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DasCERESExperimentbescḧaftigt sichmit derMessungvon Elektronenpaarenim
niederenMassenbereichin protonen-undioneninduziertenKollisionenamSuperProton
Synchrotron.Im Mittelpunkt stehtdabeidie Untersuchungvon Ver̈anderungenhadronis-
cherEigenschaftenunterdemEinfluß heißerund dichterKernmaterie.Eine signifikant
erḧote Produktionsratevon Dileptonenpaaren,bezogenauf Erwartungenaushadronis-
chenZerfällen, wurdeim Massenbereich

���������
	�����������
GeV/c� beobachtet.Dieses

faszinierendeErgebniskannnur durchModelle erklärt werden,die Ver̈anderungendes� -MesonsinnerhalbdesMediumszulassen.Um einebessereMassenaufl̈osungim Bere-
ich derVektormesonenzuerreichenundsomitzwischendenverschiedenentheoretischen
Erklärungsm̈oglichkeitenunterscheidenzu können,wurdedasExperimentim Jahr1998
durcheineTPCmit radialerDrift ergänzt.Die in dieserDoktorarbeitvorgestellteAnalyse
beruhtaufdemDatensatzvon158A GeV/cPb-AuKollisionen,derim Jahr2000mit dem
erweitertenexperimentellenAubau aufgenommenenwurde. Die beobachteteerḧohte
Produktionsrateder ������� -Paarebesẗatigt frühereCERESErgebnisse.Ein Vergleichder
Datenmit theoretischenVorhersagenfavorisiertRechnungen,dieaufderVer̈anderungder
Spektralfunktiondes� -Mesonsim Mediumberuhen,gegen̈ubersolchen,dieaufeinerre-
duzierten� -MesonenMasseberuhen.

The CERESexperimentis devoted to the measurementof low-masselectronpairs
in protonand ion-inducedcollisionsat the SuperProtonSynchrotronaccelerator. The
main goal of the CERESexperimentis to investigatemodificationsof hadronproper-
ties in hot anddensenuclearmatter. A significantenhancementof dileptonpair yield
with respectto expectationsbasedon hadrondecayswas observed in the massrange
0.25

�
m
����

0.7 GeV/c� . This fascinatingresult canonly be describedby models
invoking in-mediummodificationsof the � meson.To distinguishbetweendifferentthe-
oreticalexplanationsof the enhancementthe experimentwasupgradedin 1998by the
additionof a radial TPC to improve the massresolutionin the vectormesonregion. In
this thesis,the analysisof the datasampletaken in 2000in 158 A GeV/c Pb-Au colli-
sionswith theupgradedexperimentalsetupis presented.Theobservedenhancementof
the ������� pairsconfirmsprevious resultsof CERES.The data,comparedto the theoret-
ical calculationsbasedon dropping � massapproachandin-medium � spectralfunction
modifications,favor thelatter.
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1.1 Relativistic Heavy Ion Physics

The primary motivation for studyingthe relativistic heavy ion collisions is to gain an
understandingof propertiesof stronglyinteractinghadronicandpartonicmatterat high
energy densities.The hadronicandpartonicmatteris commonlyreferredto asnuclear
matter. The examinationof nuclearmatter is of cross-disciplinaryinterestto nuclear
physicsaswell asto astrophysics,cosmologyandparticlephysics. Fig. 1.1 displaysa
schematicphasediagramof nuclearmatter[2, 10,11]. The behavior of nuclearmatter
asa functionof temperatureanddensityis governedby its equationof state.The lower
left partof thediagramat low temperaturesandnearnormalnuclearmatterdensitycon-
cernsconventionalnuclearphysics.Herethenormalnucleiexist. At highertemperatures
nucleonsareexcited into baryonicresonancestates,alongwith accompanying particle
productionandhadronicresonanceformation. In heavy ion collisions,suchexcitations
areexpectedto createhadronicresonancematter. The two acceleratorfacilities, theAl-
ternatingGradientSynchrotron(AGS)atBrookhavenNationalLaboratoryandtheSuper
ProtonSynchrotron(SPS)at CERN,accessedthis region with heavy ion beams.These
collisionsmaytraversethetransitionregioninto thenew stateof matter:theQuark-Gluon
Plasma(QGP)[12]. Formationof thequark-gluonplasma,a deconfinedstateof quarks
andgluons,is the major focusof relativistic heavy ion experimentsat higherenergies.
TheRelativistic Heavy Ion Collider (RHIC) at Brookhavenis presentlytheoperatingac-
celeratorfacility deliveringthehighestenergy in theheavy ion field. Theoperationwith
heavy ions is alsoplannedfor the Large HadronCollider (LHC) at CERN in 2007. As
shown in thephasediagram,thetemperatureanddensitytrajectoriesatRHIC (andLHC)
lie closeto that of the early universe,while thoseat the AGS andSPSoccurat higher
baryondensities.

Theuniversetemperatureataroundtenmicro-secondsaftertheBig Bangwasapprox-
imately150-200MeV. At this temperaturea quark-hadronphasetransitionis predicted,
which is thesametransitionasthatfrom hadronicmatterto a quark-gluonplasma,but in
the reversedirectionby cooling from a highertemperature.Also of interestin cosmol-
ogy is generalnucleosynthesis,variousaspectsof stellarevolution,neutronstarcollapse
andsupernova expansiondynamicswhich occurat high baryondensitiesandvery low

1
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Figure 1.1: Phasediagramof hadronicmatterandhadrochemicalfreeze-outpointsfor heavy ion
collisionsatSIS,AGSandSPS.Theregionbetweentwoyellow linesindicatestheexpectation[10]
for the phaseboundarybasedon lattice QCD calculationsat MON = 0. The arrow from chemical
to thermal freeze-outcurve for the SPSis calculatedfor expansionwith constantentropy per
baryon[13].

temperatures.Thusthestudyof extremestatesof mattercreatedin high-energy nuclear
collisionsprovidesscientistswith anopportunityof gaininginsight into many important
aspectsin differentfieldsof physics.

The symmetrybreakingmechanismsand the origin of particle massesare the key
questions.An investigationof theperturbativevacuumof theQuantumChromo-Dynamics
(QCD)usingcollisionsof relativistic heavy ionsmayallow to find theanswers.Thecom-
plex internalstructureof theQCDvacuumconsistsof aquark-gluoncondensatesea.This
seafluctuatesaboutits zeropoint. At low energy densities,quarksandgluonsarecon-
fined into hadrons(baryonsandmesons).Thus,thevacuumactsascolor dielectric. At
the high temperaturesin high energy collisionsof heavy ions, the quark-antiquarkcon-
densatevacuummelts. Thequarksandgluonsconfinedin hadronsbecomefreeandthe
vacuumtransformsfrom a color dielectricto a color conductor. This is thequark-gluon
plasmaphase.Anotherphasetransition,namelytherestorationof chiralsymmetry, is also
predictedathigh temperatures.
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1.2 Conceptsof Quantum Chromo-Dynamics

TheQuantumChromo-Dynamicshastwo remarkablefeatures.Thestrongcouplingcon-
stantis largeat largedistancesor smallmomentumtransfer( PQ� ) andquarksareconfined
into colorlessparticles,so-calledcolor-singlets. At shortdistancesor large momentum
transfer, the coupling constantis small, approachingzero for P �SR T . This is the
regimeof asymptoticfreedom.
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Figure 1.2: Resultsof a latticeQCDcalculationusing0, 2, 3 light quarksand2 light quarksplus
strangequark[14]. Plottedarethe energy density U /T V (left panel)andthe pressureP/TV (right
panel).Theenergy densityandthepressurevaluesfor theidealgasareshown with arrows.

The morequantitative understandingof the QCD thermodynamicscanbe obtained
by carryingoutnon-perturbativenumericalcalculationsof thermodynamicvariablesona
lattice[14–16]. Theresultsof thecalculationsbasedon2 or 3 quarkflavorsaredisplayed
in Fig. 1.2. Thecritical conditionsfor a phasetransitionfrom aconfinedphase(hadronic
matter)to adeconfinedphase(quark-gluonplasma)arepredictedto occuratatemperature
of W /YX 170MeV correspondingto theenergy density ZQX 1 GeV/fm[ . For theenergy
densitya smoothandrapid transitionis observedasa function of temperature.A more
gradualtransitionis foundfor thepressurep. Dueto thefinite latticesizeit is hardto say
whetherthephasetransitionis aweakfirst orderoneor asecondordertransition.

The chiral symmetryrestorationat high temperaturesis alsoof greatinterest. The
massof quarkdependson thedistanceover which it is probedby anotherquark. Since
thenucleonis madeup from threequarks,thequarkmassshouldbeapproximatelyone
third the massof the nucleon,or about300 MeV/c� . Theseare so-calledconstituent
quarks,which aredressedin a virtual cloud of quark-antiquarkpairsandgluons. Due
to the fact that interactionbecomesweaker at short distances,the shorterthe distance
betweenquarks,the smallerthe mass. Thereforethe massof the currentquark in the
regime of asymptoticfreedomis nearzero. The estimatefor the up-quarkmassis ap-
proximately5 MeV andthat for thedown-quarkis approximately7 MeV. For massless
quarkstheQCDLagrangianfactorizesinto a left-handedtermandright-handedterm,and
is thereforechirally symmetric. For the caseof nucleon,which hasnon-zeromass,the
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chiral symmetryis spontaneouslybroken. In this casetheQCD Lagrangianhasanaddi-
tional term which is proportionalto the light quarkmasstimesthe vacuumexpectation
valueof thequark-antiquarkcondensateEO\]^] F . Sincethis expectationvalueis finite, the
Lagrangiancannotbechirally symmetric.

In summary, at low energy densitiesquarksandgluonsareboundinto colorlessob-
jects, called hadrons,and are confined. The quarksobtain large effective masses(m_` ma ` 300MeV/c� , m? ` 500MeV/c� ) by interactionsamongthemselvesandwith
the surroundingvacuum.This is calledbroken chiral symmetry. At high energy densi-
ties,which arereachedin relativistic heavy ion collisions,a phasetransitionis expected
to occur. Thepartonsbecomedeconfinedandtheir massesdecreases(m_ ` ma ` 0,
m? ` 150MeV/c� ) andthechiral symmetryis partially restored.

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

Time

Space

Freeze out

Mixed
phase

QGP

Pre-equilibrium

Incoming nuclei

Interact ing
hadron gas

Figure 1.3: Space-timeevolution of heavy ion collisions.

A transitionfrom a quark-gluonplasmato a hadronicmattermusthaveexistedabout
10 microsecondsafter theBig Bang.As predictedby latticeQCD a reversetransitionto
a quark-gluonplasmashouldoccurat sufficiently high energy densities.To reproducea
deconfinementtransitionin thelaboratoryis thetaskof therelativistic heavy ion physics.
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Thecomputersimulationsof space-timeevolution of thecollisionspredictthata life
time of thefireball shouldbe5 - 10 fm/c. Thestrengthof potentialQGPsignalsrelative
to thebackgroundcreatedby thehothadronicphaseandfinal statemodificationsdepends
on the overall time evolution: the collision processat the partonlevel, formationof a
quark-gluonplasma,expansion,cooling,andhadronization.

Thespace-timeevolutionof aheavy ion collisioncanbeclassifiedby thermodynamic
variables.This involvesdeterminationof the energy density Z , pressureb , andentropyc of the interactingsystemasa functionof temperatureandthebaryochemicalpotentiald . Thedynamicsof thecollision processcanbealsoaddressedby thenuclearstopping
power. The nuclearstoppingpower determinesthe amountof energy accessiblein the
interactionregion, thevolumeof the interactionregion andthereforetheenergy density.
Variousmeasurementsmadeusingdifferentnuclearsystemsat theAGSandSPSindicate
thattheamountof nuclearstoppingpower is large.Thismeansthattheamountof energy
in the interactionregion is sufficient to produceenergy densitieswell above the critical
energy densitypredictedby latticeQCD calculations( X 1 GeV/fm[ ).

Thespace-timeevolutionof heavy ion collisionsisschematicallydisplayedin Fig.1.3.
Two incomingnucleimoving almostwith speedof light areLorentzcontracted.Within
1 fm/c after thecollision, the energy of relative motion of the incomingnuclei is trans-
formed into otherdegreesof freedom. After the pre-equilibriumstagethe QGPis ex-
pectedto be formedvia the parton-partoninteractions.The interactingsystemthenex-
pandsdue to the hugepressureinside the hot and densemedium. At the sametime,
temperatureanddensityof themediumaredecreasing.A mixedphasefollowsthequark-
gluon plasma. First hadronsarecreatedin the expandingQGP. Oncetemperatureand
densityof thefireballbecomesufficiently low, theremainingislandsof plasmahadronize.
Theinteractinggasof hadronsfurtherexpandsandcoolsto thepoint referredto aschemi-
cal freeze-out,whereall inelasticinteractionsbetweenparticlesceaseandtheabundances
of hadronsarefixed.With furtherdecreaseof thetemperatureanddensityalsotheelastic
interactionsvanish(thermalfreeze-out)andparticlesstreamtowardsthedetectors.

1.4 ElectromagneticProbes

Therearemany experimentalobservablesproviding informationon theevolution of the
nuclearcollisions.Theobservationof electromagneticradiationseemsideally suitedbe-
causephotonsand leptonshave no strongcouplingandthereforeinformationfrom the
time of their emissioncanbedetectedundistortedby final stateinteractions.Sinceelec-
tromagneticradiationis emittedthroughoutthe evolution of the interactionit supplies
informationon the full dynamicsof thecollision system.Electromagneticradiationcan
bedetectedvia virtual photons(dileptons)or via realphotons.It canbeemittedin QGP
phaseas e \e annihilation[17] andalsoin thehadrongasphase,essentiallyas �=� �<� anni-
hilation. Thethermalradiationemittedvia quark-antiquarkannihilationprocessproduces
anexponentialspectrumwith a slopeparameterreflectingthetemperatureof thesystem
andmight beobservedonly in themassregion above 1 GeV/c� . On theotherhand,the
��� �!� annihilationrisingfromthresholdat

	
= 2

	#f
is expectedto contributein theregion

aroundandbelow � > -mesonmass.
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Photonsandleptonsmay provide a measureof the thermalradiationfrom a quark-
gluon plasma,if a region of photonenergy, or equivalently leptonpair invariantmass,
can be isolatedfor emissionfrom the QGP relative to other processes.However, the
yieldsfor electromagneticprobesaresmallwith respectto backgroundprocesses,which
areprimarily electromagneticdecaysof hadronsandresonancesafter freeze-outof the
collision system.Fig. 1.4 illustratesa schematicdileptonmassspectrum.Leptonpairs
from a quark-gluonplasmaareexpectedto be identifiedin the 1 - 1.2 GeV/c� invariant
massrange.Thelow massregion,wheremostof thecrosssectionlies,includestheDalitz
decaysof the ��> , 7 , 7Bg , h , andtheresonancedecaysof the � , h and , . At somewhathigher
massesthe semileptonicdecayof the charmedmesonsi \i and the Drell-Yan process
dominate.Thehigh massregionabove3 GeV/c� includesthe jO3 ] andthe

] g resonances
andtheunderlyingcontinuumdominatedby Drell-Yanmechanism.
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Figure 1.4: Schematicview of thee� e� invariantspectrum.

At lower invariant massesbetween0.5 and 1 GeV/c� , lepton pairs from hadronic
sourcesareexpectedto dominateandprovide informationon possiblemediummodifi-
cationsof hadronsat high density. Thewidthsandpositionsof the � , h , and , peaksin
the leptonpair invariantmassspectrumareexpectedto be sensitive to medium-induced
modificationsof thehadronicmassspectrum,suchasdropand/orbroadeningof thevec-
tor mesonmassesprecedingchiral symmetryrestoration.Among all vectormesonsthe� -mesonis of specialinterest.In fact,thethermalfireball is expectedto livesignificantly
longer than the 1.3 fm/c lifetime of the � -meson. Due to its very short life time com-
paredto thefireball lifetime, mostof the � -mesonsproducedin thecollision will decay
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insidetheinteractionregion. If thetemperatureand/orthebaryondensityarehighenough
for partial chiral symmetryrestorationto take place,the propertiesof the � -mesonwill
changeleadingto a detectablesignal in the low-massdileptonspectrum.The h and ,
mesonslive muchlonger. Their live timesareabout23 and44 fm/c respectively. Since
thestrengthof the � -mesonis expectedto increaserelative to thelonger-lived h , the � / h
rationmayserveasa “clock” for thelifetime of thethermalfireball.

1.5 PreviousCERESResults

The CERESexperimentis dedicatedto the measurementof low-masselectron-positron
pairsin ultra-relativistic heavy ion collisions.Thekinematicregioncloseto mid-rapidity
accessibleby CERESis displayedin Fig. 1.5. The other two muonpair spectrometers
at CERNSPS,NA38/NA50 [18–20]andNA34/HELIOS-3[21,22] cover moreforward
rapidities,asshown in Fig. 1.5.
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Figure 1.5: Dilepton kinematicalacceptancein the v " - w plane. The rapiditieswith the largest
particleproductionin centralcollisionsof sulfur ionsat 200A GeV (left arrow) andleadionsat
158A GeV (right arrow) areindicatedin theplot.

CEREShascompleteda systematicphysicsprogramincluding the measurementof
electronpairs in p-Be andp-Au collisionsat 450 GeV/c [23–25], S-Au collisionsat -
200 A GeV [26,27] andPb-Au collisionsat 158 A GeV [28–36], Pb-Au collisionsat
40 A GeV [37–40]. A very interestingresultshasbeenfound in this systematicstudy.
A strongenhancementof low-masselectronpairsin S-Au andPb-Aucollisionswasob-
served, indicatingtheonsetof a new source,beyond the meresuperpositionof p-p col-
lisions. However, no enhancementwasobserved in p-Be andp-Au collisionsasshown
in Fig. 1.6. The discoveredenhancementof e� e� pairs is alsoconfirmedby the latest
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resultsobtainedwith theupgradedexperimentalset-upin Pb-Aucollisions,whichwill be
discussedin this thesis.

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

0
x

0.5
x

1

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

0
x

0.5
x

1

my eez  (GeV/c2)

(d
2 N

ee
 /d{ η| dm

) 
/ (

dN
ch

 /d{ η| ) 
(5

0M
eV

/c
2 )-1

p-Be 450 GeV/u
2.1 
}

<~  η�  <~  2.65
p⊥
�  > 50 MeV/c

〈
�
dN
�

ch /d
�

η� 〉
�
 = 3.8

π�  → 
ee

γ�

ρ,
ω 

→
 e

e

φ 
→

 e
e

η�  →
 eeγ�

η , → eeγ

ω →
 eeπ o

charm�

my eez  (GeV/c2)

p-Au 450 GeV/u
2.1 
}

<~  η�  <~  2.65
p⊥
�  > 50 MeV/c

〈
�
dN
�

ch /d
�

η� 〉
�
 = 7.0

π�  → 
ee

γ�

ρ,
ω 

→
 e

e

φ 
→

 e
e

η�  →
 eeγ�

η , → eeγ

ω →
 eeπ o

charm�

meez  (GeV/c2)

S-Au 200 GeV/u
2.1 
}

<~  η�  <~  2.65
p⊥
�  > 200 MeV/c

〈
�
dN
�

ch /d
�

η� 〉
�
 = 125

π 
→

 e
eγ

ρ/
ω

 →
 e

e

φ 
→

 e
e

η�  →
 eeγ�

η , → eeγ

ω → eeπo

charm�
10

-9

10
-8

10
-7

10
-6

10
-5

10
-4

0
x

0.5
x

1 1.5

Figure 1.6: e� e� massspectrafor p-Becollisionsat 450GeV (left), p-Au at 450GeV (middle)
andS-Auat200A GeV(right) [30]. Thesolid line depictsthecontribution from hadronicdecays.
Strongenhancementof theelectronpairyield over thehadronicsourcesis observedfor S-induced
reactionswhile in p-Beandp-Au collisionsthee� e� massspectraareperfectlydescribedby the
hadroniccocktail.

Inclusivee� e� massspectrumfor S-Audatacollectedin 1992is illustratedin Fig.1.6.
Thedataarenormalizedto representthepair densityperchargedparticledensitywithin
the CERESrapidity acceptance.This normalizationallows to scalethe dilepton yield
from proton-protonto nucleus-nucleuscollisions with the event multiplicity, sincethe
particleproductionratiosremainunchangedin thedifferentcollision systems.In theab-
senceof new physics,electronpairsareexpectedto originatefrom theknown hadronic
sources:Dalitz decays��> , 7 , 7�� R ���@����� , h R ����������> , andresonancedecays,� , h
and , R � � � � . All the contributionsfrom conventionalhadrondecayscalculatedwith
a generator(seechapter5) arealsoshown in Fig. 1.6. The solid line representsthe su-
perpositionof all thesesourcesextrapolatedfrom hadronmultiplicities, asmeasuredin
p-p collisions. The measuredspectrumhasa differentshapethana sumof the gener-
ateddecaysandshows a strongenhancementover the hadroniccontributionsat masses
above 200MeV/c� , reachingoneorderof magnitudearoundm X 400MeV/c� . To pro-
vide a quantitative measureof theobservedexcesstheenhancementfactoris definedas
the integral of the dataover the integral of the predictedsourcesin the given invariant
massrange. For the massrange0.2

�
m
����

1.5 GeV/c� an enhancementfactorof
5.0� 0.7(stat.)� 5.0(syst.)wasfound. An enhancementof low-massmuonpairswasalso
observed by HELIOS-3 in S-W collisions(althoughlessdevelopedbut still significant)
andby NA38 in S-Ucollisions,bothat 200A GeV.

In 1993CEREScollecteda large sampleof electronpairs from 450 GeV p-Be and
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p-Au collisionsto gainanaccurateunderstandingof thephysicsbackgroundandto pro-
vide a basisfor comparisonwith nuclearcollisions. A very good agreementbetween
the invariantmassspectrummeasuredin p-Be andthe predictionsbasedon the known
hadrondecaysourceswasobserved,asillustratedin Fig. 1.6. Thesameobservationwas
found in caseof p-Au collisions. Thus,within the systematicerrors,thereis no need
to invoke any unconventionalsourceto explain the resultsfor proton-inducedreactions.
The CERESassessmentof the cocktail in proton-inducedreactionshasbeenconfirmed
by microscopictransportcalculations[41,42]. The latter give equivalentresultsfor the
dimuondataof HELIOS-3[21,22] takenin p-W collisions.Thereforethemeasured���@���
and d � d � spectrain proton-inducedreactionsatCERNSPSenergiesarewell understood
by thefinal statehadrondecaysin aconsistentway.
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The resultinginvariantmassspectrumfor the combineddataset from 158 A GeV
Pb-Au collisionscollectedduring 1995and1996runsis shown in Fig. 1.7. Integrating
over themassregion 0.2 to 1.5GeV/c� CERESfoundthat theinclusivedileptonyield is
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enhancedby afactorof 2.8� 0.3(stat.)� 1.0(syst.)comparedto theexpectedhadrondecay
contribution. Similarly to S-Au data,the enhancementis mostly localizedin the mass
range0.2 � m J ¡� 0.7GeV/c� .

Theinclusivee¢ e� pair transversemomentumspectrain 158A GeVPb-Aucollisions
normalizedto theobservedchargedparticledensityareshown in Fig. 1.8 for threemass
regions.
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For massesbelow 200 MeV/c� the pair ·  J ¶ distribution agreeswith the predictions
for ¸�¹ -Dalitz decays.For highermasses,theenhancementis observedover theentire ·  J ¶
range,but it increasessignificantlytowardsvery low pair transversemomentum.

Anotherresult is basedon datataken for Pb-Au collisionsat 40 A GeV during the
runningperiod1999. In thehigh massregion above 200MeV/c� the enhancementfac-
tor of 5.1� 1.3(stat.)� 1.0(syst.,data)� 1.5(syst.,cockt.) was found [37]. Comparedto
158 A GeV, the larger enhancementat 40 A GeV, wheremultiplicity and temperature
arelow, is interpretedasaconsequenceof therising baryondensity.

Theseresultshave stimulatedconsiderableactivity amongtheoristsin an attemptto
explain the observed enhancement.Presently, the thermaldileptonproductionvia ¸�¸ -
annihilationis believedto accountfor theeffect. Many calculationshaveaddressedthese
datautilizing ¸�¸ -annihilation,however they all havedifficulty fitting theenhancementin
the electronpair dataat pair masses0.2 � m  º� 0.5 GeV/c� . A modelhasbeen
proposedwhich incorporatesa decreasein the » -mesonmassdueto chiral restorationin
thedensemedium[43]. Anotherapproachincorporatesaspectralfunctionfor the » , pion
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modificationin-mediumand » scatteringleadingto a significantbroadeningin the » res-
onance[44,45] fits thedataequallywell. Both modelcalculationsprovide a reasonable
descriptionof the observed low massenhancementin thevariousdatasetscollectedby
CERESin ion-inducedreactions.However the massresolutionof the spectrometerdid
notallow for amoreaccuratemeasurementof thevectormesonregionwheretheresultsof
thecalculationsbasedon thetwo mentionedtheoreticalapproachesdiffer. A substantial
improvementof thedatain termsof statisticsandresolutionwasrequired.Thismotivated
anupgradeof theCERESspectrometerby theadditionof a new downstreamTime Pro-
jectionChamberin 1998. A mentionedanalysisof ¼�¢�¼�� pair productionat 40 A GeV/c
recordedin 1999wasthefirst analysisof thedatatakenwith theupgradedexperimental
setup.However thelimited performanceof theTPCread-outsystemcausedlargestatis-
tical errors. In this thesis,measurementsof thedileptonproductionin Pb-Aucollisions
at 158A GeV/cwith fully operationalTPCandcompletecalibrationfrom theyear2000
datasetarepresented.

In the framework of this thesisI have developed,optimizedandtestedthe codefor the
step2productiondescribedin section3.2.1. I have alsopreparedthecorrectionsfor the
calculatedmagneticfield mapbasedonthemeasurementsof theB-field (seesection3.4).
In termsof thedatareconstructionsoftwareI have developedandoptimizedthering re-
constructionalgorithmbasedon the Houghtransformfor the combinedRICH detector
system(seesection4.4.2).As a resultthering reconstructionefficiency wassignificantly
improved.I havealsofurtherdevelopedandoptimizedtheTPCtrackingalgorithmwhich
led to anincreasednumberof hits pertrackandimprovedtrackreconstructionefficiency,
especiallyfor thesoft tracks(seesection4.5.2).In thesecondpartof my work within the
CEREScollaborationI wasmainly concentratedin theanalysisof thedatataken in the
year2000,differentrejectionstrategies(chapter4) andMC issues(chapter6). Theresults
of theanalysisarepresentedin this thesis.
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The CERES Experiment

2.1 Experimental SetupOverview

TheCERES(Cherenkov Ring ElectronSpectrometer)experimenthasa fixed targetge-
ometryoptimizedto measureelectronpairsin themassregion from ½ 50 MeV/c� up to
½ 1.5 GeV/c� at mid-rapidity2.1 �¿¾¡� 2.65with 2̧ azimuthalcoverage.TheCERES
spectrometerschemeis shown in Fig 2.1.

Any experimentdedicatedto ameasurementof low masselectronsfacesseveralchal-
lenges.Thenumberof producede¢ e� pairscomparedto thenumberof producedcharged
hadronsis only of theorderof 10��À . Anotherproblemis thelargeamountof photonspro-
ducedin thecollision converting into e¢ e� pairs. TheCERESgroupdevelopeda novel
spectrometerwith two Ring ImagingCHerenkov (RICH) [46] detectorswhicharealmost
”blind” to hadrons.Theamountof materialwithin theacceptanceis keptbelow 1 % of
a radiationlength1. This minimizesthe amountof conversionswhich would otherwise
contribute to the combinatorialbackground.The UV detectorsareplacedupstreamof
the target, andthusthey arenot traversedby the intenseflux of forward-goingcharged
particlesproducedin theinteraction.

Theoriginal spectrometerstartedto take datain 1992.It consistedonly of two RICH
detectorsplacedbefore,the otherafter a shortsuperconductingdoublesolenoid,which
wasreasonablefor thelow multiplicities with protonandsulfur beams.Thefirst upgrade
of theexperimentsetuptookplacefrom 1994to 1995with adoubletof Silicon Drift De-
tectors(SDD) andamultiwire proportionalchamberwith padreadout(thepadchamber)
allowingoperationin thehighmultiplicity environmentof leadongoldcollisions[47–49].
A secondtime thespectrometerwasupgradedin 1998with a radial-driftTimeProjection
Chamber(TPC),while thepadchamberwasremoved.This improvedtheinvariantmass
resolutionandprovidedadditionalparticleidentificationtool via specificenergy lossto
thealreadyexistingelectronidentificationwith RICH detectors.

