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Two-Particle Correlations at 40, 80, and 158 AGeV Pb-Au Collisions

In this thesis,a centrality dependenstudy of two-particle momentumcorrelationsof like-sign
pions(HBT interferometry)from Pb-Au collisionsat beamenegiesof 40, 80,and158 AGeV is
presented.The three-dimensionatorrelationfunction C,, dependingon the relative momentum
component®f the particlepair, wasparameterizedsingathree-dimensionabaussianmodified
to considerthe final stateCoulombrepulsion. The parameterizationvasdonein the Cartesian
out-sidelong systemasproposedoy G. BertschandS. Pratt. A differentialanalysisof the HBT
radiusparametersasa function of the meantrans\ersepair momentunk, allowedto determine
trans\ersegeometricabourcesizesof about5.5fm to 7 fm, increasingwith enegy andcentrality
Themeantrans\erseflow velocity (v, ) wasfoundto beof theorder0.5-0.&. For thefreeze-out
time 1; valuesbetweert and8 fm/c wereobtainedwith adurationof particleemissiorcompatible
with zero. The beamenepgy dependencef the HBT radii provide evidencefor a universalpion
freeze-outondition.

The analyzeddatahave beenrecordedwith the CERESspectrometeat the SuperProtonSyn-
chrotron(SPS)acceleratorat CERN. In 1998 the spectrometervas upgradedby a cylindrical
Time ProjectionChambe(TPC)which improved substantiallythe hadrondetectioncapabilityof
the spectrometeandallowedfor a systematidnvestigationof hadronicobsenablesat midrapid-
ity. Thefirst partof this thesisdescribeghe readoutsystemof the TPC andits modificationfor
thebeamtime in 2000.

Zwei-Teilchen Korrelationen bei 40, 80 und 158 AGeV Pb-Au Kollisionen

In dervorliegenderArbeit wird einezentraliitsablngigeUntersuchungon Zwei-TeilchenKor-
relationengleichgeladenePionen(HBT Interferometrie)n Pb-Au Kollisionenbei Enegienvon
40, 80 und 158 AGeV vorgestellt. Die dreidimensionaléorrelationsfunktiorC,, die von den
KomponentemesRelatvimpulsesheiderTeilchenabrangt,wurdemit Hilfe einerdreidimension-
alenmodifiziertenGauss-FunktioparametrisiertDie Modifikation berticksichtigtdie Coulomb-
Wechselwirkungm EndzustandDie Parametrisierungler Korrelationsfunktiorerfolgteim out-
sidelong-System,welchesvon G. Bertschund S. Pratt vorgeschlagerwurde. Eine differen-
tielle Analyseder HBT Radiusparametedls Funktiondesmittlerentrans\ersalenPaarimpulses
k, liefert transwersalegeometrischeQuellgroRenvon 5.5 bis 7 fm.  Als mittlere trans\ersale
FluRgeschwindiggit (v, ) wurdenWerte zwischen0.5-0.@ bestimmt. Fur die Ausfrierzeit ;
wurdenWerte zwischen6 und 8 fm/c ermittelt, mit einermit Null vertraglichenDauerder Teil-
chenemissionDie beobachtetédbhangigkeitder HBT Radienvon der Strahlenggie liefert Hin-
weiseauf eineuniverselleAusfrierbedingundir Pionen.

Die analysierterbatenwurdenmit Hilfe desCERESSpektrometeram SuperProtonSynchrotron
(SPS)am CERN aufgezeichnet1998wurde dasbestehend&pektrometeum eine zylindrische
Spurendriftkamme(TPC) erganzt, welchedie Sensitvitat fliir Hadronenwesentlichverbesserte
und eine systematisch&ntersuchundhadronischeObsenablenbei Midrapiditat ermnbglicht.
Im erstenTeil der Arbeit wird dasAuslesesysterder TPC sawie die fur die StrahlzeitdesJahres
2000durchgefihrtenAnderungerbeschrieben.
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1 Ultrarelativistic Heavy lon Collisions

The aim of colliding heary ions at ultrarelatvistic enegiesis the examinationof propertiesof
stronglyinteractingmatterat high enegy densities.If nuclearmatteris heatedand compressed,
resultingin high enegy densitiese, lattice quantumchromodynamidQCD) calculationspredict
aphasdransitionfrom hadronicmatterto a new stateof matter:the QuarkGluonPlasmaQGP).
In the quarkgluonplasmathe confinemenbf quarksandgluonsis repealedleadingto quasi-free
particles.In February2000,CERN' announceafficially the formationof a new stateof matter
[1], resemblingin mary ways the expectedQGR In the light of thermodynamicsheyond the
phasetransitionthe hadronicdegreesof freedomof the systemarereplacedby thoseof quarks
and gluons(which are mary morein the latter comparedo the hadronicsystem),leadingto a
characteristicstrongincreasdn the enegy densityof the systemwithin a smallinterval around
the critical temperaturd,. Key questionof thesestudiesarethe restorationof chiral symmetry
which is spontaneouslyrokenin the QCD groundstate,the dynamicalevolution of the phase
transition,or of which orderthetransitionis.

The study of the quark gluon plasmaalso hasimpacton astrophysicsand cosmology The
conditionsof a heary ion collision at ultrarelatvistic enegiesarein someaspectyery similar to
thoseof the universeat a very early stage whereup to a few tensof microsecondsfter the Big
Bangatransienphaseof stronglyinteractingmatterexistedattemperatureabove 102 K andlow
net-baryordensity Collisionsof atomicnucleiat enegiesup to afew tensof MeV pernucleon
leadto the otherextreme of low temperaturesind high baryondensities. Theseconditionsare
closerto thoseoccuringin theinterior of neutronstarg[2, 3, 4], wheremassdensitiesarelikely to
exceed10*® kg/m? which is aboutfour timesthe densityof nuclei.

1.1 Hot and Dense Nuclear Matter

In 1964,Gell-MannandZweig introducedthe quarkmodelto explain the regularitiesamongthe
hundredf baryonandmesonstatednown atthattime. They assumedhatall hadronsverebuilt
from u, d, ands quarks. In this model, mesonsarecomposedf a quarkandan anti-quark(qq)
while baryonsarebuilt up of threequarks(qgg). Thephysicsof stronginteraction responsibldor
thebinding of quarksinto hadronsjs describedy thetheoryof quantumchromodynamics.
Quarksarefermions(spin 1/2), characterizedy their flavor. Theseareu (up), d (down),
¢ (charm),s (strange)b (bottom),andt (top). Theinteractionbetweenquarksdependsn the so-
calledcolor of thequarkswhichis the QCD analogto theelectricchage. Therearethreedifferent
colorsa quarkcancarry:red blue andgreen Theinteractionbetweemuarksis mediatedby the
exchangeof gluons The gluonsarethefield quantaof the stronginteractionandcarry alsocolor

1EuropearOrganizatiorfor NuclearResearch
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Figure 1.1: QCD phaseadiagramof hadronicmatter[5].

chage. All experimentallyobsenablehadronsareso-calledcolor-singlets objectswith thecolor
white Thesewhite objectscanbeconstructedy eithercombiningthreedifferentcolorsor acolor
with its anti-color For the samereasongolor carryingsingle quarkscannot be obseredasfree
particles. The coupling constantag of QCD, describingthe strengthof theinteraction,depends
on the distancé betweentwo quarks. At very small distance(large Q?) betweenthe quarksthe
couplingconstants small,approachingerofor Q2 — o (asymptotidreedon). At largedistances,
the coupling constantstrongly increases.With the attemptto separatéwo quarksthe potential
betweerthemincreasedgeadingto the creationof additionalquarksandgluonswhich combineto
hadrongconfinement

The phasediagramof strongly interactingmatteris shavn in Figure1.1[5, 6, 7]. It shows
atransitionfrom a gasof hadronicresonancestlow enegy densitiesto a quark gluon plasma
(QGP)at high enepy densities.The critical enegy densitye; is of the orderof 1 GeV/fm® and
was derived by lattice QCD calculations. The critical enegy densitycan be reachedeither by
creatingmatterwith zeronet-baryordensityanda temperaturef aboutT. ~ 170MeV [8], or by
compressingoldnucleamatterto baryondensitieof aboutp. ~ 3— 10 p,, wherep, = 0.15fm—3
is the groundstatedensity of nuclearmatter In heary ion collisionsa combinationof heating
and compressings employedin orderto reachthe critical enegy density Dependingon the
enegy of the colliding nuclei differentregions of the phasediagramcanbe explored. At lower
beamenegies (e. g. SIS® with beamkinetic enegiesin the vicinity of ~ 1 AGeV), the nuclei

2To be moreprecise as depend®n theinvariant4-momentuntransferQ? betweertwo quarks.
3schwei onenSynchrotronat GSI, Darmstadt



1.1 HotandDenseNuclearMatter

are stopped,leadingto baryonrich matterin the collision region. The nuclearmatteris only
moderatelyheatedandcompressedAt higherbeamenepgiesthetemperatureseachedaremuch
higherandthe collisionsbecomemoretransparentesultingin a baryonfree QGP An overview
of the experimentaimappingof the QCD phasediagramcanbefoundin [6, 7].
Theknowledgeaboutthe QCD phasediagramalongthe temperaturexis at pg = 0 is based
on lattice QCD calculationd9, 10, 11]. For two quarkflavorsthey predicta critical temperature
Tc = (171+ 4) MeV [8]. For non-zerobaryondensity resultsare basedon modelswhich inter-
polatebetweernlow-densityhadronicmatterand high densityquark gluon plasma. Near T, the
enegy densityin units of T4 changesignificantlywithin a narrav temperaturénterval (seeFig-
ure1.2). Thevaluesaccordingto the law of Stefan-Boltzmanfor anidealgasof non-interacting
guarksand gluonsareindicatedat the right edgeof the figure. Around T, the formation of the

16.0 | | | | | —
14.0 f_ 4 o - _ £eg/TH -
12.0 | S ] i —
10.0 ¢ i i 2 1
8.0 | 1
6.0 3 flavour 1

4.0

2 flavour ]
2.0
0.0

TIT,

1.0 1.5 2.0 2.5 3.0 3.5 4.0

Figure 1.2: Resultof lattice QCD calculationdor the enegy densitye (in unitsof T#) asafunc-
tion of thetemperaturd (in units of thecritical temperaturd,). Hereg is shown for
differentnumbersof quarkflavorswhere2 + 1 meandwo light andoneheavy flavors
(Figurefrom [11]).

QGPhappensTheconfinemenbf quarksandgluonsinto hadronss broken,andtheapproximate
chiral symmetryof QCD, whichis spontaneousliprokenatlow temperatureanddensitiesjs ex-
pectedo berestoredThisis foundin lattice QCD calculationsby inspectingthe orderparameter
(WW), the expectationvalue of the so-calledchiral condensateThis orderparametecharacter
izesthe chiral phasetransitionandvanishesdn the chiral symmetricphasebut becomedinite in
the asymmetricphasecorrespondingo a mixing of left- andright-handedquarksin the ground
state. Chiral symmetryis a consequencef the standardnodelwhich postulatedeft andright
handedlegeneratedioubletsof particles. Thesmallcurrentquarkmasse$eadto asmallbreaking
of this symmetry This approximatesymmetryis brokenspontaneouslyn a mechanisngiving
large massegconstituentmassesjo the quarks.The (approximateyestoratiorof chiral symmetry
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in the QGP meanghatthe constituentmasse®f quarksare significantlyreducedto the scaleof
thecurrentquarkmasses.

The searchfor the QGPis complicatedby the very shortlifetime of thefireball of heatedand
compressedatter createdn thecollision. Apartfrom measurementsf photonsandleptons all
experimentakesultscharacterizeonly the hadronicstateat the endof the dynamicalevolution (at
freeze-outof thecollisionsystem . Thereforepnly acombinatiorof mary experimentakignatures
allows for a conclusionwhetherthe QGPwascreatedor not.

1.2 Space-Time Evolution of a Heavy lon Collision

The space-timeevolution of a heary ion collision dependson the initial conditionsof the reac-
tion, e. g. theenepgy densitydepositedn thereactionzone.With the assumptiorof local thermal
equilibriumthe expansionof thefireball canbe calculatedusinghydrodynamicamodels. In the
hydrodynamicatiescriptionthecompletedynamicsof thesystemis describedy theenegy den-
sity €, thepressurdield p, thetemperaturdield T, andthe4-velocity field u¥ = dx/dt atdifferent
space-timgointsasthe systemevolves. The enegy density thepressureandthetemperaturare
relatedby the equationof states = ¢(p, T). Thepressurensidethe hotanddensemediumleads
to anexpansionof the systemwhile its densityandtemperaturaredecreasingHaving reached
a certaindensity/temperatufe first all inelasticinteractionsbetweenthe systems constituents
ceaseand the abundanciesof hadronsare fixed (chemicalfreeze-oyt With further decreasing
density/temperaturalsothe elasticinteractionsvanishandthe thermal freeze-ouhappens.At
thistime, the phasespacepopulationof thefinal stateis determined.

Anotherconditionwhich determineghe space-timevolution of the systemis the fraction of
longitudinalenengy still presentn thefinal stateafterthe collision. At collision enegiesin the
AGS domainthe nuclear stoppingpoweris quite large. This term, introducedin high-enegy
nucleus-nucleusollisionsby BuszaandGoldhabef[12], describeghe degreeof stoppinganin-
cidentnucleonsuffers whenit impingeson the nuclearmatterof anothernucleus. In collision
systemgreatedoy the completestoppingof the nucleithe collective expansionis determinedoy
thepressur@ndtheenegy densityonly (Landaupicture). Ontheotherhand attypical SP$ ener
giesof about,/s~ 20GeV pernucleonpair, thecollision of two nucleiis significantlytransparent
andabouthalf of the initially longitudinalmotionis presered after the collision. Comparedo
collisionswith full stoppingthisinherentongitudinalexpansionnfluenceghesystemsevolution
andmustbe consideredn the calculations.This scenarioof colliding nucleiwith ultrarelatvistic
enegieswasfirst describedby Bjorken[13] andis depictedin Figurel1.3. In the centerof mass
systemnucleusA approachefrom z= —o with avelocity closeto the speedof light andmeets
nucleusB which comesfrom z= 4, alsowith avelocity closeto the speedof light. At the point
(z,t) = (0,0) they meetandcollisionsbetweerthe nucleonf bothnucleitakeplace.Dueto the
Lorentzcontractionin longitudinaldirectionthe nucleiarerepresentedsthin discs.

The dynamicsof this processs picturedin Figurel.4,shaving a space-timaliagramwith the
longitudinalcoordinatez andthe time coordinatet. Dueto the transpareng of the collision, the

4A priori it is not obvious what the freeze-outconditionis. In hydrodynamicakalculationsusually a freeze-out
temperaturd’; is imposedoy hand.

5AlternatingGradientSynchrotron,a heary ion acceleratoat the Brookhaven NationalLaboratory

8SuperProton Synchrotronat CERN
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Region of matter formation

t>0
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Figure 1.3: Schematigepresentationf anultrarelativistic nucleus-nucleusollisionin Bjorken’s
description. Due to the Lorentz contractionin longitudinal direction the colliding
nucleiarereducedo thin disks.

two nuclei move away from the collision region, depositinga large amountof enegy in a small
region aroundz = 0 in a shortdurationof time. Eventhoughthe enegy densityof the created
matteris very high, its net-baryoncontentis small. Shortly after the collision at (z,t) = (0,0),
the enegy density of the systemmay be high enoughto form the quark gluon plasmain the
centralcollision region. Althoughthe plasmamay initially not bein thermalequilibrium, it will
be equilibratedat propertime 1,. Thetype of quarkgluonplasmawhich may be createdn such
a reactionis comparableo the one which wascreatedin the Big Bang albeit of muchsmaller
enegy contentandthereforelifetime, andhenceof specialastrophysicainterest[13, 14]. From
thereon the plasmaevolvesaccordingo thelaws of hydrodynamicsDuring the expansionof the
plasmaits temperaturadropsand hadronizatiorwill takeplace. The hadronsstreamout of the
collisionregion andattime 7, thefreeze-ouhappens.

Thehadronidinal stateof theevolving systems accessiblédy experimentslt is characterized
by thealundancieandthemomentundistributionsof thedetectegarticles.Because¢he momen-
tum distribution of the createdparticlesis consideredo be symmetricin ¢ (whichis actuallyonly
true for centralcollisionswith impactparameteb = 0) it is customanyto divide the momentum
into acomponenp,, parallelto the beamaxis (z-axis) anda componenperpendiculato it:

plong = pZ7 (11)

P, = /PZ+PE (1.2)

Anotherusefulvariablecommonlyusedto describethe kinematicsof a particleis the rapidity y
whichis definedin termsof its enegy andmomentumcomponentdy

_} E+p;
= 2|n<E_ pZ>. (2.3)

In the nonrelatvistic limit, the rapidity of a particletraveling in longitudinaldirectionis equalto
thevelocity of theparticlein unitsof the speedof light. The4-momentunof afree particlewhich
is on the massshell hasonly threedegreesof freedom,thuscanbe representedby (y,p,). The
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transformatiorbetween(E, p) and(y, p, ) is givenby

E = m, coshy), (1.4)
p, = m, sinh(y), (1.5)

with m, beingthetrans\ersemassof the particle:

m =/m+pi,  pi=pit+pg (1.6)

Additional informationaboutthe reactioncanbe gatheredrom two-particlecorrelationsthe
main topic of this thesis. Suitableobsenablesto characterizéhe dynamicsof a pair of particles
arethepair rapidity y,, andthe meantransversemomentunk, . They aredefinedby

E.+E+p,+
yT[T[: } n( 1 2 pl,Z p2,Z> (17)
2 El+ E2 - pl,z - p2,z
and 1
k, = > (B, +P,.)- (1.8)
Anotherimportantvalueis the Lorentzinvariant4-momentundifferenceof the particles
Qv = 1/ (P = P2)2= \/ (B~ Ep)2 — (B, — B,)? (1.9)

which s therelative momentunof the particlepairin its centerof masssystem.Hereandin the
following 4-vectorsaredenotedoy bold symbols.

Freeze-out

Figure 1.4: Evolution of a heary ion collisionsin Minkowski’srepresentationf space-time.
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1.3 Physics Program of CERES

CERES:is a dilepton experimentat the CERN SPS,devoted chiefly to the systematicstudy of
low massete™ pairs(0.1<m,, . <15 GeV/c?) producedn nucleon-nucleomucleon-nucleus,
andnucleus-nucleusollisions. Dileptonsare a particularly attractive obsenable. In contrastto
hadronsthey interactwith otherparticlesin the collision zoneonly throughthe electromagnetic
interaction. They are producedin all stagesof the collision and emittedinstantaneouslafter
creationwithout significantfurther interaction. Due to the negligible final stateinteractionsof
leptonsthey carry informationaboutthe completeevolution of the fireball essentiallyunafected
to thedetectorsin thisway, they probeeventheinnermostzonesof thefireball which areformed
in the early stagef thecollision.

The productionrate and the momentumdistribution of the producedeptonsdependon the
momentumdistribution of the quarksandanti-quarksin the plasma,which is given by the ther
modynamicconditionin the plasmaandon decaysof producechadrons.Thus,leptonpairscarry
informationaboutthethermodynamistateof the mediumat themomentof their production.The
schematidileptonmassspectrunshown in Figurel.5indicatesthe majordileptonsourcesn ul-
trarelatvistic heavry ion collisions. In the low-massregion the dileptonspectrumis dominatedoy
thedecayf light vectormesong, w and@. The p is of particularinterestbecausef its lifetime
of 1.3fm/c, whichis shortcomparedo thelifetime of thefireball. Its decaysampleghe hotand
densemediumandthe fireball’'s evolution asa function of time. Its in-mediumbehaior around
the critical temperaturél for deconfinementould thereforereflectthe associatedestorationof
chiral symmetry For a discussiorabouthow this restorationof chiral symmetryis linked to the
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Figure 1.6: Invariant mass spectrumof e*e~ pairs recordedin central Pb-Au collisions at
40 AGeV.

masse®f vectormesonseee. g. [15, 16, 17].

CERESobsened an enhancedgroductionof low-massdielectronpairsin S-Au and Pb-Au
collisionsat full SPSenegiesof 200and158 AGeV respectiely [18, 19, 20]. The obsereddi-
electronyield significantly exceedsthe expectationsextrapolatedfrom p-nucleonand p-nucleus
collisions. There,the measureclectronpair distribution agreedwell with the oneexpectedfrom
hadrondecaysn vacuum[21]. The simulationof the dielectroncontributionfrom hadrondecays,
the so-calledhadronic codktail, is basedon the knowledgeof the branchingratiosof all relevant
leptonicand semi-leptoniadecaysandthe total productioncrosssectionof neutralmesonsnea-
suredin p-nucleoncollisions. Figure 1.6 showvs the mostrecentdielectronspectrummeasured
at 40 AGeV Pb-Au collisionsin 1999[22]. While the n° — ete~y Dalitz peakis well repro-
ducedby the hadroniccocktail, the datashav a strongenhancemernty a factorof 5.1+ 1.3 at
Mee > 0.2 GeV/c?. Theoreticalexplanationsof the obsened enhancementefersto directradia-
tion from the fireball, dominatedoby pion annihilationrtt = — p — ete~. However, the shape
of the enhancemernis not consistentwith the spectralshapeof the p meson. To describethe
data,a strongmediummodificationof the intermediatep is necessaryThe two mostprominent
theoreticalapproachegredicta shift of the p peakto lower masseg¢Brown-Rhoscaling[23]) or
a calculationof the p spectraldensitywithin the densehadronicmedium[17, 24] resultingin a
broadenegbeak. Alternatively, the experimentalspectruncanbe describedequallywell in terms
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Figure 1.7: Thereconstructeanassandlifetime of the A hyperonat abeamenegy of 40 AGeV.
Figuresarefrom [25].

of partonicdegreesof freedomji. e.in-mediumqgq annihilation[17].

With theinstallationof the TPC (Time ProjectionChamber)duringtheyear1998the physics
capabilitiesof CERESwerealsolargely expandedor the analysisof hadrons.The primarygoal
of this upgradewasto improve the massresolutionto Am/m= 2% in the p/w/ @-massregion.
With this resolutionpossiblemassshiftsor changesn width of thevectormesong, w, andg can
be obsered directly alongwith a simultaneousneasurememnf the continuum. Using the data
recordedduringthebeamtimein 1999atabeamenepy of 40 AGeV, thereconstructiomf strange
particles(\, A, andK?) waspossiblg25]. By combiningpositive with negative chagetracksand
assumingor themto be protonsrespectiely 11—, decaysof the electricalneutralA hyperonhave
beenreconstructed.The reconstructednassand lifetime are shovn in Figure 1.7. They agree
with the valuesgivenin [26]. However, the width of the masspeakis larger comparedo results
from Monte-Carlosimulationsof the detector The reasonfor this is the by thattime unfinished
calibrationof the TPC. Detailsaboutthe analysiscanbefoundin [25].

Thetopic of this thesisare Bose-Einsteircorrelationsof identical pions. This method,also
calledHBT-interferometryafter Hankury-Brown and Twiss who inventedit in the earlyfifties of
thelastcentury[27, 28, 29], providesdirectinformationaboutthe space-timestructureof the par
ticle emittingsourcecreatedn heayy ion collisions,analyzingtherelative momentundistribution
of emittedparticlepairs. A differentialHBT analysisin termsof trans\ersemomentumcompo-
nentsof the particlepair revealsinsightinto the dynamicalpropertiesof the sourceat freeze-out,
providing for exampleinformationaboutthe life-time, the durationof particle emission,or the
transwerseexpansionvelocity of the source.This informationis necessaryor example,for mod-
els which try to simulatethe dilepton spectrameasurecdy CERES.For thesecalculationsthe
knowledge of the full space-timeevolution is crucial andthe HBT resultscan be usedto tune

thesemodels.



2 Intensity Interf erometry

2.1 Introduction

Thegoalof ultra-relatvistic nucleus-nucleusollisionsis the creationandcharacterizatiomf the
quark-gluonplasma. But the questionwhethersucha plasmawas createdduring a collision is
not easyto answer Thereasorfor thisis the confinemenbf quarksandgluonsinto color-neutral
particles. Only very few particle speciesmainly leptons,can provide direct information about
the initial partonic stageof the collision. The much more alundanthadronsare substantially
affectedby secondaryinteractionsand decouplefrom the collision region only during the final
thermalfreeze-oustage. A completeunderstandingf the space-timestructureand dynamical
stateof thereactionzoneat freeze-outangive ananswelto the questionwhethera plasmaphase
was formed or not. Determiningthe size and lifetime of the stateat decouplingtogetherwith
the expansionvelocity shouldallow for a back-etrapolationin time of the enegy densityto a
point of vanishingtrans\erseexpansion. The mostcomprehensie way to obtain experimental
informationon the space-timestructureof a particle emitting sourcecreatedn relatiistic heavry
ion collisionsis throughtwo-particleintensity interferometry The method,also namedHBT-
interferometryafter RobertHankury-Brown andRichardTwisswho inventedit, useshequantum
statisticalmomentumcorrelationsbetweenpairs of identical particlesto extract the space-time
structureof thesource.

HBT intensity interferometrywas usedfor the first time by the radio astronomerdRobert
Hanhury-Brown and Richard Twiss [28, 29]. In 1950 they inventedthe techniqueto measure
the diameterof the sun,usingtwo radiotelescopesperatingat 2.4 m wavelength,andexamined
in 1956radiowave sourcesn the galaxiesCassiopeiandCygnusg[27], andsubsequentlapplied
the methodto a measurementf the angulardiameterof Sirius[29]. In [28] they demonstrated
that photonsin an apparentlyuncorrelatedhermalbeamtendto be detectedn close-bypairs.
This photonbunchingor HBT-effect, first explainedtheoreticallyby Purcell[30], is oneof thekey
experimentsof quantumoptics[31].

