterised by the two parameters z = Am/I" and y = AT'/2T,
where Am (AT) is the difference in mass (width) between the two different mass

* On behalf of the BABAR collaboration.



eigenstates and I is the average width.

Within the Standard Model the level of D°-D° mixing and CP violation
is predicted to be below the sensitivity of current experiments 1) For this
reason it is a good place to look for signals of physics beyond the Standard
Model. Other experiments 2, 3) have already tried this with smaller datasets
using a technique similar to what is described here. In any attemnpt to measure
mixing one should consider the possibility of CP violation also as, with new
physics, there is no e priori expectation that it is insignificant.

Mixing and CP violation can be detected by observation of the wrong-sign
decay D - K+~ (charge conjugation is implied unless otherwise stated).
Production through direct decay is doubly Cabibbo suppressed (DCS) but it is
also possible for the DO to oscillate into a D and subsequently decay through
the right-sign Cabibbo favoured (CF) decay D¢ — K*n~. The two processes
can only be distinguished by an analysis of the time evolution of the decay.

Assuming ', ¥’ « 1 and that CP is conserved, the time-dependent decay
rate for the wrong-sign decay D® — K+~ from DCS decays and mixing is

2 12

T(D® = Kta™)(t) o et/ 70 (RD ++/BRpy' t/mpo + %(tﬁm)2

1)
where Tpo is the D9 Jifetime and Rp is the ratio of DCS to CF decays!. Because
2’ only appears in the time distribution as a squared value, it is not possible to
determine the sign of z’ in an analysis based on the D® — K+7~ decay atone.

CP violation can be either direct, in mixing or in the interference between
the two. The CP violation gives rise to different apparent values for the pa-
rameters in eq. 1 so we define R$(7), 2/+(=) and y*+() for D mesons produced
as a DO (DY),

2 The BABAR detector and data selection

For this analysis, we use 57.1 fb™* of data collected with the the BABAR de-

tector which is described in detail elsewhere 4). Reconstruction of charged
particles and particle identification of Kaons and pions are the most essen-

tial. Tracking is provided by a five-layer silicon vertex tracker (SVT) and a

la' = zcosbxr +ySindiy and y' = —zsindgr + Y cOsdx, where Sxy is an
unknown strong phase.

240



forty-layer drift chamber (DCH), both in a 1.5 T solenoidal magnetic field. A
Cherenkov ring imaging detector (DIRC) is placed outside the tracking volume.
Kaons (pions) are identified by calculating a likelihood product of the
information {rom dFE/dz measurements in the SVT and DCH and the recon-
structed Cherenkov angle and photon statistics from the DIRC, with an effi-
ciency above 75% (80%) and mis-id rate below 8% (7%) for p < 4 GeV/e.

We select D° candidates from reconstructed D** — D% decays. The
charge of the pion in the decay identifies the flavour of the D° and also serves
to create a clean sample of D° decays. Both right-sign and wroug-sign D°
candidates are selected. We select only D** candidates with pp-+ > 2.6 GeV/c
in the centre-of-mass frame to reject D** candidates rom B decays. Other
event selection criteria are employed to ensure that we have high quality tracks
and do not have any D** candidates with multiple overlapping tracks.

3 Results

An unbinned maximum likelihood fit is used to extract the mixing parame-
ters. For each D*t candidate we use the DO candidate mass mp,, the mass
difference §m between the Dt and the D° candidate and the proper lifetime
and error on the lifetime of the D° candidate. The DO lifetime and the signal
resolution model is determined from the large right-sign sample. Sidebands are
included in mg, and §m such that the lével and time evolution of the different
background types can be evaluated. In figure 1 we show the time evolution
of the wrong-sign sample. In total we observe around 120,000 (440) right-sign
(wrong-sign) signal events.

Since the fit allows z° to take unphysical negative values an error estimate
from the log-likelihood surface (LLS) would require a Bayesian analysis where
the choice of prior is not clear. In addition, an accurate error estimate from
the LLS requires a LLS shape that is independent of the outcome of the fit.
At the current level of statistics these requirements are not even approximately
met, especially for the small mixing values observed.

Instead we use a method where we define a 95% confidence limit contour in
2'* and 9’ space using toy Monte Carlo experiments?. Contours are constructed

With a toy Monte Carlo experiment we mean a Monte Carlo sample of the
same size as the data genevated from the PDF of the fit.
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such that there is a 95% probability for any point &, = (z’i,yé) on the contour
that the likelihood ratio

AlnL(&.) = In £(&,) = In Limax » » 2

will be greater than the corresponding value Aln Lgaa(@.) calculated for the
data. Lmax is here the maximum likelihood obtained from the fit to either data.
or a toy Monte Carlo sample. The probability is evaluated by creating multiple
toy Monte Carlo samples at the point &, and for each of the samples evaluate
Aln L{&.) after a fit.

As well as for the general case allowing for CP violation we also calculate
our results for the special cases where CP is conserved and where no mixing
is allowed. In the case where we assume no mixing we calculate the direct CP
violation term Ap = (R — Rp)/(RE + Rp)-

Table 1: A summary of our results including systematic errors. A central value
is reported for both the full fit allowing z'* < 0, and from a fit with z'* fized at
zero. The 95% confidence limits are for the case where z'? is free.

Fitted Central Value

Fit type Parameter 2> free  z'* fixed at 0 95% C.L. interval
R} [%] 0.32 0.35 0.18 < R < 0.62
Ry (%) 0.26 0.27 0.12< R; < 0.56
CP violation x'*? —0.0008 0 2'+? < 0.0035
allowed z'2 -0.0002 0 /=2 < 0.0036
y'* (%] 1.7 0.7 —75<y* <34
y'™ [%] 1.2 0.9 —57<y” <36
No CP Ry (%) 0.30 0.31 0.22 < Rp < 0.46
violation z? -0.0003 0 z'* < 0.0021
y' %) 1.3 0.8 —-37<y’ <24

No mixing Rp = (0.357 £ 0.022 (stat.) £ 0.027 (syst.))%
Ap = 0.095+0.061 (stat.) £ 0.083 (syst.)

The confidence contours for the mixing results including systematic errors
are shown in figure 2 and the overall results are summarised in table 1.

For our systematic errors we evaluate the contributions from uncertainties
in the parametrisation of the PDF's, detector effects, and effects of our selection
criteria.  For detector effects like alignment errors or charge asymmetry we
measure their effect on the right-sign control sample. For variations in the
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event selection we assign for this preliminary result the full variations in the

resulting contours as systematic errors.

In summary we have set new and improved limits on mixing and «CP

violation for neutral D mesons. Qur results are compatible with 1o mixing and
no CP violation, all of which fits well with the predictions from the Standard

Model given our current sensitivity.
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ABSTRACT

The Standard Mode} contxibution to D® — D° mixing is dominated by the
contributions of light s and d quarks. Neglecting the tiny effects due to b quark,
both mass and lifetime differences vanish in the limit of SU(3)r symmetry.
Thus, the main challenge in the Standard Model calculation of the mass and
width difference in the DO~ D" system is to estimate the size of SU(3) breaking
effects. We prove that D meson mixing occurs in the Standard Model only at
second order in SU(3) violation. We find that y = (AT")/(2I") of the order of
one percent is natural in the Standard Model. We also discuss the sensitivity
to new physics in measurements of D meson mixing.

One of the mnost important motivations for studies of D9—DO mixing is the
possibility of observing a signal from new physics which can be separated from
the one generated by the Standard Model (SM) interactions. The D® — DO
mixing proceeds extrermely slowly, which in the Standard Model is usually



operator that creates a D® meson and annihilates a DO the matrix element,
whose SU(3) flavor group theory properties we will study, may be written as
(0| D HyHy D |0). Since the operator D is of the form &u, it transforms in
the fundamental representation of SU(3), which we will represent with a lower
index, D;. We use a convention in which the correspondence between matrix
indices and quark flavors is (1, 2,3) = (u,d, s). The only nonzero element of D;
is D1 = 1. The AC = -1 part of the weak Hamiltonian has the flavor structure
(G:¢)(gjqx), so its matrix representation is written with a fundamental index
and two antifundamentals, H,’f This operator is a sum of irreps contained in
the product 3x 3x3 = 15+6+3+3. In the limit in which the third generation
is neglected, H,ij is traceless, so only the 15 and 6 representations appear. We
introduce SU(3) breaking through the quark mass operator M, whose matrix
representation is M; = diag(m.,, mg, ms) as being in the adjoint representation
to induce SU(3) violating effects. We set m,, = my =0 and let m, # 0 be the
only SU(3) violating parameter. All nonzero matrix elements built out of D;,
Hij and MJ?' must be SU(3) singlets.

We now prove that D% — D° mixing arises only at second order in SU(3)
violation, by which we mean second order in m,. First, we note that the pair
of D operators is symmetric, and so the product D;D; transforms as a 6 under
SU(3). Second, the pair of H.,’s is also symmetric, and the product H,?'H,ﬁm
is in one of the reps which appears in the product [(15+ 6) x (15 +6)]; A
direct computation shows that out of many possible representations, only three
actually appear in the decomposition of H,H.,, the 60, the 42, and the 15’
(actually twice, but with the same nonzero elements both times). So we have
product operators of the form DD = Ds, HyHy = Ogg + Ogo + O15. where
the subscript denotes the representation of SU(3). Since there is no 6 in the
decornposition of H,,Hy, there is no SU(3) singlet which can be made with
De, and na SU(3) invariant matrix element (0| D H, M, D [0) can be formed.
This is the well known result that D° — D°® mixing is prohibited by SU(3)
symmetry. Now consider a single insertion of the SU(3) violating spurion M.
The combination DgM transforms as 6 x 8 = 24 + 15 + 6 + 3. There is still
no'invariant to be madé with H,,H,,, thus D® — D® mixing is not induced ot
first order in SU(3) breaking. With two insertions of M, it becomes possible
to make an SU(3) invariant. The decomposition of DM M is

6x (8x8)s=(60+42+24+15+15 +6)+ (24 +15+6+3)+6. (2
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There are three elements of the 6 x 27 part which can give invariants with
HuwHaw. Each invariant yields a contribution to D® — D° mixing proportional
to s3m2. Thus, D® — D° mixing arises only at second order in the SU(3)
violating parameter ;.

Table 1: Values of yr.p and branching fractions for the corresponding multsplets
for some two-, three-, and four-body final states. 4 contribution of n multiplet
to y 1s given by a product of the third end fourth columns.

[ Final state representation | yrr/si | yrr (%) | Traction |

PP 8 —0.0038 —0.018 5%
27 —0.00071 —0.0034

PV 84 0.032 0.15 10%
8s 0.031 0.15 '
10 0.020 0.10
10 0.016 0.08
27 0.04 0.19

(VV)s-wave 8 —0.081 -0.39 5%
27 —0.061 -0.30

(VV)p-wave 8 -0.10 —-0.48
27 —0.14 -0.70

VV) 4 wave 8 0.51 2.5
27 0.57 2.8

(3P)s-wave 8 —0.48 —23 5%
27 —-0.11 —0.54

(3P)p-wave 8 ~1.13 -5.5
27 —-0.07 -0.36

(3P)form-factor 8 —0.44 -21
27 -0.13 —0.64

4P 8 3.3 16 10%
27 2.2 11
27" 19 9.2

One can explicitly study the contributions to y from on-shell final states,

which result from every common decay product of D® and D?. In the SU(3)
limit, these contributions cancel when one sums over complete SU (3) multiplets
in the final state. The cancellations depend on SU(3) symunetry both in the
decay matrix clements and in the final state phase space. While there are
SU(3) violating corrections to both of these, it is difficult to compute the
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SU(3) violation in the matrix elements in a model independent manner. Yet,
with some mild assumptions about the momentum dependence of the matrix
elements, the SU(3) violation in the phase space depends only on the final
particle imasses and can be computed. We estimate the contributions yr p to y
from several complete SU(3) multiplets originating solely from SU(3) violation
in the phase space. We find that this source of SU(3) violation can generate
y of the order of a few percent 5), Our results are summarized in Table 1.
We observe that there are entries in Table 1, like nonresonant 4P, which could
make contributions to y at the level of a percent or larger. There, the rest
masses of the final state particles take up most of the available energy, so
phase space differences are very important. One can see that y on the order of
a few percent is completely natural, and that anything an order of magnitude
smaller would require significant cancellations which do not appear naturally
in this framework. Indeed, some degree of cancellation is possible between
different multiplets, as would be expected in the m, — oo Limit, or between
SU(3) breaking in phase space and in matrix elements. It is not known how
effective these cancellations are, and the most reasonable assumption in light
of our analysis is that they are not significant enough to result in an order
of magnitude suppression of y, as they are not enforced by any symmetry
arguments. Therefore, any future discovery of a D meson width difference
should not by itself be interpreted as an indication of the breakdown of the
Standard Model.
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ABSTRACT

We present the performance of the Tevatron and its experiments CDF and D@
in the current Run IT at Fermilab. First measurements in heavy flavor physics
are shawn and possible measurements in the future are described.

1 Tevatron Run II and Detector Upgrade

Tevatron Run II at Fermilab started more than one year ago. It has been
running at 1.96 TeV with 396 ns bunch crossing. The peak instantaneous
luminosity at Tevatron by October 2002 was above 3 x 103! em~2s~!. Though
the detector commissioning for the CDF nd D@ experiments is not complete,
some of the data taken may already be used for future publication.

* On behalf of the CDF and D@ collaborations.



One advantage of a hadron collider such as Tevatron is that charm and
bottom quarks are produced copiously by the strong interaction and then frag-
ment into all kinds of badron states such as B;, B., Ay, which are not are not
produced at B factories running at the Y(4S) resonance. Therefore, Tevatron
provides unique capabilities for studying these particles and their interactions.

The bb production cross-section at Tevatron is several orders of magni-
tudes higher than the ete™ machines, but the inelastic scattering cross-section
is even larger. In order to study b decays which belong to the lower end of the
energy and momentum spectra at Tevatron, specialized lepton and di-lepton
triggers such as J/¢ — pt p~ are vequired. In Run II, both the CDF and D@
experiments have moved the track triggers to Level 1 and have the capabilities
of triggering on displaced tracks at Level 2 using the silicon vertex detectors
(SVX). This allows triggering and studying purely hadronic B decays such as
B® —» 7+a~ and B} —» D; n*. Precise secondary vertex reconstruction is
necessary for any of these B decay studies to succeed.

Detailed Run II detector upgrade information for CDF and D@ experi-
ments can be found in the reference 1).

CDF has extended their SVX acceptance by afactor of 2 compared to Run
I and the innermost “Layer 00” layers ave less than 2 cm from the beampipe.
CDF has also added a “Time of Flight” (TOF) detector between the (new)
Central Quter Tracker and the superconducting solenoid magnet. The timing
resolution for an individual particle in TOF is about 100 ps. It providesa K —
separation at the level of about 1-2 ¢ (standard deviation).

As an important part of the Run II upgrade, D@ now nas a 2.8 m long
superconducting solenoid magnet with a magnetic field strength of 2 Tesla,
enclosing the the scintillating fiber tracker (CFT) and the SVX. This allows
D@ to measure momentum with a resolution dPr/P% about 0.002. With some
preliminary alignment, the impact parameter resolution at D@ has achieved
the level of 20 pm (Fig. 1).

D@ excels in lepton measurements including excellent coverage, trigger
efficiency and identification capability. The addition of central and forward
preshowers in the upgrade adds to the strength of electron triggering and iden-
tification. There is also a major upgrade in the muon system, especially in its
trigger front-end electronics. The momentum threshold of the muon trigger is
now as Jow as 1.5 GeV /c and the pseudo-rapidity || coverage is extended to 2.
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Figure 1: DO impact parameter resolution has achieved a resolution about 20
my (excluding the beamspot) with preliminary alignment.

Detector and trigger commissioning came together rather quickly for
CDF. By this summer, the CDF trigger rates have been about 6400 Hz, 145 Hz
and 25 Hz at Level 1, 2 and 3 respectively. The number of CDF triggers has
increased quickly and currently stabilizes at about 140.

For D@, new detectors such as the SVX and central fiber tracker (CFT)
have worked well such that more than 95% of SVX channels and 98% of CFT
channels have been successfully read out. The D@ trigger rates have achieved
400 Hz, 150 Hz and 50 Hz at Level 1, 2, and 3 respectively.

2 First results frorm CDF and D@

By October 2002, both experiments have collected more than 80 pb™' of data
and about 10 pb™! of the high quality data for each experiment have been
selected to be used for sophisticated data analyses.

As one of the ficst Run IT measurements by CDF, the inclusive B lifetime
is c7 = 458 =& 10(stat) + 11(syst) rzm and for the exclusive B* — J/¢K*,
et = 446 £ 43(stat) & 13(syst) pm. D@ has also made its first inclusive B

" Jifetime measurement ¢7 = 492 £ 37(stat) um (Fig. 2). In addition, CDF has

255



Average B lifetime (B — J/y + X

D0 Run Il Preliminary

. Data
] Background lrom sidabands
1 eackground + prompl J/ w
]  Bileime signal
e Slgnal+background

)

-
o

T IIIHH]

Events/50 um

9

=492 + 37 um
+ 30 signa! evenls

T |||||iT|

10

T IIIIIﬁ]

T TTTH

Lol ot by s S e TN R Y PRPCEN B 1 T Y T | AP
-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3
Proper decay length (cm)

&

|

Figure 2: D@ inclusive B lifetime measurement from fitting the J/+ proper
decay length spectrum. The error here is statisticol only.

measured various B meson and 9(2S) masses which are all corapatible with the
results published by the Particle Data Group (PDG) 2),

The purely hadvonic B trigger has allowed CDF to collect a large charm
sample. Assuming the targeted integrated luminosity of 2 fb™' for Run Ila,
CDF expects to reconstruct D decay events in the order of 10 millions, which
will be even more than any dedicated charm experiments have done before.
Moreover, with the purely hadronic trigger, CDF ¢an now measure the mass
difference between D* and D* (Fig 3). The preliminary resultis Am = 99.28+
0.43 £ 0.27 MeV, which is compatible with the PDG value 99.2 + 0.5 MeV.

Another example of the charm physics measurements that CDF js able
to do is the measurement of the Cabibbo-suppressed decay rates:

I'D = KK)/T(D -5 Kx) = (11.17+0.48+0.98)% (PDG :10.83+0.27)
T'(D - #r)/T(D = Kn) =(337%£0.20+016)% (PDG:3.76%£0.17)
The second measurement above has an accuracy which is already comparable
to the world average published by the PDG. The large charm sample will allow
measurements of rare decays and perhaps even CP violation and mixing in the

D sector.

Other measurements include D@ b-quark production and J /4 cross-sections

at the higher center-of-mass energy and extended n region (|} < 2). Exclusive
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Figure 3: CDF measurement of DF — DF mass difference.

B* = J/v + K* channel has also been reconstructed by D@ for the first time.

3 Upcoming measurements

Both experiments have made progress to measure BY mixing. Hadronic decays
have been reconstructed and the next step is to reconstruct B » Dort as
well as Dy — ¢7~. Sophisticated flavor tagging algorithms and extended
SVX acceptance in both experiments will be exploited. This is one of the
measurements that ete™ B factories cannot do but Tevatron can. From the
B physics Tevatron report 3), CDF and D@ are expected to measure the BY
mixing parameter up to a value about 50-60 and 30 respectively.

D@ is also working towards measuring the AJ lifetime. Currently, the ra-
tio 7(A2)/7(BP) has been measured to be 0.798 £ 0.052 4) using semi-leptonic
decays. But the theoretical expectation for this ratio is ~ 0.9 — 1.0. It will be
very interesting to measure 7(AQ) at Run II using exclusive and full hadronic
decay modes which would not depend on the Monte Carlo K factor (momen-
tum) correction as needed in the semi-leptonic analyses.

CDF was the first to measure a significantly non-zero CP violation param-
eter sin(2/3) using the Run I data 5). CDF and D@ can measure this parameter
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with better precision. According to the B physics Tevatron report 3), with the
assumption of an integrated luminosity of 2 fb~", each experiment is capable
of measuring sin{28) with an error as small as 0.03.

4 Summary

Though the Run IT com..mjssionjng is yet to be complete, both CDF and D@
experiments have produced the first series of results in heavy flavor physics,
each with a selected data sample about 10 pb™' that have passed stringent
quality criteria. The prospect for heavy flavor physics studies at Run II is
excellent. In particular, collider experiments at Tevatron currently have the
unique opportunity to perform accurate studies of the neutral Bg’/B_g mesons
such as their masses and lifetime differences. Thanks to the new hadronic
trigger capabilities, a huge charm sample from Tevatron will allow alt sorts of
measurements in the D sector including mixing and CP violation.
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ABSTRACT
The CESR/CLEQ facility at the Cornell University is undergoing conversion
to CESR-¢/CLEO-c¢, a facility dedicated to precision physics in the energy
region of ~ 3-5 GeV. It includes, among others, the physics of open ¢harm,
charmonium, QCD exotics, and tau leptons. The facility is expected to be
operational in 2003.

1 Introduction

The accelerator CESR. and the detector CLEQ I became operational at Cornell
in 1979. The physics they were dedicated to was that of the bb bottomonium
system, and heavy quark favored mesons. There have been since several up-
grades of both CESR and CLEQ. In 1989 CLEOQ II, and in 2000 CLEO I,

* On behalf of the CLEO Collaboration



became operational. CESR attained a record luminosity of 1.33x10%% em=2s7!
at 10.6 GeV. The new plan is to convert to CESR-¢/CLEQ-¢ by 2003, and to op-
erate in the /s = 3-5 GeV region with luminosity ~ (1.5--4.4) x 10%2 cm %57 1.
It is an ambitious ~3 yr. dedicated program of cutting edge research in the
physics of open charm, charmonium, QCD exotics, and tau leptons. Details
of the proposed program can be found in Rel. 1. Several smaller reports are
available in Ref. 2.

The physics reach of CESR-¢/CLEO-c is clear from the various thresholds
that open in its energy range. Charmoniwm physics starts with 7. at 2.98 GeV,
and extends at least upto 4.5 GeV. The 7 pair production starts at 3.55 GeV.
Open charm, or the physics of D mesons, starts at 3.73 GeV, with D, D* and
D, pairs produced upto 5.2 GeV. Charmed baryon pair production begins with
AT AT at 4.56 GeV, and extends upto 2. Q. at 5.5 GeV. And then, there are the
QCD exotics, the Light quark hybrids with masses in the 1.5-2.5 GeV region,
the charm quark hybrids with masses in the 4-5 GeV region, and glueballs from
1.5 to 5.0 GeV. These will become accessible as secondary products.

2 The CESR-¢/CLEO-c Conversion

CESR has been operating in the \/s = 10-11 GeV region, where it has achieved
luminosity upto 13.3 x10°2 em~2s~!! As it goes down to lower energies, it will
require reopt.imization‘ of its beams. This mainly consists of the installation of
18 meters of wiggler magnets. A prototype is already in the lattice, and seven
others are in construction, which is expected to be completed before surnmer
2003. The luminosity expected at various center of mass energies, and the
expected production of various particles of interest is given in Table 1. It is
worth pointing out that these production rates are orders of magnitude larger
than what has been achieved anywhere before. For example, in 4 months
running 1.3 billion J/¢ are expected to be produced. For comparison, the
cumulative world total of J/4 produced from discovery in 1974 to present is
approximately a factor 20 less.

The CLEO IIT detector is a well-proven, hermetic detector with state-of-
the-art capabilities for charged and neutral particle detection and identification.
Two minor changes are being made to adopt it to CLEO-¢. The silicon strip
tracker (which suffered radiation damage) is being replaced by a stereo drift
chamber, and the solenoid magnetic field is being reduced from 1.5 T to 1.0 T.
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Table 1: Bxpected production of events at CLEO-c (! yr =107 s.)

FEom Luminosity Integrated £ Events

(GeV) (10%2em=2571) | (b7 1)

3.10 1.46 ~ 0.5 (4 months) | 1.3 x 10%J /¢
3.69 ~ 4.1 ~ 1.5 (4 months) | 1 x 109!

3.77 ~4.13 ~ 3 (9 months) | 3x 10" DD
414 ~d.A4 ~ 3 (9 months) | 1.5 x 108D, D,
4.60 ~ 4.4 ~ 1 (3months) | ~4 x 10%A,A,
10.5-10.6 | 13.3 ~13.8 Y(4S), bkg.

Table 2: 4 comparison of the CLEO-c and BES-1I detectors.

Detector BElement CLEQO-c BES II
Tracking Resolution

at 1 GeV/c 0.5% 2.5%
Maximum momentum for 7/K separation 1.5 GeV/c 600 MeV/c
dFE/dz Resolution 4.9% 9%
Photon Energy Resolution

at 1 GeV 21.5 MeV 220 MeV

at 100 MeV 3.9 MeV 70 MeV
Minimum Photon Energy 30 MeV 80 MeV
Solid Angle for Tracking 0.93 0.8
Solid Angle fox Photons 0.93 0.75

Table II shows a comparison of the CLEO-c detector with BES II (at the Beijing
collider, BEPC) which is the current best detector operating in this energy
range. Note that the CLEO-c detector is more hermetic, and has factor 5 better
charged particle tracking resolution, and more than an order of magnitude
better photon energy resolution.

3 Open Charm, D-Physics

Precision studies in D-physics are important in order to validate lattice QCD
predictions of non-perturbative strong interaction phenomena, which in turn

are neeced to interpret measurements in the quark flavour changing sector
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of the Standard Model (quark mixing, CP violation, new physics, —) from
BABAR, BELLE, CDF/D0/BTEV, CMS/ATLAS/LHC-b.

CLEO has been making significant contributions to D-physics for many
years via D production in B decays. CLEO-¢ will bring unparalleled precision
to D-physics, primarilly due to the advantages of threshold production and
high luminosity.

The important advantages of threshold production are:

s Avoiding backgrounds: Background from decays of higher mass parti-
cles, e.g., b quarks, are excluded.

o Measuring backgrounds: By going to just below the production thresh-
olds of 7 or DD etc., all true backgrounds can be actually measured, not
estimated by Monte Carlo calculatians, as at other machines.

s Tagging: since 7 leptons and heavy flavoured objects, e.g., D°, D=, D¥,
Af, 5, ... are produced in pairs, one of them can be used to tag the other,
which can then be studied in any and all of its decay modes.

e Small Lorentz boost: Avoids analysis complications.

o Precision Calibrations: Available because of high yield reactions with
J/¢ and 9’ decays.

Tables IIT and IV list the kind of measurements which we intend to make
at CLEO-c and the precision which is expected with the investment of 3 fb~!
of luminosity. As can be seen there, in each measurement CLEQO-¢ will make
significant improvements over the existing levels of precision, and also above
the projected level at BaBar. The particle identification for some of these
measurements js illustrated in the four panels of Fig. 1.

4 CP violation

In the Standard Model, indirect CP violation via D°D? mixing is predicted to
be small, with B(D® = D® —» f)/B(D° = f) = 10~* to 1075, f = [t X, or
I¢Hmr= . 1tis difficult for this to be feasible at CLEO-c. For direct CP violation
one needs to measure asymmetry A = [R(D — f) ~ R(D — f)]/sum, with
f=K¥YK~nt or prt. Asymmetry measurements at the level of ~ 2 x 1072
per year are possible at CLEO-c. Of course, a single event of the type %" (CP
= +1) 5 D°D%C = -1, L = 1), with DyD decaying to two identical CP
eigenstates like I, ntn~ or J(¥7® would prove CP violation in the up-
quark sector.
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Table 3: Summary of CLEO-c Charm Decay Measurements.

Decay Reaction Current BaBar CLEO-c
Constant sensitivity sensitivity £ = 3 fb™!
5 Do atv UL 10 -20%  2.3%

ip.  Dfouty 14% 5—10% 1.9%

ip.  Drotv 33% 1.6%
Absolute Values

Br(D® - Kn) 2.4% 2-3%  0.6%
Bi(D* = Knn) 7.2% 3-5%  0.7%
Br(DF = ¢n) 25% 5—10% 1.9%

Table 4: CKM Matriz Elements.

Vcd Vcs Vcb Vub th Vts
Current 7% 16% 5% 25% 36% 3%%
After CLEO-c | L7%' 1.6%' 3%* 5% 5%  5%"
t Ves from D — Kitv, and V4 from D® = wlty, both with £ =3 fb~! at
CLEO-c
* Estimated with CLEQ-c validated lattice QCD contributions, and expected
B-factory and Tevatron data.

5 Charmonium Physics

Charmonium was discovered in 1974, and one would think that we have ex-
hausted its spectroscopy by now (see Fig. 2). Unfortunately, nothing could be
farther from the truth. The fact is that lots of discovery physics has been done,
but little of precision spectroscopy has been done. The easier measurements
have been made, the difficult ones remain.

A brief summary of the present shortcomings would include the following.
The spin singlet states h.('P,) and 7.(2'Sp), and most of the states above the
DD threshold have not been identified. The data. for the charmonium ground
state 7, is extremely poor, with only ~ 26% of hadronic decays having been
identified, and with none of the branching ratios measured with less than +30%
error. No more than 10% of the hadronic decays of the x.(3Ps) states have
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Figure 1: Mlustrations of CLEO-c capabilities in 1 fo=t. (Top left) M(K(x) in
W(3770) - D°D®, D° — K~xt, AE(= E(D)-E,) and RICH cuts; S/N =
50/1. (Top right) M (K~ntat), 4(3770) — DD, D¥ — K~ntx*, with tag
on one D. AE,dE/dx cuts. Absolute B(D — Knn) determined. (Boiltom.
left) M (1) for /s = 4100 MeV — DyD;, Ds — ptv tagged pairs. Dy = pv
events are shaded. (Bottom right) M(v) for (3770) — DD,Dy = n—etv
tagged events. Dy — mev events are sheded. Koon events are oulside RICH.

ever been measured. The two photon widths of 7., X0, X2, and 7} remain poorly
determined, with large discrepancies between results from experiments using
different techniques. Different measurements of the all important R parameter,
R = g(hadron) /o () do not agree even qualitatively. I can not go into details
of all these here (see Ref. 3), but let me describe a few.