ThepresentCERESsetupconsistsof thetargetarea,RICH detectorsystemandTPC.
The target region includesa segmentedAu target itself andtwo silicon drift detectors,
locateddownstreamof the target. Two RICH detectorswith methanegasradiator( ÁÂ½

1Mirror of RICH2 is not included.

13
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Figure 2.1: CrosssectionthroughtheCERESexperimentalsetupin 2000.
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32, which makes it blind to most of the hadrons)are usedto identify electrons. The
originalmagneticfield betweenthemwasswitchedoff allowing to useadoubletof RICH
detectorsin a combinedmode. This resultsin improved reconstructionefficiency. The
TPC usedfor the momentummeasurementis locatedbehindthe mirror of the second
RICH detector.

Theachievementsof thepresentsetuparelistedbelow.

Ã Improvedmassresolution: Ä4ÅÇÆ�ÅÉÈ 3.8 % at ÅÉÊ 1 GeV/ËÌ� (for detailsseesec-
tion 4.5.4).

Ã AdditionalPID via dÍ /dÎ in TPC(seesection4.6.5)togetherwith efficientcharged
particletrackingprovidesnew capabilitiesfor thehadronphysicsstudies.

Ã ImprovedRICH efficiency (section4.4.2).

2.2 The TargetRegionwith Two SDD Detectors

Fig. 2.2 shows thetarget region of theCERESspectrometerwith two radialsilicon drift
detectors(SDD1,SDD2)placedapproximately10 cmbehindthetarget.

Figure 2.2: Schemeof thetargetarea:1 - thecarbonvacuumpipe,2 - aluminiumentrancewin-
dow, 3 - themirror of BC2,4 - PMT of BC2,5 - segmentedgold target,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 Cherenkov detectorsBC2 andBC3.

Thetargetareaconsistsof thesegmentedtargetandvariousCherenkov andscintilla-
tion countersusedin thetriggersystem.Thebeamentersthetargetareavia anevacuated
Al tubethatreachesuntil a few millimetersshortof thesegmentedtargetandis sealedby
a thin mylar window. A segmentedAu target usedduring the beam-time2000consists
of 13 disksspaceduniformly by 1.98mm alongthebeam.Eachdisk hasa diameterof
600 Ï m andathicknessof 25 Ï m. Dueto thedesignof thetargettheparticleproducedin
thecollision reachthesensitive detectionvolumeof thespectrometerwithout traversing
thetargetdiskslocateddownstreamof the interactionpoint. This minimizestheamount
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of electronpairsoriginatingfrom Á -conversions.TheAu disksweremeasuredto contain
95% of the beamover the full lengthof the target oncecollimatorsandsettingsof the
beamline havebeenoptimized.

The two radial Silicon Drift Detectors(SDD) play an importantrole in the electron
analysis.Thesedetectorsprovide:

Ã A veryprecisereconstructionof theinteractionvertex within thesegmentedtarget.

Ã A measurementof energy lossby chargedparticlesusedfor identificationandre-
jectionof closeelectronpairs.

Ã A tracksegmentconstructionusedin theformationof globaltracksby matchingto
otherdetectors.

Ã Determinationof chargedparticledensity.

TheSDDtelescopemadeupof two closelyspacedcylindrical silicondrift detectorsis
locatedapproximately10cmbehindthetarget.Theactiveareaof bothdetectorsis almost
the full areaof silicon waferwith 4 inch diameteranda thicknessof 280 Ï m which has
a centralholefor thepassageof thebeam.Thesensitive areacoverstheregion between
theradii 4.5 mm and42 mm with full azimuthalacceptance.Theprincipleof operation
of thesilicondrift detector[50,51] is shown in Fig. 2.3.
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Figure2.3: Principleof theSiliconDrift Detectors.Electronsmove from theionizationregion in
thedirectionof anodes[1].

A charged particle traversingthe depletedsilicon wafer createselectron-holepairs
alongits trajectory. To createoneelectronpair ionizationenergy of 3.6 eV is required
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Thusaround25000electron-holepairsarecreatedby a minimum ionizing particlepen-
etratingthedetector. Thentheelectronsaretransportedalongthesuperimposedradially
symmetriclinearelectricfield towardstheouterpartof theSDDdetector, wherethey are
collectedon then¢ anodes,while holesareattractedto thep¢ electrodeson thedetector
surface.

Dueto thefact,thatthedrift time of electronsdependson thedrift distance,theSDD
detectoris positionsensitive. Thepracticaldisadvantageof thedrift detectorsis a strong
dependenceof theelectronmobility Ï on temperatureð

ÏñÊòð ���ôó õ (2.1)

andconsequentlya temperaturedependentdrift velocity ö÷ùøûúýüÿþ ¶
ö÷ùøDúüÿþ ¶ ÈYÏ�� öÍ�� (2.2)

where öÍ is anappliedelectricfield. The typical drift time is approximately3.8 Ï s. The
signal inducedby ionized electronsin the 360 anodeslocatedat the peripheryof the
detectoris readout with chargesensitiveamplifiers.Theradialcoordinate� of thepoint
wherea chargedparticlecrossedthedetectorplaneis measuredby thedrift time

�
of the

electroncloud. Theazimuthangle � is determinedby thecentroidof thechargeshared
by adjacentanodes.To measurethecentroidof the charge cloudwith a high precision,
aninterlacedstructurewasdevelopedwhereeachanodeis subdividedinto 5 pieces.The
pair of coordinates( � , � ) is providedfor eachcrossingchargedparticle.

2.3 The RICH Detectors

A schematicview of theCERESRICH detectoris shown in Fig. 2.4. An electronemits
Cherenkov photonswhile traversingthe radiatorvolume,with refractive index n, filled
with CHõ . A sphericalmirror reflectstheCherenkov light backwardonto2-dimensionally
position-sensitivegasdetectors,locatedat themirror focal planeandseparatedfrom the
radiatorvolume by a UV-transparentwindow. The detectingplanewill seea ring of
photonimpactswhoseradiuscanbemeasuredoncethecenteris known from thetracking
algorithm.Theresultingpatternis acircleof radius� È	�
� tan�� (2.3)

whichapproachesfor ���� ��� its maximalvalue� �òÈ���� tan����� (2.4)

Both, the ring radiusandthe numberof Cherenkov photons� , dependon particlemo-
mentumandmassas �� � È ��� � Å#Á th

· � � (2.5)

and ���� È���� � Å#Á th

· � � � (2.6)
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Figure 2.4: Schematicview of theCERESRICH detector[34,46].

The CERESspectrometerincludestwo RICH detectors(RICH1 andRICH2). The
RICH detectorsare”hadron-blind”,i.e. mostof thechargedhadronsdonotproducepho-
tons,while essentiallyall electronsandpositronscreateCherencov rings of asymptotic
radius.This is achievedby usingCHõ at atmosphericpressureastheradiatorgas,which
resultsin a Cherenkov thresholdof Á ¶��! 32.

Theacceptanceof thedoubletof RICH detectorsis givenby RICH2whichcoversthe
pseudorapidity range2.03 � ¾
� 2.65. The magneticfield betweentwo RICH detec-
tors usedfor the momentumdeterminationin the pre-TPCerawasswitchedoff. Thus,
theRICH detectorswereusedin a combinedmode,which improvedring reconstruction
efficiency (for detailsseesection4.4.2).

In orderto minimizethenumberof e¢ e� pairsfrom Á conversionsandto reducethe
lossof momentumresolutiondueto multiplescatteringandbremsstrahlung,themirror of
RICH1 is madeof only 1.1 mm (0.41%X/X ¹ ) thick carbonfiber. Thereflectionquality
of themirror is excellentandtheinfluenceon theresolutionis minimal ( " � 0.10mrad).
The secondmirror is built from standardglass,6 mm thick (4.5%of radiationlength),
andconsequentlyis themainsourceof multiplescattering.

The UV-detectorsconsistof a conversionspacefollowed by two parallel-plateava-
lanchestagesanda multi-wire proportionalchamber. By their positionupstreamof the
target,theUV-detectorsarenotexposedto thehugeforwardflux of chargedparticles.The
price to pay for this geometryis a limited acceptancein polar angle � . The main prop-
ertiesof theUV detectorsarea high detectionefficiency for UV-Cherenkov photonsand
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a goodspatialresolution.Thegascountersarefilled with 94 # He + 6 # CHõ at atmo-
sphericpressure.ThegasmixturecontainingTMAE (Tetrakis-di-Methyl-AminoEthylen)
vapor is heatedupto 50$ C to reachthe partial TMAE pressurenecessaryfor high pho-
toionizationandto avoid TMAE condensation.Theion cloudsproducedin thelastwire
amplificationstageinducesignalson thepads.The latter form a grid of pitch 2.74mm
and7.62 mm, and the resultingtotal numberof pads53800and48400in RICH1 and
RICH2,respectively [52]. Thiscorrespondsto 2 mradperpadin bothdetectors.

To summarize,95% of all chargedparticlesdo not leadto detectablesignalsin the
RICHdetectorswhile theelectronsaredetectedstartingfromamomentum·�È 120MeV/ Ë
at which they reachasymptoticring radius.

2.4 The TPC

TheCERESspectrometerwasupgradedduring1998by theadditionof aTimeProjection
Chamber(TPC) with a radial electric drift field. This improved the di-electronmass
resolutionwhich is dominatedby the momentumresolutionandprovided an additional
pion rejectiontool via specificenergy loss(dÍ /dÎ ).

Figure 2.5: TheCERESTimeProjectionChamberwith a radialdrift [53].
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The designof the TPC wasconstrainedby the needto preserve the azimuthalsym-
metry of the existing spectrometer. The TPC is locateddownstreamof the rest of the
experimentalsetupimmediatelyafter RICH-2 andcovers in beamdirection % = 3.80 -
5.80m. It is placedinsidethe two large coils of a warm magnetwith a currents(up to
4000A) runningin oppositedirection.Themeasurementof thetrackcurvingthroughthe
magneticfield in theTPCprovidesthemomentuminformation.TheTPChasa cylindri-
cal geometryasall the otherdetectorsin the experimentandcoverssimilar acceptance
in the pseudorapidityrange2.1 & ¾ & 2.6. The TPC hasan active lengthof 2 m, an
inner radiusof 48.6cm andanouterradiusof 132cm (seeFig 2.5). A chargedparticle
traversingthegasvolumeof theTPCproduceselectron-ion-pairsalongits trajectory. The
electronsliberatedalongthe pathof the chargedtrack drift towardsthe anodewire and
finally reachoneof the sixteenreadout-chambersthat are mountedin a cage-like alu-
miniumstructureanddefinetheoutersurfaceof theTPC.Thedrift takesplacein aradial
electricfield with field strengthproportionalto 1/r. Theelectricdrift field is providedby
a cylindrical aluminiumelectrodewith a diameterof 97.2cm at a potentialof typically
-30kV, andby thecathodewire planesof thereadoutchambersatgroundpotential.Each
of the16 readoutchambershasthreewire planeswith wiresrunningin azimuthaldirec-
tions: gatinggrid, cathodewire, andanodewire plane.Thearriving chargecloudpasses
thegatingandcathodewire planesandfinally producesanavalanchecloseto theanode
wireswhich inducesa signalin the chevron-typecathodepads.Thechevron padshape
waschosendueto its efficient chargesharingin azimuthaldirectionandminimizationof
differentialnon-linearities[54–56]. The TPC comprisesa total of 48 ' 16 ' 20 = 15360
readoutchannelsandprovidesameasurementof up to 20 spacepointsperparticle.Each
channelis equippedwith low noiseelectronics[57] whichsamplestheanalogsignalswith
8-bit ADC in 256timebinsperchannel.An overview of theTPCreadoutis givenin [58].

TheTPCoperateswith Ne(80%)CO� (20%)gasmixturewhich is optimal in termsof
diffusion,multiplescattering,Lorenzangle,primaryionizationanddrift velocity.

2.5 The Magnetic Field

Themagnetsystemof theTPCconsistsof two closelyspacedshortsolenoidswith oppo-
sitesensecurrents.Thetwo coilsarelocatedatz = 3.8and4.5m. Theresultingmagnetic
field lines in the r-z planearedisplayedin Fig. 2.6. Fig. 2.6 shows alsothe radial and
longitudinalcomponentsof themagneticfield bothat the innerandouterendof theac-
ceptancein � asa functionof thez-coordinate.Also shown is the trajectoryof a single
positively chargedparticlewith momentum1 GeV/con thesurfaceof a conewith angle� againfor the minimum andmaximum � accepted(Fig. 2.6, bottom). The plot shows
thedistance,on thesurfaceof acone,from thelocationof a trackwithoutmagneticfield,
and,in addition,thequantitythatdeterminestheextentof theprimary ionizationtrail in
directionparallelto thewiresof the read-outchambers,r � d� /dz. This quantityneedsto
be multiplied with the length Ä z coveredby eachread-outpad. Thekinks at z Ê 1.2 m
are due to the two two super-conductingmagnetcoils locatedbetweenthe two RICH
counters,which wereswitchedoff duringthebeamtime. Thestrongbendat z Ê 4.2 m,
i.e. approximatelyin themiddleof theTPC,representstheregionof maximalradialfield
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Figure2.6: Magneticfield of theTPC[59,60]: calculatedmagneticfield linesfor thecombination
of theexisting CERESspectrometerandtheadditionalanalyzingcoils in theTPCregion where
theactive volumeof theTPCis indicatedby thedashedrectangle(top left). Magneticfield com-
ponentstransverseto andin beamdirectionareshown in theright topandnext to topplotsaswell
asa displacementfrom an undeflectedtrack on thesurfaceof a conewith angle 4 of a 1 GeV/c
singly chargedparticle(right bottom). Thelengthof thearcprojectedinto ther- 5 planeperunit
lengthin z, r 6 d5 /dz, is displayedin thenext to bottomplot.

strength.

2.6 The Trigger

Theideabehindthetriggerdesignis a fastselectionof theeventsproducedin theinterac-
tionsin thegold target. To meettherequirementsof minimal massexposurein thebeam
andtarget region andsufficient radiationhardnessa systemof beamcounters(BC) was
developed[61].

Thetriggerconsistsof micro gasCherenkov andscintillationdetectorslocatedin the
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Figure2.7: Triggerdetectorsonthebeamline: 1 - BC1mirror, 2 - VC scintillator, 3 - BC2mirror,
4 - segmentedgold target,5 - BC3mirror, 6 - MC scintillator, 7 - SDD1,8 - SDD2.

target areaupstreamanddownstreamof the target. Incidentbeamparticlesweremoni-
toredby thegasCherenkov detectorsBC2 andBC3 with a pulseheightproportionalto
a projectilecharge squared.The Cherenkov light was reflectedby thin Al-mylar mir-
rors to PMT photocathodes.A selectionof centralPb-Aucollisionson chargedparticle
multiplicity wasperformedby a scintillation multiplicity counter(MC) in the forward
pseudo-rapidityrangecoveredby the detector. The scintillation light was reflectedto
photomultiplierphotocathodeby anAl-mylar light guide.Thelayoutof thetriggerdetec-
torstogetherwith thetwo silicondrift detectorsis shown in Fig. 2.7.

BC1 detectsfirst a signalproducedby theprojectiletraversingthegasradiatorof the
detectorabout60m upstreamof thetarget.Thevetocounter(VC) is aplasticscintillator
with aholeof 15mmin diameterandouterdiameterof 145mmplacedinsidethevacuum
beampipe. The VC wasusedto rejecttheeventswith high upstreambackground.The
main trigger detectors,BC2, BC3, andMC, are locatedin the target area,followed by
thedoubletof silicon drift detectors.Theactive transportof beamionsto thetargetwas
controlledby the systemof BC1, BC2 andMC. Approximately99% of the projectiles
seenby BC1 reachedthetarget.

TheCEREStrigger in 2000wasbasedon 10 nsanalysisof pulsesfrom theBC and
the MC detectorsselectingPb-Au collisionswith variouscentrality. Fig. 2.8, obtained
with a triggeron incidentleadions,shows theminimumbiastrigger (MBT) with a low
thresholdon theBC3 pulseheightandthecentraltrigger(CT) with high thresholdon the
MC pulseheight.In fact,any mixtureof differenttriggerscanberealizedwith thehelpof
theBC andtheMC detectorsystem.Thephysicstriggersareprovidedby thefollowing
combinations:Valid Beam(VB) = BC1 7 VC, BeamTrigger(BT) = VB 7 BC2,Min Bias
Trigger(MBT) = BT 7 BC3, CentralityTrigger(CT) = MBT 7 MC( 8 bias).
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3

Data Production and Detector
Calibration

3.1 Data Production Overview

During theproductionrun in theyear2000CEREScollectedin total 31� 10E eventswith
theacentralitycorrespondingto themostcentral7%of thegeometricalcrosssectionand
3.5� 10E eventsat 20% centralityat the maximumSPSmomentumwhich is for Pb ions
158A GeV/c. In addition,runswithout magneticfield, with minimumbiastrigger, and
with lowerbeamintensityaswell asrunswithout targetandlaserrunsweretakenfor the
calibrationpurposes.Thequality of thedataanalysiscrucially dependson theaccuracy
of the reconstructedinformationsuchascoordinatesof the hits/tracks,pulseheightsof
signalsinducedin the detectorsby traversingparticles,measuredmomentum,etc. On
the other handall thesequantitiesdependon the detectorparameters.Many of those
parameterssuchasdrift velocity in SDD, gain variationsin RICH detectors,variations
in temperatureandpressurein TPC gasandsoon changewith time. Therefore,before
startingthephysicsanalysis,all theparametersmustbecalibratedfor thewholedataset.
In orderto take into accountthe time dependenceof the differentdetectorquantities,a
calibrationwasperformedfor everypieceof dataof agivensizeseparately.

Thedataanalysiswasdividedinto severalstagesexplainedbelow in moredetail.

(i) step0- triggercalibration.

(ii) step1- analysisof theraw data,first pass.

(iii) calibrationof theexperimentalsetupbasedon theoutputof step1.

(iv) step2- analysisof theraw data,secondpass.This stepincludesa monitoringproce-
durecontrollingthequalityof theprocesseddata.

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

25
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the variousexperimentalquantities.During this stepa significantreductionof the data
sizewasachievedby keepingonly informationnecessaryfor theelectronanalysis.

(vi) step4- final analysisof theoutputof step3.

Stagesfrom (i) to (iv) werecombinedinto a largescaleproductionof theraw datacalled
step2production(chargedparticleproductioncommonfor every analysisof theCERES
2000data).

3.2 Production Steps

3.2.1 Step2

Therequirementsfor CPUpowerfor theoff-line analysisin aHEP(High Energy Physics)
experimentarehigh. Productionof theraw datatook2 monthsduringsummer2003.The
main computingresourcewasa BatchFarm runningRedHat7at theCERN Computing
Center. All jobsprocessingthephysicsandthecalibrationrunonthis farm.Theprod400
queuewasdedicatedto runningtheproductionwhichallowedto obtainupto 400running
jobssimultaneously. Table3.1showstheCPUfrequency distributionof theBatchFarm.

CPU fr equency(GHz) 2.8 1 0.75 0.55

% 55 28 14 3

Table3.1: Relative CPUfrequency distribution duringstep2production.

The main storagefacility was the CASTOR [62] hierarchicalmassstoragesystem.
This systemprovided the necessarydisk space(pool with a sizeof 2.47 TB) for both
the input buffer and the output buffer. A processrunning in batchtransferedthe raw
datafiles from theCASTOR tapesto thepool. Thenthesefiles wereaccessedvia RFIO
(RemoteFile I/O). TheoutputROOT [63] filesweremigratedto CASTOR tapes.Unless
theprocessesreadingandanalyzingthedataarestalledfor a very long time or theCPU
capacityof thebatchfarmis degraded,all files shouldbeusedbeforebeingpurgedfrom
thepoolandrecall from tapeshouldnotbenecessary.

Since,asalreadymentioned,the completeCERESdatasettaken in 2000hadto be
calibrated,it wasdecidedto performacalibrationof thedatapieceby piece.Theraw data
weresplit into 415units.Everyunit consistsof about200burstswhichwasprovento bea
minimal amountof thedataneededfor thecalibrationwith enoughprecision.Figure3.1
showsa diagramof thestep2productionorganization.

All productioncomponentswere implementedusingPerl andUnix text processing
programminglanguage[64]. Theproductionscriptssubmit30executablesperunit to the
batchfarm. All jobsbelongingto a givensteprun in parallel. However, asthenext step
dependsontheoutputof thepreviousone,all availablenodescannotbeconstantlyloaded
by processingonly oneunit. To avoid adecreaseof theoverallproductionefficiency three
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UNIT 3UNIT 1 MAIN

UNIT 2

STEP0 + STEP1 CALIBRATION STEP2 MONITORING

AFS volumes

CASTOR

~200 jobs 27 jobs ~200 jobs

lxbatch

lxplus

4 jobs

tape pool pool pool tape pool tape

Figure3.1: Step2productionscheme.Thecompleteprocessingof oneunit is illustratedincluding
interactionswith AFS volumesandCASTOR.

step total time per CPU time per data access max memory max swap

event (sec) event (sec) time (min) (MB) (MB)

step1 6 4 5 270 320

step2 7 5 F 1 250 320

Table3.2: Step2productionperformance.

unitswereanalyzedsimultaneously. Thus,anequilibriumstagewasreachedkeepingall
providedprocessingresourcesbusyandanalyzingeventsat therateatwhich they arrived
from CASTOR andalsotakinginto accounttheCASTOR writing bandwidth.

The main script executeslocally threescriptswith the unit numbersasparameters.
Let us call them managerscripts. The managerscript submitsjobs to the batchfarm
andcontrolstheflow of theanalysisof theunit. Eachbatchjob interactswith CASTOR
andAFS [65] (a network-distributedfile system).Thetwo partsof theanalysisconsum-
ing mostof the CPU arestep1andstep2. The job arraystructureprovidedby the LSF
Batch[66] systemallowedhundredsof identicaljobsto becreatedwith a singlejob sub-
mition andthesamejob ID. Thisessentiallysimplifiedtrackingandcontrollingsubmitted
jobs. In orderto decreasethememoryusedby theexecutablesandto avoid swappingof
thecode,asignificantamountof work wasinvestedto optimizevariousalgorithmsin the
CERESsoftware.Table3.2showstheperformanceof theproduction.
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Production-wisetheanalysisis basedon four distinctactivities.G Thefirst two phasesof theanalysis,namelystep0andstep1consistof the trigger
calibrationandthe completeanalysisof the raw dataendingwith track andring
reconstruction.The goal of step1is to generatentuplesand histogramsfor the
following calibrationof SDD,RICH andTPC1.G Thecalibrationprocedureof all detectorsis thethird phase(describedlaterin chap-
ter).G The fourth phase(step2)againprocessesthe raw datataking into accountnewly
calibratedparametersand producesthe final ROOT treeswhereall hits, tracks,
ringsandothernecessaryinformationarestored.G Finally the monitoringrunson the outputof step2to checkthe statusof the cali-
brateddetectorsandto follow thetimeevolutionof their performance.

3.2.2 Step3

Theanalysisof step2took placeat theCERNComputingCenter. Thefirst attemptdone
in Autumn 2003wasstill with incompletecalibrationof somequantities.The possible
improvementsof the rejectionstrategy andelectronselectionrequiredadditionalexper-
imentalinformation. A final run wastaken in Autumn2004after intensive studyof the
behavior of thedetectorsandrejectionprocedures.

Thefollowing featureswereimplementedin thestep3analysisof electronpairs.G Vertex refitting.G Momentumrefitting.
Remainingresidualsof theTPChits distortedthemomentum.Hencethestrategy
wasto correctfor the residualsandto refit theTPCtracks.High momentumpion
trackswereselectedasa goodapproximationof straightlines. For every unit H�I
and H�J betweena hit on track andcrosspointof the fitted track trajectoryanda
mirror of thesecondRICH wereobtainedfor everyplane.Limited statisticswithin
oneunit did not allow to get the correctionfactorsfor differentbins in I and J .
Therefore,in addition,anothermapof residualsversusI and J wascalculatedfor
all 30 K 10L eventsselectingtrackswith momentumlargerthan1 GeV/c.G Singleuseof rings andtracksin a smartermatchingprocedurewhich wasdevel-
opedto decreasea numberof fake matches[67]. Thesophisticatedalgorithmcan
be illustratedwith the following example. Trying to find the bestmatchbetween
two SDD tracksandtwo TPC tracksonefirstly searchesfor the closestpossible
pair andthencreatesa secondpair. For the large track multiplicities all pairsare

1In fact,a calibrationof theTPCalreadystartswith a setof ’bestguessvalues’obtainedfrom theslow
control.Thus,purposeof thecalibrationprocedureis to tunetheparametersin orderto achieveevenbetter
accuracy.
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sortedaccordingto increasingmatchingdistance.Thepair with smallestdistance
is alwaysselected.G 3M matchingwindowsaremomentumdependent.AdditionallySDD1-SDD2match-
ing wascarefullystudiedfor differenttopologiesof thehits on tracksandfixedas
follows. ThedifferencebetweenJ -coordinateswasfixedfor all hit topologies(see
also section4.3), while HNI was split up into threegroups: HNI F 9 mrad in
caseof two single-anodehits, H�IOF 3 mradfor single-andmulti-anodehits andHNIPF 8 mradin casewhenbothhits aremulti-anodehits.G Selectrings with high thresholdon doublehoughamplitudeto avoid fakeseating
realgoodtracks(seesection4.4.2).Dependenceof thedoublehoughamplitudeon
the ring J -coordinatewasintroducedto improve theefficiency of the rings which
arepartiallyoutsideof theRICH acceptance.G SelectelectronTPC trackswith dQ /dR above 250 ADC channels.Thesetracks
participatein thematchingof SDD,RICH andTPCsegmentsin additionto SDD-
TPC tracksselectedwithout any cut on energy loss in the TPC within 15 mrad
aroundglobaltracks.A hadronfractionof SDD-TPCtrackswith low dQ /dR is used
to identify andto eliminateSDD hits producedby pions. This improveselectron
trackefficiency for theresummationdQ /dR cut in silicon drift detectors.G Createandkeepglobal tracks(SDD-RICH-TPC).Thetracksfrom SDD andTPC,
andringsfrom RICH werematchedwithin 3 STM momentum-and J -dependentwin-
dows.G CreateandkeepSDD-RICH trackswithin 100 mradaroundglobal track. SDD-
RICHtracksweremeantto beusedfor therejectionof partiallyreconstructedDalitz
pairs.G KeepTPCtrackswhichdid notmatchto SDDwithin 30mradaroundglobaltrack.
This is requiredto rejectclosepairsidentifiedin theTPC.G Keepall SDD hits within 10 mradaroundSDD track. This is neededfor further
rejectionof closepairs.Similarly to a singleuseof tracksegmentsin thematching
procedurethe hits can not be shared. That meansa hit can belongto only one
(closest)SDDtrack.G Keepall eventswhichdid notpasstriggerselection(eventmustincludeat leastone
electrontrack)asemptyones.It allowspropereventcounting.

3.2.3 Step4

The final fine tuning of the momentumcalibrationis performedin the last phaseof the
analysis.Themainphysicsanalysisandtherejectioncutsaredonein thispart(seechap-
ter4.6.2).
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3.3 DetectorCalibration

Thissectionis devotedto thedescriptionof thecalibrationprocedureperformedfor each
detectorindividually.

3.3.1 SDDCalibration

Thecalibrationof thesilicon drift detectors[68] consistsof thefollowing steps:G Gaincalibration.G Calibrationof UWVYX[Z and UWV]\_^ .G Skewnesscorrectionof timedistributionof signal.G Stoppulsecorrection.G Ballistic deficit correction.

After unpacking,the pedestalsare subtractedfrom the pulseamplitudes,changing
themeanpulsesumamplitudeandpulseshapefor the low amplitudepulses.Themean
pedestalof 13 ADC countsis flat asa function of anodenumberfor both silicon drift
detectors.All pulseswith amplitudeabove a thresholdof 3 ADC countsarefurtherpro-
cessed.

