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

In this thesis,a centralitydependentstudy of two-particlemomentumcorrelationsof like-sign
pions(HBT interferometry)from Pb-Aucollisionsat beamenergiesof 40, 80, and158AGeV is
presented.The three-dimensionalcorrelationfunctionC2, dependingon therelative momentum
componentsof theparticlepair, wasparameterizedusinga three-dimensionalGaussian,modified
to considerthe final stateCoulombrepulsion. The parameterizationwasdonein the Cartesian
out-side-longsystemasproposedby G. BertschandS. Pratt. A differentialanalysisof theHBT
radiusparametersasa function of themeantransversepair momentumk� allowedto determine
transversegeometricalsourcesizesof about5.5fm to 7 fm, increasingwith energy andcentrality.
Themeantransverseflow velocity

�
v��� wasfoundto beof theorder0.5–0.6c. For thefreeze-out

timeτ f valuesbetween6and8 fm � cwereobtainedwith adurationof particleemissioncompatible
with zero. Thebeamenergy dependenceof theHBT radii provide evidencefor a universalpion
freeze-outcondition.
The analyzeddatahave beenrecordedwith the CERESspectrometerat the SuperProtonSyn-
chrotron(SPS)acceleratorat CERN. In 1998 the spectrometerwas upgradedby a cylindrical
Time ProjectionChamber(TPC)which improvedsubstantiallythehadrondetectioncapabilityof
thespectrometerandallowedfor a systematicinvestigationof hadronicobservablesat midrapid-
ity. Thefirst partof this thesisdescribesthe readoutsystemof the TPCandits modificationfor
thebeamtime in 2000.

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

In dervorliegendenArbeit wird einezentraliẗatsabḧangigeUntersuchungvonZwei-TeilchenKor-
relationengleichgeladenerPionen(HBT Interferometrie)in Pb-AuKollisionenbei Energienvon
40, 80 und 158 AGeV vorgestellt. Die dreidimensionaleKorrelationsfunktionC2, die von den
KomponentendesRelativimpulsesbeiderTeilchenabḧangt,wurdemit Hilfe einerdreidimension-
alenmodifiziertenGauss-Funktionparametrisiert.Die Modifikation ber̈ucksichtigtdie Coulomb-
Wechselwirkungim Endzustand.Die ParametrisierungderKorrelationsfunktionerfolgteim out-
side-long-System,welchesvon G. Bertschund S. Pratt vorgeschlagenwurde. Eine differen-
tielle Analyseder HBT Radiusparameterals Funktiondesmittleren transversalenPaarimpulses
k� liefert transversalegeometrischeQuellgr̈oßenvon 5.5 bis 7 fm. Als mittlere transversale
Flußgeschwindigkeit

�
v��� wurdenWerte zwischen0.5–0.6c bestimmt. Für die Ausfrierzeit τ f

wurdenWertezwischen6 und8 fm � c ermittelt,mit einermit Null verträglichenDauerderTeil-
chenemission.Die beobachteteAbhängigkeitderHBT Radienvon derStrahlenergie liefert Hin-
weiseauf eineuniverselleAusfrierbedingungfür Pionen.
Die analysiertenDatenwurdenmit Hilfe desCERESSpektrometersamSuperProtonSynchrotron
(SPS)amCERNaufgezeichnet.1998wurdedasbestehendeSpektrometerum einezylindrische
Spurendriftkammer(TPC) ergänzt,welchedie Sensitivität für Hadronenwesentlichverbesserte
und einesystematischeUntersuchunghadronischerObservablenbei Midrapidität ermm̈oglicht.
Im erstenTeil derArbeit wird dasAuslesesystemderTPCsowie die für die StrahlzeitdesJahres
2000durchgef̈uhrtenÄnderungenbeschrieben.
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1 Ultrarelativistic Heavy Ion Collisions

The aim of colliding heavy ions at ultrarelativistic energies is the examinationof propertiesof
stronglyinteractingmatterat high energy densities.If nuclearmatteris heatedandcompressed,
resultingin high energy densitiesε, latticequantumchromodynamic(QCD) calculationspredict
a phasetransitionfrom hadronicmatterto a new stateof matter:theQuarkGluonPlasma(QGP).
In thequarkgluonplasmatheconfinementof quarksandgluonsis repealed,leadingto quasi-free
particles.In February2000,CERN1 announcedofficially the formationof a new stateof matter
[1], resemblingin many ways the expectedQGP. In the light of thermodynamics,beyond the
phasetransitionthe hadronicdegreesof freedomof the systemarereplacedby thoseof quarks
andgluons(which aremany more in the latter comparedto the hadronicsystem),leadingto a
characteristicstrongincreasein the energy densityof the systemwithin a small interval around
thecritical temperatureTc. Key questionsof thesestudiesaretherestorationof chiral symmetry
which is spontaneouslybrokenin the QCD groundstate,the dynamicalevolution of the phase
transition,or of whichorderthetransitionis.

The studyof the quarkgluon plasmaalsohasimpacton astrophysicsandcosmology. The
conditionsof a heavy ion collision at ultrarelativistic energiesarein someaspectsvery similar to
thoseof theuniverseat a very earlystage,whereup to a few tensof microsecondsafter theBig
Bangatransientphaseof stronglyinteractingmatterexistedat temperaturesabove1012 K andlow
net-baryondensity. Collisionsof atomicnucleiat energiesup to a few tensof MeV pernucleon
leadto the otherextremeof low temperaturesandhigh baryondensities.Theseconditionsare
closerto thoseoccuringin theinteriorof neutronstars[2, 3, 4], wheremassdensitiesarelikely to
exceed1018 kg/m3 which is aboutfour timesthedensityof nuclei.

1.1 Hot and Dense Nuclear Matter

In 1964,Gell-MannandZweig introducedthequarkmodelto explain theregularitiesamongthe
hundredsof baryonandmesonstatesknown at thattime. They assumedthatall hadronswerebuilt
from u, d, ands quarks. In this model,mesonsarecomposedof a quarkandan anti-quark(qq̄)
while baryonsarebuilt upof threequarks(qqq). Thephysicsof stronginteraction,responsiblefor
thebindingof quarksinto hadrons,is describedby thetheoryof quantumchromodynamics.

Quarksare fermions(spin 1� 2), characterizedby their flavor. Theseareu (up), d (down),
c (charm),s (strange),b (bottom),andt (top). Theinteractionbetweenquarksdependson theso-
calledcolor of thequarkswhichis theQCDanalogto theelectriccharge.Therearethreedifferent
colorsa quarkcancarry: red, blue, andgreen. Theinteractionbetweenquarksis mediatedby the
exchangeof gluons. Thegluonsarethefield quantaof thestronginteractionandcarryalsocolor

1EuropeanOrganizationfor NuclearResearch
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Figure 1.1: QCDphasediagramof hadronicmatter[5].

charge.All experimentallyobservablehadronsareso-calledcolor-singlets, objectswith thecolor
white. Thesewhiteobjectscanbeconstructedby eithercombiningthreedifferentcolorsor acolor
with its anti-color. For thesamereason,color carryingsinglequarkscannot beobservedasfree
particles.The couplingconstantαs of QCD, describingthe strengthof the interaction,depends
on the distance2 betweentwo quarks.At very small distance(large Q2) betweenthequarksthe
couplingconstantis small,approachingzerofor Q2 � ∞ (asymptoticfreedom). At largedistances,
the couplingconstantstrongly increases.With the attemptto separatetwo quarksthe potential
betweenthemincreases,leadingto thecreationof additionalquarksandgluonswhichcombineto
hadrons(confinement).

The phasediagramof strongly interactingmatteris shown in Figure1.1 [5, 6, 7]. It shows
a transitionfrom a gasof hadronicresonancesat low energy densitiesto a quarkgluon plasma
(QGP)at high energy densities.The critical energy densityεc is of theorderof 1 GeV/fm3 and
wasderived by lattice QCD calculations. The critical energy densitycan be reachedeitherby
creatingmatterwith zeronet-baryondensityanda temperatureof aboutTc � 170MeV [8], or by
compressingcoldnuclearmattertobaryondensitiesof aboutρc � 3 � 10ρ0, whereρ0 � 0 � 15fm 
 3

is the groundstatedensityof nuclearmatter. In heavy ion collisionsa combinationof heating
and compressingis employedin order to reachthe critical energy density. Dependingon the
energy of the colliding nuclei differentregionsof the phasediagramcanbe explored. At lower
beamenergies (e. g. SIS3 with beamkinetic energies in the vicinity of � 1 AGeV), the nuclei

2To bemoreprecise,αs dependson theinvariant4-momentumtransferQ2 betweentwo quarks.
3SchwerIonenSynchrotronatGSI,Darmstadt
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1.1 Hot andDenseNuclearMatter

are stopped,leadingto baryonrich matter in the collision region. The nuclearmatteris only
moderatelyheatedandcompressed.At higherbeamenergiesthetemperaturesreachedaremuch
higherandthecollisionsbecomemoretransparent,resultingin a baryonfreeQGP. An overview
of theexperimentalmappingof theQCDphasediagramcanbefoundin [6, 7].

TheknowledgeabouttheQCD phasediagramalongthe temperatureaxisat µB � 0 is based
on latticeQCD calculations[9, 10, 11]. For two quarkflavors they predicta critical temperature
Tc � � 171 � 4� MeV [8]. For non-zerobaryondensity, resultsarebasedon modelswhich inter-
polatebetweenlow-densityhadronicmatterandhigh densityquarkgluon plasma.NearTc, the
energy densityin unitsof T4 changessignificantlywithin a narrow temperatureinterval (seeFig-
ure1.2). Thevaluesaccordingto thelaw of Stefan-Boltzmannfor anidealgasof non-interacting
quarksandgluonsareindicatedat the right edgeof the figure. Around Tc the formationof the
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Figure1.2: Resultof latticeQCD calculationsfor theenergy densityε (in unitsof T4) asa func-
tion of thetemperatureT (in unitsof thecritical temperatureTc). Hereε is shown for
differentnumbersof quarkflavorswhere2  1 meanstwo light andoneheavy flavors
(Figurefrom [11]).

QGPhappens.Theconfinementof quarksandgluonsinto hadronsis broken,andtheapproximate
chiral symmetryof QCD,which is spontaneouslybrokenat low temperaturesanddensities,is ex-
pectedto berestored.This is foundin latticeQCD calculationsby inspectingtheorderparameter�
Ψ̄Ψ� , theexpectationvalueof the so-calledchiral condensate.This orderparametercharacter-

izesthechiral phasetransitionandvanishesin thechiral symmetricphasebut becomesfinite in
the asymmetricphasecorrespondingto a mixing of left- andright-handedquarksin the ground
state. Chiral symmetryis a consequenceof the standardmodelwhich postulatesleft and right
handeddegenerateddoubletsof particles.Thesmallcurrentquarkmassesleadto asmallbreaking
of this symmetry. This approximatesymmetryis brokenspontaneouslyin a mechanismgiving
largemasses(constituentmasses)to thequarks.The(approximate)restorationof chiralsymmetry

3



1 Ultrarelativistic Heavy Ion Collisions

in theQGPmeansthat theconstituentmassesof quarksaresignificantlyreducedto thescaleof
thecurrentquarkmasses.

Thesearchfor theQGPis complicatedby thevery shortlifetime of thefireball of heatedand
compressedmatter, createdin thecollision. Apart from measurementsof photonsandleptons,all
experimentalresultscharacterizeonly thehadronicstateat theendof thedynamicalevolution (at
freeze-out) of thecollisionsystem.Therefore,only acombinationof many experimentalsignatures
allowsfor a conclusionwhethertheQGPwascreatedor not.

1.2 Space-Time Evolution of a Heavy Ion Collision

The space-timeevolution of a heavy ion collision dependson the initial conditionsof the reac-
tion, e.g. theenergy densitydepositedin thereactionzone.With theassumptionof local thermal
equilibriumtheexpansionof thefireball canbecalculatedusinghydrodynamicalmodels.In the
hydrodynamicaldescription,thecompletedynamicsof thesystemis describedby theenergy den-
sity ε, thepressurefield p, thetemperaturefield T, andthe4-velocityfield uµ � dx� dτ atdifferent
space-timepointsasthesystemevolves.Theenergy density, thepressure,andthetemperatureare
relatedby theequationof stateε � ε � p � T � . Thepressureinsidethehot anddensemediumleads
to anexpansionof thesystemwhile its densityandtemperaturearedecreasing.Having reached
a certaindensity/temperature4, first all inelastic interactionsbetweenthe system’s constituents
ceaseand the abundanciesof hadronsarefixed (chemicalfreeze-out). With further decreasing
density/temperaturealso the elasticinteractionsvanishandthe thermal freeze-outhappens.At
this time,thephasespacepopulationof thefinal stateis determined.

Anotherconditionwhich determinesthespace-timeevolution of thesystemis thefractionof
longitudinalenergy still presentin the final stateafter the collision. At collision energiesin the
AGS5 domainthe nuclearstoppingpower is quite large. This term, introducedin high-energy
nucleus-nucleuscollisionsby BuszaandGoldhaber[12], describesthedegreeof stoppingan in-
cidentnucleonsuffers when it impingeson the nuclearmatterof anothernucleus. In collision
systemscreatedby thecompletestoppingof thenuclei thecollectiveexpansionis determinedby
thepressureandtheenergy densityonly (Landaupicture).Ontheotherhand,at typicalSPS6 ener-
giesof about� s � 20GeVpernucleonpair, thecollisionof two nucleiis significantlytransparent
andabouthalf of the initially longitudinalmotion is preserved after the collision. Comparedto
collisionswith full stopping,thisinherentlongitudinalexpansioninfluencesthesystem’sevolution
andmustbeconsideredin thecalculations.This scenarioof colliding nucleiwith ultrarelativistic
energieswasfirst describedby Bjorken[13] andis depictedin Figure1.3. In thecenterof mass
system,nucleusA approachesfrom z � � ∞ with a velocity closeto thespeedof light andmeets
nucleusB whichcomesfrom z �  ∞, alsowith avelocitycloseto thespeedof light. At thepoint� z� t � � � 0 � 0� they meetandcollisionsbetweenthenucleonsof bothnuclei takeplace.Dueto the
Lorentzcontractionin longitudinaldirectionthenucleiarerepresentedasthin discs.

Thedynamicsof thisprocessis picturedin Figure1.4,showing aspace-timediagramwith the
longitudinalcoordinatez andthe time coordinatet. Due to the transparency of thecollision, the

4A priori it is not obvious what the freeze-outcondition is. In hydrodynamicalcalculationsusually a freeze-out
temperatureTf is imposedby hand.

5AlternatingGradientSynchrotron,a heavy ion acceleratorat theBrookhavenNationalLaboratory
6SuperProtonSynchrotronatCERN
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Figure1.3: Schematicrepresentationof anultrarelativistic nucleus-nucleuscollision in Bjorken’s
description. Due to the Lorentz contractionin longitudinal direction the colliding
nucleiarereducedto thin disks.

two nucleimove away from the collision region, depositinga large amountof energy in a small
region aroundz � 0 in a shortdurationof time. Even thoughthe energy densityof the created
matteris very high, its net-baryoncontentis small. Shortly after the collision at � z� t � � � 0 � 0� ,
the energy densityof the systemmay be high enoughto form the quark gluon plasmain the
centralcollision region. Althoughtheplasmamay initially not be in thermalequilibrium,it will
beequilibratedat propertime τ0. The typeof quarkgluonplasmawhich maybecreatedin such
a reactionis comparableto the onewhich wascreatedin the Big Bang, albeit of muchsmaller
energy contentandthereforelifetime, andhenceof specialastrophysicalinterest[13, 14]. From
thereon theplasmaevolvesaccordingto thelaws of hydrodynamics.During theexpansionof the
plasmaits temperaturedropsandhadronizationwill takeplace. The hadronsstreamout of the
collision region andat time τ f thefreeze-outhappens.

Thehadronicfinal stateof theevolvingsystemis accessibleby experiments.It is characterized
by theabundanciesandthemomentumdistributionsof thedetectedparticles.Becausethemomen-
tumdistributionof thecreatedparticlesis consideredto besymmetricin φ (which is actuallyonly
true for centralcollisionswith impactparameter!b � 0) it is customaryto divide the momentum
into a componentplong parallelto thebeamaxis(z-axis)anda componentperpendicularto it:

plong � pz � (1.1)

p� � "
p2

x  p2
y � (1.2)

Anotherusefulvariablecommonlyusedto describethekinematicsof a particleis the rapidity y
which is definedin termsof its energy andmomentumcomponentsby

y � 1
2

ln # E  pz

E � pz $ � (1.3)

In thenonrelativistic limit, the rapidity of a particletraveling in longitudinaldirectionis equalto
thevelocityof theparticlein unitsof thespeedof light. The4-momentumof a freeparticlewhich
is on the massshell hasonly threedegreesof freedom,thuscanbe representedby � y� p� � . The
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1 Ultrarelativistic Heavy Ion Collisions

transformationbetween� E � !p� and � y� !p� � is givenby

E � m� cosh� y�%� (1.4)

pz � m� sinh� y�%� (1.5)

with m� beingthetransversemassof theparticle:

m� � " m2
0  p2� � p2� � p2

x  p2
y � (1.6)

Additional informationaboutthereactioncanbegatheredfrom two-particlecorrelations,the
main topic of this thesis.Suitableobservablesto characterizethedynamicsof a pair of particles
arethepair rapidityyππ andthemeantransversemomentum!k� . They aredefinedby

yππ � 1
2

ln # E1  E2  p1 & z  p2 & z
E1  E2 � p1 & z � p2 & z $ (1.7)

and !k� � 1
2 ' !p1 & �  !p2 & �)( � (1.8)

Anotherimportantvalueis theLorentzinvariant4-momentumdifferenceof theparticles

qinv � " � p1 � p2 � 2 � " � E1 � E2 � 2 �*� !p1 � !p2 � 2 � (1.9)

which is therelative momentumof theparticlepair in its centerof masssystem.Hereandin the
following 4-vectorsaredenotedby bold symbols.
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Figure1.4: Evolutionof a heavy ion collisionsin Minkowski’srepresentationof space-time.
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1.3 Physics Program of CERES

CERESis a dileptonexperimentat the CERN SPS,devotedchiefly to the systematicstudy of
low masse	 e
 pairs(0 � 1 5 me6 e7 5 1 � 5 GeV� c2) producedin nucleon-nucleon,nucleon-nucleus,
andnucleus-nucleuscollisions. Dileptonsarea particularlyattractive observable. In contrastto
hadronsthey interactwith otherparticlesin thecollision zoneonly throughtheelectromagnetic
interaction. They are producedin all stagesof the collision and emittedinstantaneouslyafter
creationwithout significantfurther interaction. Due to the negligible final stateinteractionsof
leptonsthey carry informationaboutthecompleteevolution of thefireball essentiallyunaffected
to thedetectors.In thisway, they probeeventheinnermostzonesof thefireballwhichareformed
in theearlystagesof thecollision.

The productionrateandthe momentumdistribution of the producedleptonsdependon the
momentumdistribution of the quarksandanti-quarksin the plasma,which is givenby the ther-
modynamicconditionin theplasma,andon decaysof producedhadrons.Thus,leptonpairscarry
informationaboutthethermodynamicstateof themediumat themomentof theirproduction.The
schematicdileptonmassspectrumshown in Figure1.5 indicatesthemajordileptonsourcesin ul-
trarelativistic heavy ion collisions.In thelow-massregion thedileptonspectrumis dominatedby
thedecaysof light vectormesonsρ, ω andφ. Theρ is of particularinterestbecauseof its lifetime
of 1.3 fm/c, which is shortcomparedto thelifetime of thefireball. Its decaysamplesthehot and
densemediumandthe fireball’s evolution asa functionof time. Its in-mediumbehavior around
thecritical temperatureTc for deconfinementcould thereforereflecttheassociatedrestorationof
chiral symmetry. For a discussionabouthow this restorationof chiral symmetryis linked to the
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40 AGeV.

massesof vectormesonsseee.g. [15, 16, 17].

CERESobserved an enhancedproductionof low-massdielectronpairs in S-Au andPb-Au
collisionsat full SPSenergiesof 200and158AGeV respectively [18, 19, 20]. Theobserveddi-
electronyield significantlyexceedsthe expectationsextrapolatedfrom p-nucleonandp-nucleus
collisions.There,themeasuredelectronpair distributionagreedwell with theoneexpectedfrom
hadrondecaysin vacuum[21]. Thesimulationof thedielectroncontributionfrom hadrondecays,
theso-calledhadronic cocktail, is basedon theknowledgeof thebranchingratiosof all relevant
leptonicandsemi-leptonicdecaysandthe total productioncrosssectionof neutralmesonsmea-
suredin p-nucleoncollisions. Figure1.6 shows the most recentdielectronspectrum,measured
at 40 AGeV Pb-Au collisions in 1999 [22]. While the π0 D eB eC γ Dalitz peakis well repro-
ducedby the hadroniccocktail, the datashow a strongenhancementby a factor of 5 E 1 F 1 E 3 at
mee G 0 E 2 GeV/c2. Theoreticalexplanationsof theobservedenhancementrefersto direct radia-
tion from thefireball, dominatedby pion annihilationπB π C D ρ D eB eC . However, the shape
of the enhancementis not consistentwith the spectralshapeof the ρ meson. To describethe
data,a strongmediummodificationof the intermediateρ is necessary. The two mostprominent
theoreticalapproachespredicta shift of theρ peakto lowermasses(Brown-Rhoscaling[23]) or
a calculationof theρ spectraldensitywithin thedensehadronicmedium[17, 24] resultingin a
broadenedpeak.Alternatively, theexperimentalspectrumcanbedescribedequallywell in terms
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Figure1.7: Thereconstructedmassandlifetime of theΛ hyperonat a beamenergy of 40 AGeV.
Figuresarefrom [25].

of partonicdegreesof freedom,i. e. in-mediumqq̄ annihilation[17].
With theinstallationof theTPC(TimeProjectionChamber)duringtheyear1998thephysics

capabilitiesof CERESwerealsolargely expandedfor theanalysisof hadrons.Theprimarygoal
of this upgradewasto improve the massresolutionto ∆mS m T 2% in the ρ S ω S φ-massregion.
With this resolutionpossiblemassshiftsor changesin width of thevectormesonsρ, ω, andφ can
be observed directly alongwith a simultaneousmeasurementof the continuum. Using the data
recordedduringthebeamtimein 1999atabeamenergy of 40AGeV, thereconstructionof strange
particles(Λ, Λ̄, andK0

s ) waspossible[25]. By combiningpositivewith negativechargetracksand
assumingfor themto beprotonsrespectively π C , decaysof theelectricalneutralΛ hyperonhave
beenreconstructed.The reconstructedmassandlifetime areshown in Figure1.7. They agree
with thevaluesgiven in [26]. However, thewidth of themasspeakis largercomparedto results
from Monte-Carlosimulationsof the detector. Thereasonfor this is theby that time unfinished
calibrationof theTPC.Detailsabouttheanalysiscanbefoundin [25].

The topic of this thesisareBose-Einsteincorrelationsof identicalpions. This method,also
calledHBT-interferometryafterHanbury-Brown andTwisswho inventedit in theearlyfifties of
thelastcentury[27, 28, 29], providesdirectinformationaboutthespace-timestructureof thepar-
ticleemittingsource,createdin heavy ion collisions,analyzingtherelativemomentumdistribution
of emittedparticlepairs. A differentialHBT analysisin termsof transversemomentumcompo-
nentsof theparticlepair revealsinsight into thedynamicalpropertiesof thesourceat freeze-out,
providing for exampleinformationaboutthe life-time, the durationof particleemission,or the
transverseexpansionvelocityof thesource.This informationis necessary, for example,for mod-
els which try to simulatethe dilepton spectrameasuredby CERES.For thesecalculationsthe
knowledgeof the full space-timeevolution is crucial and the HBT resultscan be usedto tune
thesemodels.
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2 Intensity Interf erometr y

2.1 Intr oduction

Thegoalof ultra-relativistic nucleus-nucleuscollisionsis thecreationandcharacterizationof the
quark-gluonplasma. But the questionwhethersucha plasmawascreatedduring a collision is
not easyto answer. Thereasonfor this is theconfinementof quarksandgluonsinto color-neutral
particles. Only very few particlespecies,mainly leptons,canprovide direct informationabout
the initial partonicstageof the collision. The much more abundanthadronsare substantially
affectedby secondaryinteractionsanddecouplefrom the collision region only during the final
thermalfreeze-outstage. A completeunderstandingof the space-timestructureanddynamical
stateof thereactionzoneat freeze-outcangiveananswerto thequestionwhethera plasmaphase
wasformed or not. Determiningthe sizeand lifetime of the stateat decouplingtogetherwith
the expansionvelocity shouldallow for a back-extrapolationin time of the energy densityto a
point of vanishingtransverseexpansion. The most comprehensive way to obtainexperimental
informationon thespace-timestructureof a particleemittingsourcecreatedin relativistic heavy
ion collisions is throughtwo-particleintensity interferometry. The method,also namedHBT-
interferometryafterRobertHanbury-Brown andRichardTwisswho inventedit, usesthequantum
statisticalmomentumcorrelationsbetweenpairsof identicalparticlesto extract the space-time
structureof thesource.

HBT intensity interferometrywas usedfor the first time by the radio astronomersRobert
Hanbury-Brown and RichardTwiss [28, 29]. In 1950 they inventedthe techniqueto measure
thediameterof thesun,usingtwo radiotelescopesoperatingat 2.4m wavelength,andexamined
in 1956radiowavesourcesin thegalaxiesCassiopeiaandCygnus[27], andsubsequentlyapplied
the methodto a measurementof the angulardiameterof Sirius [29]. In [28] they demonstrated
that photonsin an apparentlyuncorrelatedthermalbeamtendto be detectedin close-bypairs.
Thisphotonbunchingor HBT-effect,first explainedtheoreticallyby Purcell[30], is oneof thekey
experimentsof quantumoptics[31].

In particlephysicsthe HBT-effect wasindependentlydiscoveredby G. Goldhaber, S. Gold-
haber, W. Y. Lee, andA. Pais [32]. It is known asthe GGLP-effect. In 1960,they studiedthe
angularcorrelationsbetweenpionsin pp̄-annihilationsandobservedanenhancementof like-sign
pionpairsatsmallrelativemomentacomparedto unlike-signpairs.Theresultscouldbeexplained
only by consideringthesymmetrizationof thewavefunctionof theparticlepair andthefinite spa-
tial extensionof the decayingpp̄ system. Measuringthe correlationfunction as a function of
themomentumdifferencerevealsinformationaboutthespatialextensionof theparticleemitting
source.