Consider the ground states of quarkonia, |cZ > charmonium and [bb >
bottomonium, whose importance cannot be exaggerated. The bottomonium
ground state has never been identified. After several false starts, the char-
monium ground state, 7.(1'Sp) was identified at SLAC in radiative transitions
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Figure 2: Charmonium Spectrum. The bound states he(* P), 0l (2" So), and
states above the DD breakup threshold have not yet been identified.

from J /4 (3097} and from ' (3686). However, since these transitions are M1 al-
lowed, and M1 forbidden respectively, they are extremely weak, the knowledge
of 7, parammeters is quite poor. The errors are Jarge, and different experiments
disagree, often outside their ervors. Further, as noted earlier, none of the few
hadronic decays of 7, which have been measured have errors less than +30%.
This is an apalling'state of affairs, and must be improved. As Table I shows, at
CLEQO-c we expect to produce 1.3 billion J)z,b in 4 months of running. These
in turn should lead to ~ 1.6 million 7, despite the weakness of the M1 tran-
sition, and malke it possible to make precision measurements in essentially all
decay channels of the .. Just to highlight one important decay: The decay
7. = pp has at present a world total of 41 events. This will be increased nearly
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a thousand-fold at CLEO-c.

The Fermilab pp annihilation experiments E760/E835 have provided pre-
cision data on the mass, and importantly on the total, radiative, and two-
photon widths of 2 P; states. However, because of the limitations of their non-
magnetic detector, they have nat been able to measure hadronic decays. At
CLEO-c¢ we will have samples of ~ 100 million each of xg, x1, and ¥, from the
radiative decays of ?’, and it will be possible to make precision measurements
of essentially all decays of these states. The y states sample the confinement
region of the ¢g potential, and these measurements should shed important light
on this still dark aspect of QCD.

Two measurements which are going to be challenging even for CLEO-
¢ are the identification of the spin-singlets, h.(*P) and the radial excitation
of the ground state, 7.(2'Sp). Neither the old (e*e™) experiments, nor the
(pp) Fermilab experiment have been successful in identifying these states. At
CLEO-c, h, can be searched for in the reaction 9y’ = h(~ 3525)+n9, although
the available phase space is quite small. Similarly, the search for 7., will require
the very best of CLEO-¢’s photon detection capability. If the recent claim of
BELLE is correct, and the 1, mass is near 3654 4 10 MeV, one needs to identify
a photon line of ~ 35 MeV in the radiative decay ' — yn.!

Above the DD threshold at 3.73 GeV, very little is known reliably. As
shown in Fig. 3, different measurements of R = o(hadrons)/o(u*y™) are in
substantial disagreement, and the current knowledge of the charmonium vector
states with M > 4 GeV, based on the 1979 measurement of R by DASP, does
not appear to be confirmed by the latest measurement by BES(2000). At
CLEO-c it 1s proposed to make precision measurments of R in the 3.73 - 5 GeV
region to clarify this situation. '

6 QCD Exotics

Among the unique predictions of QCD are the exotic structures, the gg glueballs
and the ¢gg hybrids. Lattice calculations predict their masses in the range of
1.5.— 4.5 GeV, a range accessible to CLEO-c. In fact, CLEO-¢ will be in an
excellent position to make definitive searches for these.

The competing candidates for the 0** scalar glueball are three states;
fo(1370), fo(1500), and fp(1710). Unfortunately, none of them exhibit the
flavour blind decay which is expected of a pure glueball, mainly because the
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disparity in the delineation of the higher vector states.

scalar glueball is mixed with normal scalar ¢g states. Since glue does not cou-
ple to photons, it is expected that the dominantly gluball state will have a
very small two photon width. The present measurements give upper limits et
keV levels, and are incapable of distinguishing between the three candidates.
At CLEO-c, we expect to make very high statistics measurements of .J/1 ra-
diative decays to these states and to establish two photon decay width upper
limits at eV levels. This should help ferret out the most glueball like state of
the three.

The 2% tensor glueball is predicted to have a mass of ~ 2200 MeV. In-
deed, a tensor glueball claim for an exceptionally narrow 2+ state with mass
~ 2230 MeV observed in radiative decay of J/¢ was made fist by SLAC, and
more recent)y by BEPC. The BEPC claim was based on a 3-4 sigma enhance-
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ment in several decay channels, with 25 to 75 counts in each. At CLEO-c,
with a billion J/2) sample, 5,000 to 25,000 counts are expected in each of these
channels, which will definitely settle the issue of whether or not the narrow
£(2230) really exists. {Parenthetically, we note that it is reported that with 58
million J/+ in the new BES-II run, the resonance is not observed.)

7 FElectromagnetic Form Factors of Hadrons

Among the most fundamental and important questions in hadron physies is
the partonic structure of hadrons. The electromagnetic structure of the proton
and the pion are considered to be ideal testing grounds for the validity of
perturbative QCD. Yet, precision experimental data are extremely sparse.

For protons, precision data for spacelike momentum transfers exists, with
G, the magnetic form factor, well measured upto ~ 35 GeV?. However, Gg
is very poorly known, and very recent measurements have revealed entirely
unexpected behavior of Gz even at < 4 GeV2. The situation is even poover for
timelike momentum transfers. Until recently, data only existed for Q% <~ 5
GeV?. The Fermilab experiment E760/E835 has provided pp — ete™ form
factor data upte Q% =~ 13 GeV?. These data have revealed roove surprises; it
is found that the timelike form factor is about twice as large as the spacelike.
The reason for this is not at all clear, and it is extrerely important to determine
if this trend continues at larger Q2. The Fermilab measurements run out of
steam already at ~ 14.5 GeV?, where anly two counts were observed. At
CLEO-¢, we expect ~ 200 ete~ — pp identified events for Q? = 15 GeV? with
an investment of ~ 0.5 fb~! of luminosity. In fact, it may be possible to make
meaningful measurements upto @2 ~ 20 GeV?.

One of the great advantages of CLEO-c is that one can measure the
timelike form factors of pions and kaouns by identifying ete™ — #t7~ and
ete™ — I(T K~ events without any additional investment of luminosity. The
present kncowledge of these form factors is in far worse shape than that of
protons. Essentially no data are available for either spacelike or timelike mo-
mentum transfers for Q2 > 4 GeV?, and the data that exist have +50% to
100% errors. Measurement of timelike form factors for pions and kaons for Q?
even less than 10 GeV? will be a major contribution to settling the contentious
debate about the onset of the perturbative regime of QCD.
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8 Tau Physics

At CLEO-c, a large yield of 757~ pairs is expected. It ranges from 0.5
million /fb™! at threshold (\/s = 3.56 GeV) to 11 million/fb~! at /s = 4.14
GeV. At threshold, one can take full advantage of cleanliness of threshold pro-
duétion, excellent knowledge of backgrounds, and tagging. These can be used
to make precision measurements of the tau mass, key branching ratios like
B(t~ = 7 v;), and B(r~ = 7 7%j,,), Michel parameters, and even CP
violation in 7 decay by comparing 7¥ — v, +a+b.

9 Summary

CLEQ-c offers the particle physics community an unparalleled opportunity for
precision physics over a broad spectrum. It promises to provide crucial data
for the validation of lattic calculations and for the exploration of new frontiers
of QCD.
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ABSTRACT

High intensity accelerators will serve as kaon factories, and various experiments
there will use rare K decays to make precise measurements of the Standard
Model parameters and to search for physics beyond the Standard Mode!.

1 Introduction

Kaons have been the probes to search for forbidden decays such as lepton num-
ber violation, to study CP violation, and to study long distance contributions.
Now that the existence of direct CP violation has been confirmed by extensive
measurements of Re(e'/e), kaon physics is entering a new era. For example,
instead of lowering the upper limits of branching ratios, rare decays are be-
coming the tools to make precise measurements of the Standard Model and
CP parameters. This becomes possible with the advance of new high intensity



accelerators. Here, we will go through such kaon factories and experirnents
except for DAFNE which is well covered ip other taiks.

2 VEPP ¢ Factory‘

Another ¢ factory in the world is BINP VEPP-2M collider at Novosibirsk 1),
They ran from 1992 till 2000 at the center of mass energy /s =-0.36 ~ 1.4GeV.
At the ¢ resonance they have accumulated 33 pb~™" and collected 41 million ¢
decays in total.

There were two experiments at VEPP-2M: CMD-2 2) and SND 3). To-
gether, they have magde precise measurements of ¢ meson parameters such as
the mass and width of ¢(1020). Using the I(; and K pairs from the ¢ de-
cay, CMD-2 have also observed g = m¥eTFy decays for the first time and
measured its branching ratio BR(I(s — m¥e¥v) = (7.2 £ 1.4) x 10~* 4).
SND has searched for CP violating Ks = 379 ) decay and set an upper limit:
BR(Kgs — 37%) < 1.4 x 105 (CL 90%) 9).

Their next plan is to upgrade the accelerator to increase the center of mass
energy up to 2GeV 6). By using beams with round transverse cross-sections,
they plan to achieve 1.0 x 10%?cm™2s~! luminosity.

3 Kp-oro%ww

Before moving on to other kaon facilities and experiments, let us review the
golden kaon decay modes, K — wvv.

In the standard model, CP violation js described by one imaginary param-
eter in the CKM quark mixing matrix 7). In the Wolfenstein’s parametriza-
tion 8), thie imaginary parameter is 7, as it appears as Vig = AN3(1 — p— z‘n)f
This n effectively determines the size of CP violation. The unitarity of the
CKM matrix can be expressed geometrically in a so called unitarity triangle.
The K — mvv decays are golden decay modes to measure the parameters of
the triangle, since their decay amplitudes are dominated by a penguin diagram
which includes Viq.

In case of Kt — #tvy decay, its branching ratio is thus proportional
to |Via|? to the first order. The current branching ratio is B(X+ — ntvp) =
(1.57%175) x 10=10 based on 2 observed events 2).

0-82 :
In case of I(;, — 70u¥ decay, since JI{;, >~ ([K® > —|K® >)/\/2, the
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decay amplitude is proportional to Vig— V% o Im(Viq), and the branching ratio
of I(;, = wOuT is thus proportional to |n|? with only 2% theoretical uncertainty.
Current estimate on the branching ratio based on best known Standard Model
parameters is ~ 3 x 107", but the experimental limit is < 5.9 x 10~7 (90%
cry 10).

These golden decay modes can determine the unitarity triangle precisely
[rom kaon sector alone, and the comparison between the results from K and
B meson sectors is a powerful way to search for physics beyond the Standard
Model. ‘

4 Fermilab CKM

The goal of Fermilab CKM experiment is to collect 100 K+ — 7+ u¥ events
to measure its branching ratio. The current BNL E787 and E949 experiments
stop kaons in a target, but the kaon rate is limited by the interaction rate in the
target. CKM avoids this problem by using kaons decaying in flight in vacuwmn.
CKM uses high intensity 120 GeV protons from the Main Injector,to produce
I*. After selecting 22 GeV /c charged particles, the kaons are separated from
pions by two RF stations. The pions and kaons are kicked sideways in the same
direction at the first RF station, but they separate longitudinally due to the
velocity difference, and kicked in opposite directions at the seconc RF station
located 86m downstream. This RF separator reduces the #/J( ratio to 0.3.

The K+ is identified by a RICH counter located upstream of the decay
volume. The 7t from the decay is identified by the second RICH counter and
its momentun is measured by a spectrometer. The decay region is covered by
photon veto counters to veto K+ — 770 background.

The experiment has been approved by Fermilab, and is now in R&D stage.

5 BNL KOPIO

The goal KOPIO experiment at BNL is to collect 50 X — #%v¥ events in 3
years of running to measure its branching ratio. The concept of this experi-
ment is to measure all the kinematical parameters to reduce background. The
average momentum of kaons is tuned to be low (0.7GeV /c), and the beam is
squeezed into narrow bunches for the reasons described below. The energies
and hit positions of photons from the 7% are measured with a calorimeter lo-
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cated downstream. The decay region is surrounded by photon veto counters
to reduce background from Ky — 7n%7° decay with two escaping photons. In
addition, they measure the direction of photons entering the calorimeter with
multiple layers of position sensitive preradiators to reconstruct the decay ver-
tex. Next, they measure the timing difference between the target and the
calorimeter, and measure the momentum of the kaon from its TOF. The back-
ground from K — #°#° is reduced by requiring the two photons to have 7°
mass and small 7° energy in the kaon CMS. The estimated S/N ratio is 2.

The experiment bas been approved by BNL, and it is waiting for funding
from NSF.

6 JHF 50 GeV Proton Synchrotron

In Japan, the construction of a new 50 GeV proton synchrotron at JHF (now
called J-PARC) has started. The accelerator can deliver 3 x 10'* protons every
3.4sec, corresponding to 0.75MW. There are many experiments which are being
considered to utilize this high intensity accelerator. Here I will describe some
of those experiments presented at NP02 workshop held at Kyoto in September
2002 1.

6.1 Kp—> %7

The purpose of Ky — w007 experiment is to measure its branching ratio by
collecting more than several hundred signal events. A pilot experiment for JHF,
named E391a, is now being prepared at KEK. The concept‘of this experiment
is to cover the decay region with extensive hermetic veto counter and look for
79 with large transverse momentum. The I, energy is tuned higher to increase
the average photon energy so that vetoing extra photons from background is
casier. The transverse momentum of #° is measured with a CsI electromagnetic
calorimeter at downstream and a "pencil beam”. Requiring large transverse
momentum reduces the background from K, — 7%7® where one photon from
each 70 is missed. The experiment at KEK 12GeV PS will start taking data in
February 2003 to reach 3 x 10710 sensitivity. After the experiment, they plan
to mave the detector to JHF and upgrade necessary parts to reach the ultimate
goal.

'http://www-jhfkek.jp/NP02/
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6.2 T-Violation in (.3

The purpose of this experiment to search for T-violation in K+ — n%uty
and K+ — ptvy decays. A finite polarization of the muon in the direction
perpendicular to the decay plane violates T symmetry, and this can be caused
by non-standard models such as a 3-Higgs doublet model, etc.. The current
value of the polarization is Py = —0.0042-+0.0049+0.0009 11). The experiment
at JAF will stop K+ in a target, and measure the momentum of 7% with a
calorimeter surrounding the target. The momentum of the yu is measured with
a tracking system without magnet and range counters which also serve as an
active polarimeter. The expected sensitivity to Pr is 1074,

63 Kt o5 atup

An experiment to measure the branching ratio of X+ — w+uv¥ is also being
considered. Tt will use the stopped KT as BNL experiments, but improve its
rate capabilities, and stopping efficiency, etc. to collect 50 events in 3 years of
running.

64 Kp— pe

An experiment. to search for K — ue decay is also being considered. It uses
a solenoid magpet to measure the momentum of tracks. Compared to the past
Ky — pe experiments at BNL which used dipole magnets, it can increase the
acceptance by a factor 10. The new experiment uses bunched K; beam to
measure TOF to make more constraints. The goal of the experiment is to
improve the current upper limit on the branching ratio by a factor 50, and
achieve 10713,

7 Conclusion

VEPP-2000, BNL AGS, Fermilab Main Injector, and the new JHI" 50GeV PS
will serve as Kaon Factories. The new kaon experiments and facilities described
above will further push the current limit and sensitivities, and will use rare K
decays to make precise measurements of the Standard Model parameters and
to search for physics beyond the Standard Model.
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ABSTRACT

A new facility for stored antiprotons at high luminosity and energies up to 15
GeV is being planned at GSI, Darmstadt. The physics reach of this facility
with a focus on experiments with charm hadrons is presented.

1 The Antiproton Facility HESR at GSI

One part of a new facility planned at GSI, Darmstadt, is a storage ring for
antiprotons at energies up to 15 GeV for measurements at high luminosity.
Electron cooling provides clean beam parameters and high precision.

The detector proposed for HESR covering almost the full solid angle with
good tracking and particle identification is subdivided into a target spectrom-
eter with a solenoid around the interaction region and a forward spectrometer

based on a dipole 1),
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Pellet or gas jet targets for experiments at the HESR requiring hydrogen as
target material will be used. Experiments with D mesons need a very precisely
determined primary vertex and will use a thin fiber or wire t.arget.-

A 5 layer pixel detector will

provide good vertex resolution. Muon detector
Tracking through the solenoid .

field is done by 15 double lay- Solenc:!d
ers of crossed straw tubes.

A DIRC Cherenkov detector
separates pions and kaons up
to 3 GeV/c while in the for-  DIRC ¥

ward direction an aeroge] RICH //‘/, @,‘f&
is used. Electromagnetic ca- giraws ;
lorimetry is provided by lead > :

tungstate crystals read out by ) ) .
avalanche photodiodes (APD). Figure 1: Schematic overview of the detector

at HESR.

The instrumented return yoke

of the solenoid identifies muons. Forward tracking will be done by several sets
of mini drift chambers (MDC) with 6 planes each. Behind these ave a 3 m?
lead glass calorimeter, a hadronic calorimeter and again muon detectors.

2 Charm Spectroscopy
2.1 Charmonium states

Experiments E760 and E835 at the FNAL 2) antiproton ring have proved that
antiprotons are an excellent tool to scan the spectrum of charm anti-charm
states, which is a unique laboratory to study the strong interaction in the
domain of bound resonances. In particular pp-reactions can populate states
with various quantum numbers by means of two- and three-gluon exchange
graphs in the annihilation whercas ete-machines can only populate JPC =
17~ states. Furthermore fine tuning the energy of the antiproton beam is a
precise tool to achieve an energy resolution in the order of 100 keV.

HESR will reach a similar energy resolution as the Fermilab ring, but
at higher luminosity and with an apparatus sensitive to hadronic as well as
electromagnetic final states, thus opening new decay channels at high accuracy.
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2.2 Charm hybrids

Bxotic states with quantum numbers
not reachable by standard ¢g- or gqg-
states are predicted by QCD and
a number of observations have been
made in the light quark sector. There
however large widths and strong inter-
ference with other light states obscure
the picture. Predictions show on the
other hand that a number of exotic
states with charm quarks and gluonic
degrees of freedom should be narrow
angd be undisturbed by other states 3).
This would offer a new, much cleaner
view on exotic states and the role
of the gluon in hadron spectroscopy.

3 Physics with D-Mesons

Mesons and Exotics
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TFigure 2: Mass ranges of mesons and

exotics.

Producing charm mesons close to threshold with little phase space for other
hadrons will allow a number of measurements under very clean conditions.

3.1 D-Mesons in Nuclear Matter

If one produces Charm mesons close
to rest within nuclear matter chiral
perturbation theory predicts a low-
ering of the mass and at the same
time a 50 MeV mass splitting for D+
and D~ 4. This effect would also
open DD-decay channels to lower ly-
ing charmonjum states drastically in-
creasing their width and cross section.
Figure 3 shows the change of the D-

production cross section in the nuclear

medium 5) due to the shifted masses.

p+ AU D' +D +X

1o+ in~medium

PN—>D"0"in vacuum

‘ mosses

PN—>D*D"in vacuum

free
i mosses

D"

4 & G 7

T (Gev)
Figure 3: D-meson production on Au
with in-medium and free masses 9).
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3.2 Search for CP violation

- From Standard Model predictions CP violation is expected to be small in the

charm sector and proceed only through singly Cabibbo suppressed decays.

What first looks like a disadvantage can however be a great benefit, when
small deviations from the Standard Model are looked for, which would point
to new physical mechanisms generating CP violation. In addition observing
CP violation in Cabibbo favored or doubly Cabibbo suppressed decays would
unambiguously indicate new physics.

When HESR, will reach its maximum luminosity a dedicated run with a
yield of 108 reconstructed D-mesons may bring the level of CP violation in
charm mesons as given by the Standard Model (agp ~ 107%) in reach.

4 Conclusion

The new antiproton facility HESR planned at GSI offers rich possibilities in
hadron physics at high rates and with high accuracy. A strong emphasis lies in
the search for exotic states in the charmonium sector. But also tests of QCD
and the electroweak Standard Model by measuring D-mesons are in reach of the
projected experiment. Commissioning of the facility and start of data taking
is planned for 2009/2010.
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ABSTRACT

BTeV is a dedicated b-physics experiment that is expected to begin operation
at the Fermilab Tevatron in 2008. BTeV is designed to take full advantage of
the large production cross section of b particles (including Bgs) in high energy
hadron collisions. A quick description of the BTeV spectrometer is given in
this paper. Two unique aspects of BTeV, the pixel-based trigger and the high
quality lead tungstate electromagnetic calorimeter, are described in slightly
greater detail.

1 Overview

At the BTeV design luminosity of 2 x 10%2¢em =257, approximately 4 x 10'! b
hadrons (including Bg and Ag) will be produced every year at the Tevatron

* On behalf of the BTeV collaboration



collider. For comparison, approximately 2 x 10® b’s (no Bs or Ag) will be pro-
duced per year at an e*te” factory operating at the T(4s) with a lumninosity of
10*em =25~ L. However, to take full advantage of this supply of B's, one needs
a sophisticated trigger, excellent particle identification, excellent photon energy
and position measurements, excellent, vertex measurerent, and excellent mo-
mentum measurement for charged particles. A central detector, especially one
optimized for high pr physics, can not satis{y these requirements; a dedicated
experiment such as BTeV js required.

BTeV Detector Layout
2 v s 35 o 3 6 5 1
melers Ring Imaging

Mogne! Cerenkov

Sillcon Sirlps R\

R
t N

[ Elechomaansiic
Pixel Detectors ] .

Figure 1: The BTeV spectrometer.

Asshown in Fig. 1, BTeV is a forward magnetic spectrometer, with a large
dipole magnet centered on the pp interaction region. A pixel vertex detector
is located in the magnet. The long tracking lever arm provides excellent mo-
mentum resolution for momenta between ~1 and 100 GeV/c. The open layout
allows the use of a ring imaging Cerenkov counter for excellent charged particle
identification, and for a toroid muon spectrometer. Finally, the velatively small
(compared to the LHC) range of particle momenta means that the charged par-
ticle tracking system can be short encugh that an electromagnetic calorimeter
can be constructed using scintillating crystals and still be aflordable.
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2 Pixel Vertex Detector and Trigger

The BTeV vertex detector will consist of a number of planar arrays of silicon
pixel detectors mounted in the accelerator vacuum, transverse to the beam
directions. Two movable carbon fiber half cylinders will support the planes.
Silicon pixel detectors have been chosen because they provide excellent ra-
diation tolerance 1) and position vesolution better than Sum at all angles of
incidence 2), and most importantly, because they provide superb pattern recog-
nition power.

An R&D program to develop a pixel readout chip optimized for the Teva-
tron was started at Fermjlab in 1997, aund is now nearing completion 3). The
BTeV pixel readout chip has been designed using radiation tolerant layout
techniques 4) 9) for implementation in either of two commercial processes -,
Taiwan Semiconductor Manufacturing Company 0.25 pm CMOS, or the .25
um CMOQOS process available through CERN. The BTeV pixel size will be 50
pm x 400 pum. Each pixel chip will read out an array of 22 columns x 128
rows of pixels.

The most striking feature of BTeV js that the experiment will not use
a trigger jn the traditional sense of the word. All hit data from all detector
elements will be digitized and read out for every beam crossing. At the design
Juminosity, data from the pixel vertex detector will be used to reconstruct
tracks and interaction vertices for 15 million events per second (7.5 million
crossings per second, with an average of 2 events per crossing). Data {rom
the entire spectrometer will be buffered for up to 0.5 seconds while the pixel
data is reconstructed. The lowest level trigger will identify events containing
reconstructable decays of charm and bottom paxticles 6) using criteria of the
type usually applied in offline analyses, while rejecting 99% of the minimum
bias events. This is possible only because the extreme granularity and high
efficiency of the pixel detector makes pattern recognition exceedingly simple.
The first stages of track finding can be parallelized by looking for tracks only
where they leave the beam region and where they leave the pixel detector.
FPGA-based hardware will perform these operations. Subsequent stages of
the trigger are performed by clusters of 2500 DSP’s and 2000 couventional
processors, each of which operates on data from a single beam crossing.
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3 Lead Tungstate Calorimeter

The BTeV electromagnetic calorimeter will be made up of lead tungstate crys-
tals. Lead tungstate, which has been developed for the CMS collaboration,
was chosen because it is fast, radiation tolerant, and provides excellent posi-
tion and energy resolution 7). BTev wil] use photomultiplier tubes to measure
the scintillation light produce« in the crystals. This is possible since the BTeV
calorimeter (unlike the CMS calorimeter) is not located in a magnetic field.
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Figure 2: Energy resolution obtamned in beam tests of lead tungstate crystals.
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Figure 3: Signal loss as a function of ebsorbed dose ot different dose rates for
lead tungstate crystals manufactured in Bogoroditsk (on the left) and in Apatity
and Shanghai (on the right). .

In an ongoing serjes of beam tests at IHEP, Protvino, BTeV collaborators
have verified the expected properties of lead tungstate 8). Significantly, good
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results have been obtained with crystals made by a variety of vendors. Fig. 2
shows the energy resolution obtained. Both the constant term (0.33%) and the
stochastic term (‘.\fg’) agree with Monte Carlo sinulations. The & term in
the fitting function reflects the uncertainty in the electron beam energy. Fig. 3
shows the measured loss of signal as a function of absorbed dase for a number
of different crystals irradiated at rates between 12 rad /hour and 22 rad/hour.
Continuous calibration will be very important for the BTeV calorimeter since

the light output is a strong function of dose rate and (as can be seen in the

figure) there are large crystal-to-crystal differences.

Table 1: Summary of Physics Reach of BTeV in 107 sec

Decay Mode BR Events | §/B | Para- Error
(x1078) meter | {(or Value)

BY - atn— 4.5 14,600 | 3 asym- | 0.030

metry

B = DK 300 7500 7 ¥ 8°

BY - J/K v — T~ | 445 168,000 | 10 | sin(243) | 0.017

By - Dgm~ 3000 59,000 | 3 Zg (75)

B~ = DY K*r K~ 0.17 170 1 ¥ 13°

B~ = DYK*K)K- 1.1 1000 10

B~ = Kn~ 12.1 4600 1 < 4°

S (s 18.8 62000 20 y + theory

E€rrors

BO - ptr— 28 5400 4

B® — o0 5 780 03 | @ ~4°

B, = JJ9m 330 2800 | 15

B; = J/ym 670 9800 30 | sin{2x) | 0.024

4 Conclusion

BTeV is designed to make precise measurements of standard model parameters
in the b and ¢ quark systems, and to perform an exhaustive search for physics
beyond the standard model. Simulations have been done using GEANT3 to
determine the sensitivity of BTeV to a large number of b decays. Table 1,
which is taken from a recent review of the BTeV physics reach g), summarizes
the expected BTeV sensitivity in a variety of modes important for measuring
parameters of the CKM quark mixing matrix. BTeV will also be very sensitive

287



to a number of rare decays. For example, the annual yield of B® — K(*0u*pu~
is expected to be over 2500 events, when cuts are employed to yield a signal to
background ratio of 11/1. Finally, the combination of a very capable spectrom-
eter, including a high quality electromagnetic calorimeter, and a sophisticated
vertex trigger, will give BTeV the flexibility to make precise measwrements of
the full range of b decays, not simply those decays thought to be most impor-

tant today.
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ABSTRACT

The CP-reach of the LHClh, ATLAS and CMS experiments is reviewed. A
summiary is given of the measurement of the unitarity triangle angle v in a
number of complimentary channels.

1 Introduction

Prior to 2007, BaBar, Belle, CDF and DO, will make first measurements of
the parameters of the unitarity triangle. The quantity sin{28) will be well
measured in the “gold plated” B — J/¢K{ channel, perhaps to a world pre-
cision exceeding ~0.02. The sides |Via/Vis| and |V, /Ves| will be known from
BY - E? mixing and from b — u decays, respectively, but limited by theory to
between 5-10%. The quantity sin{2«) will be measured but with poor statis-
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Table 1: Comparison of the LHC experiment parameters.

LHC
Energy / collision mode 14 TeV pp
bb cross section ~500 b
Tnelastic cross section 80 mb
Ratio bb / inelastic 0.6%
Bunch spacing 25 ns

LHCH ATLAS / CMS

Detector configuration Single-arm forward Central detector
Runping luminosity 2% 10%2cm 257! <1x10%3¥em 25!
bb events per 107 sec 1x10'*x accept. <5x10'%x accept.
<Interactions/crossings> | 0.5 (~30% single int.) ~2.3

tical precision, perhaps to ~0.1. There will be no significant measurement of
the angle ~.

The LHC will provide an unprecedented source of B hadrons, delivering
of the order of 10'® bb pairs per year (107s). Precision measurements can be
made of CP violation in many rare decay channels, including the B? sector.
This will enable several redundant measurements of the angie ~ to be made. A
comparison of the LHC experiment parameters is given in Table 1.

2 The LHC Experiments

2.1 The LHCb Experiment

The LECb detector 1) is a single-arm dipole spectrometer, which exploits the
sharply peaked forward-backward bb production cross section. It runs at a
tuned LHC luminosity of 2 x 10%2cm~2s!, which maximizes the number of
single interactions per beam-crossing. The detector covers a forward angu-
lar aperture between approximately 10 and 250 mrad (300 mrad) in the non-
bending {bending) plane. Experimental attributcs of LHCb include efficient
K /7 identification, excellent decay time and mass resolutions, and photon de-
tection.

