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derWestf̈alischenWilhelms-UniversiẗatMünster
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1. Intr oduction

Particlephysiciststodaybelieve that thestandardmodelof elementaryparticlesdescribesthefundamental

building of matteralongwith their interactions.It comprisesthetheoriesof theelectroweakandthestrong

interactions.The standardmodel includestwo groupsof elementaryparticles,leptonsand quarks.The

Leptonscanonly interactelectroweak,i.e. by the unifiedelectromagneticandweakinteraction.They are

not subjectto thestrongforcemediatedby thegluons.Thequarks,however, interactstrongly, weakly, and

electromagnetically. Thethreetypesof interactionsincludedin thestandardmodelareall mediatedby the

exchangeof gaugebosons.Themediatorof theelectromagneticforceis thephoton,thoseof theweakforce

arethe �� andthe � � , andthestrongforceis mediatedby thegluons.While thephotoncarriesnocharge,

andis thereforenot subjectto theelectromagneticforceitself, thegluonsactuallycarrycolourchargeand

thusinteractwith eachother. The gluonsandthe photonsarepresumablymass-less,but the �� andthe

� � bosonsareratherheavy. Therefore,therangeof theweakinteractionis very short,about ��������� m. The

stronginteractionhasa limited effectiverangeof ��������� m dueto colour-screeningeffects.

Quarks

Experimentally, one hasfound evidenceof six quarksthey obey as fermionsthe Pauli principle, which

causeddifficultieswhenthe ����� resonancewasdiscovered.The � �!� resonanceis a particleconsisting

of threeup quarkswith parallelspins.This situationcontradictsthePauli principle.This problemcouldbe

solvedby introducingthecolourcharge[Gel73]. Thecolourquantumnumbercantake threebasicvalues,

i.e. red, green, andblueaswell astherespectiveanti-colours.Sincethethreequarksin the � �!� resonance

havedifferentcolours,its wavefunctionis anti-symmetricandthereforethePauli principleis obeyed.When

thequarkconceptwasinventedin themid 1960sthephysicistswereableto categorizeanddescribemost

of theparticlesdiscoveredin acceleratorexperiments.

The observed particlesthat aremadeout of quarksarecalledhadrons,strongly interactingparticles.

Hadronsconsistingout of threequarks,suchas the proton and the neutron,are namedbaryons,while

mesonsconsistout of one quark and one anti-quark.Single free quarkscan not be observed sincethe

strengthof the strongforce increaseswith the distanceof the interactingparticles.Hencethe quarksare

confinedinsidethehadrons.Observableparticlesarethereforecolour-neutralobjectsandthequarksform-

ing thisobjectmusthaveacolourcombinationrenderinga colour-lessparticle.

Gluons

Theforcethatbindsquarkstogether, thestronginteraction,is mediatedby its exchangeparticles,thegluons.

Thegluonscarrybothcolourandanti-colourandsince"$#%" combinationsexist, they form two multiplets
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6 Chapter1: Introduction

of states,anoctetandasinglet.It is possibleto constructall colourstatesfrom theoctetandthereforethere

areeightdifferentgluons.Theninthstateis thetotally symmetricstate(&�'&)(+*,'*-(/. '. ), which is colour-less,

andthereforeplaysno role in thestronginteraction.Sincegluonsthemselvescarrycolourthey caninteract

with eachother. This is themaindifferencebetweenthestrongandtheelectromagneticinteraction,since

photonscarryno electriccharge.Thestronginteractionis flavour independent,i.e.,all sortsof quarkshave

identicalstronginteractions.

Oneconsequenceof thepropertiesof thestrongforce is that thestrengthof the forcedecreaseswhen

thequarksarecloseto eachother. This propertygivesthequarkswhat is calledtheasymptoticfreedomat

smallinter-quarkdistances.Theinteractionpotentialof two quarkscanbedescribedby:

0 1 &325476
8
"
9;:
& (%<=&

The couplingconstant9;: hasa direct dependenceon the squaredfour-momentumtransferin the quark

quarkprocess[Won94]:
9;: 1?> 2@4 ��A,�1 "B"C6DA�E-F�2=GIH 1?>KJBLNMOJ 2

where E-F is the numberof quarkflavours involved,
> J

the four-momentumtransfer, and
M

is a scaling

parameter,
M 4P�3Q ASRT��Q�� GeV[Qui83]. Fromthisexpressiononecandirectlyderivethat 9U: decreaseswith

increasingmomentumtransfer, whichis equivalentwith adecreasingquarkdistance.Hence,theasymptotic

freedomat small distancesis indicatedby the expressionfor the strengthof the interaction.The colour

confinementat largedistancesis causedby thelinearcomponentin theinteractionpotential
0�1 &32 .

1.1 Quark Gluon Plasma

In analogyto thetheoryof theelectromagneticinteraction,thequantumelectrodynamics[Fey61], thegauge

theoryof quarkinteractionis calledquantumchromodynamics(QCD) [Kap79, Shu95]. TheQCDpredicts

at sufficiently high temperaturesanddensitiesanentirelynew form of matter. This matteris analogousto

theplasmaphaseof ordinaryatomicmattercalledquarkgluonplasma(QGP).In sucha QGPquarksand

gluonsareno longerconfinedin hadrons,but are’released’into a largerregion,theplasma,wherethey are

freesingleparticles.Thesesingleparticlesarein contrastto normalmatternotcolour-less.

Theoretically, the phasetransitionfrom hadronicmatterto a possibleQGPhasbeenstudiedin lattice

QCDcalculations.Thisallowsto estimatethecritical temperatureof ��VW� X$AB�W� MeV [Lae96] atwhich this

phasetransitionmight occur. It is commonlybelievedthatsuchhigh temperaturesandthusa QGPexisted

right afterthebig bang, thebelievedorigin of our presentuniverse.Todaya QGPis expectedto exist, due

to high particledensities,in neutronstars.Oneof the major goalsof high energy physicsis the creation

of suchconditionsin the laboratory. By meansof high energy heavy ion collisions it is expectedthat a

sufficiently largeparticledensityandtemperaturecanbeestablishedto form aQGP.

Contraryto the ordinaryplasmaphasethe QGPcharacteristicsarenot directly observable.However,

thereareseveral differentprobessuggestedassignatures.Recentreviews of the differentpossibleQGP
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signaturescanbe foundfor examplein [Bas98, Har96]. Theprobescanbecategorizedinto probesof the

initial state,probesof chiral symmetryrestoration,probesof deconfinement,andprobesof the collision

dynamics.

Probesof the Initial State

As signalof theQGPanexcessof producedphotonsandleptonpairswaspredicted[McL85]. They arenot

subjectto the strongforce andthereforeprobethe earliestandhottestphaseof the evolution of the QGP

withoutbeingaffectedby final stateinteractions.Theexpectedsignalfrom thedirectphotonsandthelepton

pairscompetewith thebackgroundof severalhadronicreactions[Fei76], thusit is difficult to disentangle.

Moreover, a thermalhadrongasis alsoa sourceof photonsof comparableintensity[Kap93]. However, a

clearsignalof photonsfromaQGPisbelievedto bevisiblefor hightransversemomentaif averyhotplasma

is formedinitially [Sri92]. Thoroughstudiesin heavy ion collisionsarecurrentlyin progress[Agg98f] and

anupperlimit of thethermalphotonproductioncouldalreadybeobtained[Alb91].

Probesof Chiral Symmetry Restoration

Thephasetransitionwouldalsorestorethebrokenchiral symmetry, i.e.,makethequarksbehaveasthough

they aremass-less.This could result in the formationof so-calleddisorientedchiral condensates(DCC)

[Bjø92]. TheDCC would decayinto neutralandchargedpions,favouringa neutral-to-chargedratiodiffer-

entfrom thevalueexpectedfrom isospinsymmetry. Sucheventsthatvirtually violatetheisospinsymmetry

have beenobservedin theso-calledCentauroeventsfrom cosmicray interactions[Lat80] andis currently

studiedin highenergy heavy ion collisions[Agg98a, Ste98, Wys98].

Probesof Deconfinement

The productionof hadronswith strangequarksis normally suppressedin nuclearreactions.The yield of

multi-strangebaryonsis predictedto be stronglyenhancedin the presenceof a QGP[Raf82]. However,

several calculationshave beenpresented[Lie91] which show the copiousproductionof strangenessin

hadronicreactions.Neverthelessthe strangenessabundancecanbe a useful trigger for othersignalsof a

QGP. Additionally it is commonlybelieved that comparedto a hadronicprocess,the Y L[Z productionis

suppressedin the collision of two nuclei forming a QGP [Mat86]. Although thereare several hadronic

mechanismsthatcouldexplain a Y L[Z suppression[Gav94], it is still believedto begoodsignatureof the

QGPformation.

Hardpartons,i.e. quarksor gluonswith very high energies,might beformedduringtheearlystageof

thephasetransition.Whensuchapartontraversesdeconfinedmatterit caninteractwith hardergluonsthan

in confinedmatter, wheregluonsareconstrainedby thehadronicpartondistribution.Fastpartonslosemore

energy perunit lengthin a QGPthanin hadronicmatter, hencetheenergy lossmight bea signalof a QGP

existing or not.On theotherhanda suppressionof hardpartonsmight bedifficult to disentanglefrom the

averagetransversemomentumof hadrons,which is expectedto beenhancedin aQGP[Sat98].
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Probesof the Collision Dynamics

Theseprobesarebasedon the energy density \ , the pressure] , andthe entropy density ^ of ultradense

hadronicmatterasa function of the temperature_ andbaryochemicalpotential `ba . As a signatureof a

QGPtherapid rise in thenumberof degreesof freedomwithin a small temperaturerangeis predicted.In

heavy ion experimentsthe averagetransversemomentum���dc@
 , the hadronrapidity distribution eWE L e�f 1,

andthe transverseenergy ehgOc L eif arecommonlyidentifiedwith the variables_ , ^ , and \ , respectively.

Thereforea rapidchangein the ��� c 
 dependenceon eWE L eif or ehg L eif couldserve asprobefor possible

phasetransition.

The space-timeevolution of the systemcanbe measuredvia identicalparticle interferometry, which

is alsoreferredto asHBT2 effect [Han54]. It waspredictedthata phasetransition,which is changingthe

expansiondynamic,wouldshow upin thestudied�U� , j/j , or �B� correlationfunctionsandcouldtherefore

beameasurablesignatureof theQGP[Pra86].

Thehighparticledensityof thereactionzoneleadsto theformationof acollectiveoutwardflow during

the expansionof the densematter. The excitation function of the transversecollective flow is the earliest

predictedsignalfor probingthenuclearmatter[Sch68]. Theexcitationfunctionis sensitive to theequation

of state(EOS)of nuclearmatter, i.e. therelationshipspecifyinghow thepressure,or alternatively theenergy

per particle,dependson densityand temperature.And the excitation function canbe usedto searchfor

abnormalmatterandphasetransitions[Hof76, Sto86]. In high energy collisionstwo heavy nuclei canbe

compressedandheatedto muchmorethanin groundstate.Thusa flow patternwill developasthesystem

subsequentlyexpands.Hencetheobservationof collectiveflow phenomenais of high interestfor both,the

searchof a phasetransitionto a QGPandthestudyof thenuclearcollisiondynamics.

1.2 CollectiveFlow

Theexistenceof shockwavesandthecollective flow waspredictedalready30 yearsago[Sch69]. Exper-

imentally, the first evidenceof the occurrenceof sidewardflow wasobtained15 yearslater in the Plastic

Ball experimentat theBevalacin Berkley [Gus84]. By now theflow analysisis oneof thewell established

methodsto extractinformationabouttheEOSandthetransportpropertiesof thehotnuclearmatter[Cse94].

Threedifferenttypesof transverseflow aredistinguished,radial,directed,andelliptic flow. Isotropicex-

pansionin the transversedirectionis calledradialflow, which is studiedby meansof inclusive transverse

momentumspectra.The comparisonof thesespectrawith thermodynamicmodelsprovidesthe tempera-

ture _ andthe transverseflow velocity kU� [Sch93]. Theobtainedquantitative values,however, dependon

the usedmodelandarethereforedifficult to determine[Agg98e]. The radial flow caneven be measured

in centraleventsanddoesnot dependon thedeterminationof the reactionplane,i.e. definedby thebeam

1For adefinitionof therapidityseeappendixA
2Hanbury-Braun,Twiss
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axisandthe line joining thetwo centresof thecolliding nuclei (seefigure1.1 andchapter4 for a detailed

explanation).

Anisotropicexpansionin non-centraleventsis describedby thedirectedandelliptic flow components.

Figure1.1 displaysa non-centralcollision of two nuclei in theparticipant-spectatormodel.Theprojectile

Target Projectile Target
Spectators

Projectile
Spectators

Participants

b

Figure1.1: Schematicview of two colliding nuclei in theparticipant-spectator model.Thecollision is shown in thecentre-of-mass

frame.Thebeamaxis,i.e. thedirectionof theprojectile,pointsinto thedrawing plane.Thedistanceof projectileandtarget is named

impactparameterlm .

is flying into the drawing plane,while the target is comingout of this plane.The beamaxis points into

thedrawing planeanddefinestogetherwith the impactparametern . the reactionplane.In theparticipant-

spectatormodelthenucleonsinteractonly in theoverlapregionof bothnuclei.This interactionzoneis due

to theexpectedhigh temperaturealsonamedfireball.Hencethismodelis alsoreferredto asfireballmodel.

In non-centralcollisionstheoverlapregion hasanazimuthalanisotropicgeometricalshape(seeleft figure

panel).Thusthepressuregradientin thefireball is steeperalongtheimpactparameterthanperpendicularto

it. And a collective motionof theparticlesemittedfrom thefireball is expectedto developin thedirection

parallel to n . . The spectatorsaredeflectedby the emittedparticles,hencethey will show transverseflow

effectsin additionto theirmovementparallelto thebeamaxis(right figurepanel).

Dir ectedFlow

The directedflow is basedon the fact thata reactionplanecanbe determined.At low beamenergiesthe

side-splash[Gus84] of participantnucleonsnearmidrapidity was detected.By side-splashis meantthe

azimuthalanisotropy of the emissionof producedparticles.In otherwordsparticlesnearmidrapidity are

preferentiallyemittedin thereactionplaneandtransverseto thebeamaxisratherthanemittedisotropically.

Spectatorfragmentsaredeflectedfrom theparticipants,thusthey alsoshow ananisotropicemissionpattern.

Thisbounce-off of thespectatorsresultsalsoin thereactionplaneandtransverseto thebeamaxis[Bec87].

In high energy collisionsdirectedflow is essentiallya pressuregradienteffect, due to the azimuthal

anisotropy of thehot centralregion in non-centralnucleus-nucleuscollisions.Thedenotationdirectedflow

comprisesboththeside-splasheffect,andthebounce-off effect.This meanstheparticlesarepreferentially

emittedin adirectiontransverseto thebeamaxis.In suchacollectivesidewardflow theparticlesemittedin

forwardandbackwardhemispheresin thecentre-of-massframeare,dueto momentumconservation,found

on oppositesidesof thebeamin thereactionplane.Thusdirectedflow canbeequatedwith thetransverse
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momentumtransferin the reactionplane.The magnitudedependson the centralityof the collision. For

centralcollisionsthedirectedflow vanishesdueto thesymmetry, andfor veryperipheralcollisionstheflow

effect is expectedto beweak,becausethecompressionaleffectsarelow. Thedifferentmethodsto extract

thedirectedflow signalfrom themeasureddataaredescribedin chapter4 – 6.

Elliptic Flow

In additionto thedirectedflow in thereactionplaneanout-of-planeflow component,thesqueeze-out, was

observedat Bevalacenergies[Gut89a, Gut90]. In theoverlapregion of thetwo colliding nuclei thematter

is rathercompressedandpartly it is squeezedout perpendicularto the reactionplane.In otherwords,the

particlesemittedfrom the centralhot region areshadowed in the reactionplaneby spectatorfragments.

Perpendicularto thereactionplanetherearenospectators,thusparticlesmightescapepreferentiallyin this

direction.In collisionsat ultrarelativistic energiesthespectatormatteris expectedto leave the interaction

zoneaftersuchashorttimethatshadowing is small.Thiswould leadto anisotropicemissionpatternfor all

particlesemittedafter this time. However, if partial thermalizationoccurs,pressurewill drive themalong

thelinesof thepressuregradient.Sincetheoverlapregion betweentargetandprojectilehasa smallersize

in the reactionplanethanperpendicularto it, the pressuregradientis larger in-plane.This consequently

producesin-planeelliptic flow [Oll92]. Theutility of theelliptic flow excitationfunctionasa probefor the

stiffnessof theEOSof nuclearmatterandfor theonsetof a possibleQGPis recentlyunderinvestigation

[Dan98]. A recentoverview of collectiveflow phenomenaobservedin heavy ion collisionscanbefoundin

[Rei97]. Theanalysismethodwill bedescribedin chapter6.

Sincethemeasurementof collectiveflow phenomenaprovidesauniquetool for studiesof thedynamics

of a heavy ion collision aswell as for the propertiesof hadronicmatter, this thesisconcentrateson the

analysisof flow phenomenain high energy heavy ion collisions.TheanalyzeddataarePb+ Pbcollisions

measuredin theWA98 experimentat theCERN3 SPS4 at abeamenergy of "W"@obpiq .

The setupof the WA98 experimentwill be describedin chapter2. Chapter3 dealswith the datare-

ductionwhich providestheeventcharacterizationaswell asthenecessaryvariablesfor theflow analysis.

Observationof collective flow requiresthat a referenceplaneexists.Differentmethodsof extractingthis

reactionplane,arediscussedin chapter4, alongwith resultson the reactionplanedeterminationandits

resolution.Chapter5 presentsthe resultsof thedirectedflow analysisby meansof theaveragetransverse

momentum��� � 
 method.The analysisusingazimuthalparticlecorrelationsin chapter6 providesresults

on elliptic anddirectedflow andcomparisonsto the ��� � 
 method.Finally in chapter7 the resultsof the

observedcollectiveflow phenomenaarebriefly summarized.

3ConseilEuroṕeenepourla RechercheNucléaire
4SuperProtonSynchrotron



2. The WA98 Experiment

TheWA98 experimentusesavarietyof largeacceptancedetectorsto takeinto account,thatonly thesimul-

taneousmeasurementof several observablesandtheir correlationsallows to obtaina completepictureof

theheavy ion reaction.UnlikeotherCERNexperimentsWA98 doesnot focusononeparticularaspect,but

triesto revealamoreglobalview of highenergycollisions.TheWA98 experimentis thesuccessorof WA80

andWA93 andthereforethecompletionof a seriesof heavy ion experimentsat theCERNSPSaccelerator

searchingfor signaturesof theQGP. As it canbeseenin figure2.1theWA98 experimentconsistsof a large

acceptancehadronandphotoncalorimeter[WA98a, WA98b, WA98c, WA98d]. It is a fixed-targetexper-

iment with a "B" TeV beamof leadions (
J � � Pb). The targetsusedmost,areleadfoils of A���� and

8 ���,` m

thickness.

The following sectionsgive a brief overview over the differentdetectorsystemsand their operating

principles.Thesubsetof detectorsusedfor theanalysispresentedin this thesisis describedin moredetail.

 21.5 m

Beam
Plastic Ball

Goliath Magnet

Lead-Glass Calorimeter
(LEDA)

Target

Little Veto

[ARM1]

[ARM2]

Silicon Pad (SPMD) and
Silicon Drift (SDD) detectors

Start
Counter

Pad Chambers
(PADCH)

Streamer Tubes
(STUBE)

Time of Flight
(TOF2)

Time of Flight
(TOF1)

Multistep Avalanche
Chambers (MSAC)

 Photon Multiplicity
Detector (PMD)

Charged Particle Veto
(CPV)

Midrapidity
Calorimeter

(MIRAC)

Zero Degree
Calorimeter 

(ZDC)

Figure2.1: The WA98 experimentalsetupin 1996.Sincethe Inner andOuterHalo countersare rts m upstreamfrom the target,

which is locatedin thecentreof thePlasticBall, they areoutsidetheplotting range.
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12 Chapter2: TheWA98 Experiment

2.1 Calorimeter

To characterizethecollision it is mandatoryto determinethefractionof theincidentenergy which is dissi-

patedfor particleproduction.In theWA98 experimentthis is realizedby measuring,on theonehand,the

forwardenergy carriedby theprojectilespectatorfragmentsandon theotherhandthetransverseenergy of

theemittedparticles.