In particle physicsthe HBT-effect wasindependentlhydiscoveredby G. GoldhaberS. Gold-
haber W. Y. Lee,andA. Pais[32]. It is known asthe GGLP-efect In 1960,they studiedthe
angularcorrelationsbetweerpionsin pp-annihilationsandobsenedan enhancemertf like-sign
pionpairsatsmallrelative momentacomparedo unlike-signpairs. Theresultscouldbeexplained
only by consideringhe symmetrizatiorof the wavefunctionof the particlepair andthefinite spa-
tial extensionof the decayingpp system. Measuringthe correlationfunction as a function of
the momentundifferencerevealsinformationaboutthe spatialextensionof the particleemitting
source.

The differencebetweenintensity interferometryand cornventionalamplitudeinterferometry
canbe illustratedusing Figure 2.1. In amplitudeinterferometryeachdetectorscould be a slit

10
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Figure 2.1: Schematiagepresentationf the emissionof two indistinguishabg particlesfrom two
pointsT; andT, of the source.The momentaof the two particlesare measuredvith

two detectors.

throughwhich theemittedparticlespass.To useatraditionalexample theparticlescouldproduce
aninterferencepatternon a screerlocatedbehindthe slits. The interferencepatterndependon
therelative phaseof the particles’amplitudesmeasuredt thetwo detectorsin intensityinterfer
ometrya correlationfunctionC is constructedrom the numberof countsn; andn, measuredn

thedetectors:
__ <Mp> 4 (2.1)

<n><n, >
wheren, , denoteghe numberof countsin which particlesareobsenedin detectorl and detector
2. Thecorrelationfunctionis proportionako theintensity i. e.thecomplex squareof theamplitude
of the particlesat bothdetectors.

The origin of the obsened particlecorrelationsis the symmetryof the quantummechanical
wave function of identicalbosons. A very simplified and descriptve agumentgivenin [33] is
basednthesituationdepictedn Figure2.1. A sphericakourceemitsa pair of identicalparticles
from pointT; with momentump, andfrom pointt, with momentunt,. If thesepointsarewell
separateih phase-spacandthe Heisenbeg uncertaintyrelation

N
()dl - )42) (F)h - F)E) > ii;ia I = ]_,;2,:3 (;2';2)

is satisfiedthis processcanbe treatedclassically But assoonasthe particlesare closeto each

otherand

R
()dl - )42) (F)h - F)E) < ii;%7 =123 (;2':3)

becomesralid a quantummechanicablescriptionbecomesecessary The quantummechanical
treatmennheedgo ensurehe (anti-)symmetrizatiorof the two-particlewavefunctionwhich leads
to vanishingprobability for the emissionof two identical fermionsfrom the samespacepoint
while it leadsto anenhancegbrobability for bosongo befoundatthe samepointin phase-space
comparedo the classicakexpectation.Dueto thefinite extensionof the sourcethe distanceof the
two particlesin coordinatespace(x; — x,) is limited. By measuringparticle pairswith smaller

11



2 Intensityinterferometry

andsmallerrelatve momentump, — B, the systemcanbeforcedinto thequantumdomain.Once
a = p; — p, becomesmallerthanh/(27R) the particleshave to betreatedaccordingto quantum
mechanicsandtheir emissionprobability will be affectedby wavefunctionsymmetrization.The
resultis an enhancegair emissionprobability for bosonscomparedo the classicalexpectation
andareducedrobabilityfor fermions.Thus,for relatve momentag < g* ~ h/(2nR) asignificant
deviation from unity of the two-particlecorrelationfunction is expected. The valueqg* at which
this effect setsin is a measurdor the geometricradiusR of the source.Unfortunately this naive
pictureonly worksfor photoninterferometryof starsfor whichthemethodwasinvented.Thebasic
reasorfor thefailure of this simplifiedmodelin highenegy heavy ion collisionsis thatthesources
createdn suchcollisionslive only for afinite timeandhave aninhomogeneouemperaturgrofile
and strong collective dynamicalexpansion(hydrodynamicalflow). For suchsourcesthe HBT
radiusparameterssynorymouswith the half-width of the correlationfunctions,only measurghe
so-calledspace-timaegionsof homogeneityor lengthof homogeneityratherthanthe full source
size.Insidetheregionsof homogeneityariationsof themomentundistribution aresmallenough
to allow quantumstatisticalcorrelations.

The homogeneityengthvarieswith the momentunof the emittedparticles. This leadsto an
importantdependencef theHBT parametersn the pairmomentunwhich canbeusedto extract
the strengthof the collective flow of the sourceat freeze-out.

2.2 Particle Correlations from Phase-Space Distrib utions

2.2.1 The Two-particle Correlation Function

HBT-interferometryis basedon the principle thatit is not possiblein quantummechanicgo dis-
tinguishidenticalparticles.The probability densityof atwo-particlesystemhasto bethe samefor
theinterchangef the particles:

|Wy,2 =W, % (2.4)

The probability to detecttwo particleswith momentap, and p,, emittedby a particle source
at positionsr; andr, anddetectedat positionsX; andX,, mustbe independenbf which of the
both particle was actually emittedat positionT; or positiont, — it is impossibleto decideby
measurememwhich particlewasemittedat positionr; or T, (seeFig. 2.1). To fulfill thiscondition,
the two-particlewavefunctionhasto be a linear combinationof the single-particlewvavefunction.
Thesecombinationgsanbe donein two ways:

Wip = SR W) = W,y symmetic (29
W, = %(Wl(mwz(rz)—Wl(rz)wz(rl)):_q“'z,l anti-symmetric ~ (2.6)

For asystemof bosonghe combinedwavefunctionhasto be symmetric
With the assumptiorof planewaves (W O exp({;(ﬁ-?’— Et)) for W, andW, the probability
densityis givenby:
Wy ,|*=|W,,|* = 1+ cogApAr) (2.7)

with Ap= |, — B,| = gandAr = |7, —T,|.

12



2.2 Particle Correlationdrom Phase-Spadistributions

The probability to detecttwo bosonswith momentap, and p, is given by the integration
of the probability density (2.7) over the emissionfunction S(r,p) (seeSubsectior2.2.2)which
in generalis a function of the emissionpositionin space-timex andthe 4-momentunp of the
emittedpatrticle:

P(P1: By = /S(rl,pl)S(rz,pz)(1+Cos(ArAp))d4r1d4r2. (2.8)

Thesingle-particleprobability P, (P) is givenby:

P(R)= [ Sir.p)d 2.9)

A measurdor the correlationof pionswith smalldifferencein momentumis the correlation
functionC, whichis definedastheratio of two-particleandsingle-particleprobabilities:

PZ( pla pz) )
P1(P1)Pi(B2)

Thevalueof thecorrelationfunctionis 1 for big invariantmomentundifferences| = |, — p,| and
reache in thelimit g — 0. Thisis adirectresultof the Bose-Einsteirstatistics. The region in
which the correlationfunctionis biggerthan1 determinesheregion in which thewave functions
of theparticlesoverlap,i. e.whereApAr < h/27. In thisregion it is impossibleto distinguishthe
two patrticles.

Themeasuremerdf the correlationfunctionC, containsinformationaboutthe spatialaswell
as the temporalstructureof the particle emitting source. For the simplestexample of a static
particle emitting sourcethe momentaof the emitted particlesare independentf the emission
positionwithin the source.The emissionfunction S(r,p) factorizesinto a partdependingn the
momentumonly and a part dependingon the position wherethe emissionhappens.It canbe
writtenasS(r,p) = f(p)p(r). For this casethe correlationfunctionis givenby

C,(By, By) =Cy(a) = 1+1p(a) %, (2.11)

Cy(Py, By) = (2.10)

where
p(a) = [ ep(i(py - pr)p(r)d'r 2.12)

is the Fouriertransformatiorof the spatialemissionfunctionp(r). For thesimplestparameteriza-
tion of theemissionfunctionwith a Gaussiarfunction

(g t)——1 ex (—r—z—i) (2.13)
PN = Terar ®P\ T 2re ™ 202 '
alsothecorrelationfunctionis describedy a Gaussiar§34]:

C,(q) = 1+exp(—T°Re — gg1°). (2.14)

The differencein momentumof the two particlesis given by g andR and 1 are the spatialand
temporalwidths of the Gaussiaremissionfunction.
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2 Intensityinterferometry

2.2.2 The Emission Function Sx,p)

The emissionfunction S(x, p) canbe identifiedwith the Wignertransformof the densitymatrix
associatedvith the classicalsourceamplitudesJ(x) (seee.qg. [33]). This Wigner densityis a
quantummechanicabbjectdefinedin phase-spacex, p). In generaljt is neitherpositive definite
nor real. But, whenintegratedover x or p it yields the classicalsourcedensityin momentumor
coordinatespace.Thus,the emissionfunction S(x, p) is the quantummechanicalnalogueof the
classicalphase-spacdistribution which givesthe probability of finding at space-timepoint x a
sourcewhich emitsfree pionswith 4-momentunp.

The relation betweenthe single-particleWigner phase-spacdensity S(x,p) of the particle
emitting source the invariantsingle-particlespectrumEdN /d®p, andthe two-particlecorrelation
functionC,(d, K) for pairsof identicalbosonss givenby [33]:

P(F) = ESTI\L: [ sxpdix (2.15)
igx 4., 12
C@@,K) =~ % (2.16)

In thetwo-particlecorrelationfunction (2.16)the relatve momentuny andthe averagepair mo-
mentumK aredefinedas

q = p—p, (2.17)
1
K = 5(ptpo), (2.18)

with p, andp, beingthe momenteof thesingleparticles.

Equation2.16 shaws that the correlationfunction is relatedto the emissionfunction by a
Fouriertransformation.This suggesthe possibility to reconstructhe emissionfunctionfrom the
measuredorrelationfunctionby theinverseFouriertransformationHowever, thisis not possible
dueto the mass-sheltonstraint. Sincethe correlationfunction is constructedrom the on-shell
momentaof the measuredparticle pairs, not all four componentf the relative momentumq
occuringontheright handsideof Equation(2.16)areindependentThe mass-sheltonstraincan
beformulatedas

Ef-EZ = (E;—E)(E;+Ey) =p2—p3=(p;— ) (P1+Py), (2.19)

Ko = T-k (2.20)
K -

0y = K—O-GZB-G- (2.21)

Thus, a completelymodel-independentconstructiorof S(x,K) from measuredorrelation
datais not possible.Thisimpliesa model-dependergnalysisstratgy in which a modelemission
functionS(x,K) is comparedo data.

A simple,oftenusedansatZor theemissiorfunctionin termsof very few, physicallyintuitive
fit parameterds for example[35, 36]

o 2+1 K -u(x) — u(x)
K = 00—

r2 ’72 (T—T )2
XexP(‘ﬁ‘ San? 202 )

(2.22)
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2.3 BjorkenScenarioof ExpandingSources

Thefactor2J + 1 countsthe spindegenerag of the obsened particlespecies.The assumptiorof
local thermalequilibriumof the emittedparticlesat freeze-outwith temperaturd (x) andchemi-
cal potentialu(x) is implementedvith the LorentzcovariantBoltzmannfactorexp[— (K - u(x) —
H1(x))/T(x)]. A directeddynamicalcomponenis includedin the modelvia the flow field u(x).
Space-timas parameterizedy the longitudinal propertime 1 = v/t2 — 72 andthe space-timea-
pidity n = 3In[(t+2)/(t — 2)] in longitudinaland temporaldirections,andby r = /X2 +y? in
transwersedirection. The geometrigoropertiesof the sourcearedescribedy thesecondexponen-
tial function. The spatialandtemporalextensionof the sourceare characterizedy the Gaussian
width R in the trans\erse,An in the longitudinal, and At in temporaldirection. The absolute
time-scaleof the emissionis fixed by 7;,.

K -n(x) is theflux factorthroughthe freeze-ouhypersurfacevhosenormaldirectionis given
by the unit vectorn,,(x).

More detailsaboutthis ansatzanbefoundin [37].

2.3 Bjorken Scenario of Expanding Sources

For sourcexcreatedn collisionsof heary ionsthe assumptiorof a static systemis certainly not
true. The sourcedive only for very shorttime periodsandhave inhomogeneougmperaturero-
files andstrongcollective dynamicalexpansion(flow). Themomentundistribution of theemitted
particlesis not only determinedby the thermalpropertiesof the sourcebut alsodependn its
collective behavior. For suchsourceghe HBT radiusparameterslo not measurehe full source
size,but only so-calledengthsof homogeneitiednsidethis spatialregionsthe momentundistri-
bution variessufficiently little sothatthe particlescanshow the quantumstatisticalcorrelations.
The sizeof thehomogeneityregionsvarieswith the momentunof the emittedparticles,causing
animportantdependencef theHBT parametersn the pair momentum.This dependencef the
pair momentumprovidesa tool to studythe strengthof the collective flow at decouplingor the
freezeouttime of the source.

Basedon obsenationsof a net-baryorfree zonearoundmidrapidity andtherapidity indepen-
dentdistribution of pionsin proton-protoncollisions, Bjorken developedthe model of a source
expandingin longitudinaldirection[13].

At very high colliding enegiesthe nuclei penetrateeachother, creatinga zonewith high en-
ey densityatthecenterof thecollision. Thiszoneof high enegy densityexpandsn longitudinal
direction. Thevelocity of eachelementof this sourceis givenin a simpleway by the positionof
the sourceelementandthetime sincethe collision:

v = EZ (2.23)
In this scenariothe velocity andthe momenteof the emittedparticlesonly dependon their posi-
tions. A sourcefor which relation(2.23)is valid is calledboostinvariant. All obserersin their
restframesseeaninfinitely long longitudinally expandingsource.

As alreadymentioned the momentumdifferenceof the two particleshasto be small. Ac-
cordingto (2.23)the differenceincreasewith the spatialdistanceAz of the emitting points. The
velocity gradientat the freeze-outime 7, is givenby

dv, 1

T (2.24)
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2 Intensityinterferometry

If adifferencen velocity dv, is compensatedy thethermalvelocity v, the measuredengthof

homogeneitys of the sizeR, = dz. Themeanthermalvelocity in onedimensionis givenby

_ T

\V =4/ — 2.25
therm m’ ( )

with m beingthe relativistic massm= ,/m2+ py,, Assumingp, ~ 0 in the longitudinalrest
frameof the pairthisreduceso m= , /ms+ p, =m, . Thisresultsin

v L

for the homogeneitylength,proposedor thefirst time by A. Makhlin andY. Sinyukov [38, 39].

Themeasuredesultcannotbeinterpretecasa geometricabxtensionof the sourcebut it contains
information aboutthe freeze-outtime 7;. In addition, the homogeneitylength dependson the

transwersemassm, of theparticlepair. An experimentalobsenationof this dependencpointsto

collective expansionof the sourcein theaccordingspatialdirection.

2.4 Parameterization of the Correlation Function

The mostimportantfeatureof the two-particle correlationfunction is its width. This width is
connectedo the spatial extensionof the sourceand leadsto the HBT radii. The correlation
functiondepend®n the relative momentumd = p, — p, which hasthreeCartesiarcomponents.
Thereforeit is not sufficient to describethe shapeof the correlatorfor increasing|d| by a single
width. The curvatureof the correlationfunctionnearg = 0 hasto be describedoy a 3 x 3 tensor
[35]. In orderto computethe correlationfunction C,, the true space-timedependencef the
emissiorfunctionis approximatedy a Gaussian.
ThearbitraryemissionfunctionS(x, K) canbewrittenin thefollowing form [35]:

S(,K) 2 S(R(K), K) - exp | - 574y ()R (K) | +8S(x,K) (2.27)
with
RE(K) =X —R(K),  R(K) = (¢ (K), (2.28)
where(...) denotesainaveragewith the emissionfunction S(x,K):
[ EX)S(x,K) d'x
(FY(K) = TS K) d% (2.29)

ThesymmetriccurvaturetensorB,,, is givenby

Buv = =00, InS(x,K) (2.30)

X

For simplicity the correctionterm dS(x,K) is neglected. The space-timecoordinatestt arede-
finedrelative to the effectivesource centerx(K ), which s the centerof the emissionfunctionand
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2.4 Parameterizatioof the CorrelationFunction

approximatelyequalto its saddlepoint. It is the point of highestemissvity for particleswith
momentunK anddefinedby

iInS(x,K) =0 u=1{0,1,2,3} (2.31)
OXy <

Thechoice |
(B7H) , (K) = (%K) (K) (2.32)

ensureghat the Gaussiarapproximation(2.27) hasthe samewidths in space-timeas the full
emissionfunction. Inserting(2.27)into (2.16)resultsin

C(0,K) = 1+ exp[-Hd" (%,%,) (K)] (2.33)

for the correlationfunction. This involvesthe mass-sheltonstrainwhich permitsto write the
space-timevarianceg %, %,) asfunctionsof K only.

Relating(2.33)to experimentatatarequiresheeliminationof oneof thefour relatve momen-
tum component®sf g from the exponentof the Gaussiarvia the mass-sheltonstraint. Depending
on the choiceof the threeindependentomponentsdifferentGaussiarparameterizationexit, as
discussedn thefollowing sections.

2.4.1 Bertsch-Pratt Parameterization

Thestandardorm for the parameterizationf the correlationfunctionis expressedn theout-side
long (o-s-I) coordinatesystem proposedy G. BertschandS. Pratt[40, 41]. Figure2.2shovsthe
decompositiorof therelatve momentund. Themeantrans\ersepairmomentunk, is definedas

k, = %(ﬁt,ﬁr Pi2): (2.34)

with the out-directionparallelto it andthe sidedirectionperpendiculato it. The long compo-
nentis parallelto the beamdirection. The temporalcomponenis eliminatedvia the mass-shell
constraint

qo:B'q:qux+Byqy+quz:BJ_qo+B|q|- (2.35)
Using(2.35)to eliminateq, from (2.33)oneobtains

C@R) =1+ep|- ¥ Ri(K)qg; (2.36)

i,j=s,0,l

wherethe6 HBT radiusparameteR;; aredefinedin termsof thevariancef thesourcefunction:

RA(K) = (% -BDH(X-BD), i,i=sol. (2.37)

For an azimuthallysymmetricsampleof collision events,C(d,K) is symmetricwith respectto
s — —0s [35]. ThereforeR2;= R% =0and

C(d,K) = 1+exp[-R(K) g — R3(K) a5 — R¥ (K)o — 2R5 (K) oy ] (2.38)
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long

P p2

Xy

z

Figure 2.2: Coordinatesystemaccordingo Bertsch-Pratparameterization.

with
R(K) = (), (2.39)
R(K) = ((#-B.D?, (2.40)
RIK) = ((Z-BDH?), (2.41)
Ry(K) = ((x-B,B(z-BD). (2.42)

2.4.2 Yano-Koonin-P odgo retskii Parameterization

Themass-sheltonstrain@llows for differentchoicesof threeindependentelatve momentaThe
Yano-Koonin-Podgoretski{YKP) parameterizatiomsesthe components), = /02+ 92, do,
andq|| = 0. [34, 42. It startsfrom thefollowing parameterizationf the correlationfunction

C(a,K) = 1+ exp[-Riqf — Ri(af — ) — (RS+ R (q-U)7 (2.43)

Like the standardCartesiarparameterizatiothe YKP parameterizatiohasfour K-dependentit
parameters.U(K) is a 4-velocity, the so-calledYano-Konin velocity, with only a longitudinal
spatialcomponent:

1
12

U(K) = y(K)(1,0,0,v(K)),  with y= (2.44)
It is thelongitudinalvelocity of the particleemitting source.
An advantageof this parameterizatiors thattheextractedY KP radiidonotdependnthelon-

gitudinalvelocity of the obsener systemin which the correlationfunctionis measuredThey are
invariantunderlongitudinalboosts.In aframewherev(K) vanishegheir physicalinterpretation

18
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is easiesandgivenby [35]:
RI(K) = R(K)=(), (2.45)
2
RIKR) = ((2- %i)2>—’3—'f<92>w<22>, (2.46)
B = (- 79)) - H =@ (2.47)
L L

For adiscussiorof thevalidity of this approximatiorsee[43].

The standardCartesiarandthe YKP parameterizationare mathematicallyequivalent. They
arebasedon a differentchoiceof independenti-componentsTherelationsbetweerthe different
setsof HBT parameteraregivenby [44]:

RR = R, (2.48)
Rin = R—R =BV (RVRI), (2.49)
R = (1-BIR+V(B -V (R+R)), (2.50)
Ry = BL(-BR+V(B -V RG+RN). (2.51)

2.5 Final State Interactions

HBT-interferometrygivesa pictureof the particleemitting sourceat the momentof thelastinter-
action(freeze-oytof the system.In anideal world the phase-spacpopulationof the final state
is determinedat that moment,given by the Bose-Einsteirstatisticsfor identical particles. But
even afterfreeze-outnteractionsbetweerparticlesarepossible. Theseso-calledfinal stateinter-
actionsleadto a modificationof the phasespacedistributionanda distortionof the Bose-Einstein
correlator

Due to the shortrangeof the stronginteractionbetweenpions (in the order of 0.2 fm) its
influenceon thefinal stateis negligible. For sourcesizesof about4 fm (obtainedin collisionsof
nucleiwith A ~ 40) its effect is a reductionof the chaoticityparametei (seepage87) of about
10%[45]. The expectedsourcesizein Pb-Pbcollisionsis around6 fm. Therefore theinfluence
of the stronginteractionshouldbe evensmallerfor thesesystemsandis neglectedin thefollowing
discussion.

Ontheotherhand,thelong-rangeCoulombinteractiondistortssignificantlythe obsernedmo-
mentumcorrelationsfor pions, dominatingover the Bose-Einsteireffect for small relative mo-
menta.ln the caseof like-signpion pairstherepulsiondueto electricforcesleadsto asuppression
of thecorrelatorfor smallvaluesof g. Theaim of Coulombcorrectionds to modify themeasured
two-particlecorrelationsin sucha way that the resultingcorrelatorcontainsonly Bose-Einstein
correlations.

In thefollowing subsectiong is shovn how Coulombcorrectionscanbe calculatedor given
sourcefunctions.

2.5.1 Classical Considerations

The main effect of the Coulombinteractionbetweenthe particlesof a pair is to accelerateghem
relative to eachother Thus, the two-particlecorrelationfunction is depletedat small relative

19



2 Intensityinterferometry

momentdor like-signpairsandenhancedor unlike-signpairs. This final stateinteractioncanbe
reduceddueto screeningffects.In thepresencef mary producedoarticlestherelative Coulomb
interactionis highly screenedThemotionof theparticlesin thepairis stronglyinfluencedoy their
interactionwith the surroundingparticles.Only whenthe pair hassufficiently separatedrom the
otherparticlesin the systemthe mutualCoulombinteractionor the pair becomesiominant.

Both effectsareimplementedn a classicatoy-modelpresentedn [46]. This modelneglects
Coulombinteractionsbetweerthe pair for separationgessthananinitial radiusr, andincludesit
for larger separationsThe finally obsenedrelative momentuni is relatedto theinitial momen-
tum of the pair g, by

2 2
& = % + f, (2.52)
2u 2u 1
with u beingthereducednassof thepair. Theplussignis for particlesof like-signchage andthe
minusfor particleswith oppositechage. With the Jacobiar|d®q,/d®q| = q,/q the modification
of thetwo-particlecorrelatoris thengivenby (see[47, 46])

C(@ = 20 = Cold) 1+ 22, @53
od

whereC,(,) denoteghetwo-particlecorrelatorin theabsencef Coulombinteractions.

2.5.2 Quantum Mechanical Description

For a quantummechanicaldescriptionof final state Coulombinteractionsa relative Coulomb
wavefunctionw®! js associatedo the emittedparticlepair. Only for particleswith a difference
of aboutl MeV (correspondingo theinverseBohr radii) in momentumthe Coulombinteraction
playsasignificantrole. Becausehisis muchsmallerthanthereducedion massof about70 MeV

anon-relatvistic treatmenbf the problemis justified. In the centerof masssystemof the pair the
wavefunctionW® is givenby the solutionof the Schidingerequation

2
_ZD_m+\/(yl_x2) eoul _ wp¥ (2.54)

with V (X, —X,) beingthe Coulombpotentialof two particlesatcoordinates, , X, andwy, beingthe
enegy Eigenwertof the pair. The solutionof the equationis givenanalyticallyby the confluent
hypergeometridunctionF:

weoulp)y = T(1+in)e 2™ F(-in;1;z.), (2.55)
z, = (gr£g-r)=qr(1+cosb). (2.56)

Here,r = ||, q=|d|, and @ denoteghe anglebetweerthesevectors.The Sommerfeldbarameter
is givenby n = +;= wherethe plussignis for pairswith like-sign particlesandthe minussign

el

for unIike-signpartfcIes.The velocity of the particlesin the pair relative to eachotheris givenby
V,e| = /2. For pion pairswith areducednassu = my/2 follows:
_ mga

n==o (2.57)
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Figure 2.3: Measuredwo-particlecorrelationfunctionC*~ for non-identicachagedparticlesas
afunctionof therelative pairmomentuny,,,. Also shovn arethe calculateccorrela-
tion functionsbaseduponthe Coulombinteractionfor a point-like source(solid line)
andfinite-sizedsourcesf radii 4 fm (dottedline) and6 fm (dashedine). TheFigure
is takenfrom [50].

For sourceswith finite sizeandwithout (X — K)-correlationsandneglectingthetime structure
of the particleemissionprocessn the pair restframe,the correspondingwo-particlecorrelation
functionfor non-identicachagedparticlepairsis givenby [48, 49|

ct(a,K) = / oBr S (1) |weeu(p) |2, (2.58)

SI.(. (r) describesthe probability that a particle pair with pair momentumK is emitted from the
sourceat initial relative distancer in the pair restframe. For a parameterizatiorf the source
emissiorfunctionwith aGaussiaransatzs, () ~ exp[—T?/4R?], thedependencef the Coulomb
correlationson thesizeR of the sources thendeterminedvia Equation(2.58).