The detector has recently been reoptimized, resulting in less material and
improved performance. The new layout of the LHCh experirnent, the so-called
“LHCb-Light" geometry, is shown in Fig. 1.
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Figure 1: The optimized “LHCb-Light” spectrometer. The layout of the inner
and outer regions of the T1 T3 chambers is highlighted.

o The Tracking System has undergone major revision. Nine tracking sta-
tions have been reduced to four, resulting in a reduction of the mmaterial
budget from 0.27 Xg (0.11 Ag) to 0.12 Xo.

o The removal of shielding plates in front of the magnet gives ~0.1 T of
fringe field in the region of RICH-1, which necessitates a new “vertical”
RICH-1 layout with a two-mirror reflective geometry.

s The fringe field in the region between the Vertex Locator (VELO) and
the magnet allows a momentum measurement at the Level-1 trigger. This
gives a more efficient rejection of fake vertices which result from secondary
interactions. At a 40 kHz output rate, the new Level-1 design gives a
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preliminary efficiency for By — 777~ evencs better than 85%.

2.2 The ATLAS/CMS Experiments

The ATLAS 2) and CMS detectors 3) have tracking coverage in the centra)
rapidity region, |7 <2.5 and include pixel microvertex layers at a radius of
~5 cm. Specialist B triggers which can operate up to luminocsities of typically
1x10% ¢cm~2s™7, appropriate for the first 30 b~" of running (~3 years). How-
ever, there is current uncertainty on whether the data acquisition systems of
the experiments will need to be staged and, if so, this would have a detrimental
effect on the B physics capabilities.

The detectors have no dedicated badronic particle identification capabili-
ties. However the ATLAS TRD provides a dE/dx measurement, giving limited
K /7 separation {(~0.8¢). An event-by-event. maximum likelihood technique can
be made to identify B decays using the proper time, reconstructed mass and
the I{/# separation variable. Nevertheless, complete event analysis of B decay
channels which requive particle identification will be very challenging.

3 B physics performance

The CP physics reach of the LHC experiments in specific benchmark channels
after a year of operation, together with the unitarity triangle parvarneters which
they measure, is summarised in Table 2. The LHCb performance figures are
prior to detector optimation, and are cwrrently being re-evaluared for the new
LHCb-Light geometry and the improved trigger.

3.1 Measurerents of the angle v with LHCb

A major strength of the LHC is that it provides a copious number of B® mesons.
This allows the angle v to be measured in a variety of complementary ways.
Since particle identification and good mass resolution are essential, rigorous
measurements of « at the LHC are only possible with the LHCb experiment.

¢ The measurements of four time-dependent decay rates in the channels
B - DFKT and the charge conjugate states provide a thearetically
clean measurement of the angle (v — 247) 4). LHCb will record ~2400
events per one year of running, giving a sensitivity of 3°-16° in (y — 267).



Table 2: Performance summary of the LHC experiments in a selection of bench-
mark channels for one year of operation. The quoted numbers are the errors
on the parameter in question, unless specified otherwise. A dash for an entry

means that no significant measurement, can be made.

Measurement Channel LHCDb ATLAS CMS
sin(24) BY = J/¢K? | 0.3°~-0.5° | 0.6° 0.7°
sin(2a) BS — 7t~ 2°—-10° 3° 5°
sin(2a), cos(2a) | BY = pm 5% —15° - -
28+ BS — D*r, 37 | down to 7° | - —

v — 26y BC — DK 3° —16° - -

v BY - DK |40 —18° | - -

8y BS = J/v¢ 0.6° 0.9°

s B —» Dyat < 90 < 46 <48
Rare decay BS — utp- 440 SM. | 430 S.M. | 100 S.M.

The channels B} — 7" #~ and B? - K+¥K~ provide a measurement of the
angle v via two time-dependent decay asymmetries 5). The importance of
particle identification and good mass resolution is demonstrated in Fig. 2.
Approximately 5000 events are expected per year in each channel. The
angle vy can be measured to a precision of 5°-10° after one year of running,
limited by theoretical uncertainty.

The chanpels B} — D**7F and the charge conjugate states provide a
measurement of the angle (20+ ) via four time-dependent decsy rates 6),
with an expectation of ~500 k events per year. The angle v cen be mea-
sured to a precision better than 5° after five years of running, assuming

S is measured from BY — J/¢K? decays.

The cbammel BY — DK*0 and the charge conjugate states provide a
determination of the angle v via a measurement of six time-integrated
decay rates 7). Since visible branching ratios are very small (1078 -
10~7), an annual yield of only 1700 events in all six channels is expected.
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Figure 2: The BY mass peak from B? — K+ K~ combinations before and after
particle identification criteria have been applied.

A measurement. of the angle «y is possible to a precision of ~10° after one
year of running.

3.2 The B? - u* pu~ rare decay

The B? — p+pu~ channel is an example of a Standard Model rare decay process,
with an expected branching ratio of ~3.5x1079 8). Here the high py di-muon
triggers running at high luminosity (1x10% ¢cm~2s~!) give the general-purpose
detecrors a distinct advantage over the forward detector. With its excellent
muon detechion capability, CMS can observe an estimated 26 signal events

with 6.4 events background for 100 fb~' of running.

4  Summary

The LHC experiments will perform a study of CP violation with unprecedented
precision in many different and complimentary channels. The LHCb detector
provides good particle identification, vertexing, and has an efficient and flex-
ible trigger. I/ particle identification will be essential for the measurement
of B final states involving hadrons. ATLAS/CMS measure leptonic channels
very well, but are not so competitive in hadronic modes. Construction of the



detectors is progressing well and the LHC will be ready for data-taking in 2007.
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1 Introduction: the Aavor puzzle

The main achievement of the experimental particle physics program reflects
the tremendous success of the Standard Model of electro-weak and strong in-
teractions in describing the complex phenomenology explored in a variety of
experiments of increasing precision and complexity. The evidence for neutrino
oscillations is perhaps the only observation that points to new physics. However
this coherent picture leaves us yearning for a more complete picture. There are
many questions that the Standard Model does not answer satisfactorily. One
of the most compelling is the origin of flavor. In the Standard Model there
are 3 families of quarks and leptons. The family replication and the very dif-
ferent mass scale of the different flavors are empirical facts so far without any
satisfactory underlying explanation. This flavor puzzle is one of our strongest
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motivation to seek for a new and more complete theory. We believe that the
multifaceted aspects of flavor physics can be organized around four key ques-

tions:
1. Why does flavor exist?

2. Are there high mass scales whose physics influences the properties of
quarks and leptons?

3. What physics is responsible of the baryon asymmetry of the universe?

4. What is the physics underlying the hierarchy of masses and mixings in
the quark and lepton sectors?

Progress can be made only through the synergy of experimental inquiry and
new theoretical ideas. We have identified a few key physics points that may
provides significant milestones in this physics program.

2 Flavor physics: a multifaceted approach

The pattern of masses and interactions of quarks is well-described, but its ori-
gin is almost a complete mystery. Progress is being made in mapping out the
corresponding pattern for leptons, with many experiments pointing to neutrino
mass differences in the sub-eV range and near-maximal mixings. Information
on the degree to which lepton number and baryon number is conserved has
grown substantially in the past two decades, but many theories predict that
experiments with improved sensitivities will begin to detect violations. Any
more fundamental theory that we are seeking will have to address the flavor
ultimate challenge. The very nature of flavor physics demands diverse ap-
proaches, through the study of charm, and B hadrons, decays of 7 leptons and
K ,CP violation in leptonic and hadronic processes, neutrino oscillations and
direct mass measurements, neutrinoless double-beta decay,flavor-changing lep-
tonic and hadronic transitions, nucleon decay, and magnetic and electric dipole

moments.

2.1 Heavy flavor decays

The study of CP violation asymmetries in charm and beauty decays, as well
as the study of rare K, D, B decays will lead to decisive tests of the Standard
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Model. An important feature of the fundamental interactions explored in flavor
physics is C'P violation. After several decades when the only experimental
evidence for CP violation was provided by studies of neutral K decays, this
year direct evidence for C'P violation in B decays has been obtained by the
two ete™ b-factory experiments, BaBar at PEP-II and Belle at KEK-B. CP
violation is crucial to our understanding of the history of the universe. In
particular, it is a necessary ingredient of our understanding of the origin of the
matter dominated universe D A CP violating pbase is naturally incorporated
in the Standard Model within the Cabibbo- Kobayashi-Maskawa matrix. Thus
several models attempt to explain the baryon asymmetry of the universe as due
toa CP violating process accurring at the scale of the electro-weak symmetry
breaking. A vough order of magnitude estimate of the expected effect of the
CKM induced C'P violation on the baryon asymmetry can be obtained by
constructing a variable dop that incorporates all the features of the expected
CKM phase: it vanishes when any pair of quarks is degenerate in mass and when
any CKM angle vanishes because of the so called “GIM” (Glashow, Tliopoulos,
Maiani) cancellation. dop is defined as:

dcp = sinf),sinfazsindz sindep

(mi —mZ)(m} —mg,)(mg —m3) (1)

(mj —m3)(m§ — mg)(mi —m3),
where 6;; are three real “Euler-like” angles defining the CKM matrix together
with the imaginary phase éc:p. The dgp parameter that we have just defined
is a dimensional quantity, it is conceivable 2) that the natural normalization
parameter to transforn it into a pure number is the temperature at which
the electroweak symmetry breaking occurred. Thus the figure of merit of the

strength of the CKM induced CP violating effect is given by:
dZp = dcp/kTI2 ~ 107'8, (2)

where 7, represents the temperature at the time the electro-weak symmetry
breaking occurred and k is the Boltzmann constant. This suggests that CKM
CP violation is an effect too small to account for the known baryon asymmetry

of the universe,
Np — N§ N_B (3)
Np + Ny t510~64 Ny

This discrepancy is very qualitative in nature and may have a number of expla-

~

nations. However a very tantalizing hypothesis is the presence of additional C'P
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Table 1: Predictions of different SUSY models

Model Jﬁ | Om | 0o ADoK | AK—avp
Standard Model <10°° 0 0 0 O(1)
Exact Universality <107¢ 0 0 0 =SM
Approx. Universality | > 102 0@0.2)  oQ) |0 ~SM
Alignment 2107° 0(0.2) | 0Q) | O@1) ~SM
Heavy Squarks ~ 107! o) 0Q1) | 0(107?) | =S8M
Approximate CP ~ 1071 -8 0 O(1073) | O(107%)

violating phases produced by mechanisms beyond the Standard Model. Thus,
the experimental exploration of C'P violation observables has a good chance
to uncover evidence for new physics. A variety of new CP violation scenarios
can be envisaged depending upon the assumed pattern of new physics imple-
mentation. In broad terms, we can assume that new physics may introduce
a new phase in B9B® mixing (fa), a new phase in the decay amplitude dp.
Moreover, CP violation in charm decays, probing the u-quark sector physics,
can be enhanced with respect to the very small Standard Model expectation
through the appearance of a novel phase ¢x,. It is interesting to note that
different “Beyond the Standard Model” scenarios involve quite different expec-
tations for the magnitude of these parameters. For example, Table 1 3) shows a
comparison between the predictions from different SUSY implementations. For
completeness the predictions of these models for other exotic processes such as
the neutron electric dipole moment have been included. This illustrates how
heavy flavor physics and small scale precision measurements can be a powerful
tool to identify a path towards a more complete effective theory of the funda- -
mental interactions. Heavy flavor physics has been pursued vigorously at ete™
colliders and in hadron colliders for several decades. The experimental tools to
acquire a precise knowledge of CP violation and rare decays in the heavy flavor
sector have been developed and are planned to be implemented in two ambi-
tious hadron collider experiments, BTeV and LHC-b. Their physics program
will be ‘;:)entral to our goal to explore this rich landscape of discovery opportu-

and very valuable constraints

nities */. In paralle], the study of rare J( decays will provide complementary

5).
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2.2 The lepton sector frontier

The study of neutrino masses and mixing parameters will provide us an ever-
enlarging window on physics beyond the Standard Model, and is an alternative
path that nature may have taken to implement the CP asymmetry responsible
for the baryon asymmetry of the universe. The experimental study of solar
neutrinos and atmospheric neutrinos has already provided tantalizing hints of
physics beyond the Standard Model. There is no doubt that the emergence
of a neutrino mixing matrix analogous to the quark mixing matrix is play-
ing a key role in shaping our thinking in the path towards a new physics and
unification 8). Several ideas have emerged on how to pin down the absolute
neutrino mass scale and how to uncover possible CP violation in the lepton
sector. The experimental tools to pursue this exciting physics are now being
developed and will ultimately uncover very important scientific information.
Lepton and baryon number non-conservation, and the study of magnetic and
electric dipole moments, can severely constrain theories beyond the Standard
Model or provide guidance as to their nature. The search for lepton or baryon
number violation is a saga spanning several decades. Early predictions of some
unified theories such as SU(5) prompted the first generation of nucleon decay
experiments. These experiments ruled out the first and simplest implementa-
tion of Grand Unified Theories (GUTs), and, incidentally, were the starting
point of the exciting developments in v physics that we witnessed in recent
years. The next generation experiments may very well have sufficient sensi-
tivity for exciting discoveries and provide landmark clues towards the path to
unification.

3 Conclusions

The experimental landscape of favor physics is extremely varied. Experiments
planned or proposed range from table top experiments, to complex experiments
exploiting well known technologies to novel ideas just in the initial R&D phase.
The pursuit of this complex physics program is a necessary complement to the
search for new massive exotic particles at the energy frontier. It provides unique
contributions to our ultimate goal of achieving a more complete theoretical
framework of the fundamental particles and their interactions.
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ABSTRACT

General perspectives in lattice gauge theories simulations are enumerated and
a specific one concerning heavy flavour calculations is reviewed.
The main goals of lattice calculations are:

e calculate QCD in the non perturbative regime, i.e. the spectroscopy,
weak interaction matrix elements, structure functions, . ..

e fix the fundamental parameters of QCD: A and the quark masses
o investigate the properties of new states of matter: the quark gluon plasma

Before entering a specific subject, some basic facts must be recalled. The
lattice is a 4-dimensional crystal with hypercubic symmetry and a finite lattice
spacing, a. The standard QCD action is only recovered in the continuum limit
(a going to zero). The lattice spacing acts as an UV cutoff and the continuum
limit does exists only for the renormalised theory where the cutoff is traded



against physical urits by a physical input. The bare coupling regulates the value
of the lattice spacing and must tend to zero in the continuum limit. Gauge
field configurations are generated by Monte Carlo algorithms where the choice
of a new value of the field at a given lattice point depends upon neighbouring
values only (local updates). Fermions are classic fields and their propagation
is calculated by expensive inversion algorithms of sparse matrices.

Finite computing resonrces imply some limitations. In particular one
has a finite number of points and a compromise between the total physical
extent (that should be large in order to avoid finite volume effects in chiral
extrapolations) and the lattice resolution (that should be high in order to avoid
lattice artifacts and have safe continuum extrapolations). The possibility of
simple local updating algarithims is spoiled by the inclusion of dynamical quark
loops (the calculation of the fermion determinant increases the cost of an update
by roughly a factor 100 with respect to the so called quenched calculations
where they are removed). The present frontiers of the field include:

e the unquenching: restoring the effects of dynamical quark loops

e the chiral limit in theories with an exact chiral invariance at finite lattice
spacing

o the perfect actions where the continuum limit can be taken at finste lottice
resolution along a fenormalized trajectory

e the two scales problems, requiring a huge number of lattice points to
match the hierarchy between the two scales.

In the rest of the talk, I will discuss some recent advances in typical two
scale problems, i.e. the calculation of the B-meson decay constant fp. The
problem needs to meet two constraints:

e g & 1/my, i.e a lattice resolution high enough to resolve a propagating
b—quark

e Na = L > 1/mygn, in order to avoid finite size effects, which imply
N> my/myigne.

These two requirements imply a number of lattice points

N>

Miight (1)
well beyond 60, to match the hierarchy between the two mass scales.

The step scaling method relies on the following hypothesis: volume effects
are mainly related to the light quark mass and rather insensitive to the heavy
quark mass. The consequence is that volume effects can be safely extrapolated
in the heavy quark mass. The following recipe exploits the previous idea:
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e calculate f5 on a finite volume and with the appropriate resolution

» calculate the correction factors relating the small volume to the physical
one and extrapolate them to the heavy quark mass value

« correct fg on a finite volume and get the physical value ov a sufficiently
large volume.

Volume effects are calculated non—perturbatively by estimating with: numerical
simulations the step scaling function:

_ fe(2L)
“= D) @

that is in general a function of the light and of the heavy quark mass. However,
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Figure 1: Step scaling function ¥g4_¢.g for the evolution of f); from 0.4
fm to 0.8 fm at 8 = 6.737.

as it can be seen in figwe 1, the sensitivity to the heavy quark mass decreases
for quark masses larger than about the charm mass and make a simple extrap-
olation in the inverse of the heavy mass, inspired by the heavy quark eflective
theory, a safe procedure. A small volume calculation can then be promoted to
a large volume by multiplying it by the step scaling functions, an appropriate
number of times, safely extrapolated to the heavy quark mass region. The

numbers are 2):
fp = 170(11)(5)(22)MeV
fo = 204(9)(6)(23)MeV . (3)
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The main advantage of the method is the possibility of taking the con-
tinuum limit, an impossible goal for effective theories, as well of making the
unquenching affordable. The perspective is to apply the method to other two
scale problems, like form factors.

Global perspectives for lattice computations include (see 1) for recent
reviews):

¢ Exact chiral symmetry and exact supersymmetry on the lattice

unquenched calculations by default

e B-physics unquenched

s the A = 1/2 puzzle under control

s quark gluon plasma phase diagram explored

¢ the advent of multi-teraflop machines (APEnext, Columbia, New-Tsukuba).
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ABSTRACT

The next workshop on 'RONTIER SCIENCE will be dedicated to the physics of
complexity and its interdisciplinary applications. To present the event, a per-
sonal review of the study of complex systems as an emerging, cross-disciplinary
science is given.

1 Introduction and motivations

The series of the international worksbops on FRONTIER SCIENGCE consists of
three events held in alternate years in Frascati (2002), Pavia (2003) and Roma
(2004). One of the aims of the workshops is to address different subjects which
are somehow correlated and can benefit from rutual knowledge. While the

* On behalf of the organizing committee of FRONTIER SCIENCE 2003.
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first workshop was dedicated to a particularly lively topic in nuclear and sub-
nuclear physics, i.e. to the physics of heavy quarks and C'P violation, the third
workshop will be devoted to space physics and astrophysics. In between the
microscopic scale of quarks and the cosmic scale of galaxies and the universe,
there is the scale of our world, the real world, where many non-linear phe-
nomena, which are studied in disciplines such as geology, meteorology, biology,
medicine, economics, computer science, sociology and others, take place. This
is the reason why it was decided to dedicate the second event of FRONTIER SCI-
ENCE to the science of complexity and its interdisciplinary applications. The
title assigned to the workshop is “A non-linear world: the real world”, because
the methods of non-linear physics are generally used to study the non-linear
phenomena occuring in the real world.

Why to organize a conference on complex systems? To answer this ques-
tion, I quote M. Gell-Mann, one of the founders of the Santa I'e Institute for
the study of complex systems, from the book The Quark and the Jaguar 1),
Gell-Mann writes: “One of the great challenges of contemporary science is to
trace the miz of simplicity and complezity, regularity and rendomness, order
and disorder up the ladder from the particle physics and cosmology to the realm
of complez adaptive systems”. To this end, Gell-Mann emphasizes that “..we
need to overcome the idea, so prevalent in both acedemic and bureaucratic cir-
cles, that the only work worth taking seriously is highly detasled research in o
specialty. We need to celebrate the equally vitel contribution of those who dare
to take what I call a crude look ot the whole”. Further motivations can be found
in a recent review on complex systems by G. Parisi 2). Pavisi writes: “There
have been three revolutions in physics which...have changed the meaning of the
word prediction. They are:

1. the mtroduction of statistical mechanics and of the first probabilistic rea-
soning by Mazwell, Boltzmann end Gibbs in the second half of the last
century;

2. the discovery of quantum mechanics at the beginning of this century;

§. the study of compler systems and the related techniques that have been
developed in these last years.

As remarked by G. Parisi, “the positive consequence of this process is that
the scope of physics becomes much larger and the constructions of physics find
many more epplications”.

Even if a precise definition of complex system is unavailable, the editors
of Science, in a special section on complex systems 3), suggest that a working
definition of complex system is “..one whose properties are not fully explained
by an understanding of its component parts”. Therefore, according to this
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definition, examples of complex systems are a turbulent fluid, the climate, the
earthquakes, the DNA, the mechanism of protein folding, the nervous system,
an ecosystem, the traffic low, a financial market, the hadronic jets in high-
energy physics, just to cite a few.

Appropriate theoretical methods are available to analyze the complicated
dynamics of complex systems. They are the theory of stochastic processes, the
theory of chaos and non-linear dynamics and the geometry of fractals and multi-
fractals. Generally speaking, these methods point out that a typical property of
a complex system is a “scale-free” behaviour, i.e. the absence of a characteristic
spatial or time scale, which implies the emergence of power laws. Noticeably,
also novel computational and dynarnical tools have been developed to under-
stand numerically the behaviour of complex systems and, remarkably, some of
them, such as neural networks, genetic algorithms and cellular automata, are
constructed in analogy with the dynamics of certain complex systerns existing
in nature.

2 Aspects of complexity in high-energy physics

Before giving a brief (and personal) account of recent achieversents in the
field of complex systems, it is important, to cmphasize that ideas and methods
of complexity have been successfully applied in high-energy physics in recent
years.

A first example concerns the charged particle multiplicity distribution in
hadronic Z boson decays 4, 5). From the studies performed at high-energy
electron-positron (ete™) accelerators, it comes out that the Log-Normal Dis-
tribution (LND) gives a good parameterization of the data on multiplicity, in
different rapidity windows 4). Since the LND can be derived fram the gen-
eral assumption that multiparticle production proceeds via a scale-invariant
stochastic branching process 5), this result emphasizes the role in particle
physics of stochastic processes, which is concept widespread in the study of
complex systems.

More quantitatively, hadronic Z decays can be used to measure the scaling
properties of normalized factorial moments, to investigate dynamical fluctua-
tions in hadron production 6, 7). I Fig. 1, the factorial moments in three
dimensions F,, as measured by L3 Collaboration at LEP, are comp'ned with a
power-law scaling of the form

Fy(M) oc M®s (1)

where M is the number of bins in which momentum space is partitioned and
¢, is an empirical parameter known as intermittency index. As can be seen in
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Figure 1: The factorial moments F,, as a function of the number of bins M,
compared with o power-law fit as in eq. (1) and the results of JETSET and

HERWIG Monte Carlo’s, for two different reference frames. From 7.

Fig. 1, the power-law scaling gives a good fit. of the data, indicating that the
corresponding hadronic system has a self-similar, fractal structure. This phe-
nomenon is known in particle physics as intermittency 6) and is observed in all
type of high-energy collisions. Tt is in analogy with turbulence in hydrodynam-
ics, which is a typical complex system where a similar power-law behaviour is
known.

Another interesting and recent application of the methads of complexity
to subnuclear physics is the neural network parameterization of deep-inclastic
structure functions ). Neural networks, which are so widely used in the
simulation of complex systems, can provide, after a training on a Monte Carlo
sample of pseudo-data, an unbiased and smooth interpolation of existing data
of deep-inelastic scattering, because of their capability of approximating non-
linear relations. This may be useful for future applications to the precision
phenomenology of deep-inelastic scattering.

3 Interdisciplinary applications

Complex systems, non-linear phenomena and self-similar structures are present
in different disciplines, such as geophysics, meteorology, biology, ecology, me-
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dicine, finance, computer science, linguistics and others. During the last two
decades, mt( resting results bave been obtained in such disciplines by physicists,

often in collaboration with experts of other fields 9

A first example concerns seismology and, more precisely, the time inter-
val distributior. of earthquakes 10), The analysis of the statistical properties
of seismic time series data in Southern California reveals that the cumulative
distribution of time calm intervals, which are the time intervals between suc-
cessive significant earthquakes above a fixed threshold of magnitude, obeys a
scaling law of Zipf-Mandelbrot type 1) The discovery of this new empirical
law indicates a scale-free nature of earthquakes and can be a guideline for one
of the extreme goals of seismology, 7.e. the prediction of a next main shock
after an important earthquake.

An example of interest for life sciences is the study of the correlation

properties of human heartbeat time series 12) m particular, it is interesting
to compare the fluctuations in the time series of sequential intervals between a
beat n and a beat n+1, as a function of the beat humber, in the two cases of a
healthy subject and of a subject with a severe cardiac disease. It is found that,
while for a healthy subject long-range correlations are important, indicating
an adaptive behaviour of the healthy hearth, a subject with a diseased hearth
reveals a pattern close to an uncorrelated random walk noise.

For the modeling of the financial market, it is important to know the
probability distribution of the variations of an economic index. Mantegna and

Stanley 13), analyzing the data of the Standard & Poor’s 500 of the New
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York Stock Exchange over a six-year period, observed that the probability
distribution associated to the short-term dynamics of that economic index is
not gaussian, but corresponds t0 a non-gaussian Lévy process, especially in
the central part of the distribution, as shown in Fig. 2. Since the presence
of “fat tails” is observed in many financial markets, this kind of analysis is
useful as a framework for the development of better economic models, which
generally assume a gaussian distribution of stock prices. For example, a precise
knowledge of the dymamics of index variations is necessary to develop models to
price financial products known as derivatives 14) . The realization of efficient
theoretical and computational algorithims to price financial derivatives is of
upmost importance for the activity of financial practitioners operating in the
fields of option pricing and risk management, and represents a good example
of spin-off of fundamental theoretical physics.

The physics of complexity can provide results of interest also for the study
of many social and communication systems which can be modeled as cornplex
networks. A recent example is the analysis of epidemic spreading in networks,
and, in particular, of the spreading of computer virus infections in the Inter-
net 19), An investigation of real data reveals that the survival probability of
different computer viruses has a clean exponential tail, with different life-times
according to the their infection mechanism, and that an epidemic threshold is
absent in scale-free networks. These studies are considered very promising not
only for computer science, but also for the fields of epidemiology and pollution
control.

Recent progress based on methods of non-linear and statistical physics
occured in particle physics and astrophysics too.

A recent progress is related to the thermodynamical approach 16) 4
hadron production in e*e~ annihilation 7). As shown in Fig. 3, the trans-
verse momentum distribution of hadrons with respect to the jet axis deviates
from the exponential expectation of Boltzmann-Gibbs (BG) statistics and can
be fitted by using anomalous distributions derived from Tsallis non-extensive
statistics 18), which is a generalized statistics containing BG as a particular
case and able to describe systems that present long-range interactions.

It is remarkable that non-extensive statistics is also able to explain the
observed energy dependence of fluxes of cosmic rays 19), Actually, this energy
dependence is not exponential) but it can be fitted by an anomalous distribution
derived from Tsallis statistics, a result which can be related to a mechanism of
fractal generation and transport of cosmic rays.

The concept of self-similarity is also present in astrophysics 20). An
extensive study of all the available red-shift catalogs shows that the conditional
average density of galaxies follows a power-law, indicating a fractal distribution
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with respect to the jet axis, for four different eTe™ experiments, compared with
the Boltzmann-Gibbs ezponential behaviour (dotted line) and the best fits using

non-extensive statistics (solid lines). From 17),

of galaxies in the scale range 1 h™'Mpc < r < 100 h™'Mpc.

4 Conclusions

The study of complex systems is an emerging, cross-disciplinary science. The
next workshop of FRONTIER SCIENCE will be dedicated to complexity and will
be held in Pavia, from 8 to 12 September 2003. Presentations on complexity
by keynote speakers and young researchers are foreseen, ranging from particle
physics and astrophysics, to atmosphere and climate, hydrosphere and solid
earth, life sciences and ecolagy, econophysics. Further information on the topics

covered in the conference can be found in 9) and references therein.
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ABSTRACT

In this talk T will review the present status of inflationary cosmology and its
emergence as the basic paradigm behind the Standard Cosmological Model,
with parameters determined today at better than 10% level rom CMB and
LSS observations.

1 Introduction

In this short review I will outline the reasons why the inflationary paradigim 1L, 2)
has become the backbone of the present Standard Cosmological Model. It gives
a framework in which to.pose all the basic cosmological questions: what is the
shape and size of the universe, what is the matter and energy content of the
universe, where did al) this matter come from, what is the fate of tl:e universe,
etc. T will describe the basic predictions that inflation makes, most of which



have been confirmed only recently, while some are imminent, and then explore
the recent theoretical developments on the theory of reheating after inflation
and cosmological particle production, which might allow us to answer some of
the above questions in the future.

Although the simplest slow-roll inflation model is consistent with the host
of high precision cosmological observations of the last few years, we still do not
know what the true nature of the inflaton is: although there are many possible
realizations, there is no unique particle physics model of inflation. Further-
more, we even ignore the energy scale at which this extraordinary phenomenon
occurred in the early universe; it could be associated with a GUT theary or
even with the EW theory, at much lower energies.

2 Basic Predictions

Inflation is an extremely simple idea based on the early universe dominance
of a vacuum energy density associated with a hypothetical scalar field called
the inflaton. Its nature is not known: whether it is a fundamental scalar field
or a composite one, or something else altogether. However, one can always
use an effective description in terms of a scalar field with an effective potential
driving the quasi-exponential expansion of the universe. This basic scenario
gives several detailed fundamental predictions: a flat universe with nearly scale-
invariant adiabatic density perturbations with Gaussian initial conditions.