The Zero DegreeCalorimeter(ZDC) measuresthe energy of projectilespectatorfragments.It covers

thepseudorapidity1 region uwvxV�Q y which correspondsto anopeningangleof z�{|��Q " aroundthebeam

axis.The ZDC is a samplingcalorimeterbuilt of }~#�V modulesconsistingof layersof leadandplastic

scintillator. The intensityof the scintillation light that is producedby hadronicshowersis proportionalto

thehadronenergy andis guidedby awavelengthshifterto photomultipliers[Awe93, Vod93a].

TheMid RapidityCalorimeter(MIRAC) located24 m downstreamfrom thetarget is usedto measure

theflow of energy emanatingtransverselyfrom thecollisions.Thecoveredpseudorapidityrangeis "3Q V�{
u�{�V�Q V . It is segmentedtransversely, enablingit to determinethe transverseenergy of the produced

particles.Thetransverseenergy is definedas:

g�c�4
�
��� �

g ����� H�z � (2.1)

Thesumrunsoverall detectormodulesE with g � theenergy depositedin themoduleat thepolaranglez � .
TheMIRAC is alsosegmentedlongitudinally into anelectromagneticsectionanda hadronicsection.Iron

andplasticscintillatorplatesconstitutethehadronicsectionof 6.1absorptionlengthsandanenergy resolu-

tion of
8B� Q��W� L g L GeV.Theelectromagneticsectionconsistsof leadandplasticscintillatorplatesof 15.6

radiationlengthstotaldepth.Its energy resolutionis �B}�Q y;� L g L GeV. Thescintillatorsin theelectromag-

neticandin thehadronicsegmentarereadoutby wavelengthshiftersandphotomultipliers[Awe89, Idh93].

2.2 ChargedParticle Tracking

Togetherwith thelargeaperturemagnetGoliathtwo trackingarmsallow thespectrometryof chargedparti-

cles.In additiontwo time-of-flightwalls measurethevelocity to provide themassof eachparticle.Goliath

is centred"3Q AW� m downstreamof thetarget,with agapsizeof ��Q � � m. It is a ��Q � Tm dipolemagnetbending

thepositively chargedparticlesto thesecondtrackingarmside,which is definedasthepositivex-axis.

2.2.1 First Tracking Arm

Thefirst trackingarmspectrometer(ARM1) consistsof six Multi StepAvalancheChambers(MSAC) and

a Time-of-flight wall (TOF1). Negatively chargedparticlesare,accordingto their momentum,deflected

by the magneticfield of Goliath to the sideof the first trackingarm. Whenthey passoneof the MSAC

1For adefinitionof thepseudorapidityseeappendixA
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planes,they ionize the gasalongtheir path throughthe chamber. With several amplifying stepsan elec-

tronavalancheis produced,whichexcitesthetriethylaminemoleculesin thegaschambersto emitphotons.

Thesephotonsareabsorbedandreemittedby wavelengthshifterexit windowswhich areviewedby CCD2

cameras.FromtheCCDsignalsparticlehits in eachplaneareconstructed,which in turnallow thetrackre-

constructionandfinally thedeterminationof theincidentparticlemomentum[Iży91, Iży94, Rub95, Sol92].

By measuringtheparticlevelocity with theTOF1,which consistsof
8 #���AW� plasticscintillatorseach

readout from both sideswith photomultipliers,one can reconstructthe particle massand thereforethe

particleidentity. TheTOF1hasa timeresolutionof �x��AW� ps[Kur96, Vod93b].

2.2.2 SecondTracking Arm

The measurementof positively chargedparticlesin the secondtrackingarm (ARM2) is analogousto the

trackingof negatively chargedparticles.Four trackingplanesareused,two PadChambers(PADCH) and

two StreamerTubedetectors(STUBE).ThePadChambersaresimilar to theMSACs,exceptfor theread-

out. In the Pad Chambersthe electronavalancheinduceschargeon padsoutsidethe chamber. Insteadof

measuringthesecondaryproducedphotonswith aCCDcamera,thesepadsarereadoutdirectly. Thespatial

resolutionis ��Q�} mmin theverticaland�3Q V mmin thehorizontalaxis[Car98a, Car98b].

Thedesignof theStreamerTubedetectorsis adoptedfrom theChargedParticleVetodetector(CPV)as

describedin section2.3.4. In orderto achieveagoodtrackreconstructionthespatialresolutionis improved

by reducingtheverticaldimensionof thereadoutpadscomparedto theCPV. For theparticleidentification

thepositive trackingarmis alsoequippedwith a Time-of-Flightwall (TOF2).It is madeof V�#7y � plastic

scintillators,eachreadout by two photomultipliers,andachievesa time resolutionof ���B� ps [Eno97,

Kiy97].

2.3 Multiplicity Detectors

In thefollowing subsectionsthemultiplicity detectorsarepresented.Themeasurementof thechargedpar-

ticle multiplicity is realizedby theSilicon Drift Detector(SDD) andtheSilicon PadMultiplicity Detector

(SPMD)nearthetarget,andwith theCPVfurtherdownstream.Thephotonmultiplicity is determinedwith

thePhotonMultiplicity Detector(PMD).

2.3.1 Silicon Drift Detector

TheSDD is a circularsilicon waferof
8

inch diameterand AB�W�,` m thicknesswith a 15 mm diameterhole

in thecentre,which allows thenon-interactingbeamparticlesto passthrough.It coversthepseudorapidity

rangeof A3Q �~{wu�{�"�Q 8 andis located��AWV mmdownstreamfrom thetarget.An energeticchargedparticle

traversingthe wafer createsa cloud of electricchargeswhich, dueto the appliedvoltages,drift radially

2Charged-CoupledDevice
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towardstheouteredgeof thewafer. By measuringthedrift time onecanreconstructtheradialdistanceof

thetraversalpointof theenergeticparticle.Theazimuthalangleis determinedby thecentreof gravity of the

respondinganodes,which arearrangedaroundtheouteredgeof thewafer. Theresolutionis ABV,` m along

thedrift directionand35 ` m in theazimuthaldirection.[Nie94, Ras96, Reh90, Ste94]

2.3.2 Silicon Pad Multiplicity Detector

TheSPMD,whichis located"BAB� mmdownstreamfrom thetarget,coversapseudorapidityrangeof A�Q "BVt{
u�{�"3Q�}�V . It is a circular

8
inch silicon wafer. A traversingchargedparticlecreatesfree chargewhich is

readout directlyvia smallpads.TheSPMDis madeof four quadrantswith 1012padseach.Becauseof the

high particlemultiplicity in a heavy ion collision theprobabilityof doublehits is not negligible. They can,

however, bedisentangledby theanalysisof thesignalheight[Lin97, Ste98].

2.3.3 Photon Multiplicity Detector

In the PMD, photonsaredetectedvia electromagneticshowers to which they convert in the 3 radiation

lengthsthick leadconverterplates.Theproducedshower particlesgive riseto a largesignalin " mm thick

scintillatorpads.Thesepadsarereadoutby wavelengthshiftingopticalfiberscoupledto imageintensifiers

andCCDcameras.Hadrons,dueto their largenuclearinteractionlength,will mainly traversetheconverter

withoutshowering.Thusthey will giveonly asmallsignalin thescintillator(asminimumionizingparticle),

whichgivesahandleto discriminatethem.SituatedA;��Q V m downstreamfrom thetargetthePMD allowsthe

countingof photonsin thepseudorapidityrangeA3Q 8 {�u�{ 8 Q 8 [Agg96, Agg98c].

2.3.4 ChargedParticle Veto

On the onehandthe CPV is usedasa multiplicity detectorfor chargedparticlesandon the otherhandit

is usedasa vetodetectorfor theLeadGlassDetectorArray (LEDA), which measuresphotonsandneutral

mesons(seesection2.4). TheCPV is built in two walls of 86 streamertubeseach.A singlestreamertube

is dividedinto 8 chamberswith a ���B�,` m thick anodewire in each.Thehigh voltageappliedto theanode

formsanelectricfield, in which a traversingchargedparticlecreatesa spatiallylimited chargedstreamer.

Thischargeinducesasignalon thepadsoutsidethetube.

In total 49,120padsare readout in groupsof 16 by digitizing chips, which are a completelynew

development.Thedigitizedsignalsarethenhandledby Digital SignalProcessors(DSP),alsoanew design

for this experiment.They reducethedatavolumeby rejectingpadsignalsbelow certainthresholds.Since

theCPVis usedasavetodetectorfor LEDA it coversthewholeLEDA pseudorapidityrangeandis installed

directly in front of it, i.e.within adistanceof about�B�W� mm. A spatialresolutionof AB� mmin thehorizontal

andA 8 mmin theverticaldirectionis achieved[Bat97, Bar98a, Fra95, Rey95].
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2.4 The PhotonSpectrometer LEDA

Oneof the main goalsof the WA98 experimentis the measurementof direct thermalphotons.For this

purposethe leadglassdetectorLEDA wasbuilt. It detectsphotonsin the pseudorapidityregion A�Q AB��{
u�{�A�Q y � . It is positionedata distanceof A���Q V m to thetarget.

2.4.1 Mode of Operation

Energeticelectromagneticallyinteractingparticlessuchaselectronsandpositronslosetheir kinetic energy

in materialvia Bremsstrahlung.Photonslosetheir energy by electron-positronpair production.The sec-

ondaryparticlesthen interactin the sameway so that an electromagneticshower is created.The further

extensionof the shower is stoppedassoonas the kinetic energy of the particlesfalls below the critical

energy gO� . The longitudinaldimensionof a shower is describedby the radiationlength � � , after which

distancetheprimaryelectronor positronhaslost
� "�� of its energy.

Thetransversedimensionis determinedby theMoli èreradius:

�¡  4 A�� MeV ¢£� �
g � (2.2)

where yBV¤� of the primary energy is depositedin a cylindric volume with the radius A �   aroundthe

showeraxis.

Hadrons,however, have a largermeanfreepath,suchthatonly � � ";� build a shower in LEDA. The

hadronshower is unlike an electromagneticshower sinceit consistsnot only of electrons,positrons,and

photonsbut containshadronsaswell. Thereforethe lateralshower dimensionis largerandcanbeusedto

distinguishbetweenphotonsandhadrons(seesection3.2.2). Theremaining��"�}W� of thehadronstraverse

thedetectormaterialdecreasingtheir energy by ionization.They areknown asminimumionizingparticles

andcanbeidentifiedby their low energy signal[Fab87, Kle92, Leo87].

Sinceall chargedshower particleswith a velocity of kT¥§¦¨¥ L�© , where ¥ L�© is thespeedof light in the

detectormediumwith therefractionindex
©

, emit Čerenkov photonsin theleadglass,thetotal energy of a

showercanbedeterminedby measuringthenumberof producedphotons[Čer37, Jel58, Per87].

2.4.2 DetectorDesign

TheLEDA detectorconsistsof 10,080singleleadglassmodulessized
8 ��# 8 ��# 8 �B� mmª , which cor-

respondsto 14.4 radiationlengths.
� # 8 modulesare combinedto stand-alonesubdetectors,so-called

supermodules.A detaileddescriptionof the constructionandcalibrationof LEDA canbe found in refer-

ence[Sch94b]. The conceptof a modularconstructionallows a variabledetectorgeometryandtherefore

theuseof thedetectorin otherexperimentalsetups.

This is necessary, becausetheLEDA detector– after its operationin WA98 – is presentlyincludedin
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theelectromagneticcalorimeterof thePHENIX3 experimentat RHIC4 [Mor98], wherethesupermodules

arestackedin a differentgeometry[PHE93].

The LEDA setupin the WA98 experimentis displayedin the left part of figure 2.2. Every rectangle

representsonesupermoduleasshown in theright half of thefigure.

Beam

12°

6°

5.9 m

1.7 m

1.6 m

1.7 m

1.8 m
6 x 4 Lead Glass Modules

LEDs

Plastic Cover

0.4 m

40 mm

Photomultiplier
HV Base

Figure2.2: Schematicview of theLEDA setupon theleft, whereeachof the420supermodulesis representedby asinglerectangle.

Theconstructionof suchasupermoduleis displayedin theright part.

To make thesupermodulea stand-alonedetectoreachoneis equippedwith anindependentmonitoring

system.Variationsin thedetectorresponse,causedby fluctuationsof the temperatureor thehigh voltage,

aredetectedby this referencesystemandthusallowsto correctfor theseeffects.This is realizedby anewly

designedLED5 basedmonitoringsystem,which is describedin detail in thereferences[Pei96, Sch94a].

The producedČerenkov light is detectedandamplifiedby photomultipliers,which areequippedwith

newly developedactive high voltagebases.Active baseshave the importantadvantageof producingless

heatandbeingmorestableandeasierto control thanpassive bases.The descriptionof the operationand

thecontrolof thishigh voltagesystemcanbefoundin [Hub92, Hub93, Neu95].

A completelynew readoutsystemis constructedto processthe photomultipliersignals.The improve-

mentsoverstandardintegratingADCs6 areanimplementedanalogmemory, which eliminatescostlydelay

cablesfor eachchannel,andtwo digitization channelsfor the anodecharge with differentamplification.

In addition,high resolutionmeasurementof thesignaltiming anda moduleclusterbasedtriggerwith ad-

justableenergy threshold,to trigger on rareeventswith very energetic photons,is includedon the ADC

board[All91, You94].

3PioneeringHigh Energy NuclearIon eXperiment
4Relativistic Heavy Ion Collider
5Light EmittingDiode
6Analogto Digital Converter
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LEDA is highly granulatedandhenceachievesa goodresolutionin spaceandenergy which is manda-

tory for thephotonmeasurement.Theenergy resolutioncanbeparameterizedby [Pei96]:

« 1 g¬2
g 4

1 V3Q VPR��Q � 2®�¯ g ( 1 ��Q �°R��Q A�2®�
While thespatialresolutioncanbedescribedas[Cla96]:

« 4
1 ��Q "BV±R²�3Q AWV�2 mm¯ g ( 1 �3Q���VPR³��Q ��}W2 mm

More detailedinformationabouttheLEDA detectorandits specificfeaturescanbefoundin severalrecent

theses[Blu98, Boh96, Cla96].

2.5 The Plastic Ball Spectrometer

The PlasticBall detector, originally built for experimentsat the Bevalacin Berkeley [Gut89b], measures

particlesin the target fragmentationregion. It provides coveragein the polar angleregion of � � �;´�{
z�{�"B�;´ ; with full coveragein the azimuthaldirection.Thereforethe PlasticBall surroundsthe target

nearlycompletely. It consistsof 655 detectormodules,that provide particle identificationvia �µgw6�g
measurement.Due to the increasedparticlemultiplicity at the SPSthe 160 mostforwardmodulesof the

originalBevalacdesign[Bad82] arenotusedin theWA98setup.Thedetectorgeometryandtheconstruction

of asinglemoduleis shown in figure2.3.

Signal

HV

Base

Photomultiplier

Lightguide

Plastic Scintillator (E)
              < 10 nsτ ~

CaF  (   E)
    ~ 1   s

∆
µτ

2

Optical Fiber

36
0 

m
m

4 
m

m

122 cm

Beam

Figure2.3: Schematicview of thePlasticBall geometryon theleft. Theparticulararrangementof everymodulecanbeseenin figure

B.1. Every trianglerepresentsasingle¶¡·¹¸S· telescope.Theconstructionof suchamoduleis shown in theright partwith the º mm

thick ¶S· crystalandon top the · section.

Every �µgP6Dg moduleconsistsof two scintillatortypeswith verydifferenttiming constants.Theinner

scintillatorsectionis a
8

mm thick Eu-doped»b¼B½ J crystalmeasuringthe energy losssignal �µg . For the
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emissionof the scintillation light the »b¼W½ J hasa characteristicdecaytime of ���3` s andis readout by

usingthe g counterasa lightguide.

The g counteris aplasticscintillatorof "WV � mmlength.Thetiming constantisapproximatelytwoorders

of magnitudesmaller, sothat yB�;� of thescintillationlight is gatheredwithin ��� ns. Theplasticscintillator

hasalsocomponentswith longerdecaytimes( ��AB� ns). Hencethe analysisof the pulseshapeallows the

measurementof bothsignalswith onephotomultiplier. The �¾g~6%g resolutionhasbeenfoundto reachan

optimumwhenintegratingthe �µg signalover ��Q V,` s aftera delayof A 8 � ns. Thescintillator light is read

out througha conicallight guidewhich is coupledto a photomultiplier. Thegainof thephotomultiplieris

monitoredby a lasersignal,which is connectedthroughanadditionalopticalfiber to thelight guide.

Thedimensionsof the »b¼B½ J crystalarechosenin sucha way thatprotonsup to
8 � MeV arestopped,

while in theplasticscintillatorprotonsup to A 8 � MeV arestopped.This permitsa very goodprotoniden-

tification in this energy rangewith negligible influenceof e.g.deuterons.Positively chargedpionsaread-

ditionally identifiedby their decay. With a meantime of A � ns the stopped� � decaysinto a ` � . The ` �
decaysafter A�Q A,` s into a positron ¿ � :

� �
JÁÀ	ÂNÃ
6�6UÄ�` �¾ÅNÆ

JBÇ J Æ Ã6�6;ÄÈ¿ �µÅÊÉ 'ÅÊÆ)ÅÊÆ
This positroncausesa delayedsignal in the plasticscintillator anda TDC7 measuresthe corresponding

delaytime.About yB�;� of all decayscanbedetectedin theTDC rangeABVW� ns {wË¾{Ì���,` s.
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AMPLIFIER
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INPUT
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INPUT
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BALL BOX TIMING DIAGRAM
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E - ADC
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10  s TDCµ

E - ADC∆ s

Figure2.4: Schemeof thepulseshapeanalysisfor theidentificationof Í�Î in thePlasticBall.

The schemeof the necessarypulseshapeanalysisfor � � identificationis shown in figure2.4. It also

includesa third ADC depictedas �¾g : . As canbe seenthe ` � decaypeaklies in the integrationrange

of the �¾g signal,which might leadto a distortionof the latterone.Thereforealternatively the �¾g : or a

combinationof bothsignalscanbeusedto determinethetrue �¾g signal.
7 Timeto Digital Converter
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Since��� arepromptlyabsorbedby a nucleusandthepion restmassis releasedaskinetic energy this

particleidentificationmethodis notpossiblefor thenegativelychargedpions.Theidentificationmethodfor

� � , p, andheavier fragmentslike deuteronsandtritonsis presentedin section3.3.2. SincethePlasticBall

acceptancevariesfor differentparticlespeciesit will bediscussedin detail in section3.3.3.

2.6 Trigger

The start and veto countersbelongto the subsystemof the trigger detectors.The start counteris a gas

Čerenkov detectorwhich measuresthe incomingbeamparticles"�Q V m upstreamof the target.Only beam

particles,i.e. ��VB�)Ï GeVleadions,areacceptedbasedonsignalpulseheightandgivethestartsignalfor the

dataacquisition.A verygoodtiming resolutionof approximatelyA;} psis achieved[Chu96].

The Inner andOuterHalo countersaretwo scintillator walls V3Q�} and
� Q � m upstreamfrom the target.

Sincethey arefurtherupstreamthey arenotshown in figure2.1. TheInnerandOuterHalorejectsecondary

particles,producedby possibleupstreamreactionsof beamparticleswith restgasin thevacuumbeampipe,

aswell asthehaloof thebeamconsistingmainlyof muons.Reactionsin thestartcounterscanalsoproduce

secondaries.Thesearerejectedby a scintillator, theLittle Veto, "�Q � m downstreamof thetarget.TheLittle

Vetohasa holeof "3Q � mmwhich allows to selectonly verywell centredbeamparticles.

Togetherwith thisdetectorsubsettheMIRAC,andthePlasticBall areintegratedin thetrigger. While the

MIRAC characterizesthecentralityof theevent(seesection3.1), thePlasticBall is usedto excludeevents

with downstreaminteractions.Thecompletetrigger[Lee94] allowsaverygoodselectionof
J � � Pb ( J � � Pb

collisionsaswell asthedefinitionof thecollision centrality.





3. Data Reduction

Themostimportantcorrectionsandcutsnecessaryfor theflow analysisaredescribedhere.Thefirst section

will dealwith the transverseandforwardenergy production.It is describedhow theseobservablescanbe

usedto characterizethe collision andhow the particularcentralityclassesaredefined.While sectiontwo

presentsthecalibrationandparticleidentificationof LEDA, sectionthreerefersto theanalysisof thePlastic

Ball data.