In the limit of a point-like sourcewith |F| = 0 the correlatorC*~ is given by the classical
Gamav functionG(n):

Ct = |weoul)| = G(n) = #. (2.59)

2.5.3 Empirical Coulomb Correction

Correlationf unlike-signparticlesdo notshav Bose-Einsteireffectsbut only correlationglueto
final stateinteractionsThisallowsfor thecorrectionof theCoulombcorrelationsn like-signpairs
by usingthe informationobtainedby the measuremerdf unlike-signcorrelations.Themeasured
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Figure2.4: CalculatedC*~ correlationfunctionsfor differentsourcesizes.Thestandardsamav
functionandthe parameterizatioaccordingto (2.60)with g,z = 60 MeV areshown
for comparisonResultsarefrom [52].

correlationfunctionC*~ (g, K) is parameterizely a g-dependentunctionproposedn [51]:
F™(a) = (G(q) — 1)/ ey + 1. (2.60)

The parameterizatiortontainsthe Gamav function and an additional dampingfactor with g4
asfree parameter For small g4, this function approacheshe Gamav function for a point like
source while it includesa phenomenologicdinite-sizecorrectionfor large relative momentum.
Figure 2.3 shavs measuredtorrelationfunctionsC*~ togetherwith calculatedcorrelationfunc-
tionsbaseduponthe Coulombinteractionfor a point-like source(standardsamav function, solid
line) andfinite-sizedsourceof radii 4 fm (dottedline) and6 fm (dashedine). Themodelusedto
calculatethe Coulombinteraction,describedn [46], integratesthe Coulombwave function weou!
accordingto Equation(2.58) over a finite sourcevolume. As onecansee,the standardcamav
functiondoesnotfit to thedata. It overestimateshe dataover thewholerangeof g. On the other
hand,the calculatectorrelationfunctionsarein goodagreementvith the data.

Figure 2.4 compareshe standardGamav function and the parameterizatior ¥~ with the
resultsof the numericalcalculationsbasedon the modeldescribedn [46], for differentsource
sizes.Thecalculationsandthe parameterizationarein goodagreemenandthereforet is justified
to useF*~ to describethe effect of the Coulombinteractionon the data. Equation(2.60) with
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0. = 60 MeV describeshe expectedsourceradii with goodagreementAll Coulomb-corrected
two-particle correlationfunctionsshavn in the remainderof this thesisare correctedwith this
parameterizatiowith g,z = 60 MeV.

The applicationof F*~ asa correctionfor the Coulombinteractionsin like-sign pairsrelies
onthefactthattheenhancemenif C*t~ compensatethe suppressionf Ct+ andC=-, i. e.

Ftt=F~~ ~ 1/F. (2.61)

In principle, this is not exactly true becausalreadythe Gamav functionsarenot equalfor like-

signandunlike-signpairs. Thereasorfor thisis the decreasef the Coulombinteractionbetween
like-signparticlesasthey repeleachother Ontheotherhand,theinteractionincreasegor unlike-

sign particlesdueto the attractionandthe reducingdistancebetweenthem. Evenwith the same
initial conditionsthetransferrednomentumis differentin both cases.In fact, in [53] it is shavn

that the differencebetweenl/C*~ andC** is very small. For g = 10 MeV/c it is about3%

only andbecomesggligible smallfor highervaluesof g. This justifiesthe assumptiorof Equa-
tion (2.61).
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3 The CERES Spectr ometer with the New
TPC

3.1 CERES — The Cerenkov-Ring Electr on Spectr ometer

The CERES/M\45 experimentis optimizedfor the measuremertf low-masset e~ -pairsemitted
in protonandion inducedcollisionsat SPSenegies. The spectrometecoversthe midrapidity
region (2.1 < n < 2.65) anda very broadrangeof p;. Until 1996 the experimentconsistedof
two Ring Imaging Cerenke detectorsRICH) for electronidentification,two silicon radial drift
detector{SDD), anda padchamber A superconductingnagnet(solenoid)betweerthe RICHes
provided a deflectionfield for the determinationof the particle's chage and momentum. The
silicon detectorgogetherwith the pad chambemwere usedastracking devices. With this setup
CERESmeasured significantenhancementf low-masset e~ pairsin heary ion collisionscom-
paredto contributionsfrom hadronicdecays extrapolatedfrom nucleon-nucleortollisions (see
Chapterl).

In 1998the spectrometewasupgradedyy anadditionaltracking detectordownstreanof the
existing setup— a cylindrical Time Projection Chamber(TPC) with radial drift field which re-
placedthe padchamber Figure 3.1 shows a cross-sectiomf the setup.The aim wasto achieve a
masgesolutionof dm/m= 2%atm=: 1 GeV/c?. Thisresolutionallowsfor precisespectroscopy
of the behaior of the p/w and ¢ mesonsn additionto the continuummeasurementBecause
of their shortlifetimes, essentiallyall p mesonswill decayinsidethe fireball while the w and ¢
mesonswill decaypartly insideandpartly outside. The goal of the upgradedCERESspectrom-
eterwasto obtaindirect evidenceof chiral symmetryrestorationby determiningexperimentally
whetheror notthe obsened enhancemerih the continuumis dueto a modificationof the vector
mesongn the hot anddensemedium. In parallelto theinstallationof the new detectorthe data
acquisitionsystemwasreluilt to provide an event rate capability of the spectrometenf ~1000
events/s. This shouldenablea direct measuremenf the yield for all threevectormesonsp, w
and @ aswell asary possiblemodificationsof their properties.

Thefollowing sectiongdescribehe mainpartsof the spectrometein moredetail.

3.2 The Target Area with the Beam Counter s

Thetametsystenusedduringthebeam-time2000wasmadeof 13gold disks,eachwith adiameter
of 600 um andathicknessof 25 um. The distancebetweenhe diskswas1.98mm. Dueto the
selectedliameteanddistanceof theindividualdiskstheparticlesproducedn acollisionreachthe
sensitve detectionvolumeof the spectrometewithout traveling throughfurtherdisks. This helps
to minimize the corversionof y’'sinto et e~-pairswhich is essentiafor the analysisof electron
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Figure 3.1: Schematiaiiew of the CERESspectrometer
pairs.

To starttheread-oussequencef the detectorghe occurrencef a collision hasto be detected.
Thisis donewith asystemof differentbeam/triggedetectorsshonvnin Figure3.2in a simplified
view (seealsoTable3.1). The beamcountersBC1 to BC3 areusedto detectcollisionsbetween
projectileandtargetnuclei. Thesedetectoraregaséerenkw—counterswith air asradiatorlocated
onthebeam-line.If ary type of collisionis detectedindependentf the multiplicity of theevent,
thetriggerconditionis calledminimumbiasandthelogical expressiorfor thisis givenby:

T

minimumbias

= BC1x BC2 x BC3. (3.1)

Theevolution of aheary ion reactioncanbevery differentdependingpntheimpactparameter
of the collision. A classificationof the eventshasto usean evaluationof the final statebecause
it is obviously not possibleto track the colliding projectileandthe target nucleito measureghe
impactparametein a directway. Basedon the assumptiorthatmorecentralcollisionsaremore
violentin asensehatthey producemoreparticles,onecanusethe numberof producedoarticles,
which is calledmultiplicity, to classifyanevent. The mostcentralcollisionscorrespondo events
with the highestmultiplicities. However, CERES— asmary otherexperiments— is not ableto
detectneutralparticlesandthereforethe charged multiplicity is often usedas a measurdor the
centralityto the collision. To selecteventswith a certainmultiplicity the MC or the MD detector
canbeused.Thesedetectorsarescintillation detectorsandthe outputsignal of thesedetectorss
approximatelyproportionalto the numberof ionizing particlespassinghroughthem. Applying a
thresholdo theoutputsignalallows theselectionof differentmultiplicities. Theconditionfor this
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Figure 3.2: Schematiwiew of thetargetregion with thetriggerdetectors.

so-calledcentrl triggeris givenby:

T

central —

T

minimumbias

x MC. (3.2)

The veto detectorsVW andVC are both plastic scintillators. They canbe usedto discard
interactionswvhich happenedbeforethetarget.

| Detector| \ Typ | z-Position |
BC1 BeamCounterl Cerenke Counter| =~-60m
BC2 BeamCounter2 Cerenke Counter| -40mm
BC3 BeamCounter3 Cerenke Counter| 69mm
MC Multiplicity Counter Scintillator 79mm
MD Multiplicity Detector Scintillator ~10m
VC VetoCounter Scintillator -2.62m
VW VetoWall Scintillator -4.13m

Table 3.1: Beam-andtriggerdetectors.

3.3 The Silicon Drift Detector s

Thesilicon drift detectorgSDDs)arelocatedapproximatelyl0 cm behindthetarget. Both detec-
torsarerealizedon 4 inch silicon waferswith a thicknessof 280 um. The sensitve areacovers
theregion betweerthe radii 4.5 mm and42 mm with full azimuthalacceptanceDueto the high
pointingresolutionof thesedetectorghey areusedto reconstructheinteractionvertex with ahigh
precision.

Chagedparticlespenetratinghe detectorcreateelectron-holegairsalongtheir trajectory(see
Fig. 3.3). Theelectronsaredrifting in aradially symmetricelectricfield towardsthe edgeof the
siliconwafer Thedrift field is createdby voltagedividerswhich areimplantedon thewafer The
typical drift time is around3.8 us. The edgeof thewaferdisk is dividedinto 360 anodesvhich
arereadout with chage sensitve amplifiers.
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Figure 3.3: Working principle of the Silicon Drift Detectors.

Theknowledgeof thedrift time allows for thereconstructiorof the trackpositionin radial di-
rection. Theazimuthangleis determinedy the centroidof the chage sharedy adjacentanodes.
To measurethe centroidof the chage cloud with a high precision,an interlacedstructurewas
choserwhereeachanodeis subdiidedinto 5 pieces.Figure3.4 shovs the usedanodestructure.

For moredetailssee[54] and[55].

3.4 The RICH Detector s

Two Ring ImagingCerenke countergRICH) areusedto measuréhevelocity of theparticleand
theirtrajectory If the momentunof theparticleis known themasscanbe determined.

The principle of thesedetectorsvasproposedy Seguinotand Ypsilantis[56] andrelieson
the position sensiti’e measuremenof the emitted Cerenka-light. Inside a radiator Cerenka-
light is emittedundera constantangle 8. with respectto the trajectoryof the chaged particle.

122 61 = 366 um—> 61 122

Figure 3.4: Anodestructureof the SDD.
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3 The CERESSpectrometewith the New TPC

The relation betweenindex of refractionn, velocity of the particle 8 and Cerenke angle 6. is

9 —1

Emissionoccursonly if the velocity of the particlesexceedsa certainthreshold > 1/n. The
Lorentzfactorfor emissionis givenby:

Y= -

In thelimit B — 1 or y — o the Cerenke angleasymptoticallyreaches maximum:

1 1
O = arccos(—) N —.
n Yih

A sphericalmirror reflectstheemittedCerenko photonsnto ring imagesat thefocal planeof the
mirror. The diameterof theseringsthencorrespondso a certainCerenko angleandthusto the
velocity of the particle.

TheRICH detectorsn the CERESspectrometeoperatewith CH, atatmospheripressureas
radiatorgas.Thethresholdor light emissionis therebyfixedto y;, = 32. Practicallyall electrons
producelight at the asymptoticanglewhereasmosthadrons exceptpionswith a momentumof
morethan4.5 GeV, produceno signalatall. Thedetectoris thereforepracticallyhadronblind. To
minimize the numberof photoncornversionsin the spectrometeandto gettheleastpossibleloss
of momentunresolutiondueto multiple scatteringthe amountof materialwithin theacceptance
of the spectrometeis keptaslow aspossible. The RICH-1 mirror is thereforebasedon a thin
carborfibre structurewhich defineshe sphericageometryanda vaporizedaluminumcoatingfor
reflectvity. Theradiationlengthis 0.4 % only. The mirror of the seconddetectorconsistsof 10
glasssegmentswith a thicknessof 6 mm.

The UV detectorsisedfor thepositionsensitve measuremertf the photonsaregascounters
with a gascompositionof 94% Helium and 6% Methane. They are locatedat the focal plane
of themirrors. Theincomingphotonsarecorvertedinto electronsby addedTMAE (Tetrakis-di-
Methyl-Amino-Ethylen). TMAE is usedbecausef its verylow ionizing potentialof 5.4eV. At the
workingtemperaturef the UV detectorof 40° C the conversionlengthof UV photonsis 5 mm.
Therebya corversionprobabilityof 95%canbereachedn thecorversionregion with atotaldepth
of 15 mm. The primary electronis amplifiedin threestepsto 2- 10° e~ via avalanchecreation.
Theion cloudproducedn thelaststepinducesa signalon the cathodepadplane,subdvidedinto
53800padsin RICH-1 and48400padsin RICH-2. The sizeof the padsin RICH-1is 2.7 x 2.7
mm? and7.6 x 7.6 mn? in RICH-2, correspondingo 2 mradperpadin bothdetectors.

3.5 The Time Projection Chamber
In 1998, the spectrometewas upgradedoy the addition of a radial Time Projection Chamber

(TPC)in orderto increasehemasgesolutionto allow aprecisespectroscopgf thevectormesons
plw and g in additionto the continuummeasuremeniThe designof the TPCwasconstrainedy
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3.5 TheTime ProjectionChamber
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Figure 3.5: Perspectie view of the TPC.

theneedo presere theazimuthaksymmetryof theexisting spectrometematchingtheacceptance
for polarangleshetweer® and15°.

The CERESTPC (shown in aperspectre view in Fig. 3.5)is a cylindrical drift chambemvith
the drift field in radial directionandsegmentedpad-readoutThe sensitve volumeis about9 m3
andthelength2 m. Theinnerelectrodds analuminumcylinderwith adiameteiof 972mmaround
which 16 readoutchambersare placedin a polygonalstructure. The whole detectoris mounted
anamassve aluminumplate(badkplate andcoveredby a aluminumcylinderfor mechanicabnd
thermalstability. In total, 15360individual channelswith 256 time sampleseach,canbe read
out, allowing a three-dimensionaleconstructiorof particletracks. Along the z-axisthe TPCis
dividedinto 20 planesgachwith 16 x 48 = 768readoutchannelsn the circumference.

Thecoordinatesystemof the TPCis shavn in Fig. 3.6. The z-axisis definedby thebeam-axis
with its origin in the centerof the first silicon detector The x-axis runs horizontally alongthe
boundarybetweenchamberl5 andchambel0 andthe y-axis is upwardsperpendiculaon x and
z. For thedataanalysisa differentcoordinatesystemis used.The positionof a hit is specifiedby
theradiusr, the padcoordinatewhichis translatedo ¢ andgivenby thereadoutchannelandthe
z-plane.

29



3 The CERESSpectrometewith the New TPC

Figure 3.6: Thecoordinatesystemof the TPC.

3.5.1 Principles/Overvie w

Time ProjectionChamberg57] allow the three-dimensionaleconstructiorof tracksoriginating
from ionizing particles. They provide a large sensitve volumeandareableto track several hun-
dredsof tracksperevent. A chaged particle produceslectron—ionpairsalongits paththrough
thedetector The electrondrift in the electricfield towardsa planeof proportionalwires closeto
thepadplane.At distance®f afew wire diameterghe electronstartsanavalancheprocessvhich
createdree chages. Becausehe electronsare createdvery closeto the wire they are captured
by it andneutralizedn avery shorttime. The movementof the muchslower ions (abouta factor
1000slower thanelectrons)s responsibldor the creationof theinducedsignalwhichis detected
by thereadoutlectronics Moving chagesleadto aninducedcurrenton the pads.This currentis
detectecandrecordedwith the helpof chage sensitve amplifiersattachedo eachpad. Themea-
suremenbf the time betweenthe startof the drift (which is essentiallythe time of the collision
betweeraprojectileandatargetnucleusandthearrival of thechage cloudatthewirescombined
with the knowledgeof the drift velocity enablegshe reconstructiorof theradial coordinateof the
tracks. The othertwo spatialcoordinatesaredeterminedby the locationof the pad. Due to the
chevronshapeof thepads(seeSubsectior.5.2)thechage cloudis sharedetweeradjacenpads.
This allows for a precisereconstructiorof the chage centroidin ¢-direction. The presencef a
magneticfield in the sensitve detectionvolumeleadsto curvedtracks. The curvatureallows the
determinatiorof themomentunof the particles.

Magnetic Field

The magneticfield is generatedy two warm coils with currentfloating in oppositedirections.
Theradialcomponenbf this field is maximalbetweerthetwo coils andthe deflectionof chaged
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3.5 TheTime ProjectionChamber

particlesis mainly in azimuthaldirection. Thefield integralis 0.18 Tm ata polarangleof 6 = 8°
and0.38Tm at 8 = 15°, respectiely.

The Electric Drift Field

The electricdrift field is definedby the inner electrodeat a potentialof -30 kV andthe cathode
wiresof thereadoutthamberst groundpotential. The resultingfield shovs approximatelya 1/r
dependenceThe associatedlrift velocitiesarebetweern2.4 and0.7 cm/us. The maximumdrift
timeis about71 us. Thecylindrical drift volumeis closedon bothsideswith 50 um thick capton
foils which arealsousedto build upthevoltagedividers,necessarfor awell definedelectricfield
over the whole sensitve volumeof the TPC. Thesedividersarerealizedwith 100—200nm thick
copperstripson both sidesof the foils. Thesestripsare 15 mm wide andthe distancebetween
two of themis 5 mm. They areconnectedvith resistorsandtheresultingresistorchain,connected
betweenthe inner electrodeand the outer ground potential, definesthe potential of eachstrip
whichis matchedo follow the 1/r dependencef theelectricfield insidethe TPC.

Gas Properties

Normally, the main componenof the gasmixture is a noble gaswhich is usedtogetherwith a
quendier. As aquenchemoleculargasesanbe used(e.g. CO, or CH,). The main purposeof
this components the stabilizationof the avalancheprocessDuring the avalanchea large number
of photonsare createdwhich could leadto free chagesat metallic surfacesdueto photoelectric
effects. Becauseof their hugenumberof internalexcitation statesthe moleculargasegpossesa
big absorptiorcoeficient for photonsandactasa counterparto dischages.

In the CERESTPC amixtureof 80%Ne and20% CO, is used.This compositiorwaschosen
after detailedstudiesandsimulationsof mary differentgasmixtures[58, 59] with respecto

e radiationlength,i. e. multiple scattering
e numberof createcelectron—iorpairs

e drift velocity andmaximaldrift time

e Lorentzangle

¢ diffusioncoeficients

Thetrajectoryof a particleis affectedby multiple scatteringn the detectorgas. This results
in abiasof the measurednomentum Therelationbetweerradiationlength' andthe width of the
distribution of the scatteringangelfys is givenby thefollowing approximatiori26]:

Bms — %z % <1+ 0.038In (%)) . (3.3)

In this equation,p is the momentumof the particle, 3¢ its velocity andz its chage in multiples
of the elementarychage e. Thethicknessof the medium,normalizedto theradiationlength,is

ITheradiationlengthof materialis definedasthe distanceover which the electroneneny is reducedy a factor 1/e
dueto radiationlossonly.
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3 The CERESSpectrometewith the New TPC

givenby x/X,. To minimize the effect of multiple scatteringt is importantto usea gasmixture
with largeradiationlength. Theradiationlengthis givenby [26]:

7164 gcm—2A
(Z+1)In(287/V/Z)

with A the masshumberof themediumandZ its atomicnumber In caseof a mixture of different
elementse.g.a gasmixture,theradiationlengthis givenby:

%= I% 35)

w; meaningthefractionof theelementi with radiationlengthX.

Along its paththrougha mediuma chaged particle undegoesa certainnumberof inelastic
collisionswhichleadsto electron—iorpairs. Thecreatecklectronscanhave anenegy greatethan
theionizing potentialof themediumandthuscreatefurtherelectrons Thetotal numberof created
electron—iorpairsperunit lengthis [60]:

(3.4)

%=

AE

(3.6)

AE is the total lossin enegy per unit lengthof a minimum ionizing particleandW, is the mean
ionizing potentialof thegas.A largenumberof electrongs usefulin termsof spatialresolutionof

thedetectorbecausehe resolutionscaleswith the squareroot of the numberof electrons.On the
otherhand,with increasingng the probability for high momentumd electronsandthe influence
of multiple scatteringncreasesswell, which hasa negative effect on the spatialresolution.This

rulesout the commonlyusedArgon asmain componenin the CERESTPC, despiteof its large
numberof createcelectron-ionpairs. In the following tablethe propertiesof the Ne/CG, (80/20)
gasmixture usedareshavn. For comparisorthe characteristicef Ar/CO, areshavn aswell.

| [ %o (m) | ne/cm |
Ne/CO,(80:20)[ 280 | 49
Ar/COL(80:20) | 120 | 93

Anotherimportantpropertyof the gasmixtureis its influenceon the diffusion of the chage
cloud. Thermaldiffusion leadsto a broadeningof the drifting electroncloud. The effectis a
decreasedpatialresolutionof the detector Admixture of CO, to the detectorgasreduceshis
effectwhichis particularlyimportantin trans\ersedirection.

The movementof chagedparticlesin presencef electricandmagneticfield is describedy
[61]: oL o

_ ExB EB)B
v, = ﬁ(E—k(mW + (wr)Z( )

) (3.7)

e
wT mT u (3.8)

w is thecyclotronfrequeng, T the meantime betweertwo collisionsandu = er/mthemobility.
Thedrift velocity V; compriseshreecomponentscomponentsn directionof E andB aswell as
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Figure 3.7: Perspectie view of the TPCreadoutchamber

acomponenbrthogonato thetheplanegivenby E andB. Because¢he magnetidield of the TPC
possessescomponentlongthez-axisthedrift directionof thechagedoesnotstrictly follow the
electricfield linesbut alsohasa significantcomponentn azimuthaldirection. Theanglebetween
vy and E, theso-called_orentz-anglejs givenby

tana, = wr. (3.9)

Given preciseknowledgeof u, B, andE the actualdrift path canbe calculated. However, to
minimizeresidualuncertaintieshefactorwt hasto besmallwhich canbe achievedby increasing
the CO, contentof thegas.

However, a negative influenceof the CO, gascomponents theincreasealectronattachment.
Drifting electronsare absorbedy the gaswhich leadsto a deteriorationof the resolution. The
procesgesponsibldor the attachments describedn [62]. Importantwithin this context is the
contentof O, in the gas. O, is a very efficient electronabsorbermnd anincreasedCO, content
leadsto very high demandsconcerningthe contaminatiorwith O,. During the beamtimesthe
TPCwasoperatedat a contaminatiorievel of 8 ppmO,, leadingto anattachmentossof 15%for
thelongestdrift path.

3.5.2 The Readout Chambers

The following sectiongives a shortsurwey of the readoutchambersusedin the CERESTPC.
A detaileddescriptioncanbe foundin [25]. The readoutchambersare multi-wire proportional
chambersvith cathodepadreadout(seeFig. 3.7 and3.8). Threeparallelwire planesarerunning
in azimuthaldirection: the gatinggrid, the cathodewires,andthe anodewires.

Primary electronsare drifting in the electricfield towardsthe cathodewires. Closeto the
anodewires,which areat a potentialof about+1.3kV, the electronsare multiplied by a factor of
about10* in anavalancheprocessThemovementaway from thewires of theresultingion chage
cloud inducesa signalon the sggmentedreadoutpad plane. This signalis amplifiedandshaped
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Figure 3.8: Crosssectionof the TPCreadoutchamber

by anpreamplifiewith semi-Gaussiashapermounteddirectly on the backsideof the padplane.
A detaileddescriptionof the front-endelectronicis givenin Chapter4.

The cathodepadsare shapedike a chevron [63]. The usageof this type of padsenables
a precisedeterminatiorof the chage centroiddueto chage sharingbetweeneighboringpads,
evenfor relatively large pads.Anotheradvantageof this padgeometnyis the betterlinearity of the
padresponsg64]. Asaresultof simulationsthechevrontype(b) of Figure3.9with w=10.3mm,
| =6 mm, and f, = 1.05waschosen.Four displacedsingle chesron structuresare connectedo
one singlereadoutchannelwith 4 anodewires running across(seeFig. 3.10). The numberof
readoutchannelsn ¢-directionhasbeenfixedto 48 for eachreadoutchamber

The gatinggrid is necessaryo protectthe readoutchamberdrom free chage insidethe gas
volumewhich is not causeddy particlesoriginatingin a nucleus-nucleusollisions. It is possible
to control the passagef electronsfrom the drift region into the amplificationregion with this
grid. The potentialof the gatinggrid canbe regulatedto switch it betweena transparentr a
non-transparennode.Only afteratriggerthis grid is switchedinto a transparenmodeallowing
thedrifting chageto reachthereadoutthambers.

The secondunction of the gatinggrid is to preventtheions from floating backinto the drift
volumeof the TPC. Freechagein thedrift volumegivesriseto electricfieldswhich superimpose
with thedrift field andled to distortions.The positive gasions moving towardsthe negative high-
voltageelectrodecontributesthe largestpartto thedistortionbecaus&ueto the gasamplification
of theprimary electrong:loseto theanodewiresapproximatelyl0* electron-iorpairsperprimary
electronareproduced.The gatinggrid in the CERESTPCi s realizedasa bipolargrid. Bipolar
grids have the advantageof reducedsignal coupling comparedo mono polar grids (for details

(a) i (b) }

Figure 3.9: Cherron pads.
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Figure 3.10: Layoutof thepadplane.Four chesron structuresireconnectedo onereadoutchan-
nelwhichis framedby groundstripes.

see[65]).