The differencebetweenintensity interferometryandconventionalamplitudeinterferometry
can be illustratedusing Figure 2.1. In amplitudeinterferometryeachdetectorscould be a slit
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2.1 Introduction
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Figure2.1: Schematicrepresentationof theemissionof two indistinguishableparticlesfrom two
points Xr1 and Xr2 of thesource.Themomentaof the two particlesaremeasuredwith
two detectors.

throughwhichtheemittedparticlespass.To usea traditionalexample,theparticlescouldproduce
an interferencepatternon a screenlocatedbehindtheslits. The interferencepatterndependson
therelative phaseof theparticles’amplitudesmeasuredat thetwo detectors.In intensityinterfer-
ometrya correlationfunctionC is constructedfrom thenumberof countsn1 andn2 measuredin
thedetectors:

C Y Z n12 GZ n1 G Z n2 G\[ 1 ] (2.1)

wheren12 denotesthenumberof countsin whichparticlesareobservedin detector1 anddetector
2. Thecorrelationfunctionisproportionalto theintensity, i. e.thecomplex squareof theamplitude
of theparticlesat bothdetectors.

The origin of the observed particlecorrelationsis the symmetryof the quantummechanical
wave function of identicalbosons.A very simplified anddescriptive argumentgiven in [33] is
basedonthesituationdepictedin Figure2.1.A sphericalsourceemitsapairof identicalparticles
from point Xr1 with momentumXp1 andfrom point Xr2 with momentumXr2. If thesepointsarewell
separatedin phase-spaceandtheHeisenberg uncertaintyrelation^

xi
1 [ xi

2 _ ^ pi
1 [ pi

2 _a` h̄
2π
] i Y 1 ] 2 ] 3 (2.2)

is satisfiedthis processcanbe treatedclassically. But assoonasthe particlesarecloseto each
otherand ^

xi
1 [ xi

2 _ ^ pi
1 [ pi

2 _ Z h̄
2π
] i Y 1 ] 2 ] 3 (2.3)

becomesvalid a quantummechanicaldescriptionbecomesnecessary. The quantummechanical
treatmentneedsto ensurethe(anti-)symmetrizationof thetwo-particlewavefunctionwhich leads
to vanishingprobability for the emissionof two identical fermionsfrom the samespacepoint
while it leadsto anenhancedprobability for bosonsto befoundat thesamepoint in phase-space
comparedto theclassicalexpectation.Dueto thefinite extensionof thesourcethedistanceof the
two particlesin coordinatespacê xi

1 [ xi
2 _ is limited. By measuringparticlepairswith smaller
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2 IntensityInterferometry

andsmallerrelativemomentumXp1 [ Xp2 thesystemcanbeforcedinto thequantumdomain.Once
qi Y pi

1 [ pi
2 becomessmallerthanh̄S ^ 2πR_ theparticleshave to betreatedaccordingto quantum

mechanicsandtheir emissionprobabilitywill be affectedby wavefunctionsymmetrization.The
result is an enhancedpair emissionprobability for bosonscomparedto the classicalexpectation
andareducedprobabilityfor fermions.Thus,for relativemomentaq Z qb�c h̄S ^ 2πR_ asignificant
deviation from unity of the two-particlecorrelationfunction is expected.The valueqb at which
this effect setsin is a measurefor thegeometricradiusR of thesource.Unfortunately, this naive
pictureonlyworksfor photoninterferometryof starsfor whichthemethodwasinvented.Thebasic
reasonfor thefailureof thissimplifiedmodelin highenergy heavy ion collisionsis thatthesources
createdin suchcollisionsliveonly for afinite timeandhaveaninhomogeneoustemperatureprofile
and strongcollective dynamicalexpansion(hydrodynamicalflow). For suchsourcesthe HBT
radiusparameters,synonymouswith thehalf-width of thecorrelationfunctions,only measurethe
so-calledspace-timeregionsof homogeneity(or lengthof homogeneity) ratherthanthefull source
size.Insidetheregionsof homogeneityvariationsof themomentumdistributionaresmallenough
to allow quantumstatisticalcorrelations.

Thehomogeneitylengthvarieswith themomentumof theemittedparticles.This leadsto an
importantdependenceof theHBT parametersonthepairmomentumwhichcanbeusedto extract
thestrengthof thecollectiveflow of thesourceat freeze-out.

2.2 Partic le Correlations from Phase-Space Distrib utions

2.2.1 The Two-par tic le Correlation Function

HBT-interferometryis basedon theprinciple thatit is not possiblein quantummechanicsto dis-
tinguishidenticalparticles.Theprobabilitydensityof atwo-particlesystemhasto bethesamefor
theinterchangeof theparticles: d

Ψ1 e 2 d 2 Y dΨ2 e 1 d 2 E (2.4)

The probability to detecttwo particleswith momenta Xp1 and Xp2, emittedby a particle source
at positionsXr1 and Xr2 anddetectedat positions Xx1 and Xx2, mustbe independentof which of the
both particle wasactuallyemittedat position Xr1 or position Xr2 — it is impossibleto decideby
measurementwhichparticlewasemittedatposition Xr1 or Xr2 (seeFig.2.1).To fulfill thiscondition,
thetwo-particlewavefunctionhasto bea linearcombinationof thesingle-particlewavefunction.
Thesecombinationscanbedonein two ways:

Ψ1 e 2 Y 1f
2 g Ψ1

^ Xr1 _ Ψ2

^ Xr2 _ih Ψ1

^ Xr2 _ Ψ2

^ Xr1 _kj Y Ψ2 e 1 symmetric (2.5)

Ψ1 e 2 Y 1f
2 g Ψ1

^ Xr1 _ Ψ2

^ Xr2 _ [ Ψ1

^ Xr2 _ Ψ2

^ Xr1 _kj Y [ Ψ2 e 1 anti-symmetric (2.6)

For asystemof bosonsthecombinedwavefunctionhasto besymmetric.
With the assumptionof planewaves(Ψ ∝ exp

^ i
h̄

^ Xp lmXr [ Et _ ) for Ψ1 andΨ2 the probability
densityis givenby: d

Ψ1 e 2 d 2 Y dΨ2 e 1 d 2 Y 1 h coŝ ∆p∆r _ (2.7)

with ∆p Y d Xp1 [ Xp2

d Y q and∆r Y d Xr1 [ Xr2

d
.
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2.2 ParticleCorrelationsfrom Phase-SpaceDistributions

The probability to detecttwo bosonswith momenta Xp1 and Xp2 is given by the integration
of the probability density(2.7) over the emissionfunction Ŝ r ] p _ (seeSubsection2.2.2)which
in generalis a function of the emissionposition in space-timex andthe 4-momentump of the
emittedparticle:

P2

^ Xp1 ]nXp2 _ Ypo Ŝ r1 ] p1 _ Ŝ r2 ] p2 _ g 1 h coŝ ∆r∆p_qj d4r1d4r2 E (2.8)

Thesingle-particleprobabilityP1

^ Xp_ is givenby:

P1

^ Xp_ Ypo Ŝ r ] p _ d4r E (2.9)

A measurefor thecorrelationof pionswith smalldifferencein momentumis thecorrelation
functionC2 which is definedastheratio of two-particleandsingle-particleprobabilities:

C2

^ Xp1 ]nXp2 _ Y P2

^ Xp1 ]nXp2 _
P1

^ Xp1 _ P1

^ Xp2 _ E (2.10)

Thevalueof thecorrelationfunctionis 1 for big invariantmomentumdifferencesq Y d Xp1 [ Xp2

d
and

reaches2 in the limit q D 0. This is a direct resultof theBose-Einsteinstatistics.Theregion in
which thecorrelationfunctionis biggerthan1 determinestheregion in which thewave functions
of theparticlesoverlap,i. e.where∆p∆r r h̄S 2π. In this region it is impossibleto distinguishthe
two particles.

Themeasurementof thecorrelationfunctionC2 containsinformationaboutthespatialaswell
as the temporalstructureof the particle emitting source. For the simplestexampleof a static
particle emitting sourcethe momentaof the emittedparticlesare independentof the emission
positionwithin thesource.Theemissionfunction Ŝ r ] p _ factorizesinto a partdependingon the
momentumonly anda part dependingon the position wherethe emissionhappens.It can be
writtenasŜ r ] p _ Y f

^
p _ ρ ^ r _ . For this casethecorrelationfunctionis givenby

C2

^ Xp1 ]nXp2 _ Y C2

^
q_ Y 1 h d ρ̃ ^ q_ d 2 ] (2.11)

where

ρ̃
^
q_ Yso exp

^
i
^
p1 [ p2 _ r _ ρ ^ r _ d4r (2.12)

is theFouriertransformationof thespatialemissionfunctionρ
^
r _ . For thesimplestparameteriza-

tion of theemissionfunctionwith a Gaussianfunction

ρ
^ Xr ] t _ Y 1

π2R3τ
exp g [ Xr2

2R2 [ t2

2τ 2 j ] (2.13)

alsothecorrelationfunctionis describedby aGaussian[34]:

C2

^
q_ Y 1 h exp

^ [ Xq2R2 [ q2
0τ 2 _ E (2.14)

The differencein momentumof the two particlesis given by Xq andR andτ arethe spatialand
temporalwidthsof theGaussianemissionfunction.
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2 IntensityInterferometry

2.2.2 The Emission Function St x u p v
Theemissionfunction Ŝ x ] p _ canbe identifiedwith theWigner transformof thedensitymatrix
associatedwith the classicalsourceamplitudesJ

^
x _ (seee.g. [33]). This Wigner densityis a

quantummechanicalobjectdefinedin phase-spacêx ] p _ . In general,it is neitherpositivedefinite
nor real. But, whenintegratedover x or p it yields theclassicalsourcedensityin momentumor
coordinatespace.Thus,theemissionfunction Ŝ x ] p _ is thequantummechanicalanalogueof the
classicalphase-spacedistribution which givesthe probability of finding at space-timepoint x a
sourcewhichemitsfreepionswith 4-momentump.

The relation betweenthe single-particleWigner phase-spacedensityŜ x ] p _ of the particle
emittingsource,theinvariantsingle-particlespectrumEdN S d3p, andthetwo-particlecorrelation
functionC2

^ Xq ] XK _ for pairsof identicalbosonsis givenby [33]:

P1

^ Xp_ Y E
dN

d3p
Yso Ŝ x ] p _ d4x ] (2.15)

C
^ Xq ] XK _ T 1 hswwww

x
eiqxŜ x ] K _ d4xx

Ŝ x ] K _ d4x
wwww
2 E (2.16)

In thetwo-particlecorrelationfunction(2.16)therelative momentumq andtheaveragepair mo-
mentumK aredefinedas

q Y p1 [ p2 (2.17)

K Y 1
2

^
p1 h p2 _ ] (2.18)

with p1 andp2 beingthemomentaof thesingleparticles.
Equation2.16 shows that the correlationfunction is relatedto the emissionfunction by a

Fourier transformation.Thissuggestthepossibility to reconstructtheemissionfunctionfrom the
measuredcorrelationfunctionby theinverseFouriertransformation.However, this is notpossible
dueto the mass-shellconstraint.Sincethe correlationfunction is constructedfrom the on-shell
momentaof the measuredparticle pairs, not all four componentsof the relative momentumq
occuringontheright handsideof Equation(2.16)areindependent.Themass-shellconstraintcan
beformulatedas

E2
1 [ E2

2 Y ^
E1 [ E2 _ ^ E1 h E2 _ Y p2

1 [ p2
2 Y ^ p1 [ p2 _ ^ p1 h p2 _ ] (2.19)

q0 l K0 Y Xq l Xk ] (2.20)

q0 Y XK
K0
lqXq Y Xβ lkXq E (2.21)

Thus,a completelymodel-independentreconstructionof Ŝ x ] K _ from measuredcorrelation
datais not possible.This impliesa model-dependentanalysisstrategy in which a modelemission
functionŜ x ] K _ is comparedto data.

A simple,oftenusedansatzfor theemissionfunctionin termsof veryfew, physicallyintuitive
fit parameters,is for example[35, 36]

Ŝ x ] K _ Y 2J h 1^
2π_ 3π∆τ

K l n ^ x _ l exp y [ K l u ^ x _ [ µ
^
x _

T
^
x _ z{ exp y [ r2

2R2 [ η 2

2
^
∆η _ 2 [ ^ τ [ τ0 _ 2

2
^
∆τ _ 2 z E (2.22)
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2.3 BjorkenScenarioof ExpandingSources

Thefactor2J h 1 countsthespindegeneracy of theobservedparticlespecies.Theassumptionof
local thermalequilibriumof theemittedparticlesat freeze-outwith temperatureT

^
x _ andchemi-

cal potentialµ
^
x _ is implementedwith theLorentzcovariantBoltzmannfactorexp | [ ^ K l u ^ x _ [µ

^
x _k_ S T ^ x _~} . A directeddynamicalcomponentis includedin the modelvia theflow field u

^
x _ .

Space-timeis parameterizedby the longitudinal propertime τ Y f t2 [ z2 andthespace-timera-
pidity η Y 1

2 ln | ^ t h z_ S ^ t [ z_m} in longitudinalandtemporaldirections,andby r Y�� x2 h y2 in
transversedirection.Thegeometricpropertiesof thesourcearedescribedby thesecondexponen-
tial function. Thespatialandtemporalextensionof thesourcearecharacterizedby theGaussian
width R in the transverse,∆η in the longitudinal, and∆τ in temporaldirection. The absolute
time-scaleof theemissionis fixedby τ0.

K l n ^ x _ is theflux factorthroughthefreeze-outhypersurfacewhosenormaldirectionis given
by theunit vectornµ

^
x _ .

Moredetailsaboutthisansatzcanbefoundin [37].

2.3 Bjorken Scenario of Expanding Sour ces

For sourcescreatedin collisionsof heavy ions theassumptionof a staticsystemis certainlynot
true.Thesourcesliveonly for very shorttimeperiodsandhave inhomogeneoustemperaturepro-
filesandstrongcollectivedynamicalexpansion(flow). Themomentumdistributionof theemitted
particlesis not only determinedby the thermalpropertiesof the sourcebut alsodependson its
collective behavior. For suchsourcestheHBT radiusparametersdo not measurethe full source
size,but only so-calledlengthsof homogeneities. Insidethisspatialregionsthemomentumdistri-
bution variessufficiently little so that theparticlescanshow thequantumstatisticalcorrelations.
Thesizeof thehomogeneityregionsvarieswith themomentumof theemittedparticles,causing
animportantdependenceof theHBT parameterson thepair momentum.This dependenceof the
pair momentumprovidesa tool to studythe strengthof the collective flow at decouplingor the
freezeout timeof thesource.

Basedonobservationsof anet-baryonfreezonearoundmidrapidityandtherapidity indepen-
dentdistribution of pions in proton-protoncollisions,Bjorken developedthe modelof a source
expandingin longitudinaldirection[13].

At very high colliding energiesthenucleipenetrateeachother, creatinga zonewith high en-
ergy densityat thecenterof thecollision. Thiszoneof highenergy densityexpandsin longitudinal
direction.Thevelocity of eachelementof this sourceis givenin a simpleway by thepositionof
thesourceelementandthetimesincethecollision:

vl Y z
t
E (2.23)

In this scenario,thevelocity andthemomentaof theemittedparticlesonly dependon their posi-
tions. A sourcefor which relation(2.23)is valid is calledboostinvariant. All observersin their
restframesseeaninfinitely long longitudinallyexpandingsource.

As alreadymentioned,the momentumdifferenceof the two particleshasto be small. Ac-
cordingto (2.23)thedifferenceincreaseswith thespatialdistance∆z of theemittingpoints.The
velocitygradientat thefreeze-outtime τ f is givenby

dvl

dz
Y 1

τ f
E (2.24)
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2 IntensityInterferometry

If adifferencein velocitydvl is compensatedby thethermalvelocity v̄therm themeasuredlengthof
homogeneityis of thesizeRz Y dz. Themeanthermalvelocity in onedimensionis givenby

v̄therm Y�� T
m
] (2.25)

with m beingthe relativistic massm Y�� m2
0 h ptherm. Assumingpl T 0 in the longitudinal rest

frameof thepair this reducesto m Y � m2
0 h p��Y m� . This resultsin

dz Y Rz Y τ f l T
m� (2.26)

for thehomogeneitylength,proposedfor thefirst time by A. Makhlin andY. Sinyukov [38, 39].
Themeasuredresultcannotbeinterpretedasageometricalextensionof thesourcebut it contains
informationaboutthe freeze-outtime τ f . In addition, the homogeneitylengthdependson the
transversemassm� of theparticlepair. An experimentalobservationof thisdependencepointsto
collectiveexpansionof thesourcein theaccordingspatialdirection.

2.4 Parameterization of the Correlation Function

The most importantfeatureof the two-particlecorrelationfunction is its width. This width is
connectedto the spatialextensionof the sourceand leadsto the HBT radii. The correlation
functiondependson therelative momentumXq Y�Xp1 [ Xp2 which hasthreeCartesiancomponents.
Thereforeit is not sufficient to describethe shapeof the correlatorfor increasing

d Xq d by a single
width. Thecurvatureof thecorrelationfunctionnear Xq Y 0 hasto bedescribedby a 3 { 3 tensor
[35]. In order to computethe correlationfunction C2, the true space-timedependenceof the
emissionfunctionis approximatedby a Gaussian.

ThearbitraryemissionfunctionŜ x ] K _ canbewritten in thefollowing form [35]:

Ŝ x ] K _ T Sg x̄ ^ K _ ] K j l exp � [ 1
2

x̃µ ^ K _ Bµν
^
K _ x̃ν ^ K _m��h δŜ x ] K _ (2.27)

with
x̃µ ^ K _ Y xµ [ x̄µ ^ K _ ] x̄µ ^ K _ Y�� xµ � ^ K _ ] (2.28)

where �kEqEqE � denotesanaveragewith theemissionfunctionŜ x ] K _ :� f � ^ K _ Y x
f
^
x _ Ŝ x ] K _ d4xx
Ŝ x ] K _ d4x

E (2.29)

ThesymmetriccurvaturetensorBµν is givenby

Bµν Y [ ∂µ∂ν ln Ŝ x ] K _ www x̄ E (2.30)

For simplicity the correctionterm δŜ x ] K _ is neglected.The space-timecoordinates̃xµ arede-
finedrelative to theeffectivesourcecenterx̄

^
K _ , which is thecenterof theemissionfunctionand
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2.4 Parameterizationof theCorrelationFunction

approximatelyequalto its saddlepoint. It is the point of highestemissivity for particleswith
momentumK anddefinedby

∂
∂xµ

ln Ŝ x ] K _�wwww x̄ Y 0 µ Y�� 0 ] 1 ] 2 ] 3 � (2.31)

Thechoice g B C 1 j µν
^
K _ Y�� x̃µ x̃ν

� ^ K _ (2.32)

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

C
^ Xq ] XK _ Y 1 h exp � [ q̃µ q̃ν � x̃µ x̃ν

� ^ XK _�� (2.33)

for the correlationfunction. This involvesthe mass-shellconstrainwhich permitsto write the
space-timevariances� x̃µ x̃ν

� asfunctionsof XK only.
Relating(2.33)toexperimentaldatarequirestheeliminationof oneof thefour relativemomen-

tumcomponentsof q from theexponentof theGaussianvia themass-shellconstraint.Depending
on thechoiceof thethreeindependentcomponents,differentGaussianparameterizationsexit, as
discussedin thefollowing sections.

2.4.1 Ber tsch-Pratt Parameterization

Thestandardform for theparameterizationof thecorrelationfunctionis expressedin theout-side-
long (o-s-l) coordinatesystem,proposedby G. BertschandS.Pratt[40, 41]. Figure2.2showsthe
decompositionof therelativemomentumXq. ThemeantransversepairmomentumXk� is definedasXk��Y 1

2

^ Xpt e 1 h Xpt e 2 _ ] (2.34)

with the out-directionparallel to it andthe side-directionperpendicularto it. The long compo-
nentis parallelto the beamdirection. The temporalcomponentis eliminatedvia the mass-shell
constraint

q0 Y Xβ lqXq Y βxqx h βyqy h βzqz Y β � qo h βl ql E (2.35)

Using(2.35)to eliminateq0 from (2.33)oneobtains

C
^ Xq ] XK _ Y 1 h exp � [ ∑

i e j � s,o,l

R2
i j
^ XK _ qiq j � (2.36)

wherethe6 HBT radiusparameterRi j aredefinedin termsof thevariancesof thesourcefunction:

R2
i j
^ XK _ Y�� ^ x̃i [ βi t̃ _ ^ x̃ j [ β j t̃ _ � ] i ] j Y s] o ] l E (2.37)

For an azimuthallysymmetricsampleof collision events,C
^ Xq ] XK _ is symmetricwith respectto

qs
D [ qs [35]. Therefore,R2

os Y R2
sl Y 0 and

C
^ Xq ] XK _ Y 1 h exp � [ R2

s
^ XK _ q2

s [ R2
o
^ XK _ q2

o [ R2
l

^ XK _ q2
l [ 2R2

ol

^ XK _ qoql � ] (2.38)
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2 IntensityInterferometry
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Figure2.2: Coordinatesystemaccordingto Bertsch-Prattparameterization.

with

R2
s
^ XK _ Y � ỹ2 � ] (2.39)

R2
o

^ XK _ Y � ^ x̃2 [ β � t̃ _ 2 � ] (2.40)

R2
l
^ XK _ Y � ^ z̃2 [ βl t̃ _ 2 � ] (2.41)

R2
ol
^ XK _ Y � ^ x̃ [ β � t̃ _ ^ z̃ [ βl t̃ _ � E (2.42)

2.4.2 Yano-Koonin-P odgo retskii Parameterization

Themass-shellconstraintallowsfor differentchoicesof threeindependentrelativemomenta.The

Yano-Koonin-Podgoretskii(YKP) parameterizationusesthecomponentsq��Y � q2
out h q2

side, q0,

andq ��Y qz [34, 42]. It startsfrom thefollowing parameterizationof thecorrelationfunction

C
^ Xq ] XK _ Y 1 h exp � [ R2� q2� [ R2� ^ q2� [ q2

0 _ [ ^ R2
0 h R2� _ ^ q l U _ 2� (2.43)

Like thestandardCartesianparameterizationtheYKP parameterizationhasfour XK-dependentfit
parameters.U

^ XK _ is a 4-velocity, the so-calledYano-Konin velocity, with only a longitudinal
spatialcomponent:

U
^ XK _ Y γ

^ XK _ g 1 ] 0 ] 0 ] v ^ XK _qj ] with γ Y 1f
1 [ v2

E (2.44)

It is thelongitudinalvelocityof theparticleemittingsource.
An advantageof thisparameterizationis thattheextractedYKP radii donotdependonthelon-

gitudinalvelocity of theobserver systemin which thecorrelationfunctionis measured.They are
invariantunderlongitudinalboosts.In a framewherev

^ XK _ vanishestheir physicalinterpretation
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2.5 Final StateInteractions

is easiestandgivenby [35]:

R2� ^ XK _ Y R2
s

^ XK _ Y\� ỹ2 � ] (2.45)

R2� ^ XK _ Y ��� z̃ [ βl

β � x̃� 2 � [ β2
l

β2� � ỹ2 � T\� z̃2 � ] (2.46)

R2
0
^ XK _ Y ��� t̃ [ 1

β � x̃� 2 � [ 1
β2� � ỹ2 � T\� t̃2 � (2.47)

For adiscussionof thevalidity of thisapproximationsee[43].
ThestandardCartesianandtheYKP parameterizationsaremathematicallyequivalent. They

arebasedon a differentchoiceof independentXq-components.Therelationsbetweenthedifferent
setsof HBT parametersaregivenby [44]:

R2
s Y R2� ] (2.48)

R2
diff Y R2

o [ R2
s Y β2� γ2 ^ R2

0v
2R2� _ ] (2.49)

R2
l Y ^

1 [ β2
l _ R2� h γ2 ^ βl [ v_ 2 ^ R2

0 h R2� _ ] (2.50)

R2
ol Y β � ^ [ βl R

2� h γ2 ^ βl [ v_ 2 ^ R2
0 h R2� _q_ E (2.51)

2.5 Final State Interactions

HBT-interferometrygivesa pictureof theparticleemittingsourceat themomentof thelast inter-
action(freeze-out) of thesystem.In an ideal world thephase-spacepopulationof the final state
is determinedat that moment,given by the Bose-Einsteinstatisticsfor identicalparticles. But
evenafter freeze-outinteractionsbetweenparticlesarepossible.Theseso-calledfinal stateinter-
actionsleadto amodificationof thephasespacedistributionanda distortionof theBose-Einstein
correlator.

Due to the short rangeof the stronginteractionbetweenpions (in the order of 0.2 fm) its
influenceon thefinal stateis negligible. For sourcesizesof about4 fm (obtainedin collisionsof
nucleiwith A T 40) its effect is a reductionof thechaoticityparameterλ (seepage87) of about
10%[45]. Theexpectedsourcesizein Pb-Pbcollisionsis around6 fm. Therefore,theinfluence
of thestronginteractionshouldbeevensmallerfor thesesystemsandis neglectedin thefollowing
discussion.

Ontheotherhand,thelong-rangeCoulombinteractiondistortssignificantlytheobservedmo-
mentumcorrelationsfor pions,dominatingover the Bose-Einsteineffect for small relative mo-
menta.In thecaseof like-signpionpairstherepulsiondueto electricforcesleadsto asuppression
of thecorrelatorfor smallvaluesof q. Theaimof Coulombcorrectionsis to modify themeasured
two-particlecorrelationsin sucha way that the resultingcorrelatorcontainsonly Bose-Einstein
correlations.

In thefollowing subsectionsit is shown how Coulombcorrectionscanbecalculatedfor given
sourcefunctions.

2.5.1 Classical Considerations

The maineffect of the Coulombinteractionbetweentheparticlesof a pair is to acceleratethem
relative to eachother. Thus, the two-particlecorrelationfunction is depletedat small relative
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2 IntensityInterferometry

momentafor like-signpairsandenhancedfor unlike-signpairs.Thisfinal stateinteractioncanbe
reduceddueto screeningeffects.In thepresenceof many producedparticles,therelativeCoulomb
interactionishighly screened.Themotionof theparticlesin thepair is stronglyinfluencedby their
interactionwith thesurroundingparticles.Only whenthepair hassufficiently separatedfrom the
otherparticlesin thesystemthemutualCoulombinteractionor thepairbecomesdominant.

Both effectsareimplementedin a classicaltoy-modelpresentedin [46]. This modelneglects
Coulombinteractionsbetweenthepair for separationslessthananinitial radiusr0 andincludesit
for largerseparations.Thefinally observedrelative momentumXq is relatedto theinitial momen-
tumof thepair Xq0 by Xq2

2µ
Y Xq2

0

2µ
F e2

r0
] (2.52)

with µ beingthereducedmassof thepair. Theplussignis for particlesof like-signchargeandthe
minusfor particleswith oppositecharge. With theJacobian

d
d3q0 S d3q

d Y q0 S q the modification
of thetwo-particlecorrelatoris thengivenby (see[47, 46])

C
^ Xq_ Y q0

q
C0

^ Xq0 _ Y C0

^ Xq0 _ 1 F 2µe2

r0q2 ] (2.53)

whereC0

^ Xq0 _ denotesthetwo-particlecorrelatorin theabsenceof Coulombinteractions.

