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Das CERESExperimentbesclaftigt sich mit der Messungvon Elektronenpaareim
niedererMassenbereicin protonen-undioneninduzierterKollisionenam SuperProton
Synchrotronim Mittelpunkt stehtdabeidie Untersuchungon Veranderungemadronis-
cherEigenschafteunterdem Einflul? heil3erund dichter Kernmaterie.Eine signifikant
erhdote Produktionsratezon Dileptonenpaarenbezogenauf Erwartungenaus hadronis-
chenZerfallen, wurdeim Massenbereich.25 < m., < 0.7 GeV/& beobachtet.Dieses
faszinierenddergebniskann nur durch Modelle erklart werden,die Veranderungeres
p-MesonsinnerhalbdesMediumszulassenUm einebesserdMassenaufisungim Bere-
ich derVektormesonenu erreicherundsomitzwischerndenverschiedenetheoretischen
Erklarungsnaglichkeitenunterscheidezu konnen,wurdedasExperimentm Jahr1998
durcheineTPCmit radialerDrift eganzt.Die in dieserDoktorarbeitvorgestellteAnalyse
beruhtaufdemDatensatxon 158 A GeV/cPb-AuKaollisionen,derim Jahr2000mit dem
erweitertenexperimentellenAubau aufgenommenemvurde. Die beobachteteerhbhte
Produktionsrateler et e~ -Paarebesttigt fruihereCERESErgebnisse Ein Vergleich der
Datenmit theoretischeNorhersageffavorisiertRechnungergie aufderVeranderungler
Spektralfunktiordesp-Mesonsm Mediumberuhengegeriibersolchendie aufeinerre-
duziertenp-MesonerMasseberuhen.

The CERESexperimentis devotedto the measurementf low-masselectronpairs
in protonandion-inducedcollisions at the SuperProtonSynchrotronacceleratar The
main goal of the CERESexperimentis to investigatemodificationsof hadronproper
tiesin hot anddensenuclearmatter A significantenhancemenof dilepton pair yield
with respectto expectationsbasedon hadrondecayswas obsered in the massrange
0.25< m, < 0.7GeV/E@. This fascinatingresultcanonly be describedby models
invoking in-mediummodificationsof the p meson.To distinguishbetweerdifferentthe-
oretical explanationsof the enhancementhe experimentwas upgradedn 1998 by the
additionof aradial TPC to improve the massresolutionin the vectormesonregion. In
this thesis,the analysisof the datasampletakenin 2000in 158 A GeV/c Pb-Au colli-
sionswith the upgradedexperimentalsetupis presented.The obsened enhancemernf
the ete™ pairsconfirmsprevious resultsof CERES.The data,comparedo the theoret-
ical calculationsbasedon droppingp massapproachandin-mediump spectraffunction
modifications favor thelatter.
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1

Intr oduction

1.1 Relativistic Heavy lon Physics

The primary motivation for studyingthe relatvistic heary ion collisionsis to gain an
understandingf propertiesof stronglyinteractinghadronicand partonicmatterat high
enepgy densities. The hadronicand partonicmatteris commonlyreferredto asnuclear
matter The examinationof nuclearmatteris of cross-disciplinaryinterestto nuclear
physicsaswell asto astrophysicsgcosmologyand particle physics. Fig. 1.1 displaysa
schematigphasediagramof nuclearmatter[2, 10,11]. The behaior of nuclearmatter
asa function of temperatureanddensityis governedby its equationof state. The lower
left partof the diagramat low temperatureandnearnormalnuclearmatterdensitycon-
cernsconventionalnuclearphysics.Herethe normalnucleiexist. At highertemperatures
nucleonsare excited into baryonicresonancestates,alongwith accompawing particle
productionand hadronicresonancdormation. In heary ion collisions, suchexcitations
areexpectedto createhadronicresonancenatter Thetwo acceleratofacilities, the Al-
ternatingGradientSynchrotron(AGS) at Brookharen NationalLaboratoryandthe Super
ProtonSynchrotron(SPS)at CERN, accessedthis region with heary ion beams.These
collisionsmaytraversethetransitionregioninto thenew stateof matter:the Quark-Gluon
PlasmaQGP)[12]. Formationof the quark-gluonplasma,a deconfinedstateof quarks
andgluons,is the major focus of relatvistic heary ion experimentsat higherenepies.
The Relatvistic Heary lon Collider (RHIC) at Brookhavenis presentlythe operatingac-
celeratorfacility deliveringthe highestenegy in the heavry ion field. The operationwith
heary ionsis alsoplannedfor the Large HadronCollider (LHC) at CERNin 2007. As
shown in thephasediagram thetemperaturenddensitytrajectoriesat RHIC (andLHC)
lie closeto that of the early universe,while thoseat the AGS and SPSoccurat higher
baryondensities.

Theuniversetemperaturataroundtenmicro-secondsfterthe Big Bangwasapprox-
imately 150-200MeV. At this temperature quark-hadrorphasetransitionis predicted,
which s the sametransitionasthatfrom hadronicmatterto a quark-gluonplasmajputin
the reversedirection by cooling from a highertemperature Also of interestin cosmol-
ogy is generalnucleosynthesisjariousaspect®f stellarevolution, neutronstarcollapse
and supernea expansiondynamicswhich occurat high baryondensitiesand very low

1



2 1. Intr oduction
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Figure 1.1: Phasaliagramof hadronicmatterandhadrochemicalreeze-oupointsfor heary ion
collisionsatSIS,AGSandSPS Theregionbetweenwo yellow linesindicategheexpectatior10]
for the phaseboundarybasedon lattice QCD calculationsat 4, = 0. The arrav from chemical

to thermalfreeze-outcurve for the SPSis calculatedfor expansionwith constantentroy per
baryon[13].

temperaturesThusthe studyof extremestatesof mattercreatedn high-enegy nuclear
collisionsprovidesscientistawith an opportunityof gaininginsightinto mary important
aspectsn differentfields of physics.

The symmetrybreakingmechanismsnd the origin of particle massesare the key
guestionsAn investigatiorof theperturbatve vacuumof the QuantumChromo-Dynamics
(QCD) usingcollisionsof relatwvistic heary ionsmayallow to find theanswersThecom-
plex internalstructureof the QCD vacuumconsistf aquark-gluoncondensateea.This
seafluctuatesaboutits zeropoint. At low enegy densitiesguarksandgluonsare con-
finedinto hadrongbaryonsandmesons).Thus, the vacuumactsascolor dielectric. At
the high temperatures high enegy collisionsof heary ions, the quark-antiquarkcon-
densatevacuummelts. The quarksandgluonsconfinedin hadronsbecomefree andthe
vacuumtransformsfrom a color dielectricto a color conductor This is the quark-gluon

plasmgphase Anotherphasdransition,namelytherestoratiorof chiral symmetryis also
predictedat hightemperatures.
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1.2 Conceptsof Quantum Chromo-Dynamics

The QuantumChromo-Dynamichastwo remarkabldeatures.The strongcouplingcon-
stantis large atlarge distance®r smallmomentuntransfer(Q)?) andquarksareconfined
into colorlessparticles,so-calledcolor-singlets. At shortdistancesor large momentum
transfer the coupling constantis small, approachingzerofor Q> — oo. This is the
regime of asymptotidreedom.

16.0 | . 5t —
140 Fpe
12.0 ——
10.0
8.0
6.0
4.0
20

0.0

3 flavour
3 flavour

2 flavour
pure gauge

2 flavour

T, T [MeV]

1.0 15 2.0 25 3.0 3.5 4.0 100 200 300 400 500 600

Figure 1.2: Resultsof a lattice QCD calculationusing0, 2, 3 light quarksand2 light quarksplus
strangequark[14]. Plottedarethe enegy densitye/T* (left panel)andthe pressureP/T* (right
panel).Theenegy densityandthe pressurevaluesfor theidealgasareshovn with arrows.

The more quantitatve understandingf the QCD thermodynamican be obtained
by carryingout non-perturbatie numericalcalculationsof thermodynamiwariableson a
lattice[14—-16]. Theresultsof thecalculationdasedn 2 or 3 quarkflavorsaredisplayed
in Fig. 1.2. Thecritical conditionsfor a phaseransitionfrom a confinedphasghadronic
matter)to adeconfineghasgquark-gluorplasmajrepredictedo occuratatemperature
of T, ~ 170MeV correspondindo the enegy densitye ~ 1 GeV/fm?. For the enegy
densitya smoothandrapid transitionis obsened asa function of temperature A more
gradualtransitionis foundfor the pressurg. Dueto thefinite latticesizeit is hardto say
whetherthe phaseransitionis aweakfirst orderoneor a secondrdertransition.

The chiral symmetryrestorationat high temperaturess also of greatinterest. The
massof quarkdependson the distanceover which it is probedby anotherquark. Since
the nucleonis madeup from threequarks,the quarkmassshouldbe approximatelyone
third the massof the nucleon,or about300 MeV/c2. Theseare so-calledconstituent
quarks,which aredressedn a virtual cloud of quark-antiquarkpairsandgluons. Due
to the fact that interactionbecomeswealer at short distancesthe shorterthe distance
betweenquarks,the smallerthe mass. Thereforethe massof the currentquarkin the
regime of asymptoticfreedomis nearzero. The estimatefor the up-quarkmassis ap-
proximately5 MeV andthatfor the down-quarkis approximately7 MeV. For massless
quarksthe QCD Lagrangiarfactorizesnto aleft-handedermandright-handederm,and
is thereforechirally symmetric. For the caseof nucleon,which hasnon-zeromass,the
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chiral symmetryis spontaneousliproken. In this casethe QCD Lagrangiarhasanaddi-
tional term which is proportionalto the light quark masstimesthe vacuumexpectation
valueof the quark-antiquarkcondensatéi1y). Sincethis expectationvalueis finite, the
Lagrangiarcannotbe chirally symmetric.

In summary at low enepgy densitiesquarksand gluonsare boundinto colorlessob-
jects, called hadrons,and are confined. The quarksobtain large effective masseq{m,,
~ my ~ 300MeV/c?, m; ~ 500MeV/c?) by interactionsamongthemselesandwith
the surroundingvacuum. This is called broken chiral symmetry At high enegy densi-
ties,which arereachedn relatvistic heary ion collisions,a phasetransitionis expected
to occur The partonsbecomedeconfinedandtheir masseslecreaseém, ~ my; ~ 0,
m, ~ 150MeV/c?) andthe chiral symmetryis partially restored.

1.3 Space-Time Evolution of Relativistic Heavy lon Col-
lisions

Interacting
hadron gas

¥—( Pre-equilibrium )y = AN~ T T T " T ™
D

Figure 1.3: Space-timevolution of heary ion collisions.

A transitionfrom a quark-gluonplasmato a hadronicmattermusthave existedabout
10 microsecondsfterthe Big Bang. As predictedby lattice QCD a reversetransitionto
a quark-gluonplasmashouldoccurat sufiiciently high enegy densities.To reproducea
deconfinementransitionin thelaboratoryis the taskof therelatvistic heary ion physics.
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The computersimulationsof space-timesvolution of the collisionspredictthata life
time of thefireball shouldbe5 - 10 fm/c. The strengthof potential QGPsignalsrelative
to thebackgroundreatedoy thehot hadronicphaseandfinal statemodificationsdepends
on the overall time evolution: the collision processat the partonlevel, formation of a
quark-gluonplasmagxpansioncooling,andhadronization.

Thespace-timevolution of aheavy ion collision canbeclassifiedoy thermodynamic
variables. This involvesdeterminatiorof the enegy densitye, pressurel’, andentrogy
s of theinteractingsystemasa function of temperature@ndthe baryochemicapotential
1. The dynamicsof the collision processanbe alsoaddressedtby the nuclearstopping
power. The nuclearstoppingpower determinegshe amountof enegy accessiblen the
interactionregion, the volume of the interactionregion andthereforethe enegy density
Variousmeasurementsadeusingdifferentnuclearsystematthe AGSandSPSindicate
thattheamountof nuclearstoppingpoweris large. This meanghattheamountof enegy
in the interactionregion is sufficient to produceenegy densitieswell above the critical
enegy densitypredictedby lattice QCD calculationg~ 1 GeV/fm?).

Thespace-timevolutionof heary ion collisionsis schematicallylisplayedn Fig. 1.3.
Two incomingnuclei moving almostwith speedof light are Lorentzcontracted.Within
1 fm/c afterthe collision, the enegy of relatve motion of the incomingnucleiis trans-
formedinto otherdegreesof freedom. After the pre-equilibriumstagethe QGPis ex-
pectedto be formedvia the parton-partorinteractions. The interactingsystemthen ex-
pandsdue to the huge pressuranside the hot and densemedium. At the sametime,
temperatur@anddensityof themediumaredecreasingA mixedphaseollowsthequark-
gluon plasma. First hadronsare createdin the expandingQGP. Oncetemperatureand
densityof thefireball becomesuficiently low, theremainingislandsof plasmahadronize.
Theinteractinggasof hadrondurtherexpandsandcoolsto thepointreferredto aschemi-
calfreeze-outwhereall inelasticinteractiondbetweermarticlesceaseandthealbundances
of hadronsarefixed. With furtherdecreasef thetemperaturenddensityalsotheelastic
interactionsvanish(thermalfreeze-outandparticlesstreanmtowardsthe detectors.

1.4 ElectromagneticProbes

Therearemary experimentalobsenablesproviding informationon the evolution of the
nuclearcollisions. The obsenation of electromagneticadiationseemsdeally suitedbe-
causephotonsand leptonshave no strongcoupling andthereforeinformationfrom the
time of their emissioncanbe detectedundistortedoy final stateinteractions.Sinceelec-
tromagneticradiationis emittedthroughoutthe evolution of the interactionit supplies
informationon the full dynamicsof the collision system.Electromagneticadiationcan
be detectedsia virtual photons(dileptons)or via real photons.It canbe emittedin QGP
phaseasqq annihilation[17] andalsoin the hadrongasphasegssentiallyasm 7~ anni-
hilation. Thethermalradiationemittedvia quark-antiquarlannihilationprocesgroduces
an exponentialspectrumwith a slopeparametereflectingthe temperaturef the system
andmight be obseredonly in the massregion above 1 GeV/&. On the otherhand,the
77~ annihilationrising from thresholdatm = 2m,, is expectedo contritutein theregion
aroundandbelov p°-mesonmmass.
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Photonsand leptonsmay provide a measureof the thermalradiationfrom a quark-
gluon plasma,if a region of photonenegy, or equvalently lepton pair invariantmass,
canbe isolatedfor emissionfrom the QGP relative to other processes.However, the
yieldsfor electromagnetiprobesaresmallwith respecto backgroundgprocessesyhich
are primarily electromagneticdecaysof hadronsand resonancesafter freeze-outof the
collision system. Fig. 1.4 illustratesa schematidilepton massspectrum.Leptonpairs
from a quark-gluonplasmaare expectedto beidentifiedin the 1 - 1.2 GeV/& invariant
masgange.Thelow masgegion, wheremostof thecrosssectionlies, includesthe Dalitz
decayof ther?, n, /', w, andtheresonanceecayf the p, w and¢. At somavhathigher
masseghe semileptonicdecayof the charmedmesonsD D andthe Drell-Yan process
dominate The high massregion above 3 GeV/¢& includesthe J/1 andthe’ resonances
andtheunderlyingcontinuumdominatedoy Drell-Yanmechanism.

E E T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T ;
T f ) 3
= 0, Dalitz-decays E
~ .
S E E

Z f p,w 3
: | E

E W 3

3 Drell-Yan 73

[ Low- | Intermediate- :  High-Mass Region ]

F >10fm ! >1fm | <0.1fm E

E_l 1 1 11 1 1 1 1 l 1 1 lél l 1 1 1 1 l 1 1 1 l_E

0 1 2 3 4 5

mass [GeV/c?]

Figure 1.4: Schematiciew of thee'e™ invariantspectrum.

At lower invariant massesetween0.5 and 1 GeV/&, lepton pairs from hadronic
sourcesare expectedto dominateand provide informationon possiblemediummodifi-
cationsof hadronsat high density The widths and positionsof the p, w, and¢ peaksin
the leptonpair invariantmassspectrumare expectedto be sensitve to medium-induced
modificationsof the hadronicmassspectrumsuchasdrop and/orbroadeningf thevec-
tor mesonmassegprecedingchiral symmetryrestoration.Among all vectormesonghe
p-mesonis of specialinterest.In fact,thethermalfireball is expectedto live significantly
longerthanthe 1.3 fm/c lifetime of the p-meson. Due to its very shortlife time com-
paredto the fireball lifetime, mostof the p-mesongroducedn the collision will decay
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insidetheinteractionregion. If thetemperatur@and/orthebaryondensityarehighenough
for partial chiral symmetryrestorationto take place,the propertiesof the p-mesonwill
changeleadingto a detectablesignalin the low-massdileptonspectrum. Thew and ¢
mesondive muchlonger Their live timesareabout23 and44 fm/c respectiely. Since
the strengthof the p-mesonis expectedto increaseelative to thelongerlivedw, the p/w
rationmaysene asa“clock” for thelifetime of thethermalfireball.

1.5 Previous CERES Results

The CERESexperimentis dedicatedo the measuremenf low-masselectron-positron
pairsin ultra-relatvistic heary ion collisions. The kinematicregion closeto mid-rapidity
accessibldoy CERESIs displayedin Fig. 1.5. The othertwo muon pair spectrometers
at CERN SPS,NA38/NA50 [18—-20]andNA34/HELIOS-3[21,22] cover moreforward
rapidities,asshovnin Fig. 1.5.
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Figure 1.5: Dilepton kinematicalacceptancén the m;-y plane. The rapiditieswith the largest
particle productionin centralcollisionsof sulfurionsat200A GeV (left arrov) andleadions at
158A GeV (right arrawv) areindicatedin theplot.

CEREShascompleteda systematighysicsprogramincluding the measuremenf
electronpairsin p-Be and p-Au collisions at 450 GeV/c [23-25], S-Au collisions at -
200 A GeV [26,27] and Pb-Au collisionsat 158 A GeV [28-36], Pb-Au collisions at
40 A GeV [37-40]. A very interestingresultshasbeenfoundin this systematicstudy
A strongenhancemeruf low-masselectronpairsin S-AuandPb-Aucollisionswasob-
sened, indicatingthe onsetof a new source,beyond the meresuperpositiorof p-p col-
lisions. However, no enhancementvasobsenedin p-Be andp-Au collisionsasshovn
in Fig. 1.6. The discaveredenhancemendf ete~ pairsis alsoconfirmedby the latest
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resultsobtainedwith theupgradedxperimentaket-upin Pb-Aucollisions,whichwill be
discussedh thisthesis.
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Figure 1.6: e"e~ massspectrafor p-Be collisionsat 450 GeV (left), p-Au at 450 GeV (middle)
andS-Auat200A GeV (right) [30]. Thesolidline depictsthe contritution from hadronicdecays.
Strongenhancemertf theelectronpairyield overthe hadronicsourcess obseredfor S-induced
reactionswhile in p-Beandp-Au collisionstheete~ massspectraare perfectlydescribedy the
hadroniccocktail.

Inclusveete massspectrunfor S-Audatacollectedn 1992isillustratedin Fig. 1.6.
The dataarenormalizedto representhe pair densityper chagedparticle densitywithin
the CERESrapidity acceptance.This normalizationallows to scalethe dileptonyield
from proton-protonto nucleus-nucleusollisions with the event multiplicity, sincethe
particleproductionratiosremainunchangedn the differentcollision systemsin the ab-
senceof new physics,electronpairsare expectedto originatefrom the known hadronic
sources:Dalitz decaysr®, n, n — ete v, w — ete 7, andresonancelecays,p, w
and¢ — ete . All the contributionsfrom corventionalhadrondecayscalculatedwith
a generator(seechapter5) arealsoshovn in Fig. 1.6. The solid line representshe su-
perpositionof all thesesourcesextrapolatedirom hadronmultiplicities, asmeasuredn
p-p collisions. The measuredgspectrumhasa differentshapethana sumof the gener
ateddecaysand shows a strongenhancemenver the hadroniccontritutionsat masses
above 200 MeV/c?, reachingoneorderof magnitudearoundm ~ 400 MeV/c2. To pro-
vide a quantitatve measureof the obsened excessthe enhancemertfiactoris definedas
the integral of the dataover the integral of the predictedsourcesn the given invariant
massrange. For the massrange0.2 < m,, < 1.5GeV/¢ an enhancemenftactor of
5.0£0.7(stat.):5.0(syst.)wasfound. An enhancementf low-massmuonpairswasalso
obsened by HELIOS-3in S-W collisions (althoughlessdevelopedbut still significant)
andby NA38 in S-U collisions,bothat200A GeV.

In 1993 CEREScollecteda large sampleof electronpairsfrom 450 GeV p-Be and
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p-Au collisionsto gainanaccurataunderstandin@f the physicsbackgroundandto pro-
vide a basisfor comparisorwith nuclearcollisions. A very good agreemenbetween
the invariantmassspectrummeasuredn p-Be andthe predictionsbasedon the known
hadrondecaysourcesvasobsened,asillustratedin Fig. 1.6. The sameobsenationwas
foundin caseof p-Au collisions. Thus, within the systematicerrors,thereis no need
to invoke any uncorventionalsourceto explain the resultsfor proton-inducedeactions.
The CERESassessmertf the cocktailin proton-inducedeactionshasbeenconfirmed
by microscopictransportcalculationg41,42]. The latter give equialentresultsfor the
dimuondataof HELIOS-3[21,22] takenin p-W collisions. Thereforechemeasured e~
andy ™~ spectran proton-inducedeactionsat CERN SPSenegiesarewell understood
by thefinal statehadrondecaysn a consistentvay.

Pb-Au 158 AGeV

0/04e,= 28 %
<dN,/dn>=245

=
=
[¢)]

combined 95/96 data 2.1<n<2.65
p>0.2 GeV/c

0,.>35 mrad

=
Q
4

<dN,./dm,>/<N_> (100 MeV/c?)™
H
o

=
Q
(o)
T

s e VN
0 0.2 04 0.6 0.8 1 1.2 14 1.6
Mee (GeV/cZ)

Figure 1.7: Comparisorof the inclusive massspectrumfrom '95 and’96 dataanalyseq30] to
threecalculationswith avacuump spectrafunction(thick dashedine), with droppingin-medium
p mass(thick dashed-dottetine) andwith a medium-modifiedp spectralfunction (thick solid
line). The hadroniccocktailis plottedwithout p decay

The resultinginvariantmassspectrumfor the combineddatasetfrom 158 A GeV
Pb-Au collisions collectedduring 1995and 1996 runsis shovn in Fig. 1.7. Integrating
overthe massregion 0.2to 1.5 GeV/¢ CERESfoundthattheinclusive dileptonyield is
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enhancedy afactorof 2.8+0.3(stat.):1.0(syst.)comparedo theexpectechadrondecay
contribution. Similarly to S-Au data,the enhancement mostly localizedin the mass
range0.2 < m,, < 0.7GeV/c.

Theinclusiveete™ pairtrans\ersemomentunspectran 158A GeV Pb-Aucollisions
normalizedto the obsened chagedparticledensityareshavn in Fig. 1.8 for threemass
regions.
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Figure 1.8: The pg¢ spectra[30] comparedto three models: calculationwith vacuump spec-
tral function (thick dashedine), droppingim-mediump mass(thick dashed-dottetine) anda
medium-modifiedp spectrafunction (thick solid line). Hadroniccocktail doesnotincludethe p
decay

For massedelon 200 MeV/c? the pair p¢¢ distribution agreeswith the predictions
for 7°-Dalitz decays.For highermassesthe enhancemeris obseredover the entire p¢
range but it increasesignificantlytowardsvery low pair trans\ersemomentum.

Anotherresultis basedon datataken for Pb-Au collisionsat 40 A GeV during the
runningperiod1999. In the high massregion abose 200 MeV/c? the enhancemerfiac-
tor of 5.14+1.3(stat.}-1.0(syst.,data} 1.5(syst.,cockt.) was found [37]. Comparedto
158 A GeV, the larger enhancemenat 40 A GeV, wheremultiplicity and temperature
arelow, is interpretedasa consequencef therising baryondensity

Theseresultshave stimulatedconsiderablectivity amongtheoristsin an attemptto
explain the obsened enhancementPresently the thermaldilepton productionvia 7r-
annihilationis believedto accountfor the effect. Many calculationshave addressethese
datautilizing wr-annihilation,however they all have difficulty fitting the enhancemenn
the electronpair dataat pair masse€9.2 < m,, < 0.5GeV/&. A modelhasbeen
proposedvhich incorporatesa decreasén the p-mesonmassdueto chiral restorationn
thedensemedium[43]. Anotherapproactincorporates spectrafunctionfor the p, pion
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modificationin-mediumandp scatteringeadingto a significantbroadeningn the p res-
onancg44,45] fits the dataequallywell. Both modelcalculationsprovide a reasonable
descriptionof the obsenedlow massenhancemenn the variousdatasetscollectedby
CERESIn ion-inducedreactions.However the massresolutionof the spectrometedid
notallow for amoreaccurateneasuremertf thevectormesorregionwheretheresultsof
the calculationsbasedon the two mentionedheoreticalapproachesliffer. A substantial
improvemeniof thedatain termsof statisticsaandresolutionwasrequired.This motivated
anupgradeof the CERESspectrometeby the additionof a nev downstreamrlime Pro-
jectionChambeiin 1998. A mentionedanalysisof e*e~ pair productionat40 A GeV/c
recordedn 1999wasthefirst analysisof the datatakenwith the upgradedexperimental
setup.However the limited performanceof the TPCread-outsystemcausedarge statis-
tical errors. In this thesis,measurementsf the dilepton productionin Pb-Au collisions
at 158 A GeV/cwith fully operationallPC andcompletecalibrationfrom theyear2000
datasetarepresented.

In the framawork of this thesisl have developed,optimizedandtestedthe codefor the
step2productiondescribedn section3.2.1. | have alsopreparedhe correctionsor the
calculatednagnetidield mapbasednthemeasurementsf the B-field (seesection3.4).

In termsof the datareconstructiorsoftwarel have developedandoptimizedthering re-

constructionalgorithm basedon the Hough transformfor the combinedRICH detector
system(seesection4.4.2).As aresultthering reconstructiorefficiency wassignificantly
improved. | have alsofurtherdevelopedandoptimizedthe TPCtrackingalgorithmwhich

led to anincreasedumberof hits pertrackandimprovedtrackreconstructiorefficiency,

especiallyfor the softtracks(seesectiord.5.2).In the secondpartof my work within the
CEREScollaborationl wasmainly concentratedn the analysisof the datatakenin the
year2000,differentrejectionstratgies(chaptedd) andMC issuegchaptel6). Theresults
of theanalysisarepresentedh this thesis.
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The CERES Experiment

2.1 Experimental SetupOverview

The CERES(Cherenkov Ring Electron Spectrometergexperimenthasa fixed targetge-
ometryoptimizedto measureelectronpairsin the massregion from ~50 MeV/c? up to
~1.5GeV/& atmid-rapidity2.1 < n < 2.65with 27 azimuthalcoverage.The CERES
spectrometeschemas shovnin Fig 2.1.

Any experimentdedicatedo a measuremerdf low masselectrondacesseveralchal-
lenges.Thenumberof producedet e~ pairscomparedo thenumberof producedcthaged
hadronds only of theorderof 10-5. Anotherproblemis thelargeamountof photonspro-
ducedin the collision convertinginto ete~ pairs. The CERESgroupdevelopeda novel
spectrometewith two Ring ImagingCHerenkv (RICH) [46] detectorsvhich arealmost
"blind” to hadrons.The amountof materialwithin the acceptancés keptbelov 1 % of
aradiationlength®. This minimizesthe amountof conversionswhich would otherwise
contritute to the combinatorialbackground. The UV detectorsare placedupstreamof
the target, andthusthey are not traversedby the intenseflux of forward-goingchaged
particlesproducedn theinteraction.