3.5.3 The Laser System

For calibrationandmonitoringof the propertiesof the TPC onewould like to have straighttracks
atknown positionswith a goodresolutionin space.For this purposea lasersystemwasattached
to the TPC.

A Nd:YAG laseris usedto generatea low divergence(< 0.5mrad smalldiameterd ~ 2 mm)
laserbeamwith a wavelengthof 1064 nm. This wavelengthis too high to causeionizationsin
thegas. Therefore the frequeny of the laserlight is doubledtwice. Theresultingwavelengthof
266 nm (UV) is sufficient to excite low-lying enegy levels of complex moleculespresentn the
gasvolumeof the TPCin form of impurities. To ionize the excited moleculesa secondphoton
is needed.Consequentlythe intensity of the laserbeamhasto be high. With a pulseduration
of severalnanosecondanda beamenepy of 10-20 uJ per pulseanionizationsimilar to the one
causedby chagedparticlescanbe achieved. Thetrackscanbe reproducedwith high precision
dueto missingmultiple scatteringandthefactthatlasertracksproducea Poisson-likedistribution
of ionizationalongtheir path(no Landaufluctuations).The positionof the tracksaredetermined
to anaccurag of 200 um by externaldiodesandthe time resolution10 ns. Theresponsef the
TPCto lasertracksat differentpositionsandat differentvaluesof themagnetidield canbeusedto
verify theknowledgeof the electricandthe magnetidieldsandto testthereconstructiorsoftware.
During datataking, the lasersystemgenerategventswhich are storedon tapein parallelto the
physicsevents.This allows for for monitoringof the propertiesof the TPCduringthe beam-time.

With an optical systemthe laserbeamis transportedipstreanthe detectorandalignedto the
beamaxis. A mirror systemwhich is mountedon the backplaneof the TPC andwhich canbe
controlledremotelyallowsto steerthelaserbeamto differentquartzentrancevindowsdistributed
on the backplaneof the TPC. The beamposition is monitoredwith sereral position sensitve
photodiodes. Theinformationfrom thesediodesis readout for eachlaserpulseandenableghe
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Figure 3.11: Overview of thelasersystem.

reconstructiorof the lasertrack with goodprecision. More detailsaboutthe lasersystemcanbe
foundin [66].
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4 The Readout System of the TPC

4.1 Overview

The CERESTPC hasa granularityof 15360channelsyecording256 time sampleseach. Even
afteronlinedatareductionby meanof zerosuppressioandHuffmancompressiothisconstitutes
abig increasdn datavolumepereventascomparedo the original CERESsetup.To handlethis
amountf dataandto beableto record~ 1000eventsduringaspill periodof 5 s,thecompletedata
acquisitionschemeof CERESwasredesignedThe new systemincorporatedhe alreadyexisting
hardwardor the readoutof the RICH andsilicon detectorsanddefineda uniform interfaceto the
eventbuilding/eventrecordingfor all detectorsFor adetaileddescriptiorof the RICH andsilicon
detectorghereadeitis referredto [67].

An overview of the TPCreadoutystemis shovnin Figure4.1. In orderto copewith thehuge
datavolume,the systemfollows a highly paralleldesign.The smallestsystemunit compriseghe
completeelectronicdor onereadouichambeof the TPC.Eachof the 16 readouthamber$asits
own electronicswhich works moreor lessindependently The dataacquisitionchain startswith
the front-endelectronics,comprisinga chage sensitve amplifier, an analogmemoryto record
the analogoutputsignalof the amplifier (the Switched CapacitorArray) andan 8-bit Analog-to-
Digital-Corverter Theseelementareassembledn a printedcircuit board(the FEEboard which
is directly mountedon the readoutchamberf the TPC. After digitization the dataare sentto
the MotherBoardsnvherethe simultaneouslyncomingdataof 20 FEEboardsaretransformednto
two bit-serialdatastreamsawvhich aretransferedvia two opticallinks to the Recever boards.The
MotherBoardsare locatedat the backplateof the TPC and connectedwith flat-ribbon cablesto
the FEEboards The Recever, thefirst part of the so called back-endelectronic,performsdata
reductionby applyinga zerosuppressiofiollowed by Huffman compressioron the datastream.
The resultingdataare written via FDCS (a daisy-chainlike databus) into the MemoryModule
wherethey aresortedandreformatted Fromtherethe dataaretransmittedagainvia opticallinks
andanintermediatestationin a compactPCimoduleinto the main memoryof one PCwhich is
responsibldor combiningthe dataof all detectorsnto the overall event data-structurdthe so-
calledeventbuilding). This PCcollectsall dataof all eventsbelongingto oneburst(aburstis the
extractionperiodof theacceleratorpndsendst betweertwo burstsvia TCP/IPsocketgmultiple
streamgper PC)to disk senerslocatedat the computercenterof CERN.

A detaileddescriptionof the individual componentsand modulesis given in the following
sections.
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Figure 4.2: Sketchof a FEEboard

4.2 The Front-End Electr onic

For thefront-endpartof the electronicswo integratedcircuits have beendeveloped:anamplifier
anda SwitchedCapacitorArray asananalogmemory[68].Both wereimplementedn the0.8 um
AMS CMOS process.Thesetwo chipsarethe main component®f the FEEboardwhich are at-
tacheddirectly to thepad-planef the TPC.Theboardscontainsalsoan8-bit ADC for digitization
of the signals. All necessaryeferencevoltagesfor the preamplifierandthe SCA are generated
on-boardwith aDAC. Figure4.2 shows a block diagramof the board.

4.2.1 The Amplifier

Theamplifieris achage-sensitietype (CSA!) with asemi-Gaussiashapeandtail suppression,
showvnin Fig.4.3.1n contraryto commonotherdesignsvhich useapulsedreset(e.g.theamplifier
of the STAR experimentat RHIC [69]), thisamplifieris continuouslysensitive. In amplifierswith
a pulsedresetthe feedbackcapacitanc€; which integratesthe signalchageis dischagedwith
with alogicalsignalto preventthe CSAfrom beingsaturatedy subsequerttacks. Thedravbacks
of this schemeare deadtime, a blind systemuntil the next resetcycle if alarge undesiredsignal
is collected,andthe needfor digital signalsrunningon an analoglow noisecircuit. In orderto
avoid theseimperfectiondor the CERESamplifier the schemeshawn in Figure4.3wasused.A
feedbackesistorM; continouslydischagestheintegrationcapacityC; with adecaytime Ty, =
C;M;. Thevalueof M; is a trade-of betweennoiseperformanceandthe capabilityto process
eventswith high occupanyg. For a peakingtime Tgecay= 400ns, noiseconsiderationglictatea
feedbackresistanceM; > 4MQ. The only practicalway to implementsucha high resistancen

1Chamge Sensitive Amplifier
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Figure 4.3: Schematiof the chage-sensitre amplifierusedin the FEEboards

CMOStechnologyis by usingtheassociatedrain-sourceesistanc&® of aMOSFETtransistor

4 dependn the biasingconditionsof M;. It decreasessthe drain-sourcevoltageVys" of
M; increases.This dependencés anadwantagein our caseassignalchagesincreasa/g“gF: the
integrationof smallchagesresultsin smallVgi™ swings,thusRit ~ Rt 5, its valuebeinghigh
enoughto prevent deterioratethe noise performance.Corversely large chagesare dischaged
with afasterdecaytime andthe baselineof the CSAis quickly restored.Evenmoreimportantis
thatundesiredarge signals(asdeltaelectronsyollectedon TPC padsaretransferrecdbntoC; and
quickly dischaged,minimizing deadtime.

If acorventionalpole-zerocancellationwould be used the dependencef RY" on Q,, would
deterioratethe linearity of the preamplifiershaper To resol\e this issue,an adaptve pole-zero
cancellationschemewas usedto suppresghe pole associatedvith R} andC;. The transistor
M_ero is biasedin the sameway asM; duringthe dischageof C;. Thezeroassociatedo the net-
work Mero— C; adaptstself dynamicallyto accuratelycancelthe pole associatedio the network
C; —Mq.

The peakingtime of the shapercanbe adjustedbetweenl40 ns and580 ns andthe tail sup-
pressioncanbe variedover a rangeof 0.1 us—1.5us to copewith differentinput signalsdueto
variousdetectorgasesThegainof the preamplifiercanbe adjustedrom 35-110mV/fC.

4.2.2 Linearity of the Preamplifier

In orderto measurethe linearity of the preamplifierone hasto stimulateit with more or less
realisticinput signals. A “typical” pad-signalookslike the oneshown in Figure4.4. The pulse
shavnis theresultof aMonte-Carlosimulationof the detectorincludingthedrift of the electrons
andionsin the gasvolume andthe avalancheprocessin the vicinity of the anodewires. The
Figureshowsthe currentwhich flows ontothe padandthe integratedsignalcorrespondingo the
total chage accumulate@n the pad.

The signalwasgeneratedvith a programmabldunction generatar The voltagesignalat the
outputof the generatowascornvertedinto a currentsignalby meansof aninjectioncapacitorCe.
Thetestcircuit is shavn in Figure4.5. Becauséghe voltageat the input of the amplifier (U,,;) is
moreor lessfixed (“virtual ground”),therelationbetweeninputvoltageU,, andthecurrenti(t) is
givenby

Q=C(Y;, - Uint)'

The derivative of Q with respecto time is the currentflowing out of the capacitorandinto the

40



4.2 TheFront-EndElectronic

—_ ~ 40 ]
§ [ 7 ...Q C ]
Zoi- — = ]
- L E O 35 -
0.08— . 30p E
r ] 251 =
0.06( . F 1
r 7 20 -
0.04/ — 150 3
i ] 10 =
0.021— — F ]
: J\M« : 1] ]
07 L 1 L L ‘ L L 1 1 1 L ] : L 1 L ‘ L L ‘ L L :

53 54 55 56 57 53 54 55 56 57
time (us) time (us)

Figure 4.4: Simulatedpad-signal Thecurrentis shovn in theleft Figure. Theright Figureshaws
theaccumulated¢hage.

amplifier:

9Q_ i) =cf MUn _ Yin
E_I(t)_C<dt @ )

BecausdJ; is almostconstantthe expressiorfor the currentresultsin

i(t)= C%Uin.
The additionalcapa(:itorcpad attheinputof theamplifierrepresentshe capacityof onepadof the
TPC’s padplane.
Thefunctiongeneratowasprogrammeadvith theintegratedpadcurrentasshovnin theright
partof Figure 4.4 with the flat maximumof the voltagesetto 5 Volts. For scalingof the input
chage an attenuatowas used. This device was connectedetweenthe outputof the function

Uin O I I | : O Uout

Figure4.5: Circuit for stimulatingthe amplifierwith realisticsignals.
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Figure4.6: Experimentabetup.

generatorand the input of the amplifier  With a dampingof -40 dB the input voltage (at the
injectioncapacitor)s reducedo 50 mV, correspondingo aninjectedchageof 50fC. Thewhole
setupis shovn in Figure4.6.

The resultsof the measurementareshown in Figures4.7. Shawvn is the outputvoltageasa
functionof theinputchagefor differentsettingsof V.

4.2.3 The Switched-Capacitor -Array

During thedrift time of the TPCthe outputof the preamplifieris sampledandstoredin ananalog
memory(SCA) atarateof upto 14 MHz. After samplingis completedhe storedanalogdataare
readout anddigitizedwith anexternal ADC atafrequeng of upto 1 MHz. Figure4.8 shavsthe
simplifiedschemati®f this device. The SCA chip containsl6 channelseachwith 256individual
samplesA 16-to-lanalogoutputmultiplexer allows the useof asingleexternal ADC perchip.
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Figure4.7: Linearity of the preamplifier
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Figure 4.8: Schematiaiew of the SCA.

The SCA is operatedn voltage-read-eltage-writeconfigurationwhich hasthe benefitthat
the outputis independenbf the exactvalue of the storagecapacitor Eachmemorycell consists
of a1.4 pFdoublepoly capacitorconnectedy two transmissiorgatesto the commonlines. This
schemeaeducegarasiticcapacitanceduring readout, whenthe storagecellsareswitchedin the
feedbacKoop of anoperationalamplifier Without this secondswitch the read-amplifiewould
chage the total capacitancef all bottomplatesto the substrate.Becausehe two transmission
gatesareinherentlylesssensitvethansingletransistoiswitchestheclockfeed-througtandchage
injectionsarefurtherreduced.Only the differenceof the capacitonvoltageshetweerthe top- and
bottom-platesarerelevantandover a smallrangeof inputvoltagesthe noiseinfluenceis thesame
on both plates. Symmetricallayout and only complementarsignalsrunning nearanalogcells
ensurelow switchingnoisecausedy digital signals. The n-tub layer of the PMOS-switchess
extendedto cover alsothe capacitorsn orderto minimize coupling to the substratewhich in
this technologyis commonto the digital andanalogparts. The read-amplifierconsistsof a one-
stagevoltage-amplifiewith anoutputpush-pullstageandusessmall sizedinput transistorsThis
is necessansinceduring read out chage sharingbetweenthe storagecapacitorand the input
capacitancef theamplifierwouldresultin a distortionof the signal.

The digital part includesa shift registerto sequentiallyaddressa column of cells. A pro-
grammableclock-window preventsoverlappingaddressingignalsto inhibit chage-sharingbe-
tweenadjacentcycles. Two registerson the chip canbe usedto storea delayvaluefor the start
of the samplingandthe maximumnumberof readout channels.This allows to suppresdracks
outsidethe conical acceptancef the tracksmatchingto the other detectors. Additionally, the
controllogic providesall the necessargignalsfor the externalcomponentsike the ADC andline
drivers. After initialization, only a trigger signaland externalreferenceclocks are needed.The
digital blockshave beenassembledrom standarctells andtakeup only a small partof the total
chipsize.

4.3 The Contr ol Electr onic

The controlelectroniccompriseghe MotherBoardthe DetectorLinkmoduleandthe ClockMod-
ule. Apartfrom the MotherBoardthesemodulesarerealizedas6U VME-bus modulessitting in
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Figure 4.9: Schematiwiew of the Motherboard.

acratein thevicinity of the detector Initialization andprogrammingof the modulesis donevia a
CPUrunningOS9asoperatingsystemlocatedin the samecrate. The CPU actsasthe VME-bus
masterandis connectedo Ethernet.

4.3.1 The MotherBoard

The main purposeof the MotherBoardis to assembleand reformatthe datacoming from the
FEEboards 20 FEEboardsare connectedvith flat-ribbon cablesto one MotherBoard All data
cableshave the samelengthwhich allows to sendthe datawithout additionalclock signals. The
signalsnecessaryor clocking the datainto the input registeraregeneratedn the ClockModule
They aredistributedsynchronouslyo all MotherBoards

The incoming 8-bit dataare transformedinto a serial bit streamwhich can be transmitted
via anopticalllink to the electronicdocatedfurther upstreamnin the readoutchain. The parallel—
serialtransformatioris donewith the GLink transmitterchip of Hewlett-Packard.With 5 x 8-bit
multiplexersthe dataof two FEEboardsare connectedo the 16-bit wide input of this chip. The
switchingof the multiplexersis donewith a frequeng 5 timeshigherthanthe readoufrequeng
of the FEEboardsThis way all dataattheinput of the multiplexersareprocesseandtransmitted
after5 clock cyclesandthe next datafrom the FEEboardsanarrive. A simplified overvien of
theboardis givenin Fig. 4.9.

The configurationandinitialization of the boardis donevia a slow-control interface. This
interfaceusesavery simplehandshakeprotocolto transmitor recevve datafrom the DetectorLink
modulewhich itself recevesthe datavia VME-bus from the CPU. The behaior of the Mother
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| Command| Hex code | Comment \

I NI 0x01 Initialize the MotherBoardandresetgheinternalcountergo default
values.

VWRI TE 0x02 Initiatesa datatransferto the RAM. The commands completedwith
the numberof bytesto bewritten anda block of data.

CHECK 0x04 Readghe controloutput(onebit) of the DAC, signalingthe statusof
the programming.

READ 0x08 Startsreadingthe contentof the RAM. Thecommands followed by
the numberof bytesto beread.

STORE 0x10 Thenext eventis storedin theRAM of the MotherBoard

TRAM 0x20 Startsthe transmissiorof the RAM content. The dataare sentvia
opticallink to the Recever modules.

I NI DAC 0x40 Startstheinitialization sequencef the DACsonthe FEEboardsThe
commands followedby the datafor the DACs.

RESET 0x80 Resetgheinternalcountergo defaultvalues.

Table 4.1: Motherboarccommands.

Boardis controlledwith 8-bit codeswhich areinterpretedoy logic ontheboard.Thesecodesare
showvnin Table4.1.

Insteadof sendingthe datadirectly via the opticallinks to thereceving electronicsdatacan
alsobestoredin local memoryon the board. From there,the OS9CPU canreadthe datavia the
slow-controlinterface. This allows to bypassthe restof readoutsystemof the TPC. This feature
wasvery usefulduring theinstallationandtestof the readoutsystem.Essentiallyall dataof the
beamperiod1998have beenrecordedn this modebecause¢herestof thereadoutsystemwasnot
workingin astablefashion.For testpurposest is possibleto fill thememoryon the MotherBoard
with arbritrary datapatternsandto sendthesedatavia the optical links to the Recever. This
featuremimics a freely programmabledata sourcewhich simplifies detugging of the readout
system.

4.3.2 The DetectorLink Module

The DetectorLink module actsas a bridge betweenthe VME-bus protocol and the protocol of
the slow-controlinterfaceof the MotherBoard One DetectorLinkmodulecontrolsthree Mother
Boardsassociateavith onereadoutchamber Datafor the MotherBoardsare sentvia VME-bus
accesso the appropriatdink modulewhich translatesndforwardsthe datato the MotherBoard

4.3.3 The ClockModule

The ClockModule(Fig. 4.10)generatesinddistributesthe clock signalsneededdy the front end
part of the electronicaswell asthe TRIGGER and ABORT signals. To ensurea synchronous
samplingof the TPC channelsall FEEboardshave to startsamplingat the sametime. For this
reasonthe clock signalsare generatedy a centraldevice anddistributedto all MotherBoards
For the samereasonthe TRIGGER signalis synchronizedwith respectio the samplingclock
beforeit is sentto the MotherBoards All thesesignalsare distributedvia flat-ribbon cablesto
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Figure 4.10: Schematiof the ClockModule

the MotherBoardsand from thereto the FEEboards To improve the noiseperformanceof the
systemthesignalsaretransmittedifferentially. The ClockModulecontainsaVME-businterface
(realizedwith a CPLD?) which allows settingof thetwo clocks. The clock signalsaregenerated
with a programmableclock synthesize(ICD2051 from CypressSemiconductoiCorporation).
Theoutputscanbe setduringoperatiorto ary desiredrequeng betweer820kHz and100MHz.

The bidirectionalinterfaceto the trigger systemdelivers TRIGGER and ABORT signalsand
returnsa TRIGGER signalsynchronizedvith the sampling-clock.

4.4 The Back-End Electr onic

All modulesof the back-encelectronicsareequippedwith aninterfaceto the FDCS® aswell asan
interfaceto theVME-bus. Themodulessitin amodifiedVME crateatwhichthelower backplane
for theconnectorsl2 arereplacedwith the backplaneof the FDCS This proprietarybusconnects
the modulesin a daisy-chainproviding a simple and efficient way to move the processedlata
towardsthe personalcomputersisedfor temporarystorageof the events. The VME-busis used
for initialization andcontrolling of theindividual modules.

Thedata-pattor oneMotherBoards shovnin Figure4.11.Datacomingfrom the FEEboards
aresentvia the MotherBoardwith two opticallinks to the Recever boardsandfrom therewith the
FDCSto the MemoryModule Thelastelementn this pathis the FDCSto-PClinterfacewhich
connectghereadoutsystento the computersisedfor datastorage.

2| attice|SP1032
SFastDataCollecting System
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Figure 4.11: Data-pathfor one MotherBoard

4.4.1 The Receiver

Thedatastreamarriving atthe Recever containsall informationfrom thedetectorsTwo Recever
areinvolvedin processinghe datacomingfrom one MotherBoard At theinput of the Recever
thearriving dataaresplitinto two streamsandbothareprocesseth parallelin orderto reducethe
total processindime (cf. Fig. 4.12).

In orderto meetthe eventraterequirementsandto be ableto storethe dataon tape,the data
volumehasto be reducedsignificantly The datareductionis doneby the Recever in a two-step
processzerosuppressioffollowedby Huffmancompression.

Zero Suppression

During zerosuppressioll amplitudevaluesbelow apre-definedhresholdareremoredfrom the
datastream.For doingthis, the baselinglor pedesta)l hasto be subtractedirst. The pedestalvith
therelevantdetectorsignalontop of it is causedy a DC offsetat the outputsof the amplifierand
theanalogmemory(SCA). Consecutre sampledelow thethresholdarereplacedy asingle9-bit
valuerepresentinghe numberof removed samples.This allows for offline reconstructiorof the
time structureof theamplitudes.Sincerealamplitudevaluesarerepresentethy a 8-bit code,the
9-bit countervaluescaneasilyberecognized.

Huffman Compression

In a very generalsensegdatacompressiommeangthe transformatiorof a streamof symbolge.g.
the digitized valuesof the outputsignalsof the preamplifiers)into appropriatecodes With an
effective compressiorthe outputcodestreamis lessin volumecomparedo the inputdatastream.
Huffmancompressiona so-calledosslescompressiomethod s basedon theknowledgeof the
probability of occurrenceof differentsymbolsin the input datastream. Accordingto thesethe
codesarecreatedn suchawaythatsymbolswith ahigh probabilityarereplacedy shortercodes.
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Figure 4.12: Schematiwiew of the Recever board.

Ontheotherhand,symbolswhichappeaweryrarelyarerepresentetly codesvhichcanbelonger
thanthe original symbol. BecauseHuffman codesare unequivocal and are never the beginning
partof anothercodethe compressedatacanbe correctlydecodedwith the helpof abinarytree.
TheHuffmancodesareobtainedoy analyzinga smallsampleof data. The codegogethemwith the
individualthresholddor the zero-suppressioarestoredin a RAM onthe Recever boardswhich
canbeprogrammediia the VME-businterface.

4.4.2 The MemoryModule

The MemoryModuleis a high performancenemoryboard.A schematiaiagramof themoduleis
shavnin Figure4.13. The VME-businterfacecanhandlestandard 16 datatransfersasspecified
by the VME-bus specification.Via VME-bus onecangetinformationaboutthe currentstatusof
themoduleandit canalsobe usedto feedtestdatainto the module. The modulealsohasa slave
interfacewhich canbeaccesseth standard?24 bit, A24) addressnode.

During an eventthe modulesortsthe arbitrarily incoming* dataaccordingto the sendingRe-
celver andstoresthemin FIFO-memories.The FDCS delivers 16-bit datawith a nominal fre-
qgueng of 50 MHz. Immediatelyafterthe modulehasreceved all databelongingto oneeventit
transferghe eventidentificationnumber(which countsthe eventsin oneburst),theglobalcounter
value(numberof receveddata),the sorteddata,andthelocal countervalues(hnumberof receied
datafor eachRecever) to the FDCS-to-PClinterface. After sendingall datathe modulereturns

4Dueto the datacompressionnsidethe Receer modulesthe orderin which the compressedataaredumpedonto
the FDCSis randomized.
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Figure 4.13: Schematiwiiew of the MemoryModule

into anidle stateandwaitsfor the next event.

4.4.3 FDCS-to-PCI Interface

The FDCS-to-PClinterfaceis the connectiorbetweerthe Recevers which collectthe datafrom
the variousdetectorsystems(TPC, RICH, silicon detectorstrigger system)and the computers
usedfor reconstructiorand storageof the events. The interfacehasa transmitterat the FDCS
sideandarecever atthe PCl side. The connectioris implementedasan uni-directionalchannel,
utilizing anopticalfiber capableof a 1.5 Gbit/sdatarate.Figure4.14shows the block diagramof
themodule.

Transmitter

The transmitterpicks up ary valueprovided at the FDCS andsendsit via an opticalfiber to the
recever part. It is a6U VME-bus modulewith the proprietaryFDCS atthe J2location. Theonly
VME-busfeaturesof the modulethatareusedarethe mechanicasupportandpower supply The
block diagramof the transmitteris shawvn in Figure4.15. The essentiapart of the FDCS-to-PCl
Interfaceis HP’'s Low CostGigabit Transmit/Receie Chip SetHDMP-1012/10140getherwith

anopticaltransmitterfrom FinisaP. The T/R link is operatedn 20-bit modewith a parallelword

5FTR-8510Low CostGigabitOptical Transceier
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Blockdiagram: FDCS to PCIl Interface
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Figure4.14: Block diagramof the FDCS-to-PCinterface.

rateof 50 MHz.