2.5.2 Quantum Mechanical Description

For a quantummechanicaldescriptionof final stateCoulombinteractionsa relative Coulomb
wavefunctionΨcoul is associatedto theemittedparticlepair. Only for particleswith a difference
of about1 MeV (correspondingto theinverseBohr radii) in momentumtheCoulombinteraction
playsasignificantrole. Becausethisis muchsmallerthanthereducedpionmassof about70MeV
anon-relativistic treatmentof theproblemis justified. In thecenterof masssystemof thepair the
wavefunctionΨcoul is givenby thesolutionof theSchr̈odingerequation� [ ∇ 2

2m h V
^ Xx1 [ Xx2 _m� Ψcoul Y ωpΨ (2.54)

with V
^ Xx1 [ Xx2 _ beingtheCoulombpotentialof twoparticlesatcoordinatesXx1 ]mXx2 andωp beingthe

energy Eigenwertof thepair. Thesolutionof theequationis givenanalyticallyby theconfluent
hyper-geometricfunctionF :

Ψcoul ^ Xr _ Y Γ
^
1 h iη _ eC 1

2 πη e�q� �rF ^ [ iη ;1;zC _ ] (2.55)

z� Y ^
qr F*Xq l Xr _ Y qr

^
1 F cosθ _ E (2.56)

Here,r Y d Xr d , q Y d Xq d , andθ denotestheanglebetweenthesevectors.TheSommerfeldparameter
is givenby η Y\F α

vrel
wheretheplussign is for pairswith like-signparticlesandtheminussign

for unlike-signparticles.Thevelocityof theparticlesin thepair relative to eachotheris givenby
vrel Y qS 2µ . For pionpairswith a reducedmassµ Y mπ S 2 follows:

η Y mπα
q
E (2.57)
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Figure2.3: Measuredtwo-particlecorrelationfunctionCB�C for non-identicalchargedparticlesas
a functionof therelativepairmomentumqinv. Also shown arethecalculatedcorrela-
tion functionsbasedupontheCoulombinteractionfor a point-likesource(solid line)
andfinite-sizedsourcesof radii 4 fm (dottedline) and6 fm (dashedline). TheFigure
is takenfrom [50].

For sourceswith finite sizeandwithout
^ Xx [ XK _ -correlationsandneglectingthetime structure

of theparticleemissionprocessin thepair restframe,thecorrespondingtwo-particlecorrelation
functionfor non-identicalchargedparticlepairsis givenby [48, 49]

C B�C ^ Xq ] XK _ Y o d3r SK

^ Xr _ wwΨcoul ^ Xr _ ww 2 E (2.58)

S�K ^ Xr _ describesthe probability that a particle pair with pair momentum XK is emittedfrom the
sourceat initial relative distancer in the pair rest frame. For a parameterizationof the source
emissionfunctionwith aGaussianansatzS�K ^ Xr _ T exp | [ Xr2 S 4R2} , thedependenceof theCoulomb
correlationson thesizeRof thesourceis thendeterminedvia Equation(2.58).

In the limit of a point-like sourcewith
d Xr d Y 0 the correlatorCB�C is given by the classical

Gamow functionG
^
η _ :

CB�C Y wwΨcoul ^ 0_ ww Y G
^
η _ Y 2πη

exp
^
2πη _ [ 1

E (2.59)

2.5.3 Empirical Coulomb Correction

Correlationsof unlike-signparticlesdonotshow Bose-Einsteineffectsbut only correlationsdueto
final stateinteractions.Thisallowsfor thecorrectionof theCoulombcorrelationsin like-signpairs
by usingtheinformationobtainedby themeasurementof unlike-signcorrelations.Themeasured
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Figure2.4: CalculatedCB�C correlationfunctionsfor differentsourcesizes.ThestandardGamow
functionandtheparameterizationaccordingto (2.60)with qeff Y 60 MeV areshown
for comparison.Resultsarefrom [52].

correlationfunctionC B�C ^ Xq ] XK _ is parameterizedby aq-dependentfunctionproposedin [51]:

F B�C ^ q_ Y g G ^ q_ [ 1j eC q S qeff h 1 E (2.60)

The parameterizationcontainsthe Gamow function andan additionaldampingfactor with qeff
asfree parameter. For small qeff, this function approachesthe Gamow function for a point like
source,while it includesa phenomenologicalfinite-sizecorrectionfor large relative momentum.
Figure2.3 shows measuredcorrelationfunctionsCB�C togetherwith calculatedcorrelationfunc-
tionsbasedupontheCoulombinteractionfor apoint-likesource(standardGamow function,solid
line) andfinite-sizedsourcesof radii 4 fm (dottedline) and6 fm (dashedline). Themodelusedto
calculatetheCoulombinteraction,describedin [46], integratestheCoulombwave functionΨcoul

accordingto Equation(2.58)over a finite sourcevolume. As onecansee,the standardGamow
functiondoesnot fit to thedata.It overestimatesthedataover thewholerangeof q. On theother
hand,thecalculatedcorrelationfunctionsarein goodagreementwith thedata.

Figure 2.4 comparesthe standardGamow function and the parameterizationF B�C with the
resultsof the numericalcalculations,basedon the modeldescribedin [46], for differentsource
sizes.Thecalculationsandtheparameterizationsarein goodagreementandthereforeit is justified
to useF B�C to describethe effect of the Coulombinteractionon the data. Equation(2.60)with
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2.5 Final StateInteractions

qeff Y 60 MeV describestheexpectedsourceradii with goodagreement.All Coulomb-corrected
two-particlecorrelationfunctionsshown in the remainderof this thesisarecorrectedwith this
parameterizationwith qeff Y 60 MeV.

Theapplicationof F B�C asa correctionfor theCoulombinteractionsin like-signpairsrelies
on thefact thattheenhancementof C B�C compensatesthesuppressionof CB®B andC C¯C , i. e.

F B¯B Y F C®C T 1S F B�C E (2.61)

In principle, this is not exactly truebecausealreadytheGamow functionsarenot equalfor like-
signandunlike-signpairs.Thereasonfor this is thedecreaseof theCoulombinteractionbetween
like-signparticlesasthey repeleachother. Ontheotherhand,theinteractionincreasesfor unlike-
signparticlesdueto theattractionandthereducingdistancebetweenthem. Evenwith thesame
initial conditionsthetransferredmomentumis differentin bothcases.In fact, in [53] it is shown
that the differencebetween1S CB�C andCB®B is very small. For q Y 10 MeV/c it is about3%
only andbecomesnegligible small for highervaluesof q. This justifiestheassumptionof Equa-
tion (2.61).
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3 The CERES Spectr ometer with the New
TPC

3.1 CERES — The Čerenk ov-Ring Electr on Spectr ometer

TheCERES/NA45 experimentis optimizedfor themeasurementof low-masseB eC -pairsemitted
in protonandion inducedcollisionsat SPSenergies. The spectrometercovers the midrapidity
region (2 E 1 Z η Z 2 E 65) anda very broadrangeof pt . Until 1996 the experimentconsistedof
two Ring ImagingČerenkov detectors(RICH) for electronidentification,two silicon radialdrift
detectors(SDD),anda padchamber. A superconductingmagnet(solenoid)betweentheRICHes
provided a deflectionfield for the determinationof the particle’s charge andmomentum. The
silicon detectorstogetherwith the padchamberwereusedastrackingdevices. With this setup
CERESmeasuredasignificantenhancementof low-masseB eC pairsin heavy ion collisionscom-
paredto contributionsfrom hadronicdecays,extrapolatedfrom nucleon-nucleoncollisions(see
Chapter1).

In 1998thespectrometerwasupgradedby anadditionaltrackingdetectordownstreamof the
existing setup— a cylindrical Time ProjectionChamber(TPC) with radialdrift field which re-
placedthepadchamber. Figure3.1shows a cross-sectionof thesetup.Theaim wasto achieve a
massresolutionof δmS m Y 2%atm T 1 GeVS c2. This resolutionallowsfor precisespectroscopy
of the behavior of the ρ/ω andφ mesonsin additionto the continuummeasurement.Because
of their shortlifetimes,essentiallyall ρ mesonswill decayinsidethefireball while theω andφ
mesonswill decaypartly insideandpartly outside.Thegoalof theupgradedCERESspectrom-
eterwasto obtaindirect evidenceof chiral symmetryrestorationby determiningexperimentally
whetheror not theobservedenhancementin thecontinuumis dueto a modificationof thevector
mesonsin the hot anddensemedium. In parallel to the installationof thenew detectorthe data
acquisitionsystemwasrebuilt to provide an event ratecapabilityof the spectrometerof T 1000
events/s.This shouldenablea directmeasurementof the yield for all threevectormesonsρ, ω
andφ aswell asany possiblemodificationsof theirproperties.

Thefollowing sectionsdescribethemainpartsof thespectrometerin moredetail.

3.2 The Target Area with the Beam Counter s

Thetargetsystemusedduringthebeam-time2000wasmadeof 13golddisks,eachwith adiameter
of 600µm anda thicknessof 25 µm. Thedistancebetweenthediskswas1.98mm. Dueto the
selecteddiameteranddistanceof theindividualdiskstheparticlesproducedin acollisionreachthe
sensitivedetectionvolumeof thespectrometerwithout traveling throughfurtherdisks.Thishelps
to minimize the conversionof γ’s into eB eC -pairswhich is essentialfor the analysisof electron
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3.2 TheTargetAreawith theBeamCounters
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Figure3.1: Schematicview of theCERESspectrometer.

pairs.
To starttheread-outsequenceof thedetectorstheoccurrenceof acollisionhasto bedetected.

This is donewith asystemof differentbeam/triggerdetectors,shown in Figure3.2 in a simplified
view (seealsoTable3.1). ThebeamcountersBC1 to BC3 areusedto detectcollisionsbetween
projectileandtargetnuclei.ThesedetectorsaregasČerenkov-counterswith air asradiator, located
on thebeam-line.If any typeof collision is detected,independentof themultiplicity of theevent,
thetriggerconditionis calledminimumbiasandthelogicalexpressionfor this is givenby:

Tminimumbias Y BC1 { BC2 { BC3 E (3.1)

Theevolutionof aheavy ion reactioncanbeverydifferentdependingontheimpactparameter
of thecollision. A classificationof theeventshasto usean evaluationof the final statebecause
it is obviously not possibleto track the colliding projectileandthe target nuclei to measurethe
impactparameterin a directway. Basedon theassumptionthatmorecentralcollisionsaremore
violent in asensethatthey producemoreparticles,onecanusethenumberof producedparticles,
which is calledmultiplicity, to classifyanevent. Themostcentralcollisionscorrespondto events
with thehighestmultiplicities. However, CERES— asmany otherexperiments— is not ableto
detectneutralparticlesandthereforethe chargedmultiplicity is often usedasa measurefor the
centralityto thecollision. To selecteventswith a certainmultiplicity theMC or theMD detector
canbeused.Thesedetectorsarescintillationdetectorsandtheoutputsignalof thesedetectorsis
approximatelyproportionalto thenumberof ionizing particlespassingthroughthem.Applying a
thresholdto theoutputsignalallowstheselectionof differentmultiplicities. Theconditionfor this
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3 TheCERESSpectrometerwith theNew TPC
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Figure3.2: Schematicview of thetargetregionwith thetriggerdetectors.

so-calledcentral triggeris givenby:

Tcentral Y Tminimumbias
{ MC E (3.2)

The veto detectorsVW andVC areboth plastic scintillators. They can be usedto discard
interactionswhich happenedbeforethetarget.

Detector Typ z-Position

BC1 BeamCounter1 Čerenkov Counter T -60m
BC2 BeamCounter2 Čerenkov Counter -40mm
BC3 BeamCounter3 Čerenkov Counter 69 mm
MC Multiplicity Counter Scintillator 79 mm
MD Multiplicity Detector Scintillator T 10 m
VC VetoCounter Scintillator -2.62m
VW VetoWall Scintillator -4.13m

Table3.1: Beam-andtriggerdetectors.

3.3 The Silicon Drift Detector s

Thesilicondrift detectors(SDDs)arelocatedapproximately10 cmbehindthetarget.Bothdetec-
torsarerealizedon 4 inch silicon waferswith a thicknessof 280 µm. The sensitive areacovers
theregion betweentheradii 4.5mm and42 mm with full azimuthalacceptance.Dueto thehigh
pointingresolutionof thesedetectorsthey areusedto reconstructtheinteractionvertex with ahigh
precision.

Chargedparticlespenetratingthedetectorcreateelectron-holepairsalongtheir trajectory(see
Fig. 3.3). Theelectronsaredrifting in a radially symmetricelectricfield towardstheedgeof the
silicon wafer. Thedrift field is createdby voltagedividerswhichareimplantedon thewafer. The
typical drift time is around3.8 µs. Theedgeof thewaferdisk is dividedinto 360anodeswhich
arereadout with chargesensitiveamplifiers.
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3.4 TheRICH Detectors
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Figure3.3: Workingprincipleof theSilicon Drift Detectors.

Theknowledgeof thedrift timeallowsfor thereconstructionof thetrackpositionin radialdi-
rection.Theazimuthangleis determinedby thecentroidof thechargesharedby adjacentanodes.
To measurethe centroidof the charge cloud with a high precision,an interlacedstructurewas
chosenwhereeachanodeis subdividedinto 5 pieces.Figure3.4showstheusedanodestructure.

For moredetailssee[54] and[55].

3.4 The RICH Detector s

Two Ring ImagingČerenkov counters(RICH) areusedto measurethevelocityof theparticleand
their trajectory. If themomentumof theparticleis known themasscanbedetermined.

Theprinciple of thesedetectorswasproposedby Seguinot andYpsilantis[56] andrelieson
the position sensitive measurementof the emittedČerenkov-light. Inside a radiatorČerenkov-
light is emittedundera constantangleθC with respectto the trajectoryof the chargedparticle.

O
1

122 61 366 µm 61 122

Figure3.4: Anodestructureof theSDD.
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3 TheCERESSpectrometerwith theNew TPC

The relationbetweenindex of refractionn, velocity of the particleβ andČerenkov angleθC is
givenby:

θC Ð arccosÑ 1
βn ÒÔÓ

Emissionoccursonly if the velocity of the particlesexceedsa certainthresholdβ Õ 1Ö n. The
Lorentzfactorfor emissionis givenby:

γth Ð 1×
1 Ø 1

n2
Ó

In thelimit β Ù 1 or γ Ù ∞ theČerenkov angleasymptoticallyreachesamaximum:

θ∞ Ð arccosÑ 1
n ÒÛÚ 1

γth Ó
A sphericalmirror reflectstheemittedČerenkov photonsinto ring imagesat thefocalplaneof the
mirror. Thediameterof theseringsthencorrespondsto a certainČerenkov angleandthusto the
velocityof theparticle.

TheRICH detectorsin theCERESspectrometeroperatewith CH4 at atmosphericpressureas
radiatorgas.Thethresholdfor light emissionis therebyfixedto γth Ð 32. Practicallyall electrons
producelight at the asymptoticanglewhereasmosthadrons,exceptpionswith a momentumof
morethan4.5GeV, produceno signalatall. Thedetectoris thereforepracticallyhadronblind. To
minimizethenumberof photonconversionsin thespectrometerandto get theleastpossibleloss
of momentumresolutiondueto multiple scattering,theamountof materialwithin theacceptance
of the spectrometeris kept as low aspossible.The RICH-1 mirror is thereforebasedon a thin
carbonfibrestructurewhichdefinesthesphericalgeometryandavaporizedaluminumcoatingfor
reflectivity. Theradiationlengthis 0.4 % only. Themirror of theseconddetectorconsistsof 10
glasssegmentswith a thicknessof 6 mm.

TheUV detectorsusedfor thepositionsensitivemeasurementof thephotonsaregascounters
with a gascompositionof 94% Helium and6% Methane. They are locatedat the focal plane
of themirrors. Theincomingphotonsareconvertedinto electronsby addedTMAE (Tetrakis-di-
Methyl-Amino-Ethylen).TMAE isusedbecauseof its verylow ionizingpotentialof 5.4eV. At the
working temperatureof theUV detectorsof 40Ü C theconversionlengthof UV photonsis 5 mm.
Therebyaconversionprobabilityof 95%canbereachedin theconversionregionwith atotaldepth
of 15 mm. The primary electronis amplifiedin threestepsto 2 Ý 105 eÞ via avalanchecreation.
Theion cloudproducedin thelaststepinducesasignalon thecathodepadplane,subdividedinto
53800padsin RICH-1 and48400padsin RICH-2. The sizeof thepadsin RICH-1 is 2 Ó 7 ß 2 Ó 7mm2 and7 Ó 6 ß 7 Ó 6 mm2 in RICH-2,correspondingto 2 mradperpadin bothdetectors.

3.5 The Time Projection Chamber

In 1998, the spectrometerwasupgradedby the addition of a radial Time ProjectionChamber
(TPC)in orderto increasethemassresolutionto allow aprecisespectroscopyof thevectormesons
ρ/ω andφ in additionto thecontinuummeasurement.Thedesignof theTPCwasconstrainedby
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3.5 TheTime ProjectionChamber

Figure 3.5: Perspectiveview of theTPC.

theneedtopreservetheazimuthalsymmetryof theexistingspectrometer, matchingtheacceptance
for polaranglesbetween8Ü and15Ü .

TheCERESTPC(shown in a perspectiveview in Fig. 3.5) is acylindrical drift chamberwith
thedrift field in radialdirectionandsegmentedpad-readout.Thesensitivevolumeis about9 m3

andthelength2 m. Theinnerelectrodeisanaluminumcylinderwith adiameterof 972mmaround
which 16 readoutchambersareplacedin a polygonalstructure.Thewhole detectoris mounted
anamassivealuminumplate(backplate) andcoveredby a aluminumcylinder for mechanicaland
thermalstability. In total, 15360individual channels,with 256 time sampleseach,canbe read
out, allowing a three-dimensionalreconstructionof particletracks. Along the z-axis the TPC is
dividedinto 20planes,eachwith 16 ß 48 Ð 768readoutchannelson thecircumference.

Thecoordinatesystemof theTPCis shown in Fig.3.6.Thez-axisis definedby thebeam-axis
with its origin in the centerof the first silicon detector. The x-axis runshorizontallyalong the
boundarybetweenchamber15 andchamber0 andthey-axis is upwardsperpendicularon x and
z. For thedataanalysisa differentcoordinatesystemis used.Thepositionof a hit is specifiedby
theradiusr , thepadcoordinatewhich is translatedto φ andgivenby thereadoutchannel,andthe
z-plane.
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Figure 3.6: Thecoordinatesystemof theTPC.

3.5.1 Principles/Overvie w

Time ProjectionChambers[57] allow the three-dimensionalreconstructionof tracksoriginating
from ionizing particles.They provide a largesensitivevolumeandareableto trackseveralhun-
dredsof tracksperevent. A chargedparticleproduceselectron–ionpairsalongits paththrough
thedetector. Theelectronsdrift in theelectricfield towardsa planeof proportionalwirescloseto
thepadplane.At distancesof a few wire diameterstheelectronstartsanavalancheprocesswhich
createsfree charges. Becausethe electronsarecreatedvery closeto the wire they arecaptured
by it andneutralizedin a very shorttime. Themovementof themuchslower ions(abouta factor
1000slower thanelectrons)is responsiblefor thecreationof theinducedsignalwhich is detected
by thereadoutelectronics.Moving chargesleadto aninducedcurrenton thepads.Thiscurrentis
detectedandrecordedwith thehelpof chargesensitiveamplifiersattachedto eachpad.Themea-
surementof the time betweenthe startof the drift (which is essentiallythe time of the collision
betweenaprojectileandatargetnucleus)andthearrival of thechargecloudatthewirescombined
with theknowledgeof thedrift velocity enablesthereconstructionof theradialcoordinateof the
tracks. The othertwo spatialcoordinatesaredeterminedby the locationof the pad. Due to the
chevronshapeof thepads(seeSubsection3.5.2)thechargecloudis sharedbetweenadjacentpads.
This allows for a precisereconstructionof thecharge centroidin φ-direction. Thepresenceof a
magneticfield in thesensitivedetectionvolumeleadsto curvedtracks.Thecurvatureallows the
determinationof themomentumof theparticles.

Magnetic Field

The magneticfield is generatedby two warm coils with currentfloating in oppositedirections.
Theradialcomponentof this field is maximalbetweenthetwo coilsandthedeflectionof charged
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3.5 TheTime ProjectionChamber

particlesis mainly in azimuthaldirection.Thefield integral is 0.18Tm at a polarangleof θ Ð 8Ü
and0.38Tm at θ Ð 15Ü , respectively.

The Electric Drift Field

The electricdrift field is definedby the innerelectrodeat a potentialof -30 kV andthecathode
wiresof thereadoutchambersatgroundpotential.Theresultingfield showsapproximatelya1Ö r
dependence.Theassociateddrift velocitiesarebetween2 Ó 4 and0 Ó 7 cm/µs. Themaximumdrift
time is about71 µs. Thecylindrical drift volumeis closedon bothsideswith 50 µm thick capton
foils whicharealsousedto build upthevoltagedividers,necessaryfor awell definedelectricfield
over thewholesensitivevolumeof theTPC.Thesedividersarerealizedwith 100–200nm thick
copperstripson both sidesof the foils. Thesestripsare15 mm wide andthe distancebetween
two of themis 5 mm. They areconnectedwith resistorsandtheresultingresistorchain,connected
betweenthe inner electrodeand the outer groundpotential,definesthe potentialof eachstrip
which is matchedto follow the1Ö r dependenceof theelectricfield insidetheTPC.

Gas Proper ties

Normally, the main componentof the gasmixture is a noblegaswhich is usedtogetherwith a
quencher. As a quenchermoleculargasescanbeused(e.g. CO2 or CH4). Themain purposeof
this componentis thestabilizationof theavalancheprocess.During theavalanchea largenumber
of photonsarecreatedwhich could leadto freechargesat metallicsurfacesdueto photoelectric
effects. Becauseof their hugenumberof internalexcitationstatesthemoleculargasespossessa
big absorptioncoefficient for photonsandactasa counterpartto discharges.

In theCERESTPCamixtureof 80%Neand20%CO2 is used.Thiscompositionwaschosen
afterdetailedstudiesandsimulationsof many differentgasmixtures[58, 59] with respecttoà radiationlength,i. e.multiple scatteringà numberof createdelectron–ionpairsà drift velocityandmaximaldrift timeà Lorentzangleà diffusioncoefficients

Thetrajectoryof a particleis affectedby multiple scatteringin thedetectorgas.This results
in abiasof themeasuredmomentum.Therelationbetweenradiationlength1 andthewidth of the
distributionof thescatteringangelθms is givenby thefollowing approximation[26]:

θms Ð 13Ó 6 MeV
βcp

zá x
X0
Ñ 1 â 0 Ó 038ln Ñ x

X0 ÒãÒäÓ (3.3)

In this equation,p is the momentumof the particle,βc its velocity andz its charge in multiples
of theelementarycharge e. The thicknessof the medium,normalizedto the radiationlength,is

1Theradiationlengthof materialis definedasthedistanceover which theelectronenergy is reducedby a factor1å e
dueto radiationlossonly.
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3 TheCERESSpectrometerwith theNew TPC

givenby xÖ X0. To minimize theeffect of multiple scatteringit is importantto usea gasmixture
with largeradiationlength.Theradiationlengthis givenby [26]:

X0 Ð 716Ó 4 gcmÞ 2A

Z æ Z â 1ç ln æ 287Öéè Z ç (3.4)

with A themassnumberof themediumandZ its atomicnumber. In caseof a mixtureof different
elements,e.g.a gasmixture,theradiationlengthis givenby:

1
X0
Ð ∑ wi

Xi ê (3.5)

wi meaningthefractionof theelementi with radiationlengthX0.
Along its paththrougha mediuma chargedparticleundergoesa certainnumberof inelastic

collisionswhich leadsto electron–ionpairs.Thecreatedelectronscanhaveanenergy greaterthan
theionizingpotentialof themediumandthuscreatefurtherelectrons.Thetotalnumberof created
electron–ionpairsperunit lengthis [60]:

ne Ð ∆E
Wi Ó (3.6)

∆E is the total lossin energy perunit lengthof a minimumionizing particleandWi is themean
ionizingpotentialof thegas.A largenumberof electronsis usefulin termsof spatialresolutionof
thedetectorbecausetheresolutionscaleswith thesquareroot of thenumberof electrons.On the
otherhand,with increasingne theprobability for high momentumδ electronsandthe influence
of multiple scatteringincreasesaswell, whichhasa negativeeffect on thespatialresolution.This
rulesout thecommonlyusedArgonasmain componentin theCERESTPC,despiteof its large
numberof createdelectron-ionpairs. In thefollowing tablethepropertiesof theNe/CO2 (80/20)
gasmixtureusedareshown. For comparisonthecharacteristicsof Ar/CO2 areshown aswell.

X0 (m) ne/cm

Ne/CO2(80:20) 280 49
Ar/CO2(80:20) 120 93

Anotherimportantpropertyof the gasmixture is its influenceon the diffusionof thecharge
cloud. Thermaldiffusion leadsto a broadeningof the drifting electroncloud. The effect is a
decreasedspatialresolutionof the detector. Admixture of CO2 to the detectorgasreducesthis
effectwhich is particularlyimportantin transversedirection.

Themovementof chargedparticlesin presenceof electricandmagneticfield is describedby
[61]: ë

vd Ð µ
1 âìæ ωτ ç 2 æ ëE â ωτ

ë
E ß ëBí

B
í âìæ ωτ ç 2 æ ëE ëBç ëB

B2 ç (3.7)

ωτ Ð e
m

Bτ Ð Bµ Ó (3.8)

ω is thecyclotronfrequency, τ themeantimebetweentwo collisionsandµ Ð eτ Ö m themobility.
Thedrift velocity

ë
vd comprisesthreecomponents:componentsin directionof

ë
E and

ë
B aswell as
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Figure3.7: Perspectiveview of theTPCreadoutchamber.

acomponentorthogonalto thetheplanegivenby

ë
E and

ë
B. Becausethemagneticfield of theTPC

possessesacomponentalongthez-axisthedrift directionof thechargedoesnotstrictly follow the
electricfield linesbut alsohasasignificantcomponentin azimuthaldirection.Theanglebetween
ë
vd and

ë
E, theso-calledLorentz-angle,is givenby

tanαL Ð ωτ Ó (3.9)

Given preciseknowledgeof µ ,

ë
B, and

ë
E the actualdrift path can be calculated. However, to

minimizeresidualuncertaintiesthefactorωτ hasto besmallwhichcanbeachievedby increasing
theCO2 contentof thegas.