Gain calibration of pulsesis performedfor eachanode. A propercalibrationof the
gain is of importance,sinceincorrectgain calibrationmay leadto a shift of the hit po-
sition in the anodedirection. Without any selectionof pulsesaccordingto a numberof
anodesperhit andtime-bins,thepulseamplitudedistributionsarebroad.Consequently,
thefit of thesedistributionswith Gamma,LandauandGaussfunctionsis unstable.There-
fore, for thegaincalibration,only thepulsesbelongingto a trackareselected.Thepulse
with maximumamplitudewithin a hit is chosen.In orderto reducethe effect of multi-
plicity anddiffusion the outerhalf of the radial acceptanceis selectedby conditionson
time-binvaluesof F 160TDC countsfor SDD1and F 115TDC countsfor SDD2. The
full acceptanceis between80 and240 TDC countsfor SDD1 andbetween10 and220
TDC countsfor SDD2. The single-anodehit selectionis biasedsincesingle-anodehits
includemostlypulseswith low amplitudesandwith a largeprobabilitycloseto thedead
anodes.Thereforeby excludingsingle-anodehits thelow amplitudecomponentis much
suppressedandthe amplitudedistribution becomesvery closeto the Landaufunctional
shape,which wasnever achievedwith single-anodeselection.Eachamplitudedistribu-
tion is fitted by a Landaufunctionwith a limited rangearoundthepeak(typically from` -0.7STM to ` +1.2STM with respectto the peakposition). The fitted gain parametersare
storedandappliedto thedata.

A UWVYX[Z and UWVa\b^ calibration is requiredin orderto achieve thebestperformanceof the
silicon detectors.To first order, the relationbetweenthe drift distanceand the time is
linear. Thedrift velocity canbecalculatedas
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cedgfWh X�ikjelnm H�oHpUrq (3.1)

where H�o is theradialextensionof thedetectoractive areaand HpU is thetotal drift time.
Thelengthof thedrift is givenby theinneredgeof thedetectorstVaXTZ , which corresponds
to theinnermostvoltagering locatedat4.5mm,andtheanodeposition stVa\b^ at42 mm:H�oumvstVa\_^!wxstVYX[Zzy (3.2)

Thetotaldrift timecanbederivedfrom thetime UWVYX[Z correspondingto theparticleswhich
donotdrift andfall directlyontheanodes,andthedrift time UWV]\_^ of particlescomingfroms{V]\_^ : HpU|m}UWVa\b^~w�UWVaXTZ�y (3.3)

Thentheradialpositionis givenbys�mvs{V]\_^!w dgfWh X�ikj���Uaw�UWVYX[Z���y (3.4)

In orderto determinethevaluesof UWVaXTZ and UWV]\_^ , theleadingandtrailing edgesof thehit
distribution in the drift time arefitted by Fermi functions. The determinationof UWVYX[Z is
performedby thefit with � ��U��|m ���������� �_wp��U�w�UWVYX[Z�����o���q (3.5)

while UWVa\b^ is derivedfrom thefit with� ��U��nm ��������z� ����Uaw�UWVa\b^�����o�� q (3.6)

where � , UWVaXTZ , UWV]\_^ and o arethefit parameters.UWVYX[Z and UWVa\b^ representtheleadingand
trailing edgesof the distribution. The pulsesareselectedaccordingto their amplitude
afterpedestalsubtraction.For SDD1detectorthepulseamplitudemustbebetween100
and2000FADC countswhile for SDD2detectortheamplitudemustlie between200and
2000FADC counts.Correctionbasedonly on UWVYX[Z assumesadrift velocitycommonto all
anodes:UW��m�U�w�UWVYX[Z . Howevervariationsin the J -matchingdistributionasa functionofI betweenSDDdetectorsremainaftercalibration.This is avoidedby takinginto account
both UWVYX[Z and UWV]\_^ : U � m U]w�UWVYX[Z��UWVa\b^~w�UWVYX[Z�������U h�� w�U hW� � y (3.7)

Skewnesscorrection is an additionalstepto correctthe hit positionsfor every anode.
The skewnessis the third momentof the pulseprofile. The hit positionderived by the
center-of-gravity methodcanbedistorteddueto skewness.Thelinearcorrectionfor each
pulseis performedasa functionof theskewness:U � m}Ub�� W¡ � �e¢g£z¤¥¦w§¢ � �]S¨¢ � q (3.8)
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where ¢¨£�¤¥ is theskewness,¢ � and ¢ � aretheparametersextractedform thedependence
of the J -matchingbetweentwo SDD detectorson skewness. This correctionimprovesJ -matchingby approximately10%.

Stop pulsecorrection is requireddueto anobservedjitter of theTDC stoppulse.There
is adiscontinuousstructurewhichreflectsthephasedifferencebetweenthesynchronized
NIM signalgeneratedby thescannerandtheFirst Level Trigger(FLT) whichdetermines
thelast time-bin(= 255). Thecorrectionis basedon UWVaX[Z and UWVa\b^ determinedfor every
sliceof stoppulseoffset.

Ballistic deficit correction is requiredto suppressthedependenceof thehit amplitudes
on drift time. Ballistics hasto do with the natureof the motion of charge carriersin
theSDD detectors.Traversingthedetectorparticlescaninteractwith materialanywhere
within theactive volumeof thedetector. If theinteractionstake placecloseto outerand
inner acceptancesof the SDD, the two setsof charge carrierswill have very different
in path lengths. Sincethe charge collectionis not finisheduntil the last of the carriers
completedits travel this will yield a preamppulserise-time. Thereforeeachpulsewill
have different rise-timedependingwherewithin the detectorthe associatedinteraction
took place.Dueto relatively shortshapingtime constantthepulseprocessingis stopped
beforeit hasrisento its maximumamplitude.This meansthat theamplitudeof theam-
plifier’s outputwill be too low, which meanlossof the resolutionin the data. Fig. 3.2
showsthehit amplitudedistributionsin SDD1andSDD2asa function J -coordinateafter
correctionof pulseheightdistortions(ballistic deficit [69]).1
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Figure 3.2: Distributionsof hit amplitudesasa function of µ after ballistic deficit correctionin
SDD1(left panel)andSDD2(right panel).

3.3.2 RICH Calibration

Theeventtreatmentof theRICH dataproceedsthroughthepedestalsubtractionandgain
equilibration. A padis active if its amplitudeexceedsthevalueof thepedestalby three
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standarddeviationsof thepedestalwidth. Thevalueof thepedestalis typically about19-
20 ADC countswith a standarddeviation of 1 ADC count.After unpackingthepedestal
is subtractedandthepadamplitudeis stored.

The aim of the gain equilibrationis to adjustthe meanamplitudeof all padsin the
RICH detectorsto thesamevalue[70]. Thegainequilibrationis down in two steps.G Firstly, the gainequilibrationis performedin every High Voltage(HV) sector. In

order to determinethe averageamplitudeof eachpad,“good” padsareselected.
Theselectionis doneaccordingto the frequency response.In a typical frequency
distribution of theactive padsin oneHV sectorin RICH1, thepadswith very low
frequency, below theminimum,lie underthespokesof themirror. Thesepadsare
notusedin thedeterminationof theglobalpadamplitudeaverageandnotcorrected
themselves. Thenthe “good” padfrequency distributionsarefitted with a Gaus-
sianin thedifferent J regions. Thepadsfalling within ¶ 3 standarddeviationsare
selectedfor furtherprocessing.Thepadsexceeding3 standarddeviations(highfre-
quency) arenoisypads,andtheonesbelow 3 standarddeviations(low frequency)
are placedvery closeto the spokesor to the acceptancelimits. The latter have
usuallya lower gainandarereferredto as“weak” pads.The “weak” padsdo not
participatein the determinationof the global averageamplitudebut they arecor-
rectedasnormalpads. About 80% of all padsareselectedas“good” in RICH1
detector.

Theaverageamplitude
c�· X�l of eachpaddeterminedwith a largeenoughsampleof

theeventsis givenby c¸· X¹l�m»º½¼X¿¾ � · XÀÂÁeÃ q (3.9)

where
· X is anamplitudeof pad Ä in agivenevent,

ÀÅÁ¸Ã
is atotalnumberof analyzed

eventsin sample.Along with the averageamplitudeof a separatepadthe global
averageamplitudeof all “good” padsis determinedbyc¸· lnmÆ� ¼Ç X�¾ � c¸· X�lk��� À q (3.10)

where
À

is the numberof all “good” padsand
c¸· X�l is a meanamplitudeof pad Ä

definedfor acalibratedeventsample.Thentheraw amplitudeof eachpasis multi-
pliedby thecorrectionfactor

c¸· l / c�· XÈl . Thepadcorrectionfactoris determinedfrom
thedataof onecalibrationunit which correspondsto approximately200bursts,as
wasalreadymentioned.Althoughthepadcorrectionfactorsprovide stableresults
for thefollowing 5-7hoursof thedatataking,it is convenientto usethesamefixed
datasamples(units)for thecalibrationof all fivedetectors.G Secondly, to performthegainequilibrationbetweensectors,themeanamplitudeof
all sectorsis fixedto 12 ADC countsin RICH1and15 ADC countsin RICH2.
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Figure3.3: Theamplitudesof thepadsbefore(top)andafter(secondfrom top)gainequilibration
for RICH1 andthe amplitudesof the padsbefore(third from top) andafter (bottom)gain cali-
brationfor RICH2 asa function of å -coordinate.Valuesfor both the “good” padswith healthy
behavior andthe“weak” padsplacedcloseto thespokesandtheacceptancelimits arerepresented.
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Thegainequilibrationin theRICH2 detectoris performedin a similar way. Thepad
correctionfactorsarederivedfor eachof the16 “hardware” sectorsinsteadof the8 HV
sectors.Additionally, RICH2 hasfour regionswith ill behavior dueto electronics.Thus
specialtreatmentof thesefour areasis required.

(i) The first region is a horizontalsubchainsituatedcloseto the top of the UV detec-
tor. The padsin this areahave a meanamplitudealmosta factorof two greater, a pad
frequency 4-5 timeslower, andameanhit sizesmallerwith respectto neighboringpads.
(ii) The secondregion is a vertical subchainin the third HV sector. Although the pads
have normalmeanamplitude,thefrequency is higherby a factorof two. Thesepadsare
alsonot usedin thedeterminationof theglobalaveragepadamplitude.
(iii) The third andfourth regionshave alwayslow gainbut show a reasonablebehavior.
Otherwisethetreatmentof theseareasis similar to thecalibrationof thefirst region.

Fig. 3.3 shows the amplitudesof “good” and “weak” padsin RICH1 and RICH2
beforeandaftergainequilibration.Variationsof thepadamplitudesupto 100%in RICH1
andevenhigherin RICH2 areobservedbeforethegainequilibration.Onceequilibration
is done,almostno deviationsareseenfor bothRICH detectors.

3.3.3 TPC Calibration

In orderto improve themassresolutiontheCERESspectrometerwasupgradedwith the
Time ProjectionChamber. Thusthecalibrationof theTPCis themainchallengeof the
analysisin orderto get to thedesignlimits. A majorprogresshasbeenmadein all areas
of theTPCcalibration.Thefollowing problemsweretakeninto account[71,72]:G Thecomplicatedelectricfield which is dominantlyradialwith E

h ` 1/r, but the16
read-outchamberswith flat surfaceat theoutsidegenerateapolygonalsymmetry.G Theinhomogeneousmagneticfield generatedby two largecoilswith currentin op-
positedirectionleadingto stronglocalvariationsof theLorentzangleandtherefore
to theneedto know very preciselythelocationandorientationof theTPCrelative
to themagnet.G Strongvariationsof the drift velocity dueto the choiceof the drift gas(Ne/COæ
80/20) and potentialon the HV cathode(30 kV) togetherwith the approximate
radialgeometry.G Changesin temperatureandatmosphericpressure,leadingto drift velocity varia-
tions.Thetemperaturewasmeasuredat theoutersurfaceof theTPCandnot in the
gasvolume.G Smallinaccuraciesin theknowledgeof thegascomposition.G Gainvariationsfor the15k cathoderead-outpads,dependingon thecapacitance.G Timeoffsetsduetodifferentcapacitancesin theprintedcircuit boards(FEEboards).
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Thus the calibrationof the TPC is a clearly very complicatedand time-consuming
process.Themaintaskis to obtainanaccurateknowledgeon theE- andB-fields,mobil-
ity, andgeometryof thedetector. Theproblemwasattackedby theuseof lasertrackswith
andwithout magneticfield. TheTPCis equippedwith a lasersystemgenerating2 laser
raysperchamber(7 laserraysin onespecialchamber)at differentradii. Thepositionsof
the laserraysweremeasuredabsolutelyby a calibrateddiodesystem.It wasfound that
tracksreconstructedwith the nominal electric field exhibited a z-dependentdistortion.
The measurementson the actualCERESTPC field cagewhich werelater verifiedwith
individual resistorsof thesametype,showedthatabouthalf of theresistorsusedchange
resistancewith the appliedvoltage. A customprogrambasedon the relaxationmethod
wasdevelopedfor calculatingthe3D electricfield with themodifiedresistivity with suf-
ficientaccuracy in a reasonablecomputingtime. Another2D-calculationwith averyfine
grid in thetransverse(x,y) planewasperformedto accountfor thefield distortionscaused
by displacedchambersandtheleakageof theamplificationfield thecathodewire plane.
The two obtainedpotentialmapswerethenadded.The boundaryconditions(voltages)
usedin bothcalculationswerechosensuchthattheir sumwasequalto thevoltagesactu-
ally applied.Thisnew field reduceddistortionsof thereconstructedtracksfrom about10
to lessthat1 mm.

Themagneticfield in theTPCis alsosubjectto correction.Dueto theequipmentin
the experimentalareathe magneticfield is not completely I -symmetricwith deviations
of up to a few % that areincludedasa correctionson top of a calculatedPoissonmap.
The drift of the electroncloudsandthemomentumdeterminationutilize the r, z, and I
dependencesof boththeelectricandthemagneticfields.

Theelectronmobility canbecalculatedasfunctionof theelectricfield strengthusing
theMagboltzpackage[73] with thedrift gasparameters:composition,temperature,and
pressurewhich weremonitoredby theslow control systemof theexperiment.However
contaminationof othergasesandtemperaturegradientsin r couldnotbemeasuredleading
to variationsof the mobility. Sincethe lasermeasurementis more accurate,the data
from the seven laserrayswereused. The gasmobility wasdeterminedby comparing
the lasertrackpositionsmeasuredin theTPCandin the laserdiodesystem.Theresults
obtainedin this fashionwerescaledduring the productionautomaticallyin calibration
unitssuitablein termsof changesin temperature,pressure,andgascompositionaccording
to thevariationcalculatedwith Garfield/Magboltz.

The transformationfrom pad,time, andz-planeto the coordinatesin the laboratory
system(x, y, andz) is doneusinga RungeKuttamethodthatcalculatesthedrift trajec-
tory usingin eachpoint thedrift velocity vector, startingat thecathodewire plane.The
drift betweenthecathodewire planeandtheanodewire padplaneis absorbedin a time
offsetthatis I dependentbecauseeachFrontEndElectronic(FEE)channelhadaslightly
differentcapacitance.ThedifferencebetweentheMagboltzMonteCarloandthedrift ve-
locity vectoris accountedfor with az andr(E)-dependentcorrectionfor thedrift velocity
componentparallelto theelectricfield andtheoneparallelto çQèKOçé . A residualcorrec-
tion of theLorentzangleis doneassumingthat identifiedpionswith infinite momentum
arestraight.

The gain correctionwasperformedfor every cathodereadoutpad. It wasobtained
from the total hit amplitudein thepadof maximumamplitude.A correctionof theun-
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dershootafter eachpulsewasbasedon non-zerosuppresseddata[74]. After thesecor-
rectionstheradialdependenceof thepulseheightwasexplainedfor thebulk of theTPC
by electronattachmentandan oxygencontentof 8 ppm which is in agreementwith a
valuemeasuredby theslow controlsystem.An electronattachmentcorrection[75] was
determinedby analyzingthe dependenceof the hit amplitudeon the drift path length
andtaking into accountthepopulationof differentparticlesin thepolarangle J . Dueto
this correctionthe dQ /dR resolutionwasimprovedwhich is of greatimportancefor the
electronidentification.

3.4 Magnetic Field Map Corr ection

Chargedparticlemomentaaremeasuredby the I -deflectionin themagneticfield in the
TPC.Technicallythemomentuminformationis providedby thefitting thereconstructed
hits with a referencetrack. In orderto generatetherealisticreferencetrackstheprecise
knowledgeof themagneticfield is required.

A calculatedmagneticfield mapdoesnot completelyreproducethe magneticfield
inhomogeneities.Therearetwoknownsignificantdistortionsof themagneticfield. A first
distortionis producedby theiron equipmentof theexperimentalsetuplocatedunderTPC
at I = 90 deg. (in thecoordinatesystemusedfor theB-field measurementswhere I = 0
rad.is horizontalandto theleft lookingto thebeamdirectionandI = ê /2 rad.corresponds
to abottomof theTPC).Theseconddistortionis dueto thecablesconnectedto thecoils
whichareplacedatabout60deg. While thefirst distortioninducesanadditionalstrength
of the B-field and is supposedto be independentof a currentrunning in the coils, the
seconddistortionsomewhatweakensthemagneticfield andis proportionalto acurrent.

In orderto correctthecalculatedmagneticfield mapthreemeasurementsof themag-
netic field wereperformedat currentvaluesof 1550A, 2325A and3100A with a rea-
sonablysmallgrid. Sincea measurementof theB-field at full currentof 4160A wasnot
possible,anextrapolationprocedurewasdevelopedandappliedon top of thecalculated
map.An observedveryaccuratescalingof the

é!ë
and

é h
with currentconfirmedtheap-

plicability of the linearextrapolationusingonly two B-field measurementswith highest
currentof 2325A and3100A. Theextrapolationis thengivenbyìxí æ �ítî ��ï S ìxð æð�î ï m ì é æé î ï q (3.11)

where
í æ q ítî arethecurrents2325A, 3100A and

é æ q é î arethemeasuredB-field com-
ponents

é~ë
(or

é h
) correspondingto thesetwo currents.Thustheextrapolatedvalueof

themagneticfield canbederivedasé~ñ m é î � � é î w é æò�]S í ñ w ítîítî w í æ q (3.12)

where
í ñ q ítî q í æ arethe currents2325A, 3100A, 4160A and

é~ñ q é î q é æ arethe corre-
spondingB-field components.However, in orderto makeauseof all threemeasurements
amoreaccurateextrapolationwasperformed:
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óô í � � � � í �í æ � � � í æí{î � � � í{î�õö S óô ð �ð æð�î�õö m óô é �é æé î�õö q (3.13)

where
é �

is the measuredB-field componentat the currentvalueof 1550A. Thenthe
extrapolationof themagneticfield componentsreadsé � í �|m í S ð � � ð æ � ð�î � í y (3.14)

After computingthecoefficients
ð �

,
ð æ and

ð�î
theresultsobtainedusingEq.3.14agree

very well with thecalculationsbasedon only two measurementsat highestcurrents.An
agreementof the extrapolatedB-field projections

é!ë
and

é h
derived with two methods

provesthe accuracy of the linear extrapolation. The correctionvalue
éÅ÷   hÌhñ

is equalto
thedifferencebetweencalculated

é ÷ \�ø ÷ñ andextrapolated
é Á ^Þj hñ

componentsof theB-field.
Sincethegrid sizesof calculatedandextrapolatedmapsdo not matchexactly, a bilinear
interpolationis usedon a squaregrid for theextrapolatedmaps.Thedifferencebetween
the calculatedmagneticfield andthe correctiongivesthe final correctedmagneticfield
mapfor thecurrentvalueof 4160A:é~ñ m é ÷ \bø ÷ñ wv� é ÷ \�ø ÷ñ w é Á ^Þj hñ �òy (3.15)

It is importantto note that the measuredmapsstart at ù = 3.4 m. Since,upstreamof
the TPCthe magneticfield strengthstill deviatesfrom zero,an extrapolationprocedure
endingat ù of 3.4m will introduceastepfunctionin aB-field correctionmaps.Therefore
a smoothtransitionto zeroat ù = 2 m wasrequiredfor theextrapolatedmaps.Fig. 3.4
shows

é!ë
and

é h
mapsextrapolatedto thecurrentvalueof 4160A.

3.5 Matching betweenDetectors

Oncethe calibrationof the SDD, the RICH andthe TPC is finishedandall corrections
areapplied,the track segmentsfrom SDD andTPC andthe RICH rings arecombined
into globaltracks.Thewidth of thematchingdistributionsdependsontheaccuracy of the
calibration.Thematchingqualityfor thetrackswith highenoughmomentumis limited by
theresolutionof detectorswhile for thelow momentumtracksthequalityof thematching
deterioratesdueto multiple scatteringin thematerial,andit is no longerdeterminedby
thedetectorresolutionalone.

A studyof the matchingquality for variousdetectorcombinationsshoweda depen-
denceof width of thematchingdistributionsbothin I andin J onthe J -coordinate,given
by the point resolution. Following this observation the matchingdistributionsbetween
SDD andTPCwereplottedfor sevendifferent J -bins. In caseof RICH-TPCmatching,
six J -binswereselected.Anotherobservationindicatedadependenceof thematchingon
a topologyof hits belongingto tracksin silicon drift detectors.Thereforethematching
distributionsweredivided into threedifferentclassescorrespondingto threehit topolo-
gies: both SDD hits are single-anodehits, one hit is single-anodeand anotherone is
multi-anode,bothhits aremulti-anodehits.
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Figure 3.4: Correctionmapsfor % h (top panel)and % ë (bottompanel)projectionsasa function
of å and & at a radiusof 0.965m and0.97m, respectively. Thecorrectionsarederived from the
differencebetweenthecalculatedB-field mapandtheextrapolatedmap.To avoid a stepfunction
in thecorrectionmaptheextrapolationwasforcedto matchzerosmoothlyat & = 2 m.
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A dependenceof the width of matchingdistributionson track momentumextracted
from a fit of slicesof the correspondingtwo-dimensionaldistribution is displayedin
Fig. 3.52 for RICH-TPCmatchingfor the J -bin 190 F J F 210mrad.
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Figure 3.5: Width of the matchingdistributionsbetweenRICH andTPC in µ (top) and å (bot-
tom) asa functionof momentumfor µ -bin 190 / µ0/ 210mrad. Theparameterizationof the
momentumdependenceis shown by reddashedline.

Fig. 3.6showsthematchingwidth for the J -range200 F J�F 220mradasafunction
of track momentumfor SDD-TPCmatchingin caseof two multi-anodehits on SDD
segments.

2A unit of momentumfor thematchingdistributionsis exceptionallygivenin notationof c=1.
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Figure3.6: Width of thematchingdistributionsbetweenSDDandTPCin µ (top)and å (bottom)
asa function of momentumfor µ -bin 200 / µ5/ 220 mrad. Both hits on SDD segmentsare
multi-anodeones. The parameterizationof the momentumdependenceis shown by red dashed
line.

The width of matchingdistributionsbetweenSDD andRICH detectorsplotted forJ -bin 190 F J F 210 mrad for a caseof two multi-anodehits on SDD segment is
shown in Fig. 3.7. All matchingdistributionsareshown after backgroundsubtraction.
Thebackgroundwasevaluatedby rotationof oneof thedetectorsby randomangle.The
width scaleswith 1/p which exhibits an effect of multiple scatteringdominatingover
the detectorresolutionat low momenta.The width wasparameterizedasa function of
momentumby
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Figure3.7: Width of thematchingdistributionsbetweenSDDandRICH in µ (top)and å (bottom)
asafunctionof momentumfor µ -bin 190 /èµ8/ 210mrad.BothhitsonSDDsegmentsaremulti-
anodeones.Theparameterizationof themomentumdependenceis shown by reddashedline.

M m:9 �¸M�V �<; � æ � M æ= q (3.16)

whereM�V is amomentumdependentmultiplescatteringtermand M = is adetectorresolu-
tion term( > = J , I ).

In thedileptonanalysistracksareselectedaccordingto momentumdependentcutson
thewidth of matchingdistributionsin J and I .
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Data Analysis

Theresultspresentedin this thesiswereobtainedfrom theanalysisof thedatatakendur-
ing theSPSPbbeamperiodin thefall of 2000.Thedatawerecollectedwith aninteraction
triggercorrespondingto the top 7% of geometricalcrosssectionwith anaveragemulti-
plicity of

c
dN÷@? /dyl = 321 in A = 2.1-2.65.A total of 18.2million eventswereanalyzed

dueto dischargesin RICH detectorswhichaffectedsignificantpartof events.

4.1 Data Analysis Sequence

TheCERESdataanalysisiscarriedoutin threestages.Thefirststageincludesthecharged
track reconstructionprocedureandcalibrationrefinementdescribedin Chapter3. The
secondstageinvokesvertex refitting,TPCtrackrefittingandtheoutputdatacompression.
In the third stage,the global electrontracksareconstructedandoutputROOT treesare
furthercompressed.In thefinal fourth stage,the rejectioncutsareapplied,all survived
tracksarecombinedinto pairsin eacheventandthemassspectraarefilled.

Themainstepsof theanalysisareasfollows:

(i) ChargedtrackreconstructionG SDDtrackreconstruction

– Eventclean-up

– Hit finding

– Vertex reconstruction

– TrackreconstructionG RICH ring reconstruction

– Eventclean-up

– Hit finding

– Ringfinding

43
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– Ring fittingG TPCtrackreconstruction

– Hit finding

– Trackfinding

– TrackfittingG Globaltrackconstruction(matchingof SDD,RICH andTPCtracks)

(ii) Final refinementof experimentalinformationG Vertex refittingG TPCtrackrefitting

(iii) PhysicsanalysisG BackgroundrejectioncutsG Pairing: globaltracksarecombinedinto like-sign(++,--) andunlike-sign(+-) pairsG Themixedeventbackgroundis subtracted:S = N BDC - F SN VaX[^BDCG Final massspectraandpair-p
ÁeÁj spectraareobtained

4.2 CERESEvent Display

To visualizetheCERESdatathe3D EventDisplayLiana [76] wasdeveloped.Liana is
codedusingC++ languageandbasedon SGI’s OpenGLlibrary [77,78] andOpenIn-
ventortoolkit [79], which significantlyextends3D programmingcapabilities.The goal
of the new event display is a representationof tracksandhits aswell asmain detector
systemsof theCERESexperimentalsetupon 3D scene.Rich andflexible functionality
wasprovidedby introducinginteractiveoperationwith theobjectsandthescene.Higher
performance,relative to many other3D eventdisplays,in renderingcomplex 3D scenes
andmassive setsof objectsin interactive regimewasachievedby utilizing uniquearchi-
tectureandefficient algorithms.To operatewith thousandof interactive objectstheSTL
basedcontainersaswell assceneoptimizationandcachingroutinesareused. Liana is
a multithreadedapplication,which runsROOT for the experimentaldatarepresentation
andcore3D graphicsenginein two separatethreadsincluding variousevent loopsand
threadsynchronizations.To summarize,Lianaoffersa comprehensive solutionto inter-
active graphics,efficient analysisof 3D scenes,andinteractive representationof physics
data.
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4.3 SDD Tracks Reconstruction

Thetwo radialSilicon Drift Detectors(SDD) play animportantrole in theelectronanal-
ysis.Thetasksarethefollowing:G Vertex determination:thevertex locationis determinedwith high precisionby two

closely-spacedlargesilicondrift detectors.G Trackingof electrons:good single-hit resolutionsin r and I provide a high ac-
curacy for the tracking of the electroncandidatesfrom the vertex point into the
spectrometer.G Identification/rejectionof closepairs: the doubletof silicon detectorsprovidesa
powerful tool for rejectionof physicalbackgroundvia energy loss.Doubleenergy
lossin bothSDD’s is a patternof closepairs( E -conversionor close ê � -Dalitz de-
cay).G Chargedparticledensitydetermination:gooddouble-hitresolutiondecreasesamount
of pile-upsand,thus,limits thedegreeof miscountingN ÷@? .

4.3.1 Hit Reconstruction

A typicaleventin thesilicondrift detectoris shown in theSDDeventdisplayin Fig. 4.1.
The chargedparticlepassingthe silicon drift detectordepositsa certainamountof

energy. A minimum ionizing particleproducesa signalwhich is typically spreadover
8-12timebinsin theradialdirectionand2-3anodesin theazimuthaldirection.Thus,one
hit usuallyconsistsof 20-40cells.