3.1 Event Classification

The available centre-of-massenergy for particle productionbetweentwo participantsfor the ÐOÑ°(~ÐOÑ
systemat theSPSenergy canbewritten as

¯ ^K6PA�ÒÔÓ where
¯ ^ is �B}�Q A GeV/nucleonand ÒÔÓ is the rest

massof a nucleonin thecolliding nuclei.Thereforetheavailableenergy perparticipantis:

g Ó�ÖÕ 4 �A
1 ¯ ^O6DA�Ò Ó 2@4�}�Q � } GeV (3.1)

andthusfor thewhole
J � �NÐ5Ñ×( J � �@ÐOÑ system:

g��ÖÕ4�}�Q � } GeV #×A¹#+AW�B�×4P"3Q���y TeV (3.2)

Assumingthatthe g c productionis isotropicin thecentre-of-massframe,themaximumpossibletransverse

energy of all particlescanbecalculatedby integratingover thesolidangle:

g Õ¡Ø��c 4 g ��� H�z�eNÙ
eÊÙ 47g �Á� H J zBeWz�ehÚ8 � 4 � 8 g (3.3)

where gÛ4�g �ÖÕ 4�"3Q���y TeV. Thusfor
J � �iÐOÑ¾( J � ��ÐOÑ collisionsat SPSenergy g Õ¡Ø��c is A3Q VW� TeV. The

maximummeasuredtransverseenergy is � 8B� � GeV, this fractioncorrespondsto ���3Q 8 � of g Õ¡Ø��c . This is

partly dueto thefact,that theMIRAC coversonly ABy3Q V�� of theintegratedehg c L eiu distribution,which is

assumedto beGaussian[Agg97b]. Theremainingdiscrepancy canbeexplainedby thefactthattheenergy

availablefor the particleproductionwill be reducedby an incompletestoppingof the nucleons.This can

thereforeprovide informationto studythe nuclearstoppingpower asdonefor examplein the references

[Alb87, Geu98, Kam93].

Furthermorethe eWg c L e�u distribution allows to estimate,in termsof the Bjørkenpicture[Bjø83], the

energy density \ÖabÜ :

\?a�Ü¾4 eWg c
L eiu!Ý Õ¡Ø��

� � J��Þ � ¥ (3.4)

WhereÞ � is theformationtimetakenas � fm
L ¥ and

� � theprojectileradiuscalculatedas
� � L fm 4ß��Q A3Ï¤�áàÁª .

For adetaileddescriptionsee[Agg97b, Cla96].

21
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In figure 3.1 the forwardenergy gOâ;ã@ä is shown asa function of the transverseenergy g c . It shows

the expectedlinear anti-correlationbetweenthe two observables.This canbe understoodin light of the
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Figure3.1: Theforwardenergy ·¡ö[÷!ø asfunctionof thetransverseenergy ·5ù , which is translatedin animpactparameter(
m
) axis

on the top. Also shown aretheusedcentralityclassesin termsof percentageof theminimumbiascrosssection(ú?û ) andasaverage

numberof participantsü�ý¹þ�ÿ .

participant-spectatorpicture.In aperipheralcollision,wherethetwo leadnucleijustgrazeeachothermany

nucleonsin thecolliding nucleido not interact.This leadsto botha strongforwardenergy flow in thepro-

jectile fragmentationregionandto a low gOc production.Themoretheoverlapof thetwo nuclei increases,

the more transverseenergy is producedand fewer spectatorsareemittedto the projectile fragmentation

region.Hence- asdescribedin section2.6 - oneimportanttool to understandtheheavy ion collision is the

measurementof theenergy flow parallelandtransverseto thebeamaxis.

In additionin figure3.1 thedifferentcentralityclassesusedin this analysisaregivenaspercentagesof

theminimumbiascrosssection.This is shown for thedatasetof thePb+ Pbbeamtime in 1996wherethe

magneticfield of Goliathwason.Themagneticfield slightly changesthemeasuredtotal transverseenergy,

which changesthe transformationfrom gOc into percentageof the minimum bias crosssectionslightly

comparedto the magnet-off data.The shown dataarecorrectedfor pile-up eventsaswell as for events

with downstreaminteractionsdetectedwith thePlasticBall. Thesetwo correctionsarebriefly describedin

appendixC. In thefollowing analysisthementionedcutsarealwaysappliedandtheabovecentralityclasses

areused.

In addition,the relationbetweenthe crosssectionandthe impactparameter. , aswell asthe average
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numberof woundednucleons,i.e. the numberof participants,�® � 
 aregiven in this plot. The latter are

derived from the impact parameterin Monte Carlo simulations[Pei98] inspiredby the Glaubermodel

[Gla70]. This simulation,which is mainly basedon geometry, is a multiple scatteringtheory. It usesa

Woods-Saxonnucleondensityprofile. In theGlauberformalismthenumberof participantsin thecollision

of two nucleiA andB canbewrittenas:

 � 1 .N2 � E�� 1 n� 2 �¡6$¿ ���	�
� ������ �� � �� � � (%E a 1 Ý n .5( n� ÝI2 �¡6%¿ ������� ���� �� � e J n�

� A «��	� E � 1 n� 2ÖE¤a 1 Ý n .5( n� ÝI2	e J n� (3.5)

where« �	� 4�"WA mbis theinelasticnucleon-nucleonreactioncrosssectionand E���� a 1 n� 2�� ����� a 1 ��! n� 2[e �
is thenumberof nucleonsperunit areawith thenucleardensityfunction����� a 1"�#! n� 2 . n . is theimpactparame-

terand
�

is thecoordinatein thedirectionof thebeamaxis,while n� is theintegrationvariableperpendicular

to thebeamaxis.The integral in thesecondrow in equation(3.5) shows that thenumberof woundednu-

cleons � is anoverlapof thedensitiesof theprojectileandthetargetnucleiseparatedby their distancen .
[Sor90].

3.2 LEDA $ and % � Measurement

TheLEDA dataanalysisis very thoroughlydescribedin recentLEDA relatedtheses(seethesubsections

for references),thusthis sectionwill only briefly notethemainstrategy to extractthephysicsobservables.

Thefirst sectiondealswith thecalibrationandthenecessarycorrectionsandthesecondsectionpresentsthe

photonidentificationmethod.Sectionthreesummarizestheneutralmesonreconstruction.

3.2.1 Calibration and Corr ections

Prior to the physicsbeamtimewith Pb nuclei a calibrationbeamtimewith electronsof known incident

energy wasperformed.In 1993and1994thedetectorresponseto ��� GeV electronswasrecordedfor each

singleleadglassmodule[Sch94a, Sch94b]. Sinceelectronscreatean electromagneticshower in the lead

glasslike photons(seesection2.4.1), theseresultsare usedto translatethe ADC channelsinto energy.

To evaluatethe actualgain factorsan iterative procedurewasused.This procedureprovidesthe energy

calibrationon a singlemodulebasis.Smalldifferenceson a �B� level betweenthephotonandtheelectron

responsehavebeenfoundby simulations[Büs97] andarecorrectedfor.

Sincethe experiment,including the calibrationbeamtime, lastsfor several years,fluctuationsin the

high voltageor photomultiplieragingeffectsarepossiblereasonsfor changesin the light amplification.

Thusthecalibrationhasto bemonitoredand,if necessary, modifiedcontinuously. Thereforethemonitoring

system(seesection2.4.2) providesatimedependentcontrolof thegainfactors.Thestrategy is to regularly

measurea calibratedLED signalin eachleadglassmodule.Thetime variationof theresponseto theLED

pulseis usedasreferenceto correctthegainfactor[Boh96, Cla96].
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Moreoversomewell studiedcorrectionshaveto beappliedto theLEDA data.Thesearethesuppression

of suspiciousmodules,thehandlingof readouterrors,theadjustingof thetwo digitizing ADC channels,the

ADC pedestalcorrection,aswell asthecorrectionfor theincidentangle.Thesecorrectionsaredocumented

in detail in [Blu98].

3.2.2 Photon Identification

After applyingall correctionstheenergy andthepositioninformationof everyhit detectedwith LEDA are

known. Sincethebehaviour of photonsandelectronson theonehandandhadronson theotheris known,

their differentbehaviour canbeusedto identify thehit with a particularparticletype.Themainpurposeis

to studyphotonswhich leadsto thenecessityof anoptimizedhadronsuppression.

Most of thehadronstraversethedetectormateriallosingonly a partof their energy by ionization(see

section2.4.1). Thesehadronscanbe identifiedby their smallenergy deposition;a }�VB� MeV energy cut is

appliedto eliminatetheseminimumionizingparticles(MIPs).Howeveronealsoloseslow energy photons

by this method.Thiscanbeimprovedby suppressingchargedparticleswith theuseof theCPV [Rey99].

For all particleswhich createa shower in theleadglass,theshower dimensionsareusedto distinguish

betweenelectromagneticandhadronicshowers[Ber92]. Thelateralshowerextensioncanbequantifiedby

thedispersion:

& � � � g � � J �
� g � 6 � g � � �

� g �
J
4 � J 6t� � 
 J

&(' � � g � f J�
� g � 6 � g � f �

� g �
J
4 f J 6t��f!
 J (3.6)

Wherethe sumrunsover the ) modulescontributing to the shower of the particularhit and � � , f � arethe

transversedistancesfrom theshowercentre.� � 
 and ��f�
 arethentheenergy weightedfirst momentsof the

hit. Sincethedetectoris of modulargranularitythe � andf coordinatesarein moduleunits.Thedispersions& � and
&('

arelimited by theparabolicfunctions
& � � Õ � � and

&(' � Õ � � , respectively:

& � � Õ � � 4 Ý � � 
�ÝB6t� � 
 J
& ' � Õ � � 4 Ý ��f�
ÁÝB6t��f!
 J (3.7)

Thecorrecteddispersion
&

asdefinedin equation3.8, however, is independentof the incidentcoordi-

nates.It is usedto distinguishbetweenhadronsandphotons,sincehadronshavearelatively largedispersion

while electromagneticshowersshow a smallvalueof
&

.

& � � � *,+-+ 4 & �-6 & � � Õ � �
&.' � � *,+-+ 4 &(' 6 &(' � Õ � �

& 4 /�¼�0 1 & � � � *-+-+ !�& ' � � *-+,+ 2 (3.8)
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Theappliedthresholdfor hadrondiscrimination
& � , given in equation3.9, rejectsabout }�V�� of hadrons.

Howeveronehasto accepta �B� photonloss.

& { & � � �3Q A � } 1�g L GeV {ß��� GeV

�3Q�� � }�($g L ���B� GeV 1�g L GeV ¦���� GeV
(3.9)

This thresholdis thesameasusedin formeranalyses[Cle93, Höl93].

3.2.3 243 MesonReconstruction

Thereconstructionprocedureis presentedherein a roughoutlinesincelike thephotonidentification,it has

beenstudiedandthoroughlydescribedin thetheses[Blu98, Höl95, Stü99]. Mostof thephotonsdetectedin

LEDA originatefrom neutralmesondecays.Thedominantyield is the � � 6!Ä ��� decaywith a branching

ratioof ��yB�3Q �;� . Themeanlife timeof a � � is Þ 4%��Q 8 ¢=��������5 s [Bar96], whichmeansthedecayoccursin

thetarget.Thereforetheemissionpointof thedecayphotonsis approximatelyknownandthehighprecision
� energy measurementandthehighspatialresolutionof theLEDA detectorallow thereconstructionof the

original � � meson.

Becauseof thehigh particlemultiplicity it is not possibleto find thetwo correspondingphotonsof one

particularpiondecay. Insteadall �3� pairsareconstructedandthepionspectraareevaluatedon astatistical

basis.For eachpair theinvariantmassÒ7686 is determinedfrom thefour-momentum� Æ � � J 4
1 g � � J

! n� � � J 2 of

thetwo photons:

Ò 686 4 1 � Æ � (§�
ÆJ 2 J 4 A3g � g J

1 �K6:9
; �=< 2 (3.10)

where < is the openinganglebetweenthe two photonsin the laboratoryframe and g � � J their energy.

Thesecondpartof equation3.10resultssincephotonshave no restmass.In the ehE�686 L e�Ò:686 distribution,

therewill be a peakat the � � massÒ:>@?§4���" 8 Q yW� MeV
L ¥ J . Unfortunatelythis peakis superimposedon

the hugecombinatorialbackgroundof non-correlatedphotonpairs. In figure 3.2 the foregroundand the

backgrounddistributionsareshown for thetransversemassregion ��Q y GeV
L ¥ J.A Ò c 6¬Ò � A ��Q � GeV

L ¥ J .
Thetransversemassis definedin equation3.11whereÒ � is the � � restmass.

Ò/c � Ò J� (§� J c B �DC,E
�	c � � J � (¾� J ' (3.11)

To extractthe � � peakcontentonehasto subtractthecombinatorialbackgroundwhichcanbeobtained

from theevent-mixingmethod.With this methodphotonsfrom differenteventsarecombined.Sincethey

cannotresultfrom realmesondecays,they simulatethecombinatorialbackground.Differencesin thephase

spacedistributionaretakeninto accountby only mixing eventsfrom thesamecentralityclass.Themixed-

event backgroundis scaledto the foregroundandthensubtractedfrom the latter one.The inset in figure

3.2 shows theresult.Thepeakis integratedto obtainthenumberof pionswithin theparticularÒ/c range.

The resultingpion spectrathenhave to be correctedfor the acceptanceandthe efficiency asdescribedin

[Agg98d, Alb98, Blu98, Buc99].
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Figure3.2: The invariant massdistribution for the transversemassregion 3#P Q GeVR�ú�S4TVU ù¹¸WU � TYX P 3 GeVR�ú�S . Shown is

the mixed-event backgrounddistribution, which is scaledto the foreground Z\[4]^]�R^Z�U(]^] . The insetshows the differenceof both

distributions,thesolid line representsaGaussianfit. Thedataarefrom [Blu98].

3.3 PlasticBall

Sincemostof the presenteddataaremeasuredby the PlasticBall detector, this sectionprovidesa brief

introductionin thedataanalysis.In particularthe checkson possiblysuspiciousmodulesandtheparticle

identificationmethodaredescribed.

3.3.1 Module Check

In theleft partof figure3.3 thenumberof hits pereventfor eachsinglePlasticBall module _Y`"acb,d�`edgf,h-h is

shown. Thehighparticlemultiplicity pereventbecomesevident.

BecauseWA98 is a fixedtargetexperimentmostof theparticles,whenviewedin thelaboratoryframe,

carryafterthecollisionstill a largeforwardmomentum.Thisleadsto ahigherhit multiplicity in theforward

modulesthan in the backward modules,asdisplayedin figure 3.3. The polar angle i increaseswith the

modulenumberj (seeappendixB). Thedistribution is fitted with a secondorderpolynomial.Onecansee

atoncethatthreemoduleshavea largedeviation from this fit function.

To geta closerview thedistribution is projectedontothey-axisafterstraighteningby thefit function.

Theright plot in figure3.3shows this projecteddistribution k , which is fitted with a Gaussian.Four single

moduleshappento be out of the l�m cut appliedon this distribution, consequentlythesemodulesarenot

usedin thefurtheranalysis.Thereasonfor thisdeviationmightbetheagingof thecrystalscintillatoror the
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Figure3.3: Numberof hits perevent for eachPlasticBall moduleyVz a). Thesolid grey line representsa secondorderpolynomial

fit. To rejectsuspiciousmodulesthedifferenceof thedistribution andthefit function is projectedon they-axis.This projection{ is

shown in b). A Gaussianfit to the { distribution is givenby thesolidcurve.Thedashedlinesshow theapplied|\} cut.

photomultiplier, awrongcalibration,or problemswith thehighvoltage.

Sincetwo of thesemodulesarein themostforwardregion thesearenot usedfor theflow analysis.The

two remainingbadmodulesmeana lossof ~�� ����� of thefull coveragedueto theappliedcut.

3.3.2 Particle Identification

The particle identificationstrategy is basedon the simultaneousmeasurementof the energy � and the

energy loss ��� signalasdescribedin section2.5. To identify thepositively chargedpionstheTDC signal

is additionallyused.Fragmentswith thesameenergy but andifferentnumberof nucleons,suchasprotons,

deuterons,and tritons (p, d, and t), can be distinguishedby their different energy loss ��� . Figure 3.4

indicatestheanalyticmethod.

For themodulesin the i.���#~�� regiontheADC signalof theenergy loss��� is plottedversustheADC

signalfrom the � counter. Thebandfor protons,deuterons,andtritonscanclearlybeseen,while thepions

accumulatebelow theprotonband.

A graphicalcut on the two dimensionaldistribution canbeappliedto distinguishbetweentheparticle

speciesor, to simplify theanalysismethod,onecanprojectthelinearized��� - � distributionon they-axis.

Thishasbeendonein figure3.5wheretheprojectionis denotedas� .
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Thelinearizationfunctionusedis:

�W���D�#���,�@� ���.������� �:~�� ���.���¡�����"�¢�7~�� �(������� £¤�#�@�¥�^¦�¦#��~#� (3.12)

Clearpeaksarevisible for p,d,and§ hits in theresultingspectrum.A Gaussianis fittedto the � distribution

anda ��m cut is appliedto distinguishtheparticles,asshown for examplefor theprotonsin figure3.5. The

positively chargedpionsareidentifiedby theiradditionaldecaysignalasdescribedin section2.5.

All particlecutsaregiven in tableD.1. They areoptimizedfor the flow analysiswith fragments.In

orderto gainasmany protonsaspossiblea ��m cut is used.To examinetheinfluenceof possiblebackground

contaminationstrongercutsof �	m , �	� ��m , and ¦�m arestudied.For the flow analysisno influencefrom the

backgroundof misidentifiedparticleswasdetectable(seeappendixD.2).

Alternatively differentlinearizationfunctionscouldbeused,e.g.to optimizethe §©¨ identification.Thus

in formerstudieswith thePlasticBall in theWA80 experimentfor azimuthalcorrelations[Awe96, Lis94]

aswell asfor two particlecorrelations[Awe95, Blu93] anothermethodof straighteningtheparticlebands

wasused.This methodhasalsobeentestedwithin this work but did not improve theresults(seeappendix

D.3).

Theresultingnumberof identifiedprotonsperevent ª�« in thePlasticBall backwardregion is givenin

figure3.6. Therightpart(b) showsthespectrumfor minimumbiasevents.Onaveragethenumberof protons

is ¬ª�«�®°¯���� � . Thedistribution is nearlyGaussianbut with asmalltail to higher ª�« . Only rareeventshave



3.3PlasticBall 29

-2 -1.5 -1 -0.5 0
±

0.5
±

1 1.5 2 2.5
0
±
2
�
4

6
�
8
²

10

12

ξ
³

dN
/d

ξ 
/ 1

04

p´

d
µ

t
¶

π·

〈ξ
¸
〉
¹
 = 0.741

σξ
º  = 0.097

〈
»
ξ〉
¹
 ± 3σv ξ

º

Figure3.5: Thelinearized¼4½ -½ distribution ¾ . Visiblearethepeaksfor � , p, d, andt. Thesolidcurve is aGaussianfit on topof an

exponentialdistribution with thedenotedparameters.Thedashedlinesrepresenttheappliedprotoncuts.

a numberof about20 identifiedprotons.This could be dueto not completelyeliminatedpile-up events,

but sincethis is lessthen ~�� ~�l�� they do not influencetheflow analysis.Theleft partof figure3.6 reflects

thecentralitydependenceof ¬ª « ® . In eventswith few participantstheexpectednumberof detectedprotons

is low. Going to morecentralcollisions ¬ª « ® increaseswith the numberof participants¿ÁÀ . For nearly

head-oncollisionsthe doublehit probability becomeslarge andthusthe particle identificationefficiency

decreases.This canbeseenin figure3.6 a), where ¬ª�«#® saturatesfor large ¿ À values.Sincethedetector

efficiency is not known exactly the given proton multiplicity correspondsto an effective andnot to the

true numberof protons.This effective numberof protonsis usedin the analysis.The averagenumberof

identified §©¨ , d, andt perevent is ¯ 6.5,2.7,and1.4 respectively. Dueto thebackgroundof unidentified

or misidentifiedhits theabsoluteparticlemultiplicity is notexactly known.