However, anegativeinfluenceof theCO2 gascomponentis theincreasedelectronattachment.
Drifting electronsareabsorbedby the gaswhich leadsto a deteriorationof the resolution. The
processresponsiblefor the attachmentis describedin [62]. Importantwithin this context is the
contentof O2 in the gas. O2 is a very efficient electronabsorberandan increasedCO2 content
leadsto very high demandsconcerningthe contaminationwith O2. During the beamtimesthe
TPCwasoperatedatacontaminationlevel of 8 ppmO2, leadingto anattachmentlossof 15%for
thelongestdrift path.

3.5.2 The Readout Chamber s

The following sectiongives a short survey of the readoutchambersusedin the CERESTPC.
A detaileddescriptioncanbe found in [25]. The readoutchambersaremulti-wire proportional
chamberswith cathodepadreadout(seeFig. 3.7and3.8). Threeparallelwire planesarerunning
in azimuthaldirection: thegatinggrid, thecathodewires,andtheanodewires.

Primary electronsaredrifting in the electric field towardsthe cathodewires. Closeto the
anodewires,which areat a potentialof about+1.3kV, theelectronsaremultiplied by a factorof
about104 in anavalancheprocess.Themovementaway from thewiresof theresultingion charge
cloud inducesa signalon thesegmentedreadoutpadplane. This signal is amplifiedandshaped
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3 TheCERESSpectrometerwith theNew TPC
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Figure3.8: Crosssectionof theTPCreadoutchamber.

by anpreamplifierwith semi-Gaussianshaper, mounteddirectlyon thebacksideof thepadplane.
A detaileddescriptionof thefront-endelectronicis givenin Chapter4.

The cathodepadsare shapedlike a chevron [63]. The usageof this type of padsenables
a precisedeterminationof the charge centroiddueto charge sharingbetweenneighboringpads,
evenfor relatively largepads.Anotheradvantageof thispadgeometryis thebetterlinearityof the
padresponse[64]. Asaresultof simulations,thechevrontype(b) of Figure3.9with w Ð 10Ó 3mm,
l Ð 6 mm, and fx Ð 1 Ó 05 waschosen.Four displacedsinglechevron structuresareconnectedto
onesinglereadoutchannelwith 4 anodewires runningacross(seeFig. 3.10). The numberof
readoutchannelsin φ-directionhasbeenfixedto 48 for eachreadoutchamber.

The gatinggrid is necessaryto protectthe readoutchambersfrom freecharge insidethegas
volumewhich is not causedby particlesoriginatingin a nucleus-nucleuscollisions. It is possible
to control the passageof electronsfrom the drift region into the amplificationregion with this
grid. The potentialof the gatinggrid canbe regulatedto switch it betweena transparentor a
non-transparentmode.Only aftera trigger this grid is switchedinto a transparentmodeallowing
thedrifting chargeto reachthereadoutchambers.

Thesecondfunctionof thegatinggrid is to prevent the ions from floating backinto thedrift
volumeof theTPC.Freechargein thedrift volumegivesriseto electricfieldswhichsuperimpose
with thedrift field andled to distortions.Thepositivegasionsmoving towardsthenegativehigh-
voltageelectrodecontributesthelargestpartto thedistortionbecausedueto thegasamplification
of theprimaryelectronscloseto theanodewiresapproximately104 electron-ionpairsperprimary
electronareproduced.Thegatinggrid in theCERESTPCis realizedasa bipolargrid. Bipolar
grids have the advantageof reducedsignalcouplingcomparedto monopolar grids (for details

9�:�;9�:�;
< =?>< @A>B BB C D B C EB C D

9 9

Figure3.9: Chevron pads.
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3.5 TheTime ProjectionChamber
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Figure3.10: Layoutof thepadplane.Fourchevronstructuresareconnectedto onereadoutchan-
nel which is framedby groundstripes.

see[65]).

3.5.3 The Laser System

For calibrationandmonitoringof thepropertiesof theTPConewould like to have straighttracks
at known positionswith a goodresolutionin space.For this purposea lasersystemwasattached
to theTPC.

A Nd:YAG laseris usedto generatea low divergence( L 0 Ó 5mrad, smalldiameterd Ú 2 mm)
laserbeamwith a wavelengthof 1064nm. This wavelengthis too high to causeionizationsin
thegas.Therefore,thefrequency of thelaserlight is doubledtwice. Theresultingwavelengthof
266nm (UV) is sufficient to excite low-lying energy levelsof complex moleculespresentin the
gasvolumeof the TPC in form of impurities. To ionize the excited moleculesa secondphoton
is needed.Consequently, the intensityof the laserbeamhasto be high. With a pulseduration
of severalnanosecondsanda beamenergy of 10-20µJ perpulsean ionizationsimilar to theone
causedby chargedparticlescanbe achieved. The trackscanbe reproducedwith high precision
dueto missingmultiplescatteringandthefact thatlasertracksproduceaPoisson-likedistribution
of ionizationalongtheir path(no Landaufluctuations).Thepositionof thetracksaredetermined
to anaccuracy of 200 µm by externaldiodesandthe time resolution10 ns. Theresponseof the
TPCto lasertracksatdifferentpositionsandatdifferentvaluesof themagneticfield canbeusedto
verify theknowledgeof theelectricandthemagneticfieldsandto testthereconstructionsoftware.
During datataking, the lasersystemgenerateseventswhich arestoredon tapein parallel to the
physicsevents.Thisallowsfor for monitoringof thepropertiesof theTPCduringthebeam-time.

With anopticalsystemthelaserbeamis transportedupstreamthedetectorandalignedto the
beamaxis. A mirror systemwhich is mountedon the backplaneof the TPC andwhich canbe
controlledremotelyallowsto steerthelaserbeamto differentquartzentrancewindowsdistributed
on the backplaneof the TPC. The beamposition is monitoredwith several position sensitive
photodiodes.Theinformationfrom thesediodesis readout for eachlaserpulseandenablesthe
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reconstructionof the lasertrackwith goodprecision.More detailsaboutthelasersystemcanbe
foundin [66].
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4 The Readout System of the TPC

4.1 Overview

The CERESTPC hasa granularityof 15360channels,recording256 time sampleseach. Even
afteronlinedatareductionby meansof zerosuppressionandHuffmancompressionthisconstitutes
a big increasein datavolumepereventascomparedto theoriginal CERESsetup.To handlethis
amountof dataandtobeableto recordÚ 1000eventsduringaspill periodof 5 s,thecompletedata
acquisitionschemeof CERESwasredesigned.Thenew systemincorporatedthealreadyexisting
hardwarefor thereadoutof theRICH andsilicon detectorsanddefineda uniform interfaceto the
eventbuilding/eventrecordingfor all detectors.For adetaileddescriptionof theRICH andsilicon
detectorsthereaderis referredto [67].

An overview of theTPCreadoutsystemis shown in Figure4.1. In orderto copewith thehuge
datavolume,thesystemfollowsa highly paralleldesign.Thesmallestsystemunit comprisesthe
completeelectronicsfor onereadoutchamberof theTPC.Eachof the16readoutchambershasits
own electronicswhich worksmoreor lessindependently. Thedataacquisitionchainstartswith
the front-endelectronics,comprisinga charge sensitive amplifier, an analogmemoryto record
theanalogoutputsignalof theamplifier (theSwitchedCapacitorArray) andan8-bit Analog-to-
Digital-Converter. Theseelementsareassembledonaprintedcircuit board(theFEEboard) which
is directly mountedon the readoutchambersof the TPC. After digitization the dataaresentto
theMotherBoardswherethesimultaneouslyincomingdataof 20FEEboardsaretransformedinto
two bit-serialdatastreamswhich aretransferedvia two optical links to theReceiver boards.The
MotherBoardsarelocatedat the backplateof the TPC andconnectedwith flat-ribboncablesto
the FEEboards. The Receiver, the first part of the so calledback-endelectronic,performsdata
reductionby applyinga zerosuppressionfollowedby Huffmancompressionon thedatastream.
The resultingdataarewritten via FDCS (a daisy-chainlike databus) into the MemoryModule
wherethey aresortedandreformatted.Fromtherethedataaretransmittedagainvia opticallinks
andan intermediatestationin a compactPCImoduleinto the main memoryof onePCwhich is
responsiblefor combiningthe dataof all detectorsinto the overall event data-structure(the so-
calledeventbuilding). This PCcollectsall dataof all eventsbelongingto oneburst(a burst is the
extractionperiodof theaccelerator)andsendsit betweentwo burstsvia TCP/IPsockets(multiple
streamsperPC)to disk serverslocatedat thecomputercenterof CERN.

A detaileddescriptionof the individual componentsandmodulesis given in the following
sections.
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4.2 The Front-End Electr onic

For thefront-endpartof theelectronicstwo integratedcircuitshave beendeveloped:anamplifier
andaSwitchedCapacitorArrayasananalogmemory[68].Bothwereimplementedin the0.8µm
AMS CMOSprocess.Thesetwo chipsarethemaincomponentsof theFEEboardwhich areat-
tacheddirectly to thepad-planeof theTPC.Theboardscontainsalsoan8-bit ADC for digitization
of the signals. All necessaryreferencevoltagesfor the preamplifierandthe SCA aregenerated
on-boardwith aDAC. Figure4.2showsa blockdiagramof theboard.

4.2.1 The Amplifier

Theamplifieris acharge-sensitivetype(CSA1) with asemi-Gaussianshaperandtail suppression,
shown in Fig.4.3.In contraryto commonotherdesignswhichuseapulsedreset(e.g.theamplifier
of theSTAR experimentatRHIC [69]), thisamplifieris continuouslysensitive. In amplifierswith
a pulsedresetthe feedbackcapacitanceCf which integratesthesignalcharge is dischargedwith
with alogicalsignalto preventtheCSAfrombeingsaturatedbysubsequenttracks.Thedrawbacks
of this schemearedeadtime, a blind systemuntil thenext resetcycle if a largeundesiredsignal
is collected,andthe needfor digital signalsrunningon an analoglow noisecircuit. In orderto
avoid theseimperfectionsfor theCERESamplifier theschemeshown in Figure4.3 wasused.A
feedbackresistorM f continouslydischargestheintegrationcapacityCf with adecaytimeTdecay M
Cf M f . The valueof M f is a trade-off betweennoiseperformanceandthe capabilityto process
eventswith high occupancy. For a peakingtime Tdecay M 400 ns, noiseconsiderationsdictatea
feedbackresistanceM f N 4MΩ. The only practicalway to implementsucha high resistancein

1ChargeSensitive Amplifier
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4 TheReadoutSystemof theTPC

Figure 4.3: Schematicof thecharge-sensitiveamplifierusedin theFEEboards.

CMOStechnologyis by usingtheassociateddrain-sourceresistanceRMF
ds of aMOSFETtransistor.

RMF
ds dependson the biasingconditionsof M f . It decreasesasthe drain-sourcevoltageVMF

gs of
M f increases.This dependenceis an advantagein our caseassignalchargesincreaseVMF

gs : the

integrationof smallchargesresultsin smallVMF
gs swings,thusRMF

ds O RMF
ds,DC, its valuebeinghigh

enoughto prevent deterioratethe noiseperformance.Conversely, large chargesaredischarged
with a fasterdecaytime andthebaselineof theCSA is quickly restored.Evenmoreimportantis
thatundesiredlargesignals(asdeltaelectrons)collectedonTPCpadsaretransferredontoCf and
quickly discharged,minimizingdeadtime.

If a conventionalpole-zerocancellationwould beused,thedependenceof RMF
ds on Qin would

deterioratethe linearity of the preamplifier-shaper. To resolve this issue,an adaptive pole-zero
cancellationschemewasusedto suppressthe pole associatedwith RMF

ds andCf . The transistor
Mzero is biasedin thesameway asM f duringthedischargeof Cf . Thezeroassociatedto thenet-
work Mzero P C1 adaptsitself dynamicallyto accuratelycancelthepoleassociatedto thenetwork
Cf P M f .

The peakingtime of theshapercanbeadjustedbetween140nsand580nsandthe tail sup-
pressioncanbe variedover a rangeof 0.1 µs–1.5µs to copewith differentinput signalsdueto
variousdetectorgases.Thegainof thepreamplifiercanbeadjustedfrom 35–110mV/fC.

4.2.2 Linearity of the Preamplifier

In order to measurethe linearity of the preamplifierone hasto stimulateit with more or less
realisticinput signals.A “typical” pad-signallooks like theoneshown in Figure4.4. Thepulse
shown is theresultof aMonte-Carlosimulationof thedetectorincludingthedrift of theelectrons
and ions in the gasvolumeand the avalancheprocessin the vicinity of the anodewires. The
Figureshowsthecurrentwhich flows ontothepadandtheintegratedsignalcorrespondingto the
total chargeaccumulatedonthepad.

Thesignalwasgeneratedwith a programmablefunctiongenerator. Thevoltagesignalat the
outputof thegeneratorwasconvertedinto a currentsignalby meansof aninjectioncapacitorCc.
The testcircuit is shown in Figure4.5. Becausethevoltageat the input of theamplifier (Uint) is
moreor lessfixed(“virtual ground”),therelationbetweeninput voltageUin andthecurrenti æ t ç is
givenby

Q M C æ Uin P Uint ç+Q
The derivative of Q with respectto time is the currentflowing out of the capacitorandinto the
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amplifier:
dQ
dt M i æ t ç M C

Y
dUin

dt P dUint

dt Z Q
BecauseUint is almostconstant,theexpressionfor thecurrentresultsin

i [ t \ M C
d
dt

Uin Q
TheadditionalcapacitorCpad at theinputof theamplifierrepresentsthecapacityof onepadof the
TPC’spadplane.

Thefunctiongeneratorwasprogrammedwith theintegratedpadcurrentasshown in theright
part of Figure4.4 with the flat maximumof the voltageset to 5 Volts. For scalingof the input
charge an attenuatorwasused. This device wasconnectedbetweenthe outputof the function

UoutUin

C = 12 pFpad

Cc= 12 pF

Uint

CSA

Figure4.5: Circuit for stimulatingtheamplifierwith realisticsignals.
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Figure4.6: Experimentalsetup.

generatorand the input of the amplifier. With a dampingof -40 dB the input voltage(at the
injectioncapacitor)is reducedto 50mV, correspondingto aninjectedchargeof 50 fC. Thewhole
setupis shown in Figure4.6.

The resultsof themeasurementsareshown in Figures4.7. Shown is theoutputvoltageasa
functionof theinput chargefor differentsettingsof Vtail .

4.2.3 The Switched-Capacitor -Arra y

During thedrift timeof theTPCtheoutputof thepreamplifieris sampledandstoredin ananalog
memory(SCA)ata rateof up to 14 MHz. After samplingis completedthestoredanalogdataare
readout anddigitizedwith anexternalADC ata frequency of up to 1 MHz. Figure4.8showsthe
simplifiedschematicof thisdevice. TheSCAchipcontains16channels,eachwith 256individual
samples.A 16-to-1analogoutputmultiplexerallowstheuseof asingleexternalADC perchip.
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Figure4.8: Schematicview of theSCA.

The SCA is operatedin voltage-read–voltage-writeconfigurationwhich hasthe benefitthat
theoutputis independentof theexactvalueof thestoragecapacitor. Eachmemorycell consists
of a 1.4pFdoublepoly capacitorconnectedby two transmissiongatesto thecommonlines.This
schemereducesparasiticcapacitancesduringreadout,whenthestoragecellsareswitchedin the
feedbackloop of an operationalamplifier. Without this secondswitch the read-amplifierwould
charge the total capacitanceof all bottomplatesto the substrate.Becausethe two transmission
gatesareinherentlylesssensitivethansingletransistorswitches,theclockfeed-throughandcharge
injectionsarefurtherreduced.Only thedifferenceof thecapacitorvoltagesbetweenthetop- and
bottom-platesarerelevantandovera smallrangeof input voltagesthenoiseinfluenceis thesame
on both plates. Symmetricallayout andonly complementarysignalsrunningnearanalogcells
ensurelow switchingnoisecausedby digital signals. The n-tub layer of the PMOS-switchesis
extendedto cover also the capacitorsin order to minimize coupling to the substrate,which in
this technologyis commonto thedigital andanalogparts. Theread-amplifierconsistsof a one-
stagevoltage-amplifierwith anoutputpush-pullstageandusessmallsizedinput transistors.This
is necessarysinceduring readout charge sharingbetweenthe storagecapacitorand the input
capacitanceof theamplifierwouldresultin adistortionof thesignal.

The digital part includesa shift register to sequentiallyaddressa column of cells. A pro-
grammableclock-window preventsoverlappingaddressingsignalsto inhibit charge-sharingbe-
tweenadjacentcycles. Two registerson the chip canbe usedto storea delayvaluefor thestart
of the samplingandthe maximumnumberof readout channels.This allows to suppresstracks
outsidethe conical acceptanceof the tracksmatchingto the other detectors.Additionally, the
controllogic providesall thenecessarysignalsfor theexternalcomponentslike theADC andline
drivers. After initialization, only a trigger signalandexternalreferenceclocksareneeded.The
digital blockshave beenassembledfrom standardcellsandtakeup only a smallpartof the total
chip size.

4.3 The Contr ol Electr onic

ThecontrolelectroniccomprisestheMotherBoard, theDetectorLinkmoduleandtheClockMod-
ule. Apart from theMotherBoard, thesemodulesarerealizedas6U VME-busmodulessitting in
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4 TheReadoutSystemof theTPC

Figure 4.9: Schematicview of theMotherboard.

acratein thevicinity of thedetector. Initialization andprogrammingof themodulesis donevia a
CPUrunningOS9asoperatingsystemlocatedin thesamecrate.TheCPUactsastheVME-bus
masterandis connectedto Ethernet.

4.3.1 The MotherBoard

The main purposeof the MotherBoardis to assembleand reformatthe datacoming from the
FEEboards. 20 FEEboardsareconnectedwith flat-ribboncablesto oneMotherBoard. All data
cableshave thesamelengthwhich allows to sendthedatawithout additionalclock signals.The
signalsnecessaryfor clocking thedatainto theinput registeraregeneratedin theClockModule.
They aredistributedsynchronouslyto all MotherBoards.

The incoming 8-bit dataare transformedinto a serial bit streamwhich can be transmitted
via anoptical link to theelectronicslocatedfurtherupstreamin the readoutchain. Theparallel–
serialtransformationis donewith theGLink transmitterchip of Hewlett-Packard.With 5 d 8-bit
multiplexersthedataof two FEEboardsareconnectedto the16-bit wide input of this chip. The
switchingof themultiplexersis donewith a frequency 5 timeshigherthanthereadoutfrequency
of theFEEboards. Thiswayall dataat theinput of themultiplexersareprocessedandtransmitted
after5 clock cyclesandthenext datafrom the FEEboardscanarrive. A simplified overview of
theboardis givenin Fig. 4.9.

The configurationandinitialization of the boardis donevia a slow-control interface. This
interfaceusesaverysimplehandshakeprotocolto transmitor receivedatafrom theDetectorLink
modulewhich itself receivesthe datavia VME-bus from theCPU.Thebehavior of theMother-
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Command Hex code Comment

INI 0x01 Initialize theMotherBoardandresetstheinternalcountersto default
values.

WRITE 0x02 Initiatesadatatransferto theRAM. Thecommandis completedwith
thenumberof bytesto bewrittenandablock of data.

CHECK 0x04 Readsthecontroloutput(onebit) of theDAC, signalingthestatusof
theprogramming.

READ 0x08 Startsreadingthecontentof theRAM. Thecommandis followedby
thenumberof bytesto beread.

STORE 0x10 Thenext eventis storedin theRAM of theMotherBoard.
TRAM 0x20 Startsthe transmissionof the RAM content. The dataaresentvia

opticallink to theReceiver modules.
INIDAC 0x40 Startstheinitializationsequenceof theDACsontheFEEboards. The

commandis followedby thedatafor theDACs.
RESET 0x80 Resetstheinternalcountersto defaultvalues.

Table4.1: Motherboardcommands.

Board is controlledwith 8-bit codeswhich areinterpretedby logic on theboard.Thesecodesare
shown in Table4.1.

Insteadof sendingthedatadirectly via theoptical links to thereceiving electronics,datacan
alsobestoredin local memoryon theboard.Fromthere,theOS9CPUcanreadthedatavia the
slow-controlinterface.This allows to bypasstherestof readoutsystemof theTPC.This feature
wasvery usefulduring the installationandtestof the readoutsystem.Essentiallyall dataof the
beamperiod1998havebeenrecordedin thismodebecausetherestof thereadoutsystemwasnot
working in astablefashion.For testpurposesit is possibleto fill thememoryon theMotherBoard
with arbritrarydatapatternsand to sendthesedatavia the optical links to the Receiver. This
featuremimics a freely programmabledatasourcewhich simplifies debugging of the readout
system.

4.3.2 The DetectorLink Module

The DetectorLink moduleactsasa bridgebetweenthe VME-bus protocoland the protocolof
theslow-controlinterfaceof theMotherBoard. OneDetectorLinkmodulecontrolsthreeMother-
Boardsassociatedwith onereadoutchamber. Datafor theMotherBoardsaresentvia VME-bus
accessto theappropriatelink modulewhich translatesandforwardsthedatato theMotherBoard.

4.3.3 The ClockModule

TheClockModule(Fig. 4.10)generatesanddistributestheclock signalsneededby thefront end
part of the electronicaswell asthe TRIGGER andABORT signals. To ensurea synchronous
samplingof the TPC channels,all FEEboardshave to startsamplingat the sametime. For this
reasonthe clock signalsaregeneratedby a centraldevice anddistributedto all MotherBoards.
For the samereason,the TRIGGER signal is synchronizedwith respectto the samplingclock
beforeit is sentto the MotherBoards. All thesesignalsaredistributedvia flat-ribboncablesto
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the MotherBoardsand from thereto the FEEboards. To improve the noiseperformanceof the
system,thesignalsaretransmitteddifferentially. TheClockModulecontainsaVME-businterface
(realizedwith a CPLD2) which allows settingof thetwo clocks.Theclock signalsaregenerated
with a programmableclock synthesizer(ICD2051 from CypressSemiconductorCorporation).
Theoutputscanbesetduringoperationto any desiredfrequency between320kHz and100MHz.

Thebidirectionalinterfaceto thetriggersystemdeliversTRIGGER andABORT signalsand
returnsa TRIGGERsignalsynchronizedwith thesampling-clock.

4.4 The Back-End Electr onic

All modulesof theback-endelectronicsareequippedwith aninterfaceto theFDCS3 aswell asan
interfaceto theVME-bus.Themodulessit in amodifiedVME crateatwhich thelowerbackplane
for theconnectorsJ2arereplacedwith thebackplaneof theFDCS. Thisproprietarybusconnects
the modulesin a daisy-chain,providing a simpleandefficient way to move the processeddata
towardsthepersonalcomputersusedfor temporarystorageof theevents. TheVME-busis used
for initializationandcontrollingof theindividualmodules.

Thedata-pathfor oneMotherBoardis shownin Figure4.11.Datacomingfrom theFEEboards
aresentvia theMotherBoardwith twoopticallinks to theReceiver boardsandfrom therewith the
FDCS to theMemoryModule. Thelastelementin this pathis theFDCS-to-PCI interfacewhich
connectsthereadoutsystemto thecomputersusedfor datastorage.

2LatticeISP1032
3FastDataCollectingSystem
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4.4.1 The Receiver

Thedatastreamarriving at theReceiver containsall informationfrom thedetectors.Two Receiver
areinvolvedin processingthedatacomingfrom oneMotherBoard. At the input of theReceiver
thearriving dataaresplit into two streamsandbothareprocessedin parallelin orderto reducethe
totalprocessingtime (cf. Fig. 4.12).

In orderto meettheeventraterequirementsandto beableto storethedataon tape,thedata
volumehasto bereducedsignificantly. Thedatareductionis doneby theReceiver in a two-step
process:zerosuppressionfollowedby Huffmancompression.

Zero Suppression

Duringzerosuppressionall amplitudevaluesbelow apre-definedthresholdareremovedfrom the
datastream.For doingthis, thebaseline(or pedestal) hasto besubtractedfirst. Thepedestalwith
therelevantdetectorsignalon topof it is causedby aDC offsetat theoutputsof theamplifierand
theanalogmemory(SCA).Consecutivesamplesbelow thethresholdarereplacedby asingle9-bit
valuerepresentingthenumberof removed samples.This allows for offline reconstructionof the
time structureof theamplitudes.Sincerealamplitudevaluesarerepresentedby a 8-bit code,the
9-bit countervaluescaneasilyberecognized.

Huffman Compression

In a very generalsense,datacompressionmeansthe transformationof a streamof symbols(e.g.
the digitized valuesof the outputsignalsof the preamplifiers)into appropriatecodes. With an
effectivecompressiontheoutputcodestreamis lessin volumecomparedto theinputdatastream.
Huffmancompression,aso-calledlosslesscompressionmethod,is basedontheknowledgeof the
probability of occurrenceof differentsymbolsin the input datastream. Accordingto thesethe
codesarecreatedin suchawaythatsymbolswith ahighprobabilityarereplacedby shortercodes.
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Figure 4.12: Schematicview of theReceiver board.

Ontheotherhand,symbolswhichappearveryrarelyarerepresentedby codeswhichcanbelonger
thanthe original symbol. BecauseHuffmancodesareunequivocalandarenever the beginning
partof anothercodethecompresseddatacanbecorrectlydecodedwith thehelpof a binary tree.
TheHuffmancodesareobtainedby analyzingasmallsampleof data.Thecodestogetherwith the
individual thresholdsfor thezero-suppressionarestoredin a RAM on theReceiver boardswhich
canbeprogrammedvia theVME-businterface.

4.4.2 The MemoryModule

TheMemoryModuleis ahighperformancememoryboard.A schematicdiagramof themoduleis
shown in Figure4.13.TheVME-businterfacecanhandlestandardD16datatransfersasspecified
by theVME-busspecification.Via VME-busonecanget informationaboutthecurrentstatusof
themoduleandit canalsobeusedto feedtestdatainto themodule.Themodulealsohasa slave
interfacewhichcanbeaccessedin standard(24bit, A24) addressmode.

During anevent themodulesortsthearbitrarily incoming4 dataaccordingto thesendingRe-
ceiver andstoresthemin FIFO-memories.The FDCS delivers16-bit datawith a nominal fre-
quency of 50 MHz. Immediatelyafter themodulehasreceivedall databelongingto oneevent it
transferstheeventidentificationnumber(whichcountstheeventsin oneburst),theglobalcounter
value(numberof receiveddata),thesorteddata,andthelocal countervalues(numberof received
datafor eachReceiver) to theFDCS-to-PCIinterface.After sendingall datathemodulereturns

4Dueto thedatacompressioninsidetheReceiver modulestheorderin which thecompresseddataaredumpedonto
theFDCS is randomized.
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Figure4.13: Schematicview of theMemoryModule.

into anidle stateandwaitsfor thenext event.