Thecellsassignedto onehit arecombinedinto a cluster. A recursive algorithmjoins
all adjacentcells to a currentlybeingcreatedcluster. All cellswithin a clusterof a fixed
anodeform apulse.Theknown deadanodesareincludedinto theclusters.Eachclusteris
scannedfor a local maximain theamplitudeprofile in thetime directionaswell aslocal
minima if morethanonemaximumwasfound. If theamplitudeof theminimumis less
than10% of that of maximum,the two pulsesareseparatedandtreatedasif they were
two singleones,otherwisethey arefurtherconsideredastwo closepulses.

Thetimepositionsof thepulsesarecombinedin theanodedirectioninto hitswithin a
certaintime window. Sincethehit splitting crucially dependson thetime window, a size
of thewindow wasoptimizedto minimizeartificial hit splitting. In caseof threeor more
alignedpulsesconnectedto ahit candidate,aminimumin theamplitudeprofilealongthe
anodedirectionis searchedfor. Oncetheminimumis found,thehit candidateis split into
two hits usingthecenterof gravity to calculateits positionalongtheanodedirection.

A double-hitresolutionis of importancefor boththedeterminationof thenumberof
chargedparticlesandfor therejectionof thephysicalbackground.Fig. 4.2representsthe
distancebetweenhits on SDD tracksandnext closesthits in SDD1 andSDD2 for the
experimentaldata.

In orderto estimatethe idealdouble-hitresolutionthedistancebetweena point with
random J - and I -coordinatesand the closestSDD hit was calculated. The difference
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Figure 4.1: SDD1eventdisplay. Eachhit representachargedparticleproducedat centralPb-Au
collision.

betweenthe distribution basedon randompointing andreal distribution is observed for
low valuesof distance,wherethe two-hit resolutionproblemoccurs. The right partsof
distributionscoincidein bothsilicon detectors.Thusthedouble-hitresolutionis 8 mrad
in SDD1and6 mradin SDD2.

Fig. 4.3 shows thestatusof thehit splitting algorithmin SDD1andSDD2detectors.
Thedistanceto thenext closesthit is plottedfor all SDDhits on tracks.

If the software with not optimizedtime window is usedfor the hit reconstruction,
artificially split hits appearas a narrow peaksat 4 mrad distancein both silicon drift
detectors.Theimprovedhit reconstructionalgorithmallows to minimizetheproblemof
artificial hit splitting which resultsin the absenceof the mentionedpeakin SDD1 and
significantreductionof thepeakin SDD2.

Sincetwo-hit resolutionis differentin two SDD detectorsandis not a stepfunction,
but ratherasmoothtransitionbetweenpoorandcompleteseparationof thehits,therejec-
tion basedon dQ /dR informationcannot work with full power. To improve therejection
tool a resummationprocedureis performed.Theamplitudesof thehit on SDD trackand
thenext closesthit aresummedwithin a certainwindow. It’s worth to notethat resum-
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Figure 4.2: Distribution of the distancebetweenhits on SDD tracksandneighboringhits (red
line) andthedistancebetweenarandompointandclosestSDDhit (blueline) illustratingtheideal
reconstructionalgorithmwith perfectdouble-hitresolution.Thehistogramsareshown for SDD1
(left panel)andSDD2(right panel).
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Figure4.3: Experimentaldatadistribution onthedistancebetweenhitsonSDDtracksandneigh-
boring hits in SDD1 (left panel)andSDD2 (right panel). The two histogramsshown for both
silicondrift detectorsrepresenttheresultsof thedifferenthit reconstructionalgorithms.Thepeak
at 4 mrad illustratesthe artificial hit splitting for the old reconstructionsoftware. The new al-
gorithm with optimizedtime window solvesthehit splitting problemin SDD1andsignificantly
decreasestheamountof split hits in SDD2.

mationis not donefor all hits in thewindow but only oneclosesthit contributeswith its
amplitude.Moreover, the two-hit resolutionderived from thedistancedistributionsis a
resultantsumof differentcontributionsfrom one-anodehits andmulti-anodehits. Since,
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thetwo-hit resolutionin SDDdetectorssignificantlyaffectstherejectionof E -conversions
andclose ê � -Dalitz decays,it is of importanceto separatelyconsiderdifferenttypesof
hits. Seetable4.1 for adetailedinformation.

4.3.2 Vertex and Track Reconstruction

Oncehits arereconstructed,the informationof hit positionsin thelaboratorycoordinate
systemis usedto combinehits to tracksand find the vertex position to which almost
all tracksof a given event point to. The procedureof minimizing the quadraticsumof
hit mismatchesbetweenthetwo detectorsandits iterationis extremelytime consuming.
Thereforea robustvertex fitting algorithmis used[80]. In contrastto approachesusing
standardminimizationpackagestherobust iterative procedureis aboutanorderof mag-
nitudefaster. All hits in SDD1 andSDD2 arecombinedto straighttrack segmentsand
a weightedsumof their projecteddistancesto theassumedvertex positionis calculated.
Oncethez-coordinateof thevertex is determined,it is refinedto theexactpositionof the
closesttarget disc. Fig. 4.4 shows the resolved 13 Au target disksof 26 F m thickness
eachwith averageGaussianwidth of about205 F m. Thesumof residualdistancesof the
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Figure 4.4: Distribution of reconstructedvertex positionalongthebeamaxiswith thedoubletof
silicondrift detectorsshowing theresolved13 Au targetdisks.

trackspointingto thetargetis minimizedin orderto definetheprecisex-y vertex position.
After refinementof the vertex positionan optimizedsetof the vertex track segmentsis
obtained.Eachhit in SDD2is connectedto thevertex point andtheclosesthit in SDD1
is searchedfor. Thesearchingwindows usedat thestageof step2productionwerewide
in orderto includenon-vertex tracksfor thehadronanalysis.In thefinal electronanalysis
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muchtighterwindowsbasedonaresolutionof individualSDDhit typesareapplied.Two
tracksareallowedto sharethesamehit in SDD1(calledV-tracks).Sucha signaturecan
beanindicationof E -conversionsor close ê � -Dalitz decay. Finally, all remainingtracks
with onehit missingdueto detectordefectsareconstructedby connectingthevertex point
andunusedhits of otherhealthysilicon drift chamber. Theaverageof the J - andthe I -
coordinatesof thehits givesthecoordinatesof theconstructedtrack.However, in caseof
thesingleanodehit in oneof thedetectors,the I -coordinateof themultiple anodehit in
theothersilicon drift detectoris preferred,ratherthananaverageof both I -coordinates.

4.3.3 The Energy Loss

The detectionof charged particlesdependson the fact that they transferenergy to the
mediumthey are traversing. The Bethe-Blochequationgives the averagevalueof the
energy lossdQ in a layerdR , but therearefluctuationsaboutthemean,dominatedby the
relatively small numberof primary collisionswith large energy of electronsknocked in
theprocessof primary ionization. The resultantso-calledLandaudistribution aboutthe
meanvalueis thereforeasymmetric,with a tail extendingto valuesmuchgreaterthanthe
average(Fig. 4.5). Only for a thick layerwith dQ /dR / K�R muchlarger thanthemaximum
energy transferedto anelectronis thedistributionnearlyGaussian.
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Figure 4.5: Energy loss distribution in SDD1. The left peakshows the energy loss by single
particles,theright peakcorrespondsto dQ /dR of closeunresolved tracks.Theblueandred lines
representtwo separatecontributionsto thedQ /dR distribution extractedfrom thedoubleLandau
fit. Thedistribution is skewedtowardbig valuesdueto fluctuations.Theenhancedlow dQ /dR tail
is dueto S -conversionsin SDD,deadanodesandpartially dueto hit splitting.
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The two Landaufunctionsobtainedfrom the doubleLandaufit of the dQ /dR dis-
tribution representseparatecontributions of the resolved single tracksand unresolved
closepairs. However, theartificial hit splitting, hits placedcloseto deadanodesand E -
conversionsin silicon drift detectorsdistort the energy lossdistribution andproducea
structureat low dQ /dR .

4.3.4 ChargedParticle Multiplicity

Thedeterminationof thechargedparticlemultiplicity in theeventwasbasedon theanal-
ysis of minimum biasdata. To improve the accuracy of the N ÷@? determination,random
coincidencesbetweenhits in thetwo silicon detectors,finite two-hit resolutionandSDD
tracksoriginatedfrom K electronsweretakencareof [81,82].G The distribution of “z”-coordinateof SDD tracksin the event coordinatesystem

exhibits two contributions: one arising from real tracks,which appearas peaks
in the target region -12 F ù�F -9 cm, andanotheronecorrespondingto random
matchesof SDD hits. The fake track contribution was estimatedby calculating
the ù -positionof the vertex via combinationof the two hits in SDD1 andSDD2
belongingto differentintervals in I (flat in bothsilicon drift detectors).Thenthe
truenumberof trackscomingfrom thetargetwasobtainedby subtractingthefound
backgroundando À ÷@? ��oTA wascomputedby repeatingthewholeprocedurefor every
pseudorapiditybin (Fig. 4.6).G Dueto a limited two-hit resolution,theclosetracksarereconstructedwith smaller
efficiency. This effect wassuppressedby requiringa certaindistanceto neighbor-
ing hits. Thedependenceof theSDD trackmultiplicity on thedistancevaluewas
extrapolatedto zero. The extrapolatedchargedparticledensitieswerechecked to
beverysimilar for differentvaluesof thedistancecut.G Themultiplicity of the K -electronswasestimatedby applyingthedescribedproce-
dureto beamtriggerdata.Theobtainedcontribution from K -electronsdisplayedin
Fig. 4.6wasthensubtractedfrom theminimumbiasrun.

Themaximalpseudorapiditydensityof chargedparticlesperparticipant(at A = 3.1)is
estimatedto bed

À ÷�? /dA (3.1)/NU�\ h j = 1.18 ¶ 0.15(syst),independentof centralitywithin
0-50%. The nuclearoverlap model [83] was usedto calculatethe numberof partici-
pantsfor a givencentrality. Thecentralcollision d

À ÷@? /dV (2.9),evaluatedvia 1.02times
d
À ÷�? /dA (3.1), fits the availablebeamenergy systematicsdisplayedin Fig. 4.6 [84]. A

chargedparticlemultiplicity valueof N ÷@? = 321 ¶ 39 wasobtainedfor our centralityin
thepseudorapidityrange2.1 FWA�F 2.65.

Thecollisioncentralityestimatedusingthechargedparticlemultiplicity aroundmidra-
pidity VYX Á \bV /2 = 2.91,wasalsoverifiedwith themeasurementsof amplitudeof theMulti-
plicity Countercovering2.3 FWA F 3.5(Fig.4.7top)andthetrackmultiplicity in theTPC
covering2.1 FZA F 2.8 (Fig. 4.7bottom). Takinginto accountthedataacquisitiondead
timefactorandthetargetthickness,theeventcountscanbetranslatedto thecrosssection
for collisionswith a givenmultiplicity assumingthatall beamparticleswerehitting the
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target.Theratioof theintegratedcrosssectionto thegeometricalcrosssection( no = 6.94
barn)is shown astheadditionalaxisin Fig. 4.7.

4.4 RICH Ring Reconstruction

4.4.1 Event Clean-up and Hit Finding

Signalsof the RICH detectorsarereadout from the checkerboard-like arrangementof
padswhich receive thechargeamplifiedin multi-wire proportionalchambers.TheRICH
eventdisplayis shown on Fig 4.8.

Adjacentpadswith amplitudeaboveareadoutthresholdaregroupedto clusters.Some
clustersarecausedby background.TheRICH reconstructionalgorithmsaim to reacha
high efficiency andat the sametime to producea low amountof fakes. However both
theefficiency andthe fakesarevery sensitive to a level of background.To suppressthe
electronicnoiseandotherbackgroundsourcesaclean-upprocedureis applied.Theclean-
ing algorithmsmostly remove the typical backgroundclusters,like long andthin stripes
from ionizing particleson obliquetrajectories,clusterswith many padsin saturation,or
permanentlyilluminatingnoisypads.Remainingclustersaresplit into regionscontaining
onelocal maximumandareidentifiedasUV-photonhits in theRICHes.Hit centersare
calculatedasthecentersof gravity of thepadsconnectedto thehit.

4.4.2 Pattern RecognitionAlgorithm

A numberof variousmethodsof processingthe RICH detectordatafor particle identi-
fication arewell known. Someof thesemethodsarebasedon the maximumlikelihood
approach[85], or on comparingprobabilitydistributions[86] of Cherenkov photonsfor
differenthypotheses.Reconstructionof RICH rings in CERESis performedby a stand-
alonemethodbasedon patternrecognitioncalledHoughtransform[87]. The choiceof
Houghtransformis motivatedby thefollowing considerations:

(i) A substantialspeedingupof processingof RICH measurement.
(ii) Eliminatinganexternalinformationsuchastheknowledgeof Cherenkov ring centers.
(iii) Possibilityto useRICH counterasa rejectiontool of partially reconstructedDalitz
decays.Thesoft leg of theDalitz decaymight misstheTPCand,thus,only SDD-RICH
segmentmight be reconstructed.Thereforethe strategy to rejectpartially reconstructed
Dalitz decayscanbebasedon adistancebetweenglobaltrackandSDD-RICHsegment.
(iv) Ability to processthebulky arrayof many thousandpads.

TheHoughtransformis astandardtool in imageanalysisthatallowsrecognitionof global
patternsin an imagespaceby recognitionof local patternsin a transformedparameter
space.Aroundeachphotonhit (or illuminatedpad)a circle is drawn with a radiuswhich
forms a Hough (transformedparameter)space. Hits that belongto the samering will
havecirclesintersectingin thesamepoint. Thesharppeakat thering centerin theHough
spacewill only appearif the radiuscorrespondsto theasymptoticradiusof theelectron
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Figure4.8: RICH1(upperpanel)andRICH2 (lowerpanel)eventdisplayfor run1303burst332.
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ring, otherwisethe intersectionswill form a wide clusterandwill not standout from the
background.Thereforethe methoddistinguishesbetweenelectronrings andpion rings
that approachthe asymptoticradiusonly at high momenta. Fig. 4.9 shows the Hough
spacecorrespondingto theoriginal ring aswell astheresultingpeakontheHoughspace.

Figure4.9: Left panel:applicationof theHoughtransformin thering searchonagranulardetec-
tor; theoriginal patternabove andthehistogramon theHoughspace.Right panel: the resulting
peakon theHoughspacecorrespondingto thering center.

Thealgorithmasimplementedconsistsof threestages:p Thefist stepis a linearHoughtransform.For eachpadwith a signalabovea given
threshold,a point-to-ring transformationis madewith a ring radiusequalto the
asymptoticring radiusof electronrings(14.5mrad).Theabsenceof magneticfield
betweenthetwo RICH detectorsallows to usethemin a combinedmoderesulting
in anincreasedHoughsignalconnectedto thecorrelatedelectronrings in contrast
to uncorrelatedbackground.Thepadsfrom bothRICH’s aretransformedontothe
Houghplaneof thefirst RICH counterwhichhaswideracceptance.Themaskused
in thealgorithmis shown in Fig. 4.10.

In theHoughspace,anelectronring in thepadplaneleadsto apeak.Theresulting
Houghspaceafterthefirst stepusuallyconsistsof many localpeakscorresponding
to thefake ring centersbesidestherealmaximum.p To suppressthefakepeaksasmoothingprocedureis applied.Everyilluminatedcell
in theHoughspaceis givena weightequalto a sumof weightsof theneighboring
cells in a box of 3 q 3. As resultthe fluctuationsin the Houghspacesignificantly
decrease.
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Figure 4.10: RICH houghmask.

p To furtherdevelop theHoughpeakconnectedto a real ring centera second,non-
linear Houghtransformis performed.The new relative weight normalizedto the
averagesumof weightsin theHoughring maskis calculatedfor every cell in the
Houghspacewith a smoothedamplitudebiggerthantheaverageamplitudefor the
givenring mask.Finally athresholdis appliedand,in caseof two closelocalHough
peakswith a distancebetweenpeaksbelow 6 mrad,theonewith lower amplitude
is removed.All surviving maximaarethecandidatesto ring centers.

Thering reconstructionefficiency wasstudiedusingthepureMonteCarloandoverlay
MonteCarlotechniques.Thering reconstructionefficiency obtainedin thepureMC with
oneelectrontrackperevent is above 95%which is, of course,not realistic. Theoverlay
Monte Carlo technique,allowing to reproducethe occupancy in the databy overlaying
theMC trackon topof therealevent,gives80%reconstructionefficiency. Thisseamsto
bealsonot realisticdueto thefactthatthe r -distributionof RICH ringsin thedatais not
reproducedin MonteCarlobecauseof gainvariationsandill behavior of severalregions
in RICH detectors.Theexperimentalmethodfor theRICH efficiency determinationde-
scribedin section4.6.4gives68%for theHoughamplitudecutof 180.Additionalstudies
of thedoubleHoughandsingleHough1 approachesshowedthatthedoubleHoughtrans-
form providesalmosttwice betterefficiency comparedto thesingleHoughtransformfor
the2000data.

1In singleHoughapproachtheHoughtransformis appliedseparatelyin RICH1 andRICH2. Therefore
theresultingRICH ring reconstructionefficiency is aproductof RICH1andRICH2 efficiencies.
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4.4.3 RICH Ring Fitting

The final accuratedeterminationof the x-y coordinatesof the ring candidatecentersis
performedby a robust ring fit [88]. The least-squaresfit with asymptoticring radiusis
appliedfor asetof hits from theareaaroundthering candidate.Thehits from RICH2are
transformedinto RICH1coordinatesystem.Thereforethecombinedsetof hits from both
RICH detectorsis usedexploiting theadvantageof switchedmagneticfield. Theweights
assignedto thehitsarerecalculatedaftereveryiteration.Theanalogamplitudeof thering
consistsof summedamplitudesof all hits belongingto thering within s 6 mradwindow.
Additional informationaboutring quality is givenby tvu of thefit.

Thusthesetof fittedringsis thefinal resultof theRICH reconstructionsoftware.The
mostimportantinformationusedin theelectronanalysisconsistsof refinedpositionof the
rings,numberof fitted hits on ring, thesumanalogamplitudeandthenon-linearHough
amplitudeof thering obtainedby theHoughtransformprocedure.

4.5 TPC Track Reconstruction

The radial-drift TPC is the most importantdetectorin the CERESexperimentalsetup.
Theimprovedmomentumresolutionallowsto measurew and r mesons.Additionally the
energy lossinformationprovidesa possibility for particleidentification.A typical event
reconstructedin theTPCis illustratedin Fig. 4.11.

4.5.1 TPC Hit Finding

Before the hit finding algorithm starts[89] the unpackingof the zero suppresseddata
from a binaryfile is performed.The restoredinformationon amplitudes,padandtime-
bin coordinatesof thepixelsis written into dedicatedlists.

The taskof the hit reconstructionis to locateconnectedpixels andfinally to define
the coordinatesof the hits. The first stepis to localize the padswith local maximain
thepadandthe time directionsin all 20 planeswith a criteriaallowing to suppressfake
peaksoriginatingfrom noisefluctuations.Next stepis to calculatethecenterof gravity in
padandtime directionsandto definetheexactcoordinatesof thehits. Thecalculationis
performedin anareaof 3 pads q 5 time-binsaroundthe local maximum.Thecenterof
gravity in r andtimedirectionsis givenby:

xzy|{~}�� } ���������<��� } x }{ } � } �d�������<�Y� }
r y {~} � } ���������<��� } r }{ } � } �d�������<��� }

where � is theindex of thepixelsin the3 pads q 5 time-binsareaarounda hit, � } is
theamplitudeof pixel � , x } is r } arethenominalpositionsin time- and r -directionof the
pixels, � } is a countervariableassignedto eachpixel in the hit-areaandusedto weight
theindividualpixels. � } is a sumof themaximumamplitudesof all hits connectedto the
hit-area.Thisvariableis introducedin orderto copewith theoverlappinghitswhichhave
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Figure 4.11: TPCeventdisplaycorrespondingto acentralPbonAu collisionat 158A GeV/c.

a commonpartof their hit-areas.Sincethetrackconsistsmaximallyof 20 points,it is of
extremeimportanceto achievehighefficiency of thehit finding algorithm.

4.5.2 TPC Track Finding

Thetrackreconstructionalgorithmaimsthefollowing goals:p To maximize efficiency in the low momentumregion as well as the overall ef-
ficiency. The challengeis thereforeextremelyhigh, sincethe softerthe track the
greaterthedeflectionin themagneticfield. Both � � -Dalitzdecaysand� -conversions
have soft momentumspectra.Thustherejectionpower of theTPCdependson the
capabilityto reconstructsoft tracks.p To maximize number of hits on the track . This task is of major importance,
sinceboththed� /d� resolutionandmomentumresolutioncrucially dependon the
numberof hits on track. Thereforenot only the rejectionbasedon the specific
energy loss in the TPC but also the massresolutionof the spectrometercan be
significantlyaffected.p To minimize number of ghost tracks. Ghosttrackproblemcomesfrom the fact
thatthenumberof hitsin theTPCexceedsthenumberof hitsontracksby afactorof
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two. This observationwasconfirmedby detailedMonte-Carlosimulationsinclud-
ing beamparticleswhich do not make interactionsin target and � -electrons.The
dangeris thatfake tracksmayeathits from therealtracks.In caseof largenumber
of ghosttracksthey maydecreasetherejectionpowerof theTPCandcontributeto
thecombinatorialbackground.

In orderto copewith all thetasksmentionedabove,theTPCtrackingwasdividedinto
several stages.Every stagewascarefully optimizedusingMonte-Carloandthe datato
maximallyimprovetheperformanceof thetrackingalgorithm.Newly developedCERES
eventdisplayLIANA wasactively usedin aprocessof trackingoptimizationaswell.

Trackreconstructionisbasedonthetrackfollowingalgorithm.Thetrackfindingstarts
at themiddleplanesof theTPCwherethehit densityis at its lowestandthenproceedsin
theupstreamanddownstreamdirectionsusingthepredictedpositionof thenext hit asa
guide.Thetrackfindingprocesscontainsthefollowing steps:

p Trackroot formation:Thefirst stepaimsto find first 5point-to-pointconnectedhits.

Trackfinding startsfrom candidatehit with a z-positionin themiddleof theTPC
between5thand10thplanes.Thetrackingthenproceedssearchingfor thehitsfrom
the two downwardandtwo upwardplanes.Five foundhits areusedto determine
thesignof thetrackcurvaturein r -direction.Sincetheanalysistimeis verycrucial,
a ”corridor” in thethreedimensionalspaceis definedto limit thenumberof candi-
datehits. Dueto thenew featureof thetracking,namelythepossibilityof adding
theneighboringarraysof hits in casethe track leavesits initial ”corridor”, thedi-
mensionsof ”corridor” arechosento berathersmall( ��r y 20 deg. and ��� y 0.7
deg.). Suchnarrow ”corridor” significantlysafesanalysistime, sincethemajority
of thetracksarestraightenoughandnevercrossthebordersof the”corridor”.p Trackformation:This stepmakesanattemptto associatemorehits with the track
rootusingsimplealgorithm.

The searchof further hits in the narrow windows in the r direction is basedon
simpleformulawhichpredictsthedeflection:

r���<�����}��D� y r }¡  � }£¢¥¤ r }¦ r }¨§©�«ª�¬ (4.1)

wherer } is acoordinateof thehit atplanenumber� and � } is afactorwhichdefines
arelativedeflectionof thetrackin r directionfor agivenplane� . For agivenplane
the r deflectionfactoris aconstantfor all momentaandis givenby

� } y r }¨§©��¦ r }r }£¦ r }�D�¯® (4.2)

ThedeflectionfactorswereobtainedusingMonte-Carlosimulationsfor all 20planes
includingall 15chambersexceptchamber0. Chamber0 includesseveralplaneslo-
catedin the middle of TPC which areplacedat different ° -positions. Therefore
additionaldeflectionfactorswerespeciallycalculatedfor chamber0.
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A predictionof thehit coordinatein the � directionis performedby linearextrapo-
lationof thetwo previously foundhits. It is givenby

� ���<�����}��D� y � }±§©�³²z}¦ � }´²z}¨§©�²z}¦8²µ}¨§©�   � }£¦ � }¨§©�²z}£¦¶²µ}¨§©� ¢f²z}�D��¬ (4.3)

where ²z} and is � } are ° - and � -coordinatesof previously found hit at plane � .
Chamber0 is, of course,treatedseparatelyaccordingto its different ° -positions
of planes.A changeof � -coordinateis dueto a secondorderfield effect which is
weak. Thereforethe predictionbasedon the linear extrapolationis goodenough.
Thenthe trackingproceedsin upward anddownward directionsuntil it doesnot
find thehit. If, at leastonehit is not foundin upwardaswell asin downwarddirec-
tionsaholeappearsin thecontinuoussetof hits. Thusthepredictionof thenext hit
usingEq. (4.3) cannot bepreciseenough.Thepresenttrackingstagestopsat this
point andthetrackingproceedsto thenext phase.It is worth to notethatwindows
for thenext hit searchwerekeptnarrow at thisstageof thetracking.Dueto thefact
thatin theCERESTPCtherearetwice asmany hits ascanbematchedwith actual
tracks,losewindowscanleadto afaketrackformationby pickingbackgroundhits.

p Trackextension:Thisstepusesasecondorderpolynomialfit to accumulateall hits
possiblybelongingto thetrack.

To maximizetheefficiency, all hitsfoundsofarareusedasinputfor thepolynomial
fit with Tukey’s weights.Thefit givesmoreexactpredictionof the r positionfor
the next hit and automaticallyremoves hits which stay too far from the current
trajectoryof thetrack.Thefit is performedagainonthenew biggersetof hitswhen
thenext hit is found.

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

To maximizethenumberof hits on tracks,thestronginhomogeneityof theB field
andthereforethecomplicatedtracktrajectorywastakeninto account.Thesecond
orderpolynomialfit doesnot give preciseenoughpredictionof the r positionfor
thesoft tracksin the lastfive planesin theTPC.Thus,thecorrectionsareapplied
to improve theprecisionasa functionof trackcurvatureand ° -positionof thepre-
dictedpoint. Thecorrectionsreachits maximumfor hits on soft tracksin the last
plane. On theotherhand,thehits belongingto high momentumtrackslocatedin
the17thand18thplanesarealmostnot corrected.Thecorrectionsarebasedon the
equationof plane

· ¢ �  ¹¸º¢�»¼ ¹½º¢ ° yZ¾
(4.4)

in ( � = r c@¿ÁÀ�À , » = ��r , ° = ² ) coordinatespace,where ��r is overall deflectionof
track in r direction, ² is a ° -coordinateof hit and r c@¿ÁÀ�À is a searchedcorrection.
Theequationof planeis basedon threeexperimentallydefinedpoints:
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coefficientsthenarecalculatedasfollows
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(4.6)

Thenthecorrectionvalue r c@¿ÁÀ�À is givenby

r c@¿ÁÀ�À y Ã· ¤ ¾ ¦Ï¸Ò¢�Ó ��r Ó�¦¶½Ò¢f²kª�¢ ��rÓ ��r Ó ¬ (4.7)

where��r � Ó ��r Ó determinesasignof inclinationof thetrack.Finally theprediction
of thehit r -coordinater ���<�Á�Á�}��D� reads

r ���<�Á�Á�}��D� y rDÔ }ÖÕ}��D� ¦ r c@¿ÁÀÁÀ}�D� ® (4.8)
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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-dimensionaldistribution. For
p Ù 0.3GeV/cthenumberof hitsexceeds18.

Fig. 4.12shows mostprobablevaluesfor the numberof hits on tracksasa function
of momentumfor theexperimentaldata.Themomentumscaleis limited by 1 GeV/c to
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illustratethepowerof thetrackingin thesoftmomentumregion. Thepointsareobtained
from thefits of slicesof thecorrespondingtwo-dimensionaldistribution. Thetrackshave
morethan18 hits down to momentumof 300MeV/c asillustratedin Fig. 4.12.
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Figure 4.13: Numberof ghosttracksper event (left panel)andnumberof hits per ghosttrack
(right panel).To estimatetheamountof fake tracksall 20TPCplaneswereindependentlyrotated
in orderto destroy thecorrelationsbetweenhits.
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Figure 4.14: Comparisonbetweentwo distributionson numberof hits per track for real tracks
andghosttracks(left panel),andnumberof hitsontrackasafunctionof momentum(right panel).
Theghosttrackswith low numberof hitspopulatethemomentumregion about0.3GeV/c

The ghosttrack issuewas addressedby breakingall correlationsbetweenthe hits.
Eachof 20 planesin theTPCwasrandomlyrotatedin the r -direction. Theobtainedset
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Figure 4.15: Averagenumberof hits on track asa functionof momentumfor different Ý u cuts.
Strongercut removeslargeramountof fake trackswhich leadsto theincreaseof anumberof hits.

of uncorrelatedhits wasfurther analyzedby the track reconstructionsoftware. In total
100eventswereanalyzed.Fig. 4.13representstheamountof fake tracksproducedby the
trackingper event andthe numberof hits on the ghosttracks. In average6 fake tracks
with a low numberof hits pereventcorrespondto Þ 1.5%of total amountof tracksin a
normalevent. Thedistribution of thenumberof hits on track in realeventsis compared
in Fig. 4.14to thehits on ghosttracksobtainedasdescribedabove.