3.3.3 Acceptance

Figure3.7showsthePlasticBall acceptance,thatis theregioncoveredby thedetectorin whichparticlehits

canbemeasured,for thefour differentparticlespecies§©¨ , p,d, andt. SincethePlasticBall measuresin the

targetrapidity region, therapidity is centredaround0. Theshapeof the ÂgÃ versusÄ distribution is similar

for all particlestypes.Protonscanbe detectedin a larger Ä rangebut with smallertransversemomentum

ÂgÃ thane.g.deuterons.

The energy spectrafor the four particlespeciesaredisplayedin figure 3.8. The uncorrectedÅ�ªÇÆ�Å��
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distribution is given for identified particleswithout additionalenergy cut. The energy cuts are, together

with theparticleidentificationcuts,listedin tableD.1.
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4. Azimuthal Event Shape

While chapter3 wasproviding thephysicsvariables,this chapterwill describehow thePlasticBall is used

to determinethe reactionplaneon an event-by-event basis.Sincethe PlasticBall detectorprovides full

azimuthalcoveragein thetargetfragmentationregion it is idealfor theeventshapeanalysis.Thedefinition

anddifferentevaluationmethodsfor theeventplanearepresentedin section4.1. Section4.2 will discuss

theresultson thedeterminationof thereactionplane.

4.1 ReactionPlaneEvent by Event

In a heavy ion collision asshown in figure 4.1 two nuclei hit eachotherwith the distanceaÝÜ Þ�a , where Ü Þ is

calledthe impactparameter. Thefigurereflectsthecollision in thecentre-of-massframe.Theprojectileis

flying into thedrawing plane,i.e. in positive Üß direction,while thetargetis comingout of this plane,i.e. in

directionoppositeto Üß . Thustheaxisdenotedby Üß is thebeamaxis.Themagnitudeof theimpactparameter

variesbetweenzeroandthemaximumdistanceà of thetwo nuclei.Hereis àá�âàäã��åà4« , where à4ã and

à « are,in thispictureof simplesolidspheres,theradii of thetargetandtheprojectilenucleus,respectively.

Rt Reaction Plane

z

Rp

Projectile Target

b

Figure4.1: A sketchof asemi-centralcollisionin thecentre-of-massframe.Thebeamaxis,denotedas æç , andthetheimpactparameteræè spanthereactionplane.

Thesketchrepresentsasemi-centralcollisionandthereactionplaneis definedby theimpactparameter

Ü Þ andthebeamaxis Üß . In thelimit of a head-oncollision,where a Ü Þ�a�éê~ , thereactionplaneis not defined.

For distancesa Ü Þ\a��¢à thereactionplaneis definedbut no collision takesplace.

In actualë�ìí�Ôë�ì collisionsthedirectionof theimpactparameterÜ Þ variesfrom eventto event.Theori-

entationof thereactionplanein thelaboratoryframecanbedeterminedby themeasurementof thedirection

of thetargetspectatorfragmentssincethey tendto remainin theplane.This informationis providedby the

PlasticBall sinceit detectsthefragmentsin thetargetrapidity region.Sincepionsmeasuredin thePlastic

33
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Ball preferentiallycomefrom thehotsourceof participantsinsteadof thespectatorregionthey arenotused

for the determinationof theplane.In the following subsectionsdifferentmethods,which canprovide the

reactionplaneorientation,arepresented.

4.1.1 Sphericity Method

Historically, thereactionplanewasdeterminedby thethree-dimensionalsphericitymethod.In thiscasethe

kineticenergy flow tensorî `¡ï wascalculatedaccordingto equation4.1 for eacheventseparately.

îñðäò��
À
`Îó�b Â ð` Â ò`äô ` õ÷ö ø÷�÷ùúö"Ä ö ß (4.1)

Thesumrunsoverall ª identifiedparticlesin theevent.Â ð(û ò` arethecomponentsof themomentumvector

of eachparticlej , andõüö"ø aretheCartesiancoordinatesin thecentre-of-massframe.ô ` is aweightfactor

chosenin sucha way thatcompositeparticleshavethesameweightpernucleonastheindividualnucleons

in the compositeparticle.The weight hasmostcommonlybeenchosenas �@Æ^Âg` asin reference[Cug82],

or �	Æ�¦	õ ` for the kinetic energy flow tensor, e.g. in [Gut90, Gyu82]. The tensor î ðäò is symmetricby

definition,thusit reducesthefour-momentainformationof all particlesto six independentvariables.These

arethe threeeigenvaluesandthreeEuler angles,obtainedby diagonalizingthe tensor. They describethe

θflow

Beam

x
py

p

Reaction Plane

Figure4.2: The reactionplaneand the flow angle ý8þ^ÿ���� definedby the beamaxis and the major axis of the three-dimensional

momentumflow ellipsoid.Figureadoptedfrom [Gut90]

.

shapeandtheabsoluteorientationof anellipsoid,respectively [Kam89].

This ellipsoid is schematicallyshown in figure4.2. Theflow angle i������
	 is definedby thebeamaxis,

which is the Üß directionin the laboratoryframe,andtheeigenvector Ü�� , thedirectionof the largesteigen-

valueof theellipsoid.Thereactionplaneis definedin this pictureby theeigenvector Ü�
� andthebeamaxis.

Hencei������
	 , definingthemajoraxisof theellipsoid,lies in thereactionplane.

At ultrarelativistic energies,theflow anglewill beapproximatelyi �����
	 ¯ ~�� , dueto thehigh forward

momentum.Thuswe areonly interestedin the transversedirection.For theazimuthalanalysisthe useof
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thetwo-dimensionalsphericitytensorî �ðäò wassuggested[Oll92]. In thetransverseplaneit is definedas:

î �ðäò �
À
`Îó�b Â ðÃ û ` Â òÃ û ` ô ` (4.2)

Thesumrunsagainoverall ª identifiedparticlesin theeventandÂ ð(û òÃ û ` arethecomponentsof thetransverse

momentumvectorÂgÃ û ` of eachparticlej . Theweight ô ` is chosenin [Oll93] asthetransverseenergy ��Ã û ` ,
sincecollectiveflow usuallyresultsnot only in a largernumberof particles,but alsoin a higherenergy per

particlein theflow direction.However, in [Vol96] ô `4���@`Æ^Â � Ã û ` is used,i.e. without thetransverseenergy

weight.Note thatherethe azimuthalcomponentof the energy of eachparticle � Ã û ` � � `������ i ` is meant

which is differentfrom theglobaltransverseenergy � Ã asdefinedby equation2.1.

4.1.2 TransverseMomentum Method

Thetransversemomentummethodwasintroducedin [Dan85]. It assumesthatthereactionplaneis defined

by the beamaxisandthe vector Ü� , which is definedasthe sumof the transversemomentaÂgÃñû ` of all ª
particlesindexedby j :

Ü� �
À
`Îó�b Â Ã û ` ô ` (4.3)

Themostcommonchoicefor theweightfactorô ` is:

ô ` �
�.� Ä���Ä�� ð¢���
~ Ä�� ð £ �"!÷Ä#!üÄ�� ð¢���

£(� Ä�$�Ä � ð £ �
(4.4)

The � parameterhasbeenintroducedto avoid includingparticlesnearmidrapidity Ä�� ð which have small

eventplanesignalbut wouldaddrandomfluctuationsto thecalculation[Cha97, Cro97, Gut89a]. However,

otherweightswith �W� ~ [Awe96, Wil92] or ô ` � ÄÔ£ Ä � ð [Fai87] have alsobeenused,wherethe latter

onegivesgreaterweight to particlesat higherrapidity. Momentumconservation requiresthat thereis no

absoluteflow in momentum,hencethenegativeweightof thebelow midrapidityparticlesis mandatoryso

that the above midrapidity signalis not canceledout. Thus Ü� is a measurefor the transversemomentum

transferbetweentheforwardandbackwardhemispheres.

4.1.3 Fourier AnalysisMethod

Both, the sphericityand the transversemomentummethodachieve comparableresultsin extracting the

reactionplaneinformation[Gut90]. Moregenerally, eventshapesareparameterizedin termsof theFourier

coefficientsof theazimuthalparticledistribution[Oll95, Vol96]. For eachevent,onedefinesthe ø th Fourier

coefficient Ü� ò as:

Ü� ò �
À
`Îó�b ô ` � `¡ò�%'& (4.5)
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ª is the total particlemultiplicity and (g` is the azimuthalangleof the particle j . The weight ô ` is most

commonlytakenasthetransverseenergy � Ã û ` of theparticle[Bar94, Hem96] or asthetransversemomen-

tum Â Ã û ` [Tsa93]. However, studiesof particlenumberflow, i.e. choosingtheweight factor ô ` � � , were

alsoperformed[Agg97a, Hee96, Woo98]. Whentakingaweightof ô ` �üÂ � ` Æ
¦@õ ` , whereÂ ` andõ ` arethe

momentumandthe massof theparticle j respectively, the analysisof the secondcoefficient Ü� � becomes

equivalentto theabovediscussedkinetic flow tensorî�ðäò .

In theanalysispresentedheretheweight ô ` �á��Ã û ` is appliedto determinethe reactionplane.How-

ever, anotherindependentanalysisof the WA98 PlasticBall datausing ô ` � Â Ã û ` found the sameresult

[Agg98b]. TheFouriercoefficientscanthenbewrittenas:

Ü� ò � � �*)ò ö �,+ò � with

� )ò �
À
` ó�b � Ã û `.- � � �¡ø/( ` �

�*+ò �
À
` ó�b ��Ã û ` ����� �cø/( `-� (4.6)

Theorientationof the reactionplanein space,givenby theazimuthalangle 0 , canthenbecalculated

from thedatafor eacheventseparately:

0å��132 -54 1 �
� + b� ) b (4.7)

This correspondsto the dipole moment(ø � � ) of the transverseenergy distribution and Ü�76 is within

this descriptionthe transverseenergy vector Ü��Ã . The azimuthalangle 0 andthe magnitudeof the trans-

verseenergy vector a�Ü��Ã�aW� � � )6 � � �¤� � +6 � � define the azimuthalevent shapeand are thereforeof-

ten referredto asdirectivity [Bar97a, Hua97], althoughslightly otherdefinitionsfor the directivity exist

[Ala92, Bec87, Boc88, Vol96]. Thequadrupolemomentcorrespondsto thevaluesfor ø �¢¦ , it describes

theelliptical deformationof theparticledistribution. It hasbeenfoundthat thecontribution of highermo-

mentsis compatiblewith zeroat lower energies[Bar97b, Rei97]. At SPSenergiestheauthorsof [Pos98]

emphasizethathigherharmonicscouldplay animportantrole sincetherearephysicsprocesseslike shad-

owing of theproducedpionsby co-moving fragmentswhichcouldresultin highermomentsof thedistribu-

tion.Becausein thisanalysismainlyspectatorfragmentsareusedto determinethereactionplane,moments

largerthanø���¦ areassumedto negligible andthusnot studied.

4.2 Results

4.2.1 8 Distrib ution

Thedistribution of thereactionplaneangle 0 is shown in figure4.3 a). All identifiedfragments,i.e. p, d,

andt, areusedfor theeventplanedetermination.Accordingto equations4.6thetransverseenergy weighted
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Fourier coefficients
� ) û +ò arecalculated.A minimum numberof four fragmentsper event is requiredbe-

cause,althoughthe physicalevent shapemight be isotropic,eventswith low multiplicity will obviously

appearanisotropic.This finite multiplicity effecthasto betakeninto accountwhenestimatingquantitative

results.In section4.2.4this will bediscussedby estimatingthereactionplaneresolution[Agg98b, Oll98].

0 is derivedfrom theFouriercoefficientsasdescribedin equation4.7. Detectoreffects,whichwould result

in preferreddirectionsof 0 , canbeexcludedon a ¦�� level. This is indicatedin thefigureby the dashed

lines,which represent¦�� deviationsfrom a flat distribution.

4.2.2 Subevent Analysis

How well 0 , andthusthe reactionplane,is definedis analyzedwith thesubeventmethod[Dan85, Oll97,

Pos98]. For this methodeachevent is randomlydivided into two subevents.One event meanshereall

particles ª , which are usedfor the reactionplanedetermination,as for exampleall fragments.The ª
particlesarerandomlyrearrangedinto two subevents( 9 ö;: ) of ªÇÆ�¦ particleseach1. For both subevents

the reactionplaneangles 0=< and 0=> aredeterminedin the samemanneras 0 is calculated.Sincethe

statisticin thesubeventsis naturallylessthanin the full event the requiredminimumnumberof particles

in eachsubeventis decreasedfrom four to three.This meansfor thesubeventreactionplanedetermination

1For oddnumbers[ thenumberof particlesin thetwo subeventsare ?Î[A@CB�D�EF and ?Î[HGCB�DIEF .
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Figure4.3: The distribution of the reactionplaneangle O , calculatedfrom all fragments(a). The right part (b + c) of the figure

shows the F\�PE"[�Z\[QE^Z3O distributionsfor thetwo randomlyselectedsubevents(seetext for explanation).Thedashedlinesrepresent

adeviation of FSR .
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a minimum numberof six fragmentsper event is necessary. The distribution of 0=< and 0=> is displayed

in figure4.3 b) andc), respectively. The ¦@§�Æ�ª:Å#ªÇÆ�ÅT0 distribution for bothsubeventsis alsoflat on a ¦��
level.

To checkthequality of thereactionplanedefinition,correlationsbetweenthetwo subeventanglesare

studied.If 0 really reflectstheazimuthalshapeof theevent,thetwo subeventanglesshouldbecorrelated.

This is seento bethecasein figure4.4. Thetwo dimensionalcorrelationqualitatively displaysthefactthat

-π·

- π_2

0
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π_
2

π·

-π· - π_2 0
U π_

2 π·
Φ
V

B

Φ
A

Figure4.4: ThereactionplaneangleOXW of subevent Y versustheangleO[Z of subevent \ . Thecorrelationis shown for semi-central

events,i.e. F�]QG�|�]=R"^`_ (seesection3.1).

theeventplanecanbemeasuredusingequation4.7.

A morequantitative way to describethe correlationbetweenthe two subeventsis to look at the dis-

tribution of the differenceangle �#0ê�a0=< £b0=> betweenthe two subplaneangles.In figure 4.5 the

¦	§�Æ�ª7Å�ªÇÆ�Å �#0 distribution is presentedfor two centralityclasses,for semi-central(¦�~.£:l#~�� c�d ) andfor

centralevents(~�£7�\~�� c�d ). Thedistributionis symmetricandcentredaroundamaximumatzero.A strong

correlationis evidentfor semi-centraleventswhile for centraleventstheeffect is weak.In otherwords,the

fragmentsareemittedin a preferreddirectionrelative to the reactionplanein not socentralevents,while

centralcollisionsseemto emit fragmentsmostly isotropically. This measuredanisotropy is a signatureof

collectivesidewardflow in Pbon PbcollisionsatSPSenergies.

Thedataarefitted with thefunction[Kur98, Nis97]:

¦@§
ª

Å�ª
Å �#0 � �4��e - � � �f0 (4.8)
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Figure4.5: Thedifferenceangle¼hOjifO W GkO Z of thetwo subeventsfor semi-central(a) andcentral(b) events.Thesolid curve

representsacosinefit accordingto equation4.8. Theopensymbolsareobtainedfrom mixedevents.

For semi-centraleventsthecorrelationstrengthis of theorderof �\��� (e¤��~��¥�^���*lÁ~�� �nm/o	�^~np � ). For pure

correlationsaGaussianshapeis expected,however, for correlationsof thismagnitude,thisfit form is valid

[Agg98b]. Thedependenceoncentralityof thefit parametere will bediscussedin section4.2.3.

Additionally, figure 4.5 includesthe result for mixed events,which areconstructedto checkfor pos-

sibledetectoreffectsdistortingthesignal.We assumethat thecorrelationbetweentwo randomlyselected

subeventsis only dueto the azimuthalevent shape.Detectoreffects like incorrectlycalibratedor singer

modules,however, couldmimic anazimuthalanisotropy. This anisotropy would show up in every eventas

well asin everysubevent.Thereforethedifferenceangle�#0 would show a correlationfor subeventsfrom

differentrealevents.To checkthis,mixedeventsarecreatedby usingsubeventsfrom differentrealevents.

Differencesin the phasespacedistributionsare taken into accountby only mixing equalsizesubevents

from eventsof thesamecentralityclass.Theresult,givenin figure4.5asopensymbols,is compatiblewith

zero,which confirmsthatdetectoreffectsarenegligible. An effect of thefinite detectorgranularityis that

in therealdatatwo identifiedparticlescannotbefoundin thesamemodule.In mixedeventsthis is a priori

not forbidden.Thusthe artificial anti-correlationdueto an excludedmodulein real datais not taken into

accountby the above describedmixed events.If mixed eventsareevaluatedwith the requirementof the

excludedmoduleaweakanti-correlationin the �f0 distribution is observed[Agg98b]. However, thiseffect

is small,typically of theorderof 1 – ¦�� , andis assumedto benegligible.

Insteadof usingall fragmentsthesameanalysiswasalsoperformedfor only protons,asshown in figure
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4.6. As expected,the subeventsarealsostronglycorrelatedfor semi-centralevents,thoughthe effect is
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Figure4.6: Sameasfigure4.5, but for only protonsinsteadof all identifiedfragments.

significantlysmallerthanfor subeventsusingall fragments(seefigure4.5). Thusit wasdecidedto useall

fragmentsfor thedeterminationof thereactionplaneangle 0 .

Alternatively, subeventscanbeconstructedin a way thatdefinesonesubeventasall identifiedprotons

andtheotheroneasall identifiedpions.Theresultof thepion to protoncorrelationis shown in figure4.7.

This is evidentlyadifferentbehaviour, sincethe �#0 distribution is still centredandsymmetricaroundzero,

but themaximumappearsat l�§ . This meanstheangleof thepion subplaneis anti-correlatedto theoneof

theprotons.Or, in otherwords,thepionsarepreferentiallyemittedin theoppositedirectionto theprotons.

Thiseffect, termedanti-flow [Jah94], is discussedin moredetail in thefollowing chapters.

4.2.3 Dependenceof q on Centrality

In figure 4.5 it wasalreadyevident, that the strengthof the correlationbetweenthe two subplaneangles

dependson thecentralityof theevent.This in turn meansthat thestrengthof thedirectedflow effect is a

functionof centrality. Thestrengthis heredescribedin termsof thefit parametere asdefinedin equation

4.8.

Theevaluationof e wasdonefor all six centralityclassesasdefinedin section3.1. Thesameanalysis

wasalsoperformedfor themixedevents.Figure4.8 shows thestrengthof thecorrelatione asa function

of centrality in numberof woundednucleons¿ À . The centralityhasalsobeenconvertedto an impact

parameterscaleasshown on thetopof thefigure.For therealdatae increasesfrom peripheraleventsup to
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Figure4.7: Sameasfigure4.5, but for thecorrelationof theprotonwith thepion subplane.Thecentralityclassesdisplayedhereare

|�].G"r�]sR"^`_ (a) for semi-centraland Bt]QG"F�]sRh^`_ (b) for centralevents.

a maximumof e¢� �¥~��c�\���hlü~�� �nm7o��\~np � � for semi-centralcollisionsat Þ ¯ � fm, which correspondsto a

numberof participantsof ¿ À ¯â�^��~ . For centralcollisionse decreasesagainto valueslessthan ~�� ~�� . The

resultfor mixedeventsis compatiblewith zerowithout any dependenceon thecentralityof thecollision.

Thelargestdirectedflow effect is thereforeobservedin semi-centralcollisions.At lower incidentenergies

thesametendency of theimpactparameterdependenceis reported,but themaximumeffect is observedto

beat Þä¯ål fm [Cro97, Rei98], eventhoughcomparablesymmetricsystems(Au + Au) werestudied.

Additionally, predictionsfrom theRelativistic QuantumMolecularDynamicsmodel(RQMD), version

2.3 [Sor95], for the correlationstrengthare includedin figure 4.8. For this comparisonthe RQMD data

were filtered throughthe PlasticBall acceptanceand the samesubevent analysisas for real and mixed

eventswasperformed[Agg98b]. Although the samefunctionaldependenceis obtainedfor RQMD data,

themodeloverpredictstheabsolutemagnitudeof the correlationstrengthby a factorof approximately2.

Themeasureddatahavenot beencorrectedfor thereactionplaneresolution(seesection4.2.4).