4.4.3 FDCS-to-PCI Interface

TheFDCS-to-PCIinterfaceis theconnectionbetweentheReceivers which collect thedatafrom
the variousdetectorsystems(TPC, RICH, silicon detectors,trigger system)and the computers
usedfor reconstructionandstorageof the events. The interfacehasa transmitterat the FDCS
sideanda receiver at thePCI side.Theconnectionis implementedasanuni-directionalchannel,
utilizing anopticalfiber capableof a 1.5Gbit/sdatarate.Figure4.14showstheblockdiagramof
themodule.

Transmitter

Thetransmitterpicksup any valueprovidedat the FDCS andsendsit via anopticalfiber to the
receiver part. It is a6U VME-busmodulewith theproprietaryFDCSat theJ2location.Theonly
VME-busfeaturesof themodulethatareusedarethemechanicalsupportandpowersupply. The
block diagramof thetransmitteris shown in Figure4.15. Theessentialpartof theFDCS-to-PCI
Interfaceis HP’s Low CostGigabitTransmit/Receive Chip SetHDMP-1012/1014togetherwith
anoptical transmitterfrom Finisar5. TheT/R link is operatedin 20-bitmodewith a parallelword

5FTR-8510Low CostGigabitOpticalTransceiver
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4 TheReadoutSystemof theTPC

Figure4.14: Block diagramof theFDCS-to-PCIinterface.

rateof 50 MHz.

Receiver

The receiver part of the FDCS-to-PCIinterfaceis implementedon a 6U compactPCIboard. It
receives an event sentby the MemoryModuleand transfersit to PCsfor final processingand
storage.The block diagramis shown in Figure4.16. The main part of the moduleis the PCI-
bridgechip from PLX TechnologiesInc. (PCI9060).Themodulesupportsaclockrateof 33MHz
andabuswidth of 32-bit. After poweringup themoduleor afteraRESET, thePCI9060is loaded
via serialEEPROM with its applicationspecificvalues.To initialize themodulethevaluesof three
PCI-busaddresseshave to bewritten to themodule:e targetaddressfor theEvent-IDe targetaddressfor theGlobal-Countere targetaddressfor theEnd-Of-Eventflag

After the modulehasreceived thesethreevaluesit is readyfor datacomingfrom the Memory-
Module. Oncethe modulehasreceived the first threedatawords(containingthe Event-ID and
Global-Counter)it writes thesedatato theaddressesgivenbefore. It thenwaits until it receives
thetargetaddressfor thedata.Theaddressvalueis written into a registerof themodule’s logic.
Immediatelyafter it hasreceivedthis addressit startsto sendthedatawith DMA transfersto the
specifiedaddress.As soonasit hastransferredthewholeblock of datait writesa ’1’ to theEnd-
Of-Event flag to signalthe receiving PC that it hassentall data. Thenthe moduleis readyand
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4.4 TheBack-EndElectronic

Figure4.15: Transmitterpartof theFDCS-to-PCIbridge.

waiting for the next event. A FIFO in the input datastreamis usedaselasticitybuffer. It stores
theincomingdatatemporarilyuntil themoduleis ableto transfertheeventdata.TheusedFIFOis
capableto handlefully asynchronouslyandsimultaneouslyreadandwrite operations.Thisfeature
is necessaryto decoupletheinputdataratefrom theoutgoingdataratewhichis coupledto thePCI
clock frequency of 33 MHz. Sincethesizeof theFIFO prohibitsto storea full event,themodule
hasto signaltheMemoryModuleto interruptthedatatransferbeforeanoverflow occurs.

The target addressfor thedatacanchangefrom event to event. The target addressesfor the
Event-ID, Global-CounterandEnd-Of-Eventflag canonly be written after power-up or manual
resetof themodule.

Like thetransmitterpartof this interfacethereceivercomprisesHP’sGigabitchipsettogether
with anopticalreceiver from Finisar.

4.4.4 The Fast Data Collection System

The Fast Data Collection Systemwasdevelopedfor the first readoutgenerationof the RICH
detectors.It wasusedto transportthedatafrom theADC modulesto thetriggerprocessor, asfast
aspossible(see[67]). In thereadoutsystemwhich wasusedfor thebeamperiods1999and2000
theFDCSwasemployedin all detectorsystemsfor thetransportof thedatafrom theReceiver to
theMemoryModule.

The FDCS is realizedasa daisy-chain.This meansdataaretransferedfrom oneslot to the
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Figure 4.16: Thereceiver partof theFDCS-to-PCIbridge.

next via a point-to-pointconnection.Only a coupleof controlsignalsaredistributedto all slots.
ThewholeFDCS canbeenabled/disabledwith a controlsignal(START FDCS). A runningdata
transferis flaggedwith thecontrol signal BDATA which is low active anddrivenby eachdata
sourceat theFDCS in a wired-andconfiguration.OncetheFDCS is enabledby a specialcontrol
module,theReceiversstartassoonasthey have datato asserttheir BDATA signalandput valid
datain a freedataslot. As long asa Receiver getsfull dataslotsfrom its left neighbor(marked
with anextra databit FF IN ) it will passthemunchangedto its right neighbor. If thereis a free
slot from theleft side,theReceiver canput a datuminto theslot, markit asfull andsendit to its
right neighbor.

TheleftmostReceiver canalwaysputdataontheFDCSbecauseit hasnoneighborandthere-
foreseesonly emptydataslots.With thatprocedureall availabledataslotsarefilled on their way
to theMemoryModuleastherightmostdevice. With thisschemeit canhappenthattherightmost
Receiver is not ableto put dataon theFDCS for a long time becauseall thedataslotsarefilled.
In theoriginal FDCStherewasa schemeimplementedto avoid this caseby assigningeachmod-
ule a certainpriority P. Moduleswith a lower priority hadto let pass15 f P emptydataslots,
wherethepriority canbechosenbetween0.. .15. In thepresentlyimplementedversiontheprior-
itizing schemeis omittedto simplify the logic on the Receiver. Figure4.17shows thecurrently
implementedFDCS logic. A detaileddescriptioncanbefoundin [67].

52



4.4 TheBack-EndElectronic

data out

full out

data in

full in

clockclock

FDCS Module

FIFO

Datum 3

Datum 3
Datum 3

ID

16

data valid

#n+1

74F399

1

1

MUX

4

20

G1

C1

1D Q

1

MUX

G1

1
1D

C1

Q

74F399

FDCS Module

FIFO

Datum 3

Datum 3
Datum 3

ID

16

data valid

#n

74F399

1

1

MUX

4

20

G1

C1

1D Q

1

MUX

G1

1
1D

C1

Q

74F399

Figure4.17: Schematicpictureof theFDCS.

4.4.5 The Interface to Data Storage

After eachacceptedtrigger thedatastreamfrom thedetectorsendup in two compactPCIcrates
asshown in Fig. 4.18. In additionto theFDCS-to-PCIinterfacesthesecratesareequippedwith a
ZiatechCPU-boardwith a 200MHz PentiumProprocessoranda socalledPVIC link. ThePVIC
is ahighbandwidthtransparentPCI to PCI link. It wasdevelopedto allow interconnectionof PCI
basedprocessorsor workstations,while preservingthefull PCI throughputof 132Mbyte/sblock
access.It utilizes a 16-bit bus operatingat 66 MHz. The PVIC links connectthe compactPCI
crateswith thePCsusedfor collectingthedatafrom all eventsof oneburst(EventBuilder). The
EventBuilder-PCsaredirectly connectedto a Gigabit switchwith an up-link to thecentraldata
recordingfarmlocatedin CERN’scomputercenter. Dueto limited performancein writing datato
thedisks,theEventBuilders sendtheir datato 7 individual PCs. ThesePCscollect the dataon
their internaldisksandfrom time to time thedisksareflushedto tape.
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Dueto problemswith theoriginally proposedreadoutsystem(asdescribedin Chapter4) during
thebeam-timein 1999,thesystemwassignificantlychangedduringtheyear2000.

Oneproblemof the proposedreadoutsystemwasthe lossof synchronizationbetweendif-
ferentMotherBoards. Anotherproblemwasthe complicatedmixing of the dataalreadyat the
MotherBoardlevel. Datafrom differentFEEboardswerecombinedinto onedatastream.This
datastreamwasfurther mixed at the input of the Receivers. In caseof a not properlyworking
Receiver this leadsto thecorruptionof a largepartof thedetectordata.Unfortunately, this hap-
penedduringthebeamtimein 1999andwasthereasonfor thechangesdescribedin thefollowing
chapter.

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

5.1 Overview

Figure5.1 shows an overview of the CERESreadoutsystemimplementedfor the beamtime in
2000. The analogoutputsignalsof the SCA on the FEEboardsaresentvia a shieldedcableto
theFEDCboards[70] wherethesignalsaredigitized. This digitizationprocessof theFEDCsis
clockedby anexternalclock signalwhich is providedby theTPCClockModule.

To handlethe dataof two TPC chambersthreeFEDC modulesarenecessaryand they are
groupedin one9U VME cratecloseto theTPC.Eachcratesis connectedvia aMXI 1 interfaceto a
so-calledreadoutPC. Duringthe5 slongburstall dataarecollectedin thereadoutPCs.In the14s
longburstpausetheaccumulateddataaresentvia Gigabit-ethernetconnectionto eventbuilderPC,
locatedin CERN’sCentralDataRecordingfacility (CDR). Therethedataof all detectorsystems
aremergedinto onedatablockandsavedondisk. A tapedaemon,asynchronouslyrunningonthe
machine,copiesthefile to tape.

Up to thecompactPCIcrate,thedatapathsfor thesilicon drift detectorsandtheRICH detec-
torsarethesameasin 1999.In contrastto the1999setup,thedataof thesedetectorsarecollected
in themainmemoryof theembeddedPCwhich is pluggedinto thecompactPCIcrate.Fromthere
thedataaresentvia ethernetto theeventbuilder.

Thestartof thereadoutis triggeredby anexternalsignalappliedto aninputchannelof anI/O
cardpluggedin theISA busof thereadoutPC.After receiving a trigger, thereadoutPCsetabusy
signalon anoutputchannelof theI/O card.A logic OR of all busysignalsis usedto inhibit new
triggers.After all dataaresentto thereadoutPCthebusysignalis removed.

TheMotherBoardswhich wereusedfor reformattingandcompactingthedatacomingfrom

1MultisystemeXtensionInterface
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Figure5.1: Overview of theCERESdataacquisitionin 2000.

theFEEboardsarein the new systemonly necessaryfor initialization of theFEEboardsandfor
distributingthevariousclock-,trigger- andabort-signalsto theFEEboardsbelongingto onecham-
ber.

5.2 Cloc k Distrib ution

Onereasonfor thebadquality of thedatarecordedduring thebeamperiod1999wasthe lossof
synchronizationbetweendifferentMotherBoardsandbetweenthe so calledWCLK (the signal
which clocks the samplingof the SCA) and RCLK. The RCLK signalwasusedto clock the
readout-phaseof the SCA. It wasalsousedto control the multiplexing andreformattingof the
incomingFEE-data.

In thenew readout-systemonly oneclocksignal(theMaster-Clock) is generatedgloballywith
a synthesizeron theClockModuleanddistributedto all MotherBoards. Onedraw-backof this is
thelossoff flexibility in settingtheWCLK. This signalhasto begeneratedwith a counterinside
thecontrollogic of theMotherBoardsandis fixedto 1j 4 of theMaster-Clock.
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Figure5.2: Clock distribution.

5.3 Front-End-Electr onic

Insteadof usinga16-bitdigital datalink betweenthefront-endelectronicsandtheMotherBoards,
on which thedatawerecompactedandreformatted,an analogconnectionto theFEDC-boards2

wasused. To matchthe outputsignalof the SCA with the input of the FEDCsan external line
driver (linearbuffer) wasused.Theoutputof theSCA hasa maximalswingof 5 V. As long as
theSCA is in theidle statetheoutputstaysat -3.0V. During thesamplingof theTPCsignalsthe
outputchangesto +2.0V. Hits in theTPCresultin anoutputsignalof theSCA with a maximum
amplitudeof approximately2 V ontopof abaseline(DCcomponent)of about-0.5V. Thebaseline
is not fixedbut canbevariedduringtheinitializationof theSCA via a DAC on theFEEboard. In
the linearbuffer thesignalis shiftedandcompressedin orderto matchthedynamicrangeof the
FEDC input. The function of this buffer is depictedin Fig. 5.3. This additionaldriver wasalso
necessaryto drive thelong cable(about14 m) runningto theFEDCs.This driverwasrealizedon
a smallPCBdirectlygluedto theFEEboards. Theoutputof theSCA wasreroutedto theinput of
thebuffer, bypassingtheADC on theFront-End-Board.

2Front EndDigitization Card

USCA (V) Ulinear buffer (V)

−0.5

+2

−3

0
time time

idle sampling readout idle sampling readout

+1.2

+2.25

−0.17

2 V

820 mV

Figure5.3: Themainpurposeof thelinearbuffer is to adjusttheoutputsignalof theSCA to the
input of theFEDC.
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Figure5.4: Addressspaceof theFEDC-board.

5.4 The FEDC-boar d

5.4.1 Setup

The digitization and further processingof the TPC signalsis doneon the FEDC-boards[70].
Theseboardsarerealizedas9U VXI deviceswhich cancontainup to 48 readoutchannels.Each
readoutchannelcomprisesa 10-bit ADC anda digital ALTRO3 chip. Four ADCs togetherwith
four ALTRO chipsarearrangedon onedaughtercard. For theCERESreadoutonly 40 channels
perFEDCwereused.Someglobalcontrolregistersandmemoryfor theprocesseddatacomplete
the board. The FEDC-boardis an A32 slave. The5 MSB, A31–A27, definethe boardaddress.
Theremaining19 bits (A18–A0)definetheFEDC’saddressspacewhich is shown in Figure5.4.

The behavior of the FEDC-boardandof the ALTRO chip is controlledby a set of internal
control/statusregisters,summarizedin Table5.1and5.2.

Two connectorsat thefront panelof themoduleallow for theconnectionof theinput signals.
Eachconnectorprovidesaccessto 24 channelsof the FEDC of which only 20 areused. Each
channelprocessesthe dataof oneFEEboard, in fact datacomingfrom 16 SCA corresponding
to TPC pads. The FEEboardsare connectedwith approximately14 m long coaxial cablesto
minimizethedistortionof thesignalsdueto thenoisyenvironment.

Theeventmemoryof theALTRO chip hasa capacityof 4096bytes,256bytesfor eachpad.
Dependingon thenumberof acceptedclusterson a pad,this is not in all casessufficient to store
all clusters.If thedataof onepadexceedsthe256byteslimit thedatablock of thefollowing pad
will bepartlyoverwritten,resultingin thelossof thefirst clustersof thispad.

5.4.2 Signal Processing

Immediatelyafter receiving a first-level triggersignaltheSCA startsto samplethe16 outputsof
theamplifierin parallel.Thissamplingphaseis followedby thereadoutphasein which thestored
analogvaluesaredumpedin a time-wiseorder(first sampleof channel0, fist sampleof channel

3AL ice TPCReadOut. For theCERESreadouta modifiedversionof thischip wasused.
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Address Name Access Description

0x70000 CSR0 R/W [31:0]: enablebit for channels0 to 31
0x72000 CSR1 R/W [15:0]: enablebit for channels32 to 47
0x74000 CSR2 R/W [19:16]:

[12:0]:
triggerdelay
readoutdelay

0x76000 CSR3 R/W [31]:
[30:21]:
[20:16]:
[15:0]:

flag
eventnumber
boardaddress
eventlength

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

Table 5.1: Controlandstatusregistersof theFEDCboard.

Address Name Access Description

0x800 CSR0 R/W [16:9]:
[8:1]:
[0]:

numberof samplesto process
zerosuppressionthreshold
datastreamcomingfrom ADC (=0) or
pedestalmemory(=1)

0xa00 WBASL R accessto pedestalmemory

Table5.2: Registersof theALTRO chips.

1, qrqrq , fist sampleof channel15,secondsampleof channel0, qrqsq ).
Thedatacomingfrom the TPCfront-endelectronicaredigitizedusinga 10 bit ADC on the

FEDCcardof which only the9 mostsignificantbits areusedfor furtherprocessing.Therefore,
inside the ALTRO chip the signalsare representedby 9bit codes,rangingfrom 0 to 511. The
baselinecorrespondsto a valueof about300. Theprocessingof theincomingdatais startedwith
a triggersignalwhich is generatedfrom oneMotherBoard. After convertingtheanalogsignalthe
datastreamis demultiplexedaccordingto the 16 channelsof the preamplifier. The resulting16
datastreamsareprocessedin parallelinsidetheALTRO chip.

In the following processingsteps(seeFig.5.5) the polarity of the signal is changedandthe
baselineis subtracted.After this subtractionthesignalshouldbeconfinedwithin thefirst half of

511

1
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256 256

2 3 4
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0
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Figure5.5: Thedifferentstepsof signalprocessinginsidetheALTRO chip.
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Figure 5.6: Zerosuppression.Triggerat t t 0.

the9 bit range.Thereforethemostsignificantbit canbeomittedreducingthesignalrepresentation
to 8 bit codes.Finally, thesignalundergoesthezerosuppression.Sampleswith a valuesmaller
thanaconstantthreshold(8 bit) arerejected.This thresholdis storedin oneof thecontrolregister
of theALTRO. Whenasampleis foundto beabove thethreshold,it is consideredasthestartof a
pulse(cf. Fig. 5.6)

5.4.3 Pedestals

As eachALTRO chip processesdatacoming from 16 TPC-channelswith maximum256 time
samples(= 4096bytes),it wasnot possibleto provide enoughmemoryinsidethe chipsto hold
pedestalvaluesfor all samples. In fact, due to the stability of the pedestalsand their smooth
dependenceon thesampletime it wasnot alsonot necessary. Instead,a schemeusinga look-up
tablewasimplemented.Figure5.7 shows a pictorial representation.The look-up tablecontains
2567 bit words.Theindex (the line number) of this tablecorrespondsto thesamplenumber. The
entriesaretheaddressesof the data-bufferswhich containthepedestalvalues.This means,128
pedestalvaluescanbeassignedto eachchannel.For thisschemeonly 2048bytesfor thedataplus
256bytesfor thelook-uptablearenecessary.

The format of the datafiles usedto programthe pedestalvaluesreflectsthis setup. The in-
formationbelongingto 4 ALTROsof onedaughtercardarecombinedin onefile. Thefile name
containsthe branchnumber(x), theFEDC-boardnumber(y) andthedaughtercardnumber(z):
ped x y z. EachALTRO datablock consistsof thepedestalvaluesandthe look-up table. The
pedestalvaluesarearrangedin 128 lines with eight 16 bit words. The first word containsthe
informationfor channel0 and1, thesecondfor channel2 and3, andsoon. The look-up table,
which followsthedatablock,consistsof 256lineseachline containinga 7 bit word.

Onedisadvantageof this schemecomparedto theoneusedin theoriginal CERESreadoutis
themissingpossibility to specifya thresholdfor zero-suppressionfor all time-bins.This featureis
usefulif thenoiseof individualtime-binsis verydifferent.Instead,theALTRO usesonethreshold
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Figure 5.7: Implementationof thepedestalmemoryusinga look-uptable.

valuefor all time-bins(CSR0register). This restrictionwasevadedby addingthethreshold(de-
terminedindividually for eachtime-bin) to thepedestalvalueandstoringthis combinedvaluein
thepedestalmemory. Thezero-suppressionvaluewhich is usedto detectthestartof apulseis set
to 0. With thisscheme,notonly thetruebaselineis subtractedfrom thesignalbut alsothespecific
threshold.If the resultingvalueis above zero,thepixel is consideredbeingpartof a pulse. For
theoff-line analysistheadditionallysubtractedthresholdhasto beaddedagainfor eachpixel.

5.4.4 Data format

Theevent is storedin theFEDCmemoryasa back-linkedstructureasdepictedin Fig. 5.8. Due
to the removal of a varying numberof samplesbetweenthe acceptedclusters,the timing in-
formationwould be lost during the zero-suppressionprocess.This requirestwo additionaldata
wordsperrecognizedcluster— thetime-stampandthecluster-length— to beableto reconstruct
thesignalsoff-line. Thecluster-lengthcorrespondsto the total numberof samplesplus the data
word containingthe time-stampandthe dataword for the cluster-length. The time-stampgives
the (sample-)positionof the last samplein the clusterrelative to the trigger signal. This cluster
structure(samplevalues+ time-stamp+ cluster-length)is repeatedfor eachacceptedclusterin
a specificchannel.Thesedataarecompletedby a 32bit trailer word which containsthechannel
identifier and the total numberof bytesin the packet. The trailer word alwaysstartsat a 32bit
boundary. This is ensuredby usingdummybytesat the endof the channeldatastructure.The
datablock shown in Fig. 5.8consistsof n clusters.Cluster0 comprisesof 5 samples,cluster1 of
only 3 andsoon. This exampleneedstwo additionalfill bytesat the endof thestructurewhich
areshown aswell.

Theoverall FEDC-boarddatablockcontainsthechanneldatablocksfor channel0 to channel
703. In theCERESversion,only 640out of 768channelsof theFEDC-boardareused,numbered
from 0 to 319andfrom 384to 703. Thegapin thenumberingis dueto unusedinput connectors
at thefront panelof theFEDC.
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Figure5.8: ALTRO dataformat

5.4.5 Trigger

To startthesignalprocessingof theFEDCsanadditionaltriggersignalhasto beprovidedwhichis
relatedto theswitch-overfrom thesamplingphaseto thereadoutphaseof theSCA. Suchasignal
alreadyexists on the MotherBoard(thedata-outputsignalgeneratedby the SCA andindicating
thestartof thereadoutphase).This signalis routedfrom oneMotherBoardto a fan-outmodule
anddistributedto all FEDCssimultaneously(seeFig. 5.9). A delay-lineis usedto synchronize
thissignalwith thedatafrom theSCA.
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5.5 The MXI-2 Interface

TheMXI-bus4 is a high-performancecommunicationlink thatinterconnectsdevicesusinga flex-
ible cablingscheme.MXI-bus is a generalpurpose,32-bit multi-mastersystembus on a cable.
It providesa high-performanceway of controlling VXI 5 systemsusing commerciallyavailable
desktopcomputersandworkstations.MXI devicescandirectly accesseachother’s resourcesby
performingsimplereadandwrite operationsto appropriateaddresslocations.TheMXI-2 standard
expandsthenumberof signalson a standardMXI cableby exportingall VXI backplanesignals
suchasVXI triggers,interruptlinesandsystemclocksdirectly to thecabledbus.

A VXI device hasa uniquelogical 8-bit address,which servesasa meansof referencingthe
device in theVXI systemandallows up to 256VXI devicesin a VXI system.EachVXI device
musthave a specificsetof registers,calledconfigurationregisters.Theseregistersarelocatedin
theupper16 kbyteof the64 kbyteA16 VME addressspace.Thelogical addressof a VXI device
determinesthe locationof the device’s configurationregistersin the 16 kbyte areareserved by
VXI.

Throughtheuseof theVXI configurationregistersthesystemcanidentify eachVXI device,
its type,modelandmanufacturer, addressspace,andmemoryrequirements.VXIbusdeviceswith
only this minimum level of capabilityarecalledregister-baseddevices. With this commonset
of configurationregisters,the centralizedResource Manager, a softwaremodule,can perform
automaticsystemconfigurationwhenthesystemis initialized.

In additionto register-baseddevices,theVXIbusspecificationalsodefinesmessage-basedde-
vices,which arerequiredto have communicationregistersin additionto configurationregisters.
All message-basedVXIbusdevices,regardlessof themanufacturer, cancommunicateat a mini-
mum level usingtheVXI-specifiedWord SerialProtocol. In addition,onecanestablishhigher-
performancecommunicationchannels,suchasshared-memorychannels,to takeadvantageof the
VXIbusbandwidthcapabilities.

Thesetupusedin CERESconsistsof theVME FEDC-boardswhich arecontrolledby a PCI-
VME bridge— theNationalInstrumentsVME-MXI-2 busextender. This configurationconsists
of aPCIcard(pluggedin theso-calledReadout-PCs),MXI-2 busandaMXI-VME interfacecard.
Datafrom theFEDCsareconvertedon theMXI-VME interfaceboardandsentover theMXI bus,
which is essentiallytheVME on a cable,into thePCI card.Themaximalachieveddataratewas
about12 Mbyte/s.

5.6 Software

The communicationwith the TPC-electronicsis basedon a VME processorrunning the OS9
operatingsystem(FIC 8234from CES).All partsof thereadoutelectronicsareconfiguredvia the
VME-bus. For thebeam-timeof 2000all programswereadaptedto Linux andwererunningon
a PC. The communicationbetweenthesoftwareon thePC andthehardwareis basedon a very
simpleclient/server architecture(Fig. 5.10). The programs(clients)opena TCP/IPconnection
to the VME processorandsendshortcommandsto a server process.The server interpretesthe

4MultisystemeXtensionInterface
5VME eXtensionsfor Instrumentation
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Data connection to the motherboards
(flat ribbon cable)

VME-crate with processor,
Detektor-Link-Modules and
Clock-Module

TCP/IP connection

Linux-PC

Figure5.10: Client-serverarchitectureof theTPCsoftware.

commandsandinitiatesa VME-busaccess.In caseof a readaccessthedataaresentbackto the
PCusingtheestablishedTCP/IPconnection.
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6 Reconstruction of the Raw Data

6.1 Data Set

In the framework of this thesis,data samplesof Pb–Au collisions takenat beamenergies of
40 AGeV, 80 AGeV, and158 AGeV at the CERN SPShave beenanalyzed. The beamperiod
of the year1999with Ebeam t 40 AGeV wasaccompaniedwith severeproblemsin the readout
system(seeChapter5). Therfore,only a limited partof theTPCdatacouldbeusedfor theanal-
ysispresentedin [71]. In thecourseof this thesisa reanalysisof this datasetwasdoneusingthe
improvedsoftwarefor hit- andtrack-findingaswell astheaugmentedknowledgeaboutthecali-
brationof thedifferentdetectors.To enhancethequality of thedatasampleonly theinformation
from readoutchambers0 and1 wasused. Thesetwo chambershave beenthe only oneswhich
showeda stableandreliableperformanceof thereadout.

Thedataat beamenergiesof 80 and158AGeV weretakenduringthebeamtime in 2000,the
80 AGeV dataessentiallyin onenight at thevery beginningof theheavy ion run. At thetime of
the80 AGeVrun, thesilicon drift detectorswerenot operationalyet. Duringdatatakingwith the
full beamenergy of 158GeVall detectorswereoperational.To haveaconsistentanalysisscheme
for all beamenergiesonly thedataof theTPChave beenusedto determinethemomentumof the
tracksandto constructthetwo-particlecorrelationfunctions.

Theanalyzeddatasamplesfor all beamenergiesaresummarizedin Table6.1.