2.1 A flat and homogeneous background

Inflation explains why our local patch of the universe is spatially flat, i.e. Eu-
clidean. Inflation does, provides an approximately constant energy density
that induces a tremendous expansion of the universe. Thus, an initially curved
three-space will quickly become locally indistinguishable from a “flat” hyper-
surface. Moreover, this same mechanism explains why we see no ripples, i.e.
no large inhomogeneities, in the space-time fabric, e.g. as large anisbtropies
in the temperature field of the cosmic microwave background when we look in
different directions. The expansion during inflation erases any prior inhomo-
geneities. These two are very robust predictions of iﬁﬂa’cion, and have been
confirmed to high precision by the detailed observations of the CMB, first by
COBE (1992) for the large scale homogeneity, to one part in 10, and recently
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by BOOMERanG 3) and MAXIMA 4), for the spatial flatness, to better than
10%. ’

2.2 Cosmological perturbations

Inflation also predicts that on top of this homogeneous and flat space-time
background, there should be a whole spectrum of cosmological perturbations,
both scalar (density perturbations) and tensor (gravitational waves). These
arise as quantum fluctuations of the metric and the scalar field during infla-
tion, and are responsible for a scale invariant spectrum of temperature and
polarization fluctuations in the CMB, as well as for a stochastic background
of gravitational waves. The temperature fluctuations were first discovered by
COBE and later confirmed by a host of ground and balloon-borne experiments,
while the polarization anisotropies have only recently been discovered by the
CMB experiment DASI 5). Both observations seem to agree with a nearly
scale invariant spectrum of perturbations. It is expected that the stochastic
background of gravitational waves produced during inflation could be detected
with the next generation of gravitational waves interferometers (e.g. LISA), or
indirectly by measuring the power spectra of polarization anisotropies in the
CMB by the future Planck satellite 6).

Inflation makes very specific predictions as to the nature of the scalar
perturbations. In the case of a single field evolving during inflation, the per-
turbations are predicted to be adiabatic, i.e. all components of the matter and
radiation fluid should have equal density contrasts, due to their common ori-
gin. As the plasma (mainly baryons) falls in the potential wells of the metric
fluctuations, it starts a series of acoustic compressions and raxefactions due
to the opposing forces of gravitational collapse and radiation pressure. Adia-
batic fluctuations give a very concrete prediction for the position and height
of the acoustic peaks induced in the angular power spectrum of temperature
and polarization anisotropies. This has been confirmed to better than 1% by
the recent observations, and constitutes one of the most important signatures
in favor of inflation, ruling out a hypothetically large contribution from ac-
tive perturbations like those produced by cosmic strings or other topological
defects.

Furthermore, the quantum origin of metric fluctuations generated during
inflation allows one to make a strong prediction on the statistics of those per-
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turbations: inflation stretches the vacuum state fluctuations to cosmological
scales, and gives rise to a Gaussian random field, and thus metric fluctuations
are in principle characterized solely by their two-point corvelation function.
Deviations from Gaussianty would indicate a different origiu of fluctuations,
e.g. from cosmic defects. Recent observations by BOOMERanG in the CMB
and by gravitational lensing of LSS indicate that the non-Gaussian component
of the temperature fluctuations and the matter distribution on large scales is
strongly constrained, and consistent with foregrounds (in the case of CMB)
and with non-linear gravitational collapse (in the case of LSS).

Of course, in order to really confirm the idea of inflation one needs to
find cosmological observables that will allow us to correlate the scalar and
the tensor metric fluctuations with one another, since they both arise from
the same inflaton field fAuctuations. This is a daunting task, given that we
ignore the absolute scale of inflation, and thus the amplitude of tensor fluc-
tuations (only sensitive to the total energy density). The smoking gun could
be the observation of a stochastic background of gravitational waves by the
future gravitational wave interferometers and the subsequent confirmation by
detection of the curl component of the polarization anisotropies of the CMB.
Although the gradient component has recently been detected by DASI, we may
have to wait for Planck for the detection of the curl component.

3 Recent Cosmological Observations

Cosmology has become in the last few years a phenomenological science, where
the basic theory (based on the hot Big Bang model after inflation) is being
confronted with a host of cosmological observations, from the microwave back-
ground to the large scale distribution of matter, from the determination of light
element abundances to the detection of distant supernovae that reflect the ac-
celeration of the universe, etc. 1 will briefly review here the recent observations
that have been used to define a consistent cosmological standard model.

3.1 Cosmic Microwave Background

The most important cosmological phenomenon from which one can extract es-
sentially all cosmological parameters is the microwave background and, in par-
ticular, the last scattering surface temperature and polarization anisotropies.
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Since they were discovered by COBE in 1992, the temperature anisotropies
have lived to their promise. They allow us to determine a whole sct of both
background (0-th order) and perturbation (1st-order) parameters — the geom-
etry, topology and evolution of space-time, its matter and energy content, as
well as the amplitude and tilt of the scalar and tensor fluctuation power spectra
- in some cases to better than 10% accuracy.

At present, the forerunners of CMB experiments are BOOMERanG and
MAXIMA (balloons), and DASI, VSA and CBI (ground based interferome-
ters). Together they have allowed cosmologists to determine the angular power
spectrum of temperature fluctuations down to multipoles 1000 and 3000, re-
spectively, and therefore provided a measurement of the positions and heigths
of at least 3 to 7 acoustic peaks. A combined analysis of the different CMB
experiments yields convincing evidence that the universe is flat, with |Qg| =
[1 = Quot| < 0.05 at 95% c.l.; full of dark encrgy, Qn = 0.66 £ 0.06, and dark
matter, Q,, = 0.33 £ 0.07. with about 5% of baryons, 0, = 0.05 +0.01; and
expanding at a rate Hp = 68 & 7 km/s/Mpc, all values given with 1o ervors,
see Table 1. The spectrum of primordial perturbations that gave rise to the
observed CMB anisotropies is nearly scale-invariant, n, = 1.02£0.08, adiabatic
and Gaussian distributed. This set of parameters already constitutes the basis
for a truly Standard Model of Cosmology, based on the Big Bang theory and
the inflationary paradigm. Note that both the baryon content and the rate
of expansion determinations with CMB data alone are in excellent agreement
with direct determinations from BBN light element abundances 13) and HST
Cepheids 14), respectively.

In the near future, a new satellite experiment, the Microwave Anisotropy
Probe (MAP) 15), will provide a full-sky map of temperature (and possibly
also polarization) anisotropies and determine the first 2000 multipoles with
unprecedented accuracy. When combined with LSS and SN measurements,
it promises to allow the determination of most cosmological parameters with
errors down to the few% level.

Moreover, with the recent detection of microwave background polariza-
tion anisotropies by DASI 5), confirming the basic paradigm behind the Cos-
mological Standard Model, a new window opens which will allow yet a better
determination of cosmalogical parameters, thanks to the very sensitive (0.1uK)
and high resolution (4 arcmin) future satellite experiment Planck 6). In prin-
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Table 1: Estimates of the cosmologicel parameters that characterize a minimal
adicbatic inflation-based model. From Ref. 12),

[ Priors | CMB | CMB+LSS [ CMB+LSS+SN | CMB+LSS+SN+HST |
ot 1.05%00; | 1.03%¢04 1.00%5765 1.00%00;
- 1024098 | 100129 1.03%9:06 1.04109
Qph® | 0.02330003 | 0.0237G883 | 0.0247555] 0.02418835
Qeamh® | 018707, | 012755 0.12%5:8 0.1213.0;
QA 0547515 | 0.6173:% 0.69% 565 0.70%8,03
Om 0523313 | 0.42%0 3 0321508 0.3038:3
IR 0.08019 033 | 0.067F3:01% | 0.05243811 0.049:-5.504
h 0557392 | 0.60*3% 0.68+0:% 0.697352
Age 15.0%11 14.7712 13.8409 13.6%02
T 0164033 | 009784 0.13*315 0.13815

The age of the Universe is in Gyr, and the rvate of expansion in
units of 100 km/s/Mpc. Al values quoted with 1o errors.

ciple, Planck should be able to detect not only the gradient component of the
CMB polarization, but also the curl component, if the scale of inflation is high
enough. In that case, there might be a chance to really test inflation through
cross-checks between the scalar and tensor spectra of fluctuations, which are
predicted to arise from the same inflaton potential.

The observed positions of the acoustic peaks of the CMB anisotropies
strongly favar purely adiabatic density perturbations, as arise in the simplest
single-scalar-field models of inflation. These models also predict a nearly Gaus-

" sian spectrum of primordial perturbations. A small degree of non-gaussianity
may arise from self-coupling of the inflaton field (although it is expected to be
very tiny, given the observed small amplitude of fluctuations), or from two-field
models of inflation. Since the CMB temperature fluctuations probe directly pri-
mordial density perturbations, non-gaussianity in the density field should lead
to a corresponding non-gaussianity in the temperature maps. However, recent
searches for non-Gaussian signatures in the CMB have only given stringent
uppert limits, see Ref. 17),

One of the most interesting aspects of the present progress in cosmolog-
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ical observations is that they are beginning to probe the same parameters or
the same features at different time scales in the evolution af the universe. We
have already mentioned the determination of the baryon content, from BBN
(light element abundances) and from the CMB (acoustic peaks), correspond-
ing to totally different physics and yet giving essentially the same value within
errors. Another example is the high resolution images of the CMB anisolropies
by CBI 12), which constitute the first direct detection of the seeds of clusters
of galaxies, the largest gravitationally bound systerns in our present universe.
In the near future we will be able to identify and put into one-to-one corre-
spondence tiny lumps in the CMB with actual clusters today.

3.2 Large Scale Structure

The last decade has seen a tremendous progress in the determination of the
distribution of matter up to very large scales. The present forerunners are the
2dF Galaxy Redshift Survey 18) and the Sloan Digital Sky Survey (SDSS) 19).
These deep surveys aim at 108 galaxies and reach redshifts of order 1 for galaxies
and order 5 for quasars. They cover a wide fraction of the sky and thevefore
can be used as excellent statistical probes of large scale structure 16, 20)
The main output of these galaxy surveys is the two-point (and higher)
spatial correlation functions of the matter distribution or, equivalently, the
power spectrum in momenturn space. Given a concrete type of matter, e.g.
adiabatic vs. isocurvature, cold vs. hot, etc., the theory of linear (and non-
linear) gravitational collapse gives a very definite prediction for the measured
power spectrum, which can then be compared with observations. This quantity
is very sensitive to various cosmological parameters, mainly the dark matter
content and the baryonic ratio to dark matter, as well as the universal rate
of expansion; on the other hand, it is mostly insensitive to the cosmological
constant since the latter has only recently (after vedshift z ~ 1) started to
becorne important for the evolution of the universe, while galaxies and clusters
had already formed by then. Together, 2dFGRS, plus CMB, weak gravitational
lensing and Lyman-a forest data, allow us to determine the power spectrum
with better than 10% accuracy for & > 0.02 A Mpec~}!, which is well fitted
by a flat CDM model with Q, A = 0.20 £ 0.03, and a baryon fraction of
,/Qm = 0.15 £ 0.06, which together with the HST results give values of
the parameters that are compatible with those obtained with the CMB, see
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Table 1. It is very reassuring to note that present parameter determination
is robust as we progress from weak priors to the [ull cosmological information
available, a situation very different from just a decade ago, where the errors
were mostly systematic and parameters could only be determined with an order-
of-magnijtude error. In the very near future such errors will drop again to
the 1% level, making Cosmology a mature science, with many independent
observations confirming and further constraining previous measurements of the
basic parameters.

An example of such progress appears in the analysis of non-Gaussian
signatures in the primordial spectrum of density perturbétions The tremen-
dous increase in data due to 2dFGRS and SDSS has allowed cosmologists to
probe the statistics of the matter distribution on very large scales and infer
from it that of the primordial spectrum. Recently, both groups have reported
non-Gaussian signatures (in particular the first two higher moments. skew-
ness and kurtosis), that are consistent with gravitational collapse of structure
that was originally Gaussianly distributed 21, 22), Moreover, weak gravi-
tational lensing also allows an independent determination of the three-point
shear correlation function, and there has recently been a claim of detection
of non-Gaussian signatures in the VIRMOS-DESCART lensing survey 23),
which is also cousistent with theoretical expectations of gravitational collapse
of Gaussianly distributed initia) perturbations.

The recent precise catalogs of the large scale distribution of matter allows
us to determine not only the {(collapsing) cold dark matter content, but also put
constraints on the (diffusing) hot dark matter, since it would erase all structure
below a scale that depends on the free streaming length of the hot dark matter
particle. In the case of relic neutrinos we have extra information because we
know precisely their present energy density, given that neutrinos decoupled
when the universe had a temperature around 0.8 MeV and cooled down ever
since. Their number density today is around 100 neutrinos/cm?. If neutrinos
have a significant mass {above 1072 eV, as observations of neutrino oscillations
by SuperKamiokande 24) and Sudbury Neutrino Observatory 25) seem to
indicate), then the relic background of neutrinos is non-relativistic today and
could contribute a large fraction of the critical density, Q, = m,/92h2eV >
0.001, see Ref. 26). Using observations of the Lyman-e forest in absorption
spectra of quasars, due to a distribution of intervening clouds, a limit on the
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absolute mass of all species of neutrinos can be obtained 27), Recently, the
28FGRS team 28) have derived a bound on the allowed amount of hot dark
matter, Q, < 0.130,, < 0.05 (95% c.l.), which translates into an upper limit
on the total neutrino mass, m,, o < 1.8 eV, for values of 0, and the Hubble
constant in agreement with CMB and SN observations. This bound improves
several orders of magnitude on the direct experimental limit on the muon and
tau neutrino masses, andzgss comparable to present experimental bounds on the

electron neutrino mass

3.3 Cosmological constant and rate of expansion

Observations of high redshift supernovae by two independent groups, the Super-
nova Cosmology Project 30), and the High Redshift Supernova Team 31), give
strong evidence that the universe is accelerating, instead of decelerating, today.
Although a cosmological constant is the natural suspect for such a “crime”, its
tiny non-zero value makes theoretical physicists uneasy 32),
could be found by setting the fundamental cosmological constant to zero, by
some yet unknown principle possibly related with quantumn gravity, and allow

A compromise

a super-weakly-coupled homogeneous scalar field to evolve down an almost flat
potential. Such a field would induce an effective cosmological constant that
could in principle account for the present observations. The way to distinguish
it from a true cosmological constant would be through its equation of state,
since such a type of smooth background is a perfect luid but does not satisfy
p = —p exactly, and thus w = p/p also changes with time. There is a proposal
for a satellite called the Supernova / Acceleration Probe (SNAP) 33) that will
be able to measure the light curves of type Ia supernovae up to redshift z ~ 2,
thus determining both Qx and wx with reasonable accuracy, where X stands
for this hypothetical scalar field. For the moment there are only upper bounds,
wyx < —0.6 (95% c.).) 34), consistent with a true cosmological constant, but
the SNAP project claims it could determine x and wy with 5% precision.
Fortunately, the SN measurements of the acceleration of the universe give
a linear combination of cosmological parameters that is almost orthogonal, in
the plane (Q,,, Qa), tothat of the curvature of the universe (1-Qg = 2, +Q4)
by CMB measurements and the matter content by LSS data. Therefore, by
combining the information from SNe with that of the CMB and LSS, one can
significantly reduce the errors in both Q,,, and Q,, see Table 1. It also allows
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an independent determination of the rate of expansion of the universe that is
perfectly compatible with the HST data 14)  This ig reflected on the fact
that adding the latter as prior does not affect significantly the mean value of
most cosmological parameters, only the error bars, and can be taken as an
indication that we are indeed on the right track: the Standard Cosmological
Model is essentially correct, we just have to irprove the measurements and
reduce the error bass.

4 Conclusions

Inflation is nowadays a robust paradigm with a host of cosmological observa-
tions confirming many of its basic predictions: large scale spatial flatness and
homogeneity, as well as an approximately scale-invariant Gaussian spectrum of
adiabatic density perturbations. "

It is possible that in the near future the next generation of CMB satellites
(MAP and Planck) may detect the tensor or gravitational wave component
of the polarization power spectrum, raising the possibility of really testing
inflation through the comparison of the scalar and tensor components, as well
as determining the energy scale of inflation.
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ABSTRACT

The title of this paper would be ambitious even for a thorough review on the
subject. For this reason, I will proceed by making a largely arbitrary selection of
arguiments and of examples. I will start by making general considerations about
the present status of calorimetry, focusing on the performance, limitations and
possible improvements of calorimeters as widely used in high-energy physics
experiments. I will then address a few peculiar applications of calorimetry
at LHC experiments, at the future electron linear colliders and at B factory
experiments. I will finally conclude by reviewing some of the many astroparticle
physics experiments employing state-of-the-art calorimetry.

1 Calorimetry in HEP: present status and limitations

One can schematically summarise a few relevant aspects of the present scenario
of HEP experiments by stating that: the Tevatron CDF and DO experiments



are taking data and aim for high luminosity; LHC detectors arve being built
with some margin of improvement in view of a moderate increase of the ma-
chine luminosity. However, a factor 10 increase in luminosity could not be
accommodated due to the dramatic increase in the integrated dose; Belle and
BaBar are successfully running: also their calorimeters could not stand a major
luminosity increase heyond the present limit; electron linear-collider detectors
are being designed for high precision measurements with calorimeters playing a
key role; running angd planned calorimeters for astroparticle experiments show
a large variety of approaches.

An important aspect of future accelerator experiments is the high energy
frontier. It is clear that in pushing further this frontier the importance of
calorimetry will be increasingly high due to the improvement {or at least not
worsening) of the energy resolution with the energy. The opposite occurs in
the energy (momentum) measurement by magnetic spectrometers for which
one has a linear worsening of the momentum resolution with increasing energy.
It is also worth noting that whatever vew physics will appear at the energy
frontier, this will produce in the fina) state Standard Model particles, the same
particles which are measured with today’s calorimeters.

Calorimeters will provide means to detect all known final state particles:
electrons, photons, muons, tau’s, hadrons, jets and also neutrinos through a
missing energy measurement. In nowadays and future experiments as well, a
suitable combination of electromagnetic (EM) and hadronic calorimetry allows
to perform particle ID by exploiting differences in the Xg and A values of
the absorbers (e/n separation) or differences in the electromagnetic radiation
cross-section (e/s: separation).

Concerning the calorimetric energy resolution one can easily show that
Jjet, dimass and missing energy resolution are determined by the single particle
resolution if the energy measurement is the only error 1). One can prove that
it is possible to achieve high-energy resolution with EM sampling calorimeter
with high sampling fraction, realistically yielding to stochastic terms as small as
5% 1), However, the best energy resolution is obtained by exploiting fully active
devices such as crystals. In this case one has no sampling fluctuations, but
noise, photon statistics, and light collection non-uniformity limit the achievable
resolution. As an example, in the case of the PbWO4 crystals in CMS one
obtains dE/E ~ 0.7% at 100 GeV even if the stochastic coefficient is as small
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25 2.3% 1),

Different processes it the performance of hadronic (sampling) calorime-
ters. In particular, the large event-by-event fluctnations on the EM content of
the shower induce consequently large fluctuations in the energy deposition in
the active medium, severely limiting the energy resolution. Compensation is
considered a possible solution to improve the resolution. It is well known, in
fact, that the medium can respond differently to EM and hadronic shower com-
ponents due to the differences in ionisation, the existence of nuclear binding
energy, of neutrons and undetected fragments. A detector with e/h close to
unit shows the best energy resolution since it induces a small constant term
in the resolution formula. However, the effect of non-compensation reduces at
increasingly high energy, where the energy resolution improves with In(E).

Despite the many efforts in the technology of hadronic calorimeters, other
intrinsic limitations remain limiting their performance. The detector transverse
size set by the shower extent (Xo and A) limits the smallest tower size. The
minimal longitudinal depth is set by containment (about 20 Xo and 10 A);
the largest depth is set by jet leakage. The speed is limited by 25 ns bunch
crossings at LHC; no reduction in pileup is expected if signals would be faster.
The jet resolution is limited by final state radiation (FSR) and not really by
the calorimeter energy resolution 1),

If one Jooks at the future, namely at the high-energy frontier that could be
explored by a hadron collider such as the LHC, one has to natice that both lu-
minosity and CM energy increases are possible in principle. For particle masses
of the order of the CM energy the required luminosity (L) rises rapidly, indi-
cating that the energy is the most important issue; for masses much lower than
the CM energy, L goes as the square of the mass. However, higher mass states
or higher L in hadron colliders will require calorimetry what can withstand
more than 10 (2) Mrad for the ECAL (HCAL) calorimeter for pseudorapidity
values larger tkan 3 units. Scintillators would not survive for ECAL regardless
the CM energy. Hermiticity will require a coverage to smaller angles as the
CM energy increases and the ’plateau’ extends. Forward calorimetry wil) then
need to withstand more than 1 Grad. This dose is a real challenge and likely
only gaseous or Cerenkov light detectors could be used.
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2 Future calorimetry at electron colliders

After the generation of forthcoming experiments at the Tevatron and LHC and
the likely discovery of Higgs and Supersymmetry (1) precision studies will have
to be performed at an electron machine, following what happened in the recent
past after the discovery of the W and Z bosons at the SPS and the precision
Standard Model measurements ai LEP. Futwre linear electron colliders will
have to face the challenge of very steeply falling cross-sections of the interesting
processes: by large factors lower than the ones at LEP. In order to measure
masses from 500 to 1000 GeV one will require very large luminosities in the
range from 10% to a few 103! cra~2s5~1. R&D studies on these machines are in
progress in BEurope (CLIC, TESLA), in Japan (JLC) and in the USA (NLC).

The main tool of the detectors in addressing the relevant physics issues
at the future electron machines will be the detection of jets. This feature is
complementary to what is going to be performed at the LHC: detectors at
linear colliders have to do well what LHC finds difficult (detection of hadronic
decays, muitijets, etc.). The primary goal will be revealing the nature of the
electroweak symmetry breaking (Higgs, supersymmetry, extra dimensions, etc.)
through precision studies.

i From the point of view of calorimetry the environment at electron ma-
chines will be rather clean, with low occupancy apart from the presence of
low transverse momentum electron pairs. Large B fields will be employed to
'open’ the jets and to apply one of the main distinctive experimental methods
at these colliders: the energy flow. This concept is based on the assumption
that charged particles in a jet are more precisely measured with the tracker
than with a calorimeter, In fact, the energy of a typical linear collider multi-jet
event belongs for 64% to low momentum (suitable for tracking) charged parti-
cles, for 25% to photons and only for 11% to neutral hadrons 2). The energy
flow method consists in using trackers for the energy measurement of charged
particles and calorimeters for neutrals. One has to locate and remove charged
particle’s calorimetric energy by means of dense, highly-granular ECAL and
HCAL. ECAL can be considered ‘transparent’ to hadrons: one detects hadrons
in HCAL and photons in ECAL. The main calorimetric figures of merit are
a 'large’ BR2/R,n, suitable for cluster detection in the ECAL, as well as a
transverse segmentation of the order of R,, with a small Xo/A ratio 2). An
alternative approach, as the one adopted by the present JLC detector design,
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envisages the use of compensating calorimetry.

Concerning the calorimeter technology at electron linear colliders, for the
ECAL one envisages (NLC and TESLA) large scale tungsten/silicon calorime-
try with more than 1000 m?® total Silicon surface and a 20 longitudinal-layer
deep detector (Fig.1). Following the prescriptions of the energy flow concept,
one can design a finely segmented calorimeter, such as the one already used,
although at a much smaller scale, for luminosity monitors at SLC and LEP.
The main drawback is the (presently) large or unaffordable (according to pes-
simistic/optimistic points of view) cost of the Silicon. However, one could hope
of a sort of Moore’s law for Silicon that should bring by the year 2010 the cost
of this material to a reasonable level 3). As far as the HCAL is concerned peo-
ple stil) consider scintillator tiles as a viable option, ov the use of the so-called
'digital’ hadronic calorimetry characterised by small segmentation (1 ¢cm?) with
only 1-2 bit. readout, possibly employing RPCs or similar cheap detectors.

Ecole Polytechnigue

/Tront send electronics

Figure 1: Possible layout of a W-5i calorimeter for a linear collider (detail).
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3 Calorimetry for future B physics

As far as the next generation B-factories is concerned, one has to notice that
the design work for these machines (and of course for the relative detectors and
calorimeters) is still rather preliminary. The main reason is that a lot of {good
quality) data is being currently provided by the existing B-factories at KEK
and SLAC. The principal goal for the next generation will be the realisation of
a.10% asymmetric B factory. This machine could lead to new physics on rare B
(and D) decay rates and angular distributions, and to studies of deviations from
the predictions of CKM parameters in over-constrained tests of the unitarity
triangle.

The main requirements to calorimetry can be suramariced in the capa-
bility of measuring photons from generic and specific B’s with high energy
and angular resolution, stil] using the unsurpassed crystal calorimeters. These
requirements are, all in all, similar to those of the present detectors, apart
froin the capability to handle the increase in luminosity. The latter is by far
a non-negligible requirernent. If one considers, as an example, the BaBar Csl
calorimeter, it is evident that a factor 10 in¢rease in luminosity could not be
tolerated due to light losses and occupancy increase 4),

As a general consideration the crystal size should correspond to a rather
fine segmentation, as required for photon separation (including BG photons)
and position resolution. In this spirit the useful crystal transverse size is limited
by its properties, namely the Ry, {(CsI ~ 3.8 cm) and the cost of the readout.
The longitudinal dimensions are driven by the energy resolution (up to about
16-17 radiation length may be needed for high-energy electrons and photons).
The calorimeter should then cover the maximum solid angle with the minimal
interruptions for services, etc. Last but not least the material in front of the
calorimeter should be minimised.

Concerning the radiation damage, definitely the major technological chal-
lenge, it mainly affects the light yield and light yield uniformity. The design
goal is that in 10 years a maximum 20% light yield loss should occur. One
has to add the requirement of a sufficiently high quantity of light (needed for
the energy resolution) and of signal speed (required to reduce the background).
Some crystals are presently considered as good candidates: PbWO4 (already
widely used at the LHC), YAP, GSO, LSO, etc.

About the background we note that the calorimeter will be affected by
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the creation of fake neutral clusters and by the incjusion of beam background
photons during clustering jinto B decay photon showers 4),

One word on the readout. Due to the presence of high magnetic field one
will be forced to use compact photosensors such as photodiodes (for crystals
with high Jight output) or APDs. One can also think to reduce the readout
cost by longitudinal segmentation of the crystals achieving better electron ID,
higher spatial resolution and hackground reduction. Radiation hard compact
arystal can then be used in front and (cheaper) less radiation hard crystal in

the back of the calorimeter 4).

4 Calorimeters in astroparticle physics

The most striking feature of the energy measurement in astroparticle physics
experiment. is the huge energy interval spanned by the different experiments.
One goes from the about 2 K of cosmic velic neutrinos to the mare than 1029 eV
of high energy cosmic ray events. Particles to be detected in this wide energy
range are neutrinos, photons and charged-particle cosmic-rays. This subject
is clearly extremely broad. Therefore, I will just concentrate on a few issues,
such as the direct measurements of particles/photons in space, the use of the
atmosphere as a calorimetric medium and the calorimetric detection of cosmic
rays and neutrinos (surface/underground/underwater).

Detection of particles in space (balloon or satellite experiments) has a long
history and it is nowadays a field in great expansion. The Earth atmosphere
tends to hide the information carsied out by primary cosmic-ray particles. For
this reason high-altitude experiments first and balloon experiments later have
been conducted in the past and brought to important discoveries.

Concerning modern satellite experiments, the 'mother’ of all space-based
calorimeters has been the SOKOL detector on the Kosmos-1543 satellite jn the
late *70s. The calorimeter was 5 A deep for about 2000 kg of weight 5) If we
jump to today’s experiments, we note that some of the most advanced calori-
metric techniques used in accelerator experiments are also employed in space-
based experimments, with the additional challenging requirernents of a relatively
small weight and volume, low readout power consumption, high component
reliability and excellent mechanical properiics. Calorimeters play a key role in
satel]ite experiments, which usvally combine in a very compact detector high-
performance energy measurements of charged and neutral particles, precision
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tracking capabilities (magnetic field) and particle ID. We can take as examples
the planned PAMELA and GLAST experiments ©).

PAMELA will be soon launched on a satellite elliptic, quasi-polar orbit
at 300-600 km altitude. Among the physics goals I mention the study of the
primary proton, antiproton, electron and positron spectra from about 50 MeV
to several hundreds GeV. The experiment will perform a high sensitivity search
for anti-nuclei and the study of energy and time distribution of the solar flare.
The detector includes a magnetic spectrometer with silicon-microstrip tracker,
TRDs, a TOF detector, an anti-coincidence counter and a performing imaging
calarimeter: 16.3 radiation lengths, 0.6 interaction lengths deep. The calorime-
ter is made of 22 layers of Tungsten plates alternated with Silicon strips (x-y).
Its total mass is 110 kg and there are 4416 readout channels for a total power
consumption of 48 W. The high energy resolution of the calorimeter of 6% for
electrons with energy above 25 GeV is adequate for the physics reach of the
experiment.

GLAST aims at the detection of photons in the wide energy range from
5 MeV to 300 GeV. For this reason a state-of-the-art CsI crystal calorimeter
is employed. The detector is rather deep (9.5 radiation lengths) and is made
of 16 modules each with 8 layers of 12 crystals. The total number of crystals
is 1536 for about 1450 kg of weight. A PIN diode/ASIC readout is used for a
power budget of 60 W. The energy resolution is excellent: better than 20% up
to 100 MeV and better than 6% at the bighest energy of 300 GeV.