As expectedthe dependenceof the protoncorrelationon centrality is comparablewith the result for

all fragments(figure 4.9). For semi-centralcollisions,whereagainthe maximumis found, e increasesto

a valueof �¥~�� ~#���hlü~�� �#�uo��\~ p � � . Thusthecorrelationis not asstrongasthecorrelationfor all fragments,

wheretheeffect is greaterthan �\��� .

A differentfunctionalrelationbetweenthe fit parametere andthe numberof participants¿ À is ob-

servedfor the§©¨ to pcorrelation(figure4.10). Themaximumanti-correlationof e¤� �"£ä~��¥�^����lä~�� �#�voc�^~np � �
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Figure4.8: Thedependenceof thecorrelationstrength� on thecentralityin numberof participantsÒ Ó . Thefilled circlesrepresent

therealdata,opensymbolsarefor eventmixing andthetrianglesarederivedfrom RQMD predictionsasshown in [Agg98b].

is of thesameorderof magnitudeasthecorrelationof the fragments.However, this maximumis reached

in moreperipheraleventsfor impactparametersof Þk� �\~ fm. Contraryto the fragmentcorrelation,the

strengthof this effectdoesnot decreasewhengoingto evenlargerimpactparameters,evenherea �^~�� ef-

fect is still observable.AgainRQMD 2.3dataarecomparedto therealdataandthetendency is reproduced

but theabsolutevalueis alsooverpredictedby a factorof 2.

4.2.4 ReactionPlaneResolution

Theflow measurementswith respectto the reactionplanethatwill bepresentedin thefollowing chapters

assumea perfecteventplanedetermination,i.e. that the angle 0 couldbe obtainedfrom thedataexactly.

In reality, the finite numberof detectedparticlesproducesa limited resolutionin the measurementof the

reactionplaneangle.All observables��� that referto thereactionplanemustbecorrectedup to whatthey

wouldberelative to thetrueeventplane[Oll97].

Thiscorrectionis doneby dividing theobservable ��� by theeventplaneresolutiondefinedas[Dan85]:

m «
�I�\ò�� � ¬ - � � ��0:£H�.�"® (4.9)

with themeasuredeventplaneangle 0 andthetrueangle � . Thetrueobservablethereforeis obtainedas

� ���*�eÆ#m�«���\ò�� . Thedistributionof ��0V£��.� andthustheresolutioncanbewrittenasafunctionof asingle

dimensionlessparameter� [Oll98]. The definitionof � is basedon the fact that thecentrallimit theorem



4.2Results 43

0 50
Ù

100 150 200 250 300 350
-0.05

0.00
y

0.05
y

0.10
y

23
z

45
{

6
|

78
}

9
~

10111213 b / fm

W
�

N

χ

real data

mixed events

Figure4.9: Sameasfigure4.8, but for only protonsinsteadof all identifiedfragments.

requiresthatthefluctuationsof theeventplanevector
� b form a Gaussiandistribution.Theaverageof this

Gaussianis ¬ � b\® andthewidth shallbedenotedby m . Theratioof thesedefinetheparameter��� ¬ � b\®"Æ#m .

In termsof � theresolutionbecomes[Oll97]:

m=«���\ò��.�¢¬ - � � ��0:£H�.�"®��
� §
¦ � � pv�����

� � 6 � �
�
¦ � � � b
� �

�
¦ � (4.10)

where
� 6 ö � b arethemodifiedBesselfunctionsof theorderof ~�ö � respectively.

Thevalue � canbeobtainedfrom thedataby comparingeventswith a �f0äa�� §�Æ
¦ to all events,where

�f0 is thedifferenceof thetwo subeventangles[Bar94]:

ª�� �=�S�I�T� � �ª � �
¦ � p������

�
(4.11)

Thisequationis valid for small � .
Alternatively thereactionplaneresolutioncanbeestimatedfrom thesubeventcorrelation(section4.2.2)

asfollows[Vol96]:

¬ - � � �¥�f04�® � ¬ - � � ��0=<:£�0=>��"®
� ¬ - � � ���0=<:£H�.��£ ��0=>÷£H�.��®
� ¬ - � � ��0=<:£��.� - � � ��0=>÷£H�.�ñ� ����� ��0=< £H�.� ����� ��0=>÷£��.�®

When taking the averagevalue the sine termscancelout, becauseof the reflectionsymmetryof the 0
distribution.Thereforeoneobtains:

¬ - � � �¥�f04�® � ¬ - � � ��0 < £H�.�"®¬ - � � ��0 > £��.�®
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Figure4.10: Sameasfigure4.8, but for thestrengthof thecorrelationof theprotonto pion subplanes.

� ¬ - � � ��0=< £��.�® �
� m ��`��� «����ò�� (4.12)

Thesecondequationis valid sincewe assume,that for thesubeventsthereareno othercorrelationsexcept

theonesdueto directedflow. Thenbothsubplanesareindependentandprovide the sameresolution.The

subplaneresolutionm ����� «���\ò3� is definedsimilarly accordingto equation4.9. Theresolutionscaleswith the

particlemultiplicity like
� ª andthusoneobtainstheresolutionfor thefull event,which is twice aslarge

asthesubevents,as m�«����ò��(� � ¦ m �`��� «���\ò�� . Combiningthis with equation4.12, theeventplaneresolution

canbecalculateddirectly from theexperimentaldata,by applyingthe following equationto thesubevent

correlationdistributions(ase.g.in figure4.5):

m�«���\ò��.� ¦�¬ - � � �¥�f04�® (4.13)
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Thedefinitionof thefit parametere in equation4.8leadsto:

Å#ªÅ - � � �¥�f04� Å - � � ���f04�Å
�f0 � �4�#e - � � ���f04�
� Å�ªÅ - � � ���f04� � £ �4��e - � � �¥�f04�

�ä£ - � � � ���#04�

� ¬ - � � �¥�f04�® �
£

b
p b
�¡ �¢
£ �=��¤ ¨s¥ �¡ 
¢ � £ �=��¤� b p �¡ �¢ � £ �=�v¤ Å - � � ���f04�

£
b
p b

b ¨¦¥ �¡ 
¢�£ �=�v¤� b p �¡ �¢ � £ �=�v¤ Å - � � ���#04�
� ¬ - � � �¥�f04�® � eäÆ�¦�§§
� m ��`��� «����ò�� � eäÆ�¦

(4.14)

Hencetheresolutionof thesubplanesis alsoprovidedby thefit to the �f0 distribution. Thusonecan

obtaintheresolutionfrom thefit resultsin section4.2.2as m «
�I�\ò�� � � e , which in turn givesa consistency

checkon theresolutiondeterminedabove. In reference[Pos98] aniterative methodto solve equation4.10

oncethe subplaneresolutionis known is proposed.To obtainthe accuratecorrectionfactorthis iteration
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Figure4.11: The event planeresolutiondependenceon centrality in termsof the numberof woundednucleons.The resultof the

averagë̀ ©�ª? ¼hO«D distribution is representedby thetriangles.Thecirclesdisplaytheresultof thefit method.

(equation23 in reference[Pos98]) is adoptedandappliedto thepresentdata.Thecorrectionof flow values

correspondingto thesecondmomentis accordinglygivenby ¬ - � � �¥¦ �f04�® . This requiresthedetermination

of theplaneof thesecondharmonic,which correspondsto ø �¢¦ in equation4.6. Theevaluatedreaction
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planeresolutionm�«����ò�� , however, providesalsothecorrectionfactorfor higherharmonics.Themethodto

obtainthis correctionis givenin [Pos98], typical valuesof thiscorrectionfor ø���¦ areof theorderof 10.

In figure4.11thestrongdependenceof theeventplaneresolutionm «���\ò�� for ø � � on thecentralityis

shown. As expectedthebehaviour is thesameasfor thefit parametere in figure4.8. Theeventplanecan

bedeterminedbestfor semi-centralcollisions.Heretheflow effect is largestandtheresolutionhasfoundto

be m=«���\ò�� � �¥~�� �#��lulY~�� ~��^��� . Themoreisotropictheazimuthaleventshapeis, that is for moreperipheral

or morecentralcollisions,themoredifficult is theextractionof the reactionplaneandtheresolutiongets

worse.Thefigurepresentstheresultfor bothabovedescribedmethods.Thetrianglesrepresenttheresolu-

tion obtainedfrom theaveragevalueof the - � � �¥�f04� distribution.Thesearein a goodagreementwith the

resultprovidedby thefit method,which is denotedby thecirclesin theplot.

4.2.5 Auto Corr elation

Anothereffectof thefinite multiplicity, whichis takeninto account,is theautocorrelationeffect.Naturally,

thereis a correlationbetweenthe azimuthalangleof a particlewith respectto the reactionplane,if this

particleis includedin the evaluationof 0 accordingto equations4.6 and4.7. This correlationdueto the

finite particlemultiplicity is of theorderof �@Æ � ª [Dan85], wherethetotal particlemultiplicity is denoted

with ª .

On theotherhand,if particleswhich werenot usedin theeventplanedeterminationarestudied,there

would beno autocorrelationeffect. Thereforetheauto-correlationcanbeavoidedby calculatingfor each

particlej theeventplaneangleof theremainingª £¤� particles[Awe97, Dan85]:

Ü� ò �¡j
� � � � )ò �¡j
�"ö � +ò �cj��,� with

� )ò �¡j
� �
À

ï óÐb û ï�¬ó ` ��Ã û ï - � � �¡ø/(gï	�

�*+ò �¡j
� �
À

ï óÐb û ï�¬ó ` ��Ã û ï �
��� �¡ø/(gï	� and

04�¡j
� � 1P2 -;4 1 �
� + b �¡j
�� ) b �cj�� (4.15)

Theappliedeventplaneresolutionmentionedabove is calculatedfor thesubplanesaccordingto equa-

tions4.15insteadof equations4.6and4.7, whichmeansavoidinganautocorrelation,theobservableis then

a truevalue.Thereforein thefollowing this effecthasalwaysbeentakeninto account.



5. AverageTransverseMomentum

After the determinationof the reactionplane,a directedflow analysisis performed,in which the average

transversemomentumwith respectto thereactionplanefor differentparticlespeciesis evaluated[Dan85].

Thetwo dimensionaldistributions Å � ªÇÆ#Å\Â )� Å�Â +; areobtainedby decomposingthetransversemomentum

Â Ã of eachidentifiedparticleinto componentswith respectto themeasuredreactionplane:

Â )� �÷Â Ã - � � �¡( � � Â +5 �üÂgÃ �
�®� �`( � � (5.1)

Here (�� is theazimuthalemissionangleof theparticlerelativeto themeasuredreactionplane.Themeasured

reactionplaneangle 0 consequentlydefinesthepositive ùn� direction.
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Figure5.1: Surfaceplot of the Z3² [/E^Z�Ö�³  Z\Ö�´  distribution for protonsdetectedin thePlasticBall at therapidity Ø*i#Gn] P µ�¶s· ] P B ¶ .
Theresultis obtainedfor thecentralitybin F�]QG |�]sRs^`_ .

The threedimensionaldistribution is displayedin figure 5.1. It shows Å � ªÇÆ�Å�Â )� Å\Â +5 for protonsde-

tectedin thePlasticBall at therapidity Ä÷� £ä~�� ���hlü~��¥�^� . A clearazimuthalanisotropy is visible for the

depictedresultin thecentralityrange¦�~ä£ l�~��uc5d . In thepositive Â )� direction,theyield of themomentain

thereactionplaneis higherthanin theoppositedirection.Thisdirectedflow confirmstheobservationfrom

thesubeventanalysis.Theholein thecentreof thedistributionreflectsthedetectoracceptanceasdescribed

in section3.3.3.

47
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In order to perform systematicstudiesof theseÂ )� versusÂ +5 distributions, they are evaluatedfor

different centrality and rapidity bins and for all identified particle species.The left panelof figure 5.2

shows for instancethe Å � ª Æ#Å\Â )� Å\Â +5 distributionsfor protonsdetectedin the PlasticBall at the rapidity

-500

-250

0
¸

250

500
¹

-500 -250 0
¸

250
º

500
¹

p» x’¼  / MeV

p y’
 / 

M
eV a)½

-100

0
¸

100

-200 -100 0
¸

100 200
º

p» x’¼  / MeV

b)
¾

p y’
 / 

M
eVprotons pions

Figure5.2: The differential crosssection Z ² [/E^Z\Ö3³  Z\Ö¿´  at the rapidity ØfiÀGn] P µ�¶*· ] P B ¶ for protonsin the centrality range

F�]QG�|�]=Rs^`_ (a).And for pionsat therapidity Ø,i#Gn] P F · ] P F for �nÁ within r�]ÂG,Ã�]SRs^`_ (b).

Ä7� £ä~�� ���Äl ~��¥�^� . For thesesemi-centralcollisions(¦�~(£ l�~��Åc�d ) anazimuthalanisotropy is visible.The

yield is higherfor momentain the reactionplanein positive x-direction.I.e. the samedirectionobserved

for the fragmentflow in the subeventanalysis.The right partof figure5.2 shows thesamerepresentation

for §©¨ identifiedin thePlasticBall at therapidity Ä7�¢£ä~�� ¦Æl ~�� ¦ , in thecentralitybin ��~ £Ô��~��uc5d . Again

an azimuthalanisotropy is visible, however, contraryto the protons,the pionsshow a higheryield in the

directionoppositeto thefragmentflow direction.Thein-planeanti-flow of positively chargedpionsin the

targetfragmentationregion,whichwasobservedin thesubeventcorrelationanalysis(section4.2.2), is con-

firmed.Comparableresultshavebeenreportedfor Au + Au collisionsat AGS1 energies[Ahl98], although

theanisotropicpion emissioncouldnot beseentherewith this method[Zha95].

Figure5.3displaysthe Å � ªÇÆ�Å�Â )� Å\Â +5 distribution for deuteronsat rapidity Ä7� £ä~�� �"lY~�� ¦ (a)andfor

tritonsat rapidity ÄÁ�¢£ä~��¥�Sl ~�� � (b). Theresultswereobtainedfor semi-centralevents(¦�~ £ l#~��Åc�d ). For

the deuteronsa clearazimuthalanisotropy is visible. The emissionof thesefragmentsis preferredin the

samedirectionastheobservedprotonflow. If thereis any anisotropy for tritons,which will bestudiedin

thefollowing, it is not easilyperceivableat this level.

The observed directedflow is quantifiedby the transversemomentumtransfer ¬¥Â )  ® . To obtain the

averagetransversemomentumtransferin thereactionplane¬cÂ )  ® fromtheabovedescribeddifferentialcross

sectionsthe experimentaldistributionsarefitted with a two dimensionalGaussian.Sincethe momentum

distribution obeys the Poissonstatisticsthis approximationby a Gaussiandistribution is valid. The true

1AlternatingGradientSynchrotron
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¬¥Â ) ® is thenderivedfrom ¬cÂ )  ® , which is determinedrelative to themeasuredreactionplane,aftermaking

theeventplaneresolutioncorrectionaccordingto (seesection4.2.4):

¬cÂ ) ® � ¬cÂ )� ®Æ�m=«
�I�\ò�� (5.2)

Thedependenceof ¬¥Â ) ® for thedifferentparticlespeciesontherapidityaswell asonthecollisioncentrality

andtheincidentbeamenergy ��`¡ò arepresentedin thefollowing sections.

5.1 Dependenceof Í ù on Rapidity

As describedabovethetransversemomentaof thefragmentspointto thesamesideastheflow angle0 , thus

thetwo dimensionalGaussianfit resultsin positive ¬cÂ ) ® values.By conventionthissamesideemissiongets

a positive signat projectileanda negativesignat targetrapidities.For symmetricreactionsystemslike Pb

+ Pbtheflow valueof particlesbackwardof midrapiditycanbeobtainedby changingthesignof ¬cÂ ) ® . This

allows to comparetheresultsmeasuredforwardof midrapidityto thevaluesfrom thetargetfragmentation

region. Consequentlythe averagetransversemomentumfor §©¨ , which is negative from the fit result, is

transformedto positivevalues.

Figure5.4 displaystherapidity dependenceof theaveragetransversemomentumin thereactionplane

for fragments(a)andpions(b).Theerrorgivenincludesthefit erroraswell astheerrorin thedetermination

of the reactionplane.To studythesystematicerrorof thefitting routinea simpleMonteCarlosimulation

hasbeenperformed,in which thedoubledifferentialcrosssectionwith andwithout thetypical acceptance

hole in the centrewas calculated.The error was found to be �#� � . Furthermorepossibleeffectsdue to

backgroundcontamination,i.e. misidentifiedparticles,arestudiedwithin theMonteCarlosimulation.The

contribution of this effect is estimatedto be ��� ��� . Thusa total systematicerror of lessthan ¦#~�� was
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Figure5.4: TheaveragetransversemomentumtransferÍ Ö ³ Ñ asfunctionof therapidity for thefragmentsp, d, andt (a)andpions(b)

in thecentralityclass20 - 40 Rs^`_ . For pionsadditionallythecentralityclass40 - 60 R¦^�_ is shown (opensymbols).

obtained(seeappendixE). Thissystematicerrorhasnot beenincludedin this figure.

For protonstheabsolutemagnitudeof theaveragetransversemomentumtransferincreaseswith rapidity

to a maximumof a¡¬cÂ ) ®a�¯â�#~ MeV Æ3c at Ä�¯ £ä~�� ¦�� anddecreasesagainfor largerrapidities.ThePlastic

Ball acceptancealsopermitsthedeterminationof ¬cÂ ) ® of deuteronsandtritonsat rapiditiesof £ä~�� lÎ$�Äj$
~�� ¦ and £ä~�� � $ Ä�$ ~�� ¦ , respectively. Assumingthat the directedflow of the fragmentsis only dueto

collectivemotion,onewould expectthattheaveragetransversemomentumscaleswith thefragmentmass.

And in fact it hasbeenfound that the value for deuteronsis approximatelytwice the value for protons

in the samecentralityandrapidity regions.Also the tritons have a maximum ¬¥Â ) ® , which is slightly less

thanthreetimesthatof theproton ¬¥Â ) ® . This behaviour is very similar to theonereportedfor 200 9 MeV

[Dos87, Gut89b] and10 - 11 9 GeV [Ahl98, Bar98b] incidentenergy collisions.Thereit wasfound that

themeantransversemomentumprojectedontothereactionplaneof thelight fragmentsscaleswith mass9
for 9A!�¦ verywell, while themassdependencegetsslightly weaker for larger 9 . However, themaximum

absolutea¡¬cÂ ) ®,a for protonsin 158 9 GeVPb+ Pbcollisionsturnsout to bemuchsmallerthanfoundfor Au

+ Au collisions(120- 130MeV/ c ) at incidentenergiesof 200 9 MeV [Gus88, Kam86] and1 - 11 9 GeV

[Par95, Bar98b].

Theobservedpion signalhowever, is of aboutthesamemagnitudeasreportedfor 11 9 GeV Au + Au

collisions[Bar97b]. It results,asmentionedabove, in positive valuesfor ¬cÂ ) ® . Theabsolutemagnitudeis

smallerthanfor protonsby a factorof aboutthree.Themeantransversemomentumin the reactionplane
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increaseswith rapidity up to a maximumat Ä ¯ £ä~�� � with ¬cÂ ) ®ä¯ �\~ MeV Æ3c . In contrastto protonseven

largeraveragetransversemomentumtransfersareobservedin moreperipheralevents.This is displayedin

figure5.4b) by theopensymbols.

Comparisonwith RQMD

In figure 5.5 the averagetransversemomentumin the reactionplaneof protonsand pions is compared
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Figure5.5: Theaveragetransversemomentumin thereactionplane Í Ö ³ Ñ for protonsandpionscomparedwith RQMD predictions.

The data(filled symbols)arefor the centrality F�]�G�|�]sRs^`_ , which is comparableto the impactparameter
è ifÃ7G�Bt] fm for the

RQMD result(opensymbols).Thesystematicerrorsareincludedin thedata.

to calculationsfrom the RQMD 2.3 model.The RQMD result is for the impactparameterrangeof Þ �
� £ �^~ fm [Agg98b], which correspondsapproximatelyto the centrality class ¦#~Ô£ l#~��Åc�d depictedin

the figure. The estimatedsystematicerror of ¦�~�� on the datahasbeenincluded.The simulationsshow

theexpectedanti-symmetricbehaviour aroundmidrapidity (Ä��¢¦�� � ), but sinceall presentedparticlesare

measuredbackwardof midrapidity, theresultdisplayedin figure5.5 is restrictedto this range.