6.2 Production: From Raw Data to ROOT-Trees

Thegoalof all dataanalysisis theextractionof meaningfulnumbersfrom themeasureddetector
signalsandtheir interpretationin termsof physics.Clearly, thedatavolumeof theraw data,i. e.
thedataasrecordedfrom thedetectors,aremuchtoobulky anddifficult to handle.In addition,the
dataarenotcalibrated,whichmeansthatthedataarenotcorrectedfor environmentalchangeslike
temperature,gascompositions,or known imperfectionsof thedetectors.Therefore,thefirst step
of dataprocessingis theso-calledproduction. In this timeconsumingprocessthecompressedraw
dataaredecompressed,theduringdatatakingsubtractedpedestalis reestablished(seepage47),
measuredADC valuesare transformedinto hits in the individual detectors,hits aregroupedto
tracks,andfinally themomentaof the tracksaredeterminedby a fit algorithm. As theoutputof
theproductiona very limited numberof parameters(e.g. coordinatesof hits or tracks)arestored
in theROOT1 treeformat.

The processingof the raw datais doneon a PC clusterat CERN running Linux, eachPC
having two processors.During thebeam-timethedataof all eventsbelongingto oneburstwere

1TheROOT systemis anObjectOrientedframework for largescaledataanalysisdevelopedatCERN.
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6 Reconstructionof theRaw Data

Ebeam t 40 AGeV Ebeam t 80AGeV Ebeam t 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 35067 1120 93 36128 1273 314 108705
792 115 158388 1121 55 19933 1274 362 125063
793 80 95777 1122 156 54298 1275 81 28410
796 262 270967 1123 129 49200 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

Table6.1: Overview of theanalyzeddatasamplesat thethreedifferentbeamenergies.

collectedin onebinary file which wasstoredon tapeat CERN’s computercenter. Thesefiles
arethe smallestdataunits which canbe processedindividually. To usethe computerclusteras
efficiently aspossiblean automaticload sharingtool (LSF) wasused. This softwaretakescare
of the distribution of individual jobs to the PCs,ensuringa high andequalload of all available
resources.

Theproductionprocessis controlledby a few Perl scripts.An overview is givenin Fig. 6.1.
The main script controlsthe stagingof the raw-datafiles. Stagingmeanscopyingof datafrom
tapeto a disk pool. This disk pool is a collectionof severaldatadiskswhich aremanagedby the
CASTOR systemin a completelytransparentway. Theuserdoesnot have to know wereexactly
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logCleaner.pl

run lists

run1114
run1115

links in
~/data ?

submit jobs
to LSF

EXIT

Yes

No

start_batch.pl

jobs
pending ?

    sleep 5 min
  }
}

foreach $run (@run_list){
  while (bursts to process){
    while (jobs pending){
      sleep 10 min
    }
    stagein (next 50 bursts)

produce.pl

start_batch.pl

starter.pl

sleep 10m

No

Yes

Figure6.1: Productionof theraw datais donein a automatedwayandcontrolledby simplePerl
scripts.

the files arestoredin this pool. A logical link createdby the stagingcommandgivesaccessto
the file. From a list containingall files which have to be processed,bunchesof up to 100 files
arechosenandrequestedfor staging.ThePerl scriptensuresthatonly fileswhich arenot already
processedarereadfrom tape. The starter.pl script is responsiblefor startingthe individual jobs
for processingof theraw datafiles. For eachfile copiedto thedisk poola job is submitted.

CASTOR

During springof 2000all recordeddatafrom thebeam-timein 2000weretransferedto thenew
CASTOR systemat CERN[72]. CASTOR standsfor CERNAdvancedSTORageManagerand
theprojectwasstartedto handlethehugeamountof anticipateddatafrom theLHC2 experiments
in a fully distributedenvironment.CASTORis animplementationof asocalledmanagedstorage
systemwhereusersreferencedatathrougha logical namespaceratherthanthroughexplicit tape
namesandtapefile sequencenumbers.By usingacommandinterface(theRFIO API)3, accessto
remotefiles is identicalto readingor writing to a local diskpath.

Whena programwantsto accessa CASTOR file, it first contactstheCASTORNameServer
andchecksif the file 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 manages.Thefilesarecopiedon disks

2LargeHadronCollider
3RemoteFile IO ApplicationProgramInterface
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6 Reconstructionof theRaw Data

whicharemanagedby thestagerandwhich establishthediskpool. As a laststepa symboliclink
to this file is created.The CASTOR nameservermaintainsthe logical namespace.All files in
theCASTOR systemhave anassociatedlogical nameentry in thenameserver. Thenamespace
is verysimilar to a UNIX directorystructure.An entryin thenameserver containsinformationto
locatethefile on aspecifictape,sizeof thefile, accesspermissions,andothers.

A smallnumberof commandline programswhich arebuilt on top of the RFIO API canbe
usedto perform routine file anddirectory manipulationssuchas remotelycopying,moving or
renamingfiles.

6.3 The Reconstruction Chain

Reconstructionof thedatameansthetransformationfrom raw detectordatainto meaningfulphys-
ical information(e.g. informationabouthits or tracksof particleswith their momenta).During
thisprocesstheamountof datais reducedsignificantly. Themainpartsof thisprocessare:u calibrationu hit findingu trackfindingu trackfitting

Essentiallyall softwarewhich is usedin CERESis basedon theCOOL4 library. COOL is a
collectionof C++classes,varyingfromverysimpleclasseslike amomentumclasses(C3Momentum
andC4Momentum ) to verysophisticatedclassesfor findingandreconstructinghitsor fitting mo-
mentumto a track(CTPCHitFinder or CTPCTrackFitter ).

The first stepin the the reconstructionchainis the unpackingof the detectordata. For each
detectorthezerosuppresseddataarereadfrom abinaryfile andtheoriginal timesequenceof the
signalswhichwaslostduringthedata-reductionprocessin thereadout-electronicis restored.The
amplitudesandthe time informationof the pixels arefilled into lists of the appropriatedetector
class(CTPC, CRich1,CRich2,CSDC1, CSDC2). All following analysisstepsoperateon these
pixel lists. Figure6.2 shows the differentstepstowardsthe ROOT tree for the TPC only. The
ROOT outputfinally containsthe extractedphysicalinformationnecessaryfor further analysis.
In thefollowing sectionsthemainpartsof the reconstructionchainfor theTPCareexplainedin
moredetail.

6.3.1 Hit Finding

After unpackingthe raw dataaresearchedfor hits. A hit is characterizedby a local maximum
in theamplitudevaluesof adjacentpadsandtime bins. Theamplitudevaluesof theTPCsignals
arestoredin a two-dimensionalarrayaccordingto the padandtime coordinates.In a first loop
local maximain time directionaresearchedfor eachpad,followedby a searchfor local maxima
in paddirectionfor eachtime bin. Only if the local maximain time andpaddirectionareat the
samelocationin thedataarray, this is consideredasa localmaximumwhich correspondsto a hit.

4CeresObjectOrientedL ibrary
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setup

setup

setup

Raw data (pixel)

unpacking

HitFinder

TrackFinder

TrackFitter

ROOT
tree

SOR
file

Figure6.2: Schematicview of thedifferentstepsin thereconstructionchain.Duringunpacking,
all informationaboutthe detectorcalibrationis readfrom the Start Of Run (SOR)
file. Thesetupfiles containdata(e. .g. thresholdvalues)which control thebehavior
of theanalysissteps.

The criteria for a local maximummustbe chosenin a way to ensurea certaintoleranceagainst
fluctuationsonthesignal.Otherwiseevery low amplitudepeakoriginatingfrom noisefluctuations
would resultin ahit.

After all absolutemaximaarefound,thepositionsof thehitsaredeterminedby calculatingthe
centerof gravity in time andpaddirectionrespectively. For this calculationanareaof 3 padsv
5 timebins(15 pixels, the so calledHit-Area) aroundthe maximumof a hit is considered(see
Fig. 6.3). If this areaoverlapswith anotherHit-Area of a close-byhit, the hits areclassifiedas
overlappingandthecalculationof thehit parametersneedsmoresophistication.A countervariable
fi, assignedto eachpixel in the Hit-Area, is filled with the sumof the maximumamplitudesof
all hits it belongsto. Thevaluesof theseflagsareusedto weight theindividualpixelsduringthe
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Figure6.3: Examplefor the treatmentof overlappinghits in theHitFinder. Theflagsin theHit-
Area of Hit0 arefilled with its maximumamplitudeplusthemaximafor theoverlap-
pinghitsHit1 andHit2.

calculationof thecenterof gravity [73]:

t̄ ~ ∑i Ai � Amax0� fi � ti
∑i Ai � Amax0� fi

(6.1)

φ̄ ~ ∑i Ai � Amax0� fi � φi

∑i Ai � Amax0� fi � (6.2)

i is theindex of thepixelsin the3 padsv 5 timebinsareaaroundahit, Ai thevalueof theamplitude
of pixel i, ti andφi arethe nominalpositionsin time- andφ-directionof the pixels. Figure6.3
showsanexampleof threeoverlappinghits.

With the help of a lookup table the transformationfrom pad-time-planecoordinatesinto
(x,y,z)-spacecoordinatesof the hits is carriedout. This tableabsorbsthe whole transportpro-
cessof thechargeclustersin theelectricandmagneticfieldsinsidetheTPC.It is obtainedusinga
microscopicsimulationof thedrift process.Thedrift pathof theprimarychargeclusterscreated
by trackspassingthroughthe TPC is calculatedwith the drift equation(3.7). Since �vd depends
on �E ���x� and �B �"�x� a preciseknowledgeof thesefields is necessaryin orderto reconstructthehit
coordinates.

6.3.2 Track Finding

Thetaskof thetrackfinderis to combinehits to tracks. EachtrackinsidetheTPCis definedby a
certainnumberof hits (up to 20),distributedover the20 planesin z-direction.

The trackingstartsfrom a so-calledcandidatehit with a z-positionaroundthe centerof the
TPC. This hit is combinedwith its two closestneighborsin z-direction to predict the sign of
thetrack’s curvaturein φ-directionwhich is usedto definea φ-window in which furtherhits are
searched.Startingfrom thecandidatehit thetrackis supplementedwith hits on planesfollowing
in upstreamand downstreamdirection. The φ-positionof thesehits is predictedwith a linear
extrapolationusingthetwo previoushits. If nohit is foundin asmallwindow aroundthisdirection
theprocedurestops.In thefollowing stepthetrackingsoftwaretries to find thestill missinghits
by fitting apolynomialof secondorderto thealreadyfoundhits. Thepolynomialis usedto predict
thepositionof thehit on thenext plane.
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Figure 6.4: Momentumfit.

Thetrackingsoftwareis describedin moredetailin [74].

6.3.3 Track Fitting

The trajectoryof a ionizing particle is definedby up to 20 hits in the TPC. Sincethe magnetic
field is very inhomogeneousan analyticaldescriptionof the trajectory is not possibleand the
determinationof theparticles’momentumis doneusinga two-dimensionalfit basedon reference
tables.Thesetablescontainthe hit coordinatesof particleswith a fixed momentumof 1 GeV/c
for different θ angles. The trajectoriesof thesereferenceparticleshave beencreatedusing a
simulationof theTPCbasedon thesoftwarepackageGeant[75].

The outputof the fit procedureare the φ andθ anglesof the trajectoryandthe magnitude
of the momentumfrom which the Cartesiancomponentspx, py, and pz arecalculated.Due to
theconfigurationof themagneticfield thedeflectionof chargedparticlesis mainly in φ direction
[59]. With this assumption,θ is obtainedby fitting a straightline to the hits in the r-z plane.
The resultsof this fit arethe radial offset r0 at the target andthe slopeof the track tan� θ � . For
trackscomingfrom the target thedistribution of r0 shouldbe centeredaroundzerowith a width
which is givenby thespatialresolutionof theTPCandby multiple scattering.To correctfor the
influenceof multiple scatteringfor trackscomingfrom the target it is assumedthatall scattering
happensin theRICH-2mirror. This is reasonablebecausethemirror is themostmassivematerial
(its thicknessis 4.7%of a radiationlength)particleshave to traverse(seeFig. 6.4,left).

The magnitudeof the momentumas well as the φ angleand the slopeof the track at the
entranceof theTPCareobtainedby fitting thehits in theφ-zplanewith a referencetrack.

6.4 Momentum Resolution

Themomentumresolutionisdeterminedby thespatialresolutionof thedetectoraswell asmultiple
scatteringdueto thedetectormaterial.Therelative momentumresolutiondp� p asa functionof
themomentump canbeparameterizedas:�

dp
p � 2 ~ �

dp
p � 2

ms � �
dp
p � 2

res
(6.3)
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with thefollowing assumptions:�
dp
p � ms

∝
1� �B � 1

L � X0
~ const.� (6.4)�

dp
p � res

∝ p (6.5)

L is the measuredtrack lengthandX0 the radiationlength. The formulasfor the statisticalpart
of themomentumresolutiongivenin theliterature[65, 76, 77] cannot beapplieddirectly to the
CERESTPC. They arebasedon very specificassumptionsconcerningthe setupandfield con-
figurationof the spectrometer. Nevertheless,it is possibleto specify the momentumresolution
in a quantitative way usinga Monte-Carlosimulationof the detector. By comparingthe recon-
structedmomentumof a simulatedparticlewith its truemomentumtheresolutionof thedetector
canbestudied.Finally, thequality of thedetectorsimulationis cross-checkedby reconstructing
theinvariantmassof theΛ hyperonfrom its chargeddecayproductsp andπ � .

In addition to the statisticaluncertaintiesof the momentumdeterminationdue to the finite
local resolutionandmultiple scatteringtherearesystematicdistortionsof the reconstructedhit
positions.They arecausedby thealreadymentionedproblemsathit finding/reconstructionwhere
thedeterminationof thehit coordinatesis basedon thenon-perfectknowledgeof thedrift prop-
ertiesinsidetheTPC(seepage70). It is dueto theseimperfectionsthat thedesignresolutionof
theTPChasnotyetbeenachieved(seebelow). However, sincethemeasuredhit residualdistribu-
tionsareusedasinput for thesimulations,weexpectto obtaina realisticestimateof theresulting
momentumresolution.

6.4.1 Spatial Resolution

For a fixedgeometryandmagneticfield configurationthemomentumresolutionis mainly deter-
minedby thesinglehit positionresolution.Thespatialresolutionof theTPCcanbeinvestigatedby
comparingthereconstructedhit positionswith theidealhit positionsgivenby thefitted trajectory
of a track. The width of thedistribution of thedifferencesbetweenbothpositions,theso-called
residualdistribution,givesthespatialresolution.Thespatialresolutioncanbedecomposedinto a
radialcomponentσr andacomponentin azimuthaldirectionσφ. Figure6.5showsthemeanvalues
togetherwith thewidthsof theresidualsasafunctionof thez-coordinate.Especiallytowardsboth
endsof theTPCa significantdeviationof thehits from thetrajectoryin radialdirectionis visible,
causedby thestill incompleteknowledgeof theelectricalfield usedin the reconstructionof the
hit positions.Thedistortionsin φ directionaredueto theimperfectconsiderationof themagnetic
andelectricfields,gaspropertiessuchasmobility, geometryof theTPC,andtheLorentz-angle.
The accuratedeterminationof thesevaluesareunderway but not yet includedin this analysis.
At this presentintermediatestageof calibrationthemeanspatialresolution(integratedover all z
positionsandradii) is:

σ � ∆r ��� 930µm

σ � ∆φ ��� 520µrad�
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Figure6.5: Residualsof thetrackfit for runsatbeamenergy of 158AGeVwith magneticfield.

Thishasto becomparedwith thedesignvalues

σdesign� ∆r ��� 600 � 700µm

σdesign� ∆φ ��� 200 � 300µrad

whicharesignificantlybetter.

6.4.2 Momentum Resolution from Monte-Carlo Simulations

As alreadymentioned,aMonte-Carlosimulationof thedetectoris usedto determinethemomen-
tumresolution.In orderto dothis, thesimulationhasto describethedetectorwith goodprecision.
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6 Reconstructionof theRaw Data

All imperfectionsin thereconstructionof thehitsdueto theinsufficientknowledgeaboutthedrift
propertiesat the presentstageof the calibrationhave to be implemented.This canbe achieved
by tuning the simulationaccordingto the distributionsobtainedfrom the analysisof real data,
e.g. thedeviationof thereconstructedhit positionsfrom thefitted trajectory(thehit residuals),as
shown in Figure6.5,have to beconsidered.Thiswasdoneby by smearingther andφ coordinates
of eachreconstructedhit accordingto theexperimentallyobtaineddistribution.

By comparingthe real momentumof a particle with its reconstructedone the momentum
resolutionasa functionof momentumis obtained.Theresultis shown in Figure6.6. According
to Eq. (6.3)theresolutioncanbeparameterizedas�

dp
p � ~�� 0 � 0212 � � 0 � 022 � p� 2 � (6.6)

wherethemomentump is givenin unitsof GeV/c. For valuesof p � 1 GeV/c theparameterization
deviatessignificantlyfrom the simulation. Thereasonfor this areinconsistenciesin the Monte-
Carlosimulationof theTPCwhich leadto momentumoffsetsat smallvaluesof p. Theseoffsets
aredifferentfor positiveandnegative tracks.

Comparedto thedesignresolution�
dp
p � design

~ � 0 � 012 � � 0 � 01 � p� 2 (6.7)

thepresentmomentumresolutionis still aboutafactortwo worsebut consistentwith theobserved
averagedglobal width of the hit residuals(seeFig. 6.5) which is largely affectedby remaining
distortionsof thedrift field. However, thelocal singlehit spatialresolutionis consistentwith the
designgoalsothattheexpectationis thatafterfinishingthevariouscalibrationissuesaresultclose
to thedesignresolutionwill bereached.

6.4.3 Reconstruction of the Λ Hyper on

In orderto checkthereliability andprecisionof theTPCMonte-Carlosimulationit is usefulto re-
constructthedecayof particlesandtocomparethereconstructedinvariantmassminv ~ � � p1 � p2 � 2
with the resultobtainedby the simulation. For this purposethe decayof the neutralΛ hyperon
wasinvestigated.

The neutralΛ-hyperonis reconstructedusing its charged decayproducts. The considered
decaymodewith abranchingratio of about64%is

Λ � p π � �
Theinvariantmassis reconstructedby combiningall positivetrackswith all negative tracksmea-
suredin theTPCin oneevent,resultingin thesignalmassdistributionS. This procedureleadsto
a largecombinatorialbackground.To evaluatetheshapeof this backgroundaccuratelyanevent-
mixing methodis used. Positive tracksfrom oneevent arecombinedwith negative tracksof a
differentevent. Thesecombinationscontainno realΛ decaysanddescribethebackgroundvery
well. The normalizedbackgrounddistribution B is subtractedfrom the signaldistribution S to
obtaintheinvariantmassspectrum:

M ~ S � N � B � (6.8)

ThenormalizationconstantN is extractedfrom thesignal-freeregion in the invariantmassspec-
trum(1 � 15 � minv � 1 � 2 GeV/c2).

74



6.4 MomentumResolution

p (GeV/c)
0
�

1 2
�

3
�

4
�

5
�

6
�

pdp

0
�0.02

�0.04
�0.06
�0.08
� 0.1
�0.12

�0.14
�0.16
�0.18
� 0.2
�

 0.0005114 ±
�

    = 0.02077 0
 p¡

 0.0001391 ±    = 0.02185 1
¢p¡  0.0005114 ±

�
    = 0.02077 0
 p¡

 0.0001391 ±    = 0.02185 1
¢p¡

Figure6.6: Momentumresolutionof theTPC.

Reconstruction of Secondary Vertex and Fringe Field Correction

Themainproblemin reconstructingsecondaryparticlesfrom theirdecayproductsis thediscrimi-
nationof thehugecombinatorialbackground.For theΛ with ameanlife timeof � 2 � 632£ 0 � 020�6¤
10� 10 s or a meandecaylengthof 7.89cm (in the restframeof theparticle)[26] a very efficient
tool to rejectthebackgroundis a cut on thez-positionof thereconstructeddecayvertex. Dueto
theLorentzboostof theproducedparticlesthedecaylengthin thelab frameis muchlonger, thus
thedecayverticesof themajorityof producedΛ hyperonsarewell separatedfrom thetarget.The
transformationof thedecaylengthinto thelab frameis givenby:

cτlab ~ γβ � cτ � (6.9)

Assumingγβ � 5, themeandecaylengthin thelab frameis about40 cm. Requiringa minimum
distanceof 50 cm betweentarget andreconstructedvertex of the Λ decay, target trackscanbe
efficiently suppressed.

Thedecayvertex is foundby calculatingthepoint of closestapproach of two trajectoriesby
back-extrapolatingthemeasuredmomentumvectorsof theparticlesfrom theentranceof theTPC
towardsthetarget. In orderto dothis, thetracksareparameterizedusingthemeasuredθ andφTPC
angles(φTPC is thetrackangleat theentranceof theTPC)aswell asthepositionwherethetrack
enterstheTPC(for thecoordinatesystemof theTPCseeFigure3.6). For non-target tracksφ � z�
andθ � z� arenot constanteven in the field free region. Therefore,the slopedφ � dz of the track
at the entranceof the TPC is neededasadditionalinformationfor the back-extrapolation. The
entrancepositionof thetrackaswell asθ, φTPC andtheslopedφ � dzareresultsof thetrackfitting
procedure.

For particlesoriginatingfrom thetarget,neglectingtheinfluenceof multiplescattering,φ � z� is
constantasit traversesthespectrometeruntil it reachestheTPCwheretheradialcomponentof the
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Figure6.7: Effectof thefringefield ontracks.Theremnantmagneticfield in front of theTPCen-
trancewindow is bendingchargedparticlesin φ direction.φ � z� is no longerconstant
andtheparticlesentertheTPCwith someslopedφ � dz.

magneticfield startsto bendits trajectory. However, dueto themagneticfringefield in front of the
TPCtheparticleis alreadydeflectedbeforeit enterstheTPCandφ � z� varieswith the increasing
z-coordinateof theparticle,seeFigures6.7and6.8. Thiseffect is irrelevantfor targettrackssince
φ is measuredwith thesilicon detectors.For secondarychargedparticles,produceddownstream
of thesilicon detectors,theeffect of thefringe field becomesmoresevere. Thereconstructionof
thedecayvertex stronglydependson φTPC anddφ � dz at theentranceof theTPC(botharegiven
by thetrackfit) which areaffectedby thefringefield.

To correctfor the effect of the fringe field, its influenceon target trackshasbeenstudied.
Becauseby far mostof the reconstructedtracksin an event aredueto particlesproducedat the
main interactionvertex all tracksof an event areassumedto be target tracks. To quantify the
deflectioncausedby the fringe field, φTPC andtheslopedφ � dz have beenusedto calculatewith
a linearextrapolationthecorrespondingφ valueat thearbitrarily chosenpositionof theRICH-2
mirror. The difference∆φ ~ φRICH-2 � φTPC, which shouldbe zerowithout fringe field (which
meansdφ � dz ~ 0), is shown in Figure6.9 asa function of the inversemomentumof the track.
Assumingthat the influenceof the fringe field is the samefor target andnon-target tracksthe
parameterizationof ∆φ by a straightline is usedto correcteachtrack (also non-target tracks)
accordingto its momentum.

Invariant Mass Spectrum

Fig. 6.10showsthereconstructedinvariantmassspectrumof theΛ asobtainedby a Monte-Carlo
simulation(solid line) andby theanalysisof data(blackcircles),normalizedwith respectto the
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Figure6.8: Effect of thefringe field on target tracksandtrackscomingfrom secondaryvertices
(in this casefrom the decayof a Λ), both with thesamemomentum.Themeasured
∆φ for thetargettrackis alsousedto correctthetrajectoryof thesecondaryparticle.

peakvalue.For bothanalysisthesamecutshave beenused.Thespectraarefitted by a Gaussian
with thefollowing results:

Data: mΛ ¥ 1 ¦ 114GeV§ c2 Monte-Carlo: mΛ ¥ 1 ¦ 1086GeV§ c2

σ ¥ 10¦ 65MeV § c2 σ ¥ 7 ¦ 37MeV § c2

Themeanvaluesof theΛ massesdiffer by about0.4%. Thevalueobtainedby analyzingdatais
in goodagreementwith mΛ ¥ 1 ¦ 115683GeV/c2 quotedin literature[26] while thevalueobtained
with theMonte-Carlosimulationdiffersfrom the literaturevalueby 7 MeV. This pointsagainto
the fact that the Monte-Carloat its presentstagedoesnot describethe experimentalsetupwith
highprecision(seeabove).

However, theabsolutemass/momentumscaleis not crucial for theHBT analysis.There,the
correlationfunctionis determinedby themomentumdifferenceof two particlesandthereforean
offset in the momentumbecomesbalanced.The massresolution,reflectedin the width of the
Gaussian,differsby about3 MeV/c2.

As onecansee,theagreementof simulationsanddatais not perfect. This pointsto the fact
that the usedMonte-Carlosimulationdoesnot describetheexperimentalsituationin full detail.
Includingthehit residualsin orderto emulatetheincompletestageof thecalibrationof thedrifting
chargeclusters(seepage70)maynotbesufficient. Anotherproblemwhichis inherentto theusage
of theΛ asaprobefor themassresolutionis thedeterminationof theopeningangleof thedecay.
The reconstructedinvariantmassdoesnot only dependon the singleparticle momentaand its
uncertaintiesbut alsoon the openingangleof the decay, on his part strongly influencedby the
fringe field andits correction.This speaksin favor of usinga decaywith a shorterlifetime, e. g.
thedecay

K0
s � π̈ π �
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Figure6.9: Influenceof thefringefield on targettracks.Shown is thedeflection∆φ asa function
of theinversemomentum.∆φ ¬ p � 1  is parameterizedby a polynomialof first order.

with a meandecaylengthof 2.676cm [26]. Due to the shortdecaylengtha big fraction of the
K0

s decaybetweentargetandsilicon detectors.Their decayproductscanbetrackedby thesilicon
detectors,supersedingthefringefield correction.However, thisapproachneedsamodifiedversion
of thesiliconsoftwarein orderto allow for thereconstructionof secondaryverticeswhichwasnot
yet available.
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Figure6.10: Invariantmassspectrumof theΛ. Shownaretheresultsof aMonte-Carlosimulation
of theTPC(solid line) andthemassspectrumasreconstructedfrom data(pointsand
dashedline).
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7 HBT Interf erometr y Anal ysis

Theanalysisof Bose-Einsteinmomentumcorrelationof identicalparticlesprovidesan ideal tool
to gain insight into thespace-timeevolution aswell astheexistenceof a collective velocity field
at thetimeof thermalfreeze-outof aparticleemittingsource,createdin ultrarelativistic collisions
of heavy ions[50, 78]. This chaptergivesa detaileddescriptionof thedifferentanalysisstepsin
orderto obtainthecorrelationfunctionandconsequentlythesourceparameters.In thecontext of
thisthesiscorrelationsof like-signpionpairshavebeenstudied.Thethree-dimensionalcorrelation
functionC2, dependingontherelativemomentumcomponentsof theparticlepair, wasparameter-
izedusingathree-dimensionalGaussian,modifiedto considerthefinal stateCoulombinteraction.
Theparameterizationwasdonein theCartesianout-side-longsystem[40, 41]. Thethreecompo-
nentsof the relative pair momentumweredeterminedin theLongitudinallyCo Moving System
(LCMS) of thepair, thelongitudinalrestframeof thepair.