A completely different detection approach is used by experiments at Earth
surface that employ the atmosphere as a calorimetric medium (11 A thick) for
the showering of primary cosmic rays. In this case one can exploit the detection
of particles at ground level, the detection of Cerenkov light from showering
particles in the atmosphere and the measurement of the air fluorescence from
the shower development.

The first category of experiments features the detection of very high en-
ergy particle showers, the coverage of relatively large areas, a large duty cycle,
multiple single-point sampling and the possible detection of the shower front
through timing measurements. One can mention as examples the MILAGRO
(Los Alamos) and the ARGO (Tibet) experiments 6).

The second technique is the detection of the Cerenkov light from rela-
tivistic particles in the air shower. In this case we have a 'real’ calorimeter
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providing information on the shower-inducing particle: its orientations via the
direction of the shower axis, the energy through the measurement of the light
intensity, and the particle ID via the shower shape analysis.

The third technique is the detection of the air fluorescence light induced
by the showering primary-particle. One actually detects the isotropic scintil-
lation light from Nitrogen at about 325 nm wavelength. The excited Nitrogen
state (emitting light) is collision quenched. Quenching linearly increases with
the atmospheric pressure, but as dE/dx per unit length also linearly increases
with the pressure, the two effects nearly compensate. This causes a fast elec-
tron to produce about the same amount of light per unit path at all altitudes.
Therefore, one obtains that the absolute luminosity of the shower only de-
pends upon the number of electrons at a given depth. The measurement of the
longitudinal shower profile can be performed by wide FOV cameras, possibly
exploiting stereo event reconstruction. The main drawback of such experi-
ments is the low light yield (only primary particles above 107 eV are detected)
and the relatively small duty cycle (since Moon-less nights are required). For
these experiments both surface detectors (IRES, AUGER) or orbiting satellites
(EUSO) can be used 5, 6),

Finally, I wish to mention the detection of astrophysical neutrinos. Their
energy spectrum spans several orders of magnitude: one goes from the MeV
energy range of solar of supernovae neutrinos, to the GeV range of atmospheric
neutrinos, to the over 1 TeV domain (and more) of astrophysical neutrinos.
Therefore, various techniques are exploited by the calorimeters devoted to their
detection and energy measurement. High energy neutrinos are excellent carriers
of information from galactic and extragalactic sources since, unlike photons and
charged particles which cannot travel infinite distances without interacting,
they are basically immune to attenuation and intergalactic magnetic fields.
The detection of possible cosmic neutrino sources is indeed one of the main
goals of the recently born neutrino astronomy.

Many large-mass neutrino detectors exist and more are planned for the
next generation, based on the use of multi kton target calorimeters. As an
example of future devices one can mention the ICARUS detector 7)
lar Jarge-mass liquid Argon TPC being constructed as a neutrino observatory

, & modu-

in the underground Gran Sasso Laboratory. ICARUS provides high-resolution
imaging of cosmic events of quality comparable to that of the old bubble cham-
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ber detectors. In Fig.2 one can see one event recently collected with a 300 ton
detector exposed to cosmic rays at surface.
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Figure 2: Cosmic ray event taken with the ICARUS 300 ton detector.

Much larger masses are ta be used to detect neutrinos of very high energy
(VHE), say above 1 TeV. The flux of such particles is very low, at the level of
one particle per square kilometre per vear. This motivates the use of very large
active detector masses to be equipped with readout devices able to keep the
cost of the detector at a ’reasonable’ level. In this case one thinks of water or
ice as passive materials with the detection of the Cerenkov light produced by
relativistic particles by means of a moderate number of large size PMTs. This
approach has been followed by the AMANDA experiment at the south pole
(ice) and by the proposed ANTARES (Fig.3), NEMO and NESTOR projects
(water) 6). The main distinctive features of these detectors are the absorption
length of the light (20-60 m in water, 100 m in ice), the light scattering length
(over 100 m in water and about 100 m in ice) and the angular resolution in
measuring the interacting neutrino source (0.5 degrees in water and about 1
degree in ice). We expect that within a few years the commissioning of a 'km
cube’ observatory will open the road to a high sensitivity search for distant
neutrino sources and in general to the systematic study of astrophysical VHE

neutrinos.
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Figure 3: Artistic view of the ANTARES underwater neutrino detector

5 Conclusiouns

The role of calorimetry is becoming increasingly important in high energy
physics, since these detectors are well suited to face the challenge of tne high en-
ergy frontier. After the planned generation of LHC experiments (and calorime-
ters) we do expect detector improvements and upgrades together with a better
understanding of the physics scenario. However, it is also clear that intrinsic
and conceptual limitations in the performance of calorimeters will remain. The
issue of radiation hardness, in particular, will become fundamental in consid-
ering the possible luminosity upgrade of the accelerators as required to access
higher-mass states.
Different considerations apply to the next generation electron linear-colliders,

expected to be operational after the likely discovery of new physics at the LHC.
From the technical point of view linear-collider (highly segmented) calorimeters
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could substantially contyibute to the precision measurements by employing new
methods such as the energy flow. However, both machines and experiments are
in a vather early stage of R&D; further prototyping and simulations are needed.
The main challenge will be the likely high cost of the detectors.

If we consider the future experiments at B factories the two experimen-
tal issues setting requirements to the calorimeters are the increase in lumi-
nosity and in background w.r.t. the present machines. One has to cnvisage
high-performance crystal calorimeters featuring high granularity and radiation
hardness. Also in this case we could benefit from the experience soon being
gathered with large size crystal detectors at the LHC.

Finally, there is nowadays a broad variety of calorimetric techniques used
for astroparticle physics experiments: crystals for satellite detectors, large sur-
face detector arrays for ground experiments, detection of Cerenicov and fluores-
cence light for atospheric showers, large mass active targets for astrophysical
neutrinos and liquid/solid water Cerenkov detectors for VHE neutrinos, etc.
Ounce more the experience with state-of-the-art accelerator experiments is (and
will be) largely used in the design of the calorimeters, which, aso for these
applications, play a crucial role in all experiments.
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ABSTRACT

Higher luminosities and higher beam energies at future accelerators will lead
to a significant incrcase in event numbers and track multiplicities, detectors
will be exposed to much higher radiation loads than at present, and improved
spatial resolution will be needed for certain physics channels, in particular for
B-physics. New developments in detector technology to accept this challenge
are described.

1 Introduction

In arder to understand the properties of a reaction, the position, charge and
mamentum of the reaction products are measured by the detector. By using
sufficiently light-weight tracking detectors, the position of charged particles can
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be measured all along their flight path without strongly influencing their mo-
mentum or direction (while calorimeters measure the total energy of a particle
by stopping or destroying it). In the special case of muons, a rough measure-
ment of their direction and momentum is made even outside the calorimeters.

The task of “tracking” is complex and comprises a number of different ac-
tivities. The tracking detectors must be aligned and calibrated and the signals
produced by particles must be measured. The rveconstruction of tracks usually
takes place in two steps. During the stage of track finding or pattern recogni-
tion one determines which detector signals bave been caused by one physical
particle. During the subsequent stage of track fitting one tries to reconstruct
the exact track followed by the particle (especially where needed for vertex
reconstruction). When the tracker is located in a magnetic field (which is com-
monly the case) the bending radius of a track also yields information about
the particle’s charge and momentum. Finally the decay vertex or vertices have
to be reconstructed to find out which decay was observed. Normally, vertex
reconstruction also takes place in two steps: vertex finding and vertex fitting.

While tracking has been an important part of high-ecergy physics ex-
periments for a long time, physicists and engineers are presently facing new
challenges. Firstly, this is due to the ever increasing luminosity of accelerators.
The Large Electron-Positron Collider LEP at CERN achieved a peak luninos-
ity of 3 x 103 cm™2s~!. The Tevatron at Fermilab is currently running at a
similar luminosity but being a hadron machine it produces events of far higher
track multiplicity. The asymmetric e*e~-colliders in Stanford and Japan have
already aftained luminosities of several times 10%%¢cm~2s~1. The design lu-
minosity for the Large Hadron Collider (LHC) at CERN is 10¥cm™2s7! at
a collision energy of 14 TeV, which will result in unprecedented event num-
bers and track multiplicities (while in ete™ colliders production cross sections
fall at higher energies, they keep rising in hadron colliders}. Thus tracking
detectors must be able to handle an ever increasing number of tracks while
simultaneously being exposed to very high radiation levels.

Secondly, new physics tasks call for better accuracy in track and vertex
reconstruction. For B-tagging, the distance between the primary (production)
vertex and the secondary vertex of the decaying B-meson is determined by
the short lifetime of B-mesons in the picosecond range. At the asymmetric
B-factories, where CP-violation is measured via the decay time asymmetry
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hetween B® and B9, the B-mesons' boost is relatively small, so that the B°
decay length is ouly of the order of 200 pm (during 1 ps light travels 300 pm).

These demands for higher performance, accuracy and radiation hardness
have resulted in significant improvements in detector technology, some of which
will be described below. ’

2 Tracking detectors

In a high-energy physics experiment, the layout of the detector and the choice
of technology will depend on the type of the accelerator (symmetric or asym-
metric ete™ collider, hadron collider) and on the specific physics requirements
of an experiment. (Higgs and SUSY search, B-physics, heavy ions, etc). It is
important to satisfy not only the obvious requirements for adequate spatial,
momentum and time resolution, but also to guarantee the high level of relia-
bility which is rnandatory in a large experiment where interventions for repair
may become increasingly difficult and hands-on maintenance may be impos-
sible due to difficulty of access and high irradiation of detector components.
In many areas robustness with regard to radiation damage has to be a high
priority. Especially in very large detectors the cost of components as well as
the material budget may also become decisive factors.

The detector types most frequently used for tracking are on one hand tra-
ditional, large-volume gas detectors, with a typical resolution of one hundred
to several hundred micrometers, and on the other hand solid-state detectors
and micro-pattern gas detectors, with typical resolutions of a few tens of mi-
crometers (varying from the digital resolution of pitch/\/ﬁ for perpendicular
tracks to several times better values where one can make use of charge sharing
over several strips).

2.1 Large-volume gas detectors

The original multi-wire proportional chamber (MWPC) has been further de-
veloped into a number of different detectors, such as drift chambers, time pro-
jection chambers (TPC), straw tube detectors and others. All these detectors
have in common that by using a low-density active materjal (i.e. gas) they
may occupy a relatively large volume without leading to prohibitively large
scattering of the particles o be detected. Therefore they are especially suited
for the outer Jayers of tracking detectors.
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An important factor in the development of new gas detectors (e.g., TP Cs)
has been the eflort to reduce the amount of material and thus the effect of mul-
tiple scattering with its adverse influence on the accuracy of the measurement.
This extends also to the choice of the gas. The use of Jow-7Z gases is especially
important when the particles to be detected have a low energy, either because
they are produced at threshold or because the available energy is divided up
over a large number of secondary particles. So, the Belle detector where B /B
pairs are produced at the Y45 resonance uses a mixture of 50% He and 50%
ethane in its Central Drift Chamber 1). For the time-projection chamber of
the heavy-ion experiment ALICE at LHC the use of 90% Neon and 10% CO-
is planned 2).

Straw tube detectors have become increasingly popular. One advantage
is that if a wire breaks in one tube this will not affect the other channels.
Another attractive feature is that by using a suitable gas and placing a radiator
material between the straws, the tracker can at the same time be used for
particle identification by detecting transition radiation. This is planned for the
“Transition Radiation Tracker” of the ATLAS experiment at the LHC 3).

2.2 Solid-state detectors

2.2.1 Silicon detectors

A typical example of a silicon strip detector is shown in Fig. la. Highly
p doped strips {(“p+”) are created on the surface of a weakly n doped silicon
wafer while the opposite surface is highly n doped (n+ backplane). Near the
junction between p+ and 7 there are no free charge carriers (electron/hole
pairs) because free electrons from the n side have united with holes from the
p+ side. By applying a bias voltage across the wafer, between strips and
backplane, all free charge carriers can be removed from it, the detector is “fully
depleted”. An ionizing particle passing through the detector will again create
free charge carriers, giving rise to a current through the wafer and a pulse in
the AC-coupled aluminum readout strips. (Without depletion, the detector
would contain orders of magnitude more free charge carriers than are produced
by one particle, resulting in a prohibitive signal-to-noise ratio).

Many variations of this basic principle have been developed. While the
bulk silicon is usually n doped for technological reasons, the doping of strips
and backplane may be inverted (creating n+ implants and a p+ backplane).
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The backplane may also be subdivided into strips under an angle to the strips
on the top of the wafer, thus allowing to read out two coordinates and obtain
information about two dimensions (“double-sided detector”). For example, this
approach was used in the silicon vertex detector of the DELPIII experiment
at LEP, and is planned for Fermilab experiments and the ALICE detector at
LHC. However, such detectors are rather complicated and expensive. Another
solution to obtain a measurement of both coordinates with strip detectors is
to use two such detectors, glued together under a certain stereo angle (usually
a small angle, to optimize the amount of combinatorial background versus
measurement precision, as well as for practical reasons). This approach will be
used by the ATLAS and CMS experiments at the LHC 3, 4),

The surface may be segmented not into strips but into square or rectan-
gular pixels. This automatically yields information on both coordinates and
significantly reduces the occupancy of individual channels at the cost of a much
larger overall number of readout channels (Fig. 1b). So, pixel detectors ave
often used for the innermost detector layers.

Another kind of solid-state detector is the silicon drift detector, where
only one coordinate is measured directly while the other is reconstructed from
the drift time, much as in a time projection chamber. This system cuts by
two the number of readout channels, thus saving on electronics at the cost of
a longer readout time. The use of silicon drift detectors is planned for the
heavy-ion experiment ALICE at the LHC.

Common features of all solid-state detectors ave their potential for good
spatial resolution, their high density, and their comparatively higher price. This
makes them especially suited for the inner parts of tracking detectors.
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A major problem i high-luminosity accelerators, and in particular in
hadron machines, will be the large amount of radiation, which may cause prob-
lems in all kinds of detectors. The level of ionizing radiation strongly depends
on the distance from the interaction region while neutrons, which are a prob-
lem in hadron colliders, are move evenly distributed over the whole tracker
volume due to backscattering from the calorimeters. Typical values expected
aver 10 years of operation for the ATLAS pixel detector are 300 kGy of ionizing
radiation and over 5 x 101 neutrons/cm? 3).

Radiation damaged silicon detectors need a higher bias voltage for full
depletion. However, the voltage that can be applied is limited by the breakdown
voltage. So it may happen that strongly damaged silicon detectors cannot be
fully depleted, which results in a worse signal-to-noise ratio and thus worse
resolution. Another effect is the so-called “type inversion”: after absorbing a
certain radiation dose, the n bulk silicon starts behaving like p doped material.
This is the reason why for detectors in extremely high-radiation environments
(often pixels) the somewhat more complicated n-on-n technique is preferred
over the p-on-n technigue described above. After type inversion (see Fig. 1b),
the junction will be next to the readout implants, and even in an underdepleted
detector the region near the readout will still be depleted, thus allowing for
better spatial resolution. It has been found that cooling improves the long-
term behavior of silicon under irradiation, and the silicon detectors of ATLAS
and CMS will be operated at a temperature of about —10°C 3, 4),

Over the last few years, great progress has been achieved in the radiation
hardness of silicon detectors, which therefore might be the best. choice for high-
radiation environments.

2.2.2 Other solid-state detectors

Tor some time, great hopes concerning radiation hardness were put into die-
mond detectors. Their design is simple: diamond produced hy chemical vapor
deposition is used as a quasi-insulator, metal electrodes ave directly applied
on ejther side, no depletion is needed. However, they yield a much smaller
signal than silicon detectors, their radiation hardness is less impressive than
originally expected, but above all their exorbitant price has prevented practical
use. Gallium arsenide, expected to be another radiation-resistant alternative
to silicon, has turned out to pose great problems in practice, and R&D efforts
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in this direction have been largely abandoned.

2.3 Micropattern gas detectors

Microstrip gas chambers (MSGCs, Fig. 2a) consist of thin metallic strips pro-
duced by a photolithographic process on a substrate (a thin glass layer). Elec-
tron clouds created by jonizing particles drift towards the anode strips and
are multiplied in their vicinity, just as near the anode wires of wire chambers.
MSGCs can be produced an order of magnitude smaller than wire chambers,
thus creating a high-resolution device, which was originally expected to be
simple and much cheaper than silicon. However, they need a complicated gas
supply system, there is the danger of sparking, aging properties have remained
controversial, and silicon has become cheaper and more radiation-hard than
before. Therefore, in some cases where the use of MSGCs had been planned
(such as in the outer tracker layers of CMS 4)) they have been replaced by
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Figure 2: Operating principle of an MSGC detector (a, left) and field map of
a GEM foil (b, right).

Another micropattern gas detector is the GEM or “gas electron multi-
plier” (Fig. 2b), where gas amplification of the signal takes place in the strong
field within microscopic etched holes in thin foils between the gas volume and
the readout plane. By using several layers, each foil can be operated at lower
voltage, thus reducing the danger of sparking. The readout is accomplished
by an MSGC run at lower voltage, or by larger strips without any further gas
amplification. GEMs are being successfully used at the COMPASS experiment
at CERN.
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3 The future of tracking

Only a few years ago it was unclear how detectors would come to grips with
the high-radjation environment of future hadron colliders. The recent progress
in detector technology, especially in the field of silicon detectors, is ground
for optimism. It will be no less important to correctly disentangle the enor-
raous armounts of detector signals. This will be achieved on one hand by hard-
ware measures, using detectors with very fine granularity and therefore low
occupancy of individual channels (e.g. pixels), which have to be matched by
a corresponding amount of electronics andAcomput'mg power. On the other
hand, new track finding and fitting algorithms will help to correctly interpret
detector signals. The Kalman filter, a technique for analyzing developing dy-
namical stochastic systems, has become more and more popular since it was
first used with full performance for tracking at the DELPHI experiment at
LEP. It has been further developed into the “deterministic annealing filter”
and the “multitrack filter”, and these methods have already been implemented
and Monte-Carlo tested in the analysis software of the CMS experiment at
CERN 5), where they will also play an important role in high-level triggers.

In conclusion, both hardware and software are ready to face the immediate
challenges, but more new ideas will be needed in the long run. '
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ABSTRACT

The top quark, discovered in 1994 at the Tevatron, has proven a very interesting
particle. Its characteristics allow both to pevform stringent tests of electroweak
theory, and to search for new physics through a deviation from standard model
predictions for several of its peculiar propertics. I will review the status of top
physics and briefly describe the potential of experiments of the near future.

1 Introduction: a brief history of top physics

The first hint of the existence of the top quark can be argued to have been
the detection of CP violation in the J(°K° system in 1964: Kobayashi and
Maskawa in 1973 demonstrated that three generations of quarks are needed to
allow CP violation via a complex phase in the lavour matrix. However, it was

359



only in 1977, with the discovery of the Y states, that the top quark became a
fixed thought of experimenters and theoreticians worldwide.

On the theoretical side, the renormalizability of the Standard Model (SM)
demands a cancellation of triangle anomalies. The existence of a Iz = +% part-
ner of the newborn b quark was thus direly needed for the internal consistency
of the model. Moreover, au isosinglet b quark generates copious flavor-changing
neutral cwrent decays of strange and bottom hadrons, such as b = sl*17: none
of the resulting B-hadron decays, heavily suppressed in the SM, was observed
experimentally.

Additional evidence tbat the top quark had to complete the third gener-
ation soon came from several measurements at ete” machines: first, in 1978
the PLUTO and DASP collaborations measured the leptonic width T';, of the
Y (1s) meson 1), determining that the b-quark must have @ = —51; then in
1983 the JADE experiment measured a Jarge forward-backward asymmetry
in ete™ — bb veactions 2), when none was predicted in the SM if Ié’_L = 0.
In 1987 ARGUS results suggested that the top quark mass had to be large,
since the mixing parameter X4 was found to be large in the analysis of the
BYBO system 3). Finally, in 1990 the first precision measurements of elec-
troweak parameters from the LEP experiments at CERN started pouring in;
most notably, the precision measurements of I'(Z — bb) allowed to establish
that I8, = -4 4).

These and other determinations of electroweak parameters were used by
theorists to produce several standard model predictions and upper limnits for
the top quark mass.

In the meantime, direct searches were carried out at all available exper-
imental facilities around the world. A jump in R = "j,G(j-a;__’jzc_lffs) and for
changes in event shape were sought, along with dirvect evidence for T hadrons.
None of the experiments found any evidence of top production, and mass lim-
its were set at increasing M, values, up to Mz /2 (reached first by ALEPH in
1990 5)).

Hadron colliders scon joined the group and rapidly took over. The first
collaboration to produce results was the UA1 experiment at the SppS (/s = 630
GeV), which sought dirvect evidence of top quark production in the decays of
the recently discovered W basons, pp — WX — tbX. In 1984 they obtained 12
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I+jj events on a background of 3.5, claiming discovery and quoting M; = 40+
10 GeV/c?. The new particle, however, refused to show up in added statistics,
and the result became M; > 44 GeV/c? at 95% CL 6) In 1990 UA2 improved
the limit to M; > 69 GeV/c? 7), but by then eyes were already pointed at the
Tevatron, where the higher center-of-mass energy promised discovery.

With the 4 pb~! of data collected in 1988-89 the CDF collaboration in-
deed observed a very clear dilepton event, but was only able to place a 95%
confidence level (CL) limit at My > 77 GeV/c?, soon improved to M; > 91
GeV/c? 8). The breakthrough came with the increased Juminosity of Tevatron
Run T in 1992, when the CDF experiment was equipped with a new silicon
detector capable of identifying b-quark jets from the reconstruction of b-decay
vertices. The seven candidate events identified in 19 pb~! were only enough
to claim a 3 o evidence in 1994, but they allowed to measure M; = 174 + 16
GeV/c? 9). Finally, in 1995 conclusive evidence was brought by both CDF and
D0 10). The quark sector of the Standard Model was now complete. Figure 1
illustrates the convergence of direct and indirect determinations of M, in the
last 15 years.

2 Intrinsic top quark properties
2.1 Top mass and width

The most important property of the top quark is its mass, which is very large
when compared to all other SM fermions. The top mass is actually close to
the scale of electroweak symnietry breaking: the top quark Yukawa coupling is
“natural”, because y; = \/5%1 ~ 1. This coincidence of scales might suggest
that the top quark is actively involved in the breaking of electroweak symmetry.
Tt must also be noted that, in the framework of minimal supersymmetric models
(MSSM), a large value of M, was actually predicted as far back as in 1982 11),
since without a large value of My, radiative corrections to the mass of the
lightest neutral scalar M) would have prevented the spontaneous breaking of
SU(2)xU(1) symmetry.

In any case, M; is a very important parameter for the tests of EW theory.
Because of the quadratic dependence of the Ap parameter on top mass, a
precise knowledge of the latter is important for stringent consistency checks
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Figure 1: A compilation of experimental ond theoreticol results on the top quark
search. Eaperimental lower limits from ete™ and pp colliders are compared to
mdirect upper limits and estimates of M; from SM fits to electroweak observ-
ables. The direct measurements by CDF (full points) and D0 (empty points)
ore also indicoted, as well as the current world average (full square).

of the theory. Also, the large value of the Yukawa coupling y, would make it
advantageous to probe the tih vertex, if the Higgs boson were found. Tt must
finally be sfressed that a precise measurement of M, yields vital information
on the mass of the Higgs boson: an uncertainty of 1 GeV/c? in the top mass
yields the same amount of information on the value of My as an uncertainty of
7 MeV/c? on the W boson mass 12),

The Jarge value of M, implies that the decay time is very short: [} ~
M} ~ 1.5 GeV/c?. That value is one order of magnitude larger than the
hadronization scale Agep: that implies that top quarks cannot bind to form
hadrons, and they decay as free particles. The absence of top hadrons can
also be inferred from the non-relativistic quark model: on one side, the mass
splitting M .- — Mp = 450 MeV/c? is independent on the heavy quark mass,



and must hold for T** and T as well; on the other, the splitting between B*
and B depends on 1/Mg and is thus expected to be smaller for top hadrons.
Moreover, toponium states cannot exist, since their width Ty ~ 2I'; ~ 3
GeV/c?) is larger than the splitting between 1S and 25 states expected from
the perturbative QCD potential. All top resonances therefore merge and act
coherently, and what is left in the cross section is only a broad excitation curve.

On the experimental side, several possibilities for testing production and
decay properties of top quarks are granted by the large value of T’y and have
already started to be investigated with Tevatron data. Decay products can
provide information about top polarization, because the depolarization time
Ty ~ ch/Aécg is much longer than the lifetime. One can also study W
helicity and verify the absence of hy+ = +1 state, suppressed by the chiral
factor (My/M w)?, and the predicted fraction of longitudinal states. It rmust
finally be noted that a measurement of the top quark mass with unimatched
precision (AM; ~ 100 MeV/c?) can in principle be achieved with threshold
scans at a high-energy ete™ collider, since Ty acts as an infrared cut-off in the
theoretical computation of the shape of cross section at threshold, removing

the influence of non-perturbative contributions.

2.2 Top decay

Since [V| ~ 1 and M; > Mw + My, the decay t — Wb dominates. At the
Tevatron, if final states are classified according to the decay of the produced W
bosons: when these both decay to quark pairs the final state is “all-hadronic”
and contains nominally six jets (B = §); when one of them decays to ev, or py,
the “single-lepton” final state arises (B = 28—7), with a ly;+ 4 jet topology; when
both W bosons decay to electron-neutrino or rauon-neutrino pajrs one has the
“dilepton” final state (B = 8‘—]), characterized by a lyl'vp+ 2 jet topology.
W — 7v, decays are excluded from the above classification, since at hadron
colliders it is bard to trigger on these decays and to detect 7 lepton decays.
Besides the dominant channels, top quarks have been sought in the flavour-
changing neutral current decays ¢t — Zc(u) and t — ye(u). In addition, in the
MSSM a light charged Higgs boson can be produced in the decay ¢ = H7Tb.
Other supersymmetric decays of the top quark are beyond the purpose of this

paper.
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3 Topics in top quark physics today
3.1 Measurements of the top quark mass

All divect determinations of the top quark mass to date come from the CDF
and DO collaborations, who have measured it with many different techniques
in all available final states. The single most precise determination is based on
single lepton events from CDF: it is briefly described below.

Data redution proceeds by selecting events passing high- Pr electron and
muon triggers. To select a W sample, charged leptons are required to have Er
(Pr)> 20 GeV(/c?), and missing transverse energy Fo > 20 GeV. In addition,
four hadronic jets are required; three of them must have Er > 15 GeV and
rapidity |n| < 2.0. From the events passing these criteria four disjoint subsets
are constructed; in decreasing background content. they consist of events with
two jets possessing an identified secondary vertex (SVX) tag from b decay,
events with one SVX tag, events with one jet containing a soft electron ar muon
candidate (SLT) from b decay, and events where all four jets have Er > 15 GeV.
Background contaminations are mainly due to QCD Wb and W ¢z production
and to fake heavy flavor signals. By keeping the four samples separated the
measurement errors on M; are minimized.

A kinematical fit is applied to each event under the hypothesis of top
decay, with the constraints that SVX- or SLT-tagged jets are assigned to b
quarks, that the lepton-neutrino and jet-jet masses are compatible with My,
and that top and antitop masses ave equal. The best x? solution is used. A
likelihood technique determines the mass for each distribution; the four results
are then combined together. The final result is My = 175.9 £ 4.8 (stat.) +4.9
(syst.) GeV/c? 13),

All CDF and DO determinations of the top quark mass have been com-
bined by accounting for correlated systematics. The world average value is
M, = 174.3 + 3.2(stat.) +4.0 (syst.) GeV/c? 14).

3.2 Top quark production at the Tevatron

At /s = 1.8 TeV, the dominant top production process is via strong interac-
tion, 90% of which is due to ¢g annihilation. Fig. 2 summarizes the Tevatron
determinations of gy 18), 1n total, the averaged CDF and D0 measurements
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Figure 2: Left: top mass distributions of the four subsamples of CDF data in
the single lepton channel (see text); right: summaory of Tevatron determinations

of oyr.

(o = 6.5%57 pb, M, = 175 GeV/c? (CDF), oy = 5.7 £ 1.6 ph, My = 172.1
GeV/c? (D0)) are in good agreement with theoretical predictions 16),

In addition to pair-produced # pairs, single top quarks can be produced
by weak interaction via a virtual W (32%) or through Wy fusien; the total is
expected to be oy x = 2.4 pb. Single top production is interesting in its own
right: a precise measurement of-the cross section would provide a direct deter-
mination of | Vj|; moreover, the process consistutes a significant background to
the most promising signature of a SM Higgs (pp -+ WHHX — ItvbbX). The
identification of single top production is more challenging than tf production,
since there are fewer jets in the final state, and the topology is less distinctive.

CDF and DO have both searched for s— and ¢— channel top production
separately; CDF also searched for both processes together 17). In the combined
search, CDF used W+ jets data with at least one SVX b-tagged jet, selected
with the requirement that 140 < M,,;, < 210 GeV/c%. The sum of leptons and
jets transverse energy, H; = £, F; + P} + B, is very similar in both s— and ¢—
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channel top production, and discriminates them {from the main backgrounds. A
likelihood fit allows to extract the limit o,x < 14 pb at 95% CL. To find single
top events at D0, a neural network is trained to separate the two processes
from concurring backgrounds. DQ limits are of < 17 pb, ot <22 pb (95% CL).
CDF searched separately for s—channel events in double SVX-tagged W + 2
jets data and for t—channel events in single SVX-tagged W + 2 jets data. The
limits extracted are o < 18 pb, of < 13 pb (95% CL).