At AGSenergiestheRQMD modelin cascademodefails to describethedata,it underpredictsthe ¬¥Â ) ® .
However, RQMD simulationsincluding meanfield effectsdescribethe dataratherwell [Liu98]. For the

presentresultsthecascademodewasused,sincethemeanfield effectsareexpectedto besmallat SPSen-

ergies.However, evencascademodeRQMDoverpredictstheprotondataby afactorof approximatelythree.

For pionsthesamerelationbetweentheRQMD predictionsandthedatais observed.At AGSenergiesthe

¬¥Â ) ® of pionsis reproducedby themeanfield modeRQMD, while in cascademodeRQMD underpredicts
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the measuredresults[Bar97b]. For the studied158 9 GeV Pb + Pb collisions,however, even the cascade

modeRQMD overpredictsthedata.

Comparisonwith VENUS

In addition the measured¬cÂ ) ® arecomparedto calculationswith VENUS in version4.12 [Wer93]. The

generatedVENUS eventsareanalyzedin thesamemannerasrealevents,i.e. they arefilteredthroughthe

PlasticBall acceptanceandall acceptedprotonswereusedto determinethe reactionplaneasdescribed

in chapter4.1. Also a subeventanalysiswasperformedto extract the resolutionof the reactionplanefor

thesimulatedevents.For all protonsandpionstheaveragetransversemomentumwascalculatedfor several

rapiditybinswith respectto theextractedreactionplane.Theresultis presentedin figure5.6. SinceVENUS
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Figure5.6: PlasticBall data(filled symbols)for protonsand pions in the centrality rangeF�]"G |�]SR¦^�_ comparedwith VENUS

calculationsfor theimpactparameterrange
è iÅÃQGkBt] fm. Thesystematicerrorsareincludedin thedata.

is a stringmodelbasedcalculationwithout theinclusionof pion absorptionor resonances,it is expectedto

show no significantflow effects.The astonishingresulthowever, is thatat target rapidity the protonflow

signal in termsof ¬cÂ ) ® exceedsthe real databy a factorof approximatelythreeand is thuscomparable

to the RQMD resultpresentedabove. The observed effect might be explainedby the rescatteringthat is

includedin theVENUS model.In contrastto theRQMD predictionsfor protons,theVENUS resultsshow

a sharpincreaseof theaveragetransversemomentumin theanti-flow directionandpassesthroughzeroat

Ä ¯¢~�� � . This behaviour is seenin figure5.6, wherethe ¬¥Â ) ® dependenceon rapidity is shown for protons

andalsopions.Thecentralityregion ¦�~Ð£Çl�~��Åc�d correspondsapproximatelyto theimpactparameterrange
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Þ4���ä£Y�^~ fm of theVENUScalculations.Thesystematicerrorof ¦�~�� is includedin thegivenerrors.The

pion resultfrom theVENUSsimulationfails to describethedata.

5.2 Dependenceof Í ù on Centrality

Figure5.4 b) indicateda significantdifferenceof the pion averagetransversemomentumin the reaction

planefor differentcollision centralities.Thesubeventanalysisof chapter4.2.2revealedalreadythedepen-

denceof the flow effect on centrality for fragmentsandpions.A systematicstudyof the dependenceof

theflow signalon centralityfor protonsandpionsin termsof ¬¥Â ) ® is displayedin figure5.7. Theaverage
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Figure5.7: Theaveragetransversemomentumfor protonsa)andpionsb) asfunctionof Ò Ó in therapidity rangeGn] P |�ÓÇØ�Ó�] P B
and Gn] P r�Ó Ø*Ó�] P ] respectively.

transversemomentumin the reactionplaneis obtainedin the rapidity range £ä~�� lÔ! Ä !â~��¥� for protons

and £ä~�� �Õ!áÄÖ! ~�� ~ for pions.The protonabsolutemomentumtransferin the reactionplaneincreases

with thenumberof participantsto a maximum aD¬¥Â ) ®,a for semi-centralcollisionsat ¿ À ¯ �^��~ . Thecorre-

spondingimpactparameterof Þ(¯ � fm with maximumeffect is twice aslargeasthat found for Au + Au

collisionsat AGSenergies[Rei97]. For morehead-oncollisionsthe aD¬¥Â ) ®,a decreasesagain.In otherwords,

theeventswith intermediatecollisioncentralityshow thelargestflow effect,which is in agreementwith the

subeventanalysis.In the limit of impactparameterzerothesidewardflow mustvanish,dueto symmetry,

asconfirmedby the data.For the mostperipheralcollisionswith ¿�À×$ ¦�� , i.e. in termsof the impact

parameterÞQ� �^� fm, thereactionplaneresolutionis notsufficiently reliable(seefigure4.11) to extractany

valuewith respectto thereactionplane.
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In additionto thesmallflow effectof pionsdueto thethermalmotion,pionsaresubjectto absorptionand

rescatteringmainly throughthedeltaresonancewhich haslargemass.Thusthey shouldshow flow effects

comparableto thatof protons[Bas95, Li 94]. Sincetheobserved ¬cÂ ) ® of pionsis positive it indicatesthat

thepionsarepreferentiallyemittedaway from thetargetspectators.

This leadsto the interpretationof an absorptionof the pionsin the target remnant,which appearsas

preferredemissiontoward the otherside.If the apparentanti-flow is dueto absorption,centralcollisions

with little or no spectatormattershouldshow no flow effect [Fil96]. For centraleventsthepionflow signal

is compatiblewith zero.Theeffect in semi-centralcollisionsis weakbut growswith theimpactparameter

nearlylinearly. The in-planeaveragetransversemomentumof pionsconfirmsfor sufficiently high impact

parameters,i.e. ÞÂ��� fm, theabovedescribedanti-flow. At AGSenergiestheanti-flow of positively charged

pionswasalsoobserved in Au + Au collisions [Hil96, Kin97], althoughtherethe effect wassmall and

lackingin statistics.

5.3 Dependenceof Í ù on BeamEnergy

As mentionedabove the transverseflow hasbeenmeasuredat differentenergiesby a numberof exper-

iments.Togetherthesemeasurementsprovide a systematicstudyof the beamenergy dependenceof the

directedflow. The WA98 flow result for 158 Ø GeV Pb + Pb collisionsat the CERN SPSfrom WA98 is

comparedto Au + Au collisions from Bevalac to AGS energies, i.e. from 100 Ø MeV to 10 Ø GeV. In

figure 5.8 the datafor a variety of experimentsare presentedalong with theoreticalpredictionsfrom a

hydrodynamicmodel[Ris96]. The decreaseof the flow signalobservedfor incidentenergies ÙQÚ®Û greater

thanapproximately2 Ø GeV, is due to the fact that fasterspectatormatteris lesseasilydeflectedby the

expandingparticipants.The dataindicatedwith Ball arefrom the PlasticBall experimentat the Bevalac

[Dos87, Gus88]. The FOPI experimentis locatedat the SIS2 accelerator[Her96, Rei98]. E802andE877

areAGSexperiments,thedatapointsarefrom thereferences[Ahl98] and[Bar97b], respectively. While the

NA49 datapoint is from reference[Woo98], theWA98 datapoint is from thepresentanalysis.

The hydrodynamiccalculationsaremeantasqualitative comparisononly, sincethereareseveral un-

certainties,which affect the quantitative evaluationwithin the hydrodynamicfluid model.Moreover the

theoreticalcalculationinvolvesthe integrationof ÜTÝ�Þ�ß¦à and áPâÎã3á5ß , which indeedgivesdifferentquanti-

tative results.However, the systematictendency turnsout to be describedratherwell [Ris96]. The solid

line representspredictionsfor an EOS including only hadronicmatter, while the dashedline includesa

first orderphasetransitionto a QGP. Thelatteroneshowsa significantdropin theflow excitationfunction

near6 Ø GeV, which is explainedby thereducedpressure,andthereforereducedexpansionof a QGPand

thereforea reduceddeflectionof thespectators,or directedflow [Ris95]. Sincetheabsolutevaluesof the

theoreticalpredictionsareuncertaintheabsolutepositionof this dropcannotbefirmly predictedyet.Thus

thereis greatinterestin themeasurementof theflow atseveral Ø GeVincidentenergy andtheinvestigation

2Schwerionensynchrotron
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Figure5.8: The transverseflow excitation function for symmetricheavy ion collisions.The curves(left panel)representhydrody-

namiccalculations(seetext). Thedata(right panel)arefor Au + Au andPb+ Pbcollisions.Thereferencesaregivenin thetext.

of theE895dataat 2 – 8 Ø GeV is currentlyin progress[Liu98].

TheWA98 dataconfirmratherwell thedecreaseof thedirectedflow at high beamenergies.TheNA49

datapoint is slightly smallerthantheWA98 point,but this couldbeexplainedby thefact thatNA49 is not

ableto measureat targetrapiditybut closerto midrapidity, wheretheflow signalis smaller.





6. Azimuthal Corr elation Analysis

In reference[Gut90] theflow effectswerestudiedby meansof Fourierexpansionof theobtainedazimuthal

particledistributions.TheFourierexpansionis definedin thefollowing way:

í Þ¡î«à/ïñðnòó¿ôÖõ
ö
ô
÷
Û¿øQù
ú
ð ÛQû5üPý Þÿþ/îXà õ ß Û/ý���� Þ�þ/î«à�� (6.1)

where
í

can be any observable as a function of the azimuthalangle î , e.g. á'Ù��.Þ¡î«à¡ãPáPî . The Fourier

coefficientsaredenotedwith ð Û and ß�Û , respectively. Using the orthogonalityof theFourier series,these

coefficientscanbeevaluatedby:
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Thesumrunsover all particlesâ , andtheazimuthalangleof thei-th particleis denotedwith î Ú , which is

measuredwith respectto thereactionplaneangle  .

If the Fourier coefficientsfor the first harmonic(ð ù�� ß ù ) botharenon-zerothis is an indicationof the

presenceof directedflow. Thesecondharmonicwould correspondto elliptic flow. Thestrength� Û of the

flow effectof then-thharmoniccanbewrittenas[Vol96]:

ð Û ï � Û.û5üPý Þÿþ/î Û à
ß�Û ï �'Û ý���� Þÿþ/î ÛXà (6.3)

where î Û is theassociatedazimuthalangle.Thusoneobtains:

�'Ûjï ð
� Û õ ß �Û (6.4)

This strengthcanbe obtainedfrom the measuredFouriercoefficients ���Û by taking into accountthe finite

reactionplaneresolutionanalogousto thecorrectionof theaveragetransversemomentum(equation5.2) as

describedin section4.2.4:

�'Û ï�� �Û ã��������5Û��3Þÿþ.à (6.5)

Furthermorethetransformationof thedipolemomentfor particlesbackwardof midrapidityhas,dueto the

anti-symmetry, to beappliedasdescribedin 5.1, thus�nù7ï���� � ù ã!��������Û��3Þ�þ ï ö à is obtained.

In the following sectionstherapidity, transversemomentum,andcentralitydependenceof theFourier

coefficients � Û for þÀï ö � ó arestudiedfor protons,deuterons,tritons,andpositively chargedpionsmea-

suredwith thePlasticBall detectoraswell asfor
ô ò decayphotonsmeasuredwith theLEDA detector.

57
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6.1 Dependenceon TransverseMomentum

For all abovementionedparticlestheazimuthalparticledistributionswith respectto thereactionplaneare

calculatedfor severaldifferenttransversemomenta.

Particles at Target Rapidity

Figure6.1showstheobtained
ö ã5âfá'âÎã3á#"$ distributionsexemplaryfor protonsandpionsin fivedifferent
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Figure6.1: Theazimuthaldistributionsof protons(left) at -
.0/21
.434576 andpions(right) at 1
.0/28
.034576 . Thefilled symbolsarefor

realdata,while theopensymbolsdisplaythedistributionsof mixedevents.Thesolid curvesrepresentfits of equation6.6 to thedata.

Therapidity rangeare /9. P 1;:=<;:=. P > and /9. P ? :@<A:@. P . for protonsandpions,respectively. Thetransversemomentumof the

analyzedparticles,givenin GeV/5 , is increasingfrom thebottomto thetop.

ÜB� binseach.Theangle"C is thedifferenceof theazimuthalangleof a particularmeasuredparticleand

thereactionplaneangle  .

Sincein chapter5 it wasfoundthattheflow effectof fragmentsis largestin thesemi-centralcollisions,

theprotondistributions,presentedin figure6.1, areevaluatedfor thecentrality
ó�D �;E DGFIH�J

. Theflow signal

of pionshowever, wasdetectedto belargerfor moreperipheralevents,thusthe
ö ã5âfá'âÎã3á#"$ distributions

for pionsareshown for thecentrality E D �LK DGFIH�J
. All distributionsaresymmetricaroundzeroandshow
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a strongcorrelation(protons)or anti-correlation(pions).Both typesof correlationsareof the sameorder

of magnitude.The effect is increasingwith the transversemomentumof the studiedparticles,i.e. from

the bottomto the top in the figure 6.1. The distributions for mixed eventsdo not give evidencefor any

correlation.

To extract the parametersof the correlationstrengthfrom thesedistributionsa fit with the following

functionis applied: ö
â
á'â
áY"C ï

ö õ ó � � ù û5ü3ý Þ�"CÆà õ ó � �� û;ü3ý Þ ó "CÆà (6.6)

Thisprovidesthesimultaneousdeterminationof thestrengthof both,thedipolemomentin termsof � � ù and

thequadrupolemoment���� , thoughthequadrupoleor secondharmonicis not perceivableat this level. The

dependenceof thecorrectedvalues�'Û for protonson thetransversemomentumis presentedin figure6.2,

wherethesamecentralityandrapidity regionis usedasfor figure6.1. For thecompleteÜ�� rangemeasured,

the first harmonic�nù , or in otherwords the strengthof the directedflow, turnsout to be negative. This

is in agreementwith the result obtainedfrom the averagetransversemomentumanalysis,which in fact

wasintegratingover themeasuredÜ � . While theelliptic flow is within theerrorcompatiblewith zerothe

directedflow revealsa lineardependenceon thetransversemomentum.Theabsoluteflow signalincreases

with Ü � andtheslopecanbeparameterizedby:

á��nù
á5Ü � ï Þ7�

D[Z \ E D^]_D[Z DPó�` à�Þ GeVã H àba ù
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This parameterizationhasbeenobtainedfrom a straightline fit to theproton �nù parameterasindicatedby

thedashedline in figure6.2. This lineardependencecanbe understoodif oneassumesa thermalparticle

emissionwithout radialexpansion,whichcanbedescribedby:

ö
Ü��

áYc'â
á�ÜB�=á5ßXá'îed Ù;f�a[gih

� (6.7)

whereÙ is theparticleenergy andj is thetemperature.Assumingavelocityof kXÝ of thethermalsourcein

ð -direction,onehasto take theLorentztransformationinto accountandobtainsfor theFouriercoefficient

[Bar97b]:

� ù ï
l ù Þ�mnàn�HÞ�m l ò Þomnàn�

l ù Þomnà�à�jÄã3ÙU�l
ò Þomnàp�Cm l ù;Þomnà�jÄã3Ù � (6.8)

where m ï ÜB�9k«Ý#q�ÝTã
j with the commonlydefinedfactor q�Ý ï ö ã ö �Ck �Ý . l ò Þomnà and
l ù5Þ�mnà are the

modified Besselfunctionsand Ù2� is the particle energy evaluatedin the systemmoving longitudinally

togetherwith the source.For kXÝsr ö
, asexpectedfor the transverseflow velocity, equation6.8 canbe

approximatedfor Ü���t ö GeVã H [Bra98]:

�nù2u
l ù Þ�mnàl
ò Þ�mnà

u Ü � k Ýó j (6.9)

In [Bar97b] actuallydeviationsof the linearity have beenobservedfor small valuesof ÜB� . Themeasured

ÜB� region in this analysishowever, confirmsa linear behaviour of the transversemomentumdependence

for thedirectedflow signalfor protonsratherwell. In reference[App98] the dependenceon ÜB� of the �nù
and � � parameterwasstudiedcloserto midrapidity. At the rapidity E Z D tÀßst `vZ D

the componentof the

directedflow turnedout to berathersmall, w � ù w�t DvZ ö
, comparedto thevaluesobtainedin thisanalysis.But

this canbe understoodsincethe magnitudeof the flow signalstronglydependson the rapidity, asit will

bestudiedin section6.2. Furthermore,in this referencea smallbut significantelliptic flow componentwas

foundnearmidrapidity, while at targetrapidity it seemsto vanish,or is at leastnot perceivablebecauseof

thedominatingdirectedflow.

In figure 6.3 the dependenceof the flow signalfor the first harmonicon the transversemomentumis

presentedfor positively chargedpions.As expectedthe �nù signalis positiveandis increasingwith Ü�� . The

slope,determinedby a linearfit, is largerthanfor protons:

áx� ù
á�ÜB� ï�Þ

öTZ \3ó�`y]zDvZ ó�{ à�Þ GeVã H à|a ù

Thedistributionis fittedin thetransversemomentumregion
`!D

MeV ã H t Ü��}t ö K D MeV ã H asindicatedby

thedashedline. ThehigherÜ�� binsaresignificantlylower thana linearincreasewould imply. It is expected

that theflow of pionsis dueto rescatteringandabsorptionmainly throughthedeltaresonance.Dueto the

limited width of thedeltaresonanceabsorptionof pionswith higher Ü � is suppressedcomparedto lower

Ü � pions.This might in part explain a flatteningof the � ù distribution for higher Ü � . The
ö ã;âfáPâÎãPáY"C

distributionsof pions for mixed eventsin figure 6.1 areflat for all Ü � bins, thus the extracted� ù signal

is constantlyzero(figure 6.3). Sincethe secondharmonicdoesnot show any significantdeviationsform
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zero it is for a bettervisibility not shown. Comparingthis resultswith the flow signalsmeasurednear

midrapidityrevealsa very similar behaviour asfor protons.Theabsolutemagnitudeof thedirectedflow is

small ( w � ù w[t DvZ D�`
[App98]) comparedto theoneobtainedfor thetargetrapidity region.And theabsolute

magnitudeof theelliptic flow componentis significantlydifferentfrom zero.The reasonagainlies in the

strongdependenceof theflow effecton rapidity.

The sameanalysiswasalsoperformedfor the heavier fragments.The
ö ã;âfáPâÎãPáY"C distributionsfor

deuteronsandtritonsareobtainedfor the Ü�� rangeÞ D[Zÿö!� � ö�Z D Knà GeVã H and Þ DvZ ó3ó � öTZ ó�{ à GeVã H , respec-

tively. For semi-centralcollisionsapproximatelya similar resultwasobtainedasfor protons.Thedirected

flow parameter� ù is presentedin figure 6.4 for both, deuteronsand tritons. Again the magnitudeof the

elliptic flow parameterwasevaluatedtoo,but it turnedout to becompatiblewith zeroandis thereforenot

shown in the figure. Sincethe �nù of the fragmentslike the proton �nù dependsalmostlinearly on ÜB� the

deuteronvaluesarefittedwith astraightline andthefollowing slopehasbeenobtained:

á��nù
á5Ü�� ï Þ7�

D[Zÿö���D^]_D[Z DPó�� à�Þ GeVã H àba ù

This slopeis slightly smallerthanthe onefor protons.However, a direct comparisonof the slopeis not

meaningful,sincethefragmentsaremeasuredathighertransversemomentaandin asmallerrapidityregion.

Theastonishingfactaboutthis resultis thattheabsolutemagnitudeis aboutthesameasfor protons(figure

6.2), thoughmeasuredin adifferentÜ � region.Fromtheaveragetransversemomentumanalysisin chapter
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5 aswell asfrom resultsat lower energiesa strongerdependenceon theparticlemassØ wasexpected.In

factfor
ö3ö Ø GeVAu + Au collisionsanincreaseof theflow effect from protonsto deuteronswasobserved,

while thereis rathernoincreasefrom deuteronsto tritons[Bar98b]. Thelatterfactis alsoconfirmedin figure

6.4 showing that the tritons arevery similar to the deuterons.The significantdifferencebetweenprotons

anddeuteronshowever, is not observedin theanalysisof
ö
` K7Ø GeVPb+ Pbcollisions.In partthis canbe

explainedby thesmallerrapidity rangein which theheavier fragmentsaredetected,asdescribedfurtheron

in section6.2.