Thefake trackscontributeto thelow tail of thedistribution artificially decreasingthe
averagenumberof hits on tracks. The numberof hits per track plottedasa function of
momentumis alsoshown in Fig. 4.14.Thetrackswith low amountof hitsoccupy thesoft
momentumregion proving their ghostnature,sincekinky fake tracksproducedby the
trackingareautomaticallygettingsoft momentaduring the track fitting procedure.The
shortfake tracksarebuilt from a randomcombinationof hits andthereforemusthave a
bad tËu of thefit. Thustheaveragenumberof hits on tracksshouldincreaseoncethecut
on tËu of thefit is applied.Thedifferencein thehit distributionscanreachavalueof 1 hit
for tËudß 10 with respectto no cutappliedasshown in Fig. 4.15.
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In summary, theghosttracksaremostlyveryshortandof poorquality. Thus,thetrack
qualitycutsaswell asthematchingto otherdetectorswill reducetheamountof faketrack
to a negligible number.

Theefficiency of theTPCtrackingalgorithmwasstudiedusingoverlayMC technique
allowing to reproducehigh occupancy in thedataby overlayingthesimulatedMC track
ontopof therealevent.MC inputconsistsof oneelectrontrackpereventgeneratedwithin� -acceptanceof theTPC.Fig. 4.16showsadependenceof thesingletrackreconstruction
efficiency in the TPC on r and � coordinates.The track efficiency dependenceon r
exhibits a holeat approximately-3 rad.,which correspondsto a known deadregion. The
dependenceof theefficiency on � is ratherflat within � acceptancecut0.141 ßà�áß 0.244
with exceptionof theouteredgewherethetracksapproachthefull trackacceptancelimit
of theTPC.In averagethesingletrackefficiency within thefull trackacceptanceis about
90%.
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Figure 4.16: TPC track reconstructionefficiency asa function of ç (top panel)and è (bottom
panel).
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4.5.3 TPC Track Fitting

Theprimetaskof thetrackfitting is thepreciseestimationof thekinematicalparameters
of a particlefrom themeasuredtrajectory. The inhomogeneousmagneticfield makesit
impossibleto analyticallydescribethetrajectoryof a trackin theTPC.Thus,acollection
of referencetracksgeneratedwith the magneticfield mapareusedfor the momentum
calculation.Severalreferencetablesfor differentvaluesof inversemomentumcontaining
thehit coordinatesof referenceparticlesfor different � angleshave beenproducedusing
theGEANT simulationpackage.

Thetrackfitting algorithmconsistsof two steps:a straightline radialfit in é - ° plane,
sinceto zeroorderthereis no deflectionin the polar angle � of a track,anda fit of the
momentumdependentazimuthaldeflection.Thequality of thefit is iteratively improved
by applyingtheinversemomentumandthethetadependentsecondordercorrections.

Thenext stepis therefittingprocedurewhichassignsaweightto eachhit ontrack.The
weightsareinverselyproportionalto theaccuracy of thehit reconstruction,measuredby
theaverageresidualsdeterminedin previousfits. Thefitting procedureinvokestherobust
fit with Tukey’s weightswhich is much fasterthan the MINUIT fitting routines. The
algorithmdealswith two differentfunctionswith 2 and3 parameters.Thetwo parameter
fit providestheradialoffsetandtheinversemomentum.Additional third parameterin the
threeparameterfit absorbseffectsof themultiplescattering.

Most of soft particlesscatterin the massive mirror of the RICH2 detectorwith a
thicknessof 4.7%of a radiationlength. Thus,the resultingmomentummeasurementis
a combinationof thetwo andthreeparameterazimuthalfits. Thetwo parameterfit alone
assumesthattheparticlecomesstraightfrom theprimaryvertex withoutchangingtrajec-
tory dueto multiple scattering.Thereforethetwo parameterfit providesbetterresultsat
highmomenta,while thethreeparameterfit is betterat low momenta.

For the samereasonof multiple scatteringthe extrapolationof the fit resultsto the
RICH2 mirror is performed,taking into accountthe curvatureof the sphericalmirror.
The calculatedintersectionpoint betweenRICH2 mirror and the fitted track trajectory
givestheundistorted� - and r -coordinatesof theTPCtrack.

The resultantparametersof the TPC track provided by track fitting are � - and r -
coordinates,andabsolutevalueof themomentum.

4.5.4 Momentum Resolution

Thedi-electronmassresolutionis dominatedby momentumresolution.Thegoalof the
additionof a radialTPCwith magneticfield is to achieve a momentumresolutionwhich
allows theexperimentto besensitive to thevectormesonresonances.

The momentumresolutionis determinedby the detectorpositionresolutionat high
momenta,multiple scatteringin the detectormaterialat low momentaand the number
of hits on the track. To estimatethe momentumresolutiona full trackingsimulationis
performed. In the GEANT simulationpackagethe pointson the deflectedparticleare
smearedaccordingto themultiplescatteringinsidethegasvolume.Theoriginalwidth of
the ionizedtrail andthe transversediffusion n Õ contribute to thewidth n of theelectron
cloud at the read-outchamber. A numberof primary electrons,determinedby the gas
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mixture,togetherwith theelectroncloudwidth define,in first approximation,theposition
resolution.Additionaleffect on thepositionresolutionis givenby occupancy.
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Figure 4.17: The hit resolutionin azimuthaldirectionasa function of multiplicity for different
clustertopologies.

New hit-finding andtrack-findingalgorithmsareableto efficiently reconstructtracks
down to a momentumof 300MeV/c. Trackswith momentumgreaterthan1 GeV/chave
in average18 hits with themostprobablevalueof 19 hits per track. Below 1 GeV/c the
numberof hits on trackdecreasesdown to 17.

Thesingle-hitpositionresolutionis obtainedcomparingthereconstructedhit position
with the ideal hit positionsgiven by the fitted trajectoryof the track. The width of the
residualdistribution givesthe spatialresolution. The resolutionin azimuthaldirection
scaledwith theradiusé of thehit ( n�À�ñÁò ) is shown in Fig. 4.17.

In orderto copewith thenon-perfectknowledgeof thedrift propertiesinsidetheTPC
whichcausessystematicdistortionsof thereconstructedhit positions,additionalsmearing
of the pointson track accordingto the measuredhit residualdistributions(Fig. 4.17) is
appliedin the Monte-Carlo. The result for the momentumresolutionevaluatedusinga
microscopicdrift MonteCarlosimulationwith singlepoint resolutionasobservedin the
data,is shown in Fig. 4.18.Themomentumresolutionis definedasthestandarddeviation
of thedistribution of differencesbetweentheoriginal momentumandthe reconstructed
momentum.
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Figure4.18: Momentumresolutionasafunctionof momentumwithoutsmearing(left panel)and
with smearingof hit positions(right panel).Thetwo parameterfit (redline) providesbetterresults
at high momenta,while thethreeparameterfit (blueline) improvesmomentumresolutionat low
momenta.Thecombinationof thetwo fits leadsto a bettermomentumresolutionover thewhole
momentumrange.

Therelativemomentumresolutionfor thecombinationof thetwo parameterandthree
parameterfits plottedasa functionof momentumin unitsof GeV/ccanbeparameterized
as þ ÿ��� � �����
	����������� � ������������	�	�� (4.9)

The observed momentumresolutionis worsethanthe designedresolution. All the
remaininginconsistenciesin themagneticandelectricfields,gasproperties,geometryof
theTPC,occupancy, andtheLorentz-anglesumupandproducesuchadiscrepancy in the
resolution.

The massresolutionderived from themomentumresolutionincludingeffectsof the
bremsstrahlungis about3.8%at the  mesonmassreconstructedin the

��!"�$#
channel.

TheradialTPCprovidesapossibilityto look into hadrondecaychannelsand,thus,to
crosschecktheresultsof theTPCMonteCarlosimulationby comparingthereconstructed
invariantmassesof theparticlein thedataandin thesimulation.Theneutral % -hyperon
in the p& decaymodewith a branchingratio of about64% aswell asK ' ( mesonin the& ! & # decaymodewereinvestigated.The reconstructedinvariantmassspectraof both
the % -hyperonandK ' ( meson[89] areshown in Fig. 4.19.

Thedetailedcalibrationimprovesthemassresolutionby approximatelya factorof 2
comparedto theold calibration[90]. TheK ' ( hasbeencarefullystudiedto crosscheckthe
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Figure 4.19: Invariantmassspectraof p: # (left panel)and : ! : # (right panel)pairsafterback-
groundsubtraction.Thepeaksof ; andK ' ( arefittedwith aGaussianfunction.
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Figure4.20: K ' ( massshift (left panel)andwidth (right panel)asafunctionof transversemomen-
tumfor data(red)andMC (blue).

improvementsof the calibrationand to confirm the understandingof the Monte-Carlo.
Fig. 4.20shows theK ' ( width anda shift of theK ' ( massasa functionof transversemo-
mentumfor both the dataand the MC simulations[89]. A reasonableagreementwas
observed betweenthe dataand the MC for the K ' ( massshift andwidth for the whole
rangeof transversemomentum.
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4.5.5 SpecificEnergy Loss

Theenergy lossof chargedparticlestraversinga mediumis givenby Bethe-Blochequa-
tion. Thetruncatedmeanenergy loss,measuredin theCERESTPC,for differentspecies
of particlesis shown in Figure4.21.Thenumberof samplesis 20 with eachsamplecor-
respondingto a path-lengthof F 2.4cm. Theenergy lossmeasuredin eachsamplehasa
considerablefluctuationaccordingto Landaudistribution. Thereis a long tail to thedis-
tribution and35%highestchargesamplesis rejectedwhendeterminingthemeanenergy
losspertrack.Thedifferencein theenergy lossatagivenmomentumby variousparticles
canbeusedto distinguishbetweenthem.Since

� �HGJILK and MONM�P F �I �RQTS � I � K � 	 (4.10)

a simultaneousmeasurementof p and dN /dP will yield the massof the particle. The
averageenergy lossfor anelectron,pion,kaon,protonanddeuteronin 80%/20%Ne/CO�
gasmixtureis shown in Figure4.21. Fig. 4.22showsprojectionsof thecorrelatedplot 2
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Figure 4.21: Thetruncatedmeanenergy lossasa functionof momentumfor differentspeciesof
particles.
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Figure 4.22: Projectionsof two-dimensionalplot for four momentumintervalswith meanvalues
of 0.6 GeV/c,1.0GeV/c,1.5 GeV/c,2.0GeV/c. Thepion andelectronpeaksarewell described
by thedoubleGaussianfit.

for four differentmomentumslices.Theleft peakcorrespondsto a pioncontributionand
right peakrepresentsan energy lossby electrons.A doubleGaussianfit shows a good
descriptionof thedN /dP distributions.While themeandN /dP of theelectronsalmostdoes
not change,the energy lossof pions increaseslogarithmicallyat relativistic velocities.
Theelectronsmostlypopulatea region around1 GeV/cmomentum(becausemajority of
electronsin the sampleoriginatesfrom K -conversionsand & ' -Dalitz decays),whereasa
relative amountof pionsgrows with momentum.Thusalreadyat 1.5 GeV/cmomentum
thereis a significantoverlapof pion andelectronpeaksgiving a pion admixtureto the

2Note, thatadditionalpre-selectionbasedon RICH wasappliedto enhancea fractionof electronsin a
sample.Thereforetheelectronpeakis well pronounced.
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electrons.Thenon-Gaussiantailsareunderstoodwith Monte-Carlosimulations.
The particle-identificationcapabilityand the rejectionpower dependon the dN /dPresolution.TruncatedmeandN /dP resolutiondependsonthenumberandsizeof samples,

andgaspressure: þVUXWZY[U \^]`_ # 'ba cXdfe ��g Q 	 # 'ba h � (4.11)

After pad-to-padcalibrationbasedon total amplitudein thepadof maximumamplitude,
correctionof undershootaftereachpulse[74] andattachmentcorrectiontaking into ac-
countdifferentparticlecompositionat different i thedN /dP resolutionwassignificantly
improved. A comparisonbetweenthe calibratedtruncatedmeandN /dP resolutionand
theAllison/Cobbparameterizationasa functionof numberof hits on trackfor electrons
is shown in Figure4.23.
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Figure 4.23: Truncatedmeando /dp resolutionasa functionof numberof hits on track is com-
paredwith the parameterizationby Allison andCobb. For the numberof hits above 15 do /dp
resolutionis betterthan10%.

For themaximumnumberof hits thedN /dP resolutionapproachestheparameteriza-
tion by Allison andCobb[91]. As thenumberof hits on track is peakedat 18, mostof
theelectronsin thisanalysisaremeasuredwith dN /dP resolutionof betterthan10%.

4.6 Reductionof Combinatorial Background

Disentanglingthesignalof interestfrom themoreconventionalsourcesis oneof themajor
experimentalchallenges.Only 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 contributions to the

��!q�$#
yield aregiven

by leptonicandsemi-leptonicdecaysof the & ' , r , r , s , t and  neutralmesons.The
Dalitz decaysmostly populatethe low massregion (m u 0.2 GeV/c

�
) of the invariant

massspectrumwhile thevectormesonresonancesoccupy thehighmasses.
Di-leptonsradiatedduring the hot anddensephaseof the collision areexpectedto

occur in the high massregion. Thusof interestare the
��!v�$#

pairswith massesabove
200 MeV/c

�
. However in the presenceof many hadronsan extremelyweaksourceof

dielectronsshouldbedetected.Theratio of the
��!v�$#

pairsto thenumberof chargedpar-
ticlesN w�w /N xzy is of theorderof 10

#O{
. In thelow massdileptonexperimentsthe & ' meson

decayssignificantlycontribute to the combinatorialbackgroundin differentways. The
threebodyDalitz decayis anasymmetricdecaywith soft momentumspectrum.Whena
trackwith softestmomentumis lost dueto thelow reconstructionefficiency, theremain-
ing partneris randomlycombinedwith anotherelectrontrack of oppositecharge in the
currentevent. The & ' Dalitz decayis themain sourceof the combinatorialbackground
dueto its highestyield amongall Dalitz decaysaswell assoftestmomentumspectrum
andclosestopeningangledistribution. Theseall makeit extremelydifficult to reconstruct&"' Dalitz decays.

The & ' mesondecayingin the K|K channelisalsothemainsourceof photons.Although
theamountof materialin theexperimentalset-upwasminimizeddecreasingtheradiation
lengthwithin spectrometeracceptancedown to 1% (5.5%includingRICH2 mirror), theK -conversionsstill exceedhigh masspairsby threeordersof magnitude.The photons
convert into electron-positronpairsmostly in target, silicon drift chambersandRICH2
mirror. In a similar way to the & ' Dalitz decaythe unreconstructed

��!v��}
pair originat-

ing from the K -conversioncontributesto the combinatorialbackgroundwith onefound
track. However the signatureof photonconversionsis very specificdue its extremely
smallopeninganglewhich makesthemeasierto detectwith respectto otherbackground
sources.

Another experimentalproblemlies in the limited particle identificationcapabilities
andreconstructionalgorithms.Theparticleidentificationprovidedby thespecificenergy
loss distribution in the TPC crucially dependson the dN /dP resolution. As shown in
section4.5.5,electronandpioncloudsoverlapleadingto misidentificationof somepions
aselectrons.TheRICH detectorsidentify electronsandsuppresshadronswith exception
of thehighmomentumpions.In thepresenceof hugeoccupancy theRICH reconstruction
softwareproducesfew ringsoriginatingfrom pionsor purefakes. Althoughaneffect of
theseexperimentalproblemsseemsto besmall,onascaleof dielectronsignalit canmake
significantimpacton thecombinatorialbackground.

4.6.2 RejectionStrategy

Oncethereconstructionof hits, ringsandtracksin all detectorsis completeandall sep-
aratesegmentsarematchedinto globalelectrontracks,thefinal electronanalysisis per-
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formed.For detailson matchingseesection3.5.
Dueto verycentralinteractiontriggerandthereforelargemultiplicities andoccupan-

ciesleadingto a hugelevel of thebackgroundtherejectionstepswerecarefullyselected
andtuned.

The mainquality criteria andrejectionstepson a singletrack level arelistedbelow.
Thecutsarenumberedin accordancewith Fig. 4.24illustratingtheDalitz andopenpair
yieldsafterbackgroundsubtractionaswell asthebackgroundyieldsasa functionof cut
number.

1. ~ All global trackswhich includea SDD segmentwith onehit missingeither
in SDD1 or SDD2 areremoved. This requirementis necessary, sinceSDD
dN /dP cut works efficiently only in a correlatedmodewhenappliedon the
energy lossinformationin bothsilicon drift chamberssimultaneously.~ Rejectionof targetphotonconversionsby applyingsimultaneouscut on dou-
ble dN /dP signalin thetwo silicondrift chambers.Thehits on theSDDtrack
areadditionallyrequiredto bemulti-anodehits. This cut copeswith a clean
closeconversionsignaturenotaffectedby artificial hit splitting.

2. ~ Thetadependentcut on Hough amplitudeof the ring of � 180 suppresses
fakes.In additionthenumberof hitsonring is requiredto begreaterthan4 in
everyRICH detector.~ Numberof hits on ringsin bothRICH detectorsmustbeabove4.~ Energy lossin theTPCshouldbehigherthantheaveragedN /dP of theelec-
tronsminustwice dN /dP resolution.

3. Single track momentumcut of u 9 GeV/c removes remaininghigh momentum
pions.

4. Correlatedcut on TPCdN /dP andRICH Houghamplitude.TPCdN /dP cut is ap-
pliedasafunctionof momentumwhichpreventsalossof electronsatlow momenta.

5. Two-dimensionalcuts on the doubledN /dP signal in silicon drift detectorsas a
functionof thehit topologyin theSDDdetectors.

6. Cut on a distanceto a closestelectronTPCsegmentrejectsconversionsin RICH2
mirror, in SDDdetectorsaswell assurvivedSDDdN /dP cutstargetconversions.

7. ~ Two-dimensionalcutson therecalculateddN /dP signalby summingtheam-
plitude of the hits in a certainwindow in silicon drift detectorsfor different
SDD hit topologies.~ Rejectlow tail in SDD1dN /dP distributioncorrespondingto thephotoncon-
versionsin thefirst silicon drift detector.

8. Thetadependentcut of thenumberof hits on theTPCtrack.
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9. Apply TPCdN /dP cutasafunctionof momentumto suppresspiontracks(dN /dP �260+10
� Qz��� (p)). This cut is appliedin combinationwith a 2D-cuton dN /dP versus

Houghamplitudeto keephighefficiency for high-masselectronpairs.

10. Cut on theopeninganglebetweenglobaltracksof � 35 mrad.Thepurposeof this
isolationcut is to remove closewell identifiedoppositelychargedelectrontracks
whichmostlikely originatefrom & ' -Dalitz decays.

11. Cut on the TPC dN /dP versusnumberof hits on RICH rings rejectsremaining
pions.
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Figure 4.24: Yieldsof signalandbackgroundfor Dalitz decaysandopenpairsversuscuts.

The pairing procedureis performedafter all singletrack cutsareapplied. All elec-
tronsandpositronsarecombinedinto unlike-signpairs( _������!Z# ). Althoughthebackground
is significantlysuppressed(approximately13 times for Dalitz decaysand15 timesfor
openpairs)therearestill many randomcombinationsof electronandpositrontracksorig-
inatingfrom unreconstructedDalitz decaysandsurvivedphotonconversions.In orderto
extractasignalof interestthestatisticalapproachis used.Like-signpairs( _ x �����!V!�� _ x �����#V# )
are constructedfrom positron-positronand electron-electroncombinations. The weak
four bodydecayof &v'�� � ! � ! � # � #

canbeneglectedwhich allows to usetheuncorre-
latedunlike-signpairscomingfrom differentdecaysfor the combinatorialbackground.
Thus the total numberof the unlike-signpairs is a sumof the correlatedsignal ( � !Z# )
anduncorrelatedrandomcombinations( _ x �����!Z# ), which canbe describedby a twice the
geometricalmeanof thelike-signpairsof positiveandnegativesigns:
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Figure 4.25: Background-to-signalratio for Dalitz decaysand openpairs as a function of cut
number.

_ �����!Z# � � !Z#  _ x �����!Z# � � !Z# ��|� _ x �����!V! � _ x �����#V#�� (4.12)

Anothermethodwhich allows to improve statisticalerrorsis the eventmixing tech-
nique.It will bediscussedin in section4.7.2.

Beforethemassspectraarefilled thereis anumberof cutsappliedonapair level. Any
pair with openinganglebelow 50 mradandmassu 200MeV/c

�
is recognizedasDalitz

decayandexcludedfrom further pairing. All survived pairs thenshouldpassthrough
thesingletracktransversemomentumcut of � � � 200MeV/c appliedfor bothpair legs.
Finally thepairsmustfulfill thestandardcutonopeningangleof � 35mradandlie within
CERESthetaacceptance0.141 u�i�u 0.244rad.

Theinvariantmassof thepair is givenasthesumof theelectron4-momenta:

G w�w ��� ���b�  ����� � (4.13)

All plottedin Fig. 4.24numbersareobtainedfor theelectronpairsfulfilling thesingle
track � � cutof � 200MeV/c,openinganglecutof � 35mradandspectrometeracceptance
cut. The realchallengeis to rejectthebackgroundasmuchaspossibleandat thesame
time to keephighpair reconstructionefficiency. Althoughseveralrejectionsteps,namely
Houghamplitudecut of � 150,wereappliedat pre-analysisstage,the level of theopen
Dalitz aswell asopenpair backgroundsis huge(cut 0). Thefirst major improvementon
thebackgroundrejection(Fig. 4.25) is achievedby cutting thecorrelateddoubledN /dPsignalin theSDD detectorsandthe ring Houghamplitude.Thehigh momentumcut of



4.6Reduction of Combinatorial Background 75

u 9 GeV/csuppressingpionsgivesfurther improvementof thesignalto backgroundra-
tio. Thetwo groupsof thehit topologydependentcutson SDD dN /dP with andwithout
resummationof the pulseheightswith a help of the TPC closepartnercut bring addi-
tional gain in rejectionby a factorof 3 for bothopenpairsandDalitz decays.Although
thepower of thecut on distanceto theclosestpartnerin theTPC is maskedby thepre-
viousrejectionstepsit still contributesto thebackgroundsuppressionby correlatingthe
informationof themomentum,thespecificenergy lossandtheopeningangleto preventa
lossof theefficiency. Oncethesignalto backgroundratioreachesthereasonablelevel the
isolationcuton theopeninganglebetweenelectronandpositronis applied.Thiscut is in
factapair cut which removesclosepairsoriginatingmostlyfrom Dalitz decays.Another
cut appliedonpair level is theso-calledDalitz removal. It identifiesDalitz pairsby close
openingangleof u 50mrad,oppositechargeandinvariantmassof u 200MeV/c

�
. How-

ever theDalitz removal hasalmostno effect becauseof thepreviously appliedisolation
cut whichdoesthejob.

4.6.3 Rejectionwith d � /d   in SDD

Thedoubletof SDD detectorsbesidesthevertex reconstructionprovidesa powerful tool
to identify and reject K -conversionsand close &"' -Dalitz decays. Any closepair with
openinganglesmallerthantwo-hit resolutionof silicondrift detectorsandnotaffectedby
thehit splittingalgorithmleavesthedoubledN /dP signal.Fig. 4.26showsthecorrelation
of the energy loss in two silicon drift detectorsin caseboth SDD hits aremulti-anode.
ThedN /dP cut is representedasaproductof two Landaufunctions.

Theprojectionsof thesimilarplot with enhancedamountof electrons(comingmostly
from K -conversionsandclose&v' -Dalitz decays)by requiringadditionalPID cutondN /dPin theTPCshow two peaksexhibiting thedN /dP informationin SDD1andSDD2sepa-
rately(Fig. 4.27).

The left peakcorrespondsto the energy lossby singleparticlewhile the right peak
representsthe doubledN /dP of closeunresolved tracks. However the rejectionbased
on one-dimensionaldN /dP distribution would cut the long Landautail andthusdestroy
efficiency. ThecorrelatedcutondN /dP shownby aredline is aproductof thetwo Landau
distributions.Thecutalmostdoesnotcostefficiency but significantlyrejectsbackground.

Thetwo-hit resolutionfor silicon drift detectorsis of theorderof 10 mradfor SDD1
and6 mradfor SDD2whichpreventstherejectionof closepairswith singledN /dP signal
by applyinga cut on anopeningangle.Thelimited by thepatternrecognitionalgorithm
two-ringresolutionin theRICH detectorsis above10mrad.Thustheholein therejection
occursfor thesemi-closepairswith openinganglesbetween4and10mrad.Unfortunately
theTPCwith muchbettertwo-trackresolution(especiallyfor soft tracks)cannot cover
the gap becauseof limited reconstructionefficiency for low momenta. Thereforethe
summingof theamplitudesof thehit onSDDtrackandnext closesthit for thetwo silicon
drift detectorsseparatelyis performed. However the occupancy for the centralPb-Au
eventsof the2000datais higherthanin previousruns.Thustheresummationprocedure
is of dangerdueto thepossiblepick upof hitsbelongingto hadrontracks.Theprobability
to find a SDD hit wasstudiedby calculatingthedistancebetweenrandompoint andthe
closesthit in bothsilicondrift detectors(Fig. 4.28).
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Figure 4.26: Correlatedenergy lossdistribution in SDD1andSDD2. Thered line basedon the
productof two Landaufunctionsrepresentsthecut. Bothhitsin SDD1andSDD2aremulti-anode;
no resummationis applied.
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Figure 4.27: Theprojectionof thetwo-dimensionaldistribution in SDD1(left panel)andSDD2
(right panel). To enhancetheamountof ¬ -conversionsthe matchingbetweentwo electronTPC
trackswith oppositechargeandSDD trackis required.
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Figure 4.28: Distancefrom randompoint to closesthit in SDD1 (left panel)andSDD2 (right
panel).
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Figure 4.29: Probabilityto pick up hit in SDD1(left panel)andSDD2(right panel).

The probability functions obtainedfrom the distancedistributions are shown in -
Fig. 4.29.Theprobabilityto pick upahadronhit exceeds20%atadistanceof 6 mrad.As
aconsequence,thestraightforwardcuton theresummedd® /d̄ in 10mradwindow used
in 1999analysiscannot beappliedfor the2000data. In orderto achieve mostefficient
rejectiontheresummationprocedurewasstudiedfor differenthit topologies.Theresults
areshown in Table4.1.

Thedeviationof theexperimentalenergy lossdistributionfrom theLandaufit atsmall
d® /d̄ is anindicationof thephotonconversionsin silicondrift detectors.Thusall tracks
with a signatureof low d® /d̄ tail in SDD1anddoubled® /d̄ in SDD2 arerecognized
asconversionsin a materialof thefirst silicon drift detectorandget rejected.This cut is
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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

Table4.1: Dependenceof theresummationwindow on a topologyof theclosestandnext closest
hits to thesilicon segmentin SDD1andSDD2.

placedat theendof the rejectionbasedon SDD d® /d̄ information. Thereforeit is not
affectedby theartificial hit splitting which is takencareof by previouscuts.

4.6.4 Rejectionwith RICH

During the pre-TPCera the two RICH detectorswereusedasa main rejectiontool in
addition to the d® /d̄ information in silicon drift detectors. The ring propertiessuch
asHoughamplitude,numberof hits on the ring andsumanalogamplitudedeterminea
qualityof thering. Additionally anenhancedsumanalogamplitudeor otherring quantity
canbeasignatureof theunresolvedclosee° e± pairwhich is subjectto rejection.