Receiver

The recever part of the FDCS-to-PClinterfaceis implementedon a 6U compactPChboard. It

receves an event sentby the MemoryModule and transfersit to PCsfor final processingand
storage. The block diagramis shawvn in Figure4.16. The main part of the moduleis the PCI-

bridgechipfrom PLX Technologiesnc. (PCI9060).Themodulesupportsaclock rateof 33 MHz

andabuswidth of 32-bit. After poweringup themoduleor aftera RESET the PCI9060is loaded
via serialEEPROM with its applicationspecificvalues.To initialize themodulethevaluesof three
PCl-husaddressebave to bewritten to themodule:

e tamgetaddresdor the Event-ID
e tamgetaddresdgor the Global-Counter
e tamgetaddresdor the End-Of-Eentflag

After the modulehasreceved thesethreevaluesit is readyfor datacomingfrom the Memory-
Module. Oncethe modulehasreceved the first threedatawords (containingthe Event-ID and
Global-Counter)t writes thesedatato the addressegiven before. It thenwaits until it receves
thetargetaddresdor the data. The addressalueis written into a register of the modules logic.
Immediatelyafterit hasrecevedthis addresst startsto sendthe datawith DMA transfergo the
specifiedaddressAs soonasit hastransferredhewhole block of datait writesa’l’ to the End-
Of-Eventflag to signalthe receving PCthatit hassentall data. Thenthe moduleis readyand
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Blockdiagram: FDCS to PCI Interface (Transmitter)
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Figure4.15: Transmittempartof the FDCS-to-PClbridge.

waiting for the next event. A FIFO in the input datastreamis usedaselasticitybuffer. It stores
theincomingdatatemporarilyuntil themoduleis ableto transfertheeventdata. TheusedFIFO is
capabldo handlefully asynchronouslgndsimultaneouslyeadandwrite operationsThisfeature
is necessaryo decouplegheinputdataratefrom the outgoingdataratewhichis coupledo the PCI
clock frequeng of 33 MHz. Sincethesizeof the FIFO prohibitsto storea full event,themodule
hasto signalthe MemoryModuleto interruptthe datatransferbeforeanoverflon occurs.

Thetargetaddresdor the datacanchangefrom eventto event. Thetamet addressefor the
Event-ID, Global-Counterand End-Of-Eentflag canonly be written after power-up or manual
resetof themodule.

Like thetransmittempartof thisinterfacetherecever comprisedHP’s Gigabitchip settogether
with anoptical receverfrom Finisat

4.4.4 The Fast Data Collection System

The Fast Data Collection Systemwas developedfor the first readoutgenerationof the RICH
detectorslt wasusedto transporthe datafrom the ADC modulesto thetriggerprocessqrasfast
aspossible(seg[67]). In thereadoutsystemwhich wasusedfor the beamperiods1999and2000
the FDCSwasemployedn all detectorsystemdor thetransporiof the datafrom the Recever to
the MemoryModule

The FDCSis realizedas a daisy-chain.This meansdataare transferedrom oneslot to the
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Blockdiagram: FDCS to PCI Interface (Receiver)
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Figure 4.16: Therecever partof the FDCS-to-PClbridge.

next via a point-to-pointconnection.Only a coupleof control signalsare distributedto all slots.
Thewhole FDCS canbe enabled/disabledith a controlsignal(START_FDCS). A runningdata
transferis flaggedwith the control signal _BDATA which is low active anddriven by eachdata
sourceatthe FDCSin awired-andconfiguration.Oncethe FDCSis enabledy a specialcontrol
module the Recevers startassoonasthey have datato assertheir BDATA signalandputvalid
datain afree dataslot. As long asa Recever getsfull dataslotsfrom its left neighbor(marked
with anextra databit FF_IN) it will passthemunchangedo its right neighbor If thereis a free
slot from theleft side,the Recever canput a datuminto the slot, markit asfull andsendit to its
right neighbor

TheleftmostRecever canalwaysputdataonthe FDCSbecausé hasno neighborandthere-
fore seesonly emptydataslots. With thatprocedureall availabledataslotsarefilled ontheirway
to the MemoryModuleastherightmostdevice. With this schemédt canhapperthattherightmost
Recever is not ableto put dataon the FDCSfor along time becausall the dataslotsarefilled.
In the original FDCStherewasa scheméamplementedo avoid this caseby assigningeachmod-
ule a certainpriority P. Moduleswith a lower priority hadto let passl5— P emptydataslots,
wherethe priority canbe choserbetweerD... 15. In the presentlyimplementedrersionthe prior-
itizing schemds omittedto simplify the logic on the Recever. Figure4.17 shows the currently
implemented=DCSlogic. A detaileddescriptioncanbefoundin [67].
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Figure4.17: Schematigictureof the FDCS.

4.45 The Interface to Data Storage

After eachacceptedriggerthe datastreamfrom the detectorsendup in two compactPClcrates
asshavn in Fig. 4.18. In additionto the FDCS-to-PCliinterfaceghesecratesareequippedwith a
ZiatechCPU-boardwith a200MHz PentiumPrgrocessoanda socalledPVIC link. The PVIC
is ahigh bandwidthtransparenPClto PCIlink. It wasdevelopedto allow interconnectiorof PCI
basedorocessorsr workstationswhile preservinghe full PCI throughputof 132 Mbyte/sblock
access.It utilizes a 16-bit bus operatingat 66 MHz. The PVIC links connectthe compactPCI
crateswith the PCsusedfor collectingthe datafrom all eventsof oneburst(EventBuilder). The
Event Builder-PCsaredirectly connectedo a Gigabit switchwith an up-link to the centraldata
recordingfarmlocatedin CERN's computercenter Dueto limited performancén writing datato
the disks, the Event Builders sendtheir datato 7 individual PCs. ThesePCscollectthe dataon
theirinternaldisksandfrom time to time thedisksareflushedto tape.
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5 The Modified Readout

Dueto problemswith the originally proposedeadoutsystem(asdescribedn Chapter4) during
thebeam-timan 1999,the systemwassignificantlychangediuringthe year2000.

Oneproblemof the proposedreadoutsystemwasthe loss of synchronizatiorbetweendif-
ferent MotherBoards Another problemwasthe complicatedmixing of the dataalreadyat the
MotherBoardlevel. Datafrom different FEEboardswvere combinedinto one datastream. This
datastreamwasfurther mixed at the input of the Recevers In caseof a not properly working
Recever this leadsto the corruptionof a large part of the detectordata. Unfortunately this hap-
penedduringthebeamtime in 1999andwasthereasorfor thechangeslescribedn thefollowing
chapter

The dataof the beamtime in 2000 (beamenegiesof 80 AGeV and158 AGeV) have been
takenwith the new readoutsystem.

5.1 Overview

Figure5.1 shows an overview of the CERESreadoutsystemimplementedor the beamtime in
2000. The analogoutputsignalsof the SCA on the FEEboardsare sentvia a shieldedcableto
the FEDC boardg[70] wherethe signalsaredigitized. This digitization processf the FEDCsis
clockedby anexternalclock signalwhichis provided by the TPC ClockModule

To handlethe dataof two TPC chamberghree FEDC modulesare necessarandthey are
groupedn one9U VME cratecloseto the TPC. Eachcratess connectediiaaMXI ! interfaceto a
so-calledeadoutPC. Duringthe5 slongburstall dataarecollectedin thereadouPCs.Inthel4s
longburstpauseheaccumulatedataaresentvia Gigabit-ethernetonnectiorto eventbuilder PC,
locatedin CERN's CentralDataRecordingfacility (CDR). Therethedataof all detectorsystems
aremegedinto onedatablock andsavedondisk. A tapedaemonasynchronouslyunningonthe
machine copiesthefile to tape.

Up to the compactPCkrate the datapathsfor the silicon drift detectorsandthe RICH detec-
torsarethesameasin 1999.In contrasto the 1999setup the dataof thesedetectorsarecollected
in themainmemoryof theembeddedCwhichis pluggedinto the compactPCtrate.Fromthere
the dataaresentvia etherneto the eventbuilder.

Thestartof thereadouts triggeredby anexternalsignalappliedto aninputchannebf anl/O
cardpluggedin thelSA busof thereadoutPC. After receving atrigger, thereadoutPC setabusy
signalon an outputchannelof the I/O card. A logic OR of all busy signalsis usedto inhibit new
triggers.After all dataaresentto thereadoutPCthe busysignalis removed.

The MotherBoardswvhich were usedfor reformattingand compactingthe datacomingfrom

IM ultisystemeXtensionl nterface
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Figure5.1: Overview of the CERESdataacquisitionin 2000.

the FEEboardsarein the new systemonly necessaryor initialization of the FEEboardsandfor
distributingthevariousclock-, trigger andabort-signal$o the FEEboard$elongingto onecham-
ber.

5.2 Clock Distrib ution

Onereasorfor the badquality of the datarecordedduring the beamperiod 1999wasthe lossof
synchronizatiorbetweendifferent MotherBoardsand betweenthe so called WCLK (the signal
which clocks the samplingof the SCA) and RCLK. The RCLK signalwas usedto clock the
readout-phasef the SCA. It wasalsousedto control the multiplexing and reformattingof the
incomingFEE-data.

In thenew readout-systeranly oneclock signal(the MasterClodk) is generatedlobally with
asynthesizeon the ClockModuleanddistributedto all MotherBoards Onedrav-backof thisis
thelossoff flexibility in settingthe WCLK. This signalhasto be generateavith a counterinside
the controllogic of the MotherBoardsandis fixed to 1/4 of the MasterClock.
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Figure5.2: Clock distribution.

5.3 Front-End-Electr onic

Insteadof usinga 16-bitdigital datalink betweerthefront-endelectronicsandthe MotherBoards
on which the datawere compactedandreformatted,an analogconnectiorto the FEDC-board$
wasused. To matchthe outputsignal of the SCA with the input of the FEDCsan externalline
driver (linear buffer) wasused. The outputof the SCA hasa maximalswingof 5 V. As longas
the SCAis in theidle statethe outputstaysat-3.0V. During the samplingof the TPC signalsthe
outputchangedo +2.0V. Hits in the TPCresultin anoutputsignalof the SCAwith amaximum
amplitudeof approximately2 VV ontop of abaselingdDC componentpf about-0.5V. Thebaseline
is not fixedbut canbevariedduring theinitialization of the SCA via a DAC onthe FEEboard In
thelinearbuffer the signalis shiftedandcompresseih orderto matchthe dynamicrangeof the
FEDC input. Thefunction of this buffer is depictedin Fig. 5.3. This additionaldriver wasalso
necessaryo drive thelong cable(about14 m) runningto the FEDCs.This driverwasrealizedon
asmallPCBdirectly gluedto the FEEboardsThe outputof the SCA wasreroutedo theinput of
the buffer, bypassinghe ADC onthe Front-End-Board.

2Front End Digitization Card

USCA (V) Uhnearbuﬂer (V)

42 b [P )] S —‘
+1.2

g =

idle : sampling readout : idle sampling : readout

: time -0.17 : : time

2V

Figure5.3: Themainpurposeof the linear buffer is to adjustthe outputsignalof the SCAto the
input of the FEDC.
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Figure5.4: Addressspaceof the FEDC-board.

5.4 The FEDC-board

5.4.1 Setup

The digitization and further processingof the TPC signalsis done on the FEDC-boardd70].
Theseboardsarerealizedas9U VXI deviceswhich cancontainup to 48 readoutchannels Each
readoutchannelcomprisesa 10-bit ADC anda digital ALTRO? chip. Four ADCs togethemwith
four ALTRO chipsarearrangedn onedaughtercard. For the CERESreadoutonly 40 channels
perFEDCwereused.Someglobal control registersandmemoryfor the processediatacomplete
the board. The FEDC-boards an A32 slave. The5 MSB, A31-A27, definethe boardaddress.
Theremainingl9 bits (A18—A0) definethe FEDC's addresspacewhichis shovn in Figure5.4.

The behaior of the FEDC-boardand of the ALTRO chip is controlledby a setof internal
control/statusegisters,summarizedn Table5.1and5.2.

Two connectorsat the front panelof the moduleallow for the connectiorof the input signals.
Eachconnectomprovides accesgo 24 channelsof the FEDC of which only 20 are used. Each
channelprocesseshe dataof one FEEboardin fact datacomingfrom 16 SCA corresponding
to TPC pads. The FEEboardsare connectedwith approximatelyl4 m long coaxial cablesto
minimizethe distortionof thesignalsdueto the noisy ervironment.

The eventmemoryof the ALTRO chip hasa capacityof 4096 bytes,256 bytesfor eachpad.
Dependingon the numberof acceptedtlusterson a pad,thisis notin all casessufiicient to store
all clusters.If the dataof onepadexceedgshe 256 byteslimit the datablock of thefollowing pad
will bepartly overwritten,resultingin thelossof thefirst clustersof this pad.

5.4.2 Signal Processing

Immediatelyafterreceving afirst-level trigger signalthe SCA startsto samplethe 16 outputsof
theamplifierin parallel. This samplingphaseis followedby thereadoutphasen which thestored
analogvaluesaredumpedin a time-wiseorder (first sampleof channel0, fist sampleof channel

3AL ice TPCReadDut. For the CERE Sreadouta modifiedversionof this chip wasused.
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5.4 TheFEDC-board

Address| Name | Access| Description \

0x70000| CSRO | R/W | [31:0]: enablebit for channel®to 31
0x72000f CSR1 | R/W | [15:0]: enablebit for channel832to 47
0x74000| CSR2 | R/W | [19:16]:triggerdelay

[12:0]: readoutdelay

0x76000f CSR3 | R/W | [31]: flag

[30:21]:eventnumber
[20:16]:boardaddress

[15:0]: eventlength

0x7a000| RST w RESET
0x7b000| EVRST W eventcounterRESET
0x7c000| TRG W trigger

Table 5.1: Controlandstatusregistersof the FEDCboard.

Address| Name [ Access| Description \

0x800 CSRO R/W | [16:9]: numberof samplego process

[8:1]: zerosuppressiomhreshold

[0]: datastreamcomingfrom ADC (=0) or
pedestamemory(=1)

0xa00 | WBASL R accesgo pedestamemory

Table 5.2: Registersof the ALTRO chips.

1,..., fist sampleof channell5, secondsampleof channeD,...).

The datacomingfrom the TPC front-endelectronicare digitized usinga 10 bit ADC on the
FEDC cardof which only the 9 mostsignificantbits are usedfor further processing.Therefore,
inside the ALTRO chip the signalsare representedby 9bit codes,rangingfrom 0 to 511. The
baselinecorrespondso a valueof about300. The processingf theincomingdatais startedwith
atriggersignalwhichis generatedrom one MotherBoard After corvertingthe analogsignalthe
datastreamis demultiplexed accordingto the 16 channelsof the preamplifier The resulting16
datastreamsreprocessedh parallelinsidethe ALTRO chip.

In the following processingsteps(seeFig.5.5) the polarity of the signalis changedandthe
baselines subtracted After this subtractiorthe signalshouldbe confinedwithin thefirst half of

I3
&
=

511 _ 511 _

ADC value

L T
v nln

Figure 5.5: Thedifferentstepsof signalprocessingnsidethe ALTRO chip.
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Figure5.6: ZerosuppressionTriggeratt = 0.

the9 bit range.Thereforehemostsignificantbit canbe omittedreducingthesignalrepresentation
to 8 bit codes.Finally, the signalundegoesthe zerosuppressionSampleswith a valuesmaller
thana constanthreshold(8 bit) arerejected.This thresholds storedin oneof the controlregister
of the ALTRO. Whenasampleis foundto beabove thethresholdjt is consideredsthe startof a
pulse(cf. Fig. 5.6)

5.4.3 Pedestals

As eachALTRO chip processeslatacoming from 16 TPC-channelsvith maximum 256 time
sampleq= 4096 bytes),it wasnot possibleto provide enoughmemoryinsidethe chipsto hold
pedestalaluesfor all samples. In fact, dueto the stability of the pedestalsand their smooth
dependencen the sampletime it wasnot alsonot necessarylnstead,a schemeusinga look-up
tablewasimplemented.Figure 5.7 shows a pictorial representationThe look-up table contains
2567 bit words. Theindex (theline numbe) of thistablecorrespond$o the samplenumber The
entriesarethe addressesf the data-luffers which containthe pedestalvalues. This means, 128
pedestaValuescanbeassignedo eachchannel.For this schemeonly 2048bytesfor thedataplus
256 bytesfor thelook-uptablearenecessary

The format of the datafiles usedto programthe pedestalaluesreflectsthis setup. The in-
formationbelongingto 4 ALTROs of onedaughtercardarecombinedin onefile. Thefile name
containsthe branchnumber(x), the FEDC-boardnumber(y) andthe daughtercard number(z):
ped_x_y_z. EachALTRO datablock consistsof the pedestalaluesandthe look-uptable. The
pedestalaluesare arrangedin 128 lines with eight 16 bit words. The first word containsthe
informationfor channel0 and1, the secondfor channel2 and3, andsoon. The look-up table,
which follows the datablock, consistof 256 lineseachline containinga 7 bit word.

Onedisadwantageof this schemecomparedo the oneusedin the original CERESreadoutis
themissingpossibility to specifyathresholdfor zero-suppressicior all time-bins. This featureis
usefulif thenoiseof individualtime-binsis very different.Insteadthe ALTRO usesonethreshold
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Figure 5.7: Implementatiorof the pedestaimemoryusingalook-uptable.

valuefor all time-bins(CSROregister). This restrictionwasevadedby addingthe threshold(de-
terminedindividually for eachtime-bin)to the pedestalzalueandstoringthis combinedvaluein

the pedestamemory Thezero-suppressiovaluewhichis usedto detectthestartof a pulseis set
to 0. With this schemenotonly thetruebaselinds subtractedrom the signalbut alsothe specific
threshold.If theresultingvalueis abore zero,the pixel is consideredeing partof a pulse. For
the off-line analysishe additionallysubtractedhresholdhasto be addedagainfor eachpixel.

5.4.4 Data format

The eventis storedin the FEDC memoryasa back-linkedstructureasdepictedin Fig. 5.8. Due
to the removal of a varying numberof samplesbetweenthe acceptedclusters,the timing in-
formationwould be lost during the zero-suppressioprocess. This requirestwo additionaldata
wordsperrecognizectluster— thetime-stampandthe clusterlength— to beableto reconstruct
the signalsoff-line. The clusterlengthcorrespondso the total numberof samplegplusthe data
word containingthe time-stampandthe dataword for the clusterlength. The time-stampgives
the (sample-)positiorof the last samplein the clusterrelative to the trigger signal. This cluster
structure(samplevalues+ time-stamp+ clusterlength)is repeatedor eachacceptectlusterin
a specificchannel. Thesedataare completedby a 32bit trailer word which containsthe channel
identifier and the total numberof bytesin the packet. The trailer word alwaysstartsat a 32bit
boundary This is ensuredoy usingdummy bytesat the end of the channeldatastructure. The
datablock shovn in Fig. 5.8 consistof n clusters.Cluster0 compriseof 5 samplesclusterl of
only 3 andsoon. This exampleneedstwo additionalfill bytesat the endof the structurewhich
areshovn aswell.

Theoverall FEDC-boarddatablock containshe channeldatablocksfor channelO to channel
703.In the CERESversion,only 6400ut of 768 channelof the FEDC-boardareused numbered
from 0 to 319 andfrom 384to 703. Thegapin the numberingis dueto unusednput connectors
atthefront panelof the FEDC.
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31 24]23 16]15 87 0| Longword #

/

Data block for one ALTRO channel
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Figure5.8: ALTRO dataformat

5.4.5 Trigger

To startthe signalprocessingf the FEDCsanadditionaltriggersignalhasto be providedwhichis
relatedto the switch-over from the samplingphaseo thereadoutphaseof the SCA. Suchasignal
alreadyexists on the MotherBoard(the data-outpusignal generatedy the SCA andindicating
the startof thereadoutphase).This signalis routedfrom one MotherBoardto a fan-outmodule
anddistributedto all FEDCssimultaneouslyseeFig. 5.9). A delay-lineis usedto synchronize
this signalwith thedatafrom the SCA.

trigger signal
(data_output) trigger/clock

\ \ MB delay distribution

\

\
}
/ Ca—

TPC

FEDC
FEDC
FEDC
FEDC
FEDC

MX1-2

VME-crate VME-crate

=

to PC’s

Figure5.9: FEDCtiggerdistribution.
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5.5 The MXI-2 Interface

TheMXI-bus is a high-performanceommunicatiorlink thatinterconnectslevicesusinga flex-
ible cablingscheme.MXI-busis a generalpurpose 32-bit multi-mastersystembus on a cable.
It provides a high-performancavay of controlling VXI® systemsusing commerciallyavailable
desktopcomputersandworkstations.MXI| devicescandirectly accessachother's resourcedy
performingsimplereadandwrite operationgo appropriateaddress$ocations.TheMXI-2 standard
expandsthe numberof signalson a standardVIXI cableby exporting all VXI backplanesignals
suchasVXI triggers,interruptlinesandsystemclocksdirectly to the cabledbus.

A VXI device hasa uniquelogical 8-bit addresswhich senesasa meansof referencinghe
device in the VXI systemandallows up to 256 VXI devicesin a VXI system.EachVXI device
musthave a specificsetof registers,called configurationregisters. Theseregistersarelocatedin
theupperl6 kbyte of the 64 kbyte A16 VME addresspace Thelogical addres®f a VXI device
determineghe location of the device’s configurationregistersin the 16 kbyte arearesered by
VXI.

Throughthe useof the VXI configurationregistersthe systemcanidentify eachVXI device,
its type, modelandmanufactureraddresspaceandmemoryrequirementsVXlb usdeviceswith
only this minimum level of capability are called registerbaseddevices. With this commonset
of configurationregisters,the centralizedResouce Manager, a softwaremodule, can perform
automaticsystemconfigurationwhenthe systemnis initialized.

In additionto registerbaseddevices,the VXIbusspecificatioralsodefineanessage-basetbk-
vices,which arerequiredto have communicatiorregistersin additionto configurationregisters.
All message-basedXlbusdevices, regardlessof the manufacturercancommunicateat a mini-
mum level usingthe VXI-specified Word Serial Protocol. In addition,one canestablishhigher
performance&eommunicatiorchannelssuchasshared-memorghannelsto takeadvantageof the
VXlbusbandwidthcapabilities.

Thesetupusedin CERESconsistsf the VME FEDC-boardsvhich arecontrolledby a PCI-
VME bridge— the NationallnstrumentsVME-MXI-2 busextender This configurationconsists
of aPClcard(pluggedin theso-calledreadout-PCs/XI-2 busandaMXI-VME interfacecard.
Datafrom the FEDCsarecorvertedon theMXI-VME interfaceboardandsentover theMXI bus,
which is essentiallythe VME on a cable,into the PCI card. The maximalachieved dataratewas
aboutl2 Mbyte/s.

5.6 Software

The communicationwith the TPC-electronicds basedon a VME processorrunning the OS9
operatingsystem(FIC 8234from CES).All partsof thereadoutlectronicsareconfiguredvia the
VME-bus. For the beam-timeof 2000all programswvereadaptedo Linux andwererunningon
a PC. The communicatiorbetweenthe softwareon the PC andthe hardwares basedon a very
simple client/sener architecture(Fig. 5.10). The programs(clients) opena TCP/IP connection
to the VME processoand sendshortcommandgo a sener process.The sener interpreteghe

4MultisystemeXtensionl nterface
5VME eXtensiongor I nstrumentation
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Figure5.10: Client-sener architectureof the TPC software.

commandsindinitiatesa VME-bus accessin caseof areadaccesshe dataaresentbackto the

PCusingtheestablished CP/IPconnection.
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6 Reconstruction of the Raw Data

6.1 Data Set

In the frameawork of this thesis, data samplesof Pb—Au collisions takenat beamenepies of
40 AGeV, 80 AGeV, and 158 AGeV at the CERN SPShave beenanalyzed. The beamperiod
of theyear1999with E_ . .= 40 AGeV wasaccompaniedvith severe problemsin the readout
system(seeChapters). Therfore,only alimited partof the TPC datacould be usedfor the anal-
ysispresentedn [71]. In the courseof this thesisa reanalysif this datasetwasdoneusingthe
improved softwarefor hit- andtrack-findingaswell asthe augmentednowledgeaboutthe cali-
brationof the differentdetectors.To enhancehe quality of the datasampleonly the information
from readoutchamber® and1 wasused. Thesetwo chambershave beenthe only oneswhich
shoveda stableandreliableperformancef thereadout.

Thedataat beamenepgiesof 80 and 158 AGeV weretakenduringthe beamtime in 2000,the
80 AGeV dataessentiallyin onenight at the very beginning of the heavy ion run. At thetime of
the80 AGeV run, thesilicon drift detectorsverenot operationalet. During datatakingwith the
full beamenegy of 158GeV all detectoravereoperational To have a consistenainalysisscheme
for all beamenegiesonly the dataof the TPC have beenusedto determinethe momentunof the
tracksandto constructhetwo-particlecorrelationfunctions.

Theanalyzedlatasampledor all beamenegiesaresummarizedn Table6.1.

6.2 Production: From Raw Data to ROOT-Trees

Thegoalof all dataanalysisis the extractionof meaningfulnumbersrom the measuredletector
signalsandtheir interpretationn termsof physics.Clearly, the datavolumeof theraw data,i. e.
thedataasrecordedrom thedetectorsaremuchtoo bulky anddifficult to handle.In addition,the
dataarenotcalibratedwhich meanghatthedataarenot correctedor ervironmentalchangesike
temperaturegascompositionspr known imperfectionsof the detectors.Therefore thefirst step
of dataprocessings the so-calledoroduction In thistime consumingprocesgshecompressedaw
dataaredecompressedhe during datataking subtracteedestals reestablishedseepage47),
measuredADC valuesare transformednto hits in the individual detectorshits are groupedto
tracks,andfinally the momenteaof the tracksaredeterminecby a fit algorithm. As the outputof
the productiona very limited numberof parameterge.g. coordinate®f hits or tracks)arestored
in theROOT! treeformat.

The processingof the raw datais doneon a PC clusterat CERN running Linux, eachPC
having two processorsDuring the beam-timethe dataof all eventsbelongingto oneburstwere

1The ROOT systemis an ObjectOrientedframavork for large scaledataanalysisdevelopedat CERN.