Particles Near Midrapidity

TheLEDA detectormeasuresdecayphotonsmainly of theneutralpionsdirectly below midrapidity. Since

it doesnot, contraryto thePlasticBall, provide full azimuthalcoverage,this affectstheazimuthalparticle

distributionsmeasuredin the lead glassdetector. To take this detectoreffect into account,the real data

distributionsarenormalizedby the onesobtainedfor mixedevents.The resultingazimuthaldistributions

of the photonsareanalyzedby fitting with the above describedFourier expansion,i.e. equation6.6. For

q ’squalitatively differentdistributions,comparedto particlesat targetrapidity, areobtainedaspresentedin

figure6.5.

First of all thephotonsshow a muchweaker flow effect thantheparticlesmeasuredat target rapidity.
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This is not surprisingconsideringon the onehandthe rapidity dependenceof the magnitudeof the flow

effect, this will be studiedin section6.2. And on the otherhandit certainlyplaysa role that the photons

aredecayproductsandthereforetheonly reasonexhibiting any flow, asthey obviously do in figure6.5, is

that they still carry a part of the original pion flow velocity. The secondimportantchangefrom target to

midrapidity is that thecomponentof directedflow seemsto vanish,while anelliptic flow component,not

visible at target rapidity, canbeobserved.This canbeextractedfrom figure6.5 which clearly revealsthe

existenceof thethesecondharmonicin thedistributions.Thesurprisingresultis, thattheelliptic flow turns

out to be negative, i.e. it exhibits an out-of-planeflow. This is in contrastto the positively chargedpions
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Figure6.5: Theazimuthaldistributionsfor ~[� decayphotonsdetectedwith LEDA for differenttransversemomentain GeV/5 . The

solid curvesrepresentafit of equation6.6 to thedata,whichhave beencorrectedby mixedevents.Shown aresemi-centralevents.

[App98] andsinceneutralpionsareexpectedto behavelike thechargedpions,theremainingphotonsignal

is not yet understood(seeappendixF). In agreementwith the fragmentsandthepositively chargedpions

however, is thefactthattheabsolutemagnitudedependson thephotontransversemomentaasdisplayedin

figure6.6.

A closerlook at the lower Ü�� rangerevealsa very weakbut significantpositive �nù signalfor photons.

This effect however, is only observablefor photonsbelow E D!D MeV ã H andis of theorderof
DvZ `GF � ö�F .

Thus,thiseffectat thepercentagelevel is a factorof approximately15- 25smallerthanobtainedfor target

rapidity particles.The elliptic component� � however, is ratherpronouncedand its absolutemagnitude

increasesfor Ü � t `�D�D
MeV ã H almostlinearly. For larger transversemomentatheeffect tendsto saturate

anddoesnot exceedvaluesof w � � wvu D[Zÿö
.
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6.2 Dependenceon Rapidity

It hasbecomeevident,so far, that therearedifferencesin themagnitudeof theflow signalfor particlesat

targetandnearmidrapidityobservable.In thissectionthesystematicdependenceof theflow parameters,in

termsof the Fouriercoefficientsup to thesecondorder, on rapidity is studied.Protonsshow a very weak

elliptic flow componentat target rapidity. Going to midrapidity (ßAï ó[Z � ) this harmonicincreasesto the

level of u ö�DGF , asdisplayedin figure 6.7. The figure shows datafrom this analysisandfrom [App98].

Theelliptic flow is symmetricaroundmidrapidityandhasbeenreflectedto therespectiveside.TheWA98

protondatafor semi-centraleventsaremeasuredin thebackwardandreflectedto theforwardhemisphere,

andvice versafor theNA49 data.Thefactthattheelliptic flow turnsout to bepositive meansit is aligned

with the reactionplane.Thus it is in-planeflow and not out-of-planeflow as it was observed at lower

energies,seee.g.[Gut90].

The directedflow is anti-symmetricaroundmidrapidity and peakstypically at target and projectile

rapidity. The shapeof the distribution however, looks differentto that observed in Au + Au collisionsató!D�D Ø MeV [Dos87] and
ö3ö Ø GeV[Bar97a]. At lowerbeamenergiestheincreaseof theflow strengthfrom

zeroat midrapidity is ratherlinear to thepeaksat targetandprojectilerapidity. This is displayedin figure

6.8, wherethe strengthof the directedflow is given in termsof �ÿÜ Ý ã�Ü ��� , which can approximatelybe

equatedwith � ù . Furtheraway from this peakit falls off weakly, this rapidity dependenceis oftenreferred

to asS-shapecurve. In thestudied
ö�` K7Ø GeV Pb+ Pbcollisionshowever, thepeakslook moreGaussian
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andonly the tails reachup to midrapidity, wherethe flow signal is small.Thus it is conceivablethat the

S-shapecurve obtainedat lower beamenergiesis alsoa combinationof two Gaussiandistributions.These

distributionswould have on the samenormalizedrapidity scalelarger widths and the meanpositionsat

targetandprojectilerapidity. This couldactuallybe confirmedfor the protondatafrom 200 Ø MeV Au +

Au collisionsprovidedby [Dos87, Kam86]. In figure6.8thesuperpositionof two anti-symmetricGaussian

distributionsis displayed.The dashedcurve is providedby a fit to the data.The dottedcurve is obtained

by reflectionaroundmidrapidityandthesolid curve is the superposition.The rapidity dependenceandin

particularthe slopeat midrapidity is ratherwell described,the forward-backwardasymmetryof the data

is an artifact of experimentalbiases[Dos87]. Both Gaussiansarenot separatedandhave a large overlap

region.

Hencethepeakpositionin figure6.7wasalsoobtainedby fitting thePlasticBall �nù datawith aGaussian
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curve) andbothdistributionsaresuperimposed(solid curve).Thedataarefrom reference[Dos87].

distribution.This providesthevalueof themaximumdirectedflow �nù
¡ ¢£��Ý�u¤� D[Z ó at ßLu¤� D[Z ó!` . And in

factthesolid line in figure6.7is acompositionof two anti-symmetricGaussiandistributionswith theabove

mentionedmaximumandmeanvalue.Thereforethe WA98 PlasticBall datapermit the determinationof

theGaussianshapeandtheNA49 dataconfirmtheflatteningnearmidrapidity. This shapeimpliesthat the

slopenearmidrapidity, which is oftenreferredto asflow value ¥ÀïÖáx�nù�ã3á5ß , doesnot providea reasonable

descriptionof thecollectivemomentumtransferathighbeamenergies.To studythesystematicsof directed

flow it is rathernecessaryto analyzethethreeparametersof theGaussian-shapedrapiditydistribution.

In thesamemannerthe
ôi¦

flow dependenceonrapidity is presentedin figure6.9. TheNA49 datavalues

areagainfrom reference[App98] for semi-centralevents,themidrapiditydatapointsareprovidedby the

secondtrackingarmspectrometerin the WA98 experiment[Eno98]. Thedatameasuredat target rapidity

arethe PlasticBall resultof this analysisin the centralitybin E D �§K DGFIH�J
, wherethe pion flow effect is

largest.Thefirst harmonicis positiveat targetrapidity, i.e.oppositeto thefragmentflow direction.It peaks

at ß}u¨� DvZ `�` with a maximumvalueof � ù u D[Z ó E . Closerto ß�ï ó[Z � it rapidly decreasesandcompletely

vanishesatmidrapidity, to whichit is definedto beanti-symmetric.TheNA49 dataconfirmtheweaknessof

thedirectedflow nearmidrapidity, thoughit shows somestructurewhich is not reproducedby thesmooth

curveshown.Thiscurverepresentsagainacompositionof two Gaussiandistributions,with theabovegiven

maximumandmeanvalue.
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Thestrengthof theelliptic flow at targetrapidity is within theerrorsconsistentwith zero.It increases

slightly to midrapidity, but doesnot exceedthe
`WF

level. This is contraryto theelliptic flow component� �
of theprotons,which reachesvaluesof � � u DvZ ö

or
ö
DGF

. Again thedatafrom theNA49 experimentreveal

somestructurefor the nearmidrapidity bins,which is below the
ö�F

level andconsideringthe datapoint

from ARM2 it is not reproducedby thesmoothcurvegivenasdashedline. Theimportantpointhowever, is

thefactthat � � for pions,like theprotonresult,is positive.Thismeansthemainaxisof theflow ellipsoidis

alignedwith thereactionplane.In otherwordsthepionsshow at midrapidityelliptic in-planeflow.

Theheavier fragmentsexhibit astrongerdirectedflow effect thantheprotons,but in thesamedirection.

The elliptic flow is consistentwith zero,ascanbe seenin figure 6.10. So far the measurementof these

Fourier coefficients for deuteronsand tritons at SPSenergies is limited to the backward rapidity region
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coveredby thePlasticBall. Thusthis resultis not comparedto thenearmidrapidityregion.Thefragments

-0.4 -0.2 0 0.2

-0.3

-0.2

-0.1

0.0

0.1

y�

v n

deuterons

-0.4 -0.2 0 0.2

-0.3

-0.2

-0.1

0.0

0.1

y�

v n

v1
v2
P

tritons

Figure6.10: Thestrengthof thedirected(triangles)andelliptic (circles)flow effectof deuterons(left) andtritons(right). Thedashed

line indicatesthestrengthof theprotondirectedflow accordingto figure6.7.

show a strongerdependenceon rapidity than the protonswhich are indicatedby the dashedlines. The

coveredrapidityregiondoesnotallow to fix thepeakposition,thestrongriseratherindicatesthatthepeakis

notyet reached.Neverthelessonecandeterminethemaximummeasuredflow strengthwith � ù
¡ ¢£��Ý u D[Z ó K
for both,deuteronsandtritons.

Thetransverseflow of themeasuredphotonsis displayedin figure6.11asfunctionof therapidity. For

photonswith a transversemomentumÜ �«ª E D�D MeV ã H (left panel)the first harmonicis even consistent

with zero.For low Ü � photons(right panel)however, thedirectedflow turnsout to beweakbut significantly

positive, i.e. oppositeto the fragmentflow. This is in goodagreementwith figure 6.9 andwould at first

sight indicatea simplerelationbetweentheflow of pionsandtheir decayproducts.This might betruefor

thedirectedcomponent,however, the elliptic componentdoesbehave contrary. Figure6.11illustratesthe

nearlylineardependenceonrapidityof theelliptic flow component,whichis negativefor thewholerapidity

regioncoveredby theLEDA detector. In otherwordsthephotonsexhibit elliptic out-of-planeflow, but the

positively chargedpionsareobservedto flow in-plane.

6.3 Dependenceon Centrality

Exemplaryfor all fragmentsfigure6.12reflectsthestrengthof theflow effectsasfunctionof thenumber

of participants¬ � for protons.In additionthe resultsobtainedfor mixedevents(opensymbols)arepre-
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sentedto proof againthenegligible detectoreffects.Theshown dataareintegratedover thewholeproton

acceptancerangeof thePlasticBall detector. Thecentralitydependenceof thedirectedflow looksalready

familiarsinceit wasanalyzedwith thetransversemomentummethodin termsof � ÜTÝ � (seefigure5.7a).The

largestdirectedflow occursin semi-centralcollisionswith animpactparameterof ²Wu�K fm. Theeffect is

of theorderof
ö
`WF

, which is thesamenumberprovidedby thecorrelationof subeventsfor this centrality

bin (seesection4.2.2).

With the Fourier expansionof the azimuthalparticle distributions the elliptic flow is evaluated.For

peripheraleventsthereis anon-zeronegative,or out-of-plane,elliptic flow of theorderof � � u³� DvZ D�` . For

semi-centralcollisionsthis effect vanishesandfor centralcollisionsa weakpositive, or in-plane,elliptic

flow is observed. In other words in very peripheraleventsa weakout-of-planeflow, also referredto as

squeeze-out[Gut89a], is observable for protonsat target rapidity. For the heavier fragmentsthe above

describedphenomenaare as expectedeven more pronounced.The directedflow in semi-centralevents

turnsout to be an effect of
ö
�GF

and
ó�\WF

for deuteronsandtritons, respectively. In peripheraleventsa

squeeze-outeffectof � � ï�� DvZ D9��]zDvZ D E for deuteronsand� � ï´� D[Zÿö�óW]zDvZ ö
D
for tritonsis obtained.

Not only themagnitudeof theproton � ù , but alsoits peakpositionin rapidity is observedto vary with

centrality. Thereforethe peakposition ß¦Þ�� ù
¡ ¢£��Ý à is determinedby fitting the � ù rapidity distribution by

a Gaussianasdescribedin section6.2. The evolution of the peakpositionasa function of centrality is

displayedin figure6.13. It decreaseswith thenumberof participants¬ � . This meansß¦Þ��nù
¡ ¢µ�5Ý à is closer
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to midrapidity in peripheralthanin morecentralcollisions.Thoughin very centralcollisionsthedirected

flow effect vanishesdueto thesymmetryandthusfor thebin of themostcentralcollisionstheevaluation

of the peakposition is ratherdifficult. This is reflectedby the large fit error given in the figure. Also at

lowerbeammomentaavariationwith centralityof thepeakpositionin the � ù rapiditydistributionhasbeen

observed[Bar97a]. Sincethemeanof theprotonrapiditydistributiondoesnotchangewith thecentralitythe

observedevolutionof ß¦Þ��nù
¡ ¢£��Ý�à with centralityis apparentlya propertyof theeventasymmetry. However,

thepossiblebackgroundof theidentifiedprotonsdependsalsooncentrality. For highercentrality, i.e.higher

hit multiplicity, thenumberof doublehitsis largerandtheparticleidentificationismoredifficult. Thismight

influencethepeakpositionin rapidity (seeappendixE).

As for the protonsthe dependenceof the directedflow strengthof
ôi¦

on the centrality is already

providedin thesubeventandthetransversemomentumanalysis.Figure6.14presentsthedirectedandthe

elliptic flow in termsof � ù and � � respectively, integratedover the whole PlasticBall acceptance.The

valueof � ù decreaseswith the numberof participants.The largesteffect is observed in moreperipheral

collisions( u ö���F ). Theelliptic flow componentis weakor evenconsistentwith zerofor all collisionswith

² ª {[Z `
fm. For smallerimpactparametersit exhibits a positive, i.e. in-plane,signal.Theapparentlylarge

effectobservedfor centralcollisionsis not yetunderstoodandneedsfurtherstudying.

As depictedin figure 6.6 the photon� � increasesin magnitudefor increasingÜB� , �nù though,exhibits
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a qualitative changefrom anti-flow at low Ü�� to weakflow at higher Ü�� . Consideringthis Ü�� dependence

of theflow effect for photonsin theLEDA detector, two transversemomentumbinsarechosento present

the flow strengthas a function of centrality in figure 6.15. For both ÜB� ª E D�D MeV ã H (left panel)and

ÜB�ÄtÅE D�D MeV ã H (right panel)the elliptic flow decreaseswith the numberof participants.In peripheral

collisions for lower Ü � the strengthof the elliptic flow is in maximum � � u D[Z D!\
, wherefor higher Ü �

it exceeds� � u D[Z D K . For the low transversemomentumregion the photonsin LEDA exhibit the same

centralitydependenceof � ù asthe
ôi¦

, thoughtheabsolutemagnitudeis smallerbyafactorof approximately

20. In collisionswith ²Wt �
fm thephotonswith Ü �Æª E D�D MeV ã H show a very weakdirectedflow effect,

for largerimpactparameters�nù is consistentwith zero.Apparentlythedirectedflow is carriedby q ’s with

smalltransversemomentum,while theelliptic flow is dominantfor thehigh ÜB��q ’s.

6.4 Comparisonwith the Ç ð Method

Theresultsobtainedwithin theazimuthalcorrelationmethodconfirmratherwell theflow effectsobserved

by thetransversemomentumanalysis.TheFourierexpansion,though,providesevenmoreinformation.In

particularit allowsthesystematicanalysisof theelliptic eventshapedeformation.Furthermoreonecanalso

evaluatethetransversemomentumtransferin thereactionplane� Ü ÝB� by integratingthe � ù Þ�Ü � à distribution
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Figure6.14: Thecentralitydependenceof thestrengthof thedirected(triangles)andtheelliptic (circles)~9� flow. Thesolidsymbols

arefor realdata,while theopensymbolsareobtainedfrom mixedevents.Additionally theimpactparameteraxisis given.

[Bra98]:

�ÿÜ ÝB� ï
ö
â

÷

ò
� ù ÞÿÜ � à;Ü � á'âá5Ü�� á�Ü � (6.10)

whereâ is thenumberof observedparticlesandthe �nù5ÞÿÜ��/à distributionsaregivenfor thedifferentparticle

speciesin section6.1. Therespectiveprotondistributione.g.waspresentedin figure6.2. Theintegrationof

equation6.10wasappliedto all obtained�nù;ÞÿÜ��/à distributions.Theresultis summarizedin table6.1.

particle y Ü � ã MeV ã H �ÿÜ Ýv� ã MeV ã H
p -0.4– 0.1 100- 800 � { E Z Dy] K Z �
d -0.3– 0.1 180- 1080 � öPö E Z `^] ó!DvZ ö
t -0.3– 0.1 220- 1260 � ö�{9�TZ `^]_\��TZ \
ôi¦

-0.6– 0.0 50 - 250
ó3ó[Z �;] E Z �

Table6.1: TheaveragetransversemomentumÈÉ¯ æ®Ê determinedwith theFourierexpansionmethod.

The quantitative result is apparentlydifferent from the one provided by the transversemomentum

methodpresentedin chapter5. This discrepancy however, canbe explainedby the different ÜB� regions

covered.Evaluatingthe integral accordingto equation6.10 requiresa completemeasurementdown to

Ü � ï D
. This is importantsincethe Ü � particlespectraareapproximatelyexponential.Thusthe number

of low Ü � particlesis much larger than the higher Ü � particlesand the latter onescontribute lessto the

transversemomentumtransfer. But the transversemomentumcan,asstatedin table6.1, not be measured

down to zero.This acceptancehole,asit is visible in the á � âÎãPá�Ü Ý#Ë á5Ü�Ì Ë distributionsin figures5.1 – 5.3,
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Figure6.15: Thecentralitydependenceof thestrengthof thedirected(triangles)andtheelliptic (circles)photonflow. Two different

transversemomentumbinsarepresented,¯T°�ÎI1
.
. MeV±
5 on theleft and ¯�°@:A1
.
. MeV±
5 on theright.

couldbeevadedin thetransversemomentummethodby fitting a two dimensionalGaussianto theparticle

distribution,which extrapolatesthetransversemomentadown to zero.An extrapolationof the �nù�Þ�ÜB�/à dis-

tributionsto Ü��Hï D
is conceivable,too. In reference[Bar97b] however, it wasobservedthatespeciallyin

thelow Ü�� region thedatadeviatesfrom thelinearbehaviour. And sincea parameterizationfor this region

is in our casenot known, it is notmeaningfulto evaluatethequantitativevalueswith this method.

Neverthelessis thequalitative resultin rathergoodagreementwith thetransversemomentummethod.

Again negative valuesareobtainedfor the averagetransversemomentaof fragments.The directedflow

strengthis a function of the fragmentmass,i.e. the deuteron� Ü Ýv� is abouttwice and the triton � Ü ÝB� is

approximatelythreetimes as large as the proton � ÜTÝ � . The positively chargedpions exhibit an positive

transversemomentumtransfer, whichconfirmsagaintheanti-flow behaviour of theproducedmesons.

It is conceivablethatanelliptic eventshapewill alsobeobservablewith theaveragetransversemomen-

tum method.If particlesareemittedin a preferreddirectionthis couldaffect thewidth of the á � â�ãPá�Ü Ý�á5Ü Ì
distribution. Elliptic in-planeflow would increasethewidth of theGaussiandistribution in x-direction,in

y-directionthedistribution would besmaller. This effect is studiedfor protonsandpionsby meansof the

ratio ÏÑÐÄ� Ý ã���Ì , where � Ý and � Ì arethewidthsof thetwo dimensionalGaussianfit to the á � â�ãPá�Ü Ý á5Ü�Ì
distribution.For symmetricdistributionsÏÎï ö is expected.ThedimensionlessparameterÏ is evaluatedfor

all rapiditybinsfor protonsandpionsandturnedin out to beconsistentwith 1 within theerrors.Theeffect

hasa magnitudeof
DvZ óGF

(
DvZ \GF

) for protons(pions).Thusthe transversemomentumdistributionsdo not
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exhibit anelliptic deformation.This is in goodagreementwith theazimuthalcorrelationmethod,wherethe

elliptic flow in thetargetrapidity regionwasfoundto beconsistentwith zerofor protonsandpions.