3.3 Other measurements with top quarks

3.3.1 Helicity of W bosons in top decay

The SM predicts the polarization of W bosons emitted in ¢ decay. The am-
plitude for positive helicity W+ is suppressed by the chiral factor MZ/ME,.
Moreover, at tree level the relative fraction of zero helicity W bosons is Fg =
%,{747% =0.701 + 0.016.

The V-A coupling at the lepton vertex induces a strong correlation be-
tween W helicity and lepton momentum. CDF used both single lepton and
dilepton decays to fit the lepton Pr spectrum, obtaining Fy = 0.91+0.37+0.13
and F4 =0.11 % 0.15+0.06 '), in good agreement with SM predictions.

3.3.2 Rare decays and FCNC

Flavour-changing neutral currents in top decay are exceptionally small in the
SM: the decays t = Zc(u), t = ~ye(u) are predicted to have branching fractions
B < 107, The CDF collaboration searched these processes by looking for
tt pairs undergoing mixed decay (one standard and one FCNC) 19) 1n the
t — g seacch, both leptonic (7/E4j7) and hadronic signatures (y > 45, where
a jet is SVX-tagged) were accepted. One py event was observed, with large
E] = 88 GeV, but not inconsistent with the hypothesis tf — WsWby. The
extracted limit is B < 0.032 at 95% CL. In the t - Zg¢ search, leptonic Z
decays with four accompanying jets were sought. One event passes the cuts,
with an expected background of 0.6 events. The limit obtained is B < 0.33 at
85% CL.

Constraints on FCNC couplings of the top quark can be obtained also
from the search of single top production at LEP II 20). Limits on the cross
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section for e*e™ = «,Z* — #§ can be translated into constraints to the top
quark FCNC branching ratinos. The ALEPH collaboration found 58 events
compatible with the decay in 411 pb~! of data taken at /s = 189 — 202 GeV,
with an expected background of 50.3, and extracted the limit B(t — Z¢) < 0.17
at 95% CL. OPAL found 85 events in 600.1 pb™! of data at energies up to /s =
209 GeV, when 84.1 were expected. The resulting limit was B(1 = Zg) < 0.137
at. 95% CL.

A search for anomalous top quark production mediated hy FCNC via
a yut coupling was also performed by both ZEUS and H1 21 [ sought
ep -+ et X events with both leptonir and hadvonic W final states in 115.2 pb™!
of data; 5 events were found, with 1.8 expected from SM sources. They set the
limit kp < 0.22 at 95% CL. ZEUS analysed 130 pb~! of data in a similar way.
They set a limit of &, < 0.19 at 95% CL. Fig. 3 compares the HERA, LEP
11, and Tevatron limits on these quantities.
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Figure 3: Left: limits on anomalous FCNC couplings obteined by HERA, LEP
II, and CDF. Right: The purametric uncertainties coused by o 2 GeV/c* (1
GeV/c?, dashed) M, error nnd by the uncertointy in the hadronic contribu-
tion to A« in the theoretical prediction to Mw and sin” 6””' are compared 1o

ezperimental determinations. From, Ref. 12),
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3.4  Using top quarks

The statistics collected at the Tevatron during Run I allowed DO and CDF to
carry out several additional measurements as well as searches which use the
top quark as a tag of other processes or as a background. I will briefly mention
the most interesting studies in the following.

The top quark samples collected by CDF were used for a direct measure-
ment of |Vy|: by fitting the observed yield of events with zero, one, and two
SVX b-tags it was possible to determine that [Vis| = 0.977515, or |Vis| > 0.75
at 95% CL 22).

Both D0 and CDF 23) searched for t resonances. Models with a dynam-
ically broken EW symmetry (technicolor) predict a top-quark condensate, X,
that decays to a #f pair. By searching for narrow #f resonances, the limit is
model-independent. One model 2) predicted a leptophobic Z' — #f with large
cross section. The best limit was obtained by the DO collaboration; for the Z’
model, the limit was set at Mz > 585 GeV/c? (95% CL).

The studies of the top cross section brought CDF into a deep investigation
of their W+ heavy flavor data sample. A sample of 13 events with a jet
containing both a SVX and SLT l-tag, found to exceed the expectation of
4.4+ 0.6 events from SM sources, spurred a detailed kinematic analysis. Most
of the kinematic characteristics of these events were found to be very different
from expectations. A study by some authors claims that the disagreement
with a control sample of data with similar biases is at the 107% level 25),
These anomalies have no explanation in the SM, but are very hard to fit even
within exotic models. Run II data will solve this puzzle.

To probe non-standard interactions in the decay of the top quark, spin-
spin correlations can be studied: #f pairs are not polarized, but their spins
should have the same divection in the tf rest frame. D0 studied lepton angular
correlations in dilepton events, parametrized in terms of k where mﬂf;;T(ﬂ—T =
ﬂL‘mj"M. The SM predicts k = 0.88, and DO measured k > —0.2 at

68% CL 26).
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4 The future of top studies

Despite the successes of the conspicuous research program on the top quark
carried out at the Tevatron, plus the additional bits from LEP2 and HERA,
much raore is left to be measured. Fortunately, the Tevatron Run I has already
started delivering thousands of ¢f events/year per experiment: these datasets
will be used for precision top physics measurements. In a slightly more distant
future, the LHC will take over with the huge samples of top quarks it will
deliver. But eventually, if a new TeV-scale eTe™ collider is built, My will be
determined from threshold scans and our insight in top physics will deepen
considerably.

Tt is impossible to do justice here to the huge amount of work done to
anticipate the potential of these experiments in the subject of top physics. I
will just highlight some of their most promising aspects in the following.

4.1 The Tevatron npgrade and Run II expectations

The Tevatron collider complex has undergone a massive upgrade during the
last five years. The construction of a new main injector with a recycler ring,
and the improvements done to the antiproton source and booster ring promise
an increase of instantaneous luminosity of an order of magnitude over Run 1.
The beam energy has also been increased from 900 to 980 GeV, granting up to
30 — 40% increases in the cross section of interesting processes.

Along with the accelerator complex, the CDF and D0 detectors have
undergone major improvements. CDF was refurbished with an entirely new
tracking system, with seven silicon layers providing precise measurements of
track parameters in the region close to the beam line; a revolutionary device
provides selection of tracks with significant impact parametey in less than 10us,
enabling triggering capability for hadronic heavy flavor decays. D( was doted
with a 27" axial field, and new silicon and fiber trackers; moreover, significant
improvements have been made to the calorimeter and muon system.

Run IT at the Tevatron promises a great improvement in tlie measurement
of top properties. It is predicted that with 2 f577 of collected data single top
production will be observed and the top mass will be measured with 2 GeV /c?
accuracy. In order to reach the latter goal, a precise determination of the energy
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scale of b-quark jets, which was one of the dominant sources of systematics in
the vun 1 measurements, will be granted by the availability of a calibration line
from Z — bb decays, whose observability has been proven in Run 1 27), Many
other precise measurements of top quark properties are in the agenda.

4.2 LHC top physics at a glance

At /5 = 14 TeV, top quark pairs are produced mainly (90%) through gg — #Z,
with 7,7 ~ 840 pb. One year of running at low luminosity (~ 10 fb~!) will
thus allow the collection of 2 x 10% single lepton tf events per experiment.
These samples grant several precision measurements. M; determinations ave
systematics-limited; however, the dominant systematics of different methods
are different. so important cross-checks can be made. A precision of AM; =2
GeV/c* can be obtained with ounly one or two vears of running. From the
study of single top production (o;x ~ 300 pb), |V,| can be determined to
within 10%. Anomalous FONC couplings can be explored to 107" + 107> with
10 fb~'; associated £H production can be observed with 30 fb~ ! if M), = 120
GeV/e?, when a precision of 16% in the top Yukawa coupling can be obtained.

Aeasuring Ay with 1 — 2 GeV/e® accuracy will considerably tighten the
consistency tests of electroweak theory. Fig. 3 shows the level of accuracy that

these measurements will reach.

4.3 Top physics at a high energy lincar e*e™ collider

Ina bigh energy e¥e™ collider (Ecy ~ 500 GeV, 10%4 em =257, 100 fb~!/year),
the Lotal yield of (f pairs is expected to reach ~ 10% £ per year of running.
The statistical power of these data is smaller than that of LHC, but M; can be
determined with higher accuracy by nicans of a threshold scan. It is foreseen
that the error on M, could be reduced to AM; ~ 100 MeV /¢? 28). Moveover,
the width of the top quark may be obtained to within a few percent by the
shape of the cross section in the threshold region. Ancther featuve is the study
of the ytu coupling via the process ete™ = tg. Studies dealt with the TESLA
design (/s = 500/800 GeV) 29). the use of polarized beams could reduce the
Wqg background by up to a factor of 8, while increasing g,5 by 20%; limits on
~ytq, Zig couplings would improve by a factor 2.5, allowing a x10 improvement
over expected LHC limits.
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Conclusions

The top quark is a very interesting particle: it is the ooly quark whose mass can
be measured directly, and that can be studied free of QCD effects; maoreover,

the large impact of M, on radiative corrections makes it worth measuring it

with the utmost precision. A handful of #f candidates already provided a wealth
of new knowledge at the Tevatron Run I. The new Tevatron Run 11, LHC, and

anew ete” collider are foreseen to do exquisite precision top physics. Top

quarks will be used to corner the SM, and hopefully to open an avenue to new

physics.
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ABSTRACT

The future of flavour physics and CP violation in the quark, lepton and
Higgs sectors are discussed, particularly from the viewpoint of physics be-
yond the Standard Model, such as supersymmetry. Cuwrent issues in B —
7t~ , K, and D*+D*~, B, physics and rare B decays are reviewed. The
prospects for seeing flavour and CP violation in the charged-lepton sector arve
discussed, using the minimal supersymmetric seesaw model as a guide. Finally,
the possible consequences of CP violation in the Higgs sector are mentioned.

1 Mea Maxima Culpa

The organizers have asked me to look towards the future, rather than sum-
marize this meeting. Unfortunately, this is just as well, because commitments
at CERN prevented me from attending most of the meeting. I am very sorry



that I missed many interesting subjects, such as factorization, J/v production
at RHIC, charmonium, heavy-quark effective theory, bb production, b-quark
fragrnentation, W — ¢35 decay, B — fv~, Re(¢'/¢), K5 — vy, CLEO-¢c, LHCh
light, Z — bb, AG, z,, D = o, k, flavour textures, B = ¢£+¢'~, B, — B, mixing,
Do — Do mixing, AT T,, 7(Ds)/7(Do), 7(ZF)/7(A}), the 'Da(bb) and many
more .... For these reasons, I could not in any case present. a balanced summary

of the meeting.

2 A Personal Point of View

There are three preferred experimental arenas for probing flavour dynamics
and CP violation: the quark sector - where both are well established, the
lepton sector - where flavour mixing has been seen among the neutrinos and
CP violation is expected, and the Higgs sector - about which we have no direct
experimental information. Reflecting my personal bias, I asswne in discussing
these sectors that supersymmetry will appear at some accessidle energy.

In the quark sector, dare we hope that that the current triumph of the
standard Kobayashi-Maskawa (KM) model in predicting correctly the value
of sin 28 observed in By = J/9 K, decays may be short-lived? As discussed
at this meeting, the first rounds of data on B — n¥#w—,pK, and D*t D*~
decay asymmetries do not agree very well with the KM model. Might one of
these be a harbinger of new physics, such as supersymmetry? Answers to the
tough questions are still in the future: does the unitarity triangle close, or is
it a quadrangle? New tools for analyzing flavour dynamics in the quark sector
await us: what will B; physics or b = sv,s6T¢ tell us?

In the neutrino sector, many questions about neutrino masses and mixing
remain unanswered: is the large-mixing-angle (LMA) solar solution correct?
What is the value of 8,37 Is there a CP-violating phase 47 What are the
absolute values of the neutrino masses? Beyond neutrinos, in the presence of
low-energy supersymmetry we may expect a new flavour frontier to open up
among the charged leptons: will 4 = ey, 7 = e/uvy,u — 3¢ and 7 — 3¢ be
observable? Do the electron and muon have measurable CP-violating electric
dipole moments? What is the relation to leptogenesis?

The final frontier {or studies of Bavour dynamics and CP violation may
be the Higgs sector, which is their origin in the Standard Model (SM). In the
nminimal supersymmetric extension of the Standard Model (MSSM), the masses,
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mixings and couplings of the physical Higgs bosons may exhibit observable
flavour- and CP-violating eflects.

3 Roadmap to Physics Beyond the Standard Model

Let us fixst set fAlavour dynamics in the general context of physics beyond the
S

The standaxd list of problems beyond the SM includes those of Unification
- can one find a single simple framework for all the gauge interactions? Flavour
- why so many different types of quarks and leptons and what explains their
patterns of mixing and CP violation? and Muss - do particle masses really
originate from a Higgs boson, and if so why are they so small; where there may
be a rdle for supersymunetry? Beyond all these ‘beyonds’ there is the quest for
a Theory of Everything, capable of reconciling gravity with quantum mechanics
as well as solving all the above problems, perhaps via superstring or M theory?

At what energy scales might appear these examples of new physics? LEP
told us that they cannot appear below 100 GeV, and quantum gravity must
become strong by 10'? GeV at the latest. Within this range, we believe that
the problem of mass must be vesolved at some energy below about 1 TeV, by
the discovery of a Higgs boson and/or supersymmetry. Measurements of gauge
couplings give circumstantial support to supersyrnmetric grand unification at
around 10'® GeV with sparticles appearing around 1 TeV. However, we have
little, if any, idea of the scale at which the flavour problem may be solved.
Perhaps only at the quantum-gravity scale ~ 10'® GeV? perhaps at the GUT
scale ~ 10'® GeV? perhaps at some intermediate scale, as suggested by the
seesaw mode] of neutrino masses? perhaps at the TeV scale? How far along
the road will we solve flavour dynamics and the find the origin of CP violation?

4 Milestones in CP Violation

Our progress along this road can be measured by a plethora of milestones.
Long after its discovery in the /(O mass matrix via /(% = 77~ decay, we have
only recently passed two important ones:

e The measurement of direct CP violation in I(® — 2r decay ampli-
tudes 1), as long predicted in the KM model 2),
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Figure 1: 4 global fit to the unitarity triangle 4), demonstrating good egreement
with the measurements of sin 28 by BaBar and Belle 3).

e Observation of CP violation elsewhere, namely in B® — J/¢K, de-
cay 3),
The latest NA48 and KTeV measurements of Re(¢’'/e) ave now in relatively
good agreement: (14.7 £2.2) x 10~* and (20.7 + 2.8) x 10, leading to the

world average 1) ;

Re(e'/e) = (16.6 £1.6...2.3) x 1077, (1)

where the first. error is naive, and the second one is rescaled according to the
Paxticle Data Group prescription. The value (1) is consistent with theoretical
calculations, but these are not very accurate, because of delicate cancellations
between different non-perturbative matrix elements. Measurements of sin 23

are already startlingly precise 3).

sin2f = 0.741 £ 0.067, (2)

and very consistent with KM expectations of mixing-induced CP violation, as
seen in Fig. 1 4). However, the avigin of the CP asymmetry in B® — J/p K,
decay is not yet confirmed, hence the importance of the next milestone, namely:
» The measurement of direct CP violation in B® = 27 decay amplitudes,
predicted to be the angle a(= ¢;) in the KM model.
As discussed later in more detail, the search for this effect 5) is currently the
subject of some discussion 6). Beyond it, many other CP-violating milestones
beckon:
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¢ CP violation in other K decays, such as K9 — n%w decay,

« CP violation in other B decays, such as the measurement of the third
unitarity angle -,

e CP violation in D decays.
As we heard at this meeting, there is no hint of CP violation jn D% — DO
mixing 7), which is expected only at a very low level in the SM, making it an
excellent place to look for new physics beyond it. Other places to look for new
sources of CP violation include

¢ The neutron electric dipole moment, d,

e CP violation in neutrino oscillations via the MNS phase 4,

e T violation in lepton decays such as g — 3e and 7 = 3/,

» The lepton electric dipole moments de,d,,,d-.
Only after we pass some more of these milestones will we have a chance of
pinning down the origin(s) of CP violation: is it due to the KM mechanism
alone? or are there other contributions? perhaps due to 8gzp? the MNS
phase? supersymmetry? or ...7

5 The Next Steps along the CP Road
5.1 Quo Vadis B® = 7371~ ?

As you know, this decay mode receives contributions from b — uad tree dia-
grams and b — sis penguin diagrams, which contain both a weak and a strong
phase. The resulting CP-violating asymmetry contains two parts:

Sy SIN(AMaAL) + Azx cos(AmgAt), (3)

where the latter term is that due to direct CP violation. The values of S, and
Az depend on the proportion of penguin pollution = {that may be constrained
by other measurements such as B — 279 and B+ — K,w%) and as well the
angle o {or ¢2) that we seek to determine. As seen in Fig. 2 6), the fust
measurements by BaBar and Belle 5) are not in good agreement, though the
naive average suggests that Syr ~ —0.6, Ary ~ 0.6, which are consistent with
¢2 (or @) ~ 110 degrees, as also seen in Fig. 2. Naive averaging may not
be adequate, however, since the Belle measurement lies outside the physical
boundary: 42+ 52_ =1, which should be taken into account in any fit.
There has recently been much progress in calculating exclusive B decay
amplitudes using the QCD factorization framework 8), with error estimates
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Figuve 2: The BeBar and Belle measurements of the asymmetry parometers
Somvlan ‘5), and their naive average, are compared with KM predictions for
different values of ¢o = «, the penguin pollulion fuctor v ond the strong-
interaction phase. Also shown is the unilarity limit A2+ 52 =1 0).

based on evaluations of power cowections and anaihilation diagrams. This
framework sugpests Sypr ~ —0.3 to -0.9 8), consistent with the najve average
shown in Fig. 2. Thus there is veason to hope that B® — w*#~ decay could be-
comc a valuable check on the KM model, as soon as the experimental situation
settles down.

5.2 Quo Vadis B — ¢I(,?

In the KM model, this decay is mediated by a strange gluonic pruguin diagram:
b — s+ (9 — §3), which has no intrinsic weak phase. Thevefore, this decay
should exhibit only mixing-induced CP violation, and should have the same
asymmetry sin23 as B — J/9I;. Other processes mediated by the same
diagram include B — (', K I 7)I(, 9), and first measurements of these decay
asymmetries are consistent (within large errors) with that in B — J/9XK; and
the KM model:

7'+ 0.76 £0.36; (YK~ : 0.52+£0.47, (4)
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whereas the decay asymumetry in B — ¢X looks rather different:
¢ —0.39+041. (5)

If this result holds up with more statistics, it would require new physics in the
b— s+ (g — §s) penguiv diagram.

Several theoretical papers have appeared since the vesult (5) emerged,
discussing models based on conventional R-conserving supersymimetry 10), R-
violating supersymmetry 11), left-right symmetry 12) and a 2’ model 13).
Une affaire & suivre ...

5.3 Quo Vadis B — D**D*~?

The dominant diagram contributing to this process is thought to be b = ¢ +
(W — éd), with the competing penguin diagram b — d + (9 — &¢) thought
to be rather small: [P/T| < 0.1. A first measurement of the CP-violating

asymmetry -Im();) that should conicide with sin 2 yields 14).

—Im{};) = —0.31 £0.43+0.1, (6)

which deviates by about 2.7 o, nominally. However, the experimentalists cau-
tion that, with the cuwrreant Jow statistics, the errors are not Gaussian. Une

autre affaire o swivre ...

54 Quo Vadis v?

Theve are various isospin relations between B — 7J( amplitudes that can be
used to provide information about v: e.g., the rvelation between those for the
charged BT = #%J¢t 7t KO, the relation between those for the neutral 39 —
7K+, wCK 0, and the mixed relation between B® — 7~ Kt and B - 7t KO
The charged amplitudes may be parametrized by the two quantities 15)

B(rOK+) + B(rOK ™)

REAS = 2 _
o B(w+ K9 + B(r~ K?°)’

(7)

which depend on the strong tree-to-penguin vatio r.(~ 0.27), the clectroweak
tree-to-penguin vatio g{~ 0.77), and the difference §, between the tree- and
penguin-diagram phascs.

Fig. 3 shows the current status of measurernents of R¢ and 4§ 15) . We
see from the third panel that the data prefer v > 90 degrees, wheveas the global
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Figure 3: Allowed regions in the R.~A§ plane for charged B - wJ{ decays,
showing the effects of varying (a) the strong penguin pollution factorr., (b) the
electroweak penguin pollution factor ¢, (c) the KM phase v and (d) the phase

difference 8, 15)

KM fit shown in Fig. 1 prefers v < 90 degrees. Again, it remains to see whether
this possible discrepancy is confirmed by more data on the same decay modes,
and /or on other decays such as B~ — DK ~, B® - D*")EqE | ete.

5.5 The Road Ahead for B Factories?

Measurements of # at B factories are likely to attain an accuracy of £1 degree,
those of & may reach &5 degrees, and those of v may reach +25 degrees, which
would correspond to a check of the unitarity triangle at the 15 % level. It
would clearly be desirable to push the experimental statistical errors down
until they match the theoretical systematic errors. This provides worthwhile
objectives for the subsequent generation of LHCb, BTeV and super-B factory
experiments.

6 The B, Road to CP Violation

There are just three neutral-meson systems where one can reasoﬁably expect
to see mixing and CP-violating effects in the SM and its plausible extensions:
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shows the ezpected sensitivily 16).

the I® — K9 system that has been explored for many decades, the B — 39
system that is now being explored at B factories, and the the B? — BY system.
If we really do understand the SM and CP violation as well as we think, we
can make many reliable predictions for the B? — Bg system. Conversely, this
may be a valuable laboratory for testing the SM, since avy deviation from
these confident predictions would be good evidence for physics beyond the SM.
Among these predictions, one may list 15),

s A Jarge mixing parameter x5 = Am, /T = O(20) - this prediction may
be on the verge of being confirmed, as the‘compi]ation of present experiments on
B%— BY mixing shown in Fig. 4 shows quite a hint of mixing with approximately
the predicted value of 2 16);

e The BY— B mixing phase should be very small: ¢ = Arg(V,: Vi) ~ —2
degrees;

e There may be a sizeable difference in the total decay widths of the mass
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eigenstates of the B — B? system: AT, /T's ~ 10 %.
Among the interesting BY decay modes, let us mention B? — J/1p¢, whose
CP-violating asymmetry should be

Acp ~sin(Amgt) sin s, (8)

and hence very small in the SM. This makes it a good place for new contri-
butions to B? ~ BY mixing, as might occur in supexsymmetry, for example.
Another interesting decay mode is BY — DT ¥, whose CP-violating asym-
metry should be proportional to ¢, +~, and hence could (within the SM) be a
good way to measure .

There are currently no plans to try to accumulate large samples of B9
mesons at the operating B factories, so B physics may be lelt as the hunting
preserve of the hadronic experiments LHCb 17) and BTeV 18).

7 The Supersymmetric Flavour and CP Problems

In the supersyrometric limit, favour mixing in the MSSM is identical to that
in the SM, but supersymmetry must be broken. It is commonly thought that
this occurs via gaugino masses M,, scalar mass-squared parameters (mg);- and
trilinear couplings A;;i- The gaugino mass parameters inight have CP-violating
phases that could show up in electric dipole moments and/or the Higgs sector,
as discussed later. The big questions concerning (m%); and A;;, are whether
they are universal, or at least can be diagonalized in the same basis as the quark
and lepton flavours, and whether they contain extra CP-violating phases. Is
the super-CKM mixing of squarks the same as the KM mixing of quarks? If
not, how does it differ, and why?

Three generic classes of options can be distinguished 19).

» Minimal flavour violation, in which the ('mg); and A;j; are universal at
the GUT scale, being renormalized at lower energies by the Yukawa couplings
Aijk, and vesulting in a super-CKM mixing pattern that is related to, and
derivable from, the conventional CKM mixing;

e Extra supersymmetric loop effects, that may in general be parametes-
ized as quark mass insertions (c)':-ij'")LL,RR 10);

« Extra tree-level effects, as could arise from generic R-violating interac-
tions.
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Quite frankly, fundamental theory provides no clear gnidance which op-
tion Nature might have chosen. On the other hand, the observed suppressions
of flavour-changing neutral interactions put severe constraints on R-violating
madels, which will not be discussed further here. These constraints certainly
favour models with minimal Aavour violation, although the best one can do
phenomenologically, in 2 model-independent way, is to set upper oounds on
)eL.RR, as exemplified in Fig. 5 10),

NIR

the insertions (4]

If supersyminetric flavour violation is indeed minimal, onc expects the
squarks to be approximately degenerate, apart from the ¢ and possibly the b.
These loopholes open up interesting opportunities in B physics. For example,
there could be significant supersymmetric contributions to the mass differences
Amgy and Amg, though not to the ratio Amy/Am;. These would generate
knock-on effects in the global unitarity triangle fits and B, physics. Rare
B decays already provide interesting upper limits on supersymmetric flavour
violation and opportunities for the future, as we discuss next.

8 Rare B Decays

This is a very rich area 20), and just a few examples are given here.
e b — g7 decay: This process may receive significant contributions from
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the exchanges of charged Higgs bosons H* and chargino spartners of the W+
and H* 21), and the fact the observed decay rate agrees within errors with
the SM provides important constraints on the MSSM parameters, as seen in
I'ig. 6 22) In time, one could hope to measure a CP-violating asymmetry in

tan f=10, u>0 tanB=30, u>0
300 v T T T T 500 T T g
! i
00{ ! imy =114 GeV R
H ’
c 500+ ‘!
(2] H
[CRETE £ 1035 GeV
=
o
£

300 0 500 600 700 8O0 900 1000 100 1000 200

my, (GeV) ny,; (GeV)

Figuve 6: Compilations of phenomenological constraints on supersymmetry for
(a) tan B =10, > 0, (b) tanf =50, > 0 29) . The near-vertical lines are
the LEP limits myx = 103.5 GeV (dashed and black), shown in (o) only, end
my = 114 GeV (dotted and red). Also, in the lower left corner of (¢), we show
the mg = 99 GeV contour. In the dark (brick red) shaded regions, the LSP is
the charged 7y, so this region is excluded. The light (turquoise) shaded areas are
the cosmologically preferred regions with 0.1 < Qh? < 0.3. The shaded (pink)
regions are the £20 ranges of g, — 2.

b = $v decays, and verify whether sin 2/ measured at the loop level coincides
with the value measured in the J/9 K, decay mode.

e b — s¢t¢~ decay: The case where the s quark yields a K meson has
been observed, but not where it yields an excited state IC*. There could in
principle be supersymmetric effects on the total decay rate, on the £+¢~ mass
spectrum, as seen in Fig. 7(a), and on the forward-backward asymmetry Agg,
as seen in Fig 7(b) 23), Again, the question whether sin 2f(loop) concides
with sin 268(J /¢ X() can be posed.

e b — sbv decay: This process can also be calculated reliably in the SM,
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Figure 7: Possible supersymmetric effects on (o) the inveriant-mass distri-
bution in B = Kp*tp~ decay and (b) the forward-backward esymmetry in

B — Kty decay 29).

and observation of B -3 X+ nothing would be interesting for constraining
extensions of the SM.

e B — ptpu~ decay: This can receive important supersymmetric dorrec-
tions 24), in particular for larger values of tan g.

& B — 717~ decay: This offers some prospects for studying CP violation
in the MSSM 25). '

s B — 7E4% e*eF and u*eF decays: These could in principle provide
interesting windows on flavour violation in the lepton scctor 26), which is the
subject of the next section.

It may be interesting to note some of the statistics that may be provided
by present and forthcoming experiments. For B = K*+, we may expect 6,000
events at the B factories, 25,000 at LHCb or BTeV, and 120,000 at a super-B
factory. The corresponding numbers for B — X put ™ are 120, 4,500 and 6,000,
respectively, whilst for B — X,Dv they are 8, 0 and 160, respectively. There is
ample justification for another generation of B experiments even beyond LHCb
and BTeV.

9 Neutrino Flavour Violation

- There is no good reason why either the total lepton number L or the individ-
ual lepton flavours L., r should be conserved. We have learnt that the only
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conserved quantum munbers are those associated with exact gauge symmetries,
just as the conservation of electromagnetic charge is associated with U(1) gauge
invariance. On the uther hand, there is no exact gauge symmetry associated
with any of the lepton numbers.

Moreover, neutrinos have been seen to oscillate between their different,

217, 28), showing that the separate lepton Aavours L., . ave indeed

flavours
not conserved, though the conservation of total lepton number L js still an
open question. The observation of such oscillations strongly suggests that the
neutrinas have different masses. Again, massless particles are generally associ-
ated with exact gauge symmetries, e.g., the photon with the U(1) symmetyy of
the Standard Model, and the gluons with its SU(3) symmetry. In the absence
of any leptonic gauge symmetry, non-zero lepton masses ave to be expected, in
geneval.

The conservation of lepton number is an accideutal syrametry of the renor-
malizable terms in the Standard Model lagrangian. However, one could eas-
ily add to the Standard Model non-renormalizable terms that would generate
neutrino masses, even without introducing a ‘right-handed’ neutrino field. For

example, a non-renormalizable term of the form 29)
! vH -vH 9
M o ©)

where M is some large mass beyond the scale of the Standard Model, would
generate a neutrino 1ass term:

_ {0]H |0y
- Mo

Myl v T, (10)
Of course, a non-renormalizable interaciion such as (9) seems unlikely to be
fundamental, and one should like to understand the origin of the large mass
scale M.