65



6 Reconstructiomf the Rav Data

Epeam= 40 AGeV Epeam= 80AGEV Epeam= 158AGeV
run | bursts| No. events|| run | bursts| No. events|| run | bursts| No. events
781 7 5733 || 1114 33 11447 1270 43 14327
784 15 13454 1118 271 102102 1271 247 78432
786 10 8432 || 1119 206 72422 || 1272 266 92034
791 30 350671 1120 93 361281 1273 314 108705
792 115 158388 1121 55 19933 || 1274 362 125063
793 80 o5777|| 1122 156 54298|| 1275 81 28410
796 262 270967 1123 129 492001(| 1276 329 112543
813 31 28808 || 1124 363 143241 1277 75 26471
816 9 9242 1279 57 7620
817 30 26928 1280 238 96112
818 165 138726 1281 150 61173
819 92 95699 1282 156 55713
820 17 16586 1284 71 29911
822 22 20924
824 65 78628
825 163 214167
827 51 66253
828 33 41980
832 100 147966
834 119 171626
837 114 179773
841 115 173181
844 9 16568
845 7 13254
846 46 73523
849 63 108562
850 25 41618
851 116 184462

| Total: 2436292 Total: 488771|| Total: 836514

Table 6.1: Overview of theanalyzeddatasamplesat the threedifferentbeamenepies.

collectedin one binary file which was storedon tapeat CERN’s computercenter Thesefiles
arethe smallestdataunits which canbe processedndividually. To usethe computerclusteras
efficiently aspossiblean automaticload sharingtool (LSF) wasused. This softwaretakescare
of the distribution of individual jobsto the PCs,ensuringa high andequalload of all available
resources.

The productionprocesss controlledby a few Perl scripts. An overview is givenin Fig. 6.1.
The main script controlsthe stagingof the raw-datafiles. Stagingmeanscopyingof datafrom
tapeto adisk pool. This disk poolis a collectionof severaldatadiskswhich aremanagedy the
CASTOR systemin a completelytransparentvay. The userdoesnot have to know wereexactly
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produce. pl

| ogd eaner . pl /
foreach $run (@un_list){

while (bursts to process){
while (jobs pending){
sleep 10 min

bs

pending ?

stagein (next 50 bursts)
sleep 5 mn
}
}

run lists
start_batch. pl

|

sl eep 10m

I

runllisg
runllis

subnmit jobs
to LSF

Figure6.1: Productionof theraw datais donein a automatedvay andcontrolledby simplePerl
scripts.

thefiles are storedin this pool. A logical link createdby the stagingcommandgivesaccesgo
thefile. Froma list containingall files which have to be processedbunchesof up to 100 files
arechoserandrequestedor staging.The Perl scriptensureghatonly fileswhich arenot already
processedrereadfrom tape. The starterpl scriptis responsibldor startingthe individual jobs
for processin@f theraw datafiles. For eachfile copiedto thedisk poolajob is submitted.

CASTOR

During springof 2000all recordeddatafrom the beam-timein 2000weretransferedo the nev
CASTOR systemat CERN[72]. CASTOR standsfor CERN AdvancedSTORage Managerand
the projectwasstartedto handlethe hugeamountof anticipateddatafrom the LHC? experiments
in afully distributedervironment. CASTOR is animplementatiorof asocalledmanagedtorage
systemwhereusersreferencedatathroughalogical namespaceratherthanthroughexplicit tape
namesandtapefile sequenc@umbersBy usingacommandnterface(the RFIO API)3, accesso
remotefilesis identicalto readingor writing to alocal disk path.

Whena programwantsto accessa CASTOR file, it first contactshe CASTOR NameServer
andchecksif thefile exists. Afterwardsthe appropriatestageris contactedwhich checksif the
file is alreadyon disk andif not recallsthe datafrom tape. The stagerusesa memoryresident
catalogto maintaindataof all disk files in thedisk pool it managesThefiles are copiedon disks

2|_arge HadronCollider
SRemoteFile 10 ApplicationPrograml nterface
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whicharemanagedy the stagerandwhich establisithe diskpool. As alaststepa symboliclink
to this file is created. The CASTOR nameservermaintainsthe logical namespace.All filesin
the CASTOR systemhave an associatedbgical nameentry in the namesener. The namespace
is very similarto a UNIX directorystructure An entryin the namesener containanformationto
locatethefile on aspecifictape,sizeof thefile, accespermissionsandothers.

A smallnumberof commandine programswhich are built on top of the RFIO API canbe
usedto performroutine file and directory manipulationssuchas remotely copying, moving or
renamingdfiles.

6.3 The Reconstruction Chain

Reconstructionf the datameanghetransformatiorfrom raw detectordatainto meaningfulphys-
ical information(e.g. informationabouthits or tracksof particleswith their momenta).During
this procesghe amountof datais reducedsignificantly The mainpartsof this processre:

¢ calibration
e hit finding
e trackfinding
e trackfitting

Essentiallyall softwarewhich is usedin CERESis basedon the COOL* library. COOL is a
collectionof C++classesyaryingfrom very simpleclassesike amomentuntlasse¢C3Monent um
andC4AMonent um) to very sophisticatealassegor finding andreconstructingdpits or fitting mo-
mentumto atrack (CTPCHi t Fi nder or CTPCTr ackFi tter ).

Thefirst stepin thethe reconstructiorchainis the unpackingof the detectordata. For each
detectorthe zerosuppressedataarereadfrom abinaryfile andthe original time sequencef the
signalswhichwaslost duringthe data-reductioprocessn thereadout-electronits restored.The
amplitudesandthe time informationof the pixels arefilled into lists of the appropriatedetector
class(CTPC, CRi ch1,CRi ch2,CSDC1, CSDC2). All following analysisstepsoperateon these
pixel lists. Figure 6.2 shovs the differentstepstowardsthe ROOT treefor the TPC only. The
ROQOT outputfinally containsthe extractedphysicalinformation necessaryor further analysis.
In thefollowing sectiongthe main partsof the reconstructiorchainfor the TPC are explainedin
moredetail.

6.3.1 Hit Finding

After unpackingthe raw dataare searchedor hits. A hit is characterizedy a local maximum
in the amplitudevaluesof adjacenpadsandtime bins. The amplitudevaluesof the TPC signals
arestoredin atwo-dimensionakrrayaccordingto the padandtime coordinates.In afirst loop
local maximain time directionaresearchedor eachpad,followedby a searchor local maxima
in paddirectionfor eachtime bin. Only if the local maximain time andpaddirectionareat the
samelocationin thedataarray this is consideredisa local maximumwhich correspondso a hit.

4CeresObjectOrientedL ibrary
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Raw data (pixel)

unpacking
HitFinder A setup
TrackFinder B setup

TrackFitter setup

ROOT
tree

Figure6.2: Schematiwiew of thedifferentstepsn thereconstructiorchain. During unpacking,
all information aboutthe detectorcalibrationis readfrom the Start Of Run (SOR)
file. The setupfiles containdata(e. .g. thresholdvalues)which controlthe behaior
of theanalysissteps.

The criteriafor alocal maximummustbe chosenin a way to ensurea certaintoleranceagainst
fluctuationsonthesignal. Otherwiseevery low amplitudepeakoriginatingfrom noisefluctuations
wouldresultin ahit.

After all absolutenaximaarefound,thepositionsof the hitsaredeterminedy calculatingthe
centerof gravity in time andpaddirectionrespectiely. For this calculationanareaof 3 padsx
5timebins (15 pixels, the so called Hit-Area) aroundthe maximumof a hit is consideredsee
Fig. 6.3). If this areaoverlapswith anotherHit-Area of a close-byhit, the hits are classifiedas
overlappingandthecalculationof thehit parameteraeedsnoresophisticationA countewariable
f,, assignedo eachpixel in the Hit-Area, is filled with the sumof the maximumamplitudesof
all hitsit belongsto. Thevaluesof theseflagsareusedto weightthe individual pixelsduringthe
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HitArea of Hit,

time

time
7 ©

Hit

HitArea of Hit 1

Figure 6.3: Examplefor the treatmenf overlappinghits in the HitFinder. Theflagsin the Hit-
Areaof Hit arefilled with its maximumamplitudeplusthe maximafor the overlap-
ping hits Hit; andHit,,.

calculationof the centerof gravity [73]:

= DA Anaxd it

B ZIAI 'AmaxO/ fi (6.1)
- ZIAI 'AmaxO/fi @
b= ZIAI 'AmaxO/fi . (6.2)

i istheindex of thepixelsin the3 padsx 5 timebinsareaaroundahit, A, thevalueof theamplitude
of pixel i, t; and ¢ arethe nominalpositionsin time- and ¢-directionof the pixels. Figure 6.3
shavs anexampleof threeoverlappinghits.

With the help of a lookup table the transformationfrom pad-time-planecoordinatesinto
(x,y,z)-spacecoordinatesf the hits is carriedout. This table absorbsthe whole transportpro-
cesf thechage clusteran theelectricandmagnetidieldsinsidethe TPC. It is obtainedusinga
microscopicsimulationof the drift process.Thedrift pathof the primary chage clusterscreated
by trackspassingthroughthe TPC s calculatedwith the drift equation(3.7). SinceV, depends
on E(%) andB(X) a preciseknowledgeof thesefieldsis necessaryn orderto reconstructhe hit
coordinates.

6.3.2 Track Finding

Thetaskof thetrackfinderis to combinehitsto tracks Eachtrackinsidethe TPCis definedby a
certainnumberof hits (up to 20), distributedover the 20 planesin z-direction.

The tracking startsfrom a so-calledcandidatehit with a z-positionaroundthe centerof the
TPC. This hit is combinedwith its two closestneighborsin z-directionto predictthe sign of
thetrack’s curvaturein @-directionwhich is usedto definea g-window in which further hits are
searchedsStartingfrom the candidatehit the trackis supplementeavith hits on planesfollowing
in upstreamand downstreamdirection. The ¢-position of thesehits is predictedwith a linear
extrapolationusingthetwo previoushits. If nohit is foundin asmallwindow aroundthisdirection
the procedurestops.In thefollowing stepthe trackingsoftwaretriesto find the still missinghits
by fitting apolynomialof secondrderto thealreadyfoundhits. The polynomialis usedto predict
the positionof the hit on thenext plane.
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Figure 6.4: Momentumfit.

Thetrackingsoftwareis describedn moredetailin [74].

6.3.3 Track Fitting

The trajectoryof aionizing particleis definedby up to 20 hits in the TPC. Sincethe magnetic
field is very inhomogeneousn analytical descriptionof the trajectoryis not possibleand the
determinatiorof the particles’momentunis doneusinga two-dimensionafit basedon reference
tables. Thesetablescontainthe hit coordinatesof particleswith a fixed momentumof 1 GeV/c
for different & angles. The trajectoriesof thesereferenceparticleshave beencreatedusing a
simulationof the TPC basedn the softwarepackageGeant[75].

The outputof the fit procedurearethe ¢ and 6 anglesof the trajectoryandthe magnitude
of the momentumfrom which the Cartesiancomponentsy, py, and p, are calculated. Due to
the configurationof the magnetidield the deflectionof chagedparticlesis mainly in ¢ direction
[59]. With this assumption @ is obtainedby fitting a straightline to the hits in the r-z plane.
The resultsof this fit arethe radial offsetr at the targetandthe slopeof the track tan(@). For
trackscomingfrom the target the distribution of r, shouldbe centerecaroundzerowith a width
which is given by the spatialresolutionof the TPC andby multiple scattering.To correctfor the
influenceof multiple scatteringfor trackscomingfrom the targetit is assumedhatall scattering
happensn the RICH-2 mirror. Thisis reasonabl®ecaus¢hemirror is the mostmassve material
(its thicknessis 4.7%of aradiationlength) particleshave to traverse(seeFig. 6.4, left).

The magnitudeof the momentumas well asthe ¢ angleand the slopeof the track at the
entranceof the TPC areobtainedby fitting the hits in the ¢-z planewith areferencdrack.

6.4 Momentum Resolution

Themomentunresolutionis determinedy thespatialresolutionof thedetectomswell asmultiple
scatteringdueto the detectormaterial. The relative momentunresolutiondp/p asa function of
themomentump canbe parameterizeds:

(3) - (%) (5. 6
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with thefollowing assumptions:

dp) 1 /1
— 0 —,/—= =const, (6.4)
( P/ ms |B| I"XO

p

®). -

L is the measuredrack lengthand X, the radiationlength. The formulasfor the statisticalpart

of the momentunresolutiongivenin theliterature[65, 76, 77] cannot be applieddirectly to the

CERESTPC. They are basedon very specificassumptiongoncerningthe setupandfield con-

figuration of the spectrometer Neverthelessit is possibleto specify the momentumresolution
in a quantitatve way usinga Monte-Carlosimulationof the detector By comparingthe recon-

structedmomentunof a simulatedparticlewith its true momentumnthe resolutionof the detector
canbe studied. Finally, the quality of the detectorsimulationis cross-checketly reconstructing
theinvariantmassof the A hyperonfrom its chageddecayproductsp and .

In additionto the statisticaluncertaintiesof the momentumdeterminationdue to the finite
local resolutionand multiple scatteringthereare systematiadistortionsof the reconstructedhit
positions.They arecausedy thealreadymentionedproblemsat hit finding/reconstructiomwhere
the determinatiorof the hit coordinatess basedon the non-perfecknowledgeof the drift prop-
ertiesinsidethe TPC (seepage70). It is dueto theseimperfectionghatthe designresolutionof
theTPChasnotyetbeenachieved(seebelown). However, sincethe measuredhit residualdistribu-
tionsareusedasinput for the simulations we expectto obtainarealisticestimateof theresulting
momentunresolution.

6.4.1 Spatial Resolution

For a fixed geometryand magneticfield configurationthe momentunresolutionis mainly deter
minedby thesinglehit positionresolution.Thespatialresolutionof the TPCcanbeinvestigatedy
comparingthereconstructedhit positionswith theideal hit positionsgivenby thefitted trajectory
of atrack. The width of the distribution of the differenceshetweenboth positions,the so-called
residualdistribution, givesthe spatialresolution.The spatialresolutioncanbe decomposethto a
radialcomponent; andacomponentn azimuthadirectiono,,. Figure6.5shavsthemearvalues
togethemwith thewidths of theresidualsasafunctionof the z-coordinate Especiallytowardsboth
endsof the TPCa significantdeviation of the hits from thetrajectoryin radialdirectionis visible,
causeddy the still incompleteknowledgeof the electricalfield usedin the reconstructiorof the
hit positions.Thedistortionsin ¢ directionaredueto theimperfectconsideratiorof the magnetic
andelectricfields, gaspropertiessuchasmobility, geometryof the TPC, andthe Lorentz-angle.
The accuratedeterminationof thesevaluesare underway but not yet includedin this analysis.
At this presenintermediatestageof calibrationthe meanspatialresolution(integratedover all z
positionsandradii) is:

2
&
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Figure 6.5: Residual®f thetrackfit for runsatbeamenegy of 158 AGeV with magnetidield.

This hasto be comparedvith thedesignvalues

Gdesign(Ar)
Gdesign(A(p)

&

600— 700 um
200— 300 urad

X

which aresignificantlybetter

6.4.2 Momentum Resolution from Monte-Carlo Simulations

As alreadymentioneda Monte-Carlosimulationof the detectolis usedto determinghe momen-
tumresolution.In orderto do this, the simulationhasto describehedetectomwith goodprecision.
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All imperfectiongn thereconstructiorof the hits dueto theinsufficientknowledgeaboutthe drift
propertiesat the presentstageof the calibrationhave to be implemented.This canbe achieved
by tuning the simulationaccordingto the distributions obtainedfrom the analysisof real data,
e.g. thedeviation of thereconstructedhit positionsfrom thefitted trajectory(the hit residuals)as
showvnin Figure6.5,have to beconsideredThis wasdoneby by smearingher andg coordinates
of eachreconstructedthit accordingto the experimentallyobtaineddistribution.

By comparingthe real momentumof a particle with its reconstructedne the momentum
resolutionasa function of momentumis obtained.Theresultis shovn in Figure6.6. According
to Eq. (6.3)theresolutioncanbe parameterizeds

(%’) = ,/0.0212+4 (0.022- p)2, (6.6)

wherethemomentunp is givenin unitsof GeV/c. For valuesof p < 1 GeV/ctheparameterization
deviatessignificantly from the simulation. The reasonfor this areinconsistencietn the Monte-
Carlosimulationof the TPC which leadto momentunoffsetsat smallvaluesof p. Theseoffsets
aredifferentfor positiveandnegative tracks.

Comparedo thedesignresolution

<@> = 1/0.012+ (0.01. p)2 (6.7)
design

D _
the presenmomentunresolutionis still abouta factortwo worsebut consistentvith the obsened
averagedglobal width of the hit residuals(seeFig. 6.5) which is largely affectedby remaining
distortionsof the drift field. However, the local singlehit spatialresolutionis consistentvith the
designgoalsothattheexpectatioris thatafterfinishingthe variouscalibrationissuesaresultclose
to thedesignresolutionwill bereached.

6.4.3 Reconstruction of the A Hyperon

In orderto checkthereliability andprecisionof the TPCMonte-Carlasimulationit is usefulto re-
constructhedecayof particlesandto compareghereconstructethvariantmassm,,, = 1/ (p; + p,)?
with the resultobtainedby the simulation. For this purposethe decayof the neutral A hyperon
wasinvestigated.

The neutral A-hyperonis reconstructedising its chaged decayproducts. The considered
decaymodewith abranchingratio of about64%is

N—prmr.

Theinvariantmassis reconstructedy combiningall positive trackswith all negative tracksmea-
suredin the TPCin oneevent, resultingin the signalmassdistribution S. This procedurdeadsto
alarge combinatoriabackground.To evaluatethe shapeof this backgroundaccuratelyan event-
mixing methodis used. Positve tracksfrom one event are combinedwith negative tracksof a
differentevent. Thesecombinationscontainno real A decaysanddescribethe backgroundvery
well. The normalizedbackgrounddistribution B is subtractedrom the signaldistribution S to
obtaintheinvariantmassspectrum:

M=S-N-B. (6.8)

The normalizationconstaniN is extractedfrom the signal-freeregion in the invariantmassspec-
trum(L.15<m , < 1.2 GeVic?).
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Figure 6.6: Momentumresolutionof the TPC.

Reconstruction of Secondary Vertex and Fringe Field Correction

Themainproblemin reconstructingecondaryarticlesfrom their decayproductss the discrimi-
nationof thehugecombinatoriabackgroundFor theA with amearlife time of (2.6324-0.020) x

1010 s or ameandecaylengthof 7.89cm (in the restframeof the particle)[26] a very efficient
tool to rejectthe backgrounds a cut on the z-positionof thereconstructedlecayvertex. Dueto
the Lorentzboostof the producedparticlesthe decaylengthin the lab frameis muchlonger, thus
thedecayverticesof the majority of produced\ hyperonsarewell separatedrom thetarget. The
transformatiorof the decaylengthinto thelab frameis givenby:

Cly, = YB-CT. (6.9)

Assumingyf ~ 5, themeandecaylengthin thelab frameis about40 cm. Requiringa minimum
distanceof 50 cm betweentarget andreconstructedrertex of the A decay targettrackscanbe
efficiently suppressed.

Thedecayvertex is found by calculatingthe point of closestapproach of two trajectoriesby
back-etrapolatingthe measuresnomentumvectorsof the particlesfrom theentranceof the TPC
towardsthetamget. In orderto dothis, thetracksareparameterizedsingthemeasured and @ p
angles(@p is thetrack angleat the entranceof the TPC) aswell asthe positionwherethe track
entersthe TPC (for the coordinatesystemof the TPC seeFigure3.6). For non-tagettracksg(z)
and 6(z) arenot constanteven in the field free region. Therefore the slopedg/dz of the track
at the entranceof the TPC is neededas additionalinformationfor the back-etrapolation. The
entrancepositionof thetrackaswell as@, ¢p andthe slopedy/dz areresultsof thetrackfitting
procedure.

For particlesoriginatingfrom thetamet, neglectingtheinfluenceof multiple scatteringg(z) is
constangsit traverseshespectrometeuntil it reacheshe TPCwheretheradialcomponenof the
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Figure 6.7: Effectof thefringefield ontracks.Theremnanimagnetidield in front of theTPCen-
trancewindow is bendingchagedparticlesin ¢ direction. ¢(z) is nolongerconstant
andthe particlesenterthe TPCwith someslopedg/dz.

magnetidield startsto bendits trajectory However, dueto themagnetidringe field in front of the
TPCtheparticleis alreadydeflectecbeforeit entersthe TPC and ¢(z) varieswith the increasing
z-coordinateof the particle,seeFigures6.7and6.8. Thiseffectis irrelevantfor targettrackssince
@ is measuredvith thesilicon detectors.For secondarchagedparticles produceddovnstream
of the silicon detectorsthe effect of thefringe field becomesnoresevere. The reconstructiorof

the decayvertex stronglydependsn ¢, anddg/dz at the entranceof the TPC (both aregiven
by thetrackfit) which areaffectedby thefringe field.

To correctfor the effect of the fringe field, its influenceon target trackshasbeenstudied.
Becauseby far mostof the reconstructedracksin aneventaredueto particlesproducedat the
main interactionvertex all tracksof an event are assumedo be tarmget tracks. To quantify the
deflectioncausedvy thefringe field, ¢ andthe slopedy/dz have beenusedto calculatewith
alinear extrapolationthe correspondingp valueat the arbitrarily chosernpositionof the RICH-2
mirror. The differenceA@ = @ cy.2 — $rper Which shouldbe zerowithout fringe field (which
meansdg/dz = 0), is showvn in Figure 6.9 asa function of the inversemomentumof the track.
Assumingthat the influenceof the fringe field is the samefor tamget and non-taget tracksthe
parameterizationf A by a straightline is usedto correcteachtrack (also non-taget tracks)
accordingo its momentum.

Invariant Mass Spectrum

Fig. 6.10shonsthereconstructedhvariantmassspectrunof the A asobtainedoy a Monte-Carlo
simulation(solid line) andby the analysisof data(black circles),normalizedwith respecto the
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Figure 6.8: Effect of the fringe field on targettracksandtrackscomingfrom secondaryertices
(in this casefrom the decayof a A), both with the samemomentum.The measured
A for thetargettrackis alsousedto correctthetrajectoryof the secondanyparticle.

peakvalue. For both analysisthe samecutshave beenused.The spectraarefitted by a Gaussian
with thefollowing results:

Data: m, = 1.114GeV/c? Monte-Carlo: m, = 1.1086GeV/c?
0 = 10.65MeV/c? 0 =7.37MeV/c?

The meanvaluesof the A massedgliffer by about0.4%. The valueobtainedby analyzingdatais
in goodagreementvith m, = 1.115683GeV/c? quotedin literature[26] while the valueobtained
with the Monte-Carlosimulationdiffersfrom the literaturevalueby 7 MeV. This pointsagainto
the fact thatthe Monte-Carloat its presentstagedoesnot describethe experimentalsetupwith
high precision(seeabove).

However, the absolutemass/momenturacaleis not crucialfor the HBT analysis.There,the
correlationfunctionis determinedyy the momentundifferenceof two particlesandthereforean
offsetin the momentumbecomesalanced. The massresolution,reflectedin the width of the
Gaussiandiffersby about3 MeV/c2.

As onecansee,the agreemenbf simulationsand datais not perfect. This pointsto the fact
thatthe usedMonte-Carlosimulationdoesnot describethe experimentalsituationin full detail.
Includingthehit residualdgn orderto emulateheincompletestageof the calibrationof thedrifting
chageclusterqgseepager0) maynotbesuficient. Anotherproblemwhichis inherento theusage
of the A asaprobefor the massresolutionis the determinatiorof the openingangleof thedecay
The reconstructednvariantmassdoesnot only dependon the single particle momentaandits
uncertaintiesbut also on the openingangleof the decay on his part strongly influencedby the
fringe field andits correction. This speaksn favor of usinga decaywith a shorterlifetime, e. g.
thedecay

KO — mtm
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Figure 6.9: Influenceof thefringefield on targettracks.Shown is the deflectionAg asafunction
of theinversemomentumAg(p~1) is parameterizetly a polynomialof first order

with a meandecaylengthof 2.676cm [26]. Dueto the shortdecaylengtha big fraction of the
K9 decaybetweertargetandsilicon detectorsTheir decayproductscanbetrackedby the silicon
detectorssupersedinghefringefield correction.However, thisapproacmeedsamodifiedversion
of the silicon softwarein orderto allow for thereconstructiorof secondaryerticeswhichwasnot
yetavailable.
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The analysisof Bose-Einsteirmomentuncorrelationof identicalparticlesprovidesanidealtool

to gaininsightinto the space-timeavolution aswell asthe existenceof a collective velocity field

atthetime of thermalfreeze-oubf a particleemittingsource createdn ultrarelatiistic collisions
of heary ions[50, 78]. This chaptergivesa detaileddescriptionof the differentanalysisstepsin

orderto obtainthe correlationfunctionandconsequentlyhe sourceparametersin the context of

thisthesiscorrelationf like-signpion pairshave beenstudied. Thethree-dimensionalorrelation
functionC,, dependingpntherelatve momentuncomponentsf the particlepair, wasparameter
izedusingathree-dimensiongbaussianmodifiedto considetthefinal stateCoulombinteraction.
The parameterizatiomwasdonein the Cartesiarout-side-long system40, 41]. Thethreecompo-
nentsof the relative pair momentumweredeterminedn the L ongitudinally Co Moving System
(LCMS) of thepair, thelongitudinalrestframeof the pair.

7.1 Multiplicity and Event Selection

The evolution of a heary ion reactionstrongly dependson the centrality of the collision. The
centrality is determinedby the impact parameter:the more centrala collision, the smallerthe
impactparameterFor a detailedanalysisof the reactionprocesshe eventshave to be classified
accordingto their centrality andanalyzedseparately Practically the direct measurementf the
impactparameters not possible thusthe multiplicity of chagedparticlescreatedn thecollision
is usedasa measurdor the centralityof thereaction.