7. Summary and Conclusions

In this thesishighenergy heavy ion collisionsarestudiedwith attentionto collectiveflow phenomena.The

analyzeddataare from Pb + Pb collisionsat
\�\ÓÒXÔYÕ

, i.e.
ö
` KGÖ ÔxÕ per nucleon,measuredin the WA98

experimentat theCERNSPSaccelerator.

The PlasticBall spectrometeris successfullyutilized to determinethe reactionplaneon an event-by-

event basis.Different methodsto evaluatethe reactionplanefrom the measureddataare described.In

the presentanalysisthe Fourier methodis appliedto extract the reactionplane.Basedon the azimuthal

distribution of the transverseenergy Ù�� of protonsand light target fragmentsthe orientationof the

reactionplaneis determined.Theresolutionis obtainedfrom thecorrelationstrengthof randomlyarranged

subevents.The correlationstrengthof fragmentsshows a strongdependenceon centrality. It is largest

for an impact parameterof ²×uØK fm, i.e. for semi-centralcollisions and decreasesfor larger impact

parametersandvanishesfor centralcollisions.Pionsturn out to beanti-correlatedto thefragmentsandthe

anti-correlationincreaseswith theimpactparameter.

The averagetransversemomentum�ÿÜ Ý � in the reactionplaneis a measureof the directedflow. � ÜTÝ �
is evaluatedas function of centrality and rapidity. Significantdirectedflow (anti-flow) is measuredfor

fragments(pions) in the target rapidity region. Model calculationsoverestimatethe measuredtransverse

momentumtransferby a factorof 2 – 3. The centralitydependencereveals,as in the subevent analysis,

for fragmentsthe largesteffect in semi-centralcollisions.The directedpion anti-flow tendsto increase

with increasingimpactparameter. Theanalysisof the rapidity dependenceallows to fix thepeakposition

at ßÙuÚ� D[Z ó for protons.Theaveragetransversemomentumof deuteronsandtritons apparentlyrisesto

smallerrapiditiesand the peakposition cannotbe fixed in the coveredrapidity region. Pions,however,

exhibit a clearpeakat ßÄuÛ� DvZ E . In thesamerapidity rangethedeuteronshave approximatelyanaverage

transversemomentumtwice aslargeastheoneof protons.The �ÿÜTÝ � of tritonsis threetimeslargerthanthe

oneof protons.This factindicatesthatthefragmentsareemittedby asourceof commoncollectivemotion.

The strengthof the directed flow reveals a strong dependenceon the beam energy. In a simple

geometricalmodel this can be explainedby the fact that at low incident energies the directedflow is

mainly causedby thedeflectionof spectatormatterby theexpandingparticipants(bounce-off). This effect

is suppressedat higher energiessincefasterspectatormatteris expectedto be lesseasilydeflectedand

the directedflow is thenmainly drivenby the pressuregradientof the reactionzone.The flow excitation

function increaseswith the incidentenergy up to u ö Ø GeV, for larger energiesa decreaseis observed.

Hydrodynamiccalculationsqualitatively reproducethis behaviour and predict a significant difference

betweenpurehadronicmatteranda possibleQGP. Thereforethe analysisof the flow excitation function
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providesinformationabouta possiblephasetransition.In order to obtaina clearpictureof the collision

dynamicsthe flow excitation functionhasto be known ascompleteaspossiblefor a largeenergy region.

Thepresentanalysisshows thattheWA98 experimentis ableto cover thehigh energy part.

Theeventshapewasalsostudiedby a Fourieranalysisof azimuthalparticlecorrelations.This hasthe

advantagethatalsohighermomentscanbeanalyzed.Thestrengthof theflow effect is measuredin termsof

coefficient �'Û for the þ -th harmonic.Theparticlesdetectedin thetargetrapidity regionexhibit asignificant

directedflow effect,while theelliptic flow componentis consistentwith zero.However, photonsfrom theô ò decaymeasurednearmidrapidityshow only weakdirected,but significantelliptic flow.

Theparameter� ù , i.e. thestrengthof the directedflow, dependsnearlylinearly on the transversemo-

mentumin the Ü � regioncovered.Thecentralitydependenceof � ù confirmsratherwell theresultobtained

with the transversemomentummethod.The largesteffect of
ö�`GF

is observed in semi-centralcollisions,

i.e. for an impactparameterof ²�uÅK fm. This is the casefor all target fragmentsp, d, andt. Positively

chargedpions,however, show an increaseof �nù with the impactparameter. In semi-centraleventsa
ö
DGF

effect is observed,while in moreperipheraleventsthedirectedflow effect is approximately
ö���F

. The
ô ò

decayphotonsof small transversemomentumÜ�� exhibit a weakdirectedflow with thesamedependence

on centralityasthe
ôi¦

. This indicatesthat the photonsstill carry a part of the original
ô ò flow velocity.

Theabsolutemagnitudeis smallerby a factorof approximately20 which canbe explainedby the strong

dependenceon rapidity, sincethephotonsaremeasurednearmidrapidity, while the
ôi¦

aredetectedin the

targetfragmentationregion.

Theelliptic flow componentalsorevealsa dependenceon centrality. In semi-centraleventsit is consis-

tentwith zero.However, for large impactparametersthe protonsat target rapidity have a negative � � . In

otherwords,in peripheralcollisionswith alargenumberof spectators( ª \!D�D
) anout-of-planeelliptic flow,

or squeeze-out,is observed.Thiseffect is of theorderof
{�F

andcanbeexplainedby theshadowing of pro-

tonsby thespectatormatter. In centralcollisionsthe � � parameteris positive,i.e.a u ö�Z `WF elliptic in-plane

flow effectof protonsis observed.Here,thenumberof spectatorsis smallandshadowing effectsapparently

vanish.Hencethe elliptic flow candevelopalongthe lines of the highestpressuregradient,i.e. in-plane.

Positively chargedpionsalsoexhibit a significantelliptic in-planeflow in centralcollisions.The
ô ò decay

photonsnearmidrapidity show negative � � for all centralities.The strengthof the elliptic flow increases

with the impactparameter. Neutralandchargedpionsareexpectedto exhibit the sameflow phenomena.

And the directedflow of the
ô ò decayphotonsnearmidrapidity indicatesthe sameflow asobserved for

chargedpionsnearmidrapidity in the NA49 experiment.However, the elliptic flow effect is found with

differentsignfor photonsandchargedpions.

The study of the rapidity dependenceof the flow strength�'Û revealssomeimportantfeatures.The

directedflow is largeat targetandprojectilerapidity andvanishesat midrapidity. Dueto momentumcon-

servation � ù is anti-symmetricaroundmidrapidity. At relativistic energies it was found that the rapidity
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dependenceshows a typical S-shapecurve andtheslopeat midrapiditywasdefinedasFlow. However, at

the presentultrarelativistic energiesthis shapehaschanged.The directedflow nearmidrapidity is much

weaker andthustheslopeis lesssteep.Thedatacanbedescribedby two superimposedGaussians,which

areanti-symmetricaroundmidrapidity. Thepeakpositionandthemaximum� ù couldbeobtainedby fitting

thedatawith a Gaussiandistribution.Thus,thedescriptionof therapidity dependenceof thedirectedflow

by the slopenearmidrapidity is not sufficient. The superpositionof two Gaussiansis moregenerallyap-

plicable.It describesthecompleterapidity rangeandhasbeenprovedto bealsoapplicableto collisionsat

lowerbeamenergies.In particularthetypicalS-shapecurvecanbereproducedby varyingthepeakposition

andthewidth of theGaussiandistributions.Theparametersof theGaussiandistributioncanbedescribedas

thecontributionsof spectatorsandparticipantsto thedirectedflow signal.If theparticlesnearmidrapidity

show alargedirectedflow signalthewidth of theGaussiandistribution is consequentlylarge.In thestudied\!\
TeV Pb+ Pbcollisions,however, the width is smallerandthe distributionsaremoreseparatedthanat

relativistic energies,thusthe particlesnearmidrapidity exhibit only weakdirectedflow. While the super-

positionof the Gaussianscould be appliedto the protonandthe pion rapidity distributions,the covered

rapidity region is to smallto provethis descriptionfor heavier fragments.

The strengthof the elliptic flow by meansof � � is consistentwith zeroat target rapidity. However,

closerto midrapidity � � exhibits a clearsignal.For positively chargedpionsthis effect is of the orderof`WF
, the elliptic flow of protonsincreasesto approximately

ö�DGF
. Sincethe parameter� � is positive the

directionof the elliptic flow is alignedwith the directedflow, or in otherwordselliptic in-planeflow is

observed.The trackingspectrometerarmsin the WA98 experimentcover themidrapidity region andwill

providea morecompletepictureof theelliptic flow componentin this region.

Only a few yearsago,it wasbelievedthattransverseflow would not exist at all at SPSenergies,or if it

did exist, benot largeenoughto measure.However, recentwork includingthepresentanalysishasshown

thatnot only themeasurementis possiblebut thatnew andexciting resultsarebeingobtained.Thedifficult

taskto determineareactionplaneatSPSenergiesrequiresthepreciseparticlemeasurementin thetargetor

projectilefragmentationregion.This thesishasshown thatthePlasticBall detectorin theWA98 experiment

is idealto performthismeasurementandto analyzeazimuthalanisotropies.Theveryinterestingobservation

of elliptic flow nearmidrapiditywill becomea topic in future investigations.Sincetheeffect is weakand

difficult to disentangleit is not yet resolvedwhy pionsshow anin-planeandphotonsexhibit out-of-plane

flow. This remainsanopenquestionandgivesriseto furtherstudies.Currentmodelsareonly beginningto

reasonablyreproduceflow effectsat AGSenergies,andarestill insufficientat SPSenergies.New methods

of measuringflow have beendevelopedandrecentinsightsinto observableslike elliptic flow have opened

theopportunitiesfor studyingcollectiveflow atSPSenergiesandbeyond.Collectivephenomenaby means

of directedandelliptic flow have beenreexaminedasa potentialsignalfor a quarkgluonplasma,andwill

behelpful in theunderstandingof thecomplex collision dynamics.





A. Kinematical Variables

The descriptionof ultrarelativistic heavy ion collisions makesuseof several kinematicalvariables.The

definitionof themostimportantonesusedin this thesisaregivenhere.Thefour-momentumis definedas:

Ü�Ü�ï Ù H � ÜTÝ � Ü Ì � Ü�Ý (A.1)

Thebeamis consideredto pointinto Þ -direction.ThusthetransversemomentumÜ � andthelongitudinal

momentumcomponentÜnß canbewrittenas:

Ü�� ï Ü ý����yà ï Ü � Ý õ Ü � Ì
Ünß ï Ü û5üPýpà ï�ÜBÝ (A.2)

With theabsolutemagnitudeof the momentumÜ ï Ü � Ý õ Ü � Ì õ Ü � Ý andthe polarangle à relative to the

beamaxis.

The transversemomentumÜB� is invariantunderLorentztransformationin Þ -direction,however, Ünß is

not invariant.Thereforethe dimensionlessrapidity is defined.It describesthe velocity in Þ -directionand

hastheadvantageto beadditiveunderLorentztransformation:

ß Ð
ö
óyá � Ù õ Üpß

Ùâ�#Üpß
ï atanh

Ünß
Ù (A.3)

Thespeedof light is definedas
H ï ö .

Experimentally, the determinationof the rapidity might be difficult sinceit requiresparticle identifi-

cation.For ultrarelativistic energies,i.e. for energieslarge comparedto the restmassof the particle,the

rapidity turnsinto theso-calledpseudorapidityã :

ã ï � á � Ü õ Üpß
ÜI�#Üpß

ï � á � äbå�� àó (A.4)

For theparticularcaseof mass-lessphotonstherapidityandpseudorapidityareequivalent.
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B. PlasticBall Mapping

In figureB.1 thePlasticBall mappingis given.Thearrangementfor eachdetectormodule,representedby

onetriangle,is shown in the à�� î - phasespace.Thetwo mostforwardrings
\!D9æ}ç à çè`�D�æ

areusedto

rejectdownstreaminteractions.They correspondto themodulenumbers576to 655.

For the reactionplanedeterminationthemodules1 to 520areused,this correspondsto
ö
{�D�æLç à ç

{!D9æ
. Theforwardregion is left out for thereactionplanedeterminationbecausethehigh multiplicity does

not allow a reasonableparticleidentificationin theseà rings,theflow analysis,however, is basedon iden-

tified particles.
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FigureB.1: ThePlasticBall mapping.For every module,representedby onetriangle,thenumber, andthepolarangleis given.The

azimuthalangle é is only valid for êÑ� Q .xë .



C. Event Selection

To obtaina cleandatasetit is necessaryto rejecteventswheretwo beamparticlehit the target in sucha

shorttime that the trigger cannotseparatetheminto two singleevents.This canbe doneby studyingthe

transverseenergy Ù � asa function of the forward energy Ùµì9íÓî (seesection3.1). In figure 3.1 the data

shown have alreadybeencleanedfrom suchpile-upevents.If a secondbeamparticletraversesthe target

aftera too shorttimedifference,theZDC measurestheforwardenergy of bothevents.

In figure C.1 onecanclearly seea bandof pile-up eventsapartfrom the normalband,which canbe

selectedby thecut:

ó�` � D[Z D K�ï Þ`Ù � ã GeVà0tÀÞ¡Ù�ì�í�î7ã TeVà0tðE ` � DvZ D9� ïÔÞ¡Ù � ã GeVà (C.1)

If the beamparticle doesnot interactwith a target nucleusthe transverseenergy and the signalsin

forward modulesof the PlasticBall shouldbe small. However, it might happen,that the beamparticle

interactswith materialdownstreamof thetarget,theair, thedetectorssupportstructure,or thebeampipe.

This will result in little or no signal in the PlasticBall but the Ù � will be comparableto a peripheral

collision. To separatetheseeventsfrom true peripheraleventsa PlasticBall cut is applied.Thereforethe

ADC sum
J�ñ

of thetwo mostforwardrings(
\�D æ ç à çò`!D æ

seefigureB.1) is calculatedandcompared
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FigureC.1: Theforwardenergy ó£ô õiö versusthetransverseenergy óÓ° . Thesolid linescorrespondto theappliedcut.
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with thetransverseenergy. In figureC.2thiscomparisonis studiedand Ù�� is plottedversus
J ñ

. Theevents

with downstreaminteractionscanberejectedby thefollowing cut:

J ñ ï
û�ü�ü
ÚIø ü|ý�û ØGþ=ÿ Ú (C.2)
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D. Particle Identification

D.1 The Applied Cuts

particle m ¢.Ú�Û m ¢£��Ý Ù ¢ÂÚ�Û Ù ¢£��Ý
pions -1.34 0.29 20 MeV 200MeV
protons 0.44 1.05 40 MeV 240MeV
deuterons 1.05 1.5 50 MeV 300MeV
tritons 1.54 1.65 70 MeV 250MeV

Table D.1: The cutsappliedon the straightened� ó - ó distribution � (figure 3.5) to identify the given particlespecies.For the

positively chargedpionsaTDC value �V. P -�� s is additionallymandatory. Therecommendedenergy rangeis givenalso.

D.2 Influenceof cuts on Ç ð
Onephysicsobservablein systematicflow studiesis theaveragetransversemomentumwith respectto the

reactionplane �ÿÜ Ýv� . Seechapter4.1 for theexplanationof � Ü ÝB� aswell asfor thedefinitionof thereaction

plane.Tocheck,whetherthisquantityis distortedby abackgroundof misidentifiedPlasticBall hitsdifferent

strongcutson the m distribution (figure 3.5) aretested.TableD.2 shows thatwithin the errorsthereis no

significanteffect.For furtherdetailsseeappendixE.

cutwidth �ÿÜ ÝB�����
	
	öTZ D � ó E Zo��`W]e�TZ \�\
MeVöTZ ` � ó K Zÿö K ] K Z \�` MeVóvZ D � ó9��Zo��DW]e�TZ E ` MeV\vZ D � \ E Z ó!`W]z�vZ E � MeV

Table D.2: The correctedaveragetransversemomentumwith respectto the reactionplane ÈÉ¯ æTÊ ����� for different cuts on the �
distribution (figure3.5).

D.3 Linearization Method

Anothermethodtestedfor straighteningthe "�Ù - Ù plot is basedon theanalysisof theWA80 PlasticBall

data.Herethetwo dimensionaldistribution (figure3.4) is projectedontothey-axisafterstraighteningwith
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thefollowing function:

m � ï
� Ù � õ "�Ù �� �TÞ å���ûYäbå�� Þ�"�Ùhã3Ù�à�à

Where
� � is afixedarrayof valuesonly dependingontheangleof everyhit in the "�Ù - Ù phasespace.The

projectionm�� is shown in figureD.1. Thewell definedpeaksfor
ô

, p, d, andt hits arevisible anda
\ � cut

for protonsis shown.
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E. Background Contamination

If for exampleapion-pion1 doublehit is misidentifiedasaprotonthiswouldaffecttheextractedprotonflow

strengthsincepionsshow ananti-flow behaviour. Thusit is importantto checkthepossiblecontamination

of theprotonswith non-protons.Thishasbeentakeninto accountby MonteCarlosimulations.

Input for thissimulationaretheparameterizedrapidity, transversemomentum,andenergy distributions

of protonsandpions.Thedistributionsof theazimuthalandthepolarangleareassumedto beflat.According

to thesedistributionspionsandprotonsaresimulatedandfilteredthroughthePlasticBall acceptance.The

resultingá � âÎã3á5ÜTÝTá�Ü Ì distributionsarelikethemeasuredones(e.g.figure5.2) exceptfor themeanposition

which is zero,becausethereis no flow in thesimulation.

Flow is introducedin the spectraby adding the typical transversemomentumtransfer �ÿÜ ÝB� , i.e.

� \!D MeV ã H for protonsand õ ö
D MeV ã H for protons,to the simulatedtransversemomentumin the re-

actionplane.The simulatedflow strengthcould be reproducedby a two dimensionalGaussianfit rather

well. Thesystematicerrorturnsout to be u ö3öÓF .

Several possiblecontaminationscenariosare consideredand their influenceon the extractedflow

strengthin termsof �ÿÜ Ý � is studied.If for examplethe protonsarecontaminatedby
\GF

pions then the

simulatedá � âÎã3á5ÜTÝ�á5Ü Ì protondistribution is superimposedby theaccordingpion distribution with a
\GF

contribution.Thepossiblecontaminationcontributionsarevery smallandall lessthan
`GF

, theconsidered

scenariosare:

— not completelystoppedprotons

— not completelystoppeddeuterons

— misidentifiedneutrons

— punchthroughproton2 on topof a proton

— punchthroughprotonon top of a neutron

— punchthroughprotonon top of a deuteron

— deltaelectronon top of a proton

— deltaelectronon top of a neutron

— deltaelectronon top of a deuteron

— proton-protondoublehit

— proton-piondoublehit
1By pion, thepositively chargedpion is meant,exceptfor thecase~�� is denotedin particular.
2Punchthroughprotonsareprotonswith high energy. They loseonly apartof theirenergy whenthey traversethePlasticBall.
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— pion-piondoublehit

— pion-neutrondoublehit

—
ô a on top of aproton

—
ô a on top of apion

Thesystematicerror including thesedifferentcontaminationsturnsout to be K Z `GF . Thusin total thesys-

tematicerror is lessthan
ó�DGF

. Furtherstudieswill show whetherthis valuemight changefor very central

events,wherethedoublehit probabilityincreases.



F. PhotonFlow CrossChecks

Sincethecollectiveflow of photonsis a rathernew field andthepresentresultis apparentlynot yet under-

stoodthereareseveralindependentanalysesin progress.Oneimportantcrosscheckin theFourieranalysis

of azimuthalparticlecorrelationsis to examinethecollectiveflow perpendicularto thereactionplane.

Directedflow is by definitionin-planeflow, thusin theperpendiculardirectionthedirectedflow mustbe

zero.Sucha coordinatetransformationaffectstheelliptic flow differently. Elliptic flow out of thereaction

planelooks naturallylike in-planeflow in the planeperpendicularto the reactionplane.Thusthe elliptic

flow in termsof � � wouldchangeits sign.

The directedandelliptic flow perpendicularto the reactionplanehasbeenstudiedby fitting equation

F.1, whichcorrespondsto acoordinatetransformationof equation6.6, to theazimuthalparticlecorrelations

like for examplein figure6.5.
ö
â
á'â
á#"$ ï

ö õ ó � � ù û5üPý Þ�"C õ
ô