7.1 Multiplicity and Event Selection

The evolution of a heavy ion reactionstronglydependson the centralityof the collision. The
centrality is determinedby the impactparameter:the more centrala collision, the smallerthe
impactparameter. For a detailedanalysisof the reactionprocesstheeventshave to beclassified
accordingto their centralityandanalyzedseparately. Practically, the direct measurementof the
impactparameteris notpossible,thusthemultiplicity of chargedparticlescreatedin thecollision
is usedasa measurefor thecentralityof thereaction.

For thedatatakenduringthebeam-timein 1999thenumberof tracksin thesilicon detectors
wereusedto classifythe centralityof a reactionwhereasin 2000theMC detectorwasusedfor
this purpose.Thedistributionsof silicon trackspereventandtheADC valueof theMC detector
areshown in Figure7.1. A detaileddetectorsimulationwith eventsgeneratedby the UrQMD
eventgeneratorallows to relatethenumberof chargedparticles(asmeasuredin theSDD or MC)
to thecentralityof the reaction,expressedasfractionof the total crosssection.Theresultof the
simulationsareshown in Figure7.2togetherwith theclassificationof theusedmultiplicity bins.

Comparedto previouslyshowndistributionsof thenumberof tracksin thesilicondetectorsthe
presentoneshown in Figure7.1 is shiftedtowardslower values.Thereasonfor this is theusage
of a differentsetof calibrationvaluesfor thesilicon detectorsin theproductionof the40 AGeV
datausedin this thesis,leadingto the lossof tracksby a factorof 1.22. Thecut valuesdefining
thecentralitybinsneededto bescaledaccordingly.

Theknowledgeof the impactparameter
� ±
b
�
togetherwith a modelof thecollisionsallows to

obtainthenumberof nucleonsparticipatingin thecollision. Themodelusedhereinwasintroduced
by Eskola[80] anddescribesa nucleus-nucleuscollision in termsof binary collisionsbetween
nucleons.Nucleardensitydistributionsof thetwocolliding nucleiareusedto calculatethenumber
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Figure 7.1: The centrality of an event is de-
fined by its track multiplicity. The
ADC value of the MC detectoris
usedfor Ebeam ¥ 80 AGeV (upper
left) andEbeam ¥ 158 AGeV (upper
right) whereasthe numberof tracks
in the silicon drift detectoris used
for Ebeam ¥ 40 AGeV (lower left).
The shift betweenthe MC distribu-
tionsfor 80 and158AGeVis dueto
differentmultiplicities for theseen-
ergiesanddifferentvoltagesettings
at theMC detectorduring thebeam
times.

of participatingnucleonsandthenumberof binarycollisionsasafunctionof theimpactparameter.
Thenucleardensitydistributionis describedby aWoods-Saxonfunction

ρA ¬ r  ¥ 1 ¹ ρ0

1 ¹ exp ¬r¬ r � RA
 § z»º (7.1)

whereRA is thenuclearradiusat half centraldensityandz thesurfacethickness.Thevaluesused
are:

ρ0 ¥ 0 ¦ 17fm ¼ 3 º (7.2)

R ¥ ¬ 1 ¦ 12A1 ½ 3 � 0 ¦ 86 A ¼ 1 ½ 3  fm º (7.3)

z ¥ 0 ¦ 54fm ¦ (7.4)
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Figure7.2: Thenumberof SDD tracksandtheADC valueof theMC detectorsasa functionof
thecentrality. Thecurvesareobtainedwith thehelpof a detectorsimulation[79].

Thecentraldensityρ0 is obtainedby thenormalizationcondition

∞Å
0

ρA ¬ r  d3r ¥ A ¦ (7.5)

Within thismodelparticipantsaredefinedasnucleonswhichhaveencounteredat leastonebinary
collision. Themeannumberof participantsin anA ¹ B collisionsatanimpactparameter

±
b is given

by:

NAB ¬ ±b ¥ Å
d2sTA ¬ ±sÇÆÈ 1 ÉËÊ 1 É σNNTB ¬ ±s É ±

b
B Ì B ÍÎ

(7.6)

¹ Å
d2sTB ¬ ±sÇÆÈ 1 ÉËÊ 1 É σNNTA ¬ ±s ¹ ±

b
A Ì A ÍÎ ¦ (7.7)

σNN is theinelasticNN crosssectionin milli barn.Thevalueusedis σNN ¥ 30mb. Thefactorsof
thetwo integralsrepresentstheprobabilityfor a nucleonto passthroughthenucleuswithout any
collision:

P ¬ 0 ¥ Ê 1 É σNNTB ¬ ±b
A Ì A ¦ (7.8)

Theprobabilityof becominga participantis givenby

1 É P ¬ 0 ¥ 1 É Ê 1 É σNNTB ¬ ±b
A Ì A ¦ (7.9)
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Figure7.3: Thethicknessfunction.

Theintegrateddensityfunctionalonga pathparallelto thebeamaxisz at a distanceÏ ±b Ï is called
the thicknessfunctionTA ¬ b (cf. Fig.7.3):

TA ¬ b ¥ ∞Å¼ ∞

ρ0 ¬�Ð b2 ¹ z2  dz (7.10)

The productTA ¬ bÒÑ σNN canbe interpretedasthe numberof binary collisionsencounteredby a
nucleonpassingthroughanucleusat impactparameter

±
b.

Thedefinition of thecentralitybins with the correspondingnumberof participantsaresum-
marizedin Table7.1. Thedeterminationof thesenumbersneglectsfluctuationsin Ï ±b Ï for a given
valueof σ § σgeo.

Nch cut MC cutbin σ § σgeo bmin É bmax Ó NpartÔ
40AGeV 80 AGeV 158AGeV

1 15-19% 5.8-6.5 202 100-164 Õ 1525 Õ 1375
2 10-15% 4.7-5.8 236 164-201 1525-1725 1375-1575
3 5-10% 3.3-4.7 287 201-238 1725-2000 1575-1825
4 Õ 5% Õ 3.3 347 Ö 238 Ö 2000 Ö 1825

Table 7.1: Definition of centralitybinsfor theanalyzedenergies.

7.2 Track Selection

For theconstructionof thecorrelationfunctiononly trackswhich passedcertainquality cutsare
used.A momentumdependentcut on theenergy lossdE § dx in theTPCwasutilized to enrichthe
pion sampleby rejectingpartof theelectronandprotoncontamination.Anothercriteriaapplied
for trackswastheir length,expressedby their numberof hits. Only trackswith 14 or morehits
wereconsidered.Figure7.4 shows the track lengthdistribution for all beamenergies. The loss
of long tracksat 40 AGeV reflectstheproblemsof theat that time not properlyworking readout
electronics,resultingin the fact thatmosttrackscould not be detectedin all of the 20 planesof
the TPC. Due to the preliminarystatusof the calibrationof the datasamplesat 80 AGeV and
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Figure7.4: Distribution of track lengths,measuredin numberof hits. The distributionsfor the
differentbeamenergiesarearbitrarilynormalizedto 1 at a tracklengthof 20hits.

158AGeV no furthercutson thetrackquality wereapplied.For thereanalyzeddataat 40 AGeV
beamenergy thecalibrationwasmuchmoreadvancedanddoneonarun-by-runbasis.To suppress
non-targettracks,a cut on thetrackoffsetr0 at thetargetwasused.Only trackswith Ï r0 ÏÜÕ 4 cm
wereaccepted.Figure7.5showsthecorrespondingdistributions.

Dueto thefinite granularityof theTPCtrajectorieswith a very smalldistancebetweenthem
cannot be resolved. This resultsin a dependenceof the reconstructionefficiency on the two-
track separation.The two-trackdistanceon the other handis correlatedwith the differencein
momentumof thetwotracksandthereforethereconstructionefficiency dependsonthemomentum
difference,generallyleadingto smallerefficienciesfor smallmomentumdifferences,which may
affect theHBT analysis.

The two-particlecorrelationfunction is experimentallydefinedasthe ratio of thesignalmo-
mentumdifferencedistribution to thebackgroundmomentumdifferencedistribution. Thesignal
distribution is obtainedby combininglike-sign particlesfrom the sameevent, the background
distribution by mixing particlesfrom differentevents. Dueto the dependenceof the reconstruc-
tion efficiency on the trackseparation,thesignaldistribution is stronglyinfluencedat smalldis-
tances/momentawhile thebackgrounddistribution is not. This leadsto distortionsof the corre-
lation function. To avoid this effect, pairswith small openingangles(synonymic with a small
distance)arerejectedin thesignalandbackgrounddistribution.

Figure7.6shows thereconstructionefficiency asa functionof theopeninganglebetweenthe
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two particlesof a pair. The efficiency is obtainedby dividing the openingangledistribution of
pairsfrom thesameeventby a referencedistribution,createdby mixing pairsof differentevents.
Theflat partof the resultingdistribution at largeopeninganglesis usedto normalizeit to unity.
For comparison,Figure7.6shows thetwo-trackreconstructionefficienciesobtainedby usingthe
trackanglesmeasuredin theTPCandtheresolutionobtainedaftermatchingtracksegmentsin the
silicondetectorswith TPCtracksegmentsandusingtheanglesmeasuredby thesilicondetectors.
The peakat zerofor the SDD-TPCtracksis an effect of the track matchingprocedure.During
matching,eachtracksegmentin theTPCis associatedwith theclosesttracksegmentin thesilicon
detectors.Becausetheangularresolutionof theTPC is betterdueto its largerdistancefrom the
target andits highergranularity(360 anodeson the circumferenceof the silicon drift detectors
comparedto 768padsin oneplaneof theTPC)it canhappenthattwo or moreTPCsegmentsare
combinedwith thesameSDD segment. Thereconstructionefficiency for theTPC is almostflat
down to openinganglesof 8 mradwhereasthe efficiency for the SDD alreadystartsto deviate
from unity at10 mrad.Again, thisdifferenceis aneffectof thetwo differentgranularitiesof both
detectors.

Sincefor all threeanalyzedbeamenergiesonly trackanglesmeasuredwith theTPCareused,
only pairswith openingangleslargerthan8 mradwereusedfor thesignalandthebackground.

7.3 The Experimental Correlation Function

7.3.1 Construction of the Correlation Function

Thetwo-particlecorrelationfunctionC2 of identicalparticlesis definedastheprobability to find
a particlepair with momentaëp1 and ëp2 dividedby theproductof theprobabilitiesto find single
particleswith thesamemomenta(seeEq. (2.10)). Experimentally, this is givenby the ratio of a
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so-calledsignaldistributionSandabackgrounddistributionB:

C2 é S
B î (7.11)

SandB arethree-dimensionaldistributions, accordingto theql -qs-qo componentsof themomen-
tumdifferenceof thepair(seeSection2.4).While thesignaldistributionis obtainedby combining
particlesof thesameevent, thebackgrounddistribution is constructedby combiningparticlesof
differentevents.Thebackgrounddistributionobtainedin thiswayis freeof Bose-Einsteinor other
correlationsat small momentumdifferences1 anddeterminedonly by the singleparticlephase-
spacedistributions. It representsa uncorrelatedreferencedistribution. The correlationfunction
givenby (7.11)is unnormalizedsincethebackgrounddistributionis usuallyevaluatedfor amuch
largersample.Thenormalizationto unity at largerelative momentaof thepair is includedin the
fit of theBertsch-Prattparameterization(seebelow).

In order to explore the dynamicalbehavior of the particleemitting sourcethe HBT analysis
hasbeenperformedin well definedbinsof pair rapidity yππ andmeantransversepairmomentumÏ ëkïðÏ asdefinedby (1.7)and(1.8). Figure7.7shows theyππ É pï distributionof all reconstructed
particlepairsassumingthe pion massfor evaluatingEi . Also shown arethe bins in kï andthe
valuesof midrapidity for the threedifferentbeamenergies. The analyzedrapidity regionsare:

1Thisdependsonthedetailshow thebackgroundsampleis created.Residualcorrelationsin thebackgroundaresmall
andwill not bediscussedhere.
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Ebeam yππ range

40 -0.25Õòñ yππ É ymid ó Õ 0.25
80 -0.5Õòñ yππ É ymid ó Õ 0
158 -1.0Õòñ yππ É ymid ó Õ -0.5

kï -bin bin 1 bin 2 bin 3 bin 4 bin 5

kï (GeV/c) 0-0.15 0.15-0.25 0.25-0.35 0.35-0.45 Ö 0 î 45

kï (GeV/c) 0.128 0.197 0.293 0.392 0.548

Table 7.2: Thedifferentkï intervalsusedin theanalysisandtheir meanvalue.

For eachkï bin themeanvaluekï wasdeterminedby projectingthekï É yππ distributionof pairs
with qinv Õ 60 MeV on thekï axisandcalculatingthemeanvalueof eachkï -bin. Theresulting
values,shown in Table7.2, areusedfor the representationof the HBT parametesvs. kï in the
following chapters.

For eachparticlepair the componentsql , qs, andqo of the momentumdifferencearecalcu-
latedandfilled into a three-dimensionalarraywith a binning of 10 MeV/c. In a secondthree-
dimensionalarrayof samegranularitythe momentumdifferenceq is stored. This information
allows to determinetheaverageq for eachof theql , qs, qo binsandis usedduring the fit of the
correlationfunctionto accountfor thefinal stateCoulombinteraction.

7.3.2 Extracting Source Parameter s from the Two-Partic le Correlation
Function

To obtaintheHBT radii for eachbin in kï andyππ thethree-dimensionalcorrelationfunctionC2
hasto befitted with theBertsch-Prattparameterization(2.38)discussedin Chapter2:

C2 ñ qs ô qo ô ql ó#é N õ�ö 1 ÷ λ õ exp ørù q2
sR2

s ù q2
oR2

o ù q2
l R2

l ù 2qoql R
2
ol ú+û ô (7.12)

with N asa normalizationfactor. The additionalparameterλ (the so-calledchaoticityparame-
ter) was introducedto describethe coherenceof the particlesource. Only for a totally chaotic
particleemissionthe valueof this parameteris unity [81]. Experimentally, the λ parameteris
alsoinfluencedby thedecayof long-living resonances(whichcanusuallynotberesolved),by the
momentumresolution,andby the contaminationof the signaldistribution with particlepairs in
whichat leastoneparticleis nota (primary)pion.

As explainedin Section2.5, the two-particlecorrelationfunction hasto be correctedfor fi-
nal stateinteractionsof which the Coulombinteractionis the most importantone. Correlations
amonglike-signchargedpionsoccurnot only dueto Bose-Einsteinstatistics,but alsobecauseof
final stateCoulombrepulsion. Traditionally, Coulombrepulsionhasbeenaccountedfor by ap-
plying weightsto thebackgroundpairsaccordingto a qinv-dependentdescriptionof theCoulomb
correlation.ThecorrelationfunctionC2 which hasbeencorrectedin thiswaywasthenfitted by a
Gaussianparameterizationwhichcontainedonly thepureBose-Einsteincorrelation.In thiswork,
a differentapproachwaschosen:the correlationfunction itself wasnot correctedfor Coulomb
repulsion,insteada qinv-dependenttermaccountingfor theCoulombinteractionwasintroduced
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in the fit function. This strategy allows for a large flexibility to testdifferentassumptionsabout
theunderlyingCoulombcorrelationandto accountfor non-pioniccontaminationsof thecorrela-
tion function,which reducethecorrelationsignal.Assumingthatthepurity of thepionsampleis
reflectedin thecorrelationstrengthparameterλ thefollowing fit functionhasbeenappliedto the
data:

Ccor
2 ñ qs ô qo ô ql óÒé
N

�
λ õ ö ø 1 ÷ exp ñ�ù q2

sR
2
s ù q2

oR2
o ù q2

l R2
l ù 2qoql R

2
ol ó ú õ ø w ñ kï ó ñ F ñ qinv ó ù 1ó ÷ 1ú ù 1û ÷ 1� î

(7.13)

The Coulombterm is coupledwith λ to avoid over-correctionof the correlationfunction. An
additionalkï -dependentcorrectionfactorw ñ kï ó wasderivedfrom Monte-Carlosimulationsand
accountsfor thedepletionof theλ parameterdueto finite momentumresolution.It rangesfrom
from 1.18in thefirst kï -bin to 1.81in thehighestkï -bin. F ñ qqinv ó is aparameterizationwhichde-
scribestheresultsof quantummechanicalcalculationsaswell asmeasuredcorrelationsof unlike-
signpairsvery well (seeEq. (2.60)). As discussedin Section2.5.3,theinverseof thecorrection
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functionobtainedfor unlike-signpairscanbeusedto correctlike-signpairs(seeEq.(2.61)).
Figure7.8 shows one-dimensionalprojectionsof the three-dimensionalcorrelationfunction.

The projectionof eachcomponentis doneover an interval of � q ��� 40 MeV/c in the other two
components.The datapointsarewell describedby themodifiedGaussian(7.13),shown by the
solid line. For comparison,theparameterization(7.13)without consideringthe Coulombcorre-
lationsareshown by thedashedlines. Thedifferencebetweenthe two linesreflectstheeffect of
theCoulombcorrelationson thewholecorrelationfunctionC2 which is dueto a combinationof
Bose-EinsteincorrelationsandCoulombcorrelations.

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 C2 ñ qinv ó (ideal in termsof infinitely good
momentumresolution)hasto be folded with the resolutionof the detector. The result of this
operationis alwaysa distribution which is wider than the original one. The broadeningof the
distribution in momentumspacehasa inverseeffect in coordinatespace— the radii become
smaller.

Theeffectof finite momentumresolutionontheobtainedHBT radii wasstudiedwith aMonte-
Carlosimulation.With a simpleeventgeneratorrealisticphase-spacedistributionsof pionswere
generatedandthemomentaof thesingleparticlesweresmearedaccordingto themomentumres-
olution obtainedin section6.4.2.Also theφ andθ anglesof thetrajectoriesweresmeared,using
the angularresolutionobtainedin 1999 [82]. Then the pions were combinedto pairs and the
long-, side-, andout-componentsof the relative momentumwerecalculated.As a reference,the
correspondingcomponentsfrom theunmodifiedmomentawerecalculated.For eachcomponent
thedifferencesbetweenthesmearedandthereferencemomentum-differenceswerefitted with a
Gaussian.Thewidth of thefit function is usedasa measurefor themomentum-differencereso-
lution. The resultsareillustratedin Figure7.9. Shown arethe resolutionsof the threeCartesian
componentstogetherwith theresolutionof qinv asa functionof themeantransversepairmomen-
tumkï . Obviously, theresolutionfor qo is significantlyworsethantheresolutionfor theothertwo
components.For smallopeninganglesqo is givenin first orderby thedifferencein thelengthof
themomentumvectorsof bothparticles.Becausetheabsolutemomentumresolutionis ∆p ∝ p2,
themomentumresolutionbecomesworsefor increasingkï , stronglyinfluencingtheresolutionof
qo. Ontheotherhand,qs is mostlydeterminedby theopeningangleof theparticlepair. Therefore,
theinfluenceof thesingletrackmomentumresolutionon theresolutionof qs is stronglyreduced.
For ql thebetterresolutioncanbeexplainedby theboostinto theLCMS2. In this referenceframe
the longitudinalmomentumof the particle pair is zero andql is given by the differencein the
longitudinalmomentumcomponentsof the singleparticles.Assumingγβ � 5, this component,
andthusits resolution,is muchreducedby boostingfrom thelab referenceframeinto theLCMS.

Theinfluenceof thefinite momentumresolutionon the reconstructedHBT radii wasstudied
by extractingtheHBT radii from simulatedtwo-particlecorrelationfunctions.Thesecorrelation
functionshavebeenconstructedby filling thegeneratedpionpairsaccordingto theirsmearedmo-
mentumcomponentsql , qs, andqo into a three-dimensionalhistogram.Eachentrywasweighted
with a factorgivenby Eq. (7.12),evaluatedwith thetruemomentumcomponents.Theresulting

2LongitudinallyCo Moving System
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7.4 CorrelationFunctionwith PositiveandNegativeParticles
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Figure7.9: Resolutionof the long-, side-, out-componentsof the momentumdifferenceas a
functionof themeantransversepairmomentumkï .

correlationfunctionwasfittedwith Eq.(7.12),leadingto thesimulatedmeasuredradii Rmeas. This
procedurewasrepeatedassumingdifferentinput sourceradii. Thesimulatedmeasuredradii asa
function of the true radii areshown in Figure7.10 for differentkï -bins. The dependency Rmeas

vs.Rreal wasparameterizedwith apolynomialof secondorderandusedto correctall radii shown
in Chapter8. For Rl andRs thecorrectionfactorsarecloseto unity but Ro is muchmoreaffected
which is a consequenceof thepoorermomentum-differenceresolutionin thiscomponent.

As an example,Figure 7.11 shows the effect of the correctionfor Ebeam é 158 AGeV. As
alreadydiscussedin connectionwith thecorrectionfactors,theinfluenceis nearlyinvisible for Rl
andRs andbecomeslargefor Ro at largekï .

7.4 Correlation Function with Positive and Negative Partic les

Thecorrelationfunctionshave beenstudiedseparatelyfor pairsof positiveandnegativeparticles.
As shown in Figure7.12no significantdifferencesbetweenthetwo differentdatasetshave been
observed. In order to increasethe statisticalsignificanceof the extractedHBT radii, the signal
andbackgrounddistributionsof bothchargeshavebeenaddedbeforefitting thethree-dimensional
correlationfunction.
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Figure7.12: Rl , Rs, andRo for )�÷ ÷+* and ) ù ù,* particlepairsfor Ebeam � 158AGeV. Also shown
arethe resultsfor a combinedanalysisof both charges. All radii arenot corrected
for momentumresolution.
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8 HBT Results

In this chaptertheresultsof a differentialanalysisof Bose-Einsteincorrelationsat beamenergies
of 40,80,and158AGeVarepresented.TheextractedHBT radiusvalues,dependingon themean
transversepairmomentumk- , areusedto gaininformationaboutthespatialexpansionof thepion
emittingsourceaswell asits temporalevolution,e.g. thelifetime of thesystemandtheduration
of particleemission.Furthermore,thecomparisonof thedifferentbeamenergiesallowsto deduce
theconditionsfor thermalfreeze-out.

8.1 HBT Radii as Lengths of Homog eneity

A qualitativestudyof thephysicalorigin of thepair-momentumdependenceof theHBT param-
etersof theBertsch-Prattparameterizationfor an infinitely long sourcewith boost-invariantlon-
gitudinalexpansionwasdoneby Makhlin andSinyukov [38]. They usedthemodel-independent
expressionsin termsof space-timevariancesfor theHBT parameterandevaluatedthemapproxi-
matelyanalytically. They couldshow thatthelongitudinalHBT radiusRl is finite anddetermined
by theinverseof thelongitudinalvelocitygradient,notingfor thefirst timethatRl hastheproperty
of a longitudinal lengthof homogeneityin thesourceratherthanbeingrelatedto thelongitudinal
geometricsizeof the entiresource.The analyticaldeterminationof the space-timevariancesis
basedon the methodof saddle-pointintegrationof the emissionfunction S) x . K * . It turnedout
[83,84] thatnotall of theimportantqualitativefeaturesof thek- dependenceof theHBT parame-
terscanbeobtainedfrom theleadingtermin thesaddle-pointapproximationandfor aquantitative
comparisonwith dataa full numericalevaluationof theintegralsfor thevariancesmustbedone.

For a longitudinally finite (L � τ f ∆η ) sourceof the type asdescribedby (2.22) in the limit
∆τ � 0 thetransverseandlongitudinaldynamicallengthsof homogeneityaregivenin theLCMS
by [83]:

transversal: RH ) m- * � R
η f

T
m- � 1

∂ηt ) r *0/ ∂ r
T

m- . (8.1)

longitudinal: LH ) m- * � τ f
T

m- � 1
∂ 1 ul

T
m- . (8.2)

with R beingthetransversegeometricalsourceradius,ul � ) coshηl . 0 . 0 . sinhηl * thelongitudinal
flow 4-velocity, η f thetransverseflow rapidity, andτ f thedurationof theexpansion.

TheHBT radii arenot only determinedby theGaussianwidthsin Eq.(2.22). In addition,the
radii aredynamicallyaffectedthroughthedynamicallengthsof homogeneityRH andLH . These
lengthsareinverselyproportionalto thegradientsof theexpansionvelocityfield in therespective
direction,but smearedby a thermalfactor 2 T / m- which is a resultof the thermalmotion of
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8 HBT Results

the particlesaroundthe collective flow velocity. Bose-Einsteincorrelationsoccuronly between
particleswhich areclosein phase-space.Collective expansiontendsto reducethe size of the
regions within which particlescandevelop suchcorrelations.Thermalmotion asdescribedby
the thermalvelocity about 2 T / m- smearsout the flow velocity gradientsandthusactsin the
oppositedirection[39, 38]. This leadsto a characteristicdependenceof thehomogeneitylength
on thetransversemassm- of thecorrelatedpairs. TheHBT radii aredeterminedby thesmaller
of the two (geometricor dynamic)lengthsscales. In the limit T 3 0 any velocity gradientin
thesystemleadsto avanishingdynamicallengthof homogeneityandthereforeto vanishingHBT
radii. At finite T, thedynamicalsmearingdecreaseswith increasingtransversemassm- , leading
to a decreaseof theHBT radii at largem- , i. e. largek- .

A differential HBT analysisas a function of the meantransversepair momentumk- thus
reveals information about the dynamicalbehavior of the source. For the scenarioof a boost-
invariantexpansionin longitudinaldirectionof theparticleemittingsourcethedependenceof Rl
on k- wasgivenas[38]:

Rl � τ f

cosh) yππ 4 yobs* T
m- . (8.3)

with m- �65 m2
π 7 k2- beingthetransversemassof thepion pair. T is thefreeze-outtemperature

of the systemandτ f the freeze-outtime. In the LCMS referenceframethe pair rapidity yππ is
equalto therapidity yobs of theobserver frameand(8.3) simplifiesfor boost-invariantexpansion
of thesourcesto Eq.(2.26).

Thedependency of Rs on k- is stronglydeterminedby transverseflow andis independentof
k- withouttransverseflow. Thetransversesizeof theparticlesourceiscontrolledby thetransverse
flow velocity 8 v-:9 andapproximatelygivenby [35, 36,85]:

R2
s ; R2

geo

1 7 η 2
f

Tf
m-=< (8.4)

η f is a model-dependentfactor (seepage103) which describesthe transverseflow (seebelow)
andRgeo characterizesthegeometrictransversesizeof thefireball at freeze-out.