For the datatakenduringthe beam-timen 1999the numberof tracksin the silicon detectors
wereusedto classifythe centralityof a reactionwhereasn 2000the MC detectorwasusedfor
this purpose.Thedistributionsof silicon trackspereventandthe ADC valueof the MC detector
areshowvn in Figure7.1. A detaileddetectorsimulationwith eventsgeneratedy the UrQMD
eventgeneratoallows to relatethe numberof chagedparticles(asmeasuredn the SDD or MC)
to the centralityof the reaction,expressedsfraction of the total crosssection. The resultof the
simulationsareshowvn in Figure7.2togethemwith the classificatiorof the usedmultiplicity bins.

Comparedo previously shown distributionsof thenumberof tracksin thesilicon detectorghe
presenbneshown in Figure7.1is shiftedtowardslower values. Thereasorfor thisis the usage
of adifferentsetof calibrationvaluesfor the silicon detectorsn the productionof the 40 AGeV
datausedin this thesis,leadingto thelossof tracksby a factorof 1.22. The cut valuesdefining
the centralitybinsneededo be scaledaccordingly

The knowledgeof the impactparametelf5| togethemwith a modelof the collisionsallows to
obtainthenumberof nucleongarticipatingin thecollision. Themodelusedhereinwasintroduced
by Eskola[80] and describesa nucleus-nucleusollision in termsof binary collisions between
nucleonsNucleardensitydistributionsof thetwo colliding nucleiareusedo calculatethenumber
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The centrality of an event is de-
fined by its track multiplicity. The
ADC value of the MC detectoris

usedfor E,.,,,= 80 AGeV (upper
left) andE,,,,= 158 AGeV (upper
right) whereaghe numberof tracks
in the silicon drift detectoris used
for Eyeam= 40 AGeV (lower left).

The shift betweenthe MC distribu-

tionsfor 80 and158 AGeV is dueto

differentmultiplicities for theseen-
emgiesanddifferentvoltagesettings
atthe MC detectorduring the beam
times.

of participatingnucleonsandthenumberof binarycollisionsasafunctionof theimpactparameter
Thenucleardensitydistributionis describedy a Woods-Saxoriunction

(7.1)

Pa(r)

T 1texp((r—Ry/2)’

whereR, is the nuclearradiusat half centraldensityandz the surfacethickness The valuesused

are:

Py = 0.17fm=3 (7.2)
R = (1.12AY3-0.86 A"/3) fm, (7.3)
z 0.54fm. (7.4)
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Figure 7.2: The numberof SDD tracksandthe ADC valueof the MC detectorsasa function of
the centrality The curvesareobtainedwith thehelp of a detectorsimulation[79].

Thecentraldensityp, is obtainedby the normalizationcondition

/pA(r)d3r =A (7.5)
0
Within this modelparticipantsaredefinedasnucleonsvhich have encountereétleastonebinary
collision. Themeannumberof participantsn anA+ B collisionsatanimpactparameteb is given
by:

— B

NugB) = [esTy(®) [ 1- (1_%@4’)) (7.6)
B A

+ /dstB(§) 1- (1—%(%)) . (7.7)

oy is theinelasticNN crosssectionin milli barn. Thevalueusedis gy, = 30 mh. Thefactorsof
thetwo integralsrepresentshe probabilityfor a nucleonto passthroughthe nucleuswithout ary

collision: R
T (G
P(0) = (1_ LNAB(b)) . (7.8)
The probability of becominga participantis givenby
T,0)\"
1-PO)=1- (1-0NNTB()> . (7.9)
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Figure 7.3: Thethicknesdunction.

Theintegrateddensityfunctionalonga pathparallelto the beamaxis z atadistancd5| is called
thethicknessunctionT, (b) (cf. Fig.7.3):

o)

T, (b) = / po(VPET ) dz

— 00

(7.10)

The productT,(b) - gy canbe interpretedasthe numberof binary collisions encounteredby a
nucleonpassinghrougha nucleusatimpactparameteb.

The definition of the centrality bins with the correspondingiumberof participantsare sum-
marizedin Table7.1. The determinatiorof thesenumbersneglectsfluctuationsin |b| for agiven
valueof 0/ 0geo

i N, cut MC cut
oin | 0/Ggeo | B =B | (Noa) |58 2 2o [ 158AGeV
1 | 1519%| 5865 | 202 | 100-164| <1525 | <1375
2 | 10-15%| 4.75.8 | 236 | 164-201 | 1525-1725| 1375-1575
3 | 510% | 3.3-4.7 | 287 | 201-238 | 1725-2000] 1575-1825
4] <5% | <33 | 347 | >238 | >2000 | > 1825

Table 7.1: Definition of centralitybinsfor theanalyzecenegies.

7.2 Track Selection

For the constructionof the correlationfunction only trackswhich passecdtertainquality cutsare
used.A momentundependentut on theenegy lossdE /dx in the TPCwasutilized to enrichthe
pion sampleby rejectingpart of the electronandprotoncontamination.Anothercriteriaapplied
for trackswastheir length, expressedy their numberof hits. Only trackswith 14 or more hits
were considered.Figure 7.4 shaows the track length distribution for all beamenegies. The loss
of long tracksat 40 AGeV reflectsthe problemsof the at thattime not properlyworking readout
electronicsresultingin the fact that mosttrackscould not be detectedn all of the 20 planesof
the TPC. Due to the preliminary statusof the calibrationof the datasamplesat 80 AGeV and
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Figure 7.4: Distribution of track lengths,measuredn numberof hits. The distributionsfor the
differentbeamenegiesarearbitrarily normalizedto 1 at atracklengthof 20 hits.

158 AGeV no furthercutson the track quality wereapplied. For the reanalyzediataat 40 AGeV
beamenegy thecalibrationwasmuchmoreadvancedanddoneonarun-by-runbasis.To suppress
non-tagettracks,a cut on thetrackoffsetr, atthetargetwasused.Only trackswith |ry| < 4 cm
wereacceptedFigure7.5shavsthe correspondinglistributions.

Dueto thefinite granularityof the TPCtrajectorieswith a very small distancebetweerthem
cannot be resohed. This resultsin a dependencef the reconstructiorefficiengy on the two-
track separation. The two-track distanceon the other handis correlatedwith the differencein
momentunof thetwo tracksandthereforethereconstructiorfficieney depend®nthemomentum
difference generallyleadingto smallerefficienciesfor smallmomentundifferenceswhich may
affectthe HBT analysis.

The two-particlecorrelationfunction is experimentallydefinedasthe ratio of the signalmo-
mentumdifferencedistribution to the badkgroundmomentundifferencedistribution. The signal
distribution is obtainedby combininglike-sign particlesfrom the sameevent, the background
distribution by mixing particlesfrom differentevents. Due to the dependencef the reconstruc-
tion efficiengy on the track separationthe signaldistribution is stronglyinfluencedat small dis-
tances/momentahile the backgrounddistribution is not. This leadsto distortionsof the corre-
lation function. To avoid this effect, pairswith small openingangles(synorymic with a small
distancearerejectedn the signalandbackgroundlistribution.

Figure7.6 shows thereconstructiorefficiengy asafunctionof the openinganglebetweerthe
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Figure 7.5: Trackselectiorcutsfor E ., .= 40AGeV. Left: trackoffsetr attarget. Right: enegy
lossdE/dx. Theappliedcutareindicatedby thelines.

two particlesof a pair. The efficiengy is obtainedby dividing the openingangledistribution of
pairsfrom the sameeventby a referencedistribution, createdoy mixing pairsof differentevents.
Theflat partof the resultingdistribution at large openinganglesis usedto normalizeit to unity.
For comparisonFigure 7.6 shavs the two-trackreconstructiorefficienciesobtainedby usingthe
trackanglesmeasuredh the TPCandtheresolutionobtainedaftermatchingtracksegmentsn the
silicon detectorsvith TPCtracksegmentsandusingtheanglesmeasuredby the silicon detectors.
The peakat zerofor the SDD-TPCtracksis an effect of the track matchingprocedure.During
matching.eachtracksegmentin the TPCis associatevith theclosestracksegmentin thesilicon
detectors.Becausehe angularresolutionof the TPCis betterdueto its larger distancefrom the
target andits highergranularity (360 anodeson the circumferenceof the silicon drift detectors
comparedo 768padsin oneplaneof the TPC)it canhapperthattwo or more TPC segmentsare
combinedwith the sameSDD segment. The reconstructiorefficiengy for the TPCis almostflat
down to openinganglesof 8 mradwhereaghe efficiengy for the SDD alreadystartsto deviate
from unity at 10 mrad. Again, this differenceis an effect of thetwo differentgranularitieof both
detectors.

Sincefor all threeanalyzedbeamenegiesonly trackanglesmeasuredvith the TPCareused,
only pairswith openingangledargerthan8 mradwereusedfor the signalandthe background.

7.3 The Experimental Correlation Function

7.3.1 Construction of the Correlation Function

Thetwo-particlecorrelationfunctionC, of identicalparticlesis definedasthe probability to find
a particlepair with momentap, andp, divided by the productof the probabilitiesto find single
particleswith the samemomenta(seeEq. (2.10)). Experimentallythis is given by the ratio of a
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Figure 7.6: Two-trackresolutionof the TPCandthe SDD asa function of openingangle.

so-calledsignaldistribution S anda backgroundlistribution B:

C,= g. (7.11)

SandB arethree-dimensionalistributions accordingto the ¢, -0s-go component®f the momen-
tumdifferenceof thepair (seeSection2.4). While thesignaldistributionis obtainedoy combining
particlesof the sameevent, the backgroundlistribution is constructedy combiningparticlesof

differentevents.Thebackgroundlistributionobtainedn thisway s free of Bose-Einsteiror other
correlationsat small momentumdifference$ and determinedonly by the single particle phase-
spacedistributions. It represents uncorrelatedeferencedistribution. The correlationfunction

givenby (7.11)is unnormalizedsincethe backgroundlistributionis usuallyevaluatedfor amuch

larger sample.The normalizationto unity at large relative momentaof the pair is includedin the

fit of the Bertsch-Pratparameterizatiofseebelow).

In orderto explore the dynamicalbehaior of the particle emitting sourcethe HBT analysis
hasbeenperformedn well definedbinsof pair rapidity y, andmeantrans\ersepair momentum
|RL| asdefinedby (1.7) and(1.8). Figure7.7 shavs they,; — p, distributionof all reconstructed
particle pairsassumingthe pion massfor evaluatingE;. Also shovn arethebinsin k;, andthe
valuesof midrapidity for the threedifferentbeamenegies. The analyzedrapidity regions are:

1This depend®n thedetailshow thebackgroundsampleis created Residuakorrelationsn thebackgroundaresmall
andwill notbediscussedhere.
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Epeam Ynr fange
40 | -0.25< (Yrr — Ymig) <0.25
80 | -0.5< (Y — Ymig) <O
158 | -1.0< (Y — Ymig) <-0.5

K, -bin bin1 bin2 bin3 bin4 bin5

k, (GeVlc) || 0-0.15| 0.15-0.25| 0.25-0.35| 0.35-0.45| > 0.45
k, (GeVic) || 0.128 0.197 0.293 0.392 0.548

Table 7.2: Thedifferentk intervalsusedin theanalysisandtheir meanvalue.

For eachk, binthemearvaluek, wasdeterminedy projectingthek, — y; distributionof pairs
with g;,, < 60 MeV onthek, axisandcalculatingthe meanvalueof eachk, -bin. Theresulting
values,showvn in Table 7.2, are usedfor the representatiof the HBT parametess. k| in the
following chapters.

For eachparticle pair the componentsy, gs, andg, of the momentumdifferenceare calcu-
lated andfilled into a three-dimensionairray with a binning of 10 MeV/c. In a secondthree-
dimensionalarray of samegranularitythe momentumdifferenceq is stored. This information
allows to determinethe averageq for eachof theq,, gs, g, binsandis usedduringthe fit of the
correlationfunctionto accountor thefinal stateCoulombinteraction.

7.3.2 Extracting Source Parameter s from the Two-Particle Correlation
Function

To obtainthe HBT radii for eachbin in k;, andy,; thethree-dimensionatorrelationfunctionC,
hasto befitted with the Bertsch-Pratparameterizatiof2.38)discussedn Chapter2:

Cy (G, 6o, &) =N - (142 - exp (— G2RE — 2% — PR — 260 RY)) ) (7.12)

with N asa normalizationfactor The additionalparameteid (the so-calledchaoticity parame-
ter) wasintroducedto describethe coherenceof the particle source. Only for a totally chaotic
particle emissionthe value of this parameteis unity [81]. Experimentally the A parameteis
alsoinfluencedby the decayof long-living resonance@vhich canusuallynotberesohed), by the
momentumresolution,and by the contaminatiorof the signaldistribution with particle pairsin
which at leastoneparticleis nota (primary) pion.

As explainedin Section2.5, the two-particlecorrelationfunction hasto be correctedfor fi-
nal stateinteractionsof which the Coulombinteractionis the mostimportantone. Correlations
amonglike-signchagedpionsoccurnot only dueto Bose-Einsteirstatistics but alsobecausef
final stateCoulombrepulsion. Traditionally, Coulombrepulsionhasbeenaccountedor by ap-
plying weightsto the backgroungairsaccordingto a g, -dependentlescriptionof the Coulomb
correlation.The correlationfunctionC, which hasbeencorrectedn this way wasthenfitted by a
Gaussiamparameterizatiowhich containedonly the pureBose-Einsteirtorrelation.In thiswork,
a differentapproachwas chosen:the correlationfunction itself wasnot correctedfor Coulomb
repulsion,insteada g, -dependenterm accountingfor the Coulombinteractionwasintroduced
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Figure 7.7: Acceptanceor mrr-pairs. Midrapidity for the threebeamenegiesareindicatedby
thearrons. Thebinsin k; areindicatedby the horizontallines.

in the fit function. This stratayy allows for a large flexibility to testdifferentassumptionsibout
the underlyingCoulombcorrelationandto accountfor non-pioniccontamination®f the correla-
tion function, which reducethe correlationsignal. Assumingthatthe purity of the pion sampleis
reflectedn thecorrelationstrengthparametei thefollowing fit functionhasbeenappliedto the
data:

C5”(ds, o, ) =

N [A ' ((1+e»<p(_qug — 03RS — 0P RY — 200 R3))) - (W(k ) (F (Ghy) — 1) +1) — 1) + 1] '
(7.13)

The Coulombterm is coupledwith A to avoid over-correctionof the correlationfunction. An
additionalk, -dependentorrectionfactorw(k, ) wasderived from Monte-Carlosimulationsand
accountdor the depletionof the A parametedueto finite momentunresolution. It rangesfrom
from 1.18in thefirstk  -binto 1.81in thehighestk, -bin. F(q,;,,) is aparameterizatiowhichde-
scribegheresultsof quantummechanicatalculationsaswell asmeasuredorrelationof unlike-
sign pairsvery well (seeEq. (2.60)). As discussedn Section2.5.3,theinverseof the correction

88



7.3 TheExperimentalCorrelationFunction

functionobtainedfor unlike-signpairscanbeusedto correctlike-signpairs(seeEq. (2.61)).
Figure 7.8 shows one-dimensiongbrojectionsof the three-dimensionatorrelationfunction.
The projectionof eachcomponents doneover aninterval of |q| < 40 MeV/c in the othertwo
componentsThe datapointsarewell describedby the modified Gaussian(7.13), shawvn by the
solid line. For comparisonthe parameterizatioi7.13) without consideringthe Coulombcorre-
lationsareshawvn by the dashedines. The differencebetweerthe two lines reflectsthe effect of
the Coulombcorrelationson the whole correlationfunction C, which is dueto a combinationof
Bose-EinsteirtorrelationsandCoulombcorrelations.

7.3.3 Correction for Momentum Resolution

The finite momentumresolutionof the TPC hasa significantinfluenceon the HBT radii. The
reasonfor this is that the ideal correlationfunction C,(q;,,) (ideal in termsof infinitely good
momentumresolution)hasto be folded with the resolutionof the detector The resultof this
operationis alwaysa distribution which is wider thanthe original one. The broadeningof the
distribution in momentumspacehasa inverseeffect in coordinatespace— the radii become
smaller

Theeffectof finite momentunresolutionontheobtainedHBT radii wasstudiedwith aMonte-
Carlosimulation. With asimpleeventgeneratorealisticphase-spacdistributionsof pionswere
generateé@ndthe momentaof the singleparticlesweresmearedccordingo the momentunres-
olution obtainedn section6.4.2. Also the ¢ and 8 anglesof thetrajectoriesveresmearedusing
the angularresolutionobtainedin 1999[82]. Thenthe pionswere combinedto pairs and the
long-, side; andout-component®f the relatve momentumwerecalculated.As a referencethe
correspondingomponentgrom the unmodifiedmomentawere calculated.For eachcomponent
the differencesetweenthe smearedandthe referencenomentum-diferenceswverefitted with a
Gaussian.The width of the fit functionis usedasa measurdor the momentum-diferencereso-
lution. Theresultsareillustratedin Figure7.9. Shavn arethe resolutionsof the threeCartesian
componentsogethemwith theresolutionof g, asafunctionof the meantrans\ersepair momen-
tumk, . Obviously, theresolutionfor g, is significantlyworsethantheresolutionfor theothertwo
componentsFor small openinganglesq, is givenin first orderby the differencein thelengthof
the momentumvectorsof both particles.Becausdhe absolutemomentunresolutionis Ap O p?,
the momentunresolutionbecomesvorsefor increasing  , stronglyinfluencingthe resolutionof
Jo- Ontheotherhand,qsis mostlydeterminedy theopeningangleof theparticlepair. Therefore,
theinfluenceof the singletrack momentunresolutionon the resolutionof gs is stronglyreduced.
For g, thebetterresolutioncanbe explainedby the boostinto the LCMS?. In thisreferencdrame
the longitudinal momentumof the particle pair is zeroandq, is given by the differencein the
longitudinalmomentumcomponent®f the single particles. AssumingyB ~ 5, this component,
andthusits resolution,is muchreducedy boostingfrom thelab referencdrameinto the LCMS.

Theinfluenceof thefinite momentunresolutionon the reconstructedHBT radii wasstudied
by extractingthe HBT radii from simulatedtwo-particlecorrelationfunctions. Thesecorrelation
functionshave beenconstructedy filling thegenerategbion pairsaccordingo their smeareano-
mentumcomponentsy, ds, andgo into athree-dimensionatistogram.Eachentrywasweighted
with afactorgivenby Eq. (7.12), evaluatedwith the true momentumcomponentsThe resulting

2|_ongitudinallyCo Moving System
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Figure 7.9: Resolutionof the long-, side; out-componentof the momentumdifferenceas a
functionof the meantrans\ersepair momentunk, .

correlationfunctionwasfitted with Eq. (7.12),leadingto thesimulatedneasuedradii Rypeas This
procedurevasrepeatedssuminglifferentinput sourceradii. The simulatedmeasuedradii asa
function of the true radii areshown in Figure 7.10for differentk -bins. The dependeng Ryeas
vs.R ., Wasparameterizesith a polynomialof secondorderandusedto correctall radii shovn
in Chapter8. For R, andRs the correctionfactorsarecloseto unity but R, is muchmoreaffected
whichis a consequencef the poorermomentum-diferenceresolutionin this component.

As an example, Figure 7.11 shaws the effect of the correctionfor E, .= 158 AGeV. As
alreadydiscussedhn connectiorwith the correctionfactors,theinfluenceis nearlyinvisible for R
andRs andbecomedargefor R, atlargek, .

7.4 Correlation Function with Positive and Negative Particles

Thecorrelationfunctionshave beenstudiedseparatelyor pairsof positive andnegative particles.
As shawn in Figure 7.12 no significantdifferencesetweerthe two differentdatasetshave been
obsered. In orderto increasethe statisticalsignificanceof the extractedHBT radii, the signal
andbackgroundlistributionsof bothchageshave beenaddedoeforefitting thethree-dimensional
correlationfunction.
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Figure7.12: R, R, andR, for (++) and(——) particlepairsfor E,,,= 158 AGeV. Also shovn
aretheresultsfor a combinedanalysisof both chages. All radii arenot corrected
for momentunresolution.
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8 HBT Results

In this chaptertheresultsof a differentialanalysisof Bose-Einsteircorrelationsat beamenepies
of 40,80,and158 AGeV arepresentedT he extractedHBT radiusvaluesdependingpnthemean
trans\ersepairmomentunk, , areusedto gaininformationaboutthe spatialexpansiorof the pion

emittingsourceaswell asits temporalevolution, e. g. thelifetime of the systemandtheduration
of particleemission.Furthermorethe comparisorof the differentbeamenegiesallowsto deduce
theconditionsfor thermalfreeze-out.

8.1 HBT Radii as Lengths of Homog eneity

A qualitative studyof the physicalorigin of the pairmomentumdependencef the HBT param-
etersof the Bertsch-Pratparameterizatioffor aninfinitely long sourcewith boost-irvariantlon-
gitudinal expansionwasdoneby Makhlin andSinyukov [38]. They usedthe model-independent
expressionsn termsof space-timevariancedor the HBT parameteandevaluatedthemapproxi-
matelyanalytically They couldshow thatthelongitudinalHBT radiusR, is finite anddetermined
by theinverseof thelongitudinalvelocity gradientnotingfor thefirst timethatR, hasthe property
of alongitudinallengthof homogeneityn the sourceratherthanbeingrelatedto the longitudinal
geometricsize of the entiresource. The analyticaldeterminatiorof the space-timevariancess
basedon the methodof saddle-poinintegrationof the emissionfunction S(x,K). It turnedout
[83, 84] thatnotall of theimportantqualitative featuresf thek, dependencef theHBT parame-
terscanbeaobtainedrom theleadingtermin thesaddle-poinapproximatiorandfor aquantitatve
comparisorwith dataafull numericalevaluationof theintegralsfor the variancesnustbedone.
For a longitudinally finite (L = 1;An) sourceof the type asdescribedy (2.22)in the limit
At = 0 thetrans\erseandlongitudinaldynamicallengthsof homogeneitaregivenin the LCMS

by [83]:
transersal:  Ry(m,) = E /mll:ﬁ /mlL, (8.1)
longitudinal: ~ Ly(m,) = ml T (8.2)
\/ il |\/

with R beingthetrans\ersegeometricabourceradius,u, = (cosh,, 0,0, sinhn,) thelongitudinal
flow 4-velocity, n; thetranswerseflow rapidity, andt, the durationof the expansion.

TheHBT radii arenotonly determinedy the Gaussiarwidthsin Eq.(2.22). In addition,the
radii aredynamicallyaffectedthroughthe dynamicallengthsof homogeneityr, andL,. These
lengthsareinverselyproportionalto the gradientsof the expansionvelocity field in therespectie
direction, but smearedby a thermalfactor /T /m, which is a resultof the thermalmotion of
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the particlesaroundthe collective flow velocity. Bose-Einsteircorrelationsoccuronly between
particleswhich are closein phase-spaceCollective expansiontendsto reducethe size of the
regions within which particlescan develop suchcorrelations. Thermalmotion as describedby
the thermalvelocity about/T /m, smearsout the flow velocity gradientsandthusactsin the
oppositedirection[39, 38]. This leadsto a characteristiclependencef the homogeneitylength
onthetrans\ersemassm, of the correlatedpairs. The HBT radii aredeterminedoy the smaller
of the two (geometricor dynamic)lengthsscales. In the limit T — 0 ary velocity gradientin
thesystemleadsto avanishingdynamicallengthof homogeneityandthereforeto vanishingHBT
radii. At finite T, thedynamicalsmearingdecreasewith increasingransersemassm, , leading
to adecreasef theHBT radii atlargem, i. e. largek .

A differential HBT analysisas a function of the meantrans\ersepair momentumk, thus
revealsinformation aboutthe dynamicalbehaior of the source. For the scenarioof a boost-
invariantexpansionin longitudinaldirectionof the particleemitting sourcethe dependencef R,

onk, wasgivenas[38]:
T; [T
= —, 8.3
R COSHYmm = Yops) || M. ®3)

withm, = ,/m2+ ki beingthetrans\ersemassof the pion pair. T is the freeze-outemperature
of the systemand 1; the freeze-outiime. In the LCMS referenceframethe pair rapidity Y is
equalto therapidity y,,. of the obserer frameand(8.3) simplifiesfor boost-irvariantexpansion
of thesourcedo Eq. (2.26).

The dependengof Rs onk, is stronglydetermineddy trans\erseflow andis independenof
k, withouttrans\erseflow. Thetrans\ersesizeof theparticlesources controlledoy thetrans\erse
flow velocity (v, ) andapproximatelygivenby [35, 36, 85]:

R§ N RSeo

~ nfz .
1+T—me

(8.4)

n; is amodel-dependerfactor (seepagel103) which describeghe transwerseflow (seebelow)
andRgyeo Characterizethe geometridrans\ersesizeof thefireball atfreeze-out.

In additionto the freeze-outime 1; the durationof particleemissionAr is of interest.Theo-
reticalstudiespredictalong durationof emissiorfor thecaseof aphasdransitionor theexistence
of amixedhadronic—QGRhase Thereasorfor this is the big entropydifferenceof both phases,
leadingto alargelatentheat.A long emissiortime could be obsenablein a significantdifference
betweerR, andRs becausé¢he space-timeorrelationof the emissiorprocesdeadsto anincreas-
ing effective sourcesizein R, [86, 87, 41]. An expressiorfor theemissionduration,alsovalid for
systemswith no boostinvariancewasgivenby [44]

_ 1
B2Verp

with Y2, = (1— B3¢p) L. If theradii R andRs weremeasuredn the restframe of the source
elementB,«p = 0) Eq. (8.5) simplifiesto

At (RE—R2) — Bye R, (8.5)

AT? = (RS- R). (8.6)
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Figure8.1: R for differentvaluesof E,,,anddifferentcentralitiesas a function of the mean

trans\ersepair momentunk .