The original spectrometestartedto take datain 1992.1t consistednly of two RICH
detectorsplacedbefore,the otherafter a shortsuperconductingloublesolenoid,which
wasreasonabléor thelow multiplicities with protonandsulfur beamsThefirst upgrade
of theexperimentsetuptook placefrom 1994to 1995with a doubletof Silicon Drift De-
tectors(SDD) anda multiwire proportionalchambemwith padreadoutthe padchamber)
allowing operatiornin thehighmultiplicity environmentof leadongoldcollisions[47-49].
A secondime the spectrometewasupgradedn 1998with aradial-drift Time Projection
ChambeTPC),while the padchambemasremoved. This improvedtheinvariantmass
resolutionand provided additionalparticle identificationtool via specificenegy lossto
the alreadyexisting electronidentificationwith RICH detectors.

The presenlCERESsetupconsistof thetargetarea,RICH detectorsystemand TPC.
The target region includesa sggmentedAu targetitself andtwo silicon drift detectors,
locateddownstreamof the target. Two RICH detectorswith methanegasradiator(y ~

IMirror of RICH2is notincluded.

13
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Figure 2.1: Crosssectionthroughthe CERESexperimentaketupin 2000.
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32, which makesit blind to mostof the hadrons)are usedto identify electrons. The
originalmagnetidield betweerthemwasswitchedoff allowing to usea doubletof RICH
detectoran a combinedmode. This resultsin improved reconstructiorefficiengy. The
TPC usedfor the momentummeasuremenis locatedbehindthe mirror of the second
RICH detector

Theachievementof the presensetuparelisted below.

e Improved massresolution:ém/m = 3.8% atm ~ 1 GeV/c? (for detailsseesec-
tion4.5.4).

¢ Additional PID viadFE/dz in TPC(seesectiord.6.5)togethemwith efficientchaged
particletrackingprovidesnew capabilitiesfor the hadronphysicsstudies.

¢ ImprovedRICH efficiengy (section4.4.2).

2.2 The TargetRegionwith Two SDD Detectors

Fig. 2.2 shaws thetargetregion of the CERESspectrometewith two radial silicon drift
detectordSDD1,SDD2)placedapproximatelyl0 cm behindthetarmet.

1cm 13

Figure 2.2: Schemeof thetamgetarea:1 - the carbonvacuumpipe, 2 - aluminiumentrancewin-
dow, 3 - themirror of BC2,4 - PMT of BC2,5 - sggmentedjoldtarget,6 - PMT of BC3,7 - PMT
of MC, 8 - mirror of BC3,9 - scintillatorof MC, 10- Al-mylar light guide,11- SDD1,11- SDD2,
13- gasvolumeof Cherenkv detector8C2 andBC3.

Thetamgetareaconsistf the sggmentedargetandvariousCherenkv andscintilla-
tion counterausedin thetriggersystem.Thebeamentershetargetareavia anevacuated
Al tubethatreachesntil afew millimetersshortof the sgmentedargetandis sealedy
a thin mylar window. A segmentedAu tamget usedduring the beam-time2000 consists
of 13 disksspaceduniformly by 1.98 mm alongthe beam. Eachdisk hasa diameterof
600m andathicknessf 25 um. Dueto the designof thetargetthe particleproducedn
the collision reachthe sensitve detectionvolume of the spectrometewithout traversing
thetamgetdiskslocateddownstreanof the interactionpoint. This minimizesthe amount



16 2. The CERES Experiment

of electronpairsoriginatingfrom ~-corversions.The Au disksweremeasuredo contain
95% of the beamover the full lengthof the target once collimatorsand settingsof the

beamline have beenoptimized.
The two radial Silicon Drift Detectors(SDD) play animportantrole in the electron

analysis.Thesedetectorgprovide:
e A veryprecisereconstructiorof theinteractionvertex within the segmentedarget.

¢ A measurementf enegy lossby chagedparticlesusedfor identificationandre-
jectionof closeelectronpairs.

e A tracksegmentconstructiorusedin the formationof globaltracksby matchingto
otherdetectors.

e Determinatiorof chagedparticledensity

TheSDDtelescopanadeup of two closelyspacedylindrical silicondrift detectorss
locatedapproximatelyl0 cm behindthetarget. Theactive areaof bothdetectorss almost
thefull areaof silicon waferwith 4 inch diameteranda thicknessof 280 um which has
a centralholefor the passagef the beam. The sensitve areacoversthe region between
theradii 4.5 mm and42 mm with full azimuthalacceptanceThe principle of operation
of thesilicon drift detecto]50,51] is shavnin Fig. 2.3.
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Figure 2.3: Principleof the Silicon Drift Detectors Electronamove from theionizationregionin
thedirectionof anodeg1].

A chaged particle traversingthe depletedsilicon wafer createselectron-holepairs
alongits trajectory To createone electronpair ionizationenegy of 3.6 eV is required



2.3The RICH Detectors 17

Thusaround25000electron-holgrairsarecreatedby a minimumi ionizing particlepen-
etratingthe detector Thenthe electronsaretransportedilongthe superimposedadially
symmetriclinearelectricfield towardsthe outerpartof the SDD detectorwherethey are
collectedon thent anodesyhile holesareattractedo the p* electrodeon the detector
surface.

Dueto thefact,thatthedrift time of electronsddepend®n the drift distancethe SDD
detectoiis positionsensitve. The practicaldisadantageof the drift detectords a strong
dependencef the electronmobility x ontemperaturd’

T4 (2.1)
andconsequenthatemperaturelependendrift velocity ¥y, s

Ugript = - B, (2.2)
whereE is an appliedelectricfield. Thetypical drift time is approximately3.8 us. The
signal inducedby ionized electronsin the 360 anodedocatedat the peripheryof the
detectorns readout with chage sensitve amplifiers. Theradial coordinater of the point
wherea chagedparticlecrossedhe detectomplaneis measuredy the drift time ¢ of the
electroncloud. The azimuthangle¢ is determinedoy the centroidof the chage shared
by adjacentanodes.To measurdahe centroidof the chage cloud with a high precision,
aninterlacedstructurewasdevelopedwhereeachanodeis subdvidedinto 5 pieces.The
pair of coordinategr, ¢) is providedfor eachcrossingchagedparticle.

2.3 The RICH Detectors

A schematiosiew of the CERESRICH detectoris shavn in Fig. 2.4. An electronemits
Cherenkv photonswhile traversingthe radiatorvolume, with refractve index n, filled
with CH,. A sphericamirror reflectsthe Cherenkv light backwardonto2-dimensionally
position-sensitie gasdetectors|ocatedat the mirror focal planeandseparatedrom the
radiatorvolume by a UV-transparenwindow. The detectingplanewill seea ring of
photonimpactswhoseradiuscanbe measure@ncethe centeris known from thetracking
algorithm. Theresultingpatternis a circle of radius

R = f-targ, (2.3)
which approachefor 6, — 6, its maximalvalue
Ry = f -tam. (2.4)
Both, the ring radiusandthe numberof Cherenkv photonsN, dependon particlemo-
mentumandmassas
R M%Yth ?
— =/1 - 2.5
Ry ( p ) 25
and

N MYth 2
—=1- . 2.6
Ny ( P ) (2.6)
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Figure 2.4: Schematioziew of the CERESRICH detectof34,46].

The CERESspectrometemcludestwo RICH detectorRICH1 and RICH2). The
RICH detectorsare”hadron-blind”,i.e. mostof the chagedhadronsdo not producepho-
tons, while essentiallyall electronsand positronscreateCherencwe rings of asymptotic
radius.Thisis achiezed by usingCH, atatmospheripressureastheradiatorgas,which
resultsin a Cherenkv thresholdof ~;;, ~ 32.

Theacceptancef thedoubletof RICH detectorss givenby RICH2 which coversthe
pseudorapidity range2.03 < 7 < 2.65. The magneticfield betweentwo RICH detec-
tors usedfor the momentumdeterminationn the pre-TPCerawas switchedoff. Thus,
the RICH detectorsvereusedin a combinedmode,which improvedring reconstruction
efficiengy (for detailsseesectiord.4.2).

In orderto minimize the numberof e*e~ pairsfrom v corversionsandto reducethe
lossof momentunresolutiondueto multiple scatteringandbremsstrahlunghemirror of
RICH1 is madeof only 1.1 mm (0.41%X/X,) thick carbonfiber. Thereflectionquality
of themirror is excellentandthe influenceon theresolutionis minimal (¢ < 0.10mrad).
The secondmirror is built from standardglass,6 mm thick (4.5% of radiationlength),
andconsequentlys the main sourceof multiple scattering.

The UV-detectorsconsistof a corversionspacefollowed by two parallel-plateava-
lanchestagesanda multi-wire proportionalchamber By their positionupstreanof the
tamget,the UV-detectorarenotexposedo thehugeforwardflux of chagedparticles.The
price to pay for this geometryis a limited acceptancén polaranglef. The main prop-
ertiesof the UV detectorsarea high detectionefficiency for UV-Cherenkv photonsand
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a goodspatialresolution. The gascountersarefilled with 94 % He + 6 % CH, at atmo-
sphericpressureThegasmixturecontainingTMAE (Tetrakis-di-Methyl-AminoEthylen)
vaporis heatedupto 50°C to reachthe partial TMAE pressurenecessaryor high pho-
toionizationandto avoid TMAE condensationTheion cloudsproducedn thelastwire
amplificationstageinducesignalson the pads. The latter form a grid of pitch 2.74mm
and 7.62 mm, andthe resultingtotal numberof pads53800and 48400in RICH1 and
RICH2, respectiely [52]. This correspond$o 2 mradperpadin bothdetectors.

To summarize 95% of all chaged particlesdo not leadto detectablesignalsin the
RICH detectorsvhile theelectronsaredetectedtartingfromamomentunp = 120MeV/c
atwhich they reachasymptotiaing radius.

2.4 TheTPC

The CERESspectrometewasupgradediuring1998by theadditionof a Time Projection
Chamber(TPC) with a radial electric drift field. This improved the di-electronmass
resolutionwhich is dominatedoy the momentumresolutionand provided an additional
pion rejectiontool via specificenegy loss(dE/dz).

A

Bockplote

 H¥-
Cylinder

Readout-C hambers

NA45/CERES-TPC

Figure 2.5: The CERESTime ProjectionChambemwith aradialdrift [53].
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The designof the TPC was constrainedy the needto presere the azimuthalsym-
metry of the existing spectrometer The TPC is locateddownstreamof the restof the
experimentalsetupimmediatelyafter RICH-2 and coversin beamdirectionz = 3.80 -
5.80m. It is placedinsidethe two large coils of a warm magnetwith a currents(up to
4000A) runningin oppositedirection. Themeasuremerdf thetrackcurvingthroughthe
magneticfield in the TPC providesthe momentuminformation. The TPC hasa cylindri-
cal geometryasall the otherdetectoran the experimentand coverssimilar acceptance
in the pseudorapidityange2.1 < n < 2.6. The TPChasanactve lengthof 2 m, an
innerradiusof 48.6 cm andan outerradiusof 132 cm (seeFig 2.5). A chagedparticle
traversingthegasvolumeof the TPCproduceslectron-ion-pairglongits trajectory The
electrondiberatedalongthe path of the chagedtrack drift towardsthe anodewire and
finally reachone of the sixteenreadout-chamberthat are mountedin a cage-lile alu-
minium structureanddefinethe outersurfaceof the TPC. Thedrift takesplacein aradial
electricfield with field strengthproportionalto 1/r. The electricdrift field is provided by
a cylindrical aluminiumelectrodewith a diameterof 97.2cm at a potentialof typically
-30kV, andby thecathodewire planesof thereadouthamberst groundpotential.Each
of the 16 readoutchamberdasthreewire planeswith wiresrunningin azimuthaldirec-
tions: gatinggrid, cathodewire, andanodewire plane. The arriving chage cloud passes
the gatingandcathodewire planesandfinally producesan avalanchecloseto theanode
wires which inducesa signalin the chevron-typecathodepads. The chesron padshape
waschoserdueto its efficient chage sharingin azimuthaldirectionandminimizationof
differentialnon-linearitieg54-56]. The TPC comprisesa total of 48x16x20 = 15360
readoutthannelsandprovidesa measuremertdf up to 20 spacepointsperparticle. Each
channels equippedvith low noiseelectronic§57] whichsamplegheanalogsignalswith
8-bit ADC in 256time binsperchannel An overview of the TPCreadouis givenin [58].

The TPCoperatesvith Ne(80%)CQ(20%) gasmixturewhich is optimalin termsof
diffusion,multiple scatteringl.orenzangle,primaryionizationanddrift velocity.

2.5 The Magnetic Field

The magnetsystemof the TPC consistsf two closelyspacedshortsolenoidswith oppo-
sitesensecurrents.Thetwo coilsarelocatedatz = 3.8and4.5m. Theresultingmagnetic
field linesin ther-z planearedisplayedin Fig. 2.6. Fig. 2.6 shows alsothe radial and
longitudinalcomponent®f the magneticfield both at the innerandouterendof the ac-
ceptancan f asa function of the z-coordinate.Also shawn is the trajectoryof a single
positively chagedparticlewith momentuml GeV/con the surfaceof a conewith angle
f againfor the minimum and maximumé@ acceptedFig. 2.6, bottom). The plot shavs
thedistancepnthesurfaceof acone,from thelocationof a trackwithout magnetidield,
and,in addition,the quantitythatdetermineghe extentof the primaryionizationtrail in
directionparallelto the wires of the read-outchambersr-d¢/dz. This quantityneedsto
be multiplied with the lengthz coveredby eachread-outpad. Thekinksatz ~ 1.2m
are dueto the two two superconductingmagnetcoils locatedbetweenthe two RICH
counterswhich wereswitchedoff duringthe beamtime. The strongbendatz ~ 4.2 m,
i.e. approximatelyin themiddle of the TPC,representgheregion of maximalradialfield
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Figure 2.6: Magneticfield of the TPC[59,60]: calculatednagnetidield linesfor thecombination
of the existing CERESspectrometeandthe additionalanalyzingcoils in the TPC region where
the active volumeof the TPCis indicatedby the dashedectanglgtop left). Magneticfield com-
ponentdrans\erseto andin beamdirectionareshawvn in theright top andnext to top plotsaswell

asa displacemenfrom an undeflectedrack on the surfaceof a conewith angleé of a1 GeV/c
singly chagedpatrticle (right bottom). The lengthof the arc projectedinto ther-¢ planeperunit

lengthin z, r-d¢/dz, is displayedn the next to bottomplot.

strength.

2.6 The Trigger

Theideabehindthetriggerdesignis afastselectiornof the eventsproducedn theinterac-
tionsin the gold target. To meetthe requirement®f minimal massexposurein thebeam
andtargetregion andsufficient radiationhardness systemof beamcountergBC) was
developed[61].

Thetriggerconsistof micro gasCherenkv andscintillation detectordocatedin the
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2.6m

60 m

Figure2.7: Triggerdetectoronthebeamline: 1 - BC1mirror, 2 - VC scintillator 3 - BC2mirror,
4 - sggmentedgold taiget,5 - BC3 mirror, 6 - MC scintillator, 7 - SDD1,8 - SDD2.

target areaupstreamand downstreamof the target. Incidentbeamparticleswere moni-
toredby the gasCherenkv detectordBC2 andBC3 with a pulseheightproportionalto

a projectile chage squared. The Cherenkv light was reflectedby thin Al-mylar mir-

rorsto PMT photocathodesA selectionof centralPb-Au collisionson chaged particle
multiplicity was performedby a scintillation multiplicity counter(MC) in the forward
pseudo-rapidityrangecoveredby the detector The scintillation light was reflectedto

photomultiplierphotocathodéy an Al-mylar light guide. Thelayoutof thetriggerdetec-
torstogethemwith thetwo silicon drift detectorss shavnin Fig. 2.7.

BC1 detectdirst a signalproducedoy the projectiletraversingthe gasradiatorof the
detectorabout60 m upstreanof thetarget. The vetocounter(VC) is a plasticscintillator
with aholeof 15 mmin diametermandouterdiameterf 145mm placedinsidethevacuum
beampipe. The VC wasusedto rejectthe eventswith high upstreanbackground.The
main trigger detectorsBC2, BC3, and MC, arelocatedin the target area,followed by
the doubletof silicon drift detectors.The active transporiof beamionsto thetargetwas
controlledby the systemof BC1, BC2 and MC. Approximately99% of the projectiles
seenby BClreachedhetarget.

The CEREStriggerin 2000wasbasedon 10 ns analysisof pulsesfrom the BC and
the MC detectorsselectingPb-Au collisionswith variouscentrality Fig. 2.8, obtained
with a triggeron incidentleadions, shavs the minimum biastrigger (MBT) with a low
thresholdon the BC3 pulseheightandthe centraltrigger (CT) with highthresholdon the
MC pulseheight.In fact,any mixture of differenttriggerscanberealizedwith the helpof
the BC andthe MC detectorsystem.The physicstriggersare provided by the following
combinationsValid Beam(VB) = BC1N VC, BeamTrigger(BT) = VB N BC2,Min Bias
Trigger(MBT) = BT N BC3, CentralityTrigger(CT) = MBT N MC(>bias).
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3

Data Production and Detector
Calibration

3.1 Data Production Overview

During the productionrun in the year2000 CEREScollectedin total 31-:10° eventswith

theacentralitycorrespondingo the mostcentral7% of thegeometricatrosssectionand
3.510° eventsat 20% centrality at the maximumSPSmomentumwhich is for Pbions
158 A GeV/c. In addition,runswithout magneticfield, with minimum biastrigger, and
with lower beamintensityaswell asrunswithout targetandlaserrunsweretakenfor the
calibrationpurposes.The quality of the dataanalysiscrucially dependn the accurayg

of the reconstructednformationsuchas coordinatesof the hits/tracks,pulseheightsof

signalsinducedin the detectorduy traversingparticles,measurednomentum.etc. On
the other handall thesequantitiesdependon the detectorparameters.Many of those
parametersuchasdrift velocity in SDD, gain variationsin RICH detectors,ariations
in temperatureand pressuran TPC gasandso on changewith time. Therefore before
startingthe physicsanalysisall the parametersnustbe calibratedfor thewhole dataset.
In orderto take into accountthe time dependencef the differentdetectorquantities,a
calibrationwasperformedfor every pieceof dataof a givensizeseparately

The dataanalysiswasdividedinto severalstagesxplainedbelown in moredetail.
(i) stepO- triggercalibration.

(ii) stepl- analysisof theraw datafirst pass.

(iii) calibrationof the experimentaketupbasedn the outputof stepl.

(iv) step2- analysisof theraw data,secondoass.This stepincludesa monitoringproce-
durecontrollingthe quality of the processedlata.

(v) step3- analysisof the outputof step2including fine tuning andfinal calibrationof

25
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the variousexperimentalquantities. During this stepa significantreductionof the data
sizewasachieved by keepingonly informationnecessaryor the electronanalysis.

(vi) step4- final analysisof the outputof step3.

Stagedrom (i) to (iv) werecombinednto a large scaleproductionof theraw datacalled
step2production(chagedparticle productioncommonfor every analysisof the CERES
2000data).

3.2 Production Steps

3.2.1 Step2

Therequirement$or CPUpowerfor theoff-line analysisn aHEP (High Enegy Physics)
experimentarehigh. Productionof theraw datatook 2 monthsduringsummer2003.The
main computingresourcevasa Batch Farm runningRedHat7at the CERN Computing
Center All jobsprocessinghe physicsandthecalibrationrun onthisfarm. The prod400
gueuewasdedicatedo runningthe productionwhich allowedto obtainup to 400running
jobssimultaneouslyTable3.1 shavsthe CPUfrequeng distribution of the BatchFarm.

CPU frequency(GHz) || 2.8| 1 | 0.75] 0.55
% 55128 | 14 3

Table 3.1: Relatve CPUfrequeng distribution duringstep2production.

The main storagefacility wasthe CASTOR [62] hierarchicalmassstoragesystem.
This systemprovided the necessaryisk space(pool with a size of 2.47 TB) for both
the input buffer and the output buffer. A processrunningin batchtransferedthe raw
datafiles from the CASTOR tapesto the pool. Thenthesefiles wereaccessedia RFIO
(RemoteFile I/0O). The outputROOT [63] files weremigratedto CASTOR tapes.Unless
the processeseadingandanalyzingthe dataare stalledfor a very long time or the CPU
capacityof the batchfarmis degradedall files shouldbe usedbeforebeingpurgedfrom
the poolandrecallfrom tapeshouldnotbenecessary

Since,asalreadymentionedthe completeCERESdatasettakenin 2000 hadto be
calibratedjt wasdecidedo performacalibrationof thedatapieceby piece.Theraw data
weresplitinto 415units. Every unit consistof about200burstswhichwasprovento bea
minimal amountof the dataneededor the calibrationwith enoughprecision.Figure3.1
showvs a diagramof the step2productionorganization.

All productioncomponentsvere implementedusing Perl and Unix text processing
programmindanguagg64]. The productionscriptssubmit30 executablegperunitto the
batchfarm. All jobsbelongingto a givensteprunin parallel. However, asthe next step
depend®ntheoutputof thepreviousone,all availablenodescannotbeconstantlyjoaded
by processingnly oneunit. To avoid adecreasef theoverall productionefficiencgy three
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Ixplus
UNIT 1 == MAIN = UNIT 3
UNIT 2
Ixbatch
~200 jobs 27 jobs ~200 jobs 4 jobs
STEPO + STEP1 CALIBRATION STEP2 MONITORING

A A A A A A A

y

AFS volumes

CASTOR

Figure 3.1: StepZproductionschemeThecompleteprocessingf oneunitisillustratedincluding
interactionswith AFS volumesandCASTOR.

step | total time per | CPU time per | data access| max memory | max swap
event (sec) event(sec) | time (min) (MB) (MB)

stepl 6 4 5 270 320

step2 7 5 <1 250 320

Table 3.2: Step2productionperformance.

unitswereanalyzedsimultaneouslyThus,an equilibrium stagewasreachedkeepingall
providedprocessingesourcedusyandanalyzingeventsattherateat which they arrived
from CASTOR andalsotakinginto accounthe CASTOR writing bandwidth.

The main script executesocally threescriptswith the unit numbersas parameters.
Let us call them managerscripts. The managerscript submitsjobs to the batchfarm
andcontrolstheflow of the analysisof the unit. Eachbatchjob interactswith CASTOR
andAFS [65] (a network-distributedfile system).Thetwo partsof the analysisconsum-
ing mostof the CPU aresteplandstep2. The job arraystructureprovided by the LSF
Batch[66] systemallowedhundredsof identicaljobsto be createdwith a singlejob sub-
mition andthesamgob ID. Thisessentiallysimplifiedtrackingandcontrollingsubmitted
jobs. In orderto decreas¢he memoryusedby the executablesandto avoid swappingof
the code,a significantamountof work wasinvestedo optimizevariousalgorithmsin the
CERESsoftware. Table3.2 shavs the performancef the production.
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Production-wisghe analysiss basedon four distinctactvities.

e Thefirst two phase®f the analysis,namelystepOandsteplconsistof the trigger
calibrationandthe completeanalysisof the raw dataendingwith track andring
reconstruction. The goal of steplis to generatentuplesand histogramsfor the
following calibrationof SDD, RICH andTPC.

e Thecalibrationproceduref all detectorss thethird phasgdescribedaterin chap-
ter).

e The fourth phase(step2)againprocesseshe raw datataking into accountnewly
calibratedparametersand producesthe final ROOT treeswhereall hits, tracks,
ringsandothernecessarynformationarestored.

e Finally the monitoringrunson the outputof step2to checkthe statusof the cali-
brateddetectorsandto follow thetime evolution of their performance.

3.2.2 Step3

The analysisof step2took placeatthe CERN ComputingCenter Thefirst attemptdone
in Autumn 2003 wasstill with incompletecalibrationof somequantities. The possible
improvementsof the rejectionstratgy andelectronselectionrequiredadditionalexper
imentalinformation. A final run wastakenin Autumn 2004 after intensve study of the
behaior of thedetectorsandrejectionprocedures.

Thefollowing featuresvereimplementedn the step3analysisof electronpairs.

e Vertex refitting.

¢ Momentumrefitting.

Remainingresidualsof the TPC hits distortedthe momentum.Hencethe strategyy
wasto correctfor the residualsandto refit the TPC tracks. High momentunpion
trackswereselectedasa goodapproximationof straightlines. For every unit A¢
and Af betweena hit on track and crosspointof the fitted track trajectoryanda
mirror of thesecondRICH wereobtainedfor every plane.Limited statisticswithin
one unit did not allow to get the correctionfactorsfor differentbinsin ¢ andé.
Therefore,in addition,anothermap of residualsversusy andf wascalculatedfor
all 30x 10° eventsselectingrackswith momentumargerthan1 GeV/c.

e Singleuseof rings andtracksin a smartermatchingprocedurewhich wasdevel-
opedto decrease numberof fake matched67]. The sophisticatealgorithmcan
be illustratedwith the following example. Trying to find the bestmatchbetween
two SDD tracksandtwo TPC tracksonefirstly searchesor the closestpossible
pair andthencreatesa secondpair. For the large track multiplicities all pairsare

LIn fact,a calibrationof the TPC alreadystartswith a setof 'bestguessvalues’obtainedrom the slow
control. Thus,purposeof the calibrationprocedurés to tunethe parameteré orderto achiese evenbetter
accurag.
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sortedaccordingto increasingmatchingdistance.The pair with smallestdistance
is alwaysselected.

e 30 matchingwindowsaremomentundependentAdditionally SDD1-SDD2match-
ing wascarefully studiedfor differenttopologiesof the hits on tracksandfixed as
follows. Thedifferencebetweeri-coordinatesvasfixedfor all hit topologies(see
also section4.3), while A¢ was split up into threegroups: A¢ < 9 mradin
caseof two single-anoddits, A¢p < 3 mradfor single-andmulti-anodehits and
A¢ < 8mradin casewhenbothhits aremulti-anodehits.

e Selectrings with high thresholdon doublehoughamplitudeto avoid fakeseating
realgoodtracks(seesectiord.4.2). Dependencef the doublehoughamplitudeon
thering #-coordinatewasintroducedto improve the efficiengy of the rings which
arepartially outsideof the RICH acceptance.

e SelectelectronTPC trackswith dE/dxz above 250 ADC channels. Thesetracks
participatein the matchingof SDD, RICH and TPC segmentsin additionto SDD-
TPC tracksselectedwithout any cut on enegy lossin the TPC within 15 mrad
aroundglobaltracks.A hadronfractionof SDD-TPCtrackswith low dE/dz is used
to identify andto eliminate SDD hits producedby pions. This improveselectron
trackefficiengy for theresummatiordE/dx cutin silicon drift detectors.

e Createandkeepglobaltracks(SDD-RICH-TPC).Thetracksfrom SDD andTPC,
andringsfrom RICH werematchedwithin 3-0 momentum-andf-dependentvin-
dows.

¢ Createand keepSDD-RICH trackswithin 100 mrad aroundglobal track. SDD-
RICH tracksweremeanto beusedfor therejectionof partiallyreconstructealitz
pairs.

e KeepTPCtrackswhichdid notmatchto SDD within 30 mradaroundglobaltrack.
Thisis requiredto rejectclosepairsidentifiedin the TPC.

¢ Keepall SDD hits within 10 mradaroundSDD track. This is neededor further
rejectionof closepairs. Similarly to a singleuseof tracksegmentsin the matching
procedurethe hits can not be shared. That meansa hit canbelongto only one
(closest)SDD track.

e Keepall eventswhichdid notpasdriggerselection(eventmustincludeatleastone
electrontrack) asemptyones.It allows propereventcounting.

3.2.3 Step4

The final fine tuning of the momentumcalibrationis performedin the last phaseof the
analysis.Themainphysicsanalysisandtherejectioncutsaredonein this part(seechap-
ter4.6.2).



30 3. Data Production and Detector Calibration

3.3 Detector Calibration

This sectionis devotedto the descriptionof the calibrationprocedurgerformedfor each
detectorindividually.

3.3.1 SDD Calibration

Thecalibrationof thesilicon drift detectorg68] consistf the following steps:
e Gaincalibration.

Calibrationof t,,,;, andt,,4z.

Skewnesscorrectionof time distribution of signal.

Stoppulsecorrection.

Ballistic deficit correction.

After unpacking,the pedestalsare subtractedrom the pulseamplitudes,changing
the meanpulsesumamplitudeandpulseshapefor the low amplitudepulses.The mean
pedestabf 13 ADC countsis flat asa function of anodenumberfor both silicon drift
detectors All pulseswith amplitudeabove a thresholdof 3 ADC countsarefurther pro-
cessed.

Gain calibration of pulsesis performedfor eachanode. A propercalibrationof the

gainis of importance sinceincorrectgain calibrationmay leadto a shift of the hit po-

sition in the anodedirection. Without ary selectionof pulsesaccordingto a numberof

anodeger hit andtime-bins,the pulseamplitudedistributionsarebroad. Consequently
thefit of thesadistributionswith Gammal.andauandGausgunctionsis unstable There-
fore, for the gaincalibration,only the pulsesbelongingto a track areselected.The pulse
with maximumamplitudewithin a hit is chosen.In orderto reducethe effect of multi-

plicity anddiffusionthe outerhalf of the radial acceptancés selectedoy conditionson

time-binvaluesof < 160 TDC countsfor SDD1and< 115TDC countsfor SDD2. The

full acceptancés between80 and 240 TDC countsfor SDD1 and betweenl0 and 220
TDC countsfor SDD2. The single-anodénit selectionis biasedsincesingle-anodéits

includemostly pulseswith low amplitudesandwith a large probability closeto the dead
anodes.Thereforeby excluding single-anoddnits the low amplitudecomponents much
suppressedndthe amplitudedistribution becomesrery closeto the Landaufunctional
shapewhich wasnever achiezed with single-anodeselection. Eachamplitudedistribu-

tion is fitted by a Landaufunctionwith a limited rangearoundthe peak(typically from

~ -0.7-0 to ~ +1.20 with respecto the peakposition). The fitted gain parametersre
storedandappliedto the data.

At and t,,., calibration is requiredin orderto achiere the bestperformanceof the
silicon detectors. To first order the relation betweenthe drift distanceandthe time is
linear. Thedrift velocity canbe calculatedas
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Ad
irp) = — A
<Udmft> At ) (3 )

whereAd is theradialextensionof the detectoractive areaand At is the total drift time.
Thelengthof thedrift is givenby theinneredgeof the detectorr,,;,, which corresponds
to theinnermostvoltagering locatedat 4.5 mm, andtheanodepositionr,,,,, at42 mm:

Ad = Tyaz — Tmin- (3.2)

Thetotaldrift time canbederivedfrom thetimet,,;,, correspondingo theparticleswhich
donotdrift andfall directlyontheanodesandthedrift timet,,,, of particlescomingfrom

Tmaz-
At = tmaz — tmin- (33)

Thentheradialpositionis givenby

" = Tmar — Udm'ft(t - tmin)- (34)

In orderto determinethe valuesof ¢,,;, andt,,..., theleadingandtrailing edge<of the hit
distribution in the drift time arefitted by Fermifunctions. The determinatiorof ¢,,;, IS
performedby thefit with

C
t) = 3.5
1(t) 1+ exp(—(t — tmin)/d)’ (3.5)
while t,,,., 1S dervedfrom thefit with
C
f(t) (3.6)

T 1+ exp((t — tmas)/d)’

whereC, tin, tmez @andd arethefit parameterst,,;, andt,,., representheleadingand
trailing edgesof the distribution. The pulsesare selectedaccordingto their amplitude
after pedestabubtraction.For SDD1 detectorthe pulseamplitudemustbe betweenl100
and2000FADC countswhile for SDD2detectotheamplitudemustlie betweer200and
2000FADC counts.Correctionbasednly ont,,;, assumeadrift velocity commonto all

anodest’ =t — t,,;,. Howevervariationsin the #-matchingdistribution asa function of

¢ betweerSDD detectorgsemainaftercalibration.This is avoidedby takinginto account
botht,,;, andt,q.:

(tmaw - tmin)/(t'rl - ZL"rO) .
Skewnesscorrection is an additionalstepto correctthe hit positionsfor every anode.
The skewnessis the third momentof the pulseprofile. The hit positionderived by the

centerof-gravity methodcanbedistorteddueto skewness.Thelinearcorrectionfor each
pulseis performedasa functionof the skewness:

t' =

3.7)

t' =tcog + (skew — sp) - 51, (3.8)
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whereskew is the skewness s, ands; arethe parametergxtractedform thedependence
of the §-matchingbetweentwo SDD detectorson skewness. This correctionimproves
#-matchingby approximatelyl0%.

Stop pulsecorrectionis requireddueto anobseredjitter of the TDC stoppulse.There

is adiscontinuoustructurewhich reflectsthe phasdlifferencebetweerthe synchronized
NIM signalgeneratedby the scanneandtheFirst Level Trigger (FLT) which determines
thelasttime-bin (= 255). The correctionis basedon ¢,,,;,, andt,,.., determinedor every

slice of stoppulseoffset.

Ballistic deficit correction is requiredto suppresshe dependencef the hit amplitudes
on drift time. Ballistics hasto do with the natureof the motion of chage carriersin
the SDD detectors.Traversingthe detectorparticlescaninteractwith materialanywhere
within the active volumeof the detector If the interactiongake placecloseto outerand
inner acceptancesf the SDD, the two setsof chage carrierswill have very different
in pathlengths. Sincethe chage collectionis not finisheduntil the last of the carriers
completedits travel this will yield a preamppulserise-time. Thereforeeachpulsewill
have differentrise-timedependingwherewithin the detectorthe associatednteraction
took place.Dueto relatively shortshapingtime constanthe pulseprocessings stopped
beforeit hasrisento its maximumamplitude. This meanghatthe amplitudeof the am-
plifier’s outputwill be too low, which meanloss of the resolutionin the data. Fig. 3.2
shownsthe hit amplitudedistributionsin SDD1andSDD2asa functionf-coordinateafter
correctionof pulseheightdistortions(ballistic deficit[69]).

corr. ampl SD1 vs theta corr. ampl SD2 vs theta
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Figure 3.2: Distributions of hit amplitudesasa function of ¢ after ballistic deficit correctionin
SDD1 (left panel)andSDD2 (right panel).

3.3.2 RICH Calibration

The eventtreatmenbf the RICH dataproceedshroughthe pedestasubtractiorandgain
equilibration. A padis active if its amplitudeexceedshe valueof the pedestaby three
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standardieviationsof the pedestalidth. Thevalueof the pedestals typically about19-
20 ADC countswith a standarddeviation of 1 ADC count. After unpackingthe pedestal
is subtractedandthe padamplitudeis stored.

The aim of the gain equilibrationis to adjustthe meanamplitudeof all padsin the
RICH detectorgo the samevalue[70]. Thegainequilibrationis down in two steps.

e Firstly, the gain equilibrationis performedin every High Voltage(HV) sector In
orderto determinethe averageamplitudeof eachpad, “good” padsare selected.
The selectionis doneaccordingto the frequeny responseln atypical frequeng
distribution of the active padsin oneHV sectorin RICH1, the padswith very low
frequeng, belon the minimum, lie underthe spolesof the mirror. Thesepadsare
notusedin thedeterminatiorof theglobalpadamplitudeaverageandnot corrected
themseles. Thenthe “good” padfrequeng distributionsare fitted with a Gaus-
sianin the differentf regions. The padsfalling within 43 standardieviationsare
selectedor furtherprocessingThe padsexceeding3 standardieviations(high fre-
queng) arenoisy pads,andthe onesbelon 3 standarddeviations (low frequeng)
are placedvery closeto the spolesor to the acceptancdimits. The latter have
usuallya lower gainandarereferredto as“weak” pads. The “weak” padsdo not
participatein the determinatiorof the global averageamplitudebut they are cor-
rectedas normal pads. About 80% of all padsare selectedas“good” in RICH1
detector

The averageamplitude(g;) of eachpaddeterminedvith alarge enoughsampleof
theeventsis givenby

_ Zijio 9i
() = =227 (3.9)
whereg; is anamplitudeof padi in agivenevent, N,, is atotalnumberof analyzed
eventsin sample. Along with the averageamplitudeof a separatgadthe global
averageamplitudeof all “good” padsis determinecdy

N

(9) = O _{9:)/N, (3.10)

1=0

whereN is the numberof all “good” padsand(g;) is a meanamplitudeof padi

definedfor a calibratedeventsample.Thentheraw amplitudeof eachpasis multi-

plied by thecorrectionfactor(g)/(g;). Thepadcorrectionfactoris determinedrom

the dataof onecalibrationunit which correspondso approximately200 bursts,as
wasalreadymentioned.Althoughthe padcorrectionfactorsprovide stableresults
for thefollowing 5-7 hoursof the datataking, it is corvenientto usethe samefixed
datasamplegunits)for thecalibrationof all five detectors.

e Secondlyto performthegainequilibrationbetweersectorsthe meanamplitudeof
all sectorgs fixedto 12 ADC countsin RICH1 and15ADC countsin RICH2.
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RICH1; raw.

Figure 3.3: Theamplitudesf the padsbefore(top) andafter(secondrom top) gainequilibration
for RICH1 andthe amplitudesof the padsbefore (third from top) and after (bottom) gain cali-
brationfor RICH2 asa function of ¢-coordinate.Valuesfor boththe “good” padswith healthy
behaior andthe“weak” padsplacedcloseto thespolesandtheacceptancémits arerepresented.
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Thegainequilibrationin the RICH2 detectoris performedin a similar way. The pad
correctionfactorsarederivedfor eachof the 16 “hardware” sectorsansteadof the 8 HV
sectors.Additionally, RICH2 hasfour regionswith ill behaior dueto electronics.Thus
specialtreatmenbf thesefour areass required.

() Thefirst region is a horizontalsubchainsituatedcloseto the top of the UV detec-
tor. The padsin this areahave a meanamplitudealmosta factor of two greatey a pad
frequeng 4-5timeslower, anda meanhit sizesmallerwith respecto neighboringpads.
(i) The secondregion is a vertical subchainin the third HV sector Although the pads
have normalmeanamplitude the frequeng is higherby afactorof two. Thesepadsare
alsonot usedin thedeterminatiorof the globalaveragepadamplitude.

(i) Thethird andfourth regionshave alwayslow gain but shav a reasonabldehaior.

Otherwisethetreatmenbf theseareads similar to the calibrationof thefirst region.

Fig. 3.3 shawvs the amplitudesof “good” and “weak” padsin RICH1 and RICH2
beforeandaftergainequilibration.Variationsof the padamplitudesupto 100%in RICH1
andevenhigherin RICH2 areobsenedbeforethe gainequilibration.Onceequilibration
is done,almostno deviationsareseerfor both RICH detectors.

3.3.3 TPC Calibration

In orderto improve the massresolutionthe CERESspectrometewasupgradedwvith the
Time ProjectionChamber Thusthe calibrationof the TPC s the main challengeof the
analysisin orderto getto thedesignlimits. A major progresdhasbeenmadein all areas
of the TPCcalibration.Thefollowing problemsweretakeninto accoun{71,72]:

e Thecomplicatecklectricfield whichis dominantlyradialwith E. ~ 1/r, butthel6
read-outchambersvith flat surfaceat the outsidegeneratea polygonalsymmetry

e Theinhomogeneoumagnetidield generatedby two large coils with currentin op-
positedirectionleadingto stronglocal variationsof the Lorentzangleandtherefore
to the needto know very preciselythe locationandorientationof the TPCrelative
to themagnet.

e Strongvariationsof the drift velocity dueto the choiceof the drift gas(Ne/CG,
80/20) and potentialon the HV cathode(30 kV) togetherwith the approximate
radialgeometry

e Changesn temperaturendatmospherigressureleadingto drift velocity varia-
tions. Thetemperaturevasmeasureatthe outersurfaceof the TPCandnotin the
gasvolume.

e Smallinaccuraciesn the knowledgeof the gascomposition.
e Gainvariationsfor the 15 k cathoderead-oufpads,dependingon the capacitance.

e Timeoffsetsdueto differentcapacitancems theprintedcircuit board FEEboards).
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Thusthe calibrationof the TPC is a clearly very complicatedand time-consuming
processThemaintaskis to obtainanaccurat&knowledgeon the E- andB-fields, mobil-
ity, andgeometryof thedetector The problemwasattacledby theuseof lasertrackswith
andwithout magneticfield. The TPCis equippedwith alasersystemgenerating laser
raysperchambel(7 laserraysin onespecialchambert differentradii. The positionsof
the laserraysweremeasureabsolutelyby a calibrateddiode system.It wasfound that
tracksreconstructedvith the nominal electric field exhibited a z-dependendistortion.
The measurementsn the actual CERESTPC field cagewhich were later verified with
individual resistorsof the sametype, shovedthatabouthalf of theresistorsusedchange
resistancewvith the appliedvoltage. A customprogrambasedon the relaxationmethod
wasdevelopedfor calculatingthe 3D electricfield with the modifiedresistvity with suf-
ficientaccurag in areasonableomputingtime. Another2D-calculationwith averyfine
grid in thetrans\erse(x,y) planewasperformedo accounfor thefield distortionscaused
by displacedchambersandthe leakageof the amplificationfield the cathodewire plane.
The two obtainedpotentialmapswerethenadded. The boundaryconditions(voltages)
usedin bothcalculationsverechosersuchthattheir sumwasequalto the voltagesactu-
ally applied.This new field reducedistortionsof thereconstructedracksfrom about10
to lessthatl mm.

The magneticfield in the TPCis alsosubjectto correction.Dueto the equipmentn
the experimentalareathe magneticfield is not completelyg-symmetricwith deviations
of up to afew % thatareincludedasa correctionson top of a calculatedPoissonmap.
The drift of the electroncloudsandthe momentumdeterminatiorutilize ther, z, and ¢
dependencesf boththeelectricandthe magnetidields.

Theelectronmobility canbe calculatedasfunctionof theelectricfield strengthusing
the Magboltzpackagd73] with the drift gasparameterscompositiontemperatureand
pressuravhich weremonitoredby the slow control systemof the experiment. However
contaminatiorof othergasesandtemperaturgradientsn r couldnotbemeasuredeading
to variationsof the mobility. Sincethe lasermeasuremenis more accurate the data
from the seven laserrayswere used. The gasmobility was determinedoy comparing
thelasertrack positionsmeasuredn the TPCandin the laserdiodesystem.Theresults
obtainedin this fashionwere scaledduring the productionautomaticallyin calibration
unitssuitablein termsof changesn temperaturepressureandgascompositioraccording
to thevariationcalculatedwvith Garfield/Magboltz.

The transformatiorfrom pad, time, and z-planeto the coordinatesn the laboratory
system(x, y, andz) is doneusinga RungeKutta methodthat calculateghe drift trajec-
tory usingin eachpoint the drift velocity vector startingat the cathodewire plane. The
drift betweerthe cathodewire planeandthe anodewire padplaneis absorbedn atime
offsetthatis ¢ dependenbecauseachFrontEndElectronic(FEE)channehadaslightly
differentcapacitanceThedifferencebetweerthe MagboltzMonte Carloandthedrift ve-
locity vectoris accountedor with az andr(E)-dependentorrectionfor thedrift velocity
componenparallelto the electricfield andthe oneparallelto E x B. A residualcorrec-
tion of the Lorentzangleis doneassuminghatidentifiedpionswith infinite momentum
arestraight.

The gain correctionwas performedfor every cathodereadoutpad. It was obtained
from the total hit amplitudein the padof maximumamplitude. A correctionof the un-
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dershoofafter eachpulsewasbasedon non-zerosuppressedata[74]. After thesecor-
rectionsthe radialdependencef the pulseheightwasexplainedfor the bulk of the TPC
by electronattachmentand an oxygencontentof 8 ppm which is in agreementvith a
valuemeasuredy the slow control system.An electronattachmentorrection[75] was
determinedby analyzingthe dependencef the hit amplitudeon the drift pathlength
andtakinginto accountthe populationof differentparticlesin the polaranglef. Dueto
this correctionthe dE/dx resolutionwasimproved which is of greatimportancefor the
electronidentification.

3.4 Magnetic Field Map Corr ection

Chagedparticlemomentaare measuredy the ¢-deflectionin the magneticfield in the
TPC.Technicallythe momentumnformationis providedby thefitting the reconstructed
hits with a referencerack. In orderto generatehe realisticreferencdracksthe precise
knowledgeof the magneticfield is required.

A calculatedmagneticfield map doesnot completelyreproducethe magneticfield
inhomogeneitiesTherearetwo known significantdistortionsof themagnetidield. A first
distortionis producedoy theiron equipmenbf theexperimentaketuplocatedunderTPC
at ¢ = 90dey. (in the coordinatesystemusedfor the B-field measurementahere¢ = 0
rad.is horizontalandto theleft lookingto thebeamdirectionand¢ = 7/2 rad. corresponds
to abottomof the TPC). The secondlistortionis dueto the cablesconnectedo the coils
which areplacedat about60 deg. While thefirst distortioninducesanadditionalstrength
of the B-field andis supposedo be independentf a currentrunningin the coils, the
secondlistortionsomeavhatwealensthe magnetidield andis proportionalto a current.

In orderto correctthe calculatednagneticfield mapthreemeasurementsf the mag-
neticfield wereperformedat currentvaluesof 1550A, 2325A and3100A with area-
sonablysmallgrid. Sincea measurementf the B-field atfull currentof 4160A wasnot
possible an extrapolationprocedurevasdevelopedandappliedon top of the calculated
map.An obsenedvery accuratescalingof the B, and B, with currentconfirmedthe ap-
plicability of the linear extrapolationusingonly two B-field measurementwith highest
currentof 2325A and3100A. Theextrapolationis thengivenby

L, 1 Xy B,
(1) (%) =(5) @12

wherel,, I3 arethe currents2325A, 3100A and B,, B; arethe measured-field com-
ponentsB, (or B,) correspondindo thesetwo currents. Thusthe extrapolatedvalue of
themagnetidield canbedervedas

I, — I3
Iy — I,
wherely, I3, I, arethe currents2325A, 3100A, 4160A and B,, B;, B, arethe corre-

spondingB-field componentsHowever, in orderto make a useof all threemeasurements
amoreaccuratextrapolationwasperformed:

By = B3 + (B3 — By) - (3.12)
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L 1 1/L X B,
_[2 1 1/[2 . X2 - Bg , (313)
I, 1 1/I X, Bs

where B, is the measured-field componentt the currentvalue of 1550A. Thenthe
extrapolationof the magnetidield componentseads

B(I)=1-X,+ X, + Xs/I. (3.14)

After computingthe coeficients X, X, and X3 theresultsobtainedusingEq. 3.14agree
very well with the calculationsbasedon only two measurementsat highestcurrents.An
agreemenbof the extrapolatedB-field projectionsB, and B, derived with two methods
provesthe accurag of the linear extrapolation. The correctionvalue B{*'" is equalto
thedifferencebetweercalculatedB$*c andextrapolatedB$*™™ componentsf the B-field.
Sincethe grid sizesof calculatedandextrapolatedmapsdo not matchexactly, a bilinear
interpolationis usedon a squaregrid for the extrapolatedmaps. The differencebetween
the calculatedmagneticfield andthe correctiongivesthe final correctedmagneticfield
mapfor the currentvalueof 4160A:

By = B{™* — (B{* — B§™). (3.15)

It is importantto note that the measurednapsstartat = = 3.4 m. Since, upstreamof

the TPC the magneticfield strengthstill deviatesfrom zero,an extrapolationprocedure
endingatz of 3.4mwill introducea stepfunctionin a B-field correctionmaps.Therefore
a smoothtransitionto zeroat z = 2 m wasrequiredfor the extrapolatedmaps. Fig. 3.4

showns B, and B, mapsextrapolatedo the currentvalueof 4160A.

3.5 Matching betweenDetectors

Oncethe calibrationof the SDD, the RICH andthe TPC s finishedandall corrections
are applied,the track segmentsfrom SDD and TPC andthe RICH rings are combined
into globaltracks. Thewidth of thematchingdistributionsdepend®ntheaccurag of the
calibration.Thematchingguality for thetrackswith highenoughmomentumis limited by
theresolutionof detectorsvhile for thelow momentuntracksthe quality of thematching
deteriorateslueto multiple scatteringn the material,andit is no longerdeterminedoy
thedetectoresolutionalone.

A study of the matchingquality for variousdetectorcombinationsshaved a depen-
denceof width of the matchingdistributionsbothin ¢ andin # onthe#-coordinategiven
by the point resolution. Following this obsenation the matchingdistributions between
SDD and TPC wereplottedfor sevendifferentf-bins. In caseof RICH-TPCmatching,
six #-binswereselected Anotherobsenationindicateda dependencef the matchingon
a topologyof hits belongingto tracksin silicon drift detectors.Thereforethe matching
distributionswere divided into threedifferentclassescorrespondindo threehit topolo-
gies: both SDD hits are single-anodéhits, one hit is single-anodeand anotherone is
multi-anode poth hits aremulti-anodehits.
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Figure 3.4: Correctionmapsfor B, (top panel)and B, (bottompanel)projectionsasa function
of ¢ andz ataradiusof 0.965m and0.97 m, respectiely. The correctionsarederived from the
differencebetweerthe calculatedB-field mapandthe extrapolatedmap. To avoid a stepfunction
in the correctionmapthe extrapolationwasforcedto matchzerosmoothlyatz = 2 m.
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A dependencef the width of matchingdistributionson track momentumextracted
from a fit of slicesof the correspondingwo-dimensionaldistribution is displayedin
Fig. 3.5 for RICH-TPCmatchingfor the#-bin 190< 6 < 210mrad.
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Figure 3.5: Width of the matchingdistributions betweenRICH and TPCin @ (top) and ¢ (bot-
tom) asa function of momentumfor -bin 190 < # < 210mrad. The parameterizatioof the
momentundependenca shavn by reddashedine.

Fig. 3.6 shavsthematchingwidth for thef-range200< # < 220mradasafunction
of track momentumfor SDD-TPC matchingin caseof two multi-anodehits on SDD
sggments.

2A unit of momentunfor the matchingdistributionsis exceptionallygivenin notationof c=1.
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Figure 3.6: Width of the matchingdistributionsbetweenSDD andTPCin 8 (top) and¢ (bottom)
asa function of momentumfor 6-bin 200 < 6 < 220 mrad. Both hits on SDD segmentsare

multi-anodeones. The parameterizationf the momentumdependencés shavn by red dashed
line.

The width of matchingdistributions betweenSDD and RICH detectorsplotted for
f-bin 190 < # < 210 mradfor a caseof two multi-anodehits on SDD segmentis
shawn in Fig. 3.7. All matchingdistributions are shavn after backgroundsubtraction.
Thebackgroundvasevaluatedby rotationof oneof the detectordy randomangle.The
width scaleswith 1/p which exhibits an effect of multiple scatteringdominatingover

the detectorresolutionat low momenta. The width was parameterize@s a function of
momentumnby
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Figure 3.7: Width of thematchingdistributionsbetweerSDD andRICH in ¢ (top) and¢ (bottom)
asafunctionof momentunfor -bin 190< € <210mrad.Bothhitson SDD sggmentsaremulti-
anodeones.The parameterizationf the momentundependenci shavn by reddashedine.

0 = /(0m/p)?+ 02, (3.16)

whereo,, is amomentunmdependeninultiple scatteringermando,, is adetectoresolu-
tionterm(a =46, ¢).

In thedileptonanalysidracksareselectedaccordingo momentundependentutson
thewidth of matchingdistributionsin 6 ande.
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Data Analysis

Theresultspresentedn this thesiswereobtainedfrom the analysisof the datatakendur-
ing theSPSPbbeamperiodin thefall of 2000. Thedatawerecollectedwith aninteraction
trigger correspondindo the top 7% of geometricakrosssectionwith an averagemulti-
plicity of (dN.,/dy) = 321in n = 2.1-2.65.A total of 18.2million eventswereanalyzed
dueto dischagesin RICH detectorsvhich affectedsignificantpartof events.

4.1 Data Analysis Sequence

TheCERESdataanalysigs carriedoutin threestagesThefirst stagancludeshechaged

track reconstructiorprocedureand calibrationrefinementdescribedn Chapter3. The

secondstaganvokesvertex refitting, TPCtrackrefitting andthe outputdatacompression.

In the third stage the global electrontracksare constructecand output ROOT treesare

further compressediIn the final fourth stage the rejectioncutsareapplied,all survived

tracksarecombinednto pairsin eacheventandthe massspectraarefilled.
Themainstepsof theanalysisareasfollows:

(i) Chagedtrackreconstruction
e SDDtrackreconstruction

— Eventclean-up

— Hit finding

— Vertex reconstruction
— Trackreconstruction

e RICH ring reconstruction

— Eventclean-up
— Hit finding
— Ringfinding

43
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— Ringfitting
e TPCtrackreconstruction

— Hit finding
— Trackfinding
— Trackfitting

e Globaltrackconstructionmatchingof SDD, RICH andTPCtracks)
(i) Finalrefinemenbf experimentainformation
e Vertex refitting
e TPCtrackrefitting
(i) Physicsanalysis
e Backgroundejectioncuts
e Pairing: globaltracksarecombinednto lik e-sign(++,--) andunlike-sign(+-) pairs
e Themixedeventbackgrounds subtractedS= N, _ - F-N7*

e Finalmassspectraandpair-p® spectraareobtained

4.2 CERESEventDisplay

To visualizethe CERESdatathe 3D EventDisplay Liana[76] wasdeveloped.Lianais
codedusing C++ languageand basedon SGI's OpenGLlibrary [77,78] and Openin-
ventortoolkit [79], which significantlyextends3D programmingcapabilities. The goal
of the new eventdisplayis a representatiof tracksand hits aswell as main detector
systemsf the CERESexperimentalsetupon 3D scene.Rich andflexible functionality
wasprovidedby introducinginteractve operationwith the objectsandthe scene Higher
performancerelative to mary other3D eventdisplays,in renderingcomplex 3D scenes
andmassve setsof objectsin interactve regime wasachiezed by utilizing uniquearchi-
tectureandefficient algorithms. To operatewith thousandf interactve objectsthe STL
basedcontainersaswell assceneoptimizationand cachingroutinesare used. Lianais
a multithreadedapplication,which runsROOT for the experimentaldatarepresentation
and core 3D graphicsenginein two separatehreadsincluding variouseventloopsand
threadsynchronizationsTo summarizel.iana offers a comprehensie solutionto inter-
active graphics gefficient analysisof 3D scenesandinteractve representatioof physics
data.
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4.3 SDD Tracks Reconstruction

Thetwo radial Silicon Drift DetectorgSDD) play animportantrole in the electronanal-
ysis. Thetasksarethefollowing:

e Vertex determinationthevertex locationis determinedvith high precisionby two
closely-spacethrge silicon drift detectors.

e Tracking of electrons:good single-hitresolutionsin r and ¢ provide a high ac-
curagy for the tracking of the electroncandidatedrom the vertex point into the
spectrometer

¢ Identification/rejectiorof closepairs: the doubletof silicon detectorsprovidesa
powerful tool for rejectionof physicalbackgroundsia enegy loss. Doubleenegy
lossin both SDD’s is a patternof closepairs (y-conversionor closer®-Dalitz de-

cay).

e Chagedparticledensitydeterminationgooddouble-hitresolutionrdecreaseamount
of pile-upsand,thus,limits the degreeof miscountingN.,.

4.3.1 Hit Reconstruction

A typical eventin thesilicondrift detectoris shovn in the SDD eventdisplayin Fig. 4.1.

The chaged particle passingthe silicon drift detectordepositsa certainamountof
enegy. A minimum ionizing particle producesa signalwhich is typically spreadover
8-12time binsin theradialdirectionand2-3 anodesn theazimuthaldirection. Thus,one
hit usuallyconsistsf 20-40cells.

The cellsassignedo onehit arecombinednto a cluster A recursve algorithmjoins
all adjacentellsto a currentlybeingcreatedcluster All cellswithin a clusterof a fixed
anodeform apulse.Theknown deadanodesreincludedinto theclusters Eachclusteris
scannedor alocal maximain the amplitudeprofile in thetime directionaswell aslocal
minimaif morethanonemaximumwasfound. If theamplitudeof the minimumis less
than 10% of that of maximum,the two pulsesare separateé&ndtreatedasif they were
two singleones otherwisethey arefurtherconsideredstwo closepulses.

Thetime positionsof the pulsesarecombinedn theanodedirectioninto hits within a
certaintime window. Sincethe hit splitting crucially depend®n thetime window, asize
of the window wasoptimizedto minimize artificial hit splitting. In caseof threeor more
alignedpulsesconnectedo ahit candidatea minimumin theamplitudeprofile alongthe
anodedirectionis searchedor. Oncethe minimumis found,the hit candidates splitinto
two hits usingthe centerof gravity to calculatets positionalongthe anodedirection.

A double-hitresolutionis of importancefor both the determinatiorof the numberof
chagedpatrticlesandfor therejectionof the physicalbackgroundFig. 4.2representshe
distancebetweenhits on SDD tracksand next closesthits in SDD1 and SDD2 for the
experimentaldata.

In orderto estimatethe ideal double-hitresolutionthe distancebetweera point with
random@- and ¢-coordinatesand the closestSDD hit was calculated. The difference
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Figure 4.1: SDD1eventdisplay Eachhit represent chagedparticleproducedat centralPb-Au
collision.

betweenthe distribution basedon randompointing andreal distribution is obsened for
low valuesof distance wherethe two-hit resolutionproblemoccurs. Theright partsof
distributionscoincidein bothsilicon detectors.Thusthe double-hitresolutionis 8 mrad
in SDD1and6 mradin SDD2.

Fig. 4.3 shaws the statusof the hit splitting algorithmin SDD1andSDD2 detectors.
Thedistanceo thenext closestit is plottedfor all SDD hits on tracks.

If the software with not optimizedtime window is usedfor the hit reconstruction,
artificially split hits appearas a narrov peaksat 4 mrad distancein both silicon drift
detectors.The improved hit reconstructioralgorithmallows to minimize the problemof
artificial hit splitting which resultsin the absenceof the mentionedpeakin SDD1 and
significantreductionof the peakin SDD2.

Sincetwo-hit resolutionis differentin two SDD detectorsandis not a stepfunction,
but rathera smoothtransitionbetweerpoorandcompleteseparatiorof the hits, therejec-
tion basedon dE/dx informationcannot work with full power. To improve therejection
tool aresummatiorprocedurds performed.Theamplitudesof the hit on SDD trackand
the next closesthit are summedwithin a certainwindow. It's worth to notethatresum-
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Figure 4.2: Distribution of the distancebetweenhits on SDD tracksand neighboringhits (red
line) andthedistancebetweerarandompointandclosestSDD hit (blueline) illustratingtheideal
reconstructioralgorithmwith perfectdouble-hitresolution.The histogramsareshavn for SDD1
(left panel)andSDD2 (right panel).
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Figure 4.3: Experimentalatadistribution onthedistancebetweerhits on SDD tracksandneigh-
boring hits in SDD1 (left panel)and SDD2 (right panel). The two histogramsshavn for both
silicondrift detectorsepresentheresultsof thedifferenthit reconstructioralgorithms.The peak
at 4 mradillustratesthe artificial hit splitting for the old reconstructiorsoftware. The new al-
gorithmwith optimizedtime window solvesthe hit splitting problemin SDD1 andsignificantly
decreasetheamountof split hitsin SDD?2.

mationis not donefor all hits in the window but only oneclosesthit contributeswith its
amplitude. Moreover, the two-hit resolutionderived from the distancedistributionsis a
resultantsumof differentcontributionsfrom one-anoddits andmulti-anodehits. Since,
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thetwo-hitresolutionin SDD detectorsignificantlyaffectstherejectionof v-corversions
andcloser?-Dalitz decaysit is of importanceto separatelyconsiderdifferenttypesof
hits. Seetable4.1for adetailedinformation.

4.3.2 Vertex and Track Reconstruction

Oncehits arereconstructedthe informationof hit positionsin the laboratorycoordinate
systemis usedto combinehits to tracksand find the vertex positionto which almost
all tracksof a given eventpointto. The procedureof minimizing the quadraticsum of

hit mismatchedbetweenhe two detectorsandits iterationis extremelytime consuming.
Thereforea robust vertex fitting algorithmis used[80]. In contrastto approachesising
standardminimizationpackageshe robustiterative proceduras aboutan orderof mag-
nitude faster All hitsin SDD1and SDD2 arecombinedto straighttrack segmentsand
aweightedsumof their projecteddistancego the assumedertex positionis calculated.
Oncethez-coordinateof thevertex is determinedit is refinedto the exactpositionof the
closesttarget disc. Fig. 4.4 shows the resolhed 13 Au tamget disks of 26 um thickness
eachwith averageGaussiarwidth of about205 ym. The sumof residualdistance®f the
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Figure 4.4: Distribution of reconstructedertex positionalongthe beamaxiswith the doubletof
silicon drift detectorsshaving theresolhed 13 Au tamgetdisks.

trackspointingto thetargetis minimizedin orderto definetheprecisex-y vertex position.
After refinementof the vertex positionan optimizedsetof the vertex track segmentsis
obtained.Eachhit in SDD2is connectedo the vertex point andthe closesthit in SDD1
is searchedor. The searchingvindows usedat the stageof step2productionwerewide
in orderto includenon-ertex tracksfor the hadronanalysis.In thefinal electronanalysis
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muchtighterwindows basedn aresolutionof individual SDD hit typesareapplied. Two
tracksareallowedto sharethe samehit in SDD1 (calledV-tracks). Sucha signaturecan
be anindicationof ~-corversionsor closer®-Dalitz decay Finally, all remainingtracks
with onehit missingdueto detectodefectsareconstructedby connectinghevertex point
andunusedhits of otherhealthysilicon drift chamber The averageof the #- andthe ¢-
coordinate®f the hits givesthe coordinate®f the constructedrack. However, in caseof
the singleanodehit in oneof the detectorsthe ¢-coordinateof the multiple anodehit in
the othersilicon drift detectoris preferredyatherthananaverageof both ¢-coordinates.

4.3.3 The Energy Loss

The detectionof chaged particlesdependon the fact that they transferenepgy to the
mediumthey aretraversing. The Bethe-Blochequationgivesthe averagevalue of the
enegy lossdFE in alayerdz, but therearefluctuationsaboutthe mean,dominatedoy the
relatvely small numberof primary collisionswith large enegy of electronsknocked in
the procesf primary ionization. The resultantso-calledLandaudistribution aboutthe
meanvalueis thereforeasymmetricwith atail extendingto valuesmuchgreaterthanthe
average(Fig. 4.5). Only for a thick layerwith dE/dxz/6x muchlargerthanthe maximum
enepy transferedo anelectronis thedistribution nearlyGaussian.
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Figure 4.5: Enegy lossdistribution in SDD1. The left peakshavs the enegy loss by single
particles theright peakcorrespondso dE/dz of closeunresoledtracks. The blueandredlines
representwo separateontritutionsto the dE/dz distribution extractedfrom the doubleLandau
fit. Thedistribution is skewedtowardbig valuesdueto fluctuations.Theenhancedow dE/dz tail

is dueto y-conversionsin SDD, deadanodesandpartially dueto hit splitting.
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The two Landaufunctionsobtainedfrom the double Landaufit of the dE/dz dis-
tribution represenseparatecontributions of the resohed single tracks and unresoled
closepairs. However, the artificial hit splitting, hits placedcloseto deadanodesand -
conversionsin silicon drift detectorsdistort the enegy loss distribution and producea
structureatlow dE/dz.

4.3.4 ChargedParticle Multiplicity

Thedeterminatiorof the chagedparticlemultiplicity in the eventwasbasedntheanal-
ysis of minimum biasdata. To improve the accurag of the N, determinationrandom
coincidence®etweenrhits in the two silicon detectorsfinite two-hit resolutionandSDD
tracksoriginatedfrom § electronswveretakencareof [81,82].

e Thedistribution of “z”-coordinateof SDD tracksin the event coordinatesystem
exhibits two contribtutions: one arising from real tracks, which appearas peaks
in the targetregion -12 < z < -9 cm, andanotherone correspondingo random
matchesof SDD hits. The fake track contritution was estimatedby calculating
the z-position of the vertex via combinationof the two hits in SDD1 and SDD2
belongingto differentintervalsin ¢ (flat in both silicon drift detectors).Thenthe
truenumberof trackscomingfrom thetargetwasobtainedoy subtractinghefound
backgroundndd N, /dn wascomputedy repeatinghewholeprocedurdor every
pseudorapidityin (Fig. 4.6).

e Dueto alimited two-hit resolution the closetracksarereconstructeavith smaller
efficiengy. This effect wassuppressedy requiringa certaindistanceto neighbor
ing hits. The dependencef the SDD track multiplicity on the distancevaluewas
extrapolatedo zero. The extrapolatedchaged particle densitieswere checled to
bevery similar for differentvaluesof the distancecut.

e Themultiplicity of the d-electronsvasestimatedy applyingthe describedproce-
dureto beamtrigger data. The obtainedcontribution from §-electrongdisplayedn
Fig. 4.6 wasthensubtractedrom the minimumbiasrun.

Themaximalpseudorapiditylensityof chagedparticlesperparticipantatn = 3.1)is
estimatedo be dN,,/dn(3.1)/N,,,, = 1.18+ 0.15(syst)independendf centralitywithin
0-50%. The nuclearoverlap model [83] was usedto calculatethe numberof partici-
pantsfor a givencentrality The centralcollision dN,,/dy(2.9), evaluatedvia 1.02times
dN,,/dn(3.1), fits the available beamenegy systematicslisplayedin Fig. 4.6 [84]. A
chagedparticlemultiplicity valueof N, = 321 + 39 wasobtainedfor our centralityin
thepseudorapidityange2.1 < n < 2.65.

Thecollisioncentralityestimatedisingthechagedparticlemultiplicity aroundmidra-
pidity yseam/2 = 2.91,wasalsoverifiedwith the measurementsf amplitudeof the Multi-
plicity Countercovering2.3< n < 3.5(Fig. 4.7top) andthetrackmultiplicity in the TPC
covering2.1 < n < 2.8(Fig. 4.7 bottom). Taking into accounthe dataacquisitiondead
time factorandthetargetthicknessthe eventcountscanbetranslatedo the crosssection
for collisionswith a given multiplicity assuminghatall beamparticleswere hitting the
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target. Theratio of theintegratedcrosssectionto thegeometricatrosssection(o; = 6.94
barn)is shovn asthe additionalaxisin Fig. 4.7.

4.4 RICH Ring Reconstruction

4.4.1 EventClean-upand Hit Finding

Signalsof the RICH detectorsare readout from the checlerboard-lile arrangemenof
padswhichreceve the chageamplifiedin multi-wire proportionalchambersThe RICH
eventdisplayis shovn onFig 4.8.

Adjacentpadswith amplitudeabore areadouthresholdaregroupedo clusters.Some
clustersare causedoy background.The RICH reconstructioralgorithmsaim to reacha
high efficiengy and at the sametime to producea low amountof fakes. However both
the efficiengy andthe fakesarevery sensitve to a level of background.To suppresshe
electronicnoiseandotherbackgroundources clean-ugproceduras applied. Theclean-
ing algorithmsmostly remove the typical backgrounctlusters lik e long andthin stripes
from ionizing particleson obliquetrajectoriesclusterswith mary padsin saturationor
permanentlylluminating noisypads.Remainingclustersaresplit into regionscontaining
onelocal maximumandareidentifiedasUV-photonhits in the RICHes. Hit centersare
calculatedasthe centersof gravity of the padsconnectedo thehit.

4.4.2 Pattern RecognitionAlgorithm

A numberof variousmethodsof processinghe RICH detectordatafor particleidenti-

fication arewell known. Someof thesemethodsare basedon the maximumlik elihood
approach85], or on comparingprobability distributions[86] of Cherenkv photonsfor

differenthypothesesReconstructiorof RICH ringsin CERESIs performedby a stand-
alonemethodbasedon patternrecognitioncalled Houghtransform[87]. The choiceof

Houghtransformis motivatedby the following considerations:

(i) A substantiakpeedingup of processingf RICH measurement.

(il) Eliminatinganexternalinformationsuchastheknowledgeof Cherenkv ring centers.
(iii) Possibilityto useRICH counterasa rejectiontool of partially reconstructedalitz
decays.Thesoftleg of the Dalitz decaymight missthe TPC and, thus,only SDD-RICH
sggmentmight be reconstructed Thereforethe stratey to rejectpartially reconstructed
Dalitz decayscanbebasedn a distancebetweerglobaltrackandSDD-RICHsegment.
(iv) Ability to procesghebulky arrayof mary thousangads.

TheHoughtransformis astandardool in imageanalysighatallowsrecognitionof global
patternsin an imagespaceby recognitionof local patternsin a transformedparameter
space Aroundeachphotonhit (or illuminatedpad)acircle is dravn with a radiuswhich
forms a Hough (transformedparameterspace. Hits that belongto the samering will
have circlesintersectingn thesamepoint. Thesharppeakatthering centerin theHough
spacewill only appeaif theradiuscorrespondso the asymptoticradiusof the electron
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Figure 4.8: RICH1 (upperpanel)andRICH2 (lower panel)eventdisplayfor run 1303burst332.
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ring, otherwisethe intersectionsvill form awide clusterandwill not standout from the
background.Thereforethe methoddistinguishedetweenelectronrings and pion rings
that approachthe asymptoticradiusonly at high momenta. Fig. 4.9 shows the Hough
spacecorrespondingo theoriginal ring aswell astheresultingpeakonthe Houghspace.

Figure 4.9: Left panel:applicationof the Houghtransformin thering searchonagranulardetec-
tor; the original patternabove andthe histogramon the Houghspace.Right panel: the resulting
peakon the Houghspacecorrespondingdo thering center

Thealgorithmasimplementedconsistf threestages:

e Thefist stepis alinearHoughtransform.For eachpadwith a signalabove a given
threshold,a point-to-ring transformationis madewith a ring radiusequalto the
asymptotiaing radiusof electronrings(14.5mrad). Theabsenc®f magnetidield
betweerthetwo RICH detectorsallows to usethemin a combinedmoderesulting
in anincreasedHoughsignalconnectedo the correlatedelectronringsin contrast
to uncorrelatedackground.The padsfrom both RICH’s aretransformednto the
Houghplaneof thefirst RICH counterwhich haswider acceptanceThemaskused
in thealgorithmis shavnin Fig. 4.10.

In the Houghspaceanelectronring in the padplaneleadsto a peak.Theresulting
Houghspaceafterthefirst stepusuallyconsistsof mary local peakscorresponding
to thefake ring centersesidesherealmaximum.

e Tosuppresshefake peaksasmoothingproceduras applied.Everyilluminatedcell
in the Houghspacds givena weightequalto a sumof weightsof the neighboring
cellsin abox of 3x3. As resultthe fluctuationsin the Houghspacesignificantly
decrease.



4.4RICH Ring Reconstruction 55

Figure 4.10: RICH houghmask.

e To furtherdevelopthe Houghpeakconnectedo a realring centera secondnon-
linear Houghtransformis performed. The new relatve weight normalizedto the
averagesumof weightsin the Houghring maskis calculatedfor every cell in the
Houghspacewith a smoothecamplitudebiggerthanthe averageamplitudefor the
givenring mask.Finally athresholds appliedand,in caseof two closelocalHough
peakswith a distancebetweerpeaksbelonv 6 mrad,the onewith lower amplitude
is removed. All surviving maximaarethe candidateso ring centers.

Thering reconstructiorefficiency wasstudiedusingthepureMonte Carloandoverlay
Monte CarlotechniquesThering reconstructiorefficiency obtainedn the pureMC with
oneelectrontrack pereventis above 95% which is, of coursenotrealistic. The overlay
Monte Carlo technique allowing to reproducethe occupang in the databy overlaying
the MC trackontop of therealevent,gives80% reconstructiorefficiency. This seamdo
bealsonotrealisticdueto thefactthatthe ¢-distribution of RICH ringsin the datais not
reproducedn Monte Carlobecausef gainvariationsandill behaior of severalregions
in RICH detectors.The experimentaimethodfor the RICH efficiency determinatiorde-
scribedin sectior4.6.4gives68%for theHoughamplitudecut of 180. Additional studies
of thedoubleHoughandsingleHough?! approacheshovedthatthedoubleHoughtrans-
form providesalmosttwice betterefficiency comparedo the singleHoughtransformfor
the2000data.

!In singleHoughapproactihe Houghtransformis appliedseparatelyn RICH1 andRICH2. Therefore
theresultingRICH ring reconstructiorefficiency is aproductof RICH1 andRICH2 efficiencies.
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4.4.3 RICH Ring Fitting

The final accuratedeterminationof the x-y coordinatesof the ring candidatecentersis
performedby a robustring fit [88]. The least-square8t with asymptoticring radiusis
appliedfor asetof hitsfrom theareaaroundthering candidate Thehitsfrom RICH2 are
transformednto RICH1 coordinatesystem.Thereforethe combinedsetof hitsfrom both
RICH detectorss usedexploiting the advantageof switchedmagnetidield. Theweights
assignedo thehitsarerecalculatedftereveryiteration. Theanalogamplitudeof thering
consistf summedamplitudesof all hits belongingto thering within 46 mradwindow.
Additional informationaboutring quality is givenby x? of thefit.

Thusthesetof fitted ringsis thefinal resultof the RICH reconstructiorsoftware. The
mostimportantinformationusedn theelectronanalysisconsistof refinedpositionof the
rings, numberof fitted hits on ring, the sumanalogamplitudeandthe non-linearHough
amplitudeof thering obtainedoy the Houghtransformprocedure.

4.5 TPC Track Reconstruction

The radial-drift TPC is the mostimportantdetectorin the CERESexperimentalsetup.
Theimprovedmomentunresolutionallowsto measurev and¢ mesonsAdditionally the
enepgy lossinformationprovidesa possibility for particleidentification. A typical event
reconstructedh the TPCis illustratedin Fig. 4.11.

4.5.1 TPC Hit Finding

Before the hit finding algorithm starts[89] the unpackingof the zero suppressedata
from a binaryfile is performed. The restorednformationon amplitudes padandtime-
bin coordinate®f the pixelsis written into dedicatedists.

The taskof the hit reconstructions to locateconnectedixels andfinally to define
the coordinatesof the hits. The first stepis to localize the padswith local maximain
the padandthe time directionsin all 20 planeswith a criteriaallowing to suppresgake
peaksoriginatingfrom noisefluctuations.Next stepis to calculatethe centerof gravity in
padandtime directionsandto definethe exactcoordinate®f the hits. The calculationis
performedin anareaof 3 padsx 5 time-binsaroundthe local maximum. The centerof
gravity in ¢ andtime directionsis givenby:

— Ez AiAmaavO/fiti
Zi AiAmazUO/fi

— Ez AZAmaxO/fz¢z
Zi AiAmanO/fi

where; is theindex of the pixelsin the 3 padsx 5 time-binsareaarounda hit, A; is
theamplitudeof pixel i, t; is ¢; arethenominalpositionsin time- and¢-directionof the
pixels, f; is a countervariableassignedo eachpixel in the hit-areaandusedto weight
theindividual pixels. f; is a sumof the maximumamplitudesof all hits connectedo the
hit-area.This variableis introducedn orderto copewith the overlappinghits which have

t

¢
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Figure4.11: TPCeventdisplaycorrespondingo a centralPbon Au collisionat 158 A GeV/c.

acommonpartof their hit-areas Sincethetrack consistanaximally of 20 points, it is of
extremeimportanceto achieve high efficiency of the hit finding algorithm.

4.5.2 TPC Track Finding
Thetrackreconstructioralgorithmaimsthefollowing goals:

e To maximize efficiency in the low momentumregion aswell asthe overall ef-
ficieng. The challengeis thereforeextremely high, sincethe softerthe track the
greatethedeflectionin themagnetidield. Both7°-Dalitz decaysandy-corversions
have soft momentunspectra.Thustherejectionpower of the TPC depend®n the
capabilityto reconstrucsoft tracks.

e To maximize number of hits on the track. This taskis of major importance,
sinceboththe dE/dx resolutionandmomentunresolutioncrucially dependon the
numberof hits on track. Thereforenot only the rejectionbasedon the specific
enepgy lossin the TPC but also the massresolutionof the spectrometecan be
significantlyaffected.

e To minimize number of ghosttracks. Ghosttrack problemcomesfrom the fact
thatthenumberof hitsin the TPCexceedgshenumberof hitsontracksby afactorof
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two. This obserationwasconfirmedby detailedMonte-Carlosimulationsinclud-
ing beamparticleswhich do not make interactionsin targetandd-electrons.The
dangeris thatfake tracksmay eathits from therealtracks.In caseof large number
of ghosttracksthey maydecreas¢herejectionpower of the TPCandcontributeto
thecombinatoriabackground.

In orderto copewith all thetasksmentionedabove,the TPCtrackingwasdividedinto

several stages.Every stagewas carefully optimizedusing Monte-Carloandthe datato
maximallyimprove the performancef thetrackingalgorithm.Newly developedCERES
eventdisplayLIAN A wasactively usedin a procesf trackingoptimizationaswell.

Trackreconstructioms basednthetrackfollowing algorithm. Thetrackfinding starts

atthemiddle planesof the TPCwherethe hit densityis at its lowestandthenproceedsn
the upstreamanddownstreamdirectionsusingthe predictedpositionof the next hit asa
guide.Thetrackfinding processontainghe following steps:

e Trackrootformation:Thefirst stepaimsto find first 5 point-to-pointconnectedhits.

Trackfinding startsfrom candidatehit with a z-positionin the middle of the TPC

betweerbthand10thplanes.Thetrackingthenproceedsearchingor thehitsfrom

the two downward andtwo upward planes.Five found hits areusedto determine
thesignof thetrackcurvaturein ¢-direction.Sincetheanalysigime s very crucial,

a”corridor” in thethreedimensionakpaces definedto limit the numberof candi-
datehits. Dueto the new featureof the tracking,namelythe possibility of adding
the neighboringarraysof hits in casethe track leavesits initial "corridor”, the di-

mensionf "corridor” arechoserto berathersmall(A¢ = 20dey. andAfd = 0.7

deg.). Suchnarrav "corridor” significantly safesanalysistime, sincethe majority

of thetracksarestraightenoughandnever crossthe bordersof the”corridor”.

Trackformation: This stepmakesan attemptto associatenore hits with the track
root usingsimplealgorithm.

The searchof further hits in the narrov windows in the ¢ directionis basedon
simpleformulawhich predictsthe deflection:

¢ =i + A - (i — dia), (4.1)

whereg; is acoordinateof thehit atplanenumber; andA; is afactorwhich defines
arelative deflectionof thetrackin ¢ directionfor agivenplanes:. For agivenplane
the ¢ deflectionfactoris a constanfor all momentaandis givenby

¢i—1 - ¢z
A= —0—. (4.2)
¢i - ¢i+1
ThedeflectionfactorswereobtainedusingMonte-Carlosimulationdor all 20planes
includingall 15 chambergxceptchambe. Chambel includesseveralplanedo-
catedin the middle of TPC which are placedat different z-positions. Therefore
additionaldeflectionfactorswerespeciallycalculatedor chambelO.
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A predictionof the hit coordinatan the# directionis performedby linearextrapo-
lation of thetwo previously foundhits. It is givenby

7 0.7 R
e < S o g @3)
where Z; andis 6; are z- and #-coordinatesof previously found hit at planes.
ChamberO is, of course,treatedseparatelyaccordingto its different z-positions
of planes.A changeof #-coordinateis dueto a secondorderfield effect which is
weak. Thereforethe predictionbasedon the linear extrapolationis goodenough.
Thenthe tracking proceedsn upward and dowvnward directionsuntil it doesnot
find thehit. If, atleastonehit is notfoundin upwardaswell asin downwarddirec-
tionsaholeappearsn the continuoussetof hits. Thusthe predictionof the next hit
usingEq. (4.3) cannot be preciseenough.The presentrackingstagestopsat this
point andthe trackingproceedgo the next phase.It is worth to notethatwindows
for thenext hit searchwerekeptnarrowv atthis stageof thetracking.Dueto thefact
thatin the CERESTPCtherearetwice asmary hits ascanbe matchedwith actual
tracks,losewindows canleadto afake trackformationby picking backgroundhits.

e Trackextension:This stepusesa secondrderpolynomialfit to accumulatell hits
possiblybelongingto thetrack.

To maximizetheefficiengy, all hitsfoundsofarareusedasinputfor thepolynomial
fit with Tukey’s weights. Thefit givesmore exact predictionof the ¢ positionfor
the next hit and automaticallyremoves hits which stay too far from the current
trajectoryof thetrack. Thefit is performedagainon thenew biggersetof hitswhen
thenext hit is found.

e Trackedgecorrection: This step provides fine tuning of the predictionsfor the
edgesof thetracks.

To maximizethe numberof hits on tracks,the stronginhomogeneityof the B field
andthereforethe complicatedracktrajectorywastakeninto account.The second
orderpolynomialfit doesnot give preciseenoughpredictionof the ¢ positionfor
the soft tracksin the lastfive planesin the TPC. Thus,the correctionsareapplied
to improve the precisionasa function of track curvatureand z-positionof the pre-
dictedpoint. The correctionsreachits maximumfor hits on soft tracksin thelast
plane. On the otherhand,the hits belongingto high momentumtrackslocatedin
the 17thand18thplanesarealmostnot corrected Thecorrectionsarebasednthe
equationof plane

a-z+b-y+c-z=h (4.4)

in (x = ¢, y = A¢, z = Z) coordinatespacewhere A¢ is overall deflectionof
trackin ¢ direction, Z is a z-coordinateof hit and ¢**'" is a searcheaorrection.
The equationof planeis basedn threeexperimentallydefinedpoints:
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r Yy =z
1 N 2
T2 Y2 %2
T3 Ys <3
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Thea, b, c andh coeficientsthenarecalculatedasfollows

a=y1-(22—23) — Y2 (21— 23) +y3- (21 — 22);

b= —(z1- (20 —23) — T2 - (21 — 23) + 73 (21 — 22)); (4.6)
c=x1-(Y2—y3) — T2 (Y1 — ¥y3) + 23 (Y1 — ¥2); '
h =z - (Y223 — Ys22) — T2 - (Y123 — Y321) + X3 - (Y122 — Y221).

Thenthecorrectionvalue¢®’” is givenby

1 JA0)
" =—(h—=0b-|Ad|—c-Z)  ——, 4.7
L1890 = 2) 5 @7
whereA¢/|A¢| determines signof inclinationof thetrack. Finally the prediction
of thehit ¢-coordinatep?|'{** reads

guess __  fit corr
i+1 _¢i+1_ i+1 - (48)
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Figure 4.12: Most probablevaluesfor hits per track asa function of momentumfor the exper
imentaldata. The pointsarethe resultof fitting slicesof the two-dimensionaUistribution. For
p > 0.3GeV/cthenumberof hits exceedsl8.

Fig. 4.12shovs mostprobablevaluesfor the numberof hits on tracksasa function

of momenturfor the experimentaldata. The momentunscaleis limited by 1 GeV/cto
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illustratethe power of thetrackingin the soft momentunregion. The pointsareobtained
from thefits of slicesof the correspondingwo-dimensionadistribution. Thetrackshave
morethan18 hits down to momenturmof 300 MeV/c asillustratedin Fig. 4.12.
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Figure 4.13: Numberof ghosttracksper event (left panel)and numberof hits per ghosttrack
(right panel).To estimateheamountof fake tracksall 20 TPCplaneswereindependentlyotated
in orderto destrg the correlationsbetweenits.
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Figure 4.14: Comparisorbetweentwo distributions on numberof hits per track for real tracks
andghosttracks(left panel),andnumberof hits ontrackasafunctionof momentuntright panel).
Theghosttrackswith low numberof hits populatethe momentunregion about0.3 GeV/c

The ghosttrack issuewas addressedby breakingall correlationsbetweenthe hits.
Eachof 20 planesin the TPCwasrandomlyrotatedin the ¢-direction. The obtainedset
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Figure 4.15: Averagenumberof hits on track asa function of momentundor differentx? cuts.
Strongercut removeslargeramountof fake trackswhich leadsto theincreaseof anumberof hits.

of uncorrelatedhits wasfurther analyzedby the track reconstructiorsoftware. In total
100eventswereanalyzed Fig. 4.13representtheamountof fake tracksproducedoy the
tracking per eventandthe numberof hits on the ghosttracks. In average6 fake tracks
with alow numberof hits per eventcorrespondo ~1.5% of total amountof tracksin a
normalevent. The distribution of the numberof hits on trackin real eventsis compared
in Fig. 4.14to thehits on ghosttracksobtainedasdescribedabove.

Thefake trackscontributeto the low tail of the distribution artificially decreasinghe
averagenumberof hits on tracks. The numberof hits pertrack plottedasa function of
momenturis alsoshavn in Fig. 4.14. Thetrackswith low amountof hits occupy the soft
momentumregion proving their ghostnature,sincekinky fake tracksproducedby the
trackingare automaticallygetting soft momentaduring the track fitting procedure.The
shortfake tracksarebuilt from a randomcombinationof hits andthereforemusthave a
bad? of thefit. Thusthe averagenumberof hits on tracksshouldincreaseoncethe cut
on x? of thefit is applied. Thedifferencein the hit distributionscanreacha valueof 1 hit
for x? < 10with respecto no cutappliedasshavnin Fig. 4.15.
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In summarytheghosttracksaremostlyvery shortandof poorquality. Thus,thetrack
guality cutsaswell asthematchingto otherdetectorswill reducetheamountof faketrack
to aneggligible number

Theefficiency of the TPCtrackingalgorithmwasstudiedusingoverlayMC technique
allowing to reproducehigh occupang in the databy overlayingthe simulatedMC track
ontopof therealevent. MC inputconsist®f oneelectrortrackpereventgeneratedvithin
f-acceptancef the TPC.Fig. 4.16shovs adependencef the singletrackreconstruction
efficiengy in the TPC on ¢ and @ coordinates. The track efficiengy dependencen ¢
exhibits a hole at approximately-3 rad.,which corresponds$o a known deadregion. The
dependencef theefficiengy onf is ratherflat within 8 acceptanceut0.141< 6 < 0.244
with exceptionof the outeredgewherethetracksapproacthefull trackacceptancémit
of the TPC.In averagethesingletrackefficiengy within thefull trackacceptances about
90%.
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Figure 4.16: TPC track reconstructiorefficiengy asa function of ¢ (top panel)andé (bottom
panel).
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4.5.3 TPC Track Fitting

The primetaskof thetrackfitting is the preciseestimationof the kinematicalparameters
of a particlefrom the measuredrajectory Theinhomogeneoumagneticfield makesit
impossibleto analyticallydescribehetrajectoryof atrackin the TPC.Thus,acollection
of referencetracksgeneratedvith the magneticfield map are usedfor the momentum
calculation.Severalreferencdablesfor differentvaluesof inversemomentuncontaining
thehit coordinatef referenceparticlesfor differentf angleshave beenproducedusing
the GEANT simulationpackage.

Thetrackfitting algorithmconsistof two steps:a straightline radialfit in r-z plane,
sinceto zeroorderthereis no deflectionin the polar anglef of a track,anda fit of the
momentumdependenazimuthaldeflection. The quality of thefit is iteratively improved
by applyingtheinversemomentumandthe thetadependensecondordercorrections.

Thenext stepis therefitting proceduravhichassignaweightto eachhit ontrack. The
weightsareinverselyproportionalto the accurag of the hit reconstructionmeasuredy
theaverageresidualgleterminedn previousfits. Thefitting proceduranvokestherobust
fit with Tukey’s weightswhich is much fasterthanthe MINUIT fitting routines. The
algorithmdealswith two differentfunctionswith 2 and3 parametersThetwo parameter
fit providestheradial offsetandtheinversemomentum Additional third parametem the
threeparametefit absorbseffectsof the multiple scattering.

Most of soft particlesscatterin the massve mirror of the RICH2 detectorwith a
thicknessof 4.7% of a radiationlength. Thus,the resultingmomentummeasuremerns
a combinationof thetwo andthreeparameteazimuthalfits. Thetwo parametefit alone
assumetshatthe particlecomesstraightfrom the primaryvertex without changingrajec-
tory dueto multiple scattering.Thereforethe two parametefit providesbetterresultsat
high momentawhile thethreeparametefit is betteratlow momenta.

For the samereasonof multiple scatteringthe extrapolationof the fit resultsto the
RICH2 mirror is performed,taking into accountthe curvature of the sphericalmirror.
The calculatedintersectionpoint betweenRICH2 mirror and the fitted track trajectory
givestheundistorted?- and¢-coordinate®f the TPCtrack.

The resultantparameterf the TPC track provided by track fitting are 6- and ¢-
coordinatesandabsolutevalueof the momentum.

45.4 Momentum Resolution

The di-electronmassresolutionis dominatedoy momentunresolution. The goal of the
additionof aradial TPC with magneticfield is to achieve a momentunresolutionwhich
allows the experimentto be sensitve to the vectormesornresonances.

The momentumresolutionis determinedby the detectorpositionresolutionat high
momenta,multiple scatteringin the detectormaterialat low momentaand the number
of hits on the track. To estimatethe momentunresolutiona full trackingsimulationis
performed. In the GEANT simulationpackagethe points on the deflectedparticle are
smearedhccordingo the multiple scatteringnsidethe gasvolume. The original width of
theionizedtrail andthe trans\ersediffusiono; contribute to the width o of the electron
cloud at the read-outchamber A numberof primary electrons,determinedby the gas
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mixture,togethemwith theelectroncloudwidth define,in first approximationtheposition
resolution.Additional effect on the positionresolutionis givenby occupang.
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Figure 4.17: The hit resolutionin azimuthaldirectionasa function of multiplicity for different
clustertopologies.

New hit-finding andtrack-findingalgorithmsareableto efficiently reconstructracks
down to amomentunof 300 MeV/c. Trackswith momentungreaterthan1l GeV/chave
in averagel8 hits with the mostprobablevalueof 19 hits pertrack. Below 1 GeV/cthe
numberof hits ontrackdecreasedowvnto 17.

Thesingle-hitpositionresolutionis obtainedcomparinghereconstructedhit position
with the ideal hit positionsgiven by the fitted trajectoryof the track. The width of the
residualdistribution givesthe spatialresolution. The resolutionin azimuthaldirection
scaledwith theradiusr of thehit (o,54) is shovnin Fig. 4.17.

In orderto copewith thenon-perfecknowledgeof thedrift propertiesnsidethe TPC
which causesystematiaistortionsof thereconstructedlit positions additionalsmearing
of the pointson track accordingto the measuredit residualdistributions (Fig. 4.17)is
appliedin the Monte-Carlo. The resultfor the momentunresolutionevaluatedusinga
microscopicdrift Monte Carlo simulationwith single point resolutionasobseredin the
data,is shavnin Fig. 4.18. Themomentunresolutionis definedasthe standardieviation
of the distribution of differencesdetweenthe original momentumandthe reconstructed
momentum.
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MC design resolution (N;;s>=19) MC additional smearing (N ,;>=19)
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Figure 4.18: Momentumresolutionasafunctionof momentunmwithout smearingleft panel)and
with smearingof hit positions(right panel). Thetwo parametefit (redline) providesbetterresults
at high momentawhile thethreeparametefit (blueline) improvesmomentunresolutionat low

momenta.The combinationof the two fits leadsto a bettermomentunresolutionover thewhole
momentunrange.

Therelatve momentunresolutionfor thecombinationof thetwo parameteandthree
parametefits plottedasa functionof momentunin unitsof GeV/ccanbe parameterized
as

g

7 = J@RP + (1% p(GeV o) (4.9)

The obsened momentumresolutionis worsethan the designedresolution. All the
remaininginconsistencies the magneticandelectricfields,gaspropertiesgeometryof
theTPC,occupang, andthelLorentz-anglesumup andproducesuchadiscrepang in the
resolution.

The massresolutionderived from the momentunresolutionincluding effects of the
bremsstrahlung about3.8%atthe ¢ mesonmassreconstructetih thee*e™ channel.

Theradial TPCprovidesa possibilityto look into hadrondecaychannelsand,thus,to
crosscheckheresultsof the TPCMonte Carlosimulationby comparinghereconstructed
invariantmasse®f the particlein the dataandin the simulation. The neutralA-hyperon
in the pr decaymodewith a branchingratio of about64% aswell asK? mesonin the
77~ decaymodewereinvestigated.The reconstructednvariantmassspectraof both
the A-hyperonandK? meson89] areshavn in Fig. 4.19.

The detailedcalibrationimprovesthe massresolutionby approximatelya factorof 2
comparedo theold calibration[90]. TheK? hasbeencarefully studiedto crosscheckhe
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Figure 4.19: Invariantmassspectraof pr~ (left panel)and= 7~ (right panel)pairsafter back-
groundsubtraction The peaksof A andK? arefitted with a Gaussiarfunction.
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Figure 4.20: K% massshift (Ieft panel)andwidth (right panel)asafunctionof transersemomen-
tumfor data(red)andMC (blue).

improvementsof the calibrationandto confirm the understandingf the Monte-Carlo.
Fig. 4.20shows the K? width anda shift of the K¢ massasa function of trans\ersemo-
mentumfor both the dataandthe MC simulations[89]. A reasonableagreementvas
obsered betweenthe dataandthe MC for the K¢ massshift and width for the whole
rangeof trans\ersemomentum.
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4.5.5 SpecificEnergy Loss

Theenepgy lossof chagedparticlestraversinga mediumis givenby Bethe-Blochequa-
tion. Thetruncatedneanenepgy loss,measuredn the CERESTPC,for differentspecies
of particlesis shovn in Figure4.21. The numberof sampleds 20 with eachsamplecor-
respondingo a path-lengthof ~ 2.4cm. Theenepgy lossmeasuredn eachsamplehasa
considerabldluctuationaccordingto Landaudistribution. Thereis a long tail to the dis-
tribution and35% highestchage sampless rejectedwhendeterminingthe meanenegy
losspertrack. Thedifferencan theenegy lossata givenmomentunby variousparticles
canbeusedto distinguishbetweerthem. Since

dE 1 9 o
p=mpy and e @ln(ﬁ 79) (4.10)
a simultaneougneasuremendf p anddE/dz will yield the massof the particle. The
averageenegy lossfor anelectron pion, kaon,protonanddeuterornn 80%/20%Ne/CQO,
gasmixtureis shovn in Figure4.21. Fig. 4.22shows projectionsof the correlatedplot 2
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Figure 4.21: Thetruncatedneanenegy lossasa functionof momentumnfor differentspeciesof
particles.
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Figure 4.22: Projectionsof two-dimensionaplot for four momentunintenals with meanvalues
of 0.6 GeV/c,1.0GeV/c,1.5GeV/c,2.0 GeV/c. The pion andelectronpeaksarewell described
by thedoubleGaussiariit.

for four differentmomentunslices. Theleft peakcorrespond$o a pion contritution and
right peakrepresentsn enegy lossby electrons.A doubleGaussiarfit shavs a good
descriptiorof thed E/dzx distributions.While themeandE/dz of theelectronsalmostdoes
not change the enegy loss of pionsincreasedogarithmically at relativistic velocities.
The electrongmostly populatea region aroundl GeV/cmomentum(becausenajority of

electronsin the sampleoriginatesfrom y-corversionsand7°-Dalitz decays)whereasa

relative amountof pionsgrows with momentum.Thusalreadyat 1.5 GeV/c momentum
thereis a significantoverlap of pion andelectronpeaksgiving a pion admixtureto the

°Note, thatadditionalpre-selectiorbasedon RICH wasappliedto enhancea fraction of electronsin a
sample.Thereforethe electronpeakis well pronounced.
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electronsThe non-Gaussiatails areunderstoodvith Monte-Carlosimulations.

The particle-identificationcapability and the rejection power dependon the dE/dz
resolution.TruncatedneandE/dz resolutiondepend®nthenumberandsizeof samples,
andgaspressure:

Oar/dx o< N~ 0% x (P1)~9% (4.11)
After pad-to-pactalibrationbasedon total amplitudein the padof maximumamplitude,
correctionof undershootfter eachpulse[74] andattachmentorrectiontakinginto ac-
countdifferentparticlecompositionat differentf the dE/dx resolutionwassignificantly
improved. A comparisonbetweenthe calibratedtruncatedmeandE/dz resolutionand
the Allison/Cobbparameterizatiomsa function of numberof hits on track for electrons
is shovn in Figure4.23.
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Figure 4.23: TruncatedneandFE/dz resolutionasa function of numberof hits on trackis com-
paredwith the parameterizatioy Allison and Cobb For the numberof hits abose 15 dE/dz
resolutionis betterthan10%.

For the maximumnumberof hits the dE/dz resolutionapproachethe parameteriza-
tion by Allison andCobb[91]. As the numberof hits on trackis pealed at 18, mostof
theelectrongn this analysisaremeasureavith dE/dz resolutionof betterthan10%.

4.6 Reductionof Combinatorial Background

Disentanglinghesignalof interestfrom themoreconventionalsourcess oneof themajor
experimentakthallengesOnly oneeventoutof about7600recordedcentralPb-Auevents
containsaninterestinge* e~ pair.
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4.6.1 Sourcesof Combinatorial Background

In the absenceof new physicsthe dielectronyield in nuclearcollision is expectedto
originatefrom the decaysof the known hadronicsources.In the invariantmassregion
coveredby the CERESexperimentthe main contritutionsto the ete™ yield are given
by leptonic and semi-leptonicdecaysof the 7°, 7, n, p, w and ¢ neutralmesons.The
Dalitz decaysmostly populatethe low massregion (m < 0.2 GeV/&) of the invariant
massspectrunwhile the vectormesonresonancesccupy the high masses.

Di-leptonsradiatedduring the hot and densephaseof the collision are expectedto
occurin the high massregion. Thusof interestarethe ete~ pairswith massesabove
200 MeV/c?. However in the presenceof mary hadronsan extremely weak sourceof
dielectronsshouldbe detected Theratio of theete™ pairsto the numberof chagedpar
ticlesN,./N,;, is of theorderof 10-°. In thelow massdileptonexperimentghe 7’ meson
decayssignificantly contribute to the combinatorialbackgroundn differentways. The
threebody Dalitz decayis anasymmetricddecaywith soft momentumspectrumWhena
trackwith softestmomentumis lost dueto thelow reconstructiorefficiency, theremain-
ing partneris randomlycombinedwith anotherelectrontrack of oppositechagein the
currentevent. The7® Dalitz decayis the main sourceof the combinatorialbackground
dueto its highestyield amongall Dalitz decaysaswell assoftestmomentumspectrum
andclosesbpeningangledistribution. Theseall make it extremelydifficult to reconstruct
7° Dalitz decays.

Ther® mesordecayingn they~y channels alsothemainsourceof photons Although
theamountof materialin theexperimentaket-upwasminimizeddecreasingheradiation
lengthwithin spectrometeacceptancelown to 1% (5.5%including RICH2 mirror), the
~-corversionsstill exceedhigh masspairs by threeordersof magnitude. The photons
convert into electron-positrorpairs mostly in target, silicon drift chambersand RICH2
mirror. In a similar way to the 7% Dalitz decaythe unreconstructed* e— pair originat-
ing from the y-corversioncontributesto the combinatorialbackgroundwith one found
track. However the signatureof photoncorversionsis very specificdue its extremely
smallopeninganglewhich makesthemeasierto detectwith respecto otherbackground
sources.

Another experimentalproblemlies in the limited particle identification capabilities
andreconstructioralgorithms.The particleidentificationprovided by the specificenegy
loss distribution in the TPC crucially dependson the dE/dz resolution. As shavn in
section4.5.5,electronandpion cloudsoverlapleadingto misidentificationof somepions
aselectrons.The RICH detectorsdentify electronsandsuppres$iadronswith exception
of thehighmomentunpions. In thepresencef hugeoccupanyg theRICH reconstruction
software producedew ringsoriginatingfrom pionsor purefakes. Although an effect of
theseexperimentaproblemsseemdo besmall,on a scaleof dielectronsignalit canmake
significantimpacton thecombinatoriabackground.

4.6.2 Rejection Strategy

Oncethereconstructiorof hits, rings andtracksin all detectorgs completeandall sep-
aratesggmentsarematchednto global electrontracks,the final electronanalysisis per
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formed.For detailson matchingseesection3.5.

Dueto very centralinteractiontriggerandthereforelarge multiplicities andoccupan-

ciesleadingto a hugelevel of the backgroundherejectionstepswerecarefully selected
andtuned.

The main quality criteria andrejectionstepson a singletrack level arelisted below.

The cutsarenumberedn accordancevith Fig. 4.24illustratingthe Dalitz andopenpair
yields after backgroundsubtractioraswell asthe backgroundyieldsasa function of cut
number

e All globaltrackswhich includea SDD segmentwith one hit missingeither
in SDD1 or SDD2 areremoved. This requiremenis necessarysince SDD
dE/dz cut works efficiently only in a correlatedmodewhen appliedon the
enepy lossinformationin bothsilicon drift chambersimultaneously

e Rejectionof tamgetphotoncorversionsby applyingsimultaneougut on dou-
ble dE/dx signalin thetwo silicon drift chambersThe hits onthe SDD track
areadditionallyrequiredto be multi-anodehits. This cut copeswith a clean
closecorversionsignaturenot affectedby artificial hit splitting.

e Thetadependentut on Hough amplitudeof the ring of > 180 suppresses
fakes.In additionthe numberof hits onring is requiredto begreatetthan4 in
every RICH detector

e Numberof hitsonringsin bothRICH detectorsnustbeabove 4.

¢ Enegy lossin the TPC shouldbe higherthanthe averagedE/dx of the elec-
tronsminustwice dE/dx resolution.

. Single track momentumcut of < 9 GeV/c removes remaininghigh momentum

pions.

. Correlatedcuton TPCdFE/dz andRICH Houghamplitude. TPCdE/dx cutis ap-

pliedasafunctionof momentunwhich preventsalossof electronsatlow momenta.

. Two-dimensionalcuts on the doubledFE/dz signalin silicon drift detectorsasa

functionof thehit topologyin the SDD detectors.

. Cuton adistanceto a closestelectronTPC segmentrejectscornversionsin RICH2

mirror, in SDD detectorsaaswell assurvived SDD dE/dz cutstargetconversions.

e Two-dimensionatutson therecalculated£/dx signalby summingthe am-
plitude of the hits in a certainwindow in silicon drift detectordor different
SDD hit topologies.

e Rejectlow tail in SDD1dFE/dz distribution correspondingo the photoncon-
versiondn thefirst silicon drift detector

. Thetadependentut of the numberof hits onthe TPCtrack.
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9. Apply TPCdE/dz cutasafunctionof momentunto suppresgiontracks(dE/dz >
260+10log(p)). This cutis appliedin combinatiorwith a 2D-cuton dE/dz versus
Houghamplitudeto keephigh efficiency for high-masslectronpairs.

10. Cutontheopeninganglebetweerglobaltracksof > 35 mrad. The purposeof this
isolationcut is to remove closewell identified oppositelychaged electrontracks
which mostlik ely originatefrom 7°-Dalitz decays.

11. Cut on the TPC dE/dz versusnumberof hits on RICH rings rejectsremaining

pions.
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Figure 4.24: Yieldsof signalandbackgroundor Dalitz decaysandopenpairsversuscuts.

The pairing procedures performedafter all singletrack cutsareapplied. All elec-
tronsandpositronsarecombinednto unlike-signpairs(N'°*). Althoughthebackground
is significantly suppressedapproximatelyl3 timesfor Dalitz decaysand 15 timesfor
openpairs)therearestill mary randomcombination®f electronandpositrontracksorig-
inatingfrom unreconstructe®alitz decaysandsurvived photoncorversions.In orderto
extractasignalof interestthe statisticalapproachis used.Lik e-signpairs(N 5™, N<om?)
are constructedrom positron-positrorand electron-electrorcombinations. The weak
four body decayof 7° — etete~e~ canbe neglectedwhich allows to usethe uncorre-
lated unlike-signpairscoming from differentdecaysfor the combinatorialbackground.
Thusthe total numberof the unlike-signpairsis a sumof the correlatedsignal (S, _)
anduncorrelatedandomcombinationg N%™), which canbe describecby a twice the
geometricameanof thelik e-signpairsof positive andnegative signs:
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Figure 4.25: Background-to-signalatio for Dalitz decaysand openpairs as a function of cut
number

N =5, + N@™ =G, +24/Nsmb, Neomb, (4.12)

Anothermethodwhich allows to improve statisticalerrorsis the event mixing tech-
nique. It will bediscussedhn in section4.7.2.

Beforethemassspectraarefilled thereis anumberof cutsappliedonapairlevel. Any
pair with openinganglebelov 50 mradandmass< 200MeV/c? is recognizedas Dalitz
decayand excludedfrom further pairing. All survived pairsthen shouldpassthrough
thesingletracktrans\ersemomentunmcut of p, > 200 MeV/c appliedfor both pair legs.
Finally thepairsmustfulfill thestandarautonopeningangleof > 35mradandlie within
CERESthetaacceptanc®.141< 6 < 0.244rad.

Theinvariantmassof the pair is givenasthe sumof the electron4-momenta:

Mee = \/Pet + Pe—- (413)

All plottedin Fig. 4.24numbersareobtainedor theelectronpairsfulfilling thesingle
trackp,; cutof > 200MeV/c, openinganglecutof > 35mradandspectrometesicceptance
cut. Therealchallenges to rejectthe backgroundasmuchaspossibleandat the same
timeto keephigh pairreconstructiorefficiency. Althoughsereralrejectionstepsnamely
Houghamplitudecut of > 150, wereappliedat pre-analysistage the level of the open
Dalitz aswell asopenpair backgroundss huge(cut0). Thefirst majorimprovementon
the backgroundejection(Fig. 4.25)is achiezed by cutting the correlateddoubledE/dz
signalin the SDD detectorsandthe ring Houghamplitude. The high momentumcut of
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< 9 GeV/csuppressingionsgivesfurtherimprovementof the signalto backgrounda-
tio. Thetwo groupsof the hit topologydependentutson SDD dE/dz with andwithout
resummatiorof the pulseheightswith a help of the TPC closepartnercut bring addi-
tional gainin rejectionby a factorof 3 for both openpairsandDalitz decays.Although
the power of the cut on distanceto the closestpartnerin the TPCis masled by the pre-
viousrejectionstepsit still contributesto the backgroundsuppressioiy correlatingthe
informationof themomentumthespecificenegy lossandthe openingangleto preventa
lossof theefficiengy. Oncethesignalto backgroundatio reacheshereasonabléevel the
isolationcut on the openinganglebetweerelectronandpositronis applied. This cutis in

facta pair cutwhich removesclosepairsoriginatingmostly from Dalitz decays Another
cutappliedon pairlevel is the so-calledDalitz removal. It identifiesDalitz pairsby close
openingangleof < 50 mrad,oppositechageandinvariantmassof < 200MeV/c?. How-

ever the Dalitz removal hasalmostno effect becausef the previously appliedisolation
cutwhich doesthejob.

4.6.3 Rejectionwith dE/dz in SDD

Thedoubletof SDD detectordesideghe vertex reconstructiorprovidesa powerful tool

to identify and reject y-corversionsand close n°-Dalitz decays. Any close pair with

openinganglesmallerthantwo-hit resolutionof silicondrift detectorandnotaffectedby

thehit splitting algorithmleavesthe doubled E/dx signal.Fig. 4.26showvsthecorrelation
of the enepgy lossin two silicon drift detectoran caseboth SDD hits are multi-anode.
ThedFE/dx cutis representedsa productof two Landaufunctions.

Theprojectionsof thesimilar plot with enhance@mountof electrongcomingmostly
from y-corversionsandcloser?-Dalitz decayshy requiringadditionalPID cutondE/dx
in the TPC shaw two peaksexhibiting the dE/dx informationin SDD1andSDD2 sepa-
rately (Fig. 4.27).

The left peakcorrespondso the enegy lossby single particle while the right peak
representshe doubledE/dz of closeunresoled tracks. However the rejectionbased
on one-dimensionatlE/dz distribution would cut the long Landautail andthusdestry
efficiengy. ThecorrelateccutondE/dz shavn by aredline is aproductof thetwo Landau
distributions. The cutalmostdoesnot costefficiengy but significantlyrejectsbackground.

The two-hit resolutionfor silicon drift detectorss of the orderof 10 mradfor SDD1
and6 mradfor SDD2which preventstherejectionof closepairswith singledE/dz signal
by applyinga cut on anopeningangle. Thelimited by the patternrecognitionalgorithm
two-ringresolutionin the RICH detectorss above 10 mrad. Thustheholein therejection
occursfor thesemi-closgairswith openinganglesdbetweert and10mrad.Unfortunately
the TPC with muchbettertwo-trackresolution(especiallyfor soft tracks)cannot cover
the gap becauseof limited reconstructiorefficiency for low momenta. Thereforethe
summingof theamplitudesof thehit on SDD trackandnext closestit for thetwo silicon
drift detectorsseparatelyis performed. However the occupang for the centralPb-Au
eventsof the 2000datais higherthanin previousruns. Thustheresummatiorprocedure
is of dangerueto thepossiblepick up of hitsbelongingto hadrontracks.Theprobability
to find a SDD hit wasstudiedby calculatingthe distancebetweenrandompoint andthe
closestit in bothsilicon drift detectorgFig. 4.28).
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Figure 4.26: Correlatedenepy lossdistribution in SDD1andSDD2. Theredline basedon the
productof two Landaufunctionsrepresentthecut. Both hitsin SDD1andSDD2aremulti-anode;
no resummations applied.
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Figure 4.27: The projectionof the two-dimensionatlistribution in SDD1 (left panel)andSDD2
(right panel). To enhancehe amountof «y-conversionsthe matchingbetweentwo electronTPC
trackswith oppositechage andSDD trackis required.
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Figure 4.29: Probabilityto pick up hit in SDD1 (left panel)andSDD?2 (right panel).

The probability functions obtainedfrom the distancedistributions are shavn in -
Fig.4.29. Theprobabilityto pick upahadronhit exceed20%atadistanceof 6 mrad. As
aconsequencehestraightforwardcutontheresummed£/dx in 10 mradwindow used
in 1999analysiscannot be appliedfor the 2000data. In orderto achieze mostefficient
rejectionthe resummatiorprocedurevasstudiedfor differenthit topologies.Theresults

areshowvnin Table4.1.

Thedeviation of theexperimentaknegy lossdistribution from the Landaufit atsmall
dE/dz is anindicationof thephotoncorversionan silicon drift detectorsThusall tracks
with a signatureof low dE/dz tail in SDD1anddoubledE/dx in SDD2 arerecognized
ascorversionsin a materialof thefirst silicon drift detectorandgetrejected.This cutis
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Cut # 1 2 3 4 5
SDD1hit topology single | single| single| single| multi
SDD2hit topology multi | multi | multi | multi | single
SDD1next closesthit single| single| multi | multi | single
SDD2next closesthit single| multi | single| multi | single
SDD1resumwindow (mard) 9 6 9 6 7
SDD2resumwindow (mrad) 9 9 8 8 5
Cut # 6 7 8 9 10
SDD1hit topology multi | multi | multi | single| all
SDD2hit topology single | single | single| single| all
SDD1next closesthit single| multi | multi all all
SDD2next closesthit multi | single| multi all all
SDD1resumwindow (mard) 7 - - 6 5
SDD2resumwindow (mrad) 7 5 7 6 5

Table 4.1: Dependencef theresummatiorwindow on atopologyof the closestandnext closest
hits to thesilicon sgmentin SDD1andSDD?2.

placedat the endof therejectionbasedon SDD dE/dx information. Thereforeit is not
affectedby theatrtificial hit splitting whichis takencareof by previouscuts.

4.6.4 Rejectionwith RICH

During the pre-TPCerathe two RICH detectorswere usedas a main rejectiontool in
additionto the dE/dx informationin silicon drift detectors. The ring propertiessuch
asHoughamplitude,numberof hits on the ring and sumanalogamplitudedeterminea
quality of thering. Additionally anenhancedumanalogamplitudeor otherring quantity
canbeasignatureof theunresolhedcloseete™ pairwhichis subjectto rejection.

To studythe rejectionpower of the RICH on the 2000data,the threesamplesvere
selectedisolatedtracks,target corversionsandr’-Dalitz decays.All tracksin thethree
samplesreidentifiedaselectronsn the TPCwith enegy losscutdE/dz > 260+230g(p)
with a numberof hits on TPC tracksabove 12. The full ring acceptancef the RICH-
systemis alsorequired.In the targetcorversionsampleevery ring mustmatchwith two
TPC tracksandwith SDD track with dE/dx > 1000in the two silicon drift detectors.
Both TPC tracksmusthave oppositechages. The isolatedrings necessaryor the effi-
cieng/ control of the singletrackswereselectedasfollows. Thering matcheswith only
oneTPCtrack. Thedistanceo thenext closesklectrontrackin the TPCis requiredto be
above 70 mradindependenthof a chage. This ensuresnisolationof thering sincethe
completetwo-ring separatioroccursat the openingangleof > 60 mrad. Additionally the
cutondE/dz < 1000is appliedfor the matchedSDD trackin both SDD detectors.The
analysiscuts operatingon the experimentaldistributionsremove a part of the searched
signaltogethermwith the background.Thusthe quantitiesof the isolatedrings shouldil-
lustratethe effect of therejectioncutson singletracks.However it is ratherhardto select
a cleansampleof singlerings, sincethe opene* e~ pairsarehighly suppressewith re-
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Figure 4.30: Distributions of hits on rings for target conversions,r? Dalitz decaysandisolated
ringsin RICHL1 (left side)and RICH2 (right side). The efficiency andrejectioncurves (bottom)
areshawn for singlerings (7° Dalitz decaysyandcorversions.
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spectto photoncorversionsandcloser’-Dalitz decays Thereforea well definedsample
of openr?-Dalitz decayswith openinganglebetweernl 0 and50 mradwascollected.Two
oppositelychaged TPC tracksare matchedwith two RICH rings andtwo SDD tracks.
Both SDD tracksmusthave singledE/dz < 1000in SDD1andSDD2.

Fig. 4.30 shawvs the comparisonbetweenthe distributions of hits on rings for the
isolatedring sample the target corversionsampleandthe 7°-Dalitz sample.To avoid a
loss of the informationthe ring parametersn the combinedRICH-systemprovided by
the reconstructioralgorithmsare availablealsofor RICH1 andRICH2 separately Thus
all the distributionsare plottedfor both RICH detectors.Theratio of theintegral of the
remainingpart of the isolatedring distribution after the cut to the full integral of the
distributionrepresentshe singletrackefficiency:

30 30
_ _ smgle smgle
€= 1 / dn smgle Mhit / / dn smgle Mhig~ - (4 14)
cut hzt hzt

Therejectionpower is givenby theratio of the integral of the cut partof the targetcon-
versiondistributionto thefull integral of the distribution:

30 30
ncon o
€rej = dnconv Npit / dnconu Npit - (4 ' 15)
hit hit

cut

Usuallythecrosspointof therejectionandefficiengy linesrepresentthe performance
of the cut on the given quantity The higherthe crosspoint, the more powerful the cut.
The dynamicalrangebetweerthe distributionsof hits perring for singletracksandcon-
versionsis too smalldueto the high pileup probability for the doublerings. This results
in the low rejectionof the cut basedon the hits on ring. At 95% single electrontrack
efficiencgy therejectionreacheonly 15%. It is worth to notethatthe hit distributionsfor
isolatedrings and 7°-Dalitzesare very similar with a meanof ~11. Thus,eTe™ pairs
with openinganglebetweernl0and50 mradarea goodapproximatiorof the singlerings
whichis alsoindicatedby theidenticalefficiency curves(Fig. 4.30).

A cutonsumanalogamplitudewasstudiedin asimilarway. Fig. 4.31shownsthedis-
tributionsof sumamplitudescorrespondingo thethreesampleslescribecbove. Thedy-
namicalrangebetweerthe distributionsis againrathersmall. However the pileup should
not affect the ring analogamplitudes. What may enterhereis the remainingfluctua-
tionsof padamplitudesafterthegainequilibration,deadareasanddefectsof electronics.
Therearefour known areasin the RICH2 detectorwherethe electronicsbehaior was
very unstablewhich resultsin a greaterspreadof the sumanalogdistributionswith re-
spectto RICH1. The crosspoint of therejectionandefficiengy curvesin caseof isolated
ringsandphotoncorversionsis atalevel of 65%in RICH1 and70%in RICH2 whichis
slightly higherthanfor hits perring distributions. However at 95% singleelectrontrack
efficiencgy therejectionexceedonly 20%.

In orderto improve therejectioncapabilityof the spectrometeadditionaltool onthe
basisof SDD andRICH detectorshasbeendeveloped. In contrastto the RICH system,
wherethe two-ring resolutionis above 10 mrad, the two-trackreconstructiorefficiency
in the doubletof SDD detectorss alreadysignificantlyhigh at 4 mradseparation.Thus
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Figure 4.32: Distributionsof sumanalogamplitudedrom SDD predictorsfor target corversions
andisolatedringsin RICH1 (left side)andRICH2 (right side). Theefficiengy andrejectioncurves
(bottom)areshawn for singleringsandcorversions.

the SDD trackscanbeusedaspredictorsfor thering centerdn the RICH detectorsn the
openingangleregion betweent mradand10 mrad. Technicallythe methodworksin the
following way. Every RICH ring is matchedo the SDD track andanotherclosestirack
in the silicon drift detectorgs searchedor. Oncethe trackis foundwithin the distance
of 10 mradit is definedasa secondoredictor whereagheinitial matchedSDD trackis a
first predictor Thesetwo SDD tracksdeterminethe possiblecentersof the two ringsin
RICH1 andRICH2. Sincethe maximaldistancebetweerntwo predictorss muchsmaller
than60 mrad (the distanceat which two rings are completelyseparatejhe two ring ar
eassignificantlyoverlap. Thusthe amplitudesof the hits in the intersectingoartsof the
ringsaresummedwith half weights. The recalculatedsumanalogamplitudesareshown
in Fig. 4.32for singlerings and y-conversions. Unfortunately the differencebetween
the distributionsis not sufficient to achieve a powerful rejectionwhich is confirmedby
efficiengy/rejectionplot.
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To summarizethering quantitiessuchashits onring andsumanalogamplitudeof the
ring provide very poorrejectionandmight costlarge systematiaincertaintiesTherefore
the cutson thosevariablesnveremostly discarded.
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Figure 4.33: Openingangledistribution betweenglobal tracksand SDD-RICH sggments. The
structureat 60 marddistances dueto touchingrings.

Someof the so-calledpartially reconstructed-Dalitz decaysmayloosethe soft leg
in the TPC dueto limited reconstructiorefficiency for the low momentumtracks, but
may still have a SDD trackandaring in the RICH. In the previous electronanalysisthe
rejectionof thosedecaysvasbasednthedistancebetweertheglobaltrackandthe SDD-
RICH sggment. Similar attemptwas donein the presentanalysis. The corresponding
distributionis shovn in Fig. 4.33. The quality of the SDD-RICH tracksis ensuredy the
f-dependentutsontheHoughamplitudeof > 150,thenumberof hits perring > 4 in the
two RICH detectorsanddE/dz < 1000resummedvithin 7 mradwindow in both SDD
detectorsTheexpectedise of thedistribution towardsthe smalldistancess absentThe
structurearound60 mradis anindicationof the fake rings. The ring radiusis 30 mrad,
thusthedistancebetweertouchingringsis 60 mrad. In the high backgroundernvironment
the hits of thering help to form a fake ring at the distanceof two radii. Sincethereis
no indication of the contritution from 7°-Dalitz decaysthe cut on closestSDD-RICH
sggmentwasno used.

Rejectionpower of the Houghtransformwas estimatedusingthe methoddescribed
in detail in [92]. The electronand pion sampleswere selectedbasedon TPC particle
identificationcapabilities. The TPCtracksin themomentunrange0.7 < p < 0.85GeV/c
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wererequiredto lie within fiducial acceptancef the RICH system.The electronswere
selectedby the dE/dz cut above the meanenepy lossfor electrontracks310 < dE/dz

< 360. The dE/dx window for non-radiatingpions aroundthe meanpion enegy loss
180 < dE/dz < 220 at mentionedabore momentumrangewas chosen. Good dE/dx

resolutionis insuredby requiringhigh numberof hits onthetrack. The~-corversionsare
excludedwith isolationcut on oppositelychagedtracks. Thus,both electronefficiency

andpion rejectionwere experimentallyestimatedoy matchingselectedl PC trackswith

RICH rings within matchingwindow of 1.5¢. Ghostrings createdby the RICH recon-
structionsoftwarein the high occupang ernvironmentmayleadto the fake matcheswith

non-radiatingpion tracks. The strongerthe cut on the Houghamplitudeof thering, the
lessamountof ghostrings and,consequentlythe higherpion rejection. In fact, electron
efficiency andpion rejectionarethe correlatedquantities:the higherelectronefficiency,

the lower pion rejectionandvice versa. Fig. 4.34 llustratesthe dependencef electron
efficiengy on pion rejectionvaryingthe Houghamplitudecut betweerf0 and230with a
stepof 20. For the electronelectronefficiency of 68%the pion rejectionis 0.9997.
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Figure 4.34: Electronefficiengy asa function of pion rejectionfor differentcutson Hougham-
plitude.

4.6.5 RejectionPower of dE/dz in TPC

The addition of the TPC significantlyincreasedhe rejectioncapabilitiesof the CERES
spectrometerin orderto studythe rejectionpower of the TPC basedon the enepgy loss
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by chaged particlestraversingthe detectorthe measuredl£/dz distributionsshouldbe
well understood.
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Figure 4.35: Rejectionpower asafunctionof momentunfor differentelectrontrackefficiencies.

Thefirst stepis to simulatethe experimentadistributionsfor pionsandelectronswith
Monte Carloprograms.To achiese the mostrealisticresultantdistributionsthe simulated
detectoresponsewereputontop of therealdata. Thesimulatedenegy lossby electrons
and pionswasthen carefully comparedo the experimentaldE/dz distributions. After
adjustingthe meanvaluesthe datadistributionswerewell describedo high order The
rejectionpower thencanbe calculatedfrom the simulatedenepgy loss distributionsfor
pionswhich is identicalto a real data. For the given momentuminterval the rejection
power is representetdy theintegral of a cut partof distributionto thefull integral:

SN SN
€rej = / mé(dE/dm) / / Wé(d]@/dm). (4.16)

Theelectronefficiency canbe estimatedn a similarway by integratingthe simulated
dE/dz distribution of electronsFig. 4.35shavs therejectionpower of TPCasafunction
of the track momentumfor threedifferentelectrontrack efficiencies. Due to the loga-
rithmic rise of the meanenepy lossfor the relatvistic pionsthe rejectionpower of the
constantutdecreasewith momentumatary level of electronefficiency shown. To effi-
ciently suppressepionsat high momentaaninclined cuton dE/dx versusmomentums
usedin the electronanalysis.

However, the higherthe rejectionof pions,the lower the single electrontrack effi-
cieng. The dependencef the electronefficiengy on the pion rejectionis presentedn
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Figure 4.36: Rejectionof electronsversusrejectionof pionsfor differentmomenta.

Fig. 4.36for threedifferentmomenta.For the 95% efficiency of the electrontrackswith
0.5 GeV/c momentumthe pion rejectionreache®9%. At this soft momentunthe sep-
arationbetweenpion and electronpeaksis much betterthanat p = 2.5 GeV/c where,
consequentlythe pion rejectionis only 90% for the sameelectronefficiency. Combined
rejectionpower of the RICH-TPCis 9x 10" atelectronefficiency of 64%for the1 GeV/c
momentum.

4.6.6 Rejectionof ClosePairsin TPC

Sincetherejectionof thephotoncorversionds of extremeimportancet is worthto study
they — eTe~ processwith the TPC. The selectionof the corversionsampleis done
asfollows. The electronsareidentifiedin the TPCwith dE/dx > 260+250g(p). The
distancebetweenoppositelychaged electronsmustbe belonv 2 mrad. Fig. 4.37 shows
f-distribution of theselected e~ pairs. Theenhance@mountof corversionsat 13 mard
correspondso theinnerring of the TPC support. The tracksarewell identifiedwith 15
hits in averagewhich is illustratedin the two-dimensionaplot shaving the numberof
hits on track asa function of theta(Fig. 4.37). The 8 spolescanbe clearly seenin the
correlationbetweerd- and¢-coordinatedf theete™ pairsrepresenteth Fig. 4.38. The
f-acceptanceut of > 14 mradtakescareof the~’s convertingin theinnerring.

In mostof the caseswithin the #-acceptancéhe photoncorversionscanbe divided
into two classestarget cornversionsandcorversionsin the RICH2 mirror (R2M corver-
sions)with a fake matchto SDD. The target corversionsare usually rejectedto a high
order by the correlatedcut on dE/dz in the silicon drift detectors. Thusthe TPC re-



4.6 Reduction of Combinatorial Background 87

i $20

— g
25000 @

A 218
20000 16
15000 14

r 12
10000

r 10

5000

C 8

L L ‘ - ‘ - ‘ - ‘ - ‘ - ‘ L1 - ‘

817012 014 016 018 02 022 024 026 0.1 0.12 0.140.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3

theta (rad) theta (rad)

Figure 4.37: The §-distribution of the corversionsidentifiedin the TPC (left panel)andnumber
of hits on track as a function of the thetaof track for identified conversions(right panel). The
corversionsin theinnerring of the TPC supportform a peakat 13 mard.

.-
T
- =

_l [ 11 | 1 | .I | II | | I | | I | *
0'1-3 -2 -1 0 1 2 3
phi (rad)
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conversionin the RICH2 mirror (right panel). The backgroundevel wasestimatedy therequire-
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Figure4.40: dE/dz of theclosessaggmentin the TPCasafunctionof thedistancéetweerglobal
trackandsegment.Theredline shavs a cut appliedto remove corversions.
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movesonly remainingcorversionswhich werenot previously rejected.Fig. 4.39 showvs
the distribution on the openingangleof the target corversionsidentifiedin the TPC as
two oppositelychagedelectrontrackswith dE/dz > 260+250¢(p) andwith a number
of hits on tracksabove 15. Oneof TPCtracksmustbe matchedo RICH ring andSDD

trackwith dE/dz > 1000in bothsilicon drift detectors A backgroundvasestimatedy

requiringthesamechagefor thetwo TPCtracks.Thenthesignalto backgroundatio for

thetargetcorversionss 15/1.

R2M corversionsareof dangelin caseoneelectronegis fakely matchedo thehadron
SDD track and ghostRICH ring. Sucha samplewas selectedwith the similar cutsas
for the caseof target corversionsexceptdE/dx in SDD detectors. The enegy loss of
the SDD track mustbe belov 1000in SDD1 and SDD2 andthereshouldbe no match
betweensecondTPC track and anotherSDD track. The openingangledistribution of
thoseTPC pairsis representeth Fig. 4.39. The backgroundevel is againcalculatedoy
the requiremenbf the samechage for the TPC tracks. Oncethe distanceof 10 mrad
is approachedhe signalto backgroundatio reachesz1/3. In the electronanalysisthe
signal over backgroundyetseven worsesincethe dE/dz cut appliedfor TPC tracksis
softer Thusthe cut on the closestTPC sggmentshouldbe donein a safestway to keep
singleelectrontrackefficiengy high.
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Figure 4.41: dE/dz of the closestsggmentin the TPC asa function of its momentum.The cut
separatinglectronsandpionsis indicatedby theredline.
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Theclosee™e™ pairsshav up bestin the correlatedrack quantities.Fig. 4.40showvs
a dependencef the dE/dx of the closestsggmentwith oppositechage in the TPC on
the distancebetweena globaltrack andthe segment. The electronpairsoriginatedfrom
conversionsoccupy the low openinganglevaluesaround2 mrad and have an average
dE/dx of =310 which correspondgo the specificenegy loss of electrons. The pion
trackswith lower dE/dz occurat muchlarger distances However the first indication of
pionsis seenalreadyat openinganglesof about8 mrad. Theredline representshe cut
which, beingappliedin combinationwith anothernwo-dimensionatut discussedelow,
removesthe corversionsandsuppressethe pion contamination Fig. 4.41lillustratesthe
correlationbetweerthedE/dz of the closesisggmentandits momentum.Thecorversion
legs sit at low momentawith a meanelectrondE/dz of 310while pionsform a structure
with low enegy losstowardshigh momenta. The red line shovs the secondcorrelated
cut removing the pion contamination.In additionall globaltracks,which have nearbya
closeoppositelychagedelectronseggmentwithin 2 mraddistanceareremoved.

4.7 Subtraction of Combinatorial Background

4.7.1 Same-&ent Combinatorial Background

Thelik e-signeventbackgroundccanbedefinedasthearithmeticor the geometrianeanof

positron-positrorandelectron-electromncorrelategairs. It is known thatthe arithmetic
meanis alwayslarger (or equalin caseof identicalnumbers)thanthe geometricmean.
Thusthearithmeticmeanis morestronglyaffectedby outliers(i.e., extremevalues)with

respecto thegeometriomean.
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Figure 4.42: Thelike-signbackgroundlistributions (left panel)andtheratio of N +.+ t0 N- .-
(right panel).No chage asymmetryis obsered.

Fig.4.42shavstheratio of N.+.+ to N.-.-. Theratio of thelik e-signbackgroundsf
differentchagesis 1.005+-0.007.Accordingto the dependencef therelative difference
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0 betweerthearithmeticandgeometricneanson the chage asymmetryA

1
S~ §A2, (4.17)

thediscrepang becomesignificantonthelevel of A > 10%.
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Figure 4.43: Thegeometricandarithmeticlike-signbackgroundgleft panel)andtheratio of the
two (right panel).Dueto theabsencef the chage asymmetrybothdistributionsareidentical.

Fig. 4.43shavstwo backgroundebtainedusingthearithmeticandgeometriomeans.
Thedifferencebetweerbackgroundss hardlyseen.n the presentanalysigshe geometric
meanis usedsinceit is generallymoreuniversal.Statisticalerror of the signalis defined
as

5S_|__ = \/N_|__ + N_|__|_ + N__. (418)

To improve the statisticalerror differentapproache$iave beenappliedin previous
analyses.The high statisticalbackgrounccanbe generatedy a randomcombinationof
single tracksassuminghat p;, # and ¢ distributions are taken from the data. Alterna-
tively the suitablefit functioncanbe usedto smooththe backgroundn orderto decrease
statisticalfluctuations.Anotherattemptwasdonein the 1999analysis. The high statis-
tical like-signcombinatorialbackgroundafter few rejectionstepswasrescaledo fit the
backgroundafter full rejection. The rescaledbackgroundwasthenusedto reducethe
statisticalbin-to-binerrorsin thefinal massspectrum.

4.7.2 Mixed-event Technique

The event-mixingtechniques an alternatve to thelik e-signmethodfor the background
construction.The mixing with differenteventsallows to destrg thecorrelationdetween
thetracks,to collectlarge statisticsandto accuratelydeterminethe shapeof the combi-
natorialbackground.
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In the event-mixingtechniqueall electronsandpositronsof aneventare pairedwith
all electronsandpositronsof 20 othereventswithin the samecentralityclass.Every next
eventis chosenin randomorder The chaged particle multiplicities of the eventsare
requiredto coincidewithin 5%. In contrasto thelik e-signbackgroundcaccumulatedver
theeventswith atleasttwo electrontracks,the event-mixingmethodcontainsalsoevents
with only oneelectrontrack. Thevalidity of the event-mixingtechniquas confirmedwith
like-signbackgroundlistributions. Fig. 4.44 shavs the comparisorof the two invariant
massdistributions: the unlike-signbackgroundobtainedwith the event-mixingandthe
like-signcombinatorialbackgroundconstructedy a geometricmeanof N, andN_ .
The shapesf the two distributions arealmostidenticalwhich is also confirmedby the
ratio of the spectrgoresentedn Fig. 4.45. The unlike-signmixed eventmassdistribution
Is then normalizedto the measured.The normalizationfactoris extractedfrom the fit
to theratio. The obsened drop of the ratio at massedelov 200 MeV/c? is dueto pair
effectsdiscussedn section6.5. Therefore,in the massregion m., < 200 MeV/c?, the
sameeventlik e-signbackgrounds used.

Oneof the advantageof the event-mixingtechniqueis a possibility to improve the
statisticalerror of the mixed-ezent backgroundoy increasingthe numberof eventsfor
mixing.

8
& 10 ..
£ = A event-mixing
e} ~ . .
3 - MAA—A—A— ATA- m like-sign
Z [ A A
© 10" A,
—A 'A__A_
- -A-
L —A—
10" - o
Er.-r—l— —l—_._I — A
° :AI ll-l—
10 = -l-_._
= ——
B —i—
4
10 = —
|
103—|||||||||||||||||||||||||||||||
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6

Mee (GeV/c 2)

Figure 4.44: Comparisorof the unlike-signmassdistribution obtainedwith event-mixingtech-
niqueandthelik e-signmassdistribution.
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94

4. Data Analysis




5
The GENESIS Generator

In orderto distinguisha signalof interestfrom the corventionalsourcesof e*e~ pairs
the invariantmassspectrums comparedo the superpositiorof known electromagnetic
decays.The GENESISgeneratof93] wasdevelopedto simulatethe so-called’hadronic
cocktail” which consistsof the known hadrondecaysin proton-proton proton-nucleus
andnucleus-nucleusollisions. The cocktail senesasa baselingo comparewith the ex-
perimentaldata.For instancea goodagreememvasfoundbetweere™e™ massspectrum
in proton-inducedcollisions and the hadroniccocktail, while in caseof the heary-ion
beamsanenhancemenh themassregion 0.2 < m,, < 0.6 GeV/@ wasobsened.

The codehasbeenrewrittenin C++ to utilize COOL library andto easilyextendthe
algorithms.Thedecaysaresimulatedoy JETSETroutines [94].

The di-electronpair sourcescontrituting to the low massregion are: 7°, n(547),
p°(770),w(782),n'(958),$(1020). Thepseudo-scalars’, n andr’ decayto e*e, while
the vectormesonso®, w and¢ decaydirectlyto ete~. Thew and¢ have anadditional
Dalitz decaychannelw — e*e 7’ and¢ — ete .

Eachparticlein the collision decaysaccordingto Poissondistribution with a mean
givenby thefollowing formula:

p= Nyo-0/o0+BR-S, (5.1)

where N0 is a means® multiplicity which is an input parametero /o0 is a particle
productioncrosssectionoverthatof 7°, BR is the branchingratio of thedecayandSis
a scalefactorwhich is adjustabldor eachdecaymodeto obtainenoughstatisticsfor the
decaymode.

In orderto comparethe hadroniccocktailandthe datathe eventgeneratoshouldbe
normalizedn the sameway to representhe pair productionprobability pereventandper
chaged particle multiplicity measuredn the CERESacceptanceAll generatedlecays
canbenormalizedwith respecto 7°’s andthenmultiplied by the ratio of the numberof
pionsto the numberof chagedparticlesaveragedverthe CERESacceptance:

(Nxo)/(Nen) = 0.44. (5.2)

Finally, the kinematiccutsareappliedasfor the data. Thus,the inclusive massspec-
trum (hadroniccocktail)is generatedncludingall processewith their properstrength.
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In orderto properly generatdahe hadroniccocktail the knowledgeof the production
crosssections branchingratios, rapidity and transyersemomentumdistributions of the
parentparticlesis required. Due to the fact that differential crosssectionsfor mary
light mesonsare not known, an appropriatemodel shouldbe usedto provide the miss-
ing information. Fairly good agreementvas obtainedbetweenpredictionsof a thermal
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Figure 5.1: Comparisorbetweenthe obsered particle ratiosandthe predictionsof the thermal
model[2].

model[13,95] andratiosof integratedhadronyieldsmeasuredby severalexperimentdor
Pb-Pbcentralcollisionsat SPSenepy (Fig. 5.1). The modeldescribegarticleratiosat
chemicalfreeze-outwith only two fit parametersthe temperaturg7 = 170 MeV) and
the baryonchemicalpotential (i, = 68 MeV). For the casesvhenthe measurementso
not exist the crosssectionsof the hadronsrelative to thoseof 7° were taken from the
thermalmodel. NA44 [7,96], NA49 [97] and WA98 [98] experimentsmeasuredapid-
ity andtrans\yersemomentundistributionsof hadrons Rapidity distributionsof negative
chagedhadronameasuredby NA49 [99] wasusedfor all hadronssincethewidth of the
distributionin lead-inducedollisionsseemso not changewith particlemasg100].

The 7 trans\ersemomentumdistributionsmeasuredy NA49, NA44 andWA98 as
well asby CERES[1, 101,102] cannot befitted with singleexponential. Thus,the pion
p: Spectrumwasparameterizetly

d3o my my my
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wherea; =1, ao = 0.139,a3 = 0.107andthreeinverseslopeparameters?; = 0.1,75 =
0.23,73 = 0.102GeV/&. The chagedpion distributionsmeasuredy NA44 were used
to extrapolatetheinclusive trans\ersemassdistributionsobtainedoy WA98 to smallm;.
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Figure 5.2: Inverseslopeparameternsa functionof masg3-9].

For otherhadronsanincreaseof inverseslopewith masswasobsered [2] dueto the
collectivetrans\erseexpansiorasshowvn in Fig. 5.2. Thismassdependencef theinverse
slopeparametecanbe parameterizedsfollows:

T = 0.175 + 0.115 - m. (5.4)

To generatghee™ e~ invariantmassspectrunfor the Dalitz decayshe electro-magnetic
form factorswerefitted to the Lepton-Gexperimentaldata[103,104]. In caseof the 7°-
andthen-Dalitz decaythe pole approximation

F(M?) = (1—bM?) (5.5)

is used.While for thew- andn’-Dalitz decaysa Breit-Wignerfunction

m4

F(M?)? = p 5.6
PO = G e e (5.6)

determineghe form factors.For two-bodydecaysof thew and¢ mesongherelativistic
Breit-Wignerfunctionis used:
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dR (1 — (3m./M)?)3/? -

I (M = ) £ mA T2 S
where M is the ete™ invariantmass,my is massof the w or the  mesons[ is the
width of thew or the ¢. For a specialcaseof the p meson,which hasa width of about
150MeV/c?, adifferentevaluationwasperformed93,105]. Additional exponentialterm
exp M/T slightly affectsthe p massspectrum.The low massregion is increasedyhile
thehigh massedecomdower.

The branchingratios and relative crosssectionsare givenin Table5.1 for different

decays.Thedecaybranchingatiosweretakenfrom [106].