The minimal renormalizable model of neutrino masses requires the in-
troduction of weak-singlet ‘right-handed’ neutrinos N. These will in general
couple to the conventional weak-doublet left-handed neutrinos via Yukawa cou-
plings Y, that yield Dirac masses mp ~ mu-. In addition, these ‘right-handed’
neutrinos N can couple to themselves via Majorana raasses M that may be
> mw, since they do not require electroweak summetry breaking. Combining
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the two types of mass term, one obtains the seesaw mass matrix 30).

(5 ) (%)
where each of the entries should be understood as a matrix in generation space.
This seesaw model can accommodate the neutrino mi)ciﬁg seen experi-
mentally, and naturally explains the small differences in the masses-squared of
the light neutrinos. By itself, it would lead to unobservably small transitions
between the different charged-lepton flavours. However, supersymmetry may
enhance greatly the rates for processes violating the different charged-lepton
flavours, rendering them potentially observable, as we discuss below.
The effective mass matrix for light neutrinos in the seesaw model may be

written as:

1
Mo = X 37 [ ] )

where we have used the relation mp = Y,v[sinf] with v = (0|H|0), and the
factors of sinf appear in the supersymmetric version of the seesaw model.
Diagonalizing the neutrino mass matrix (12) and the charged-lepton masses
introduces in general a mismatch between the mass and flavour eigenstates 31),

Vins = ViV, (13)

which is reminiscent of the way the CKM matrix appears in the quark sector 2).

Verm = VaVi, (14)

though the difference in the ways the quark and neutrino masses (11) arise may
give us some hope that the patterns of neutrino and quark mixing, Viysys and
Vek m, could be somewhat, different.

The MNS matrix describing neutrino oscillations can be written in the

form
C12 512 0 1 0 0 C13 0 S13

V = —S812 C12 0 0 Co3 523 0 ' 1 0 ) ,(15)
0 0 1 0 —s23 e23 —3138_‘5 0 0136_16

and there are in addition two CP-violating phases that are not observable in
neutrino oscillations, but appear in neutrinoless double-A decay.

The first matrix factor in (15) is measurable in solar neutrino experiments,
and the recent data from SNO 28) and Super-Kamiokande 32) prefer quite
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strongly the large-mixing-angle (LMA) solution to the solar neutrino problem
with Am2, ~ 6% 107° eV? and large but non-maximal mixing: 6,2 ~ 30°. The
validity or otherwise of the LMA solution is expected to be settled quite soon
by the KamrLAND experiment. The second matrix factor in (15) is measurable
in atmospheric neutrino experiments, and the data from Super-Kamiokande in
particular 27) favour maximal mixing ol atmospheric neutrinos: 8,3 ~ 452 and
Am2y ~ 2.5 x 1078 eV2. However, the third matrix factor in (15) is basically
unknown, with experiments such as Chooz 33) and Super-Kamiokande only
establishing upper limits on 83, and a fortiori providing no information on the
CP-violating phase 4.

The phase 4 could in principle be measured by comparing the oscillation
probabilities for neutrinos and antineutrinos as seen in Fig. 8 34) . This is
possible only if Am?, and s, ave large enough - as now suggested by the
success of the LMA solution to the solar neutrino problem, and if s;3 is large
enough - which remains an open question.

L= 2374500 1842
f !

75 B8 K2 Ba YTUN vs 8 A2 B2

Figure 8: A simultaneous fit to 6y3 and &, using a neutrino-factory beam with

different beselines and detector techniques ‘94), may enable the CP-violating
phase & to be extracted.

The effective low-energy mass matrix for the light neutrinos contains 9
parameters, 3 mass eigenvalues, 3 real mixing angles and 3 CP-violating phases.
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However, these are not all the parateters in the minimal seesaw model. In fact,
this model has a tota) of 18 parameters 35, 36) The remaining 9 associated
with the heavy-neutrino sector may be measurable via their renormalization
effects on soft supersymmetry-breaking parameters, as we discuss below. The
total number of CP-violating parameters is 6, including the MNS phase 4, the
two Majorana phases relevant to neutrinoless double-3 decay, and three extra
phases that play a key réle in leptogenesis, as we discuss later.

10 Flavour and CP Violation for Charged Leptons

Assuming that the soft supersymmetry-breaking parameters put it at the GUT
scale are universal, and working in the leading-logarithmic approximation with
degenerate heavy singlet neutrinos, one finds the following radiative corrections
to the soft supersymmetry-breaking terms for sieptons:

1 5 Meur
1 Mg
(A = —gi¥e (¥'Y.), Ln< ]C(JUT> : (16)

The non-universality of the corrections (16) leads to processes that violate the
different charged lepton nuinbers, such as g = evy,7 = wy,7 = ey,uN —
eN,u — 3e,7 — 3e,e2u,pu2e and 3 p 96 37). Fig. 9(a) shows that the
branching ratio for u = ey could be ¢lose to the present experimental upper
limit, and Figs. 9(b) and (c) makes the same point for the decays 7 — u<y and
T — evy, respectively 38),

The electric dipole moments of the electron and muon depend sensitively
on the non-degeneracy of the heavy singlet neutrinos 37, 38)_ As seen in
Fig. 10, they could take values as large as d, ~ 3 x 1073° e.cm and d, ~
10-%" e.cm, to be compared with the present experimental upper limits of
d, < 1.6 x 10727 e.cm 39) and d, < 107 e.cm 40), An ongoing series
of experiments might be able to reach d, ~ 3 x 10730 e.cm, and a type of
solid-state experiment that might be sensitive to d, ~ 1072® e.cm has been
praposed 41), Also, d, ~ 1072 e.cm might be accessible with the PRISM
experiment proposed for the JHF 42), and dy ~ 5% 1072 e.cm might be

attainable at the front end of a neutrino factory 43).
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Figure 9: Scatter plots of the branching rotios for (a) p — ey, (b) T — py and
(c) T — ey in variants of the supersymmetric seesaw model, for various values
of its unknown parameters 38).
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Figure 10: Scatter plots of (o) de and (b) d,, in varianis of the supersymmetric
seesaw model, for different values of the unknown parameters 38).

11 Leptogenesis

One of the favoured scenarios for baryogenesis is first to generate a lepton
asymmetry via CP-violating decays of heavy singlet neutrines, which is then
recycled into a baryon asymmetry via non-perturbative electroweak interac-
tions ). The CP asymunetry in this leptogenesis scenario is related to the
product Y, Y,}. The total decay rate of a heavy neutrino N; may be written in

the form
_ 1

L 87

(v.Y)), Mi, (17)
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and one-loop CP-violating diagrams involving the exchange of heavy neutrino
N; would generate an asymmetry in N; decay of the form:

oo b1 t )2 <_M_9>

€5 i (YUYJ) Im ((YLYU )ij f M, ) (18)
il

where f(M;/M;) is a known kinematic function.

The relevant combination Y, Y] is independent of Viyn s and hence of the
light neutrino mixing angles and CP-violating phases. The basic reason for this
is that one makes a unitary sum over all the light lepton species in evaluating
the decay asymimetry ¢;; (18). Fig. 11 shows explicitly that one can generate
a lepton asymmetry even if the MNS phase & vanishes,

&

0 " 2 13

10
My, [GeY|

Figure 11: Heavy singlet neutrino decay may ezhibit o CP-violating asymmetry,
leading to lepiogenesis and hence baryogeneszs even if the neutrino oscillation

phase § vanishes 45).

In general, one may formulate the following strategy for calculating lep-
togenesis in terms of labovatory observables:

e Measure the neutrino oscillation phase § and the Majorana phases,

e Measure observables related to the renormalizatjon of soft supersymmetry-
breaking parameters, that are functions of §, the Majorana and leptogenesis
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phases,
e Extract the effects of the known values of § and the Majorana phases,

and thereby isolate the leptogenesis parameters.

12 CP Violation in the MSSM Higgs Sector

A popular alternative scenario for baryogenesis has been to generate a quark
asymmetry at the electroweak scale 46) . Tuis requires a breakdown of thermal
equjlibriurn, necessitating a first-order electroweak phase transition. This is
impossible in the SM, since LEP tells us that the Higgs boson weighs more
than 114.4 GeV, whereas a first-torder electroweak phase transition is possible
only if mg < 70 GeV 47), Generating a first-order phase transition would
require extra light scalar bosons, as could be provided in supersymmetry, if the
lighter £ is very light. This scenario would also require more CP violation than
is present in the SM.

Indeed, two extra CP-violating phases appear in the MSSM, even if the
soft supersymmetry-breaking parameters are universal at the input GUT scale,
as assumed here. These can be taken as the (supposedly common) phases of
the trilinear soft supersymmetry-breaking parameters Arg(.4,,) and the phase
of the gluino mass Arg{mg). These generate mixing between the ‘scalar’and
‘pseudoscalar’ MSSM Higgs bosons: at the one-loop level

1

5 my  plmA,
~ b T 19
Smsp v? 32m2ml,, * (19)

and a dependence on Arg(mg) appears at the two-loop level.

In the presence of CP violation, it is convenient to parametrize the MSSM
Higgs sector in terms of my+ and tan 8. As seen in Fig. 12 48), there may be
level crossing between the two lightest neutral Higgs bosons, and the lightest
Higgs H; may have a suppressed coupling in the process ete™ = Z + H,. In
this case, it could be that there exists a light Higgs boson lurking below the
lower limit established by LEP in the SM. The prospects that experiments at
hadron colliders may be able to plug this hole are discussed in 49)

The phenomenology of CP-violating Higgs bosons is very rich, and only
its surface has been scratched. A ptpu~ collider - either at the energy of the
lightest Higgs boson, or close to the nearby masses of the second and third
neutral Higgs bosons - may be necessary one day to unravel this physics 50),

400



E

e

Mep Moy [GeV)
8 % ® &

3
M L 3 10
& E
CPX scensrlo E
NE 5
oF - E
My =OSTeV
e . 3 .. ;
PN P [IPRPEPRE NI L 0.0 [ P SN | A A
9 20 [ 0 8 100 [F 0 u 0 ] 0 100 e
argiAl=az(A,) [ve ] uv 13T =ae014) [ uep)

Figure 12: In the MSSM with mazimal CP violation in the Higgs sector, (a)
there may be level-crossing between the lightest and second-lightest Higgs bosons,
and (b) the lightest Higgs boson may have o small coupling in the process

ete- =2 Z+H 48).

13 Some Answers

At a round-table discussion earlier this week, some central questions were

raised, to which I would like to provide some personal answers.

e Q: What is the réle of luvour studies in providing clues about new physics?

A: They may cast light on the darkest corners of supersymmetry, namely
its flavour and CP problems.

Q. What are the implications of CP studies for our understanding of
baryogenesis?

A: Standard Model CP violation is inadequate for the task, but CP vio-
lation in either the lepton or Higgs sector could do the job. Both may be
tested in future experiments.

@: What are the implications of lepton mizing for unification and phe-
nomenology?

A: It provides a direct window on physics at the GUT scale, and could
open up a whole new arena for experiments on decays that violate the
charged lepton flavours, such as . = ey, 7 = py,7 = e and many more.

Flavour physics and CP violation surely have a long and glorious future!

401



Vo bbb

References

1.

10.

11.

12.

13.

14.

402

J. R. Batley et al. [NA48 Collaboration], Phys. Lett. B 544, 97 (2002)
[arXiv:hep-ex/0208009); A. Alavi-Harati et al. (KTeV Collaboration],
arXiv:hep-ex/0208007.

J. R. Ellis, M. K. Gaillard and D. V. Nanopoulos, Nucl. Phys. B 109, 213
(1976).

K. Abe et al. [Belle Collaboration], Phys. Rev. D 66, 071102 (2002)
[arXiv:hep-ex/0208025]; B. Aubert et al. {BABAR Collaboration],
arXiv:hep-ex/0207042.

A. Stocchi, arXiv:hep-ph/0211245.

K. Abe et al. [Belle Collaboration], Phys. Rev. Lett. 89 (2002) 071801;
B. Aubert et al. [BABAR Collaboration], arXiv:hep-ex/0207055.

. T. E. Browder, arXiv:hep-ex/0210012.

U. Egede [BABAR Collaboration], arXiv:hep-ex/0210060; A. Petrov,
R. Ray, talks at this meeting, obtainable from
http://frontierscience.lnf.infn.it/2002/IWFS. html.

M. Beneke, G. Buchalla, M. Neubert and C. T. Sachrajda, Nucl. Phys. B
606, 245 (2001) [arXiv:hep-ph/0104110).

. M. D. Sokoloff, talk at this meeting, available from

http://frontierscience.lnf.infn.it/2002/IWFS.html.
L. Silvestrini, arXivihep-ph/0210031; and references thercin.

A. Datta, Phys. Rev. D 68, 071702 (2002) [arXiv:hep-ph/0208016];
B. Dutta, C. S. Kim and S. Oh, arXiv:hep-ph/0208226.

M. Raidal, arXiv:hep-ph/0208091.
G. Hiller, Phys. Rev. D 66, 071502 (2002) [arXiv:hep-ph/0207356].

B. Aubert et al. [BABAR Collaboration], arXiv:hep-ex/0207072.

. R. Fleischer, arXiv:hep-ph/0210323; and references therein.



16.
17.
18.

19.
20.

21.

22.
23.
24.

25.
26.

27.

28.

29

N. Harnew, talk at this meeting, available from
http://frontierscience.lnf.infn.it/2002/IWFS.html; The home
page of this experiment is: http://lhcb.web.cern.ch/lhcb/.

D. Christian, talk at this meeting, available from
http://frontierscience.lnf.infn.it/2002/IWFS. . html.

A. Masiero and O. Vives, New J. Phys. 4 (2002) 4; and references thevein.
A. Ali; arXiv:hep-ph/0201120.

C. Degrassi, P. Gambino and G. F. Giudice, JHEP 0012 (2000) 009
[arXiv:hep-ph/0009337]; M. Carena, D. Garcia, U. Nierste and C. E. Wag-
ner, Phys. Lett. B 499 (2001) 141 [arXiv:bep-ph/0010003); D. A. Demir
and K. A. Olive, Phys. Rev. D 65 (2002) 034007 [arXiv:hep-ph/0107329)].

J. BEllis, T. Falk, K. A. Olive and Y. Santoso, arXiv:hep-ph/0210205; and
references therein.

A. Ali, P. Ball, L. T. Handoko and G. Hiller, Phys. Rev. D 61, 074024
(2000) (arXiv:hep-ph/9910221].

A. Dedes, H. K. Dreiner and U. Nierste, Phys. Rev. Lett. 87, 251804 (2001)
[arXiv:hep-ph/0108037]..

A. Dedes and A. Pilaftsis, arXiv:hep-ph/0209306.
A. Dedes, J. R. Ellis and M. Raidal, arXiv:hep-ph/0209207.

Y. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Rev. Lett. 81,
1562 (1998) [arXiv:hep-ex/9807003).

Q. R. Ahmad et al [SNO. Collaboration), Phys. Rev. Left. 89, 011301
(2002) [arXiv:nucl-ex/0204008]; Phys. Rev. Lett. 89, 011302 (2002)
(arXiv:nucl-ex/0204009).

. R. Barbieri, J. R. Ellis and M. K. Gaillard, Phys. Lett. B 90, 249 (1980).

Working group on B oscillations, http://lepbosc.web.cern.ch/LEPBOSC/.

403



30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41

404

M. Gell-Mamn, P. Ramond angd R. Slansky, Proceedings of the Supergravity
Stony Brook Workshop, New York, 1979, eds. P. Van Nieuwenhuizen and
D. Freedman (North-Holland, Amsterdam); T. Yanagida, Proceedings of
the Workshop an Unified Theories and Baryon Number in the Universe,
Tsukuba, Japan 1979 (edited by A. Sawada and A. Sugarmoto, KEK Report
No. 79-18, Tsukuba); R. Mohapatra and G. Senjanovic, Phys. Rev. Lett.
44 (1980) 912.

7. Maki, M. Nakagawa and S. Sakata, Prog. Theor. Phys. 28, 870 (1962).

S. Fukuda et al. [Super-Kamiokande Collaboration], Phys. Lett. B 539,
179 (2002) [arXiv:hep-ex/0205075].

M. Apollonio et al. [CHOOZ Callaboration], Phys. Lett. B 466, 415 (1999)
[arXiv:hep-ex/9907037).

A. Cervera, A. Donini, M. B. Gavela, J. J. Gomez Cadenas, P. Hernandez,
0. Mena and S. Rigolin, Nucl. Phys. B 579, 17 (2000) [Erratum-ibid. B
593, 731 (2001)] [arXiv:hep-ph/0002108].

J. A. Casas and A. Ibarra, Nucl. Phys. B 618, 171 (2001) [arXiv:hep-
ph/0103065].

J. R. Ellis, J. Hisano, S. Lola and M. Raidal, Nucl. Phys. B 621, 208 (2002)
[arXiv:bep-ph/0109125).

J. R. Ellis,; J. Hisano, M. Raidal and Y. Shimizu, Phys. Lett. B 528, 86
(2002) [arXiv:hep-ph/0111324].

J. R. Ellig, J. Hisano, M. Raidal and Y. Shimizu, arXiv:hep-ph/0206110.

B. C. Regan, E. D. Commins, C. J. Schmidt and D. DeMille, Phys. Rev.
Lett. 88 (2002) 071805; B. E. Sauer, talk at this meeting, availablde (rom
http://frontierscience.lnf.infn.it/2002/IWFS.html.

H. N. Brown et al. (Muon g-2 Collaboration], Phys. Rev. Lett. 86, 2227
(2001) [arXiv:hep-ex/0102017].

. S. K. Lamoreaux, arXiv:nucl-ex/0109014.



42.

43.

44,

45.

46.

47.

48,

49.

50

M. Furusaka et al., JAERI/KEK Joint Project Proposal The Joint Project
for High-Intensity Proton Accelerators, XKEK-REPORT-99-4, JAERI-
TECH-99-056.

J. Aystd et al., Physics with Low-Energy Muons at a Neutrino Faclory
Complex, CERN-TH/2001-231, hep-ph/0109217; and references therein.

M. Fukugita and T. Yanagida, Phys. Lett. B 174, 45 (1986).

J. R. Ellis and M. Raidal, Nuc). Phys. B 643, 229 (2002) [avXiv:bep-
ph/0206174].

See, for example: G. R. Farrar and M. E. Shaposhnikov, Phys. Rev. D 50,
774 (1994) [arXiv:hep-ph/9305275].

M. Laine, arXiv:hep-ph/0010275.

M. Carena, J. R. Ellis, A. Pilaftsis and C. E. Wagner, Phys. Lett. B 495,
155 (2000) [arXiv:hep-ph/0009212].

M. Carena, J. R. Ellis, S. Mrenna, A. Pilaftsis and C. E. Wagner,-CERN-
TH/2002-299, in preparation.

. C. Blochinger et al., arXiv:hep-ph/0202199; and references therein.

405



A. Berezhnoy
L.A. Tikhonova

N. Fabiano
M.M. Obertino
). Yurba

V. Tayursky

J. Sj6lin

M. Rovere

1. Sezoni
G.Zhw

M. Hohlfeld
T. Christiansen
R. Lelevre

0. Shekhovisova
K. Cho

Short Cornununications in Plenary Session

Chairpersons: R. de Sangro. P. de Simone, M. Beriani

The Photonic Production of Charmed Meson Pairs

Preliminary Results on Charm Production Near Threshold in
pA-Jnteractions at 70 GeV

Two Photon Width of Heavy Pscudoscalar Mesons

Study of the Charmonium *Pj States in § p Annihilations at FNAL
The BTcV Electromagnetic Cialorimeter Requirements for

High Quality Reconstruction of Neutral Particles

The higher Precision measurement of J/Psi and Psi(2S) masses at
VEPP_4M with the KEDR Delector

A Study of the LHC Experimental Sensitivity to CP Violating o7
Couplings

Recent Charm Meson Branching Ratio and Lifetime Measurements
from FOCUS Experiment

Charmes Baryond Lifetime in FOCUS

Global Analysisof B — PP, PV Decays with QCD Facorization
Prospect of Higgs Physics in Run 2 il the Fermilab Tevauron
Collider

Searches for Leptoquarks with the D@ Detector at the Tevatron
LHCb Level O Trigger

Corrections to the ISR Radiative Function

National HEP Data Grid Projet in Korea



Frascati Physics Series Vol. XXX] (2003), pp. 409411
FRONTIERSCIENCE 2002 — Frascati, Oclober 6-11, 2002
Short Communicalion in Plenary Scssion

THE PHOTONIC PRODUCTION OF THE CHARMED MESON
PAIRS

A.V. Berezhnoy *
Skobeltsin Institute for Nuclear Physics
of Moscow State University,
Moscow, Russia

ABSTRACT

In the framework of the constituent quark model the pair production of the
charmed meson in the photonic interaction is calculated. The results are com-
pared with the effective beavy quark theory predictions. It is shown that the
light valence quark of the D-meson plays the essential role in the e-quark
hadronization, as well as in the ¢-quark production. Moreover the light va-
lence quark interaction with the initial photonic field is shown (o be stiong
even for mg — oo. That is why the effective beavy quark theory can not be
applied under the photonic interaction.

1 Charmed meson pair production in the e*e”-annihilation

The two assumptions:

*coauthors A.XK. Likhoded, V.V. Kiselev, Institute for High Energy Physic,
Protvino, Russio



1. the interaction between the light constituent quark and photonic field can
be neglected

2. the spin-spin interaction belween heavy and light quark is negligible
allow to obtain the following ratio for the pair production near threshold in the

\
rFe~-annihilation 1).

Opp Oph-4pp (Opp =1:4:7. (1)

The wmore detail analysis of the charmed meson pair production in the
ete-annilulation shows 2)-

a for the veasonable qnark mass values the assuwmption 1 is valid;

o the assumption 2 js wrong and becomes valid anly for mg = oo.

That is why the vatio (1) for m,. = 1.8 and m, = 0.2 violates as follows:
TppOpp4DD FOp-p =1:8:14 (2)
2 The photonic charmed meson pair production

The assumptions 1 and 2 allow to obtain the following ratio for the photonic
pair production near threshold 3).

Oph Opb-4pD- - Op-p =1:0:3. (3)

Nevertheless our detail analysis shows that the both assumptions are not
valid for the photonic production. Moreover oné can not obtair ratia (3) even
for mg — oo. That ratio is valid anly for zero charge of the light quark and
mgQ — 6C.

Thus, the interaction of the Jight valence quark of D-meson with the initial
photonic field gives the essential contribution into the photonic production of
the charmed niczon pairs. That capn be clearly seen from Fig. 1 where the cross
section of the charged D-meson pair production is performed.
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Figure 1:  The exclusive photonic production cross section of the DD-
paivs (open circles), DD~ (DD*)-pairs (cpen triangles) and D*D*-pair (open
squares) as function of the A = /s — ,/5;,. The black markers denate the cross
section values calculated without taking into account the light valence quark
interaction with the initial photonic field (m. = 1.8 GeV, m, = 0.2 GeV).
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PRELIMINARY RESULTS ON CHARM PRODUCTION NEAR
THRESHOLD IN p4-INTERACTIONS AT 70 GeV

L.A. Tikhonova*
Skobeltsin Institute for Nuclear Physics, Moscow Stote University,
RU-119899, Moscow, Russia

A study of the charmed particle production in pp and pA interactions at
70 GeV is conducted with the help of SVD setup at the Serpukhov accelerator.
Main goals of the experiment. are:
1.Measurement of the total charm production cross sections on Si,C and Pb
targets; study of the cross section A-dependence.
2. Measurement of the differential xr and p; spectra and study of the leading
effect for the charm mesons and baryons.
3.Study of the possible influence of the intrinsic charm in the proton on the

* On behalf of SVD-2 Collaboration members: S.G. Basiladze, G.A. Bog-
danova, P.F. Ermolov, A.A. Kiryakov, A.G. Kholodenko, V.A. Kramarenko,
AV. Kubarovsky,A.N. Larichev, A.I(. Leflat, P.P. Nomokonov, V.V. Popov,
V.Yu. Volkov, A.P. Vorobiev



inclusive charm spectra.
The experiment was planned to perform in two stages.

At the first stage a rapid cycling liquid hydrogen bubble chamber was used
as a vertex detector and estimation of the total charm production cross section
in pp interactions at 70 GeV was obtained as 1.6 £ 0.9(stat.) & 0.3(syst.)ud
1), At the second stage a new high precision microstrip vertex detector with
Si, € and Pb targets, Cherenkov threshold counter and gamma-detector were
included into SVD-2 setup 2). The first physical run with new vertex detector
was performed in April 2002, about 53 millions of inelastic p/N-events on S4,
C and Pb targets were registered.

Data analysis is in progress now. Ior the first step, the simplest decay

mode D® — K7 was selected. A two body decay, formed by two tracks, was
identified as a D decay, if it satisfied the following conditions:
1.Two tracks at each of ZX and ZY projections of microstrip Si-detectors into
vertex detector have the impact parameter [ > 30pum.
2.The decay point is outside of any nuclear target in the vertex detector.
3.These two tracks are reconstructed in magnetic spectrometer with x? < 5.
4.The curvatures of these tracks in the magnetic field have the different. signs
5.The total momentum vector of the decay tracks points back to the primary
vertex.
6.The invariant mass for the decay hypothesis D9 - I(r is in the range 1.8 to
2.0 GeV.
Using the number of selected D° — I(w candidates, the total number of events,
having 2 tracks with high impact parameter, registeved in vertex detector and
using the spectrometer acceptance calculated with the help of PYTHIA we
can estimate the total charm production cross-section. Assuming a linear
A-dependence of the total charm production cross-section we have obtained
ez ~ 1...2ub, in agreement with our previous cstimation for pp-interactions,
obtained with hydrogen bubble chamber at 70 GeV.
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TWO PHOTON WIDTH OF HEAVY PSEUDOSCALAR
MESONS

Nicola Fabiano *
Perugia University end INFN, via A. Pascoli, I-06100 Perugie, Italy

1 Introduction

We discuss the partial width of the pseudoscalar charmonium state 7, and
bottomonium state np into two photons. Predictions from potential models are
examined and compared with experimental values for the 7, case. Through the
NRQCD factorisation procedure results for 7. are also compared with those
from J/+ data, and results for 7 to the Y decay data.

*coauthor Giulia Pancheri, Laboratori Nazionali Frascati INEN, P.O.Boz
18, 100044 Frascati, Itely
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2 Experimental values and relation to vector electromagnetic width

In this work we revisit the calculation of the two photon width of 7., highlight-
ing newest experimental results and updating the potential model calculation.
Unlike the 7., the 7 state hasn’t been observed yet. We will examine various
theoretical predictions for the electromagnetic decay of the lightest bb bound
state. We start with the two photon decay width of a pseudoscalar quark—
antiquark bound state with first order QCD corrections. The ratio of the
pseudoscalar decay rate to the vector one is given by

(P — vy) ~ 30 (1 — 3.38a,/m)

Qg )
TV S ete) (1 = 5adam =@ [1+1962 +0@)] . ()

This expression can be used to estimate the radiative width of pseudoscalar
state from the measured values of the leptonic decay width of the vector state.

3 Potential models predictions for 7, and 7, vy decay width

We present the results one can obtain for the absolute width, through the
extraction of the wave function at the origin from potential models. The “pro-
totype” potential is given by the Cornell potential model

V() = —f - (2)

which allows us to compute the Born decay width. The full expression of the
pseudoscalar decay width is given by:

(P ) = T [1+ 2 (220 @

I'E,.n depends on 9(0) of the particular potential model taken into account.

4 Octet component procedure

We present after another procedure which admits other components to the
meson decay beyond the one from the colour singlet picture (Bodwin, Braaten
and Lepage). The decay width expression is given by means of NRQCD from
the expansion

r- Z Bl o, (4)
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which is a sum of terms, each of which factors into a short-distance perturba-
tive coefficient S f, and a long—distance nonperturbative matrix element (O,).
iFrom the experimental values of electromagnetic decay and light hadron of
the vector state we obtain the two photon decay width of the pseudoscalar
state. We compute also the decay width from the lattice calculation of the
nonperturbative long-distance terms.

5 Conclusions

The T'(n. — ~7) prediction gives the value 7.5+ 1.6 keV. The T'(n, — 77)
prediction gives the value 466 & 101 eV. Prediction of the BBL procedure and
other theoretical results are in good agreement with each other.
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STUDY OF THE CHARMONIUM 2P; STATES IN pp
ANNIHILATIONS AT FNAL

Maria Maxrgherita Obertino *
University of Minnesota.

1 The study *P; states in $p annihilations.

The charmonium spectrum, characterized by well-spaced narrow states, is con-
sidered a rich source of tests for QCD. The study of the 3P; resonances in
particular provides information about the spin dependence of the interaction
and could yield measurements of quantities calculable in PQCD framework,
leading to a determination of some of the basic parameters of the theory.