A detaileddiscussionof the HBT radius parameteias a function of k,, beamenepy, and

centralityis givenin thefollowing subsections.

8.1.1 The Longitudinal Radius Parameter R

Figure8.1 shavs the HBT radiusR, asa functionof k, for all threeanalyzedoeamenepgiesin
four differentbins of centrality Theradii decreasevith increasingtrans\ersemomentumfrom
about5.5-6.5fm to 3-4 fm andincreasewith beamenegy andslightly with multiplicity. The
dashedines are the resultsof fitting function (8.3) to the datapoints, assuminga temperature
T = 120MeV. The chosentemperaturés consistentvith resultsof previousanalysese. g. [50].
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Figure 8.2: Freeze-outime 1; asa functionof centralityof the collision.

The fits describethe datavery well, consistentwvith the presencef longitudinalboost-irvariant
expansion(atleastover somerapidity andz-interval) andallowing the extractionof thefreeze-out
time accordingto Eqg. (8.3). The lifetime obtainedby fitting this function to the datais shavn

in Figure8.2. Thelongitudinalradiusparameter®,, andwith it 7, increasewith centralityand

Eyeam This resultis not very surprisingand can be explained by simple consideration®f the

collision dynamics.Theenegy depositedn the collision region increasesvith increasingenegy

of the colliding nucleiandthe centrality of the collision. Therefore the expandingsystemneeds
moretime until it reacheghecritical conditionfor the freeze-out.

8.1.2 The Transver se Radius Parameter Rg

Theresultsfor Rs areshown in Figure8.3, againfor all beamenegiesasa functionof k. The
absolutevaluesaswell astheslopesof Rs for beamenegiesof 80 and158AGeV arevery similar,
increasingonly slightly with centrality This increases givenby the geometryof the collision.
As thecollisionsbecomemorecentral the overlapbetweerthe two nucleiincreasesieadingto a
larger reactionvolume. Theradii for E,,,,= 40 AGeV do not follow the systematic®f the two
otherenepgies. Thek, dependencé muchsteeperandRs is larger at smallvaluesof k. The

98



8.1 HBT RadiiasLengthsof Homogeneity

a 8 T T T o 8 T T |

= | 0/0ye, > 15% = | 0/0,, = 10-15% 1
ad L o L i
6 . 6 .
N A ]
T N T [ :‘:\5'\ i
at g 4 = a4t B =H N =
- - 9. e - ":::53’52::~—~'
L ; = L A -0
2r . 2r .
0- | | | | 0- | | | ]

0 0.2 0.4 0.6 0 0.2 0.4 0.6
k) (GeVic) k) (GeVic)
g [ I I I é [ I I I ]
= | 0/04,, = 5-10% = | 0/04, < 5% 1
x| e L |
6~ . 6 . .
m \\;\\ F= ==j:\\ T
i ‘-'zz“ - I t\‘l‘ ]

‘=“~3'!- RN IR
4 Hrg - 4 | S S
2r . 2r ® E,. =158 AGeV .
i i B E,..,= 80 AGeV T
I | A E,..,=40 AGeV
0 | | | 0 | | |

0 0.2 0.4 0.6 0 0.2 0.4 0.6

k) (GeVic) k) (GeVic)

Figure8.3: Rs asafunctionof k, for thethreebeamenegiesandthedifferentmultiplicity bins.

dashedinesshow thefit of Eq. (8.4)to thedata,providing anestimatefor thegeometridrans\erse
sourceradiusRyeo andthetrans\erseflow rapidity n; (seeSection8.1.5).

8.1.3 The Radius Parameter Ry

The duration of particle emissionis given by the differencebetweenR, and Rs accordingto

Eq.(8.6): 1

B2

wheref, is the meantrans\ersevelocity of the particlepair givenby 8, =k, /,/mé+k2. Fig-
ure 8.4 shavs R, (datapointsrepresentetby symbols)togethemwith Rs (solid lines). While for

ATZ (RS_R§)7
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Figure8.4: R, for 40, 80, and158 AGeV beamenengy (from top to lower panel). The radii are
shavnvs.k, for differentcentralities Thelinesshaw theresultsof Rs for comparison.

the beamenepgiesof 40 and80 AGeV R, is smalleror comparabldo R, it is largerthanRs for
Eeam= 158AGeV, atleastin thefirstk, bins. Thisindicatesasmallbut finite durationof particle
emission. However, the larger systematicerrorson R,, especiallyfor large k, , do not allow to
excludeanemissiondurationcompatiblewith zero.

The calculateddurationof the emissionprocessAt at 158 AGeV is shavn in Figure8.5. At
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Figure 8.5: Durationof particleemissionAT for beamenegy of 158 AGeV.

is of theorder2—4fm/c. In additionto the durationof the emissionof the source AT containsa
contribution which hasnothingto do with the durationof the emissionbut is a relatistic effect
andshouldbe obsenableevenfor AT = 0. Sincethetwo-particlecorrelationfunctionis sensitve
to particle pairs emittedfrom a longitudinal region of homogeneityof size R, = |*, it probes

emissionfrom differentpointsz at differenttimest = , /72 + 72 alongthe propertime hyperbola

T = T;. The maximalrangeof thisregionis —I* <z<I*. Thus,evenfor instantaneoufeeze-out
atconstanpropertime thecorrelatorseesa non-vanishingemissiondurationin the fixed obsener
frame.Sincel* is adecreasingunctionof k| , At approachethelimit of therealemissiorduration
for largek .

8.1.4 The Cross-Term R

The existenceof the cross—terngI was proposedfor the first time by Chapman,Scotto, and
Heinz[88] andexperimentallyverified by Alber [89]. This parameteis the resultof space-time
correlationsvhich occurif the obserer framedoesnot coincidewith therestframeof the source
element. The cross-termvanishesn the LCMS for longitudinally boost-irvariantsystemsor in
symmetriccollisions as midrapidity. This follows from the correspondingpace-timevariance
(2.42) which vanishedn the LCMS if the sourceis symmetricunderZ — —Z. However, in the
forward and backwardrapidity region this reflectionsymmetryis brokenfor systemswith finite
longitudinalextension.

Figure 8.6 shaws the k, dependencef R?, for the differentmultiplicity bins andthe three
analyzedoeamenepies. For all enegiesandmultiplicities, Rﬁ, is very small.

Forhighk, valuesthecross-terntorvergesto zerobecausén thatcasehelongitudinalradius
parameteR, decreas¢o zerofor the caseof a stronglyexpandingsource With vanishingR, also
the correlationsbetweeng, andq, vanishaswell. The obseredweakdependencenE,,,can
be understoodn termsof the slight shift of the rapidity acceptanceway from midrapidity with
increasingoeamenenpy. For E, . .= 40 AGeV the experimentallyaccessibleapidity interval is
closesto midrapidityandthereforeR?, is smallesfor this beamenepy.
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Figure 8.6: Thecross-terniR?,.

8.1.5 Transver se Flow

Oneof themainmotivationsfor HBT analysigs its capabilityto disentangleandomandcollective
dynamicalcomponentsn the expansionof thefireball. The randomcomponentsrean effect of
thetemperaturef the systemwhile the collective componentsaredueto hydrodynamigoressure
which resultsfrom intenserescatteringamongthe constituentf the fireball. Knowledgeof the
magnitudeof thetrans\erseflow is crucialfor a dynamicalpictureof the trans\erseexpansionof
the collision systemandfor a dynamicalback-etrapolationinto the hot anddenseearly stageof
thecollision.

Thenormalizatiorof measuredhadronspectrgtheyieldsandabundanceatios)provide infor-
mationaboutthe chemicalcompositionof the fireball at the chemicalfreeze-out.In addition,the
hadronicmomentunspectrgprovide informationaboutthermalizatiorof themomentundistribu-
tionsandcollective flow. If rescatteringamongthe fireball constituentgesultsin thermalization
andcollective flow, theshape®f hadronicm, spectraarecharacterizetty thetemperaturd’; and
the meantrans\erseflow velocity (v, ) at freeze-out.The single-particlespectraare determined
by an effective blue-shiftedtemperaturdrom which temperaturendflow effectscannotbe sep-
aratedunambiguously90]. In contrastthem, dependencef thetrans\erseHBT-radii increase
with trans\erseflow but decreasavith strongerthermalsmearing39]. The combinationof both
obsenablesallowsto remore theambiguitybetweertemperaturandflow.

The interpretationof flow in the longitudinal directionis difficult dueto partial transpareng
of the colliding nuclei. Theobsenedlongitudinalflow is only partly generatedby hydrodynamic
pressur@ndsuperimposetb aninitial longitudinalexpansiorastheresultof incompletestopping
of thetwo nuclei. In contrasttranswerseflow is createdonly afterimpactandis reflectedin the

spectreof trans\ersemassm, = | /m?+p2.
In therelativistic limit (m, > m,) the restmasscanbe neglected. The effect of flow on the

spectrds givenby thesimpleblue-shiftformula[91]

1+{v))

k 1—(v,)

slope ™

T (8.7)
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At large m, all hadronspectrashouldhave the sameinverseslope Ty, but the measurement
of the inverseslopesdoesnot allow for a separatiorof thermalfrom collective motion. On the
otherhand,flow couplesto therestmassin the nonrelatvistic region. For alineartranswerseflow
velocity profile anda Gaussiarrans\ersedensityprofile onefinds exactly [36, 92, 85):

1
Tslope: Ti+ §mO<VJ_>2' (8.8)

Suchan approximatelylinear rest massdependencés indeedobsened [93]. For protonsfor
exampleaninverseslopeof about300 MeV wasseenwhich canobviously not beinterpretedas
a hadronictemperatureout shows clearly that the spectracontaina collective flow component.
A very accuratedeterminatiorof (v, ) from the measurednassdependencef the inverseslope
aloneis not possible.Studyingthe effect of trans\erseflow on two-particlecorrelationscanhelp
to separatehe effectsof randomthermalandcollective motion.

Equation(8.4) alonedoesnot allow to separatel; from (v, ) either But the correlationbe-
tweenthe two parametersn (8.4) is exactly oppositeto that provided by the spectralslopesin
(8.8). Combiningthemin a simultaneousnalysisof spectraandcorrelationsallows for a rather
accurateseparatiorof directedcollective andrandomthermalmotion.

A combinedanalysiswasdonein [50, 78, 94], basedon a full modelparametescanwith x?
confidencdevelsfor the two-particlespectra.The modelanalysisassumean emissionfunction
of type(2.22). Within this modelthetrans\ersegeometryis specifiedby a distribution G(r) which
wasassumedo be Gaussian

2
G(r) :exp(—zr?%> (8.9)

or box-shaped
G(r)=06(Rg—r). (8.10)

Thetrans\erseexpansionis parameterizetly thetrans\erseflow rapidity n; (x) whichis assumed
to increasdinearly with the distancefrom the collision axis:

Thescalingfactorn specifiegshevalueof thetrans\erseflow rapidity atthetrans\ersermsradius,
givenby

rms=V2Rg (8.12)
for the Gaussiartrans\ersedistributionandby
Rg
Mms = —= 8.13
rms \/2 ( )

for thebox-shapedne.With thetrans\erseprofilesG(r) theaveragerans\erseexpansiorvelocity
(v, ) isgivenby

Jo rdr tanhn, (r)G(r)
(Vi) = fordr G(r) '

0
In this thesisno analysisof single-particlespectravasdone. Ratherthe determinatiorof the
trans\erseflow velocity wasbasedon theresultsof the HBT analysisonly. Fitting Eq. (8.4)to Rs

(8.14)
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ferentcentralitybins.

providesthe geometricatadiusRyeo, andtheratio n?/T. Employingthe modeldescribedabove,
the trans\erseexpansionvelocity is extractedassuminga temperaturd = 120 MeV anda box-
shapedrans\erseprofile (in [94] it is shovn that the box-shapedlensityprofile reproduceghe
datawith bettery?).

The fit parameterfyeo and n?/T for the beamenegies 80 and 158 AGeV are shawn in
Figures8.7 and8.8. Theresultsof (v, ) areshavnin Figure8.9. The dashedinesin Fig. 8.9
show theinfluenceof the temperaturen the trans\erseexpansionvelocity. They aredetermined
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Figure 8.10: Contourplot of x2, obtainedby fitting (8.4)to Rs.

by assuminga temperaturef 110 MeV and130 MeV, respectiely. A temperaturevariation of
+10MeV leadsto a changeof the expansionvelocity in the orderof £5%.

While thefit of Eq. (8.4)deliversreasonableesultsfor theseenegies(geometriaadii between
5 and6 fm with expansionvelocitiesbetweer0.3c and0.5¢) it fails for E_, .= 40 AGeV. The
geometricradiusreachesvaluesof 12 fm andabove while the expansionvelocitiesare closeto
0.8c. Bothparametersvith verylargeerrorbars.Thereasorfor thefailure of fitting Rs at40 AGeV
is shavnin Fig. 8.10. The Figureshows contourplotsof x2 asafunctionof thefit parameter&geo
andn?/T for all threebeamenegiesat the mostcentralmultiplicity. The resultsof thefits, the
parametecombinationswith minimal x2, areindicatedby the dashedines. While for E, =
158 AGeV the minimumis clearlypronouncedt becomesnoreelongatedor E, . ,,= 80 AGeV.
For 40 AGeV no minimum is visible andthe x? distribution staysflat even for large valuesof
Ryeo@ndn?/T, leadingto thelarge valuesanderrorbarsfor this parameterThis clearlyindicates
strongproblemsof the approximation8.4).

8.2 Beam Energy Dependence

Figure8.11[97] shavsthek, dependenciesf R, Rs, andR, for differentbeamenegies. Thedata
at AGS andRHIC enepiesarefrom [95, 96]. At first glance,all threeradii shav a ratherweak
andsmoothenegy dependenceHowever, a more detailedinspectiondisplayssomeinteresting
features.

R is approximatelyconstantfrom AGS to the lower SPSenegies. Startingwith the SPS
enegiestowardsRHIC, R increasessignificantly, indicating a smoothincreaseof the lifetime
of the system.In contrast,Rs is decreasingt smallk, upto top SPSenegies,connectedvith a
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Figure8.11: k, dependencef HBT radii in centralPb-Pb,Au-Au, and Pb-Au (CERES)colli-
sionsatdifferentbeamenegies. RHIC andAGS dataaretakenfrom [95, 96].

continuoudlatteningof thek, dependenceGoingto RHIC enegies,Rs becomesgainlargerthan
atSPSenegieswith asomehw flat k;, dependencéatleastfor the i~ i~ sample) Accordingto

Eq. (8.4) the flatteningindicatesa decreas®f the radial flow velocity asa function of the beam
enegy. Thiswould bein contradictionto the presentunderstanding98], wherea continuously
increasinglow velocity wasdeducedrom the analysisof single-particlespectra.

R, shaws aratherstructurelesdeamenegy dependencegossiblyindicatinga shallov mini-
mumatthelower SPSeneny.
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Figure 8.12: Theeffective volumeV,; asafunctionof N, for differentbeamenegies.

8.3 The Freeze-out Volume

The HBT analysisprobesthe stateof the systemat thermalfreeze-out,. e. thetime whenthe
last elasticinteractionbetweenthe constituentsof the expandingfireball occurs. According to
Pomeranchuk99], this pointin time shouldbe characterizetby a certaincritical particledensity
While theenegy or particleyieldscanbe measuredisingthe single-particlespectreof all emitted
particles HBT analysisprovidesthetoolsto determinea volume-likequantity

A detailedstudyof the freeze-oupropertiescanbe doneby combiningthe measuredource
parametersnto an effective freeze-outvolumeV,; = 2nR, R2 [97], assuminga Gaussiarshape
in transwersedirection and a longitudinal lengthof R.. Sincethe HBT radii Rs and R, do not
reflectthe physicaldimensionf the sourcethis quantitycannot be identifiedasthetotal source
volume. However, sinceno statementsboutabsolutedensitiesor freeze-outvolumesare made
the effective freeze-outvolumeV,; canstill beusedto compareresultsat differentbeamenepies
andcentralities.If freeze-ouhappensat constandensityasproposedn [99], V. is expectedto
scalelinearly with the chaged particle multiplicity. Figure8.12shows V4 asa function of the
numberof participantsfor the threebeamenepies40, 80, and158 AGeV andfor the secondk,
bin 0.15< k, < 0.25GeV/c. Indeed,an approximatelylinear scalingwith Ny, is obsered at
all threeenegies. Thisis consistenwith the assumptiorof constanfreeze-outdensitysincethe
numberof chagedparticleswasfoundto scalecloseto linearwith Ny, at SPS[100, 101].

However, thebeamenegy dependencef V; asshavnin Fig. 8.12is surprising:theincrease
of pion multiplicity by about50%from 40 AGeVto 158 AGeV is notreflectedn a corresponding
beamenegy dependencefV, ;. Obviously, thefreeze-ouvolumescaleswith multiplicity if mul-
tiplicity is controlledvia centrality butit doesnot scaleasmultiplicity changesvith beameneqy.
Comparingthe freeze-outvolumesat differentbeamenegies from AGS to RHIC clarifiesthe
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situation. As showvn in Figure8.13,the freeze-outvolumeV,; is graduallydecreasingvithin the
AGS enegy range possiblyreachinga minimum betweenAGS and SPSenepgies,andincreases
againtowardsRHIC. Thisbehaior cannotbeexplainedby asimplerelationbetweemultiplicity
andfreeze-ouvolume. The minimumbetweerAGS andSPSenegiesmayindicatethetransition
from nucleondominatedo pion dominatedfreeze-out.

Theconditionfor pionfreeze-outs notwell understoodWhetherit occursatconstanparticle
density(asproposedy PomeranchufQ9]) or if themeanfreepathA; is of the sameorderasthe
sizeof thehadronicsystem(proposedy Stock[102)) is notclear In thelattercasethefreeze-out
densityexplicitely depend®nthesizeof thesystemandis givenasp; 00 1/R; while in theformer
caset doesnot.

Pionfreeze-outetermineghe pointin time atwhich the lastinteractionsbetweerpionsand
otherparticlesin thefireballhappen Of coursethisconditionis influencedoy theabsolutenumber
of particlesin the fireball andthe crosssectionof pionswith theseparticles.For simplicity, only
nucleonsandpionsareconsiderea@sconstituent®f thefireball. To getanestimatdor thenumber
of particles,the midrapidity yield of negatively chagedpions[103, 104, 105 106 andprotons
[71,107,108 109 110 111 in centralPb(Au)+Pb(Au)collisionsareused.Resultsfor dN/dy,..
asafunctionof \/sareshavnin Figure8.14.

At low beamenegies, the colliding nucleiare stoppedo a high degree,leadingto a baryon
rich region aroundmidrapidity. With increasingcollision enegiesthe colliding nuclei become
moretransparentiesultingin analmostnet-baryorfree region aroundmidrapidity (seetheyield
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Figure 8.14: Left: Midrapidity yieldsof protons,anti-protonsandnegative pionsasa function of
V/S. Right: Effective particlenumbero,; andeffective volumeV, vs. v/s.

for p-p in Fig. 8.14). However, productionof baryonsand anti-baryonsis rising steeply(p in
Fig. 8.14). The total protonyield (p+p) at midrapidity dropsfrom AGS to SPSand staysap-
proximately constantbetweenSPSand RHIC becausehe decreasingiumberof net protonsis
compensately pp production. The pion yield increasesnonotonicallywith beamenegy. The
sumof pionsand protonsis still a monotonicfunction of /s and doesnot reflectthe obsered
minimumin V. At this point, the crosssectionsoy;; ando,, have to be consideredTo account
for the neutronghe numberof protonsis multiplied by a factor of 2. This factoris correctonly
for the highestbeamenegies. For lower beamenepiesit is usedasan approximation.Also the
role of light fragmentsand other producedparticlesis neglected. The densityof negative pions
is weightedby a factor of 3 to takethe neutraland positive pionsinto consideration.The cross
sectionweightedsumof pionsandnucleonso,; definedin thisway is givenby

Oc =2 Npig Oy + 3N, - O (8.15)

and shavn in Figure 8.14 in the right panel. For the crosssectionoy; = 12 mb and o, =
65 mb [112] areassumedneglectingthe enegy dependencef the crosssection. The resulting
effective crosssectiong,; shovs aminimumaroundiower SPSenegies. Consequentlytheratio
Veit/ 0o, Which hasthe dimensionof a length, is approximatelyconstant(seeFig. 8.14). This
resultssuggest¥, /g ~ 1 fm asauniversalfreeze-outondition.

With thesesimpleassumptiongherelatively weakbeamenegy dependencef theHBT radii
canbeunderstoo@saninterplaybetweerthe decreasingandeventuallysaturatinghucleonplus
anti-nucleoryield andtheincreasingpion multiplicity atmidrapidityif the differentcrosssections
with pionsaretakeninto account.

Theobsered large radii Rs atlow beamenegiesandtheir steepdependencenk, couldbe
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explainedby a more detailedconsideratiorof the pion-nucleorcrosssection.At low beamener
gies,wherethe protonsaremostimportant,the strongmomentundependencef o, mayaffect
thek, -dependencef Rs. While pionswith large momentun(leadingto pion pairswith largek )
only have a relatively small probability to interactwith nucleons pionswith small momentum
(smallk, ) areexpectedto interactwith nucleonsmary times. This may leadto large scattering
anglesof the pionsasthey leave the freeze-outvolume,leadingto correlationshetweernparticles
emittedfrom distantregions.

8.4 Summary and Conclusion

Theresultspresentedn the context of this thesisallow for a systematicomparisorof thetrans-
versemomentumdependencef HBT parametersisa function of centralityandbeamenegy at

SPSTheanalyzeddatahave beentakenfrom Pb-Aucollisionsatthe CERN SPSatbeamenepgies

of 40,80,and158 AGeV andwereprocesseth a consistentvay, allowing for adirectcomparison
of theresults.

Figure8.15compareshe resultsof this thesiswith the resultsobtainedoy the NA49 experi-
mentfor the mostcentralbin. For beamenegiesof 40 and80 AGeV the radii agreewithin the
errors.Only at 158 AGeV thedifferencesn theradii aremorepronouncedespeciallyat hightk, .

For all threeenegiesanincreaseof thelifetime 1, extractedfrom the measuredongitudinal
HBT parameteR,, with centralitywasobsened. FurthermoreR, andwith it 7, increaseswith
beamenepgy. Theseresultsarenot very surprising. With increasingopeamenegy andincreasing
centralitythe enegy densitydepositedn the reactionzoneincreasesaswell andthe expanding
systemeedsa longertime to reachthe conditionfor freeze-out.

The systematicof Rs are unexpected. Comparedto the higher beamenengies, Ry(k, ) at
Epeam= 40 AGeVis muchsteeperThe determinedrans\ersesourcesize Rygeo andthetrans\erse
flow velocity (v, ) for beamenegies 80 and 158 AGeV shov a smoothincreasewith centrality
andonly a very weakdependencen the beamenepy. Rgyeo at freeze-outis in the order of 5—
7 fm, the trans\erseexpansionvelocity, obtainedwith the modeldescribedn [78] andassuming
a box-shapedrans\ersesourceprofile anda temperaturef T = 120MeV, is between0.3c and
0.6c. TheapproximatiorEq. (8.4) doesnotwork for the beamenegy of 40 AGeV. The obtained
transersegeometricakradii Rgeo arebetweené and12 fm with large error bars. The trans\erse
flow velocity (v, ) reachesinrealisticlarge valuesof up to 0.8c at40 AGeV, alsowith very large
error bars. The resultscould be explainedby Fig. 8.10. The x? distribution obtainedby fitting
parameterizatiol(8.4) to the datashowns no pronouncedninimum, allowing for large valuesof
I:\)geo andr’fz/T'

TheradiusparameteR, shavsastrongdecreasavith k| atall centralitiesandbeamenegies.
However, the influenceof the momentunresolutionof the TPC on R, is significant, leadingto
large correctionfactorsanderror bars,especiallyat large valuesof k| . It hasbeenproposedhat
the existenceof a strongfirst orderphasetransitionandan accordinglylong living mixed phase
would be obsenableby a large outwardradiusR, comparedo R, indicatinga long durationof
pion emissionAt. The analyzeddatado not supportsucha scenaricat SPS.All obserned HBT
radii R, aresimilarto Rs atall beamenegiesandcentralities At 159AGeV thedataareconsistent
with ashortbut finite emissiondurationof about2—3fm/c.

Studyingthe freeze-outvolume of the collision systemleadsto somesurprisingresults. At
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Figure 8.15: Comparisorof HBT radii with resultsfrom NA49.

all threeenepgiesa linear scalingof the volumeV with N, wasobsened, consistenwith the
assumptiorof aconstanfreeze-outlensity However, no clearbeamenegy dependenceouldbe
obsenedalthoughthe multiplicity increasedy about50%asgoingfrom 40 AGeVto 158 AGeV.
Thesmallestv,; areobsenedat40 AGeV. This minimumin V,, atlower SPSenegiescould be
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8 HBT Results

explainedby a transitionfrom nucleonto pion dominatedfreeze-out.As a universalfreeze-out
conditiontheratio V4 /0.4 ~ 1 fm (with g4 beingthe crosssectionweightedsumof pionsand
nucleonshasbeenidentified.

The presentedesultsfor E,,,,= 158 AGeV are obtainedwith a limited sub-sampleof the
recordeddata. The productionof thesedatawasdoneusinga preliminary calibrationof the de-
tectors. At the beginning of 2002, the effort on improving the resolutionof the TPC and the
calibrationof the detectorsvasgoing on with big successAs soonasthe work on the detector
calibrationhascornverged andthe productionof the whole datasetis donethe statisticsfor the
beamenepy 158 AGeV canbeimproved substantially Theimproved momentunresolutionwill
resultin smallercorrectionfactors,thusreducingthe systematierrorsat large valuesof k| .
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