In additionto thefreeze-outtime τ f thedurationof particleemission∆τ is of interest.Theo-
reticalstudiespredicta longdurationof emissionfor thecaseof aphasetransitionor theexistence
of a mixedhadronic–QGPphase.Thereasonfor this is thebig entropydifferenceof bothphases,
leadingto a largelatentheat.A longemissiontimecouldbeobservablein a significantdifference
betweenRo andRs becausethespace-timecorrelationof theemissionprocessleadsto anincreas-
ing effectivesourcesizein Ro [86, 87, 41]. An expressionfor theemissionduration,alsovalid for
systemswith no boostinvariance,wasgivenby [44]

∆τ 2 � 1
β2- γ2

YKP

) R2
o 4 R2

s * 4 βYKPR2> . (8.5)

with γ2
YKP � ) 1 4 β2

YKP *@? 1. If the radii Rl andRs weremeasuredin the restframeof the source
element(βYKP � 0) Eq. (8.5)simplifiesto

∆τ 2 � 1
β2- ) R2

o 4 R2
s * < (8.6)
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Figure8.1: Rl for differentvaluesof Ebeam anddifferentcentralitiesasa function of the mean
transversepairmomentumk- .

A detaileddiscussionof the HBT radiusparameterasa function of k- , beamenergy, and
centralityis givenin thefollowing subsections.

8.1.1 The Longitudinal Radius Parameter Rl

Figure8.1 shows the HBT radiusRl asa functionof k- for all threeanalyzedbeamenergiesin
four differentbins of centrality. The radii decreasewith increasingtransversemomentumfrom
about5.5-6.5fm to 3-4 fm and increasewith beamenergy andslightly with multiplicity. The
dashedlines are the resultsof fitting function (8.3) to the datapoints,assuminga temperature
T � 120MeV. Thechosentemperatureis consistentwith resultsof previousanalyses,e. g. [50].
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Figure8.2: Freeze-outtime τ f asa functionof centralityof thecollision.

The fits describethe datavery well, consistentwith the presenceof longitudinalboost-invariant
expansion(at leastoversomerapidityandz-interval) andallowing theextractionof thefreeze-out
time accordingto Eq. (8.3). The lifetime obtainedby fitting this function to the datais shown
in Figure8.2. The longitudinalradiusparametersRl , andwith it τ f , increasewith centralityand
Ebeam. This result is not very surprisingandcanbe explainedby simple considerationsof the
collisiondynamics.Theenergy depositedin thecollision region increaseswith increasingenergy
of thecolliding nucleiandthecentralityof thecollision. Therefore,theexpandingsystemneeds
moretime until it reachesthecritical conditionfor thefreeze-out.

8.1.2 The Transver se Radius Parameter Rs

Theresultsfor Rs areshown in Figure8.3, againfor all beamenergiesasa function of k- . The
absolutevaluesaswell astheslopesof Rs for beamenergiesof 80and158AGeVareverysimilar,
increasingonly slightly with centrality. This increaseis givenby the geometryof the collision.
As thecollisionsbecomemorecentral,theoverlapbetweenthetwo nuclei increases,leadingto a
larger reactionvolume. Theradii for Ebeam � 40 AGeV do not follow thesystematicsof the two
otherenergies. The k- dependenceis muchsteeperandRs is largerat small valuesof k- . The
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Figure8.3: Rs asa functionof k- for thethreebeamenergiesandthedifferentmultiplicity bins.

dashedlinesshow thefit of Eq.(8.4)to thedata,providing anestimatefor thegeometrictransverse
sourceradiusRgeo andthetransverseflow rapidity η f (seeSection8.1.5).

8.1.3 The Radius Parameter Ro

The durationof particle emissionis given by the differencebetweenRo and Rs accordingto
Eq.(8.6):

∆τ 2 � 1
β2- ) R2

o 4 R2
s *Q.

whereβ - is themeantransversevelocity of theparticlepair givenby β - � k- / 5 m2
π 7 k2- . Fig-

ure8.4 shows Ro (datapointsrepresentedby symbols)togetherwith Rs (solid lines). While for
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Figure8.4: Ro for 40, 80, and158AGeV beamenergy (from top to lower panel). The radii are
shownvs.k- for differentcentralities.Thelinesshow theresultsof Rs for comparison.

thebeamenergiesof 40 and80 AGeV Ro is smalleror comparableto Rs, it is larger thanRs for
Ebeam � 158AGeV, at leastin thefirst k- bins.This indicatesasmallbut finite durationof particle
emission.However, the larger systematicerrorson Ro, especiallyfor large k- , do not allow to
excludeanemissiondurationcompatiblewith zero.

Thecalculateddurationof theemissionprocess∆τ at 158AGeV is shown in Figure8.5. ∆τ
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Figure8.5: Durationof particleemission∆τ for beamenergy of 158AGeV.

is of theorder2–4 fm/c. In additionto thedurationof theemissionof thesource,∆τ containsa
contribution which hasnothingto do with thedurationof theemissionbut is a relativistic effect
andshouldbeobservableevenfor ∆τ � 0. Sincethetwo-particlecorrelationfunctionis sensitive
to particle pairs emittedfrom a longitudinal region of homogeneityof size Rl � l ] , it probes

emissionfrom differentpointsz at differenttimest � 5 τ 2
f 7 z2 alongtheproper-time hyperbola

τ � τ f . Themaximalrangeof this region is 4 l ]_^` z ^` l ] . Thus,evenfor instantaneousfreeze-out
at constantpropertime thecorrelatorseesanon-vanishingemissiondurationin thefixedobserver
frame.Sincel ] isadecreasingfunctionof k- , ∆τ approachesthelimit of therealemissionduration
for largek- .

8.1.4 The Cross-Term R2
ol

The existenceof the cross-termR2
ol was proposedfor the first time by Chapman,Scotto,and

Heinz [88] andexperimentallyverifiedby Alber [89]. This parameteris theresultof space-time
correlationswhich occurif theobserver framedoesnot coincidewith therestframeof thesource
element.The cross-termvanishesin the LCMS for longitudinally boost-invariantsystemsor in
symmetriccollisions asmidrapidity. This follows from the correspondingspace-timevariance
(2.42)which vanishesin the LCMS if the sourceis symmetricunderz̃ 3 4 z̃. However, in the
forwardandbackwardrapidity region this reflectionsymmetryis brokenfor systemswith finite
longitudinalextension.

Figure8.6 shows the ka dependenceof R2
ol for the differentmultiplicity bins andthe three

analyzedbeamenergies.For all energiesandmultiplicities,R2
ol is verysmall.

For highka valuesthecross-termconvergesto zerobecausein thatcasethelongitudinalradius
parameterRl decreaseto zerofor thecaseof a stronglyexpandingsource.With vanishingRl also
thecorrelationsbetweenql andqo vanishaswell. The observedweakdependenceon Ebeamcan
be understoodin termsof the slight shift of the rapidity acceptanceaway from midrapiditywith
increasingbeamenergy. For Ebeam b 40 AGeV theexperimentallyaccessiblerapidity interval is
closestto midrapidityandthereforeR2

ol is smallestfor thisbeamenergy.
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Figure 8.6: Thecross-termR2
ol.

8.1.5 Transver se Flow

Oneof themainmotivationsfor HBT analysisis itscapabilitytodisentanglerandomandcollective
dynamicalcomponentsin theexpansionof thefireball. Therandomcomponentsareaneffect of
thetemperatureof thesystemwhile thecollectivecomponentsaredueto hydrodynamicpressure
which resultsfrom intenserescatteringamongtheconstituentsof thefireball. Knowledgeof the
magnitudeof thetransverseflow is crucial for a dynamicalpictureof thetransverseexpansionof
thecollision systemandfor a dynamicalback-extrapolationinto thehot anddenseearlystageof
thecollision.

Thenormalizationof measuredhadronspectra(theyieldsandabundanceratios)provideinfor-
mationaboutthechemicalcompositionof thefireball at thechemicalfreeze-out.In addition,the
hadronicmomentumspectraprovideinformationaboutthermalizationof themomentumdistribu-
tionsandcollective flow. If rescatteringamongthefireball constituentsresultsin thermalization
andcollectiveflow, theshapesof hadronicma spectraarecharacterizedby thetemperatureTf and
themeantransverseflow velocity 8 va:9 at freeze-out.Thesingle-particlespectraaredetermined
by aneffective blue-shiftedtemperaturefrom which temperatureandflow effectscannotbesep-
aratedunambiguously[90]. In contrast,thema dependenceof thetransverseHBT-radii increase
with transverseflow but decreasewith strongerthermalsmearing[39]. Thecombinationof both
observablesallowsto remove theambiguitybetweentemperatureandflow.

The interpretationof flow in the longitudinal directionis difficult dueto partial transparency
of thecolliding nuclei. Theobservedlongitudinalflow is only partly generatedby hydrodynamic
pressureandsuperimposedto aninitial longitudinalexpansionastheresultof incompletestopping
of the two nuclei. In contrast,transverseflow is createdonly after impactandis reflectedin the

spectraof transversemassma b 5 m2 7 p2a .

In the relativistic limit (madc m0) the restmasscanbe neglected.Theeffect of flow on the
spectrais givenby thesimpleblue-shiftformula[91]

Tslope b T
1 7 8 va 9
1 4 8 vae9 < (8.7)
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8.1 HBT Radii asLengthsof Homogeneity

At large ma all hadronspectrashouldhave the sameinverseslopeTslope but the measurement
of the inverseslopesdoesnot allow for a separationof thermalfrom collective motion. On the
otherhand,flow couplesto therestmassin thenonrelativistic region. For a lineartransverseflow
velocityprofileanda Gaussiantransversedensityprofileonefindsexactly [36, 92,85]:

Tslope b Tf 7 1
2

m0 8 va:9 2 < (8.8)

Suchan approximatelylinear rest massdependenceis indeedobserved [93]. For protonsfor
examplean inverseslopeof about300MeV wasseenwhich canobviously not be interpretedas
a hadronictemperaturebut shows clearly that the spectracontaina collective flow component.
A very accuratedeterminationof 8 vaf9 from the measuredmassdependenceof the inverseslope
aloneis not possible.Studyingtheeffect of transverseflow on two-particlecorrelationscanhelp
to separatetheeffectsof randomthermalandcollectivemotion.

Equation(8.4) alonedoesnot allow to separateTf from 8 va:9 either. But thecorrelationbe-
tweenthe two parametersin (8.4) is exactly oppositeto that provided by the spectralslopesin
(8.8). Combiningthemin a simultaneousanalysisof spectraandcorrelationsallows for a rather
accurateseparationof directedcollectiveandrandomthermalmotion.

A combinedanalysiswasdonein [50, 78, 94], basedon a full modelparameterscanwith χ2

confidencelevels for thetwo-particlespectra.Themodelanalysisassumedanemissionfunction
of type(2.22).Within thismodelthetransversegeometryis specifiedby adistributionG g r h which
wasassumedto beGaussian

G g r h b exp i 4 r2

2R2
G j (8.9)

or box-shaped
G g r h b θ g RB 4 r h < (8.10)

Thetransverseexpansionis parameterizedby thetransverseflow rapidity ηt g xh which is assumed
to increaselinearlywith thedistancefrom thecollisionaxis:

ηt g xh b η f
r

rrms < (8.11)

Thescalingfactorη f specifiesthevalueof thetransverseflow rapidityatthetransversermsradius,
givenby

rrms blk 2RG (8.12)

for theGaussiantransversedistributionandby

rrms b RBk 2
(8.13)

for thebox-shapedone.With thetransverseprofilesG g r h theaveragetransverseexpansionvelocity8 va 9 is givenby 8 va 9 bnm ∞
0 r dr tanhηt g r h G g r hm ∞

0 r dr G g r h < (8.14)

In this thesisno analysisof single-particlespectrawasdone.Ratherthedeterminationof the
transverseflow velocity wasbasedon theresultsof theHBT analysisonly. Fitting Eq.(8.4) to Rs
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providesthegeometricalradiusRgeo andtheratio η 2
f / T. Employingthemodeldescribedabove,

the transverseexpansionvelocity is extractedassuminga temperatureT b 120MeV anda box-
shapedtransverseprofile (in [94] it is shown that the box-shapeddensityprofile reproducesthe
datawith betterχ2).

The fit parametersRgeo and η 2
f / T for the beamenergies 80 and 158 AGeV are shown in

Figures8.7 and8.8. The resultsof 8 va 9 areshown in Figure8.9. The dashedlines in Fig. 8.9
show theinfluenceof thetemperatureon thetransverseexpansionvelocity. They aredetermined
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Figure8.10: Contourplot of χ2, obtainedby fitting (8.4)to Rs.

by assuminga temperatureof 110 MeV and130MeV, respectively. A temperaturevariationofy
10 MeV leadsto a changeof theexpansionvelocity in theorderof

y
5%.

While thefit of Eq.(8.4)deliversreasonableresultsfor theseenergies(geometricradii between
5 and6 fm with expansionvelocitiesbetween0 < 3c and0 < 5c) it fails for Ebeam b 40 AGeV. The
geometricradiusreachesvaluesof 12 fm andabove while the expansionvelocitiesarecloseto
0 < 8c. Bothparameterswith verylargeerrorbars.Thereasonfor thefailureof fitting Rs at40AGeV
is shown in Fig.8.10.TheFigureshowscontourplotsof χ2 asafunctionof thefit parametersRgeo

andη 2
f z T for all threebeamenergiesat themostcentralmultiplicity. Theresultsof thefits, the

parametercombinationswith minimal χ2, areindicatedby thedashedlines. While for Ebeam b
158AGeV theminimumis clearlypronouncedit becomesmoreelongatedfor Ebeam b 80 AGeV.
For 40 AGeV no minimum is visible andthe χ2 distribution staysflat even for large valuesof
Rgeo andη 2

f z T, leadingto thelargevaluesanderrorbarsfor thisparameter. Thisclearlyindicates
strongproblemsof theapproximation(8.4).

8.2 Beam Energy Dependence

Figure8.11[97] showstheka dependenciesof Rl , Rs, andRo for differentbeamenergies.Thedata
at AGS andRHIC energiesarefrom [95, 96]. At first glance,all threeradii show a ratherweak
andsmoothenergy dependence.However, a moredetailedinspectiondisplayssomeinteresting
features.

Rl is approximatelyconstantfrom AGS to the lower SPSenergies. Startingwith the SPS
energies towardsRHIC, Rl increasessignificantly, indicating a smoothincreaseof the lifetime
of thesystem.In contrast,Rs is decreasingat smallka up to top SPSenergies,connectedwith a
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Figure8.11: ka dependenceof HBT radii in centralPb-Pb,Au-Au, andPb-Au (CERES)colli-
sionsatdifferentbeamenergies.RHIC andAGSdataaretakenfrom [95, 96].

continuousflatteningof theka dependence.GoingtoRHIC energies,Rs becomesagainlargerthan
atSPSenergieswith asomehow flat ka dependence(at leastfor theπ � π � sample).Accordingto
Eq. (8.4) theflatteningindicatesa decreaseof the radial flow velocity asa functionof thebeam
energy. This would be in contradictionto the presentunderstanding[98], wherea continuously
increasingflow velocitywasdeducedfrom theanalysisof single-particlespectra.

Ro shows a ratherstructurelessbeamenergy dependence,possiblyindicatinga shallow mini-
mumat thelowerSPSenergy.
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8.3 The Freeze-out Volume

The HBT analysisprobesthe stateof the systemat thermalfreeze-out,i. e. the time whenthe
last elasticinteractionbetweenthe constituentsof the expandingfireball occurs. According to
Pomeranchuk[99], thispoint in timeshouldbecharacterizedby a certaincritical particledensity.
While theenergy or particleyieldscanbemeasuredusingthesingle-particlespectraof all emitted
particles,HBT analysisprovidesthetoolsto determineavolume-likequantity.

A detailedstudyof the freeze-outpropertiescanbedoneby combiningthemeasuredsource
parametersinto an effective freeze-outvolumeVeff b 2πRl R

2
s [97], assuminga Gaussianshape

in transversedirection anda longitudinal lengthof Rl . Sincethe HBT radii Rs and Rl do not
reflectthephysicaldimensionsof thesourcethis quantitycannot beidentifiedasthetotal source
volume. However, sinceno statementsaboutabsolutedensitiesor freeze-outvolumesaremade
theeffective freeze-outvolumeVeff canstill beusedto compareresultsatdifferentbeamenergies
andcentralities.If freeze-outhappensat constantdensityasproposedin [99], Veff is expectedto
scalelinearly with the chargedparticlemultiplicity. Figure8.12shows Veff asa function of the
numberof participantsfor the threebeamenergies40, 80, and158AGeV andfor thesecondka
bin 0 � 15 � ka�� 0 � 25 GeV/c. Indeed,an approximatelylinear scalingwith Npart is observed at
all threeenergies. This is consistentwith theassumptionof constantfreeze-outdensitysincethe
numberof chargedparticleswasfoundto scalecloseto linearwith Npart atSPS[100,101].

However, thebeamenergy dependenceof Veff asshown in Fig.8.12is surprising:theincrease
of pionmultiplicity by about50%from 40AGeVto 158AGeVis not reflectedin a corresponding
beamenergy dependenceof Veff. Obviously, thefreeze-outvolumescaleswith multiplicity if mul-
tiplicity is controlledvia centrality, but it doesnotscaleasmultiplicity changeswith beamenergy.
Comparingthe freeze-outvolumesat differentbeamenergies from AGS to RHIC clarifies the
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situation.As shown in Figure8.13,thefreeze-outvolumeVeff is graduallydecreasingwithin the
AGSenergy range,possiblyreachinga minimumbetweenAGSandSPSenergies,andincreases
againtowardsRHIC.Thisbehavior cannotbeexplainedby asimplerelationbetweenmultiplicity
andfreeze-outvolume.TheminimumbetweenAGSandSPSenergiesmayindicatethetransition
from nucleondominatedto piondominatedfreeze-out.

Theconditionfor pionfreeze-outis notwell understood.Whetherit occursatconstantparticle
density(asproposedby Pomeranchuk[99]) or if themeanfreepathλππ is of thesameorderasthe
sizeof thehadronicsystem(proposedby Stock[102]) is notclear. In thelattercase,thefreeze-out
densityexplicitely dependsonthesizeof thesystemandis givenasρ f ∝ 1� Rf while in theformer
caseit doesnot.

Pionfreeze-outdeterminesthepoint in time at which the last interactionsbetweenpionsand
otherparticlesin thefireballhappen.Of course,thisconditionis influencedby theabsolutenumber
of particlesin thefireball andthecrosssectionof pionswith theseparticles.For simplicity, only
nucleonsandpionsareconsideredasconstituentsof thefireball. To getanestimatefor thenumber
of particles,the midrapidity yield of negatively chargedpions[103, 104, 105, 106] andprotons
[71, 107, 108, 109, 110, 111] in centralPb(Au)+Pb(Au)collisionsareused.Resultsfor dN � dymid
asa functionof   sareshown in Figure8.14.

At low beamenergies,thecolliding nucleiarestoppedto a high degree,leadingto a baryon
rich region aroundmidrapidity. With increasingcollision energies the colliding nuclei become
moretransparent,resultingin analmostnet-baryonfreeregion aroundmidrapidity(seetheyield
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Figure8.14: Left: Midrapidity yieldsof protons,anti-protonsandnegativepionsasa functionof  s. Right: Effectiveparticlenumberσeff andeffectivevolumeVeff vs.   s.

for p-p̄ in Fig. 8.14). However, productionof baryonsandanti-baryonsis rising steeply(p̄ in
Fig. 8.14). The total proton yield (p+p̄) at midrapidity dropsfrom AGS to SPSand staysap-
proximatelyconstantbetweenSPSandRHIC becausethe decreasingnumberof net protonsis
compensatedby pp̄ production.Thepion yield increasesmonotonicallywith beamenergy. The
sumof pionsandprotonsis still a monotonicfunction of   s anddoesnot reflectthe observed
minimumin Veff. At this point, thecrosssectionsσππ andσπN have to beconsidered.To account
for theneutronsthenumberof protonsis multiplied by a factorof 2. This factor is correctonly
for thehighestbeamenergies. For lower beamenergiesit is usedasanapproximation.Also the
role of light fragmentsandotherproducedparticlesis neglected. The densityof negative pions
is weightedby a factor of 3 to takethe neutralandpositive pionsinto consideration.The cross
sectionweightedsumof pionsandnucleonsσeff definedin thisway is givenby

σeff � 2 § Np ¨ p̄ § σπN © 3 § Nπª § σππ (8.15)

and shown in Figure 8.14 in the right panel. For the crosssectionσππ � 12 mb and σπN �
65 mb [112] areassumed,neglectingthe energy dependenceof thecrosssection. The resulting
effective crosssectionσeff showsa minimumaroundlowerSPSenergies.Consequently, theratio
Veff � σeff , which hasthe dimensionof a length, is approximatelyconstant(seeFig. 8.14). This
resultssuggestsVeff � σeff « 1 fm asauniversalfreeze-outcondition.

With thesesimpleassumptions,therelatively weakbeamenergy dependenceof theHBT radii
canbeunderstoodasaninterplaybetweenthedecreasing(andeventuallysaturating)nucleonplus
anti-nucleonyield andtheincreasingpionmultiplicity atmidrapidityif thedifferentcrosssections
with pionsaretakeninto account.

Theobserved largeradii Rs at low beamenergiesandtheir steepdependenceon k� couldbe
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explainedby a moredetailedconsiderationof thepion-nucleoncrosssection.At low beamener-
gies,wheretheprotonsaremostimportant,thestrongmomentumdependenceof σπN mayaffect
thek� -dependenceof Rs. While pionswith largemomentum(leadingto pionpairswith largek� )
only have a relatively small probability to interactwith nucleons,pionswith small momentum
(smallk� ) areexpectedto interactwith nucleonsmany times. This may leadto large scattering
anglesof thepionsasthey leave the freeze-outvolume,leadingto correlationsbetweenparticles
emittedfrom distantregions.

8.4 Summar y and Conc lusion

Theresultspresentedin thecontext of this thesisallow for a systematiccomparisonof thetrans-
versemomentumdependenceof HBT parametersasa functionof centralityandbeamenergy at
SPS.Theanalyzeddatahavebeentakenfrom Pb-Aucollisionsat theCERNSPSatbeamenergies
of 40,80,and158AGeVandwereprocessedin aconsistentway, allowing for adirectcomparison
of theresults.

Figure8.15comparesthe resultsof this thesiswith the resultsobtainedby theNA49 experi-
mentfor themostcentralbin. For beamenergiesof 40 and80 AGeV the radii agreewithin the
errors.Only at158AGeVthedifferencesin theradii aremorepronounced,especiallyathightk� .

For all threeenergiesanincreaseof thelifetime τ f , extractedfrom themeasuredlongitudinal
HBT parameterRl , with centralitywasobserved. Furthermore,Rl andwith it τ f increaseswith
beamenergy. Theseresultsarenot very surprising.With increasingbeamenergy andincreasing
centralitythe energy densitydepositedin the reactionzoneincreasesaswell andthe expanding
systemneedsa longertime to reachtheconditionfor freeze-out.

The systematicsof Rs are unexpected. Comparedto the higher beamenergies, Rs ¬ k�: at
Ebeam � 40 AGeVis muchsteeper. ThedeterminedtransversesourcesizeRgeo andthetransverse
flow velocity � v�f� for beamenergies80 and158AGeV show a smoothincreasewith centrality
andonly a very weakdependenceon the beamenergy. Rgeo at freeze-outis in the orderof 5–
7 fm, the transverseexpansionvelocity, obtainedwith themodeldescribedin [78] andassuming
a box-shapedtransversesourceprofile anda temperatureof T � 120MeV, is between0.3c and
0.6c. TheapproximationEq. (8.4)doesnot work for thebeamenergy of 40 AGeV. Theobtained
transversegeometricalradii Rgeo arebetween6 and12 fm with large errorbars. The transverse
flow velocity � v� � reachesunrealisticlargevaluesof up to 0.8c at 40 AGeV, alsowith very large
error bars. The resultscould be explainedby Fig. 8.10. The χ2 distribution obtainedby fitting
parameterization(8.4) to the datashows no pronouncedminimum, allowing for large valuesof
Rgeo andη 2

f � T.
TheradiusparameterRo showsastrongdecreasewith k� atall centralitiesandbeamenergies.

However, the influenceof themomentumresolutionof theTPC on Ro is significant, leadingto
largecorrectionfactorsanderrorbars,especiallyat largevaluesof k� . It hasbeenproposedthat
theexistenceof a strongfirst orderphasetransitionandan accordinglylong living mixed phase
would be observableby a largeoutwardradiusRo comparedto Rs, indicatinga long durationof
pion emission∆τ . Theanalyzeddatado not supportsucha scenarioat SPS.All observedHBT
radii Ro aresimilar to Rs atall beamenergiesandcentralities.At 159AGeVthedataareconsistent
with ashortbut finite emissiondurationof about2–3fm/c.

Studyingthe freeze-outvolumeof the collision systemleadsto somesurprisingresults. At
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Figure8.15: Comparisonof HBT radii with resultsfrom NA49.

all threeenergiesa linearscalingof thevolumeVeff with Npart wasobserved,consistentwith the
assumptionof aconstantfreeze-outdensity. However, noclearbeamenergy dependencecouldbe
observedalthoughthemultiplicity increasesby about50%asgoingfrom 40 AGeVto 158AGeV.
ThesmallestVeff areobservedat 40 AGeV. This minimumin Veff at lower SPSenergiescouldbe
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explainedby a transitionfrom nucleonto pion dominatedfreeze-out.As a universalfreeze-out
conditiontheratio Veff � σeff « 1 fm (with σeff beingthecrosssectionweightedsumof pionsand
nucleons)hasbeenidentified.

The presentedresultsfor Ebeam � 158 AGeV areobtainedwith a limited sub-sampleof the
recordeddata. The productionof thesedatawasdoneusinga preliminarycalibrationof thede-
tectors. At the beginning of 2002, the effort on improving the resolutionof the TPC and the
calibrationof thedetectorswasgoing on with big success.As soonasthework on thedetector
calibrationhasconvergedandthe productionof the whole dataset is donethe statisticsfor the
beamenergy 158AGeV canbeimprovedsubstantially. Theimprovedmomentumresolutionwill
resultin smallercorrectionfactors,thusreducingthesystematicerrorsat largevaluesof k� .
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Sie ermöglichtemir vielfältige Einblicke in dasweite Feld der Schwerionenphysik,angefangen
bei der Entwicklungder Ausleseelektronikder TPC, bis hin zur Analyseder Daten. Auch für
ihr Vertrauen,dassievor allemwährendderVorbereitungderStrahlzeitim Jahr2000mir entge-
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