To studythe rejectionpower of the RICH on the 2000data,the threesampleswere
selected:isolatedtracks,targetconversionsand ²"³ -Dalitz decays.All tracksin thethree
samplesareidentifiedaselectronsin theTPCwith energy losscutd® /d̄µ´ 260+25¶z·�¸ (¹ )
with a numberof hits on TPC tracksabove 12. The full ring acceptanceof the RICH-
systemis alsorequired.In thetargetconversionsampleevery ring mustmatchwith two
TPC tracksandwith SDD track with d® /d̄º´ 1000 in the two silicon drift detectors.
Both TPC tracksmusthave oppositecharges. The isolatedrings necessaryfor the effi-
ciency controlof thesingletrackswereselectedasfollows. Thering matcheswith only
oneTPCtrack.Thedistanceto thenext closestelectrontrackin theTPCis requiredto be
above 70 mradindependentlyof a charge. This ensuresanisolationof thering sincethe
completetwo-ringseparationoccursat theopeningangleof ´ 60mrad.Additionally the
cut on d® /d̄¼» 1000is appliedfor thematchedSDD track in bothSDD detectors.The
analysiscutsoperatingon the experimentaldistributionsremove a part of the searched
signaltogetherwith thebackground.Thusthequantitiesof the isolatedringsshouldil-
lustratetheeffectof therejectioncutsonsingletracks.However it is ratherhardto select
a cleansampleof singlerings,sincetheopene° e± pairsarehighly suppressedwith re-
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Figure 4.30: Distributionsof hits on rings for target conversions,Û ³ Dalitz decaysandisolated
rings in RICH1 (left side)andRICH2 (right side). Theefficiency andrejectioncurves(bottom)
areshown for singlerings( Û ³ Dalitz decays)andconversions.
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Figure4.31: Distributionsof sumanalogamplitudesfor targetconversions,Û ³ Dalitz decaysand
isolatedrings in RICH1 (left side)andRICH2 (right side). The efficiency andrejectioncurves
(bottom)areshown for singlerings( Û ³ Dalitz decays)andconversions.
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spectto photonconversionsandclose²"³ -Dalitz decays.Thereforea well definedsample
of open²v³ -Dalitz decayswith openinganglebetween10and50mradwascollected.Two
oppositelychargedTPC tracksarematchedwith two RICH rings andtwo SDD tracks.
Both SDDtracksmusthavesingled® /d̄J» 1000in SDD1andSDD2.

Fig. 4.30 shows the comparisonbetweenthe distributions of hits on rings for the
isolatedring sample,the targetconversionsampleandthe ² ³ -Dalitz sample.To avoid a
lossof the informationthe ring parametersin the combinedRICH-systemprovided by
thereconstructionalgorithmsareavailablealsofor RICH1 andRICH2 separately. Thus
all thedistributionsareplottedfor bothRICH detectors.The ratio of the integral of the
remainingpart of the isolatedring distribution after the cut to the full integral of the
distributionrepresentsthesingletrackefficiency:

ÝßÞ àáãâ } ä ³åæTç�è éëêéëìqí�îðïòñ�óõôö
î è éëì í�îðïòñ�óõôö

î è ÷ø ä ³å
³ éëêéëìqí�îðïòñ�óõôö

î è éëì í�îðïòñ�óõôö
î è ù (4.14)

Therejectionpower is givenby theratio of the integral of thecut partof thetargetcon-
versiondistribution to thefull integralof thedistribution:
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Usuallythecrosspointof therejectionandefficiency linesrepresentstheperformance
of the cut on the givenquantity. The higherthecrosspoint, the morepowerful the cut.
Thedynamicalrangebetweenthedistributionsof hits perring for singletracksandcon-
versionsis too smalldueto thehigh pileupprobability for thedoublerings. This results
in the low rejectionof the cut basedon the hits on ring. At 95% singleelectrontrack
efficiency therejectionreachesonly 15%. It is worth to notethatthehit distributionsfor
isolatedrings and ² ³ -Dalitzesarevery similar with a meanof ÿ 11. Thus, � ° � ± pairs
with openinganglebetween10and50mradareagoodapproximationof thesinglerings
which is alsoindicatedby theidenticalefficiency curves(Fig. 4.30).

A cutonsumanalogamplitudewasstudiedin asimilar way. Fig. 4.31shows thedis-
tributionsof sumamplitudescorrespondingto thethreesamplesdescribedabove. Thedy-
namicalrangebetweenthedistributionsis againrathersmall.However thepileupshould
not affect the ring analogamplitudes. What may enterhereis the remainingfluctua-
tionsof padamplitudesafterthegainequilibration,deadareasanddefectsof electronics.
Therearefour known areasin the RICH2 detectorwherethe electronicsbehavior was
very unstablewhich resultsin a greaterspreadof the sumanalogdistributionswith re-
spectto RICH1. Thecrosspoint of therejectionandefficiency curvesin caseof isolated
ringsandphotonconversionsis at a level of 65%in RICH1 and70%in RICH2 which is
slightly higherthanfor hits perring distributions.However at 95%singleelectrontrack
efficiency therejectionexceedsonly 20%.

In orderto improve therejectioncapabilityof thespectrometeradditionaltool on the
basisof SDD andRICH detectorshasbeendeveloped.In contrastto theRICH system,
wherethe two-ring resolutionis above 10 mrad,the two-trackreconstructionefficiency
in thedoubletof SDD detectorsis alreadysignificantlyhigh at 4 mradseparation.Thus
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Figure 4.32: Distributionsof sumanalogamplitudesfrom SDD predictorsfor targetconversions
andisolatedringsin RICH1(left side)andRICH2(right side).Theefficiency andrejectioncurves
(bottom)areshown for singleringsandconversions.

theSDDtrackscanbeusedaspredictorsfor thering centersin theRICH detectorsin the
openingangleregion between4 mradand10 mrad.Technicallythemethodworksin the
following way. Every RICH ring is matchedto theSDD trackandanotherclosesttrack
in thesilicon drift detectorsis searchedfor. Oncethe track is foundwithin thedistance
of 10 mradit is definedasa secondpredictor, whereastheinitial matchedSDD trackis a
first predictor. Thesetwo SDD tracksdeterminethepossiblecentersof the two rings in
RICH1 andRICH2. Sincethemaximaldistancebetweentwo predictorsis muchsmaller
than60 mrad(thedistanceat which two rings arecompletelyseparate)the two ring ar-
eassignificantlyoverlap. Thustheamplitudesof thehits in the intersectingpartsof the
ringsaresummedwith half weights.Therecalculatedsumanalogamplitudesareshown
in Fig. 4.32 for single rings and � -conversions. Unfortunately, the differencebetween
the distributionsis not sufficient to achieve a powerful rejectionwhich is confirmedby
efficiency/rejectionplot.
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To summarize,thering quantitiessuchashitsonring andsumanalogamplitudeof the
ring provide verypoorrejectionandmight costlargesystematicuncertainties.Therefore
thecutson thosevariablesweremostlydiscarded.
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Figure 4.33: Openingangledistribution betweenglobal tracksandSDD-RICH segments. The
structureat60 marddistanceis dueto touchingrings.

Someof theso-calledpartially reconstructed²"³ -Dalitz decaysmayloosethesoft leg
in the TPC due to limited reconstructionefficiency for the low momentumtracks,but
maystill have a SDD trackanda ring in theRICH. In thepreviouselectronanalysisthe
rejectionof thosedecayswasbasedonthedistancebetweentheglobaltrackandtheSDD-
RICH segment. Similar attemptwasdonein the presentanalysis. The corresponding
distribution is shown in Fig. 4.33.Thequality of theSDD-RICHtracksis ensuredby the�
-dependentcutsontheHoughamplitudeof ´ 150,thenumberof hitsperring ´ 4 in the

two RICH detectorsandd® /d̄�» 1000resummedwithin 7 mradwindow in bothSDD
detectors.Theexpectedriseof thedistribution towardsthesmalldistancesis absent.The
structurearound60 mradis an indicationof the fake rings. The ring radiusis 30 mrad,
thusthedistancebetweentouchingringsis 60mrad.In thehighbackgroundenvironment
the hits of the ring help to form a fake ring at the distanceof two radii. Sincethereis
no indicationof the contribution from ²v³ -Dalitz decaysthe cut on closestSDD-RICH
segmentwasno used.

Rejectionpower of the Houghtransformwasestimatedusingthe methoddescribed
in detail in [92]. The electronandpion sampleswere selectedbasedon TPC particle
identificationcapabilities.TheTPCtracksin themomentumrange0.7 » p » 0.85GeV/c



84 4. Data Analysis

wererequiredto lie within fiducial acceptanceof theRICH system.Theelectronswere
selectedby thed® /d̄ cut above themeanenergy lossfor electrontracks310 » d® /d̄» 360. The d® /d̄ window for non-radiatingpionsaroundthe meanpion energy loss
180 » d® /d̄º» 220 at mentionedabove momentumrangewaschosen. Goodd® /d̄
resolutionis insuredby requiringhighnumberof hitson thetrack.The � -conversionsare
excludedwith isolationcut on oppositelychargedtracks. Thus,bothelectronefficiency
andpion rejectionwereexperimentallyestimatedby matchingselectedTPCtrackswith
RICH ringswithin matchingwindow of 1.5��� . Ghostringscreatedby theRICH recon-
structionsoftwarein thehigh occupancy environmentmayleadto thefake matcheswith
non-radiatingpion tracks. Thestrongerthecut on theHoughamplitudeof the ring, the
lessamountof ghostringsand,consequently, thehigherpion rejection.In fact,electron
efficiency andpion rejectionarethecorrelatedquantities:thehigherelectronefficiency,
the lower pion rejectionandvice versa.Fig. 4.34illustratesthedependenceof electron
efficiency on pion rejectionvaryingtheHoughamplitudecut between90 and230with a
stepof 20. For theelectronelectronefficiency of 68%thepion rejectionis 0.9997.
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Figure 4.34: Electronefficiency asa functionof pion rejectionfor differentcutson Hougham-
plitude.

4.6.5 RejectionPower of d � /d � in TPC

Theadditionof theTPC significantlyincreasedthe rejectioncapabilitiesof theCERES
spectrometer. In orderto studytherejectionpower of theTPCbasedon theenergy loss
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by chargedparticlestraversingthe detectorthemeasuredd� /d� distributionsshouldbe
well understood.
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Figure4.35: Rejectionpowerasa functionof momentumfor differentelectrontrackefficiencies.

Thefirst stepis to simulatetheexperimentaldistributionsfor pionsandelectronswith
MonteCarloprograms.To achieve themostrealisticresultantdistributionsthesimulated
detectorresponseswereputontopof therealdata.Thesimulatedenergy lossby electrons
andpionswasthencarefully comparedto the experimentald� /d� distributions. After
adjustingthe meanvaluesthe datadistributionswerewell describedto high order. The
rejectionpower thencanbe calculatedfrom the simulatedenergy lossdistributionsfor
pionswhich is identical to a real data. For the given momentuminterval the rejection
power is representedby theintegralof acutpartof distribution to thefull integral:
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Theelectronefficiency canbeestimatedin asimilarwayby integratingthesimulated
d� /d� distributionof electrons.Fig. 4.35showstherejectionpowerof TPCasa function
of the track momentumfor threedifferentelectrontrack efficiencies. Due to the loga-
rithmic rise of the meanenergy lossfor the relativistic pionsthe rejectionpower of the
constantcut decreaseswith momentumat any level of electronefficiency shown. To effi-
ciently suppressespionsat high momentaaninclinedcut on d� /d� versusmomentumis
usedin theelectronanalysis.

However, the higher the rejectionof pions, the lower the singleelectrontrack effi-
ciency. The dependenceof the electronefficiency on the pion rejectionis presentedin
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Figure 4.36: Rejectionof electronsversusrejectionof pionsfor differentmomenta.

Fig. 4.36for threedifferentmomenta.For the95%efficiency of theelectrontrackswith
0.5 GeV/c momentumthepion rejectionreaches99%. At this soft momentumthesep-
arationbetweenpion andelectronpeaksis much betterthan at p = 2.5 GeV/c where,
consequently, thepion rejectionis only 90%for thesameelectronefficiency. Combined
rejectionpowerof theRICH-TPCis 9 - 10. atelectronefficiency of 64%for the1 GeV/c
momentum.

4.6.6 Rejectionof ClosePairs in TPC

Sincetherejectionof thephotonconversionsis of extremeimportanceit is worthto study
the �0/ � ° � ± processwith the TPC. The selectionof the conversionsampleis done
asfollows. The electronsareidentifiedin the TPC with d� /d� ´ 260+25¶z·�¸ (¹ ). The
distancebetweenoppositelychargedelectronsmustbe below 2 mrad. Fig. 4.37shows�
-distributionof theselected� ° � ± pairs.Theenhancedamountof conversionsat13mard

correspondsto the inner ring of theTPCsupport.The tracksarewell identifiedwith 15
hits in averagewhich is illustratedin the two-dimensionalplot showing the numberof
hits on track asa function of theta(Fig. 4.37). The 8 spokescanbe clearly seenin the
correlationbetween

�
- and 1 -coordinatedof the ��°2�$± pairsrepresentedin Fig. 4.38.The�

-acceptancecut of ´ 14mradtakescareof the � ’s convertingin theinnerring.
In mostof the caseswithin the

�
-acceptancethe photonconversionscanbe divided

into two classes:targetconversionsandconversionsin theRICH2 mirror (R2M conver-
sions)with a fake matchto SDD. The target conversionsareusuallyrejectedto a high
order by the correlatedcut on d� /d� in the silicon drift detectors. Thus the TPC re-
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Figure 4.37: The 4 -distribution of theconversionsidentifiedin theTPC(left panel)andnumber
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movesonly remainingconversionswhich werenot previously rejected.Fig. 4.39shows
the distribution on the openingangleof the target conversionsidentified in the TPC as
two oppositelychargedelectrontrackswith d� /d� ´ 260+25¶z·�¸ (¹ ) andwith a number
of hits on tracksabove 15. Oneof TPCtracksmustbematchedto RICH ring andSDD
trackwith d� /d� ´ 1000in bothsilicon drift detectors.A backgroundwasestimatedby
requiringthesamechargefor thetwo TPCtracks.Thenthesignalto backgroundratio for
thetargetconversionsis 15/1.

R2Mconversionsareof dangerin caseoneelectronleg is fakelymatchedto thehadron
SDD track andghostRICH ring. Sucha samplewasselectedwith the similar cutsas
for the caseof target conversionsexceptd� /d� in SDD detectors.The energy lossof
the SDD track mustbe below 1000in SDD1 andSDD2 andthereshouldbe no match
betweensecondTPC track andanotherSDD track. The openingangledistribution of
thoseTPCpairsis representedin Fig. 4.39. Thebackgroundlevel is againcalculatedby
the requirementof the samecharge for the TPC tracks. Oncethe distanceof 10 mrad
is approachedthe signalto backgroundratio reachesÿ 1/3. In the electronanalysisthe
signalover backgroundgetseven worsesincethe d� /d� cut appliedfor TPC tracksis
softer. Thusthecut on theclosestTPCsegmentshouldbedonein a safestway to keep
singleelectrontrackefficiency high.

momentum (GeV/c)
0
@

0.2
@

0.4
@

0.6
@

0.8
@

1 1.2 1.4 1.6 1.8 2

T
P

C
 d

E
/d

x

250
F

300
B

350
B

400

450

Figure 4.41: dD /dE of the closestsegmentin the TPC asa functionof its momentum.Thecut
separatingelectronsandpionsis indicatedby theredline.
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Theclose GIHJGLK pairsshow up bestin thecorrelatedtrackquantities.Fig. 4.40shows
a dependenceof the dM /d� of the closestsegmentwith oppositecharge in the TPC on
thedistancebetweena global trackandthesegment.Theelectronpairsoriginatedfrom
conversionsoccupy the low openinganglevaluesaround2 mradandhave an average
dM /d� of N 310 which correspondsto the specificenergy loss of electrons. The pion
trackswith lower dM /d� occurat muchlargerdistances.However thefirst indicationof
pionsis seenalreadyat openinganglesof about8 mrad. Thered line representsthecut
which, beingappliedin combinationwith anothertwo-dimensionalcut discussedbelow,
removestheconversionsandsuppressesthepion contamination.Fig. 4.41illustratesthe
correlationbetweenthedM /d� of theclosestsegmentandits momentum.Theconversion
legssit at low momentawith a meanelectrondM /d� of 310while pionsform a structure
with low energy losstowardshigh momenta.The red line shows the secondcorrelated
cut removing thepion contamination.In additionall global tracks,which have nearbya
closeoppositelychargedelectronsegmentwithin 2 mraddistance,areremoved.

4.7 Subtraction of Combinatorial Background

4.7.1 Same-event Combinatorial Background

Thelike-signeventbackgroundcanbedefinedasthearithmeticor thegeometricmeanof
positron-positronandelectron-electronuncorrelatedpairs.It is known thatthearithmetic
meanis alwayslarger (or equalin caseof identicalnumbers)thanthe geometricmean.
Thusthearithmeticmeanis morestronglyaffectedby outliers(i.e.,extremevalues)with
respectto thegeometricmean.
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Figure 4.42: Thelike-signbackgrounddistributions(left panel)andtheratio of N QSRTQUR to N QWVXQWV
(right panel).No chargeasymmetryis observed.

Fig. 4.42showstheratioof N QSRTQUR to N QYVXQYV . Theratioof thelike-signbackgroundsof
differentchargesis 1.005Z 0.007.Accordingto thedependenceof therelativedifference
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[
betweenthearithmeticandgeometricmeanson thechargeasymmetry\

[ N ]^ \`_Ia (4.17)

thediscrepancy becomessignificanton thelevel of \cb 10%.
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Figure 4.43: Thegeometricandarithmeticlike-signbackgrounds(left panel)andtheratio of the
two (right panel).Dueto theabsenceof thechargeasymmetrybothdistributionsareidentical.

Fig. 4.43showstwo backgroundsobtainedusingthearithmeticandgeometricmeans.
Thedifferencebetweenbackgroundsis hardlyseen.In thepresentanalysisthegeometric
meanis usedsinceit is generallymoreuniversal.Statisticalerrorof thesignalis defined
as

[Xf H'Khg i j H'K`k j HlHmk j KlKon (4.18)

To improve the statisticalerror differentapproacheshave beenappliedin previous
analyses.Thehigh statisticalbackgroundcanbegeneratedby a randomcombinationof
single tracksassumingthat prq , s and t distributionsare taken from the data. Alterna-
tively thesuitablefit functioncanbeusedto smooththebackgroundin orderto decrease
statisticalfluctuations.Anotherattemptwasdonein the1999analysis.Thehigh statis-
tical like-signcombinatorialbackgroundafter few rejectionstepswasrescaledto fit the
backgroundafter full rejection. The rescaledbackgroundwas thenusedto reducethe
statisticalbin-to-binerrorsin thefinal massspectrum.

4.7.2 Mixed-event Technique

Theevent-mixingtechniqueis analternative to the like-signmethodfor thebackground
construction.Themixing with differenteventsallowsto destroy thecorrelationsbetween
the tracks,to collect largestatisticsandto accuratelydeterminetheshapeof thecombi-
natorialbackground.
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In theevent-mixingtechniqueall electronsandpositronsof aneventarepairedwith
all electronsandpositronsof 20othereventswithin thesamecentralityclass.Everynext
event is chosenin randomorder. The charged particle multiplicities of the eventsare
requiredto coincidewithin 5%. In contrastto thelike-signbackgroundaccumulatedover
theeventswith at leasttwo electrontracks,theevent-mixingmethodcontainsalsoevents
with only oneelectrontrack.Thevalidity of theevent-mixingtechniqueis confirmedwith
like-signbackgrounddistributions. Fig. 4.44shows thecomparisonof the two invariant
massdistributions: the unlike-signbackgroundobtainedwith the event-mixingandthe
like-signcombinatorialbackgroundconstructedby a geometricmeanof N HlH andN KlK .
The shapesof the two distributionsarealmostidenticalwhich is alsoconfirmedby the
ratio of thespectrapresentedin Fig. 4.45.Theunlike-signmixedeventmassdistribution
is thennormalizedto the measured.The normalizationfactor is extractedfrom the fit
to the ratio. The observed drop of the ratio at massesbelow 200MeV/c_ is dueto pair
effectsdiscussedin section6.5. Therefore,in the massregion u QSQmv 200 MeV/c_ , the
sameeventlike-signbackgroundis used.

Oneof the advantagesof the event-mixingtechniqueis a possibility to improve the
statisticalerror of the mixed-event backgroundby increasingthe numberof eventsfor
mixing.
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niqueandthelike-signmassdistribution.
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The GENESISGenerator

In order to distinguisha signalof interestfrom the conventionalsourcesof G H G K pairs
the invariantmassspectrumis comparedto thesuperpositionof known electromagnetic
decays.TheGENESISgenerator[93] wasdevelopedto simulatetheso-called”hadronic
cocktail” which consistsof the known hadrondecaysin proton-proton,proton-nucleus
andnucleus-nucleuscollisions.Thecocktailservesasa baselineto comparewith theex-
perimentaldata.For instance,agoodagreementwasfoundbetweenG H G K massspectrum
in proton-inducedcollisions and the hadroniccocktail, while in caseof the heavy-ion
beamsanenhancementin themassregion0.2 v mQSQ�v 0.6GeV/c� wasobserved.

Thecodehasbeenrewritten in C++ to utilize COOL library andto easilyextendthe
algorithms.Thedecaysaresimulatedby JETSETroutines [94].

The di-electronpair sourcescontributing to the low massregion are: ��� , � (547),� � (770), � (782), ��� (958), t (1020).Thepseudo-scalars� � , � and ��� decayto G H G Kr� , while
the vectormesons� � , � and t decaydirectly to G H G K . The � and t have an additional
Dalitz decaychannel:��� G H G K � � and th� G H G K � .

Eachparticle in the collision decaysaccordingto Poissondistribution with a mean
givenby thefollowing formula:

� g �j������I�o�L�r�������)��� f a (5.1)

where �j�� � is a mean � � multiplicity which is an input parameter,
�o���r� �

is a particle
productioncrosssectionover thatof ��� , �)� is thebranchingratio of thedecay, andS is
a scalefactorwhich is adjustablefor eachdecaymodeto obtainenoughstatisticsfor the
decaymode.

In orderto comparethehadroniccocktailandthedatatheeventgeneratorshouldbe
normalizedin thesamewayto representthepairproductionprobabilitypereventandper
chargedparticlemultiplicity measuredin the CERESacceptance.All generateddecays
canbenormalizedwith respectto ��� ’s andthenmultiplied by theratio of thenumberof
pionsto thenumberof chargedparticlesaveragedover theCERESacceptance:

  j����¢¡£�   j¥¤§¦�¡ g©¨#n«ªTªrn (5.2)

Finally, thekinematiccutsareappliedasfor thedata.Thus,theinclusivemassspec-
trum(hadroniccocktail)is generatedincludingall processeswith their properstrength.
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In orderto properlygeneratethe hadroniccocktail the knowledgeof the production
crosssections,branchingratios, rapidity andtransversemomentumdistributionsof the
parentparticlesis required. Due to the fact that differential crosssectionsfor many
light mesonsarenot known, an appropriatemodelshouldbe usedto provide the miss-
ing information. Fairly goodagreementwasobtainedbetweenpredictionsof a thermal

Figure 5.1: Comparisonbetweentheobserved particleratiosandthe predictionsof the thermal
model[2].

model[13,95] andratiosof integratedhadronyieldsmeasuredby severalexperimentsfor
Pb-Pbcentralcollisionsat SPSenergy (Fig. 5.1). Themodeldescribesparticleratiosat
chemicalfreeze-outwith only two fit parameters,the temperature( ¬ = 170 MeV) and
thebaryonchemicalpotential( �J = 68 MeV). For thecaseswhenthemeasurementsdo
not exist the crosssectionsof the hadronsrelative to thoseof ��� were taken from the
thermalmodel. NA44 [7, 96], NA49 [97] andWA98 [98] experimentsmeasuredrapid-
ity andtransversemomentumdistributionsof hadrons.Rapiditydistributionsof negative
chargedhadronsmeasuredby NA49 [99] wasusedfor all hadrons,sincethewidth of the
distribution in lead-inducedcollisionsseemsto notchangewith particlemass[100].

The ��� transversemomentumdistributionsmeasuredby NA49, NA44 andWA98 as
well asby CERES[1,101,102] cannot befitted with singleexponential.Thus,thepionprq spectrumwasparameterizedby

M¯®±°
�

® ° ® p³²µ´#¶
� G K¸·r¹º¼» k ´ _

� G K¸·r¹ºY½ k ´ °
� G K¸·r¹ºW¾ a (5.3)
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where ´#¶ = 1, ´ _ = 0.139, ´ ° = 0.107andthreeinverseslopeparameters:¬ ¶ = 0.1, ¬ _ =
0.23, ¬ ° = 0.102GeV/c_ . Thechargedpion distributionsmeasuredby NA44 wereused
to extrapolatetheinclusive transversemassdistributionsobtainedby WA98 to small u¿q .
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Figure 5.2: Inverseslopeparameterasa functionof mass[3–9].

For otherhadronsanincreaseof inverseslopewith masswasobserved [2] dueto the
collectivetransverseexpansionasshown in Fig. 5.2.Thismassdependenceof theinverse
slopeparametercanbeparameterizedasfollows:

¬ g�¨#n ]�ÊTË kÌ¨#n ]T]�Ë � u n (5.4)

To generatethe GIH2GLK invariantmassspectrumfor theDalitz decaystheelectro-magnetic
form factorswerefitted to theLepton-Gexperimentaldata[103,104]. In caseof the ��� -
andthe � -Dalitz decaythepoleapproximation

ÍÏÎSÐ _ÒÑ g Î ]ÔÓ�Õ Ð _ÒÑ K ¶ (5.5)

is used.While for the � - and � ’-Dalitz decaysa Breit-Wignerfunction

Ö ÍÏÎSÐ _ Ñ Ö _ g u¿×ØÎÙÐ _ Ó u _Ø Ñ _ k u _ØÛÚ _Ø (5.6)

determinestheform factors.For two-bodydecaysof the � and t mesonstherelativistic
Breit-Wignerfunctionis used:
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®
�

® Ð _ g
Î ]ÜÓ ÎÞÝ u � � Ð Ñ _ Ñ ° ß _ÎÙÐ _ Ó u _ à Ñ _ k u _ à Ú _� a (5.7)

where
Ð

is the áIâ2áLã invariantmass,mà is massof the � or the t mesons,Ú � is the
width of the � or the t . For a specialcaseof the � meson,which hasa width of about
150MeV/c_ , adifferentevaluationwasperformed[93,105]. Additionalexponentialtermä¢å#æ ã(ç ßÙè slightly affectsthe � massspectrum.The low massregion is increased,while
thehighmassesbecomelower.

The branchingratiosandrelative crosssectionsaregiven in Table5.1 for different
decays.Thedecaybranchingratiosweretakenfrom [106].

Particle Decay
� qêéSq / � � �ìë qêéSq BR� � á â á ãr� 1. (1.198Z 0.032)í 10ã _� áIâ�áLã � 0.085 (6.0Z 0.8)í 10ã °� áIâ�áLã 0.094 (4.67Z 0.09)í 10ã�î� áIâ�áLã 0.069 (7.14Z 0.13)í 10ã�î� áIâ�áLãl��� (5.9Z 1.9)í 10ã�×t á â á ã 0.018 (2.98Z 0.04)í 10ã�×� ’ á â á ãr� 0.0078 ï 5.6í 10ã�×

Table5.1: Thedecayssimulatedin thegenerator, relative crosssectionsandbranchingratios.

Emissionanglesof the electronand positronin the rest frame of decayingmeson
are generatedaccordingto a (1+ð�ñTò _ s ) distribution for the áIâJáLã � decays,where s is
measuredwith respectto thevirtual photondirection.In caseof the �³� �2�¼áIâ2áLã andthe
two-bodydecaystheuniformdistribution ( ðÛñTòós ) is used.