In pp annihilation the 3Py states can be directly formed through the exchange
of two or three gluons; consequently their parameters can be extracted from
the excitation curve with a precision that depends only on the knowledge of
the energy of the initial state and the event statistics. The chance provided
by the stochastic cooling to use dense p beamns with narrow momentum spread

* On behalf of E835 collaboration



M .M. Obertino

422

r F8R5102)
40 b 32, [

BES(9Y) ——
T OER3S(9T) ——
CBALLBG) —

3410 3418

34707
M(xo)(MeV/c?)

Cross Section (pb)
a ~
a (=]
T T

FA33002) —
} BES(9Y) TIEEEPTES CE)

1E835(99) =
i _CBALLBG) e
] 0 - 20

0 [ 1 \ . I (Xea)IMcV)
93351 prel) =

60 |

BES(99) R
+ F760(921 .
‘/ T RTONRO) _
0 CR(52) i
3330 3360 3360 1460 3420 3340 3460 3480 MARR2USD) |, —— ,
. s (Mev 3506 3508 3570 3512 °
(M) M(xe MV /)

20 |

Figure 1: Measured cross section for the reaction pp = J/4by in the x.oregion;
comparison. of the experimental results on My, Ty, and M,_,.

allows the Pp experiments to obtain very precise measurements of the 3P; pa-
rameters. This tecnique was first applied at CERN by R704 and later used by
E760 and E835 at Fermilab. We present the measurements of the y.q (3FPp)
and xq1 (®P)) mass and width made by E835 with data collected during 2000,
where both the resonances were formed and detected via the reaction

D= Xeop = J/y = (eteT)y (1)

We report here only the results obtained; more information about the experi-
mental method can be found in references ) 2).

2  Xeo parameters.

E835 collected 32.8 pb~' of data in the y, energy region(y/s ~ 3330 =+
3470 MeV). The measured cross section is shown in fig. 1. The compari-
son between the value of the y.o mass and total width extracted from the fit of
these data ( My, = 3415.4+0.4+0.2MeV/c* and Ty, = 9.841.0+£0.1MeV ) 2)
and the one quoted by previous experiments shows a significant improvement.
in the precision for both the parameters (see fig. 1).
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3 x1 parameters.

E835 performed two scans in the y; energy region (y/s ~ 3509 + 3512 MeV)
and collected a total integrated Juminosity of ~ 4 pb™' . The two sets of data
were analyzed separately; the weighted average of their results is:

M,, = 3510.62 £ 0.02+£0.17MeV/c? Ty, = 0.88+£0.05 % 0.09MeV

The most precise previous measurement of the x; mass (see Fig. 1) and the
only previous measurement of the y; width were made by E760 which obtained
MET60 = 3510.53 + 0.13MeV/c? and TE0 = 0.88 £ 0.14MeV 1), The good
agreement between K835 and E760 can be considered an evidence of the our
understanding of the systematics on these measurements.
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THE BTeV ELECTROMAGNETIC CALORIMETER
REQUIREMENTS FOR HIGH QUALITY RECONSTRUCTION
OF NEUTRAL PARTICLES

J .Yarba *
Fermilad, P.Q.Box 500, Batavia, IL 60510, USA

1 The BTeV Electromagnetic Calorimeter Requirements

The BTeV 1) experiment at Fermilab will need excellent photon detection
which s crucial to study CP violations in B decays and rare decay of B’s
to explore physics beyond the standard model. A homogeneous electromag-
netic calorimeter (ECAL) built of more than 10000 Lead Tungstate (PbW Oy)
crystals instrumented with photomultiplier tubes will be installed to ensure
excelent energy and position resolution, compact shower size to minimize the
number of overlapping showers, fast signal, and radiation hardness.

With the light output of 5000 photoelectrons/MeV, one can expect the
energy resolution as good as 1.7%VE ® 0.55%. The spacial resolution is ex-
pected to be 3500um/vE® 200 um, at least. With these resolutions, the 70

* On behalf of BTeV collaboration, ECAL group
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Figure 1: Invariant v+ mass for B® = p* 7~ events, BTeV Geant3 simulation

mass resolution will be in the range of 2-5MeV, as exemnplified in fig.1 for ¢
coming from B® — ptr~ decay, simulated by Geant3; the BTeV reconstruction
software were used to reconstruct photons and charged tracks. This ensures
B-mass resolution in the range of 28--40MeV.

2 Test Beam Study of the PbW O, Prototype

To prove the expectations from simulation, behavior of the crystals need to be
understood for conditions which are close to what is expected in BTeV.

The BTeV ECAL prototype built of 25 POW O, crystals instrumented
with photomultiplier tubes was exposed with an e” beam in the energy range
of 1+45GeV and with a 7~ beam of 40GeV, to study energy and position
resolution and to observe changes in the light output due to irradiation.

We found the energy resolution of 1.8%VE® 0.33% and the position
resolution of 2800umVE® 160um (fig.2); these agree well with expectations.

The irradiation of PbW Oy crystals results in light output loss. However,
the crystals are able to recover from radiation damage naturally by room tem-
perature annealing. This limits the light output loss only to the point when
radiation damage and recovery balance. Continuous calibration is needed to
control the eflect during operation of BTeV.
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Figure 2: Measured energy and position resolution of PbW Oy crystals
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A STUDY OF THE LHC EXPERIMENTAL SENSITIVITY TO
CP VIOLATING gtt COUPLING

J. Sjolin
Stockholm University

1 Physics motivation

Detailed measurements of the top coupling structures will be possible at the
emerging LHC experiments ATLAS and CMS. Already after one year, mil-
lions of top pairs are expected to be available for analysis from both experi-
ments. The top quark is interesting for many reasons since the large rest mass
makes it exhibit several unique properties. For example, the top quark decay
time is much less than the associated hadronization time. Thus the decay is
clean from non-perturbative effects, enabling direct and unmasked access to
the spin properties. The large Yukawa coupling also makes it extra sensitive
to the electro-weak symmetry breaking sector. As a consequence, non Stan-
dard Model (SM) CP violating phases originating from multiple higgs models
or supersymrmetry may be detectable in events containing top quarks. Another



factor that contributes to the sensitivity to new physics is that effects from the
CP violating phase in the SM is below the experimental sensitivity by many
orders of magnitude. Hence, any CP violating signal in the top sector is an
indication of new physics.

2 Model independent description of CP violation

The symmetries of the SM and Lorentz invariance severely restricts the number
of possible lowest order effective CP violating interactions that can be induced
by physics beyond the SM, see e.g. reference 1), Assuming small non SM
contributions in the top decay, one finds only one new dominating CP violating
operator in addition to the SM Lagrangian active in top quark pair events at
LHC. The operator is the chromo-electric dipole moment parameterized here
by D5
) Ls = —i&{o“”'y{;tGﬂ Te. (1)
2 e

This means that whatever mechanism there is that might be responsible for a
non SM CP violation, it will to first order induce a non-zero value of Ds. Two
vertices are affected: the SM gluon-top-antitop vertex and a new gluon-gluon-
top-antitop vertex. It turns out that the CP violation in this case originates
from top and antitop spin correlations. That is, comnplete spin dependent ma-
trix elements must be used for a correct description. Also, to first order in Ds,
the total cross-section is unaffected. '

3 Analysis

Spin dependent tree level matrix elements including the effects of D5 were cal-
culated and implemented into a MC with separate fragrmentation handled by
PYTHIA. The ATLAS detector at LHC was simulated by fast parameteriza-
tions. Two types of top pair events were used in the analysis: lepton + jets final
states and dilepton final states. An eflective and extremely robust observable
used in the analysis was

1 €uv g (- P P
-1 wvopP1+ Py pb}:lg2 (Tn-odd). (2)
my (py+ - pi-po - Pg)Y/

fQ(lJrrl_)ba Z_))

For lepton + jets events one of the leptons were replaced by a d-type quark.
The b-jet charge was found by solving the kinematics for the final states. For
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the dileptons this was solved analytically and for lepton + jets a 3C-fit was

solved numerically. For a complete description of the analysis see reference 2).

4 Results

The restlt from the analysis is that both dilepton and lepton + jets final states
are about equally sensitive for the parameter Djs. The detection limit for a 5¢
signal, using one of the tapologies with one year of running at low luminosity,
is estimated to be ,

Ds>5x10""® cm - g,. (3)

References
1. Jin Min Yang and Bing-Lin Young, Phys. Rev. D 56 (1997) 5907.

2. J Sjolin, ATLAS scientific note SN-ATLAS-2002-021.

433



Frascati Pbysics Scrics Vol. XXXI (2003), pp. 435-437
FRONTIERSCIENCE 2002 — Frascati, Oclober 611, 2002
Shorl Communication in Plenary Session

RECENT CHARM MESON BRANCHING RATIO AND
LIFETIME MEASUREMENTS FROM FOCUS EXPERIMENT

Marco Rovere *
Universita dell’ Insubria and INFN - Sezione di Milano

1 Introduction

The results presented have been obtained using the high statistics charm sam-
ple of the FOCUS experiment at Fermilab. The large amount of data available
together with the very clean particle identification allowed us to obtain evi-
dence of doubly and singly Cabibbo suppressed decays never seen before and
to measure charm meson lifetimes with an unprecedented level of accuracy.

2 Branchig Ratio Measurements

Thanks to the excellent vertex resolution and particle identification of the
FOCUS spectrometer we have obtained the first clear evidence of the doubly

* On behalf of the FOCUS collaboration



Cabibbo suppressed decay D+ — K+ K~ K™ and the first evidence of the singly
Cabibbo suppressed decay D} — KtK-K* 1), These signals are shown in
fig. 1. We have measured their branching ratio relative to D* — K~ nt7t and
D} » K~ K*nt respectively, obtaining the following results:
T (DY = K-K¥K*) /T (DY - K- atat) = (9494 2.174£0,22) x 107
(1a)
I'(Df -» K-KYIKH) T (D} - K- K*at) = (8.9542.12 331) x 1075,
(1b)
where the first error is statistical and the second is systematic.
Ow D% measurement is consistent with present 90% C.L. limit from
E687 2). The DF measurement is consistent with the previous E687 upper
Jimit 2) and constitutes the second DY} Cabibbo suppressed decay ever mea-

sured.

E o <
L &
3 3
= =
3 =
5 g
> >
w (3]

Figure 1. Invariant masses. (a)D+ —» Kt*K~K¥, (b)DF - K¥K~K+
We present also new measurements of two semileptonic branchig ratios 3).
We obtain values of:
T (D* = Kou*y) /T (DY - K~wtrt)  =(0.602£0.010£0.021) (2a)
I'(D} - ¢utv) /T (DF - ¢nt) =(0.54 £ 0.033+£0.048)  (2b)

Our D+ — ICOu*v result includes the effects of the s-wave interference
discussed in Reference 4),
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3 .Life time Measurements

FOCUS has obtained the most accurate measurement to date of the lifetimes
of the D*, D% and D}. Using about 210000 D° and 110000 D* ecvents we
obtain the following values: 409.6 & 1.1{statistical) + 1.5(systematic) fs for
D% 1039.4 + 4.3(statistical) & 7.0(systematic) fs for D* and a preliminary
value of 506 + 8 fs for D}. Particular attention have been dedicated to the
evaluation of the systematic errors which, for such a high statistics sample,
represent the main source of error. Qur values are reported in Table 1 along
with a comparison with the most recent published results. Qur results will
significantly decrease the errors in the current world average values for D9 and
D7 lifetimes.

Table 1: Measured lifetimes (x107'% s).

Experiment | DY D+

E687 O) 0.413 == 0.004 & 0.003 1.048 £ 0.015 =+ 0.011
CLEO T 6) | 0.4085 + 0.00417:9%35 | 1.0336  0.022170:009¢
E791 7) 0.413 % 0.003 + 0.004

FOCUS 8 | 0.4096 + 0.0011 + 0.0015 | 1.0394 £ 0.0043 = 0.0070
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CHARM BARYON LIFETIME IN FOCUS

Taria Segoni *
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1 Introduction

The investigation of hadron lifetimes is a study of quark interactions. The
evaluation of the decay widths is crucial to determine the parameters of strong
and weak interactions 1» 2) (like the baryon wave function at the origin and
the SU(3) symmetry breaking). Confrontation with experimental results is
critical, as theory alone can’t accomplish this task.

2 The FOCUS measurements

The FOCUS collaboration has measured all of the singly charmed baryon
ground state Lifetimes: AF, =F, 20 and Q0. Each of these measurements

¢y —c “o
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was performed using a binned maximum likelithood fit method.

Using a sample of 8034 4 122 events from the decay mode pK =7+t we
measure T(A}) = 204.6 + 3.4 (stat.)£2.5 (sys.) fs 3). Systematic effects
were thoroughly investigated. The effects of time scale, acceptance, absorption,
background production and resolution were studied in detail.

The E7 total sample 4) of 532430 events derives from four different
modes: E~ntnt (in four topologies), YK ~nt (in two topologies), p{~w T
and ASK ~wtnt. We measure 7(ZF) = 439 £ 22 (stat.)£9 (sys.) fs. We
studied production, resolution, background and different fit conditions to eval-
uate the systematic uncertainty. We also evaluated the contribution from the
two fold ambiguity in momentum in the & mode, due to the “kink” topology.

For the =0 we used 110417 events from the 2~ 7% and 0~ J* modes.
We measure 7(20) = 118F]) (stat.)£5 (sys.) fs. For the evaluation of the
systematic uncertainty we investigated production, and a set of different choices
for the fit conditions. Since the tirve resolution ( 50 fs) is only half as large as
7(Z%), detailed studies have been performed to validate the lifetime technique
and to investigate systematic effects. A contribution to the systematic error
was included from a study using a convolved binned likelihood method.

The Q¢ lifetime measurement is not yet published. We reconstruct the
decay modes =~ K~ ntat and Q~n+. Our preliminary resuit is 7(Q2%) = 79 £
12 (stat.)£9 (sys.) fs. Different fit conditions have been considered for the
systematic uncertainty evaluation. We also estimate the effects due to time
resolution following the same procedure that was applied for the =9

3 Conclusions

FOCUS has improved the precision on the measurernents of all the charm
baryon lifetimes, see Table 1. As the data values are quite precise it seerns
likely that improvements in theory will be driven by new measurements of
semileptonic branching ratios, rather than from new lifetime measurements.
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Table 1: FOCUS resulis are compared with the previous world averages 6).

[ | FOCUS (fs) | Previous world average (fs) |
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GLOBAL ANALYSIS OF B - PP, PV DECAYS WITH QCD
FACTORIZATION

Guohuai Zhu
Theory Group, KEK, Tsukuba, Ibaraki 305-0801, Japan

Non-leptonic charmless B decays are crucial for the determination of CKM
triangle. But theoretically it is very difficult to extract fundamental CP pa-
rameters cleanly from non-leptonic B decays due to the complex hadronization
process. Three years ago, QCD factorization '1)(QCDF), a novel method, was
proposed. It argues that, in the heavy quark limit, non-leptonic B decay< can
be factorized into perturbatively-calculable hard part and soft part described
by some universal non-perturbative parameters, such as form factor and light-
cone distribution amplitudes(LCDA). Now BaBar and Belle have accumulated
copious data on non-leptonic B decays, it should be right time to check the con-
sistency between the QCDF predictions and the experimental measurements.
The decay amplitudes for charmless B decays depend on various param-
eters. The readers may refer to 2) for the details on the related input param-
eters. Beneke et ol. 1) have done a global fit on B — 7nr, 7K decays, here we
entend it to fourteen B — PP and PV decay modes. It is noticed that only two
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new sensitive parameters (form factor AZ® and annihilation parameter X §")
are introduced for the extension. So we could give a much more stringent test
on the consistency between QCDF and the experiments.

We implement the CkmFitter package ! to do the global fit. It shows that
the QCDF predictions are well consistent with the experimental measurements:
X% = 4.2 for fourteen decay channels. The best fit v = 79° is somewhat Jarge

Table 1: The best fit values using the global analysis with and without chiral-

related contributions for B —» PP and PV decays.

are in unit of 107%. The experimental data are the uncorrelated average of

measurements of BaBar, Belle and CLEO.

The branching ratios

Mode Ao wt 70 K¥tn— KTx® KOq+
Exp. 477+ 054 | 5.7840.95 | 185+1.0 | 12.7£12 | 181+ 1.7
Best Fit 482 3.35 19.0 11.4 20.1
No chiral 5.68 3.25 18.8 12.6 20.2
Mode mOK?O nrt pErT Pt npt
Exp. 10.24+ 1.5 < 5.2 254443 | 8620 < 6.2
Best Fit 8.2 2.8 26.7 8.9 4.6
No chiral 7.3 1.8 29.5 8.5 3.8
Mode KT oKV K+p~ wKk®
Exp. 89+ 1.0 8.6+ 1.3 13.1+£47| 59%1.9
Best Fit 8.9 8.4 12.1 6.3
No chiral 7.1 6.7 5.1 1.2

but still consistent with the standard CKM fit. As an illustration, in Table 1,
we list the best fit values of the global analysis for the related B —» PP, PV
decay modes with and without chiral-related contributions. It implies that
the chirally enhanced corrections might be fmportant especially for penguin-
dominated PV decays. Based on the global fit, we could also give predictions on
some interesting decay channels: B(B® — 7%7%) ~ 1x 1075, this channel is very
important for the CKM angle . The pure annihilation decay BO - K+ K~
is favored to be around 0.8 x 1077. B(B* = wK') ~ 6 x 107¢ is Jarger
than the BaBar measurement but consistent with the Belle observation. As to
Bt — wn™, it is predicted to be around 7 x 1078, Tt is also highly interesting

Thttp://ckmfitter.in2p3. fr
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that the penguin-to-tree ratio for 77~ mode is expected to be larger than
0.3. For wI(* decays, it is anticipated that further measurements with higher
precision would observe smaller branching ratios. For B — () K(*) QCDF
can not give quantitative estimations at present. The readers should refer to

2) for more details.
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SEARCHES FOR LEPTOQUARKS WITH THE DO DETECTOR
AT THE TEVATRON

T. Christiansen
LMU Minchen, Am Coulombwall 1, D-85748 Gurching, Germany

The existence of leptoquarks (LQ), color-triplets of bosons with lepton
and quark quantum numbers, is predicted by different theories beyond the
Standard Model. This article summarizes the D@ Run-I searches for the three
different LQ generations in pp collisions at /s = 1.8 TeV and presents ongoing
studies at Ruxn II.

Limits on proton decays, on lepton flavor violation and on flavor-changing
neutral cwrents lead to the assumption that there would be three different
generations of leptoquarks, each one of them only interacting within one lepton
and quark family. Figure 1 shows Feynman graphs of the dominant production
processes in pp collisions.

Using about 100 pb~" of pp collision data with a center-of-mass energy of
V8 = 1.8 GeV recorded during Run I with the DO detector, no evidence for the
exjstence of leptoquarks was found. The results on the Jeptoquark searches were
combined ta 95% confidence limits on the LQ-pair production cross section as a
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Figure 1: Leading-order diagrams for leptoquark pair production.

The lower limits for masses of 1%:-generation scalar leptoguarks are 225 GeV,
204 GeV and 79 GeV, assuming a branching fraction to charged leptons of
B=BF(LQ - I*q) = 1,1/2 and 0, respectively. 1) The corresponding limits
for the 2™-generation scalar LQ masses are determined to 200 GeV, 180 GeV
and 79 GeV. 2) For 37 generation L{ masses comparable to Myop, the decay
LQ3 = t+1issuppressed or even forbidden. Studies of the vbib channel yield a
lower mass limit of 94 GeV for scalar 3"%-generation leptoquarks and 8 = 0. 3)

I both leptoquarks decay into an electron and a quark, two electrons and
two jets can be reconstructed. The left diagram in figure 2 shows the di-electron
mass of eejj Run-II candidates collected between November 2001 and May 2002
with /s & 2 GeV. These 18 events, equivalent to an integrated luminosily of
about: 8.8 pb~!, are compatible with background (15-+5 events expected) which
is dominated by Drell-Yan Z production. Comparing the limits on the cross
section for different masses myqg to NLO calculations for scalar leptoquarks,
the lower limit on the mass of 1°*-generation leptoquarks is 113 GeV. 4) This
is compatible with earlier results from Run 1 and reflects the lower integrated
luminosity.
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Figwre 2: Search for 1%-generation leptoquarks at Run II. Left: Di-electron
invariant mass of eejj candidate events. Right: LQ-mass dependent limits
on the cross section for scalar LQ pairs assuming 100% branching fraction to

charged leptons BF(LQ — eq) = 1. 4)

Taking advantage of the increased collision energy and luminosity of the
TeVatron for Run IT, D@ will be able to extend its searches for leptoquarks to
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so far inaccessible leptoquark masses. Especially for the second generation, the
scatch for leptoquark pair production will greatly benefit from the upgraded
muon spectrometer, the central tracking system with the newly installed mag-
netic solenoid and the new trigger system.
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LHCb LEVEL 0 TRIGGER
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1 Introduction

The trigger is one of the most important system of the LECb experiment.
A high-performance trigger is indeed required to get the best benefit of the
10% bb pairs produced each second at the interaction point extracting the small
fraction of interesting events. A four level trigger based first on large transverse
momentum particles, then on displaced decay vertices and finally on full final
state reconstruction is foreseen. It will achieve an overall suppression factor of
200000 {from 40 MHz down to 200 Hz). The especially challenging first trigger
level, called )evel 0, is presented here.

* On behalf of the LHCbH Collaboration
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2 Level 0 global sketch

The LHCb level 0 trigger system Disa fully synchronous, pipelined archi-
tecture operating at 40 MHz with a fixed latency of 4 us that will be hardware
implemented making use of FPGAs. It has an global rate reduction factor
of 40. It is based ouv simple criteria such as pile-up veto and high transverse
momenta (pr) canditates. Due to the relatively high mass of the b quark,
the decay products of the B mesons have indeed a higher pr spectrum than
the other products of the pp reactions. Multiple interaction events are vetoed
because they can not be efficiently fully reconstructed. The subdetectors used
for the level 0 trigger are the pile-up detector which is a part of the vertex de-
tector, the calorimeters and the muon chambers. The data coming from those
three subdetectars are first processed in three independant boards. The pile-
up veto one computes the primary vertices candidates while the calorimeter
and the rmuon boards compute the highest pr canditates. The data are then
centralised in the level 0 decision unit which takes the decision.

3 Level 0 data processing

The pile-up detector is made of two R-stations silicon strip discs that allow
to reconstruct the primary vertices. The pile-up veto ensures a good rejection
of multiple interaction events leading to a gain of 30 % to 40 % on single bb
events for the optimal luminosity: half of the 60000 single bb events produced
per second at I, = 2x 1032 s™7cm ™2 can then be retained by the level 0 trigger.

The calorimeter system of LHCb is divided in four longitudinal parts that
allow particle identification: a scintillating pad detector for the electron-gamma
separation, a preshower for the electron-MIP separation, an electromagnetic
and an hadronic calorimeter. The calorimeter trigger identifies the cluster
candidates and finds the highest Et electron, gamma, resolved 7°, merged 7©
and the two highest hadrons. The Er cuts depend on the identification and
are about few GeVs. Relatively good efficiencies are obtained: around 50 %
for By =+ J/¥(ete )Ks, from 40 % to 70 % for hadron channels.

The muon trigger finds the muon candidates looking for straight lines
within the hits of the muon chambers. The pr of each candidate is evaluated
assuming that the track has been produced at the center of the interaction
region. The pr cut is about 0.6 GeV /c which leads to good efficiencies: around
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85 % for Bag = J/¥(uT 1 )Ks, around 55 % for inclusive B — uX.

4 Level 0 decision

The level 0 decision unit produces the level 0 decision combining all the
Jevel 0 data and therefore provides a good discriminating power to the system.
Tn addition, it computes a block data containing the most significant level 0
information and sends it to level 1 trigger. This leads to very important en-
hancements of the level 1 efficiencies matching level 0 and level 1 candidates:
a factor 2 for By = n¥n~, a factor 2.5 for Bg = J/¥(uT " )Ks. The level 0
decision unit is designed to be very flexible so that modifications and extensions
of the trigger algorithm can be easily integrated to match running conditions,
such as luminosity, and physic requirements.
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CORRECTIONS TO THE ISR RADIATIVE FUNCTION

O.N. Shekhovtsova*
NSC KIPT, Akademicheskaya 1, Kharkov, 61108, Ukraine

Initial state radiative events at DA®NE

e (m) +et(p) > y(k) + 7 (o) + 7 (po) ey
allow to scan the cross section g,- .+ +5- from the threshold up to Mg 1).
In this case the measured distribution do(e”et — ynTn~)/dg? and the cross
SECtion Tp- e+, nt+ .- are connected by the radiative function H(g?, )
ydole”et = yrtr)
dg?

= H<q2)9’y)ge—e+—b7r+7r‘ . (2)

To be competitive with direct scanning, H(q?,8,) has to be calculated with
accuracy better than 1%, taking into account the realistic selection rules. This

* co-authors; V.A. Khoze - Unsversity of Durham, Durham, DHI 3LE,
UK, G. Pancheri - INFN Laboratori Nazionale di Frascati, Italy L. Trentadue
- Universita di¢ Parma and INFN, Italy M.I. Konchatnij and N.P. Merenkov -
NSC KIPT, Akademicheskaya 1, Kharkov, 61108, Ukraine
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Figure 1: z-dependence of the quantity 5#‘3 for small angle events, 8, < 5°:
Fig.la taking into account the restriction (3) (line 2) and the restriction (4)
(line 1) for x = 1; Fig.1b imposing the restriction ({): © = 0.2 (line 1), z = 0.4
(line 2), z = 0.8 (line 8)

task is solved by means of Monte Carlo event generators, but for some idealized
conditions the analytical calculations can be performed with high accuracy, that
is a very important test for the results produced by Monte Carlo generators.

Since the emitted photon in the reaction (1) is not detected, there is the
essential background caused by & — 77 7% w = 7F 770 decays. To reject
this background it is enough to select the events with small difference between
the lost (undetected) energy Q and the lost 3-momentum modules ||

Q-|K|<nE,n<<1, Q=2B-E_-EB,, |K|=|pe+7-[, (3

where B is the initial beam energy. For 7 < m2/2E? the 3-pion final states
are forbidden and then the quantity  means the total energy of all emitted
photons, | K| is the momentum. Taking into account the restriction (3) the first
order RC to the Born cross section for the different kinematical region has been
calculated in 2) and results are presented in Fig.1a (6FC = (H-HP)/H® with
HB estimated on the Born level and H calculated with the first order photon
RC’s, ¢ = 4F?2). As it should be expected this RC is negative since the
positive contribution caused by the real photon emission does not compensate
the negative one-loop contribution.

The vestriction (3) is not artificial since the track mass cut used at
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DA®NE experiments can be written in similar form

En(z) _ AmaAM,, (z+1)2 _Ey

Q—|1(|< 14z 3 7’(33) E2 4z ) I—E_'

(4)

For rough estimation of the RC’s with the restriction (4) it is enough to replace

n— 177(;6) ia the corresponding formulae of 2). The results for the collinear
z

kinematics are presented in Fig.1bh.
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NATIONAL HEP DATA GRID PROJECT IN KOREA

Kihyeon Cho *
CHEP, Kyungpook National University, Daegu 702-701, Korea

1 Introduction

The Center for High Energy Physics(CHEP), Kyungpook National University
in Korea plays an important role on international collaborations and cooper-
ation programs for high energy physics in Korea. CHEP also plays a major
role on the national HEP Data Grid infrastructure implementation which is
supported by the Ministry of Information and Communication (MIC) through
KISTI(Korea Institute of Science and Technology Information) for five years
starting in 2002.

* On behalf of High Energy Physics Data Grid Working Group in Korea
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Table 1: The network between CHEP in Korea and loboraetories abroad.

| Laboratory | Network | Current bandwidth | Future bandwidth |
KEX (Japan) APII 2 x 1 Gbps 10 Gbps (X)
Fermilab (USA) APII 45 Mbps a Gbps level
CERN (EU) TEIN 10 Mbps a few Gbps(\) level

2 The Object of HEP Data Grid Project

The object of HEP Data Grid is to construct the system to manage and pro-
cess the data which will be produced in the near future. The data should be
analyzed even if high energy physicists as users do not know the actual place
of data. Therefore, HEP Data Grid is indispensable for future high energy
physics activities. 30 high energy physicists and computer engineers in Korea
are involved in HEP Data Grid project related with CDF experiment at Fer-
milab, AMS at the International Space Station, CMS at CERN, PHENIX at
BNL and K2K at KEK.

This project also includes the goal of making a regional data center for
CMS and AMS experiments and to make a DeCenteralized Analysis Farm in
Korea (KCAF) for CDF experiment. CHEP will be a Tier-1 institute and other
universities in Korea will be a Tier-2 institute. For networking, we use multi-
leveled (Tier) hierarchy of distributed servers to provide transparent access
to data. Table 1 shows the network bandwidth between CHEP in Korea and
laboratories abroad. We will have the storage of 1,200 TByte Raid disk system,
3.2PByte HPSS system and 1,000 linux CPU clusters for the capability in
Regional Data in 2006. This Grid project is related with CERN in EU and
Fermilab in USA. The working method for the CERN side is top-down method
to construct EU-Data Grid 1) directly by R&D while the working method for
the Fermilab side is bottom-up method to start from Central Analysis Farm
(CAF) to Fermilab CDF Grid through DeCenteralized Analysis Farm(DCAF).

3 Cuwrrent Results

Currently we installed EU Data Grid software and made the infrastructure of
test-beds. We have successfully tested the Grid software between CHEP and
Tier 2 institute (SNU).
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For the Fermilab CDF Grid, we have designed a DCAF in Korea (KCAF)
as the first step. A job broker will decide at which farm the job will run at the
final step. However, KCAF is much more difficult than CAF due to data files
which are physically apart by more than 10,000 km. In order to run the remate
data which is currently stored in Fermilab, USA, we will use SAM (Sequential
data Access via Meta-data) 2) and/or GridI'TP 1),

4 Summary

HEP Data Grid activities in Korea are rapidly growing along with Global HEP
Data Grid. High Energy Physics Data Grid Working Group in Xorea has been
contributing the Global High Energy Physics Data Grid in many ways.

References
1. See http://eu-datagrid.web.cern.ch/eu-datagrid/.

2. See http://cdfdb.fnal.gov/sam/.
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