Particle | Decay | ou/00 11 BR

0 etey 1. (1.198+0.032)x 1072
n ete ™y 0.085 (6.0+:0.8)x1073

p ete” 0.094 (4.67+0.09)x10°°
w ete 0.069 (7.14+0.13)x10°°
w ete md (5.9£1.9)x10*

é ete- | 0018 | (2.98:0.04)x10*
n ete”y | 0.0078 ~5.6x10~*

Table5.1: Thedecayssimulatedn the generatarrelative crosssectionsandbranchingratios.

Emissionanglesof the electronand positronin the restframe of decayingmeson
are generatedaccordingto a (1+cos? #) distribution for the ete~~ decays,wheref is
measureavith respecto thevirtual photondirection.In caseof thew — 7% e~ andthe
two-bodydecayshe uniform distribution (cos 6) is used.

In orderto comparehe superpositiorof thegeneratediecaydo theexperimentadata
the hadroniccocktail shouldbe folded with the massresolution.Oneof contributionsto
the massresolutionis given by the momentunresolutionof the spectrometewhich was
parameterizedsfollows:

% — V%) + (1% - p(GeV /). (5.8)

Thepairopeningangleresolutionwhich althoughnegligibly entergshe massresolutionis
givenby

o5 R (V204)? + sin® 0(V204)?, (5.9)

wherethe angulartrackresolutions, ~ 0.6 ando, ~ 3.0.

All kinematiccuts appliedin the dataare also appliedfor the cocktail (trans\erse
momentumcut of > 0.2 GeV/c,pair openinganglecutof > 35 mradandpseudorapidity
acceptanc.1< n < 2.65). Fig. 5.3 shows the folded with massresolutionhadronic
cocktailafterkinematiccutsandbremsstrahlungffectsfor theleadbeamdata.

The uncertaintiesn the branchingratiosandin the form factorswere discussedn
detailin [24]. On systematierrorsseealsosection?7.5.
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Figure 5.3: The hadroniccocktail folded with massresolutionafter applyingthe kinematiccuts
andbremsstrahlungffects. The blackline shawvs the superpositiorof all contributionsfrom the
generatedhadrondecays.
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6

Monte-Carlo Simulation

A purposeof the Monte-Carlosimulationis to estimatethe pair reconstructiorefficiency
whichis ameasuref theanalysissoftwareability to reconstructte~ pairsprovidedthat
bothtracksarein the spectrometeacceptanceln orderto produceMonte Carlo events
on which to performanalysisa full chainof stepsneedsto be taken from generatiorof
mesondecaysto productionof the simulateddata. The completesimulationprocedure
consistf thefollowing steps:

e Requiredinal-stateparticlesaregenerateavith CERESeventgeneratolGENESIS
describedn chaptels. TheMonte-Carlostudydescribedn this chaptelis basedn
four generatedourcesr’-Dalitz, n-Dalitz, p and¢.

e The generatedparticlesare then transportedn the material of the experimental
setup,simulatingtheir interactionwith it andthe enegy depositionwhich gener
atesthe detectorresponse.This stepis actually performedby passinggenerated
eventsthrougha GEANT3[107] Simulationof the CERESspectrometertGEANT
packageprovidesfull detectorsimulationincluding completegeometryof the ex-
perimentalsetuptogethemwith materialdescription.The outputof GEANT simu-
lationis asetof digi-hitswhichincludearecordof wereeachparticletraversedhe
detectorandhow muchenegy wasdeposited.

e GEANT simulationis followed by signaldigitization anddetectorresponseimu-
lation. During this phaseheenegy depositionof the particlesis corvertedinto the
detectorresponsesuchastimesandvoltages formattedaccordingto the outputof
the front-endelectronicsandthe dataacquisitionsystemfor every detectorsystem.
Thedigitizationis tunedto closelyreproducehedetectoresponses therealdata.

e The simulateddetectorsignalsarethenoverlayedon top of the real datain order
to properlyreproducethe event multiplicity. In this casethe dataplay the role of
background. The obtainedeventis then passedhroughthe reconstructioralgo-
rithms producinghits, tracksandrings from the raw data. Note, thatinformation
aboutdigi-hitsis keptthroughall stepsallowing to identify generatedracksat any
level of the simulationprocedure.
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102 6. Monte-Carlo Simulation

e Sincetheformatof theoutputof the previousstepis identicalwith the outputof the
realdataanalysis(step2) the next step(step3)is almostdirectly appliedasin data
with identicalcuts.

e Thefinal analysis(step4)includesa majority of rejectioncuts. All efficiency esti-
matesandMC studiesareperformedat this level.

6.1 Silicon Drift Detectors

Thedigitizationproceduresimulatedifferenteffectssuchaselectronicnoise pickupand

ballistic deficit. The electroncloud is distributedover the anodesn stepof two anodes
at the sametime to simulatethe scanner The preamplifierchip amplifiesthe deposited
chageinto thevoltagesignal. The ballistic deficit andthe anodedependengainchange
the signal in both radial and azimuthaldirections. Thereforethe hit amplitudeis not

homogenousverthewafer Thesignalis spreadover 13 time-binsgivenby broadening
dueto theshapingime of thepreamplifierchip andover5 anodesnfluencedby diffusion

andgeometry A Gaussian-likelectronicnoiseis addedontop of eachcell. Tuningof the

MC parametersllowedto achiere agoodagreemenbetweerthe dataandthe simulated
distributions.
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Figure 6.1: Enegy lossin SDD1 (top) and SDD2 (bottom) plotted separatelyfor single-anode
hits (left) and multi-anodehits (right). MC simulations(red dottedcurwe) includingp — ete™
and¢ — ete~ areshavn ontop of thedata(bluesolid curwe).
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A studyof the enegy lossin silicon drift detectorsndicateda dependencef dE/dx
on hit topology ThusMC simulationswere performedseparatelyfor single-anodénits
andmulti-anodehits. Fig. 6.1 illustratesa comparisorof the enegy lossdistributionsin
both silicon drift detectordetweendataandMC simulationfor differenthit topologies.
A second_andaupeakin thedatadE/dz distribution at approximatelyl400corresponds
to thesignalof closedunresohedtrackscomingmostlyfrom corversions t is extremely
difficult to cleanup all target y-corversionswith a help of only RICH and TPCin the
data,while in the simulationenegy lossdistribution was accumulatednly for the re-
constructedMC electrontracksfrom p and¢ generatedvith openinganglemuchabove
two-hit resolutionin SDD which resultsin the absencef doubledE/dz peak. Thus,ig-
noring secondpeak,simulatedenepgy lossdistribution perfectlydescribeshe datafor a
caseof multi-anodehitsin bothsilicon detectorsin caseof single-anodéitsareasonable
agreementvasalsoobsenedfor SDD1andSDD2.

6.2 RICH Detectors

The signalof every digit is distributedover the arrayof 7x7 padssizeusingtheinverse
cosh-function. The padsunderspolked and outsideacceptancareignored. Finally all
generategadspassthe datacut on minimum amplitude. Digitized padsarethenover-
layedontop of therealdata.

220

-3 -2 -1 0 1 2 3
Phi (rad)

Figure 6.2: Comparisorof the ¢-distributionsof thesingleelectrontracksin the data(bluetrian-
gles)andsimulation(black histogram)with ¢-6 mapof deadregionsapplied.

The known deadregionswere switchedoff sinceall attemptsto accuratelydescribe
the ¢-distributions of the reconstructedings by removing simulatedpadsfalling into
known deadareasfailed. Insteadthe effect of deadareasvasdeterminedusingthe real
data. The electrontracksselectedn the TPC were matchedto RICH rings. In caseof
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Figure 6.3: Houghamplitudedistributions for the dataDalitz sampleandthe reconstructea-
Dalitz decaysn the Monte-Carlosimulation(left panel)andsimulatedchoughamplitudedistribu-
tionsfor differentopeninganglesof 7°-Dalitz decayg(left panel).

the deadregion no matchwasfound. Theresultingf-¢ mapof the matchedrackswas
appliedon the level of globaltracks. A properscalingof the mapwasdoneto account
for the efficiency lossesdueto a cut on Houghamplitudeof therings. Fig. 6.2 showvs
the comparisorof the ¢-distributionsof singletracksin the dataandin the simulations.
Thetwo large areaswith low efficiengy at= -1 mradand1 mradcanbe seen.Thedead
regionsarereasonablylescribedy the MC usingthe constructed-¢ map.

In orderto study the performanceof the RICH MC the Dalitz decaysamplewas
selectedn thereal data. Two identifiedelectrontracksvia enegy lossin the TPC with
openinganglebetweerl0and35mradwerematchedvith SDD segments.Thecorrelated
cut on dE/dz in silicon drift detectorsvasappliedto remove y-cornversions. Obtained
SDD-TPCtrackswerefinally matchedto RICH rings. No cutson ring quantitieswere
applied.

The Dalitz decayswerealsogeneratedvith GENESIS passedhroughGEANT and
finally reconstructedavith the analysissoftwareapplyingidenticalopeninganglecut.

RICH rings are characterizedy Hough amplitude,numberof hits and sumanalog
amplitude. The comparisonof the distributions on Hough amplitudeobtainedfor the
dataandMC is shavn in Fig. 6.3. Although a tail of the MC distribution deviatesfrom
the data, the overall shapeis reproduced.Possibleeffect of the touchingring problem
was clarified by varying a cut on the openingangleof the 7°-Dalitz decays(Fig. 6.3).
For four differentopeninganglecutsfrom 35 mraduntil 60 mradthe Houghamplitude
distributionsstayalmostidentical.

Fig. 6.4illustratesthe MC distributionson hits perring andsumanalogamplitudefor
bothRICH1andRICH2plottedontop of thedatadistributions. A shift of 1 hitis obsered
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Figure 6.4: Comparisorbetweerthehits perring (top) andsumamplitude(bottom)distributions
in thedataandin the Monte-Carlosimulationfor RICH1 (left side)andRICH2 (right side).

for the hits on ring in the two RICH detectors.The obsened disagreementight be an
effect of the remaininggain fluctuations. An admixtureof the y-corversionsto the 7°-

Dalitz decaysamplemay also distort the resultantdistributions, particularly increasea
numberof hits on rings. The sumanalogamplitudedistributionsdo not well coincide
also.Howeverin thedataanalysighe cutson sumamplitudewerediscardedhsapossible
sourceof the systematiauncertainties A cut on hits perring in the dataanalysisis very
softand,thus,doesnot almostaffect the efficiencgy.

6.3 TheTPC

Simulationof the CERESTPC consistsof thefollowing steps:
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e Generatiorof ionizationalongthetrack
e Electronpropagationn theelectricfield
e Generatiorof thepadsignal

e Creationof the”raw” Monte-Carlopixels

Generation of ionization is basedon GEANT hits usedto constructa straighttrack
segmentalong which the primary ionizationis randomlydistributed. Primary specific
ionizationfor eachtrackis calculatedaccordingto [108]. Fluctuationsof the numberof
primary collisionsarewell describedy Poissorstatistic§109]. The numberof primary
ion pairsis scaledwith the sgmentlength. For eachprimaryion pair, secondaryoniza-
tion is calculatedoy generatinga spectrunof §-electrons.

Propagationin the electric field is then performedfor eachionization electron. The
drift velocity at a given positionin the TPC is calculatedusing electricfield table. To
find a new positionof the electronafter a certaindrift time a setof ordinarydifferential
equationds solved numerically After eachiterationthe trans\erseandlongitudinalco-
efficientsare usedto smearthe electronposition. Th lastincrementof the drift time is
calculatedaccordingo the knowledgeof the exactpositionof thereadoutthamber

The pad signal generationis basedon the inducedchage distribution. The ionization
electronsarrive at a certainpositionon the padplane.If z-positionof theelectronis out-
sideof theanodewiresregion, the electronis assumedo belost. The signalon thewire
atwhich the primaryionizationelectroncreatesan avalanchejs generatedTheinduced
chagedistribution on the padplaneis calculatedaccordingto the Gatti singleparameter
empiricalformula[110]. The padresponsdunctionis thencomputedoy integratingthe
inducedchage distribution overthe padarea.

The raw MC pixels are definedas pad signalsin a certaintime-bin. The arrival time
of the primary ionization electronshasbeendeterminedduring the propagationof the
electronsin the electricfield of the TPC. The signalinducedon the padshaslong tails
dueto thelong drift time of theions producedoy the avalanche.The startof theinduced
signaldependson the position of the primary electronwith respectto the anodewire.
The chage inducedon the padis spreadout in time accordingto the time distributions
of the inducedsignalfor differentpositionsof the primary electronwith respecto the
anode. The total time rangeis divided into 8x 256 bins andthe width of eachtime-bin
correspondso thetransferfunctionof the TPCelectronics All thesignalswhichfall into
a giventime-binaresummedup for eachpad. Thefinal list of pixels consistof the pad
andplanenumberstime-bin,andamplitude.

The quantitiesof the TPC track are a numberof hits on track, momentum,¢ and
coordinatesandenegy loss.In orderto checkwhetherthe TPCMC is realisticthe simu-
lateddistributionswerecomparedo the data.Basedontheelectrontracksidentifiedwith
strongcutsin the RICH the comparisorbetweenthe dataandthe MC Dalitz decaysis
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Figure 6.5: Numberof hits on track asa function of theta(top) andphi (bottom)in the dataand
in the Monte-Carlosimulation.

performed.Fig. 6.5 shavs the MC distribution of a numberof hits on trackasa function
of # and¢ ontop of thedata.All 16 holesbetweerchambersn the ¢ dependencaswell
asinefficientregion at ¢ of approximately-3 mradarewell described.Thusrathergood
agreemenwithin the TPCacceptanc€.141< 6 < 0.244rad. is obsened. A compar
ison of the enegy lossby electronsbetweenthe simulationandthe datais illustratedin
Fig. 6.6. Againthe MC distribution agreeswith the dataquitewell. More comprehensie
comparisorof enegy lossby bothpionsandelectrondetweerdataandoverlayMC was
performedfor differentmomentumbins. Electronandpion trackswere generatedvith
realistic momentumdistributions, then put on top of the real eventsand reconstructed
applyingtrackquality cutssimilarto thedata.TheoverlayMonte Carloexhibits goodde-
scriptionof the dataover the two ordersof magnitudeg(limited by accumulatedtatistics)
asillustratedin Fig. 6.7 for two momentunbins.
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Figure 6.6: Comparisorbetweerenepy lossdistributionsin the dataandin the simulation.
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Figure 6.7: Comparisorof theenepgy lossby electronsandpionsbetweerdata(black histogram)
andoverlay MC (red histogram)for two differentmomentgp = 0.83MeV/c (left panel)andp =

1.17MeVi/c (right panel).

6.4 Matching

betweenDetectors

Onceall segmentsin separataletectorsare reconstructedthey are matchedn orderto

createglobal tracks.

Sincein the dataanalysisthe cuts are appliedon the matching
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Figure 6.8: Comparisorof the ¢- (left) andé- (right) matchingdistributionsin the dataandin the
Monte-Carlosimulationfor SDD and TPC combination.
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distributions,thewidth andthe meanof the matchingbetweendifferentdetectorsnustbe
similarin thedataandin the simulation. The overall matchingdistributionsin ¢ andin 6
for thedataandthe Monte-Carloareshonvnin Fig. 6.8for SDD andTPCcombinatiorand
in Fig. 6.10for RICH and TPC combination.Simulatedwith overlay MC techniquedis-
tributionsseamto accuratelydescribehe datafor both detectorcombinationsSDD-TPC
andRICH-TPC.Howeverthewidth of thematchingdistributionsdepend®nmomentum
of the track due to multiple scatteringeffects and thereforethis dependencevastaken
into account.Theobseneddependencef thewidth on# andSDD hit topologywasalso
simulatedin Monte-Carlo. The width of the simulatedmatchingdistribution in ¢ and
in 8 asa function of momentumfor the #-bin 170< 6 < 190 mrad. is displayedin
Fig. 6.11for the RICH-TPC. The parameterizatioof the datais well describedoy the
MC dependencef thewidth of both A¢ andA# matchingdistributions.In caseof match
to SDD detectorsystem simulateddistributionswerechecledfor differentcombinations
of SDD hit topologiessimilarly to the data. The SDD trackswere divided into three
groups:trackswith two single-anoddits, trackswith single-anodendmulti-anodehits,
andtrackswith two multi-anodehits. Fig. 6.9 shavs the momentundependentvidth of
the MC matchingdistributionin ¢ andin 6 within the §-bin 200< 6 < 220mradfor a
caseof two multi-anodehits on SDD tracks.Boththe MC andthe dataparameterizations
arereasonablglose.

6.5 Pair ReconstructionEfficiency

To be ableto comparethe datawith the hadroniccocktail and/orthe theoreticalcalcu-
lations, the reconstructe@ e~ pairs must be absolutelynormalized. One part of the
normalizationproceduras the correctionof thereconstructe@lectronpairsaccordingio
the pairreconstructiorefficiency. Theefficiengy correctionis doneon the event-by-e/ent
basismultiplying every et e~ pair with theinverseefficiengy for thatevent.

After the responsesf all the detectorsystemsare simulatedproperlythe generated
distributions can be usedto computethe track reconstructiorefficiencies. In orderto
cover low and high massrangesdetectedoy the CERESexperiment,the four decays-
7 — vete™,n — veTe™, p — ete” and¢ — eTe~ weregeneratedvith GENESIS
generatoapplyingstandardanalysiscutsasthetaacceptancef 0.141< 6 < 0.244rad.,
transersemomentumcut of p; > 0.2 GeV/candopeninganglecut of 35 mrad. Thus
therearealwaysonly two MC electrontrackspereventoriginatedirom theprimarydecay
within the acceptancef the spectrometerThetotal numberof generatedventsis 2-10°
for eachdecaymode. Thenthefull simulationof detectorsvasperformedby GEANT3
including simulationof interactionsn the materialandthe enegy depositionasalready
discussedThe outputof GEANT3 wasdigitized andoverlayedon thereal datain order
to reproduceealoccupanyg in thedetectorsTheobtainedeventwasthenanalyzedy the
CERESreconstructiorsoftwarefollowing all stepsof the dataanalysis:step2,step3and
step4.ldenticalcutswereappliedfor the MC tracksasfor the data. The momentumand
thetadistributionsof the generatedlecayseforeandafteranalysiscutsareillustratedin
Fig. 6.12andFig. 6.13, respectiely.

Thetaacceptancetrans\ersemomentumcut and openinganglecut are appliedfor both casesbefore
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Figure 6.12: Momentumdistributions of four generatediecaysbeforeanalysiscuts (left panel)
andafteranalysiscuts(right panel).
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Figure 6.13: Thetadistributions of four generatedlecays(z’, n, p, ) beforeanalysiscuts (left
panel)andafteranalysiscuts(right panel).

The singletrack efficiency is determinedasa ratio of reconstructedrackssurviving
all analysiscutsandinitial generatedracks. The pair efficiengy is similarly definedre-
quiring two tracksbeingreconstructedin orderto accuratelyevaluatethe pair efficiency,
the variousdependenciesf the singletrack efficiency on 6, track momentumandevent
multiplicity werestudied.Thetrackreconstructiorfficiengy in theTPCstartsto decrease
far belov 1 GeV/c momentumwhich approximatelycorrespondso trans\ersemomen-
tum cut of 0.2 GeV/c. Thereforein the low momentumregion closeto appliedp; cut

andafteranalysiscuts.
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the efficiengy is not expectedto dependon momentum.On the otherhand,the momen-
tum dependentut on specificenegy lossin TPC may influencethe track efficiengy at
high momentawvhich canmostly affect the ¢ meson.This hasbeeninvestigatedor four
generatedsourcesas a function of momentum. The resultsare shovn in Fig. 6.14. In
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Figure 6.14: Singletrackefficiengy asa functionof momentunfor four simulateddecaygr°, 7,

p, B).

fact,the momentumdependencef the efficiency wasobseredneitherfor low momenta
nor for the high momentunregion proving thatthe gliding cutonthe TPCdFE/dz versus
momentumwith low slopeis a safeone.

Anotherstudy of the efficiency asa function of  wasalso performedfor four sim-
ulateddecaysasshavn in Fig. 6.15. A strongdependencef the track efficiency on 6
wasfound. Moreover all four sourcesexhibit very similar dependencieis termsof shape
andabsolutevalues.To studythe multiplicity dependencef thereconstructiorefficiency
the multiplicity wasdividedinto five bins. Fig. 6.16displaysthe singletrack efficiency
dependencen @ for lowestandhighestmultiplicity bins.

A reasonabl@arameterizationf theefficiency asafunctionof 6 is performedoy afit
with polynomial. Althoughthe obsened dependencef the efficiency on the eventmul-
tiplicity is weak,it wasabsorbedn the efficiengy correctionproceduradescribedelow.
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Figure 6.15: Single track efficiengy as a function of thetafor four simulatedwith GENESIS

> 0.6F
s - A T°-Dalitz p, > 200 MeV
[} C
20.551"m n-Dalitz
© - \ H
v ee TOHEIE |
§055 P :\/—tﬁziffiAA
= - @ ee ‘+ ‘ -
° - . , -
20,45 (] *r |
S 1 *
P 0.4 S b
0.35 ;
0.3F
B - \
r V- A-
0.25: Y |
Ozi11&111l111l111l111l111|1
12 140 160 180 200 220 240

sourceg?, 7, p, ¢).

theta (mrad)

2 0.6 2 0.6

c L c

() ()

s [ S

£ o5 £ 05

4 . 4

[3) L [3)

s L s

o 04 o 04

> S

< <

n r 0
03k 03
0.2F 02
0.1 0.1

\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

940 150 160 170 180 190 200 210 220 230 240
theta (mrad)

940 150 160 170 180 190 200 210 220 230 240
theta (mrad)

Figure 6.16: Singletrackefficiengy asafunctionof thetafor first multiplicity bin (left panel)and
lastmultiplicity bin (right panel).

For atrack with #-coordinatefrom a given eventwith multiplicity m the reconstruction
efficienciese; ande, arederivedfrom the parameterizatiofior the samef) for lowestm;
andhighestm, multiplicity bins. A line is thenconstructedasedon the two points(e;,
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mq) and(ea, ms). Thisline describesa dependencef the efficiency on the multiplicity
for agivend. Finally the track efficiency is extractedfrom the line equationfor a given
eventmultiplicity m:
6262-m1—61-m2+ a- @ -m. (6.1)
mi — Mg my — me

Fig.6.17shovsadependencef thereconstructiorefficiengy ontheeventmultiplicity
for four different# bins. The parameterizationsf efficiency dependencesalculated
accordingto the describedprocedureshav good descriptionof the separateefficiency
valuesfor eachf-bin within statisticalerrorsasillustratedin Fig. 6.17.
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Figure6.17: Singletrackefficiencgy asafunctionof multiplicity for differentthetavalues.Thepa-
rameterizationsf theefficiengy dependencareshavn by lines. A reasonablagreemenbetween
the parameterizatioandthe actualvaluesof the efficienciesis obsered.

In theabsencef pair effectsthe pairreconstructiorefficiency e.. canbedecomposed
into the productsof thetrackefficiencies:
1 1
€ee 6t'/'aclcl(ela Nch) : 6t7‘ack2(02; Nch)

where€yqer1 (01, Nen) and eq012(02, Nep) are the derived single track efficienciesas a
functionof # andeventmultiplicity. To investigatehe possiblepair effectsthe pairrecon-
structionefficiency correctedfor the singletrack efficiency asa function of # andevent
multiplicity wasplottedagainsi@anopeningangle(Fig. 6.18).
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Figure 6.18: Pair efficiengy asa function of openinganglebetweentwo tracksbelongingto th
sameevent. Parameterizatiorof the efficieney dependencabsorbsan effect of touchingring
leadingto a peakat 60 mrad(approximatelyjtwice theradiusof electronring).

To coverwide openinganglerangethe four simulatedsourcesveresummedup. The
two pair effectswereobsened. Thefirst oneis the peakat 60 mardcorrespondingo two
touchingrings. In fact, oneelectronring helpswith its hits to anotherring locatedtwo
ring radiusesapartresultingin increasingreconstructiorefficiengy of sucha pair. The
secondpair effect is the underlyingdrop of efficiency which startsat openinganglesof
approximately250 mrad. and continuesdown to very small openingangles. Actually,
dueto the analysisopeninganglecut of 35 mrad,a behaior of the pair efficiency in the
region between0 and 35 mradis not known (assumedo be flat matchinga decreas®f
efficiengy in theregion65< 6., < 250mrad).Thissurprisingdropof thepairefficiency
can be accountedor by the specificconstructionof the experimentalsetup. The geo-
metricaleffect may arisefrom a locationof theradial spolesin bothRICH detectorg10
spolesin RICH1 and 16 spokesin RICH2) with a distancebetweernspolescomparable
to thediameterof the electronring. Moreover the pair efficiency dropwasfoundto bea
consequencef thedependencef efficiency on A¢ betweentwo electrontrackswhile a
dependencef pair efficiency on Af wasnot obsened. This speaksan favor of the geo-
metricaleffectsresponsibldor the decreasef pair efficiengy. An attemptto additionally
correctsingletracksby track efficiency asa functionof ¢ did not resolwe a problemand
the specificbehaior of pair efficiency blow 250 mradremained.The dependencef the
pair efficiency onthe openinganglef,. wasthenparameterizetyy

p(oee) =po+p1- eee + po - 936 +Ds - ege +C- exp(_0'5(066 - M)/w)Q)a (63)

where M correspondso a meanof the peakat 60 mrad.,w is a peakwidth, C is the
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normalizationof the Gaussiarandpy, p1, p2, p3 arethe parametersf the polynomial. For
themixedeventbackgroundheparameterizatiowasbasecdnly onapolynomialof third
orderasshown in Fig. 6.19. Sincethe peakat 60 mradis a resultof the touchingrings,
this structuremustnot presentin the event mixing whentwo trackscombinedin a pair
comefrom differentevents.
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Figure 6.19: Pair efficiency asa function of openinganglebetweentwo tracksfrom the same
event. Parameterizatiomf the efficiency dependences donefor the pair efficiency correctionof

the mixed eventbackground.The peakat 60 mradis ignoredasa featureof the pairswith both

trackscomingfrom the sameevent.

Accordingto all studiedeffectsthe pair efficiency factorizesinto track efficiencies
dependingn N, andf andadditionalcorrectiondor pair effects:

1 1
g , 6.4
€ee €trackl (01a Nch) - 6track2(025 Nch,) - 6ee(eee) ( )
wheree.. (6., ) istheparameterizatioof theparefficiency dependencenthepairopening
anglewhichis donedifferentlyfor the pairswith bothtracksfrom the sameeventandfor

the mixedeventpairsasdiscusse@bove.
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7

Results

In this chapterthefinal resultsof the experimentalanalysisof dileptonproductionin Pb-
Au collisionsat 158 A GeV from the 2000run arediscussedThe dataare comparedo
theexpectationdvasednfreedecayprocessesf thevarioushadronsn thefinal stateand
to the calculationshasedon the free 7 annihilationwhich is expectedto be a dominant
sourceof eTe™ pairsat SPSenegies. In orderto learnaboutthe type of mediummodifi-
cationsneededin fact,to accountfor the experimentalresults,the dataarecomparedo
differenttheoreticaimodelsinvoking in-mediummodifications.

7.1 Data Normalization

In the absencenf a new physicsanion-inducedreactionscanbe considerecasa mere
superpositiorof the nucleon-nucleowrollisions. Thereforethe dileptonproductionprob-
ability pereventscaleswith the eventmultiplicity. Thusthe dataarenormalizedto rep-
resentthe pair productionprobability per chaged particle within the CERESrapidity
acceptance:

<dNee/dmee> _ (dNee/mee)corr
<Nch> Nev . <chh/dn> ) An’

where (dNee/Mee)corr 1S the numberof measuredt*e™ pairsper massinterval cor
rectedfor efficiengy asdescribedn the chapter6.5, V., is thetotal numberof analyzed
events,(dN.;/dn) is the chagedparticlerapidity distribution per unit of rapidity at the
CERESacceptance) is the CERESfiducial acceptanc€0.55).