In orderto comparethesuperpositionof thegenerateddecaysto theexperimentaldata
thehadroniccocktailshouldbefoldedwith themassresolution.Oneof contributionsto
themassresolutionis givenby themomentumresolutionof thespectrometerwhich was
parameterizedasfollows:

\ôpp g i Î �Tõ Ñ _ k Î ] õ � p ÎÞö á�÷ �Xø ÑìÑ _ n (5.8)

Thepairopeningangleresolutionwhichalthoughnegligibly entersthemassresolutionis
givenby � _ùSúûú ï ÎUü � � ù ÑW_ k �òìýÿþ _ s Î ü � � � ÑY_ a (5.9)

wheretheangulartrackresolution
� ù ï ¨#n � and

� � ï Ý n ¨ .
All kinematiccuts appliedin the dataare also appliedfor the cocktail (transverse

momentumcut of b 0.2GeV/c,pair openinganglecut of b 35 mradandpseudorapidity
acceptance2.1 v � v 2.65). Fig. 5.3 shows the foldedwith massresolutionhadronic
cocktailafterkinematiccutsandbremsstrahlungeffectsfor theleadbeamdata.

The uncertaintiesin the branchingratiosand in the form factorswerediscussedin
detail in [24]. On systematicerrorsseealsosection7.5.



99

0 0.2 0.4 0.6 0.8 1 1.2

10
-8

10
-7

10
-6

10
-5

-1 )2
>(

10
0 

M
eV

/c
ch

>/
<N

ee
/d

m�

ee
<d

N

)
�2�

 (GeV/cee�m

>200 MeV/c�
t
�p >200 MeV/c�
t
�p

>35 mrad�
ee	Θ

<2.65
η�2.1<
�

γ

ee
→0 π

γ
ee

→η

0π
ee

→ω

γ
ee

→⁄η

ee
→ρ

ee
→φee

→
ω

Figure 5.3: Thehadroniccocktail foldedwith massresolutionafterapplyingthekinematiccuts
andbremsstrahlungeffects. Theblack line shows thesuperpositionof all contributionsfrom the
generatedhadrondecays.
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Monte-Carlo Simulation

A purposeof theMonte-Carlosimulationis to estimatethepair reconstructionefficiency
which is ameasureof theanalysissoftwareability to reconstructáIâ2áLã pairsprovidedthat
both tracksarein thespectrometeracceptance.In orderto produceMonteCarlo events
on which to performanalysisa full chainof stepsneedsto be taken from generationof
mesondecaysto productionof the simulateddata. The completesimulationprocedure
consistsof thefollowing steps:

� Requiredfinal-stateparticlesaregeneratedwith CERESeventgeneratorGENESIS
describedin chapter5. TheMonte-Carlostudydescribedin thischapteris basedon
four generatedsources��� -Dalitz, � -Dalitz, � and t .

� The generatedparticlesare then transportedin the materialof the experimental
setup,simulatingtheir interactionwith it andthe energy depositionwhich gener-
atesthe detectorresponse.This stepis actuallyperformedby passinggenerated
eventsthrougha GEANT3 [107] Simulationof theCERESspectrometer. GEANT
packageprovidesfull detectorsimulationincludingcompletegeometryof theex-
perimentalsetuptogetherwith materialdescription.Theoutputof GEANT simu-
lation is asetof digi-hitswhich includearecordof wereeachparticletraversedthe
detectorandhow muchenergy wasdeposited.

� GEANT simulationis followedby signaldigitizationanddetectorresponsesimu-
lation. During thisphasetheenergy depositionof theparticlesis convertedinto the
detectorresponsesuchastimesandvoltages,formattedaccordingto theoutputof
thefront-endelectronicsandthedataacquisitionsystemfor everydetectorsystem.
Thedigitizationis tunedto closelyreproducethedetectorresponsesin therealdata.

� The simulateddetectorsignalsarethenoverlayedon top of the real datain order
to properlyreproducethe eventmultiplicity. In this casethedataplay the role of
background.The obtainedevent is then passedthroughthe reconstructionalgo-
rithms producinghits, tracksandrings from the raw data. Note, that information
aboutdigi-hits is keptthroughall stepsallowing to identify generatedtracksat any
level of thesimulationprocedure.
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� Sincetheformatof theoutputof thepreviousstepis identicalwith theoutputof the
realdataanalysis(step2),thenext step(step3)is almostdirectly appliedasin data
with identicalcuts.

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

6.1 Silicon Drift Detectors

Thedigitizationproceduresimulatesdifferenteffectssuchaselectronicnoise,pickupand
ballistic deficit. The electroncloud is distributedover theanodesin stepof two anodes
at the sametime to simulatethe scanner. The preamplifierchip amplifiesthe deposited
chargeinto thevoltagesignal.Theballistic deficit andtheanodedependentgainchange
the signal in both radial and azimuthaldirections. Thereforethe hit amplitudeis not
homogenousover thewafer. Thesignalis spreadover 13 time-binsgivenby broadening
dueto theshapingtimeof thepreamplifierchipandover5 anodesinfluencedby diffusion
andgeometry. A Gaussian-likeelectronicnoiseis addedontopof eachcell. Tuningof the
MC parametersallowedto achievea goodagreementbetweenthedataandthesimulated
distributions.

Figure 6.1: Energy loss in SDD1 (top) andSDD2 (bottom)plottedseparatelyfor single-anode
hits (left) andmulti-anodehits (right). MC simulations(reddottedcurve) including ��� � â � ã
and ����� â � ã areshown on topof thedata(bluesolid curve).
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A studyof theenergy lossin silicon drift detectorsindicateda dependenceof d� /d�
on hit topology. ThusMC simulationswereperformedseparatelyfor single-anodehits
andmulti-anodehits. Fig. 6.1 illustratesa comparisonof theenergy lossdistributionsin
bothsilicon drift detectorsbetweendataandMC simulationfor differenthit topologies.
A secondLandaupeakin thedatad� /d� distributionat approximately1400corresponds
to thesignalof closedunresolvedtrackscomingmostlyfrom conversions.It is extremely
difficult to cleanup all target � -conversionswith a help of only RICH andTPC in the
data,while in the simulationenergy lossdistribution wasaccumulatedonly for the re-
constructedMC electrontracksfrom � and t generatedwith openinganglemuchabove
two-hit resolutionin SDD which resultsin theabsenceof doubled� /d� peak.Thus,ig-
noringsecondpeak,simulatedenergy lossdistribution perfectlydescribesthedatafor a
caseof multi-anodehitsin bothsilicondetectors.In caseof single-anodehitsareasonable
agreementwasalsoobservedfor SDD1andSDD2.

6.2 RICH Detectors

Thesignalof every digit is distributedover thearrayof 7 í 7 padssizeusingthe inverse
cosh-function.The padsunderspoked andoutsideacceptanceare ignored. Finally all
generatedpadspassthe datacut on minimum amplitude. Digitized padsarethenover-
layedon topof therealdata.
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Figure6.2: Comparisonof the � -distributionsof thesingleelectrontracksin thedata(bluetrian-
gles)andsimulation(blackhistogram)with � - � mapof deadregionsapplied.

The known deadregionswereswitchedoff sinceall attemptsto accuratelydescribe
the t -distributions of the reconstructedrings by removing simulatedpadsfalling into
known deadareasfailed. Insteadtheeffect of deadareaswasdeterminedusingthe real
data. The electrontracksselectedin the TPC werematchedto RICH rings. In caseof
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Figure 6.3: Houghamplitudedistributionsfor thedataDalitz sampleandthe reconstructed � -
Dalitz decaysin theMonte-Carlosimulation(left panel)andsimulatedhoughamplitudedistribu-
tionsfor differentopeninganglesof  � -Dalitz decays(left panel).

thedeadregion no matchwasfound. The resulting s - t mapof the matchedtrackswas
appliedon the level of global tracks. A properscalingof the mapwasdoneto account
for the efficiency lossesdueto a cut on Houghamplitudeof the rings. Fig. 6.2 shows
thecomparisonof the t -distributionsof singletracksin thedataandin thesimulations.
Thetwo largeareaswith low efficiency at ï -1 mradand1 mradcanbeseen.Thedead
regionsarereasonablydescribedby theMC usingtheconstructeds - t map.

In order to study the performanceof the RICH MC the Dalitz decaysamplewas
selectedin the realdata. Two identifiedelectrontracksvia energy lossin theTPCwith
openinganglebetween10and35mradwerematchedwith SDDsegments.Thecorrelated
cut on d� /d� in silicon drift detectorswasappliedto remove � -conversions.Obtained
SDD-TPCtrackswerefinally matchedto RICH rings. No cutson ring quantitieswere
applied.

TheDalitz decayswerealsogeneratedwith GENESIS,passedthroughGEANT and
finally reconstructedwith theanalysissoftwareapplyingidenticalopeninganglecut.

RICH rings arecharacterizedby Houghamplitude,numberof hits andsumanalog
amplitude. The comparisonof the distributions on Hough amplitudeobtainedfor the
dataandMC is shown in Fig. 6.3. Althougha tail of theMC distribution deviatesfrom
the data, the overall shapeis reproduced.Possibleeffect of the touchingring problem
wasclarified by varying a cut on the openingangleof the ��� -Dalitz decays(Fig. 6.3).
For four differentopeninganglecutsfrom 35 mraduntil 60 mradtheHoughamplitude
distributionsstayalmostidentical.

Fig. 6.4illustratestheMC distributionsonhitsperring andsumanalogamplitudefor
bothRICH1andRICH2plottedontopof thedatadistributions.A shift of 1 hit is observed
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Figure6.4: Comparisonbetweenthehitsperring (top)andsumamplitude(bottom)distributions
in thedataandin theMonte-Carlosimulationfor RICH1 (left side)andRICH2 (right side).

for thehits on ring in the two RICH detectors.Theobserveddisagreementmight bean
effect of the remaininggain fluctuations.An admixtureof the � -conversionsto the ��� -
Dalitz decaysamplemay alsodistort the resultantdistributions,particularly increasea
numberof hits on rings. The sumanalogamplitudedistributionsdo not well coincide
also.Howeverin thedataanalysisthecutsonsumamplitudewerediscardedasapossible
sourceof thesystematicuncertainties.A cut on hits per ring in thedataanalysisis very
soft and,thus,doesnot almostaffect theefficiency.

6.3 The TPC

Simulationof theCERESTPCconsistsof thefollowing steps:
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� Generationof ionizationalongthetrack

� Electronpropagationin theelectricfield

� Generationof thepadsignal

� Creationof the”raw” Monte-Carlopixels

Generation of ionization is basedon GEANT hits usedto constructa straight track
segmentalongwhich the primary ionization is randomlydistributed. Primary specific
ionizationfor eachtrack is calculatedaccordingto [108]. Fluctuationsof thenumberof
primarycollisionsarewell describedby Poissonstatistics[109]. Thenumberof primary
ion pairsis scaledwith thesegmentlength.For eachprimaryion pair, secondaryioniza-
tion is calculatedby generatingaspectrumof

[
-electrons.

Propagation in the electric field is thenperformedfor eachionizationelectron. The
drift velocity at a given position in the TPC is calculatedusingelectricfield table. To
find a new positionof theelectronaftera certaindrift time a setof ordinarydifferential
equationsis solvednumerically. After eachiterationthe transverseandlongitudinalco-
efficientsareusedto smearthe electronposition. Th last incrementof the drift time is
calculatedaccordingto theknowledgeof theexactpositionof thereadoutchamber.

The pad signal generation is basedon the inducedcharge distribution. The ionization
electronsarriveat a certainpositionon thepadplane.If ) -positionof theelectronis out-
sideof theanodewiresregion, theelectronis assumedto belost. Thesignalon thewire
at which theprimaryionizationelectroncreatesanavalanche,is generated.Theinduced
chargedistribution on thepadplaneis calculatedaccordingto theGatti singleparameter
empiricalformula [110]. Thepadresponsefunction is thencomputedby integratingthe
inducedchargedistributionover thepadarea.

The raw MC pixels aredefinedaspadsignalsin a certaintime-bin. The arrival time
of the primary ionizationelectronshasbeendeterminedduring the propagationof the
electronsin the electricfield of the TPC.The signal inducedon the padshaslong tails
dueto thelong drift time of theionsproducedby theavalanche.Thestartof theinduced
signaldependson the positionof the primary electronwith respectto the anodewire.
The charge inducedon the padis spreadout in time accordingto the time distributions
of the inducedsignal for differentpositionsof the primary electronwith respectto the
anode.The total time rangeis divided into 8 í 256 bins andthe width of eachtime-bin
correspondsto thetransferfunctionof theTPCelectronics.All thesignalswhich fall into
a giventime-binaresummedup for eachpad. Thefinal list of pixelsconsistof thepad
andplanenumbers,time-bin,andamplitude.

The quantitiesof the TPC track are a numberof hits on track, momentum,t and s
coordinatesandenergy loss.In orderto checkwhethertheTPCMC is realisticthesimu-
lateddistributionswerecomparedto thedata.Basedontheelectrontracksidentifiedwith
strongcuts in the RICH the comparisonbetweenthe dataandthe MC Dalitz decaysis
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Figure 6.5: Numberof hits on trackasa functionof theta(top) andphi (bottom)in thedataand
in theMonte-Carlosimulation.

performed.Fig. 6.5shows theMC distributionof a numberof hits on trackasa function
of + and , ontopof thedata.All 16holesbetweenchambersin the , dependenceaswell
asinefficient region at , of approximately-3 mradarewell described.Thusrathergood
agreementwithin theTPCacceptance0.141 - +.- 0.244rad. is observed. A compar-
isonof theenergy lossby electronsbetweenthesimulationandthedatais illustratedin
Fig. 6.6.Again theMC distributionagreeswith thedataquitewell. Morecomprehensive
comparisonof energy lossby bothpionsandelectronsbetweendataandoverlayMC was
performedfor differentmomentumbins. Electronandpion tracksweregeneratedwith
realistic momentumdistributions, then put on top of the real eventsand reconstructed
applyingtrackqualitycutssimilar to thedata.TheoverlayMonteCarloexhibitsgoodde-
scriptionof thedataover thetwo ordersof magnitude(limited by accumulatedstatistics)
asillustratedin Fig. 6.7 for two momentumbins.
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Figure 6.6: Comparisonbetweenenergy lossdistributionsin thedataandin thesimulation.
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6.4 Matching betweenDetectors

Onceall segmentsin separatedetectorsarereconstructed,they arematchedin orderto
createglobal tracks. Sincein the dataanalysisthe cutsare appliedon the matching
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Monte-Carlosimulationfor SDDandTPCcombination.
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Figure 6.10: Comparisonof the J - (left) and K - (right) matchingdistributionsin thedataandin
theMonte-Carlosimulationfor RICH andTPCcombination.
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distributions,thewidth andthemeanof thematchingbetweendifferentdetectorsmustbe
similar in thedataandin thesimulation.Theoverallmatchingdistributionsin , andin +
for thedataandtheMonte-Carloareshown in Fig.6.8for SDDandTPCcombinationand
in Fig. 6.10for RICH andTPCcombination.Simulatedwith overlayMC techniquedis-
tributionsseamto accuratelydescribethedatafor bothdetectorcombinationsSDD-TPC
andRICH-TPC.However thewidth of thematchingdistributionsdependsonmomentum
of the track dueto multiple scatteringeffectsand thereforethis dependencewas taken
into account.Theobserveddependenceof thewidth on + andSDDhit topologywasalso
simulatedin Monte-Carlo. The width of the simulatedmatchingdistribution in , and
in + asa function of momentumfor the + -bin 170 - + - 190 mrad. is displayedin
Fig. 6.11 for the RICH-TPC.The parameterizationof the datais well describedby the
MC dependenceof thewidth of both gh, and gi+ matchingdistributions.In caseof match
to SDDdetectorsystem,simulateddistributionswerecheckedfor differentcombinations
of SDD hit topologiessimilarly to the data. The SDD trackswere divided into three
groups:trackswith two single-anodehits, trackswith single-anodeandmulti-anodehits,
andtrackswith two multi-anodehits. Fig. 6.9shows themomentumdependentwidth of
theMC matchingdistribution in , andin + within the + -bin 200 - +j- 220mradfor a
caseof two multi-anodehitsonSDDtracks.Both theMC andthedataparameterizations
arereasonablyclose.

6.5 Pair ReconstructionEfficiency

To be ableto comparethe datawith the hadroniccocktail and/orthe theoreticalcalcu-
lations, the reconstructedkmlnkpo pairs must be absolutelynormalized. One part of the
normalizationprocedureis thecorrectionof thereconstructedelectronpairsaccordingto
thepair reconstructionefficiency. Theefficiency correctionis doneon theevent-by-event
basismultiplying every kmlnkpo pair with theinverseefficiency for thatevent.

After the responsesof all the detectorsystemsaresimulatedproperlythe generated
distributionscan be usedto computethe track reconstructionefficiencies. In order to
cover low andhigh massrangesdetectedby the CERESexperiment,the four decays-qsrht u k l k o , v t u k l k o , w t k l k o and , t k l k o weregeneratedwith GENESIS
generatorapplyingstandardanalysiscutsasthetaacceptanceof 0.141 -x+y- 0.244rad.,
transversemomentumcut of pz|{ 0.2 GeV/c andopeninganglecut of 35 mrad. Thus
therearealwaysonly two MC electrontrackspereventoriginatedfrom theprimarydecay
within theacceptanceof thespectrometer. Thetotal numberof generatedeventsis 2 } 10~
for eachdecaymode.Thenthefull simulationof detectorswasperformedby GEANT3
includingsimulationof interactionsin thematerialandtheenergy depositionasalready
discussed.Theoutputof GEANT3 wasdigitizedandoverlayedon therealdatain order
to reproducerealoccupancy in thedetectors.Theobtainedeventwasthenanalyzedby the
CERESreconstructionsoftwarefollowing all stepsof thedataanalysis:step2,step3and
step4.Identicalcutswereappliedfor theMC tracksasfor thedata.Themomentumand
thetadistributionsof thegenerateddecaysbeforeandafteranalysiscutsareillustratedin
Fig. 6.12andFig. 6.131, respectively.

1Thetaacceptance,transversemomentumcut andopeninganglecut areappliedfor both casesbefore
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Figure 6.12: Momentumdistributionsof four generateddecaysbeforeanalysiscuts(left panel)
andafteranalysiscuts(right panel).
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Figure 6.13: Thetadistributionsof four generateddecays( � r , � , � , J ) beforeanalysiscuts(left
panel)andafteranalysiscuts(right panel).

Thesingletrackefficiency is determinedasa ratio of reconstructedtrackssurviving
all analysiscutsandinitial generatedtracks. The pair efficiency is similarly definedre-
quiring two tracksbeingreconstructed.In orderto accuratelyevaluatethepairefficiency,
thevariousdependenciesof thesingletrackefficiency on + , trackmomentumandevent
multiplicity werestudied.Thetrackreconstructionefficiency in theTPCstartsto decrease
far below 1 GeV/c momentumwhich approximatelycorrespondsto transversemomen-
tum cut of 0.2 GeV/c. Thereforein the low momentumregion closeto appliedpz cut

andafteranalysiscuts.
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theefficiency is not expectedto dependon momentum.On theotherhand,themomen-
tum dependentcut on specificenergy loss in TPC may influencethe track efficiency at
high momentawhich canmostlyaffect the , meson.This hasbeeninvestigatedfor four
generatedsourcesasa function of momentum.The resultsareshown in Fig. 6.14. In
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Figure6.14: Singletrackefficiency asa functionof momentumfor four simulateddecays( � r , � ,
� , J ).

fact,themomentumdependenceof theefficiency wasobservedneitherfor low momenta
nor for thehigh momentumregion proving thatthegliding cut on theTPCd� /d� versus
momentumwith low slopeis asafeone.

Anotherstudyof the efficiency asa function of � wasalsoperformedfor four sim-
ulateddecaysasshown in Fig. 6.15. A strongdependenceof the track efficiency on �
wasfound.Moreoverall four sourcesexhibit verysimilardependenciesin termsof shape
andabsolutevalues.To studythemultiplicity dependenceof thereconstructionefficiency
themultiplicity wasdivided into five bins. Fig. 6.16displaysthesingletrackefficiency
dependenceon � for lowestandhighestmultiplicity bins.

A reasonableparameterizationof theefficiency asafunctionof � is performedby afit
with polynomial. Althoughtheobserveddependenceof theefficiency on theeventmul-
tiplicity is weak,it wasabsorbedin theefficiency correctionproceduredescribedbelow.
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Figure 6.15: Single track efficiency as a function of theta for four simulatedwith GENESIS
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For a track with � -coordinatefrom a giveneventwith multiplicity ¤ the reconstruction
efficiencies¥§¦ and ¥©¨ arederivedfrom theparameterizationfor thesame� for lowest ¤ª¦
andhighest¤�¨ multiplicity bins. A line is thenconstructedbasedon thetwo points( ¥«¦ ,
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¤ª¦ ) and( ¥¬¨ , ¤�¨ ). This line describesa dependenceof theefficiency on themultiplicity
for a given � . Finally the trackefficiency is extractedfrom the line equationfor a given
eventmultiplicity ¤ :

¥® ¥¬¨¯}°¤ª¦²±³¥«¦²}m¤�¨
¤ª¦²±´¤�¨ µ

¥§¦¶±´¥¬¨
¤ª¦¶±·¤�¨ }m¤¹¸ (6.1)

Fig.6.17showsadependenceof thereconstructionefficiency ontheeventmultiplicity
for four different � bins. The parameterizationsof efficiency dependencescalculated
accordingto the describedprocedureshow good descriptionof the separateefficiency
valuesfor each� -bin within statisticalerrorsasillustratedin Fig. 6.17.
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Figure6.17: Singletrackefficiency asafunctionof multiplicity for differentthetavalues.Thepa-
rameterizationsof theefficiency dependenceareshown by lines.A reasonableagreementbetween
theparameterizationandtheactualvaluesof theefficienciesis observed.

In theabsenceof paireffectsthepair reconstructionefficiency ¥¬¿À¿ canbedecomposed
into theproductsof thetrackefficiencies:

Á
¥¬¿À¿ 

Á
¥ÂzÄÃÆÅ©ÇÉÈÊ¦§ËÌ�p¦§ÍÏÎÐÇÒÑmÓ¶}Ô¥©zÄÃÆÅÂÇÒÈ¬¨ÕËÌ�°¨mÍÏÎÐÇÒÑmÓ Í (6.2)

where ¥ÂzÄÃÆÅ©ÇÉÈÊ¦§ËÌ�p¦§ÍÏÎÐÇÒÑmÓ and ¥©zÄÃÆÅÂÇÉÈÖ¨ÕËÌ�°¨mÍÏÎÐÇÉÑÔÓ are the derived single track efficienciesasa
functionof � andeventmultiplicity. To investigatethepossiblepaireffectsthepair recon-
structionefficiency correctedfor thesingletrack efficiency asa functionof � andevent
multiplicity wasplottedagainstanopeningangle(Fig. 6.18).



116 6. Monte-Carlo Simulation

opening angle (mrad)
0 50 100 150 200 250 300 350 400 450 500

P
ai

r 
ef

fi
ci

en
cy

0

0.2

0.4

0.6

0.8

1

1.2

Figure 6.18: Pair efficiency asa function of openinganglebetweentwo tracksbelongingto th
sameevent. Parameterizationof the efficiency dependenceabsorbsan effect of touchingring
leadingto apeakat 60mrad(approximatelytwice theradiusof electronring).

To coverwide openinganglerangethefour simulatedsourcesweresummedup. The
two paireffectswereobserved.Thefirst oneis thepeakat60mardcorrespondingto two
touchingrings. In fact, oneelectronring helpswith its hits to anotherring locatedtwo
ring radiusesapartresultingin increasingreconstructionefficiency of sucha pair. The
secondpair effect is theunderlyingdropof efficiency which startsat openinganglesof
approximately250 mrad. andcontinuesdown to very small openingangles. Actually,
dueto theanalysisopeninganglecut of 35 mrad,a behavior of thepair efficiency in the
region between0 and35 mradis not known (assumedto be flat matchinga decreaseof
efficiency in theregion65 ×x�°¿À¿Ø× 250mrad).Thissurprisingdropof thepairefficiency
canbe accountedfor by the specificconstructionof the experimentalsetup. The geo-
metricaleffect mayarisefrom a locationof theradialspokesin bothRICH detectors(10
spokesin RICH1 and16 spokesin RICH2) with a distancebetweenspokescomparable
to thediameterof theelectronring. Moreover thepair efficiency dropwasfoundto bea
consequenceof thedependenceof efficiency on ghÙ betweentwo electrontrackswhile a
dependenceof pair efficiency on gi� wasnot observed. This speaksin favor of thegeo-
metricaleffectsresponsiblefor thedecreaseof pair efficiency. An attemptto additionally
correctsingletracksby trackefficiency asa functionof Ù did not resolve a problemand
thespecificbehavior of pair efficiency blow 250mradremained.Thedependenceof the
pair efficiency on theopeningangle�°¿À¿ wasthenparameterizedby

Ú ËÌ�°¿Ì¿ÖÓÛ Ú r µ Ú ¦²}°�°¿À¿ µ Ú ¨¯}Ô�
¨¿Ì¿ µ ÚÝÜ }Ô�

Ü¿Ì¿ µßÞ }mà«áãâäËÂ±æåç¸éèçËÌ�°¿À¿¶±ëêìÓ¬ípîïÓ ¨ Ó«Í (6.3)

where ê correspondsto a meanof the peakat 60 mrad., î is a peakwidth, Þ is the
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normalizationof theGaussianandÚ r Í Ú ¦«Í Ú ¨°Í ÚðÜ aretheparametersof thepolynomial.For
themixedeventbackgroundtheparameterizationwasbasedonly onapolynomialof third
orderasshown in Fig. 6.19. Sincethepeakat 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. Parameterizationof theefficiency dependenceis donefor thepair efficiency correctionof
themixedeventbackground.Thepeakat 60 mradis ignoredasa featureof thepairswith both
trackscomingfrom thesameevent.

According to all studiedeffects the pair efficiency factorizesinto track efficiencies
dependingon ÎÐÇÉÑ and � andadditionalcorrectionsfor paireffects:

Á
¥¬¿À¿ 

Á
¥©zÄÃÆÅÂÇÒÈ§¦ÊËÌ�p¦§ÍÏÎÐÇÉÑÔÓ¶}Ô¥©zÄÃÆÅÂÇÉÈÖ¨ÕËÌ�°¨mÍÏÎÐÇÉÑÔÓ¶}Ô¥¬¿À¿òËÌ�°¿Ì¿ÖÓ Í (6.4)

where¥¬¿À¿òËÌ�°¿Ì¿ÖÓ is theparameterizationof theparefficiency dependenceonthepairopening
anglewhich is donedifferentlyfor thepairswith bothtracksfrom thesameeventandfor
themixedeventpairsasdiscussedabove.
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7

Results

In this chapterthefinal resultsof theexperimentalanalysisof dileptonproductionin Pb-
Au collisionsat 158A GeV from the2000run arediscussed.Thedataarecomparedto
theexpectationsbasedonfreedecayprocessesof thevarioushadronsin thefinal stateand
to thecalculationsbasedon thefree qsq annihilationwhich is expectedto bea dominant
sourceof kmlnkpo pairsat SPSenergies.In orderto learnaboutthetypeof mediummodifi-
cationsneeded,in fact, to accountfor theexperimentalresults,thedataarecomparedto
differenttheoreticalmodelsinvoking in-mediummodifications.

7.1 Data Normalization

In the absenceof a new physicsan ion-inducedreactionscanbe consideredasa mere
superpositionof thenucleon-nucleoncollisions.Thereforethedileptonproductionprob-
ability pereventscaleswith theeventmultiplicity. Thusthedataarenormalizedto rep-
resentthe pair productionprobability per charged particle within the CERESrapidity
acceptance:

óÀô Îõ¿Ì¿©í ô ¤�¿À¿©öó ÎÐÇÉÑÕö  Ë ô ÎÐ¿À¿©íp¤�¿À¿¬ÓÂÇÉ÷ÀÃÀÃ
Îõ¿Òøù} óÀô ÎõÇÉÑÔí ô vçö¶}Ôgúv Í (7.1)

where Ë ô ÎÐ¿À¿¬íp¤�¿À¿¬ÓÂÇÉ÷ÀÃûÃ is the numberof measuredkmlskpo pairsper massinterval cor-
rectedfor efficiency asdescribedin thechapter6.5, Îõ¿Òø is thetotal numberof analyzed
events,

óÀô ÎõÇÉÑÔí ô vçö is thechargedparticlerapidity distribution per unit of rapidity at the
CERESacceptance,gúv is theCERESfiducialacceptance(0.55).