(7.1)

7.2 MassSpectrum
The absolutelynormalizedete  invariantmassspectrumafter mixed-eventbackground

subtractionis shavn in Fig 7.1. The procedureof the normalizationwas describedn
previous section. For the efficiency correctionseesection6.5. The numbersof electron

119
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Figure 7.1: Inclusive ete™ invariantmassspectrumfor Pb-Au collisionsat 158 GeV/c per nu-
cleon. The spectrumis correctedfor pair efficienay and normalizedto (N.;). The solid black
cune representhe expectedyield of all hadronicsources.

pairstogethemwith the signalto backgroundatiosin thefinal samplefor low- andhigh-
massegionsaregivenin Table7.1. Thestatisticalerrorsof the dataareshavn asvertical
bars.

Comparisorof the et e~ invariantmassspectrumand hadronicdecays(seeFig 7.1)
shows a good agreementvithin the errorsfor the masseselov 200 MeV/c? wherethe
expectedyield is dominatedby #°-Dalitz decays. However, for the high-massregion
above 200 MeV/c? the datasignificantly overshootthe hadronicdecaycocktailin con-
trastto the proton-inducedeactionsvherethe excellentagreementvith the expectations
from hadronicdecayswvasfound. In the massregion 0.2 < m,, < 1.1GeV/& theen-
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Massrange (MeV/c?) Signal S/B
m < 200 5470+ 168 | 1/2
m > 200 2818+ 258 | 1/21

Table7.1: Yieldsof eTe~ pairsandsignal-to-backgrouhratio for differentmassregions.

hancementactor(theratio of theintegratedmeasuregield to theyield obtainedrom the
hadronicdecays)s 2.45+ 0.22[stat]+ 0.38[syst]+ 0.74[decays]The normalizedyield
of eTe~ pairsintegratedfor the masse®.0 < m,, < 0.2GeV/& is (8.44 4 0.28[stat]
+ 1.33[syst])x10~". Integratingthe normalizedyield in the massregion 0.2 < m,, <
1.1GeV/& gives(4.49+ 0.41[stat]+ 0.70[syst]x 10~7. Systematierrorsaredescribed
in section7.5.

A continuumexceedingthe hadroniccocktail occupieshe massregion betweern200
MeV/c? and600MeV/c?. Differentto all previousCERESresults theresonancstructure
triggeredby vectormesonsds seenfor the massesbove 600 MeV/c2. Dueto improved
masgresolutionwith radial-drift TPCthew and¢ vectormesonsaremeasuredTheyield
of the ¢ mesonin the electromagneticlecayhasbeenstudiedin detail [111]. A yield
of dN/dy(¢p — ete™) = 2.04 + 0.49[stat]+ 0.32[syst]is obtained. After correction
for acceptancandefficiencgy this valueagreewith theyield on Kt K~ measuredlsoby
CERES.The differencelargerthan1.6 betweentwo channelds expectedat 95% confi-
denceevel.

In additionit is alsointerestingto look at trans\ersepair momentumdependencef
the electronpair yield. The massspectrawith differentpair-p;® cutsp;® < 500MeV/c
andp;® > 500 MeV/c areshavn in Fig 7.2. Two spectra(left panelandright panel)
arevery differentbothin shapeof the continuumandin the absolutenumberof pairsfor
themassregion200< m,, < 700MeV/c?. The enhancemerih the high-masgegion
is largerfor p¢ < 500 MeV/c whereador the masse$elon 200 MeV/c? the dataare
perfectlydescribedy the hadroniccocktail. Theratio of theintegratednormalizedyield
of ete™ pairsto theyield derivedfrom the sumof thehadronicsourcesn themassegion
0.2 < me < 0.6 GeV/ is 2.26 + 0.27[stat]+ 0.35[syst]+ 0.68[decaysfor p¢¢ >
500MeV/c and4.29+ 1.15[stat]+ 0.67[syst}+ 1.29[decaysfor pf* < 500MeV/c.

7.3 Pair-pt Spectra

In orderto discriminatedifferentmechanisméeadingto a strongdileptonenhancement
in theinvariantmassspectrathedileptontrans\ersemomentgthetotalmomentunof the
dileptonpair perpendiculato the beamaxis of the colliding nuclei) have beenmeasured.
Fig. 7.3 shaws the trans\ersepair momentumdistributions for the three massregions
mee < 200MeV/c?,200< m,, < 700MeV/c? andm,, > 700MeV/c? comparedvith
expectationdrom hadronicdecays.The single particletrans\ersemomentumcut p, >
200MeV/c? stronglyeffectsthe pair trans\ersemomentundistribution for massedelov
400MeV/c? atlow pair-pge.

For masseselav 200 MeV/c? the dataagreewith the predictionsfrom the cock-
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Figure 7.2: Inclusive massspectrdor thetwo trans\ersepairmomentunbins. Left panel:pf¢ <
500MeV/c. Rightpanel:pf¢ > 500MeV/c. Thesolid line shavs the hadronicdecaycocktail.

tail dominatedin this massregion by 7°-Dalitz andn-Dalitz decays(top panel). In the
massregion 200 < m,. < 700MeV/c? the experimentalpointslie significantlyabove
the hadronicdecaycontributions (middle panel). The enhancemenpreviously seenin

the invariant massspectrumshowns up alsoin the trans\ersepair momentumdistribu-

tions. The effect is strongestfor pair-pi® < 600MeV/c. In the third massbin above
700 MeV/c? enhancementf the dataover the cocktail still remainsalthoughsomevhat
lowerin magnitudethanin themiddlemassregion. Theexcessof theexperimentapoints
for m.. > 700MeV/c? correspondso the excessobseredin the efe~ massspectrum
betweerthew andthe ¢ vectormesons.

7.4 Multiplicity Dependenceof Enhancement

One of the main evidencesfor a 'non-trivial’ sourceof the dileptonpairsin heary ion
collisionsis thedependencef thedileptonsignalon the chage particledensity Fig. 7.4
displaysthe enhancemerfactorsasa functionof d N, /dn for threee*te™ invariantmass
regions: m., < 200MeV/c?, 200< m,. < 600MeV/c? andm,, > 600MeV/c?.

If hadrondecaysarethe only sourcesof dielectronpairs, asis the casein p-p and
p-A collisions, the datashouldscalelinearly with chaged multiplicity, asindicatedby
thehorizontalline in Fig 7.4. This behaior is obsenedin thelowestmassregion which
is occupiedby the Dalitz decaygepresenting trivial hadronicsourcef theete™ pairs.
However, takinginto accounthatthe cocktailyield pernumberof chagedparticlesdoes
notdependn N, thedataclearlyexhibit astrongeithanlineardependencasafunction
of chagedmultiplicity within highermasswindows. Thelargesteffectis obseredfor the
massedetweer200and700MeV/c?, whereasn theresonanceegion for massesbove
600MeV/c? theenhancemeris somavhatreduced.
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Figure 7.3: Transwerse pair momentumdistributions for the three massregions me, <

200 MeV/c?, 200 < m,. < 700 MeV/c? andm,, > 700 MeV/c?> comparedo hadroniccock-

tail.
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Figure 7.4: Enhancemerfiactorasafunctionof chagedparticledensityasfoundin Pb-Aucolli-
sionsystemdor threemassregions. The expectationfrom thefinal-statehadrondecayss shavn
by solid horizontalline indicatingthe enhancemerfiactorl. 2000analysisis representethy the
redtriangleswhile the backpointsrepresentheresultof the 95/96combineddata.

In fact, thereare differentexpectationson the dependencef dileptonyield on the
chagedparticledensity

dNee dNeh
dn ~ dn )"
In [112] the quadraticdependencéa = 2) is predictedwhile other proposalspredict
wealer dependencef ete~ pairson chaged particle multiplicity (o = 1.1[113] and
o =1.3[114)).

Theobsenedstrongesthan-linearscalingof thedileptonyield on V., providesasup-
portfor thetwo-bodyannihilationreactionsasa dominantsourceof the electronpair en-
hancementUnfortunatelystill large statisticalerrorsdo notallow to distinguishbetween

possibledifferentscenario®f the scalingbehaior, like athresholdeffect or a saturation
behaior.

(7.2)

7.5 SystematicErr ors

The sourcesof the systematicerrorsinclude errorsin the event generatorand errorsin
the eventanalysis. The threemain contributionsto the systematicsn the dataanalysis
aretheuncertaintiesn the efficiency correction,in the normalizationof the mixed-event



7.5 SystematicErr ors 125

backgroundandin the normalizationof the dileptonyield onthe chagedparticledensity

Thesystematiaincertaintiesn the eventgeneratoaredifferentfor the low-massand
high-massregions. The main contributionsto the systematicdor the masseamn,, <
200MeV/c? dominatedoy 7°-Dalitz arethe uncertaintiesn therelative productioncross
sectionof ther® andthe parameterizationf the trans\ersemomentumandtheinput ra-
pidity distributions. For m,. above 200 MeV/c? the sourcef the systematicerrorsare
the detailedpropertiesof the electro-magnetidecaysaswell asthe relative production
crosssectionsof the high massmesons.A detail descriptionof the uncertaintiesn the
eventgeneratocanbe foundin [24,30]. The systematicerrorsof the hadroniccocktalil
wereestimatedo be 8% for the low-massand30%for the high massregions.

In thedataanalysisthe errorsin the efficiency correctionarisefrom thefactthatsim-
ulateddetectoresponseso not exactly matchthe experimentaldatadistributions. Thus
the cutsappliedmight affect the simulatedandthe real tracksin a slightly differentway
leadingto increaseor decreasef the estimatecefficiency. The dominantcontribution to
theerrorin the efficiengy correctionis givenby a cutonthe non-linearHoughamplitude
of thering (seesection6.2). A detailedstudyof the Houghamplitudedistributionswas
performedn the dataon the Dalitz sample.The simulatedHoughamplitudesareshifted
relative to the databy up to 10% dependingon the selectioncriteria of the dataDalitz
sample.To accountor the obsenedrelative differencebetweerthedataandthe MC, the
cutontheHoughamplitudethatis lower by 10%thanin thedatawasapplied.This leads
to achangan thepairreconstructiorefficiency of 8%. Thustheshiftin thedistribution of
Houghamplitudeds assumedo introducea 4% systematicerror. All otherdistributions
arewell reproducedy the MC (chapter6) with exceptionof the sumanalogamplitudes
andnumberof hits perring in both RICH detectors.The cutson sumanalogamplitude
have beencompletelydiscardedas potentially dangerousnesleadinglarge systematic
uncertainties.The numberof hits perring in the simulationwas obsened to be shifted
by approximatelyl hit relative to the data. This requiredconsequentlyowering of the
correspondingutson MC information. In orderto estimatea total sumeffect of all cuts
onsystematicstherelative changesn the openDalitz decayyieldsbetweermpre-rejection
stageandpost-rejectiorstagehave beenstudiedseparatelyor the dataandMC. In order
to suppresshe y-cornversionadmixtureto the Dalitz samplein the datafor a caseof the
pre-rejectiorstage cutson SDD dE/dx andon Houghamplitudewereapplied.They cor-
respondo cutsnumberl and2 in Fig. 4.24. Thusthe pre-rejectionstagecorrespond$o
cutnumber2, while the post-rejectiorstagecorrespondso cut numberll. Theidentical
first two cutswereappliedfor the MC Dalitz samplein a caseof the pre-rejectiorstage.
It is alsoworthto notethatthefirst SDD dE/dx cut performedon multi-anodehitsis per
fectly reproducedy the MC simulationgseesection6.1) andthereforegivesangyligible
contribution to systematicsTheratio of the Dalitz yield atthe post-rejectiorstageto the
Dalitz yield at the pre-rejectionstagegivesa relative rejection. The estimatedrelative
rejectionof Dalitz decayss 0.71in the dataand0.69in the MC. Thereforethe relative
differencebetweenthesetwo ratiosis 2.8%. The contribution of the Houghamplitude
cut, notaccountedor by the studyof the Dalitz decayyields,hasalreadybeenestimated
as4%. Matchingcutsof 3-0 leadto 2.8%errorfor a pair. Thereforethe total systematic
uncertaintyof the pair efficiency correctioncanbe considereds5.6%.

The next contribution to the systematicerror is the normalizationof the mixed event
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background.The error of thefit of theratio of the geometricneanof thelike-signe*e™
ande~ e~ massspectrao the mixed eventbackgrounccontributesto the systematiain-
certaintywith 8.5%giventhe signal-to-backgroundatio of 1/21.

Thesystematierrorof N, wasestimatedy checkingthe sensitvity of theresultsto
smallmodificationsof theanalysisprocedurd81] asvaryingthe positionsandthewidth
of the¢ regions,varyingtherangeof normalizatiorduringfake subtractionchoiceof A¢
in thetwo-trackextrapolation.etc Theguadraticsumof all effectson N.;, wasestimated
to be12%.

Thereforethe overall systematicerroris 15.7% (uncertaintiesn the cocktail arenot
included).

7.6 Theoretical Inter pretations

This sectionbriefly reviews maintheoreticalefforts in studyingthe experimentaldataon
thelow massdileptonproduction.

7.6.1 Freentx~ Annihilation in the Hadronic Fir eball

At full CERN SPSenegiestheratio of pionsto baryonds approximatelyb:1. Therefore,
asalreadymentioned the dominantin-mediumsourceis expectedto stemfrom 7t 7~
annihilation

mtnT =p—efe . (7.3)
All calculationdhasednthefreen™ 7~ annihilationhave the commonfeature.Although
anincreasedotal yield approximatelyagreesvith theexperimentadata,the shapeof the
spectrastrongly deviatesfrom the data. All theoreticalcalculationsproducetoo much
yield aroundthefree p massandtoo little below, whichis a consequencef thefreepion
electromagnetiorm factorpeakingatthe p resonance.

Incompatibility of freex+ 7~ annihilationshovs upin theall CERESresultsobtained
in the ion-inducedreactions. Although the strongexcessof the dataover the hadronic
cocktailobsenedin the early sulfur runsis somavhatreducedn the 1995/96combined
dataanalysisaswell asin the 2000 dataanalysisdisplayedin Fig. 7.5, the inclusion of
thefreer ™7~ annihilationcanstill notresole thediscrepang with thedata.

While in theion-inducedsystemshecocktailis somavhatcloseto saturatinghe data
in the p/w region, the free ™7~ — p° — eTe~ processhasits maximumcontriku-
tion. However, for the SPSconditionsthe excited nuclearsystemis expectedto spend
a significantpart of its space-timehistory in a hadronicphasewith a large pion com-
ponent. Thereforer ™7~ annihilationcan not be neglectedin favor of other different
processewvith flat characteristicaesa function of invariantmass(qq annihilation).Con-
sideringzt7~ annihilationasa dominantprocess gssentiaimediummodificationsare
expectedto give additionalstrengthto the low massdileptonyield resultingin filling the
0.3-0.6GeV/& masgegion without giving too muchyield aroundthefree p mesonmass.
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Figure 7.5: Comparisorof ete massspectrunwith thecalculationbasecn«t«~ annihilation
usingthefree p spectrafunction.

7.6.2 In-medium Modifications of the Vector Mesons

Largeeffortshave beenundertalento investigatehein-mediump mesorpropertieslueto
its prominentrole in heavy ion dileptonmeasurementss discussedn theintroduction,
amongthelight vectormesonghe short-lived p decaysnsidethefireball which makesit
mostsensitve to thein-mediummodifications.

Therearetwo mainapproachewhich includemedium-induced¢hange®f the vector
mesonproperties:

e Theapproactdevelopedby Brown andRho,in which the masse®f vectormesons
reduceasa function of the densityandessentiallyin proportionto the disappear
anceof the quarkcondensateln this intuitive picturethe obsered dileptonyield
providesadirectlink to the chiral symmetryrestoration.

e A differentapproachwasdevelopedby RappandWambachjmplying a dynami-
cal modificationsof the p spectralfunction dueto couplingto the densehadronic
medium. Calculationshasedon this techniquefit the experimentaldatain the re-
gion of dileptoncontinuumequallywell but deviate from the Brown-Rhoscaling
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resultsin the massrangebetweenw and ¢ resonancesThis differenceallows a
discriminationof the two theoreticalapproachesvhich will be discussedater in
this section.

Brown-Rho scaling

Oneof mostprominentapproacheghathasbeensuccessfullyappliedto explain the low-
masddileptonenhancemenh the CERESdatain connectiorwith chiral restoratiortran-
sitionis basedn the Brown-Rho(BR) scaling.In thedileptoncontext, the mostrelevant
featureis thedecreasef the p-mesommassat finite temperaturenddensitywhich leads
to astrongexcessof ete~ pairsbelow thefree p massthroughthe 7 annihilationchan-
nel. As long asno collisional broadeningn the p width is included,the et e~ yield is
sharplycenteredaroundthe correspondingn-mediummassms.

Thefirst stepin the derivation of Brown-Rhoscalingis the constructiorof the effec-
tive Lagrangianby introducingan effective “glueball” field y. Proportionalto the gluon
condensatehe traceanomalyof QCD breaksthe symmetryof the Lagrangian. Thus,
whenthe gluon condensatés melted,the scaleinvariances restoredandthe chiral tran-
sition with light quarksoccurs. The x field canbe understoodasconsistingof a soft x*
andhardy’ components

x=x"+x" (7.4)

Thesoft partgovernsthein-mediummodificationsin the chiral effective Lagrangiarand
scaleswith the quark condensate Assumingthe symmetriesof the Lagrangianremain
untouchedhe variationsin the quark condensatare postulatedo scalewith a density
dependenthangein massesThusthe approximateBrown-Rhoscalingrelationreads
@zﬁz@xm—zz@w
o omy T omy o (q@)’
wheref} is in-mediumpion decayconstandefinedas f = f, - x*/xo. Thein-medium
guantitiesarereferredas“” while “0” refersto vacuumvalues.Consequentlyaccording
to the BR scaling,the masse®f non-strangesectormesonsvanishin the dancematter
togethemwith the quarkcondensatdahe orderparametenof the chiral transition.
The Brown-Rho “dropping mass” hypothesisreceved an independensupportby
QCD sumrules calculationsof Hatsudaand Lee [115], who estimatedhe densityand
temperaturelependencef m;,

(7.5)

. B T 5.
my = my(1 = CO2)(1 = ()?) (7.6)
with C' =0.15,7X = 200MeV anda = 0.3.

The calculationbasedon Brown-Rho scalingis in good agreementvith low-mass
ete” enhancemenbsenedin the experimentaldata(Fig 7.6). The addedQGP contri-
bution is small andinsensitve to initial temperatureand detailsof the phasetransition
constructionIndeed thefireball spendgelatively smallfraction of its space-timevolu-
tion in the QGPphaseatthe SPSenegies. Thus,in fact,the effect of the quark-untiquark
annihilationfrom the QGPphasdan thelow massregionis negligible.
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Figure 7.6: Comparisorof e™e~ massspectrumwith fireball calculationsusingthermalproduc-
tion ratesfrom in-mediumz* 7 annihilationin two scenarios Redline: hadroniccocktail plus
777~ annihilationemplg/ing the in-mediump spectralfunction plus QGP blue line: hadronic
cocktailplus7 7~ annihilationusinga droppingp massplus QGP

The early phases characterizedby hadronicinitial conditionsof T ~ 170MeV and
o ~ 2.59. In this phasethe in-mediummassm;, is closeto the two-pion threshold.
While theexpandinghotfireball dilutesandcools,m;, startsto riseandsweepsacrosshe
low-massregion thusfilling the dileptoncontinuumbetweer0.3and0.6 GeV/&. At the
sametime, the p contributionto thefree p peakis stronglyreducedwhichis alsoin agree-
mentwith the data. For the w-mesonthe situationis different. Althoughin BR scaling
the w massis subjectedo the samereductionasthe p mass,the mediummodifications
of thew mesonhave averylittle impacton the dileptonspectrundueto thefact, thatthe
w — ete™ decaysmostly occurafterthe hadronicfreeze-outwvheremediumeffectsare
absent. Thereforethe final numberof w mesongs roughly equalto the casewhereno
droppingmassesreassumed.

Rapp-Wambachapproach.
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An approacldevelopedby RappandWambachassumes modificationof both7 andp
propertiedueto phenomenologicallynferredinteractionswith the surroundinghadrons
in the hot and densegaswhich are encodedn the p-mesonspectralfunction. The ap-
proachis basedon nuclearandfinite-temperaturenary body techniquesncluding con-
straintsfrom nuclearmphotoabsorptiofil16] and# N — pN data[117], Rhosobakexcita-
tions on thermally excited baryonresonanceaswell asa morecomplicatedassessment
of themesoniccontributions[118].

In the hotanddenseamatterthe p mesoncouplesdirectly to the surroundinghucleons
andthermalmesonsA vectormesonselfenegy is givenby

%) = Spex + Spur + LpB. (7.7)

¥ ,m describeghe interactionswith surroundinghot mesongM = 7, K, p, ...) and
¥, p arisedrom theinteractionsvith densebaryong B = N, A, A, ...). £, incorporates
mediummodificationsof the free p — 7w decay The outcomeof the calculationsis
a strongincreaseof the imaginary part of the p-mesonselfenegy. This consequently
broadenghe p-mesonspectralfunction beyond recognitionof any resonancestructure.
It was shown that the temperaturesffects lead to a small massshift and a nggligible
broadeningf the p spectrdunction. Thus,amimportantpointto noteis thatthebaryons,
ratherthanpionswhich governthefinite temperaturesffects,in the hadronicfireball are
attheorigin of thedileptonenhancement.

In contrasto “droppingmass”scenariothemary-bodyapproachprovidesasufficient
yield in the vectormesonregion (Fig 7.6). Thusthe in-mediumspectraffunction seems
to describethe databetter(normalizedy? = 0.6) in the region betweerthew and¢ than
BR scaling(normalizedy? = 3.9). As alreadymentioned the dileptonsoriginatedfrom
gq annihilationin the QGPphaseaddedo in-mediumbroadening, contributemostlyto
thee'e™ yield above 1 GeV/&, while the contrikution of the QGP phasefor the masses
belowv 1 GeV/¢ relative to thatof the hadronicphaseis very small.

Independentonfirmationof this resultwas obtainedby NA60 experimentin p* p~
channel[119]. They conclude,independenof any comparisorto theoreticalmodeling,
thatthe p primarily broadensn In-In collisions,but doesnot shav ary noticeableshiftin
mass.

7.6.3 TransversePair Momentum Dependencies

Thedependeng of the dileptontrarversemomentunmobsenedin the datacanberelated
to abreakof the Lorenzinvarianceof space-timen thethermalframe,in which the mat-
terasawholeis atrest. This impliesthatthe vectormesonspectralfunctionsseparately
dependoninvariantmassM = /q¢2 — ¢* andthree-momentumMoreover, their polar
izationstatesareno longerisotropic,but split up into two completelyindependeninodes,
describedn termsof longitudinalandtrans\ersecomponents.

Both the BR scalingandthe in-mediumspectrafunction approachesvhich success-
fully reproducedheete™ invariantmassspectraarealsoappliedto calculatethetrans-
versemomentumspectrg[117,120] The reductionof the p massis alsoreflectedin the
trans\ersepair momentumdependencéueto the thermaloccupationfactor which de-
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Figure 7.7: Comparisonof trans\ersepair momentumdistributions for the three massregions
Mee < 200MeV/c?, 200< m., < 700MeV/c? andm,.. > 700 MeV/c? with theoreticalcalcu-
lationsusinga thermalfireball modelincluding =+« annihilationwith a droppingp massplus
hadroniccocktail (bluecurwe) andz 7~ annihilationwith thein-mediump spectrafunctionplus

hadroniccocktail (redcurwe).
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pendson enegy. Thereforethe three-momentundependencef ¢, = /(m})? + ¢ is

more pronouncedor small p massm;,. The calculationbasedon BR scalingscenario
is illustratedin Fig. 7.7. A theoreticalcurve is in goodagreementvith the data. In the
massregion 200< m,, < 700MeV/c? the droppingp masscurve is enhancednostly
at trans\ersepair momentabelon 700 MeV/c, which is a consequencef the relative
enhancementf the p mesonf smallthree-momentum.

The mary-bodyapproachncludesmorecomplicatedhree-momentundependencies
predictedon the basisof photoabsorptioranalysis[116]. A spectralfunction calcula-
tions[121] resultsin asimilar to thedroppingp massbehaior. As shavnin Fig. 7.7,the
theoreticakurve for the mary-bodyapproactagreeswith the dataaswell.
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Figure 7.8: Inclusive massspectrdor thetwo trans\ersepairmomentunbins. Left panel:pf¢ <
500MeV/c. Right panel:pf¢ > 500MeV/c. The dataarecomparedo threetheoreticalcalcula-
tions: droppingin-mediump mass(blue curve) anda medium-modifiedp spectraffunction (red
cune).

Anotherprojectionof the datais the invariantmassspectrafor two differentregions
of trans\ersepair momentumps® < 500MeV/c andpf® > 500 MeV/c illustratedin
Fig. 7.8. Again, the major part of the low massenhancemens concentratedn the low
momentumbin. The dataarenicely reproducedy both a droppingp massandthe in-
mediumbroadenedpectralfunction, which confirmsthe predictionsbasedon photoab-
sorptiondata.

7.7 Summary

Thethesigeportsonanew CERESmeasuremertf electron-paiproductionin 158A GeV
Pb-Au collisionswhich wasperformedin the year2000with the upgradedxperimental
setup.The newly installedTPC improved massresolutionin the vectormesonregion as
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well asrejectioncapabilities. The analysisof the 18.2x10f eventsconfirmedthe previ-
ousfindingsof a strongenhancementf the ete~ pairsover the expectationsrom the
hadronicdecaysfor the masse®.2 < m,, < 0.6 GeV/Z. While, asexpected the low
massregion belov 0.2 GeV/& dominatedby 7°-Dalitz decayss describedy the expec-
tationsfrom the hadronicdecays.The normalizedyield of e*e~ pairsintegratedfor the
masse®.0< m., < 0.2GeV/c is (8.44+ 0.28[stat]+ 1.33[syst])x10~". Integratingthe
normalizedyield in the massregion 0.2 < m,, < 1.1 GeV/& gives(4.49+ 0.41[stat]+
0.70[syst]x 10 7. Theratio of the normalizedyield of e*e~ pairsto the sumof thecon-
tributionsfrom hadronicdecaysntegratedin themassregion 0.2 < m,, < 1.1GeV/& is
2.45+ 0.22[stat]+ 0.38[syst]+ 0.74[decays]The measuredrans\ersepairmomentum
spectrandicatethatdileptonenhancemernis locatedmostly atlow p°. Thisis alsocon-
firmedby thedifferencein theenhancemerfactorsin thee™e ™ invariantmassspectrdor
pi¢ < 500MeV/c andpg® > 500MeV/c. Theobsenredstrongefthan-linearscalingof the
dileptonsignalonthechageparticledensitysupportghetwo-bodyannihilationreactions
asadominantsourceof theelectronpair enhancemeniheresultsarein agreemenivith
two otheranalysisof the2000data[67,92].

The majorresultreportedin this thesisis the discriminationbetweentwo competing
theoreticalapproacheaccountingor the stronglow-massdileptonpair excess.Thetwo
models bothincludingin-mediummodificationsof thevectormesorpropertiesdescribe
thedatabelov the 0.7 GeV/& reasonablyvell but exhibit differentbehaior betweerthe
w andthe ¢ mesonsDueto a carefulcalibrationof the TPCandtheimprovedmasseso-
lution of 3.8%(at ¢) it couldbe establishedhatthe characteristideatureof the dropping
p massscenaricshaving adeepgapin the massspectrumbetweeny and¢ is notmetby
thedata.Ratherthedatais bettersupportedy thein-mediumspectrafunctionapproach,
yieldingagoodnessf fit normalizedy? = 0.6in themasgegion0.8 < m,, < 0.98Ge\?,
comparedo x? = 3.9for thedroppingp masscalculationwherethe gapin yield is filled
in by thebroadeneg.
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