7.2 MassSpectrum

Theabsolutelynormalizedel eo invariantmassspectrumaftermixed-eventbackground
subtractionis shown in Fig 7.1. The procedureof the normalizationwasdescribedin
previoussection.For theefficiency correctionseesection6.5. Thenumbersof electron

119
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Figure 7.1: Inclusive �����
	 invariantmassspectrumfor Pb-Au collisionsat 158 GeV/c per nu-
cleon. The spectrumis correctedfor pair efficiency andnormalizedto �������� . The solid black
curve representtheexpectedyield of all hadronicsources.

pairstogetherwith thesignalto backgroundratiosin thefinal samplefor low- andhigh-
massregionsaregivenin Table7.1.Thestatisticalerrorsof thedataareshown asvertical
bars.

Comparisonof the e� e	 invariantmassspectrumandhadronicdecays(seeFig 7.1)
shows a goodagreementwithin the errorsfor the massesbelow 200 MeV/c� wherethe
expectedyield is dominatedby ��� -Dalitz decays. However, for the high-massregion
above 200 MeV/c� the datasignificantlyovershootthe hadronicdecaycocktail in con-
trastto theproton-inducedreactionswheretheexcellentagreementwith theexpectations
from hadronicdecayswasfound. In themassregion 0.2 � ������� 1.1 GeV/c� 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 � � � 	 pairsandsignal-to-background ratio for differentmassregions.

hancementfactor(theratioof theintegratedmeasuredyield to theyield obtainedfrom the
hadronicdecays)is 2.45 � 0.22[stat]� 0.38[syst]� 0.74[decays].Thenormalizedyield
of � � � 	 pairs integratedfor the masses0.0 � ������� 0.2 GeV/c� is (8.44 � 0.28[stat]� 1.33[syst])! 10	#" . Integratingthe normalizedyield in the massregion 0.2 �$�����%�
1.1GeV/c� gives(4.49 � 0.41[stat]� 0.70[syst])! 10	#" . Systematicerrorsaredescribed
in section7.5.

A continuumexceedingthehadroniccocktailoccupiesthemassregion between200
MeV/c� and600MeV/c� . Dif ferentto all previousCERESresults,theresonancestructure
triggeredby vectormesonsis seenfor themassesabove 600MeV/c� . Due to improved
massresolutionwith radial-driftTPCthe & and ' vectormesonsaremeasured.Theyield
of the ' mesonin the electromagneticdecayhasbeenstudiedin detail [111]. A yield
of (*),+-(/. ( '10 � � � 	 ) = 2.04 � 0.49[stat] � 0.32[syst]is obtained. After correction
for acceptanceandefficiency this valueagreewith theyield on K � K 	 measuredalsoby
CERES.Thedifferencelarger than1.6 betweentwo channelsis expectedat 95%confi-
dencelevel.

In additionit is alsointerestingto look at transversepair momentumdependenceof
theelectronpair yield. The massspectrawith differentpair-p���2 cutsp���2 � 500MeV/c
andp���2 � 500 MeV/c areshown in Fig 7.2. Two spectra(left panelandright panel)
arevery differentbothin shapeof thecontinuumandin theabsolutenumberof pairsfor
themassregion 200 � ���3�4� 700MeV/c� . Theenhancementin thehigh-massregion
is larger for p���2 � 500 MeV/c whereasfor the massesbelow 200 MeV/c� the dataare
perfectlydescribedby thehadroniccocktail.Theratio of theintegratednormalizedyield
of � � � 	 pairsto theyield derivedfrom thesumof thehadronicsourcesin themassregion
0.2 �5���3�6� 0.6 GeV/c� is 2.26 � 0.27[stat] � 0.35[syst] � 0.68[decays]for 7 ���2 �
500MeV/c and4.29 � 1.15[stat]� 0.67[syst]� 1.29[decays]for 7 ���2 � 500MeV/c.

7.3 Pair-pt Spectra

In orderto discriminatedifferentmechanismsleadingto a strongdileptonenhancement
in theinvariantmassspectra,thedileptontransversemomenta(thetotalmomentumof the
dileptonpair perpendicularto thebeamaxisof thecolliding nuclei)havebeenmeasured.
Fig. 7.3 shows the transversepair momentumdistributions for the threemassregions���3�8� 200MeV/c� , 200 �9�����:� 700MeV/c� and ���3�8� 700MeV/c� comparedwith
expectationsfrom hadronicdecays.Thesingleparticletransversemomentumcut 7 2 �
200MeV/c� stronglyeffectsthepair transversemomentumdistributionfor massesbelow
400MeV/c� at low pair-p�3�2 .

For massesbelow 200 MeV/c� the dataagreewith the predictionsfrom the cock-
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Figure7.2: Inclusive massspectrafor thetwo transversepairmomentumbins.Left panel:p���2PO
500MeV/c. Right panel:p���2RQ 500MeV/c. Thesolid line shows thehadronicdecaycocktail.

tail dominatedin this massregion by ��� -Dalitz and S -Dalitz decays(top panel). In the
massregion 200 � �����T� 700MeV/c� theexperimentalpointslie significantlyabove
the hadronicdecaycontributions(middle panel). The enhancementpreviously seenin
the invariant massspectrumshows up also in the transversepair momentumdistribu-
tions. The effect is strongestfor pair-p�3�2 � 600 MeV/c. In the third massbin above
700MeV/c� enhancementof thedataover thecocktail still remainsalthoughsomewhat
lowerin magnitudethanin themiddlemassregion. Theexcessof theexperimentalpoints
for �����U� 700MeV/c� correspondsto theexcessobserved in thee� e	 massspectrum
betweenthe & andthe ' vectormesons.

7.4 Multiplicity Dependenceof Enhancement

Oneof the main evidencesfor a ’non-trivial’ sourceof the dileptonpairs in heavy ion
collisionsis thedependenceof thedileptonsignalon thechargeparticledensity. Fig. 7.4
displaystheenhancementfactorsasa functionof (*)V���W+X(*S for three � � � 	 invariantmass
regions:m���Y� 200MeV/c� , 200 � m���Z� 600MeV/c� andm���8� 600MeV/c� .

If hadrondecaysare the only sourcesof dielectronpairs,as is the casein p-p and
p-A collisions, the datashouldscalelinearly with chargedmultiplicity, as indicatedby
thehorizontalline in Fig 7.4. This behavior is observedin thelowestmassregion which
is occupiedby theDalitz decaysrepresentinga trivial hadronicsourcesof the � � � 	 pairs.
However, takinginto accountthatthecocktailyield pernumberof chargedparticlesdoes
notdependon )V��� , thedataclearlyexhibit astrongerthanlineardependenceasafunction
of chargedmultiplicity within highermasswindows. Thelargesteffect is observedfor the
massesbetween200and700MeV/c� , whereasin theresonanceregion for massesabove
600MeV/c� theenhancementis somewhatreduced.
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In fact, therearedifferentexpectationson the dependenceof dileptonyield on the
chargedparticledensity

(�)����(/S � � (*)V���(*S ����� (7.2)

In [112] the quadraticdependence( � = 2) is predictedwhile other proposalspredict
weaker dependenceof � � � 	 pairs on charged particle multiplicity ( � = 1.1 [113] and� = 1.3[114]).

Theobservedstronger-than-linearscalingof thedileptonyield on )���� providesasup-
port for thetwo-bodyannihilationreactionsasa dominantsourceof theelectronpair en-
hancement.Unfortunately, still largestatisticalerrorsdonotallow to distinguishbetween
possibledifferentscenariosof thescalingbehavior, like a thresholdeffect or a saturation
behavior.

7.5 SystematicErr ors

The sourcesof the systematicerrorsincludeerrorsin the event generatoranderrorsin
the event analysis.The threemain contributionsto the systematicsin the dataanalysis
aretheuncertaintiesin theefficiency correction,in thenormalizationof themixed-event



7.5SystematicErr ors 125

backgroundandin thenormalizationof thedileptonyield on thechargedparticledensity.
Thesystematicuncertaintiesin theeventgeneratoraredifferentfor thelow-massand

high-massregions. The main contributions to the systematicsfor the massesm�����
200MeV/c� dominatedby ��� -Dalitz aretheuncertaintiesin therelativeproductioncross
sectionof the ��� andtheparameterizationof thetransversemomentumandtheinput ra-
pidity distributions. For m��� above 200MeV/c� thesourcesof thesystematicerrorsare
the detailedpropertiesof the electro-magneticdecaysaswell asthe relative production
crosssectionsof the high massmesons.A detail descriptionof the uncertaintiesin the
eventgeneratorcanbe found in [24,30]. Thesystematicerrorsof thehadroniccocktail
wereestimatedto be8%for thelow-massand30%for thehighmassregions.

In thedataanalysistheerrorsin theefficiency correctionarisefrom thefactthatsim-
ulateddetectorresponsesdo not exactly matchtheexperimentaldatadistributions.Thus
thecutsappliedmight affect thesimulatedandthereal tracksin a slightly differentway
leadingto increaseor decreaseof theestimatedefficiency. Thedominantcontribution to
theerrorin theefficiency correctionis givenby a cut on thenon-linearHoughamplitude
of the ring (seesection6.2). A detailedstudyof theHoughamplitudedistributionswas
performedin thedataon theDalitz sample.ThesimulatedHoughamplitudesareshifted
relative to the databy up to 10% dependingon the selectioncriteria of the dataDalitz
sample.To accountfor theobservedrelativedifferencebetweenthedataandtheMC, the
cuton theHoughamplitudethatis lowerby 10%thanin thedatawasapplied.This leads
to achangein thepairreconstructionefficiency of 8%. Thustheshift in thedistributionof
Houghamplitudesis assumedto introducea 4% systematicerror. All otherdistributions
arewell reproducedby theMC (chapter6) with exceptionof thesumanalogamplitudes
andnumberof hits per ring in bothRICH detectors.Thecutson sumanalogamplitude
have beencompletelydiscardedaspotentiallydangerousonesleadinglarge systematic
uncertainties.The numberof hits per ring in the simulationwasobserved to be shifted
by approximately1 hit relative to the data. This requiredconsequentlylowering of the
correspondingcutson MC information. In orderto estimatea total sumeffect of all cuts
onsystematics,therelativechangesin theopenDalitz decayyieldsbetweenpre-rejection
stageandpost-rejectionstagehavebeenstudiedseparatelyfor thedataandMC. In order
to suppressthe � -conversionadmixtureto theDalitz samplein thedatafor a caseof the
pre-rejectionstage,cutsonSDDd� /d� andonHoughamplitudewereapplied.They cor-
respondto cutsnumber1 and2 in Fig. 4.24. Thusthepre-rejectionstagecorrespondsto
cut number2, while thepost-rejectionstagecorrespondsto cut number11. Theidentical
first two cutswereappliedfor theMC Dalitz samplein a caseof thepre-rejectionstage.
It is alsoworth to notethatthefirst SDDd� /d� cutperformedonmulti-anodehits is per-
fectly reproducedby theMC simulations(seesection6.1)andthereforegivesanegligible
contribution to systematics.Theratio of theDalitz yield at thepost-rejectionstageto the
Dalitz yield at the pre-rejectionstagegivesa relative rejection. The estimatedrelative
rejectionof Dalitz decaysis 0.71 in thedataand0.69in theMC. Thereforethe relative
differencebetweenthesetwo ratios is 2.8%. The contribution of the Houghamplitude
cut,notaccountedfor by thestudyof theDalitz decayyields,hasalreadybeenestimated
as4%. Matchingcutsof 3 ��� leadto 2.8%errorfor a pair. Thereforethetotal systematic
uncertaintyof thepair efficiency correctioncanbeconsideredas5.6%.

Thenext contribution to thesystematicerror is thenormalizationof themixedevent
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background.Theerrorof thefit of theratio of thegeometricmeanof thelike-sign � � � �
and � 	 � 	 massspectrato themixedeventbackgroundcontributesto thesystematicun-
certaintywith 8.5%giventhesignal-to-backgroundratio of 1/21.

Thesystematicerrorof N ��� wasestimatedby checkingthesensitivity of theresultsto
smallmodificationsof theanalysisprocedure[81] asvaryingthepositionsandthewidth
of the ' regions,varyingtherangeof normalizationduringfakesubtraction,choiceof �%'
in thetwo-trackextrapolation,etc. Thequadraticsumof all effectson N ��� wasestimated
to be12%.

Thereforethe overall systematicerror is 15.7%(uncertaintiesin thecocktail arenot
included).

7.6 Theoretical Inter pretations

This sectionbriefly reviews maintheoreticalefforts in studyingtheexperimentaldataon
thelow massdileptonproduction.

7.6.1 Free ������� Annihilation in the Hadronic Fir eball

At full CERNSPSenergiestheratioof pionsto baryonsis approximately5:1. Therefore,
asalreadymentioned,the dominantin-mediumsourceis expectedto stemfrom � � � 	
annihilation

� � � 	�� � 0 � � � 	 � (7.3)

All calculationsbasedon thefree � � � 	 annihilationhave thecommonfeature.Although
anincreasedtotal yield approximatelyagreeswith theexperimentaldata,theshapeof the
spectrastronglydeviatesfrom the data. All theoreticalcalculationsproducetoo much
yield aroundthefree � massandtoo little below, which is a consequenceof thefreepion
electromagneticform factorpeakingat the � resonance.

Incompatibilityof free � � � 	 annihilationshowsup in theall CERESresultsobtained
in the ion-inducedreactions.Although the strongexcessof the dataover the hadronic
cocktailobservedin theearlysulfur runsis somewhatreducedin the1995/96combined
dataanalysisaswell asin the2000dataanalysisdisplayedin Fig. 7.5, the inclusionof
thefree � � � 	 annihilationcanstill not resolve thediscrepancy with thedata.

While in theion-inducedsystemsthecocktailis somewhatcloseto saturatingthedata
in the � +W& region, the free � � � 	 0 � �60 � � � 	 processhasits maximumcontribu-
tion. However, for the SPSconditionsthe excited nuclearsystemis expectedto spend
a significantpart of its space-timehistory in a hadronicphasewith a large pion com-
ponent. Therefore � � � 	 annihilationcan not be neglectedin favor of other different
processeswith flat characteristicsasa functionof invariantmass( ���� annihilation).Con-
sidering � � � 	 annihilationasa dominantprocess,essentialmediummodificationsare
expectedto giveadditionalstrengthto thelow massdileptonyield resultingin filling the
0.3-0.6GeV/c� massregionwithoutgiving toomuchyield aroundthefree � mesonmass.
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Figure7.5: Comparisonof � � � 	 massspectrumwith thecalculationbasedon © � © 	 annihilation
usingthefree ª spectralfunction.

7.6.2 In-medium Modifications of the Vector Mesons

Largeeffortshavebeenundertakento investigatethein-medium� mesonpropertiesdueto
its prominentrole in heavy ion dileptonmeasurements.As discussedin theintroduction,
amongthelight vectormesonstheshort-lived � decaysinsidethefireball which makesit
mostsensitiveto thein-mediummodifications.

Therearetwo mainapproacheswhich includemedium-inducedchangesof thevector
mesonproperties:« Theapproachdevelopedby Brown andRho,in which themassesof vectormesons

reduceasa function of the densityandessentiallyin proportionto the disappear-
anceof thequarkcondensate.In this intuitive picturetheobserveddileptonyield
providesa directlink to thechiral symmetryrestoration.« A differentapproachwasdevelopedby RappandWambach,implying a dynami-
cal modificationsof the � spectralfunctiondueto couplingto thedensehadronic
medium. Calculationsbasedon this techniquefit the experimentaldatain the re-
gion of dileptoncontinuumequallywell but deviate from the Brown-Rhoscaling
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resultsin the massrangebetween& and ' resonances.This differenceallows a
discriminationof the two theoreticalapproacheswhich will be discussedlater in
this section.

Brown-Rho scaling.

Oneof mostprominentapproachesthathasbeensuccessfullyappliedto explain thelow-
massdileptonenhancementin theCERESdatain connectionwith chiral restorationtran-
sition is basedon theBrown-Rho(BR) scaling.In thedileptoncontext, themostrelevant
featureis thedecreaseof the � -mesonmassat finite temperatureanddensitywhich leads
to a strongexcessof e� e	 pairsbelow thefree � massthroughthe ��� annihilationchan-
nel. As long asno collisional broadeningin the � width is included,the e� e	 yield is
sharplycenteredaroundthecorrespondingin-mediummassm¬ .

Thefirst stepin thederivationof Brown-Rhoscalingis theconstructionof theeffec-
tive Lagrangianby introducinganeffective “glueball” field ® . Proportionalto thegluon
condensatethe traceanomalyof QCD breaksthe symmetryof the Lagrangian. Thus,
whenthegluoncondensateis melted,thescaleinvarianceis restoredandthechiral tran-
sition with light quarksoccurs.The ® field canbeunderstoodasconsistingof a soft ®¯¬
andhard ®�° components

®²±³® ¬¯´ ® ° � (7.4)

Thesoft partgovernsthein-mediummodificationsin thechiral effectiveLagrangianand
scaleswith the quarkcondensate.Assumingthe symmetriesof the Lagrangianremain
untouchedthe variationsin the quarkcondensatearepostulatedto scalewith a density
dependentchangein masses.ThustheapproximateBrown-Rhoscalingrelationreads

µ ± ¶ ¬·¶ ·¹¸ � ¬�  ¸ � ¬º� º ¸
» ����X¼ ¬» ����½¼�¾ (7.5)

where
¶ ¬· is in-mediumpion decayconstantdefinedas

¶ ¬· ± ¶ · �W®¿¬À+X® � . Thein-medium
quantitiesarereferredas“*” while “0” refersto vacuumvalues.Consequently, according
to the BR scaling,the massesof non-strangevectormesonsvanishin the dancematter
togetherwith thequarkcondensate,theorderparameterof thechiral transition.

The Brown-Rho “dropping mass” hypothesisreceived an independentsupportby
QCD sumrulescalculationsof HatsudaandLee [115], who estimatedthe densityand
temperaturedependenceof � ¬ ,

� ¬ ±Á�  ��Â�ÃÅÄ6ÆWÇÆ �
�È�ÉÂÊÃÁ�ÌËË�Í� � � � � (7.6)

with
Ä

= 0.15, Ë Í� = 200MeV and � = 0.3.
The calculationbasedon Brown-Rho scalingis in good agreementwith low-mass� � � 	 enhancementobservedin theexperimentaldata(Fig 7.6). TheaddedQGPcontri-

bution is small and insensitive to initial temperatureanddetailsof the phasetransition
construction.Indeed,thefireball spendsrelatively small fractionof its space-timeevolu-
tion in theQGPphaseat theSPSenergies.Thus,in fact,theeffectof thequark-untiquark
annihilationfrom theQGPphasein thelow massregion is negligible.
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Figure 7.6: Comparisonof � � � 	 massspectrumwith fireball calculationsusingthermalproduc-
tion ratesfrom in-medium © � © 	 annihilationin two scenarios.Redline: hadroniccocktailplus© � © 	 annihilationemploying the in-medium ª spectralfunction plus QGP, blue line: hadronic
cocktailplus ©Î�Ï©�	 annihilationusingadroppingª massplusQGP.

Theearlyphaseis characterizedby hadronicinitial conditionsof T ¸ 170MeV andÆWÇ ¸ 2.5Æ � . In this phasethe in-mediummass� ¬ is closeto the two-pion threshold.
While theexpandinghotfireballdilutesandcools, � ¬ startsto riseandsweepsacrossthe
low-massregion thusfilling thedileptoncontinuumbetween0.3and0.6GeV/c� . At the
sametime,the � contributionto thefree � peakis stronglyreduced,whichis alsoin agree-
mentwith thedata. For the & -mesonthe situationis different. Although in BR scaling
the & massis subjectedto the samereductionasthe � mass,themediummodifications
of the & mesonhavea very little impacton thedileptonspectrumdueto thefact,thatthe&Ð0 � � � 	 decaysmostlyoccurafter thehadronicfreeze-outwheremediumeffectsare
absent.Thereforethe final numberof & mesonsis roughly equalto the casewhereno
droppingmassesareassumed.

Rapp-Wambachapproach.
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An approachdevelopedby RappandWambachassumesa modificationof both � and �
propertiesdueto phenomenologicallyinferredinteractionswith thesurroundinghadrons
in the hot anddensegaswhich areencodedin the � -mesonspectralfunction. The ap-
proachis basedon nuclearandfinite-temperaturemany body techniquesincludingcon-
straintsfrom nuclearphotoabsorption[116] and �Ñ)50 � ) data[117], Rhosobarexcita-
tionson thermallyexcitedbaryonresonancesaswell asa morecomplicatedassessment
of themesoniccontributions[118].

In thehot anddensematterthe � mesoncouplesdirectly to thesurroundingnucleons
andthermalmesons.A vector-mesonselfenergy is givenby

Ò  ± Ò  ·Ó· ´ Ò ÕÔ ´ Ò �*Ö � (7.7)Ò ÕÔ describesthe interactionswith surroundinghot mesons( × ±Ø� ¾ Ù ¾ � , ...) andÒ  Ç arisesfrom theinteractionswith densebaryons( Ö ±Ð) ¾ Ú ¾ � , ...).
Ò  ·Ó· incorporates

mediummodificationsof the free � 0 ��� decay. The outcomeof the calculationsis
a strongincreaseof the imaginarypart of the � -mesonselfenergy. This consequently
broadensthe � -mesonspectralfunction beyond recognitionof any resonancestructure.
It was shown that the temperatureeffects lead to a small massshift and a negligible
broadeningof the � spectrafunction.Thus,amimportantpoint to noteis thatthebaryons,
ratherthanpionswhich governthefinite temperatureeffects,in thehadronicfireball are
at theorigin of thedileptonenhancement.

In contrastto “droppingmass”scenario,themany-bodyapproachprovidesasufficient
yield in thevectormesonregion (Fig 7.6). Thusthe in-mediumspectralfunctionseems
to describethedatabetter(normalized® � = 0.6) in theregion betweenthe & and ' than
BR scaling(normalized® � = 3.9). As alreadymentioned,thedileptonsoriginatedfrom���� annihilationin theQGPphase,addedto in-mediumbroadening� , contributemostlyto
the � � � 	 yield above 1 GeV/c� , while thecontribution of theQGPphasefor themasses
below 1 GeV/c� relative to thatof thehadronicphaseis verysmall.

Independentconfirmationof this resultwasobtainedby NA60 experimentin Û � Û 	
channel[119]. They conclude,independentof any comparisonto theoreticalmodeling,
thatthe � primarily broadensin In-In collisions,but doesnotshow any noticeableshift in
mass.

7.6.3 TransversePair Momentum Dependencies

Thedependency of thedileptontranversemomentumobservedin thedatacanberelated
to abreakof theLorenzinvarianceof space-timein thethermalframe,in which themat-
ter asa whole is at rest. This impliesthat thevectormesonspectralfunctionsseparately
dependon invariantmass× ±ÝÜ � �� ÃßÞ� � andthree-momentum.Moreover, their polar-
izationstatesarenolongerisotropic,but split up into two completelyindependentmodes,
describedin termsof longitudinalandtransversecomponents.

Both theBR scalingandthein-mediumspectralfunctionapproacheswhich success-
fully reproducedthe � � � 	 invariantmassspectra,arealsoappliedto calculatethetrans-
versemomentumspectra[117,120] The reductionof the � massis alsoreflectedin the
transversepair momentumdependencedueto the thermaloccupationfactor, which de-
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Figure 7.7: Comparisonof transversepair momentumdistributions for the threemassregionsu �3� O 200MeV/c� , 200 O u ��� O 700MeV/c� and u ��� Q 700MeV/c� with theoreticalcalcu-
lationsusinga thermalfireball modelincluding © � © 	 annihilationwith a dropping ª massplus
hadroniccocktail(bluecurve)and © � © 	 annihilationwith thein-mediumª spectralfunctionplus
hadroniccocktail(redcurve).
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pendson energy. Thereforethe three-momentumdependenceof � � ±âá � � ¬ � � ´ Þ� � is

morepronouncedfor small � mass� ¬ . The calculationbasedon BR scalingscenario
is illustratedin Fig. 7.7. A theoreticalcurve is in goodagreementwith thedata. In the
massregion 200 � ���3�ã� 700MeV/c� thedropping � masscurve is enhancedmostly
at transversepair momentabelow 700 MeV/c, which is a consequenceof the relative
enhancementof the � mesonsof smallthree-momentum.

Themany-bodyapproachincludesmorecomplicatedthree-momentumdependencies
predictedon the basisof photoabsorptionanalysis[116]. A spectralfunction calcula-
tions[121] resultsin asimilar to thedropping� massbehavior. As shown in Fig. 7.7,the
theoreticalcurve for themany-bodyapproachagreeswith thedataaswell.
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Figure7.8: Inclusive massspectrafor thetwo transversepairmomentumbins.Left panel:p���2 O
500MeV/c. Right panel:p���2 Q 500MeV/c. Thedataarecomparedto threetheoreticalcalcula-
tions: droppingin-medium ª mass(bluecurve) anda medium-modifiedª spectralfunction (red
curve).

Anotherprojectionof thedatais the invariantmassspectrafor two differentregions
of transversepair momentum,7 �3�2 � 500 MeV/c and 7 ���2 � 500 MeV/c illustratedin
Fig. 7.8. Again, themajorpartof the low massenhancementis concentratedin the low
momentumbin. The dataarenicely reproducedby both a dropping � massandthe in-
mediumbroadenedspectralfunction,which confirmsthepredictionsbasedon photoab-
sorptiondata.

7.7 Summary

Thethesisreportsonanew CERESmeasurementof electron-pairproductionin 158A GeV
Pb-Aucollisionswhich wasperformedin theyear2000with theupgradedexperimental
setup.Thenewly installedTPCimprovedmassresolutionin thevectormesonregion as
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well asrejectioncapabilities.Theanalysisof the18.2! 10ä eventsconfirmedtheprevi-
ousfindingsof a strongenhancementof the � � � 	 pairsover the expectationsfrom the
hadronicdecaysfor the masses0.2 �å���3�æ� 0.6 GeV/c� . While, asexpected,the low
massregionbelow 0.2GeV/c� dominatedby ��� -Dalitz decaysis describedby theexpec-
tationsfrom thehadronicdecays.Thenormalizedyield of � � � 	 pairsintegratedfor the
masses0.0 �ç�����è� 0.2GeV/c� is (8.44 � 0.28[stat]� 1.33[syst])! 10	#" . Integratingthe
normalizedyield in themassregion 0.2 �³���3�é� 1.1GeV/c� gives(4.49 � 0.41[stat] �
0.70[syst])! 10	#" . Theratio of thenormalizedyield of � � � 	 pairsto thesumof thecon-
tributionsfrom hadronicdecaysintegratedin themassregion0.2 �ê�����è� 1.1GeV/c� is
2.45 � 0.22[stat]� 0.38[syst]� 0.74[decays].Themeasuredtransversepairmomentum
spectraindicatethatdileptonenhancementis locatedmostlyat low 7 ���2 . This is alsocon-
firmedby thedifferencein theenhancementfactorsin the � � � 	 invariantmassspectrafor7 ���2 � 500MeV/c and7 �3�2 � 500MeV/c. Theobservedstronger-than-linearscalingof the
dileptonsignalonthechargeparticledensitysupportsthetwo-bodyannihilationreactions
asadominantsourceof theelectronpairenhancement.Theresultsarein agreementwith
two otheranalysisof the2000data[67,92].

Themajor resultreportedin this thesisis thediscriminationbetweentwo competing
theoreticalapproachesaccountingfor thestronglow-massdileptonpair excess.Thetwo
models,bothincludingin-mediummodificationsof thevectormesonproperties,describe
thedatabelow the0.7GeV/c� reasonablywell but exhibit differentbehavior betweenthe& andthe ' mesons.Dueto acarefulcalibrationof theTPCandtheimprovedmassreso-
lution of 3.8%(at ' ) it couldbeestablishedthatthecharacteristicfeatureof thedropping� massscenarioshowing adeepgapin themassspectrumbetween& and ' is notmetby
thedata.Ratherthedatais bettersupportedby thein-mediumspectralfunctionapproach,
yieldingagoodnessof fit normalized®¿� = 0.6in themassregion0.8 �ç���3�è� 0.98GeV� ,
comparedto ®Ñ� = 3.9 for thedropping � masscalculation,wherethegapin yield is filled
in by thebroadened� .
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[97] NA49 Collaboration,H. Appelsḧauseret al., Nucl. Phys.A 638, 91 (1998).

[98] WA98 Collaboration,M. Aggarwal etal., Phys.Rev. Lett. 81, 4087(1998).

[99] NA49 Collaboration,F. Sikler et al., Nucl. Phys.A 661, 341(1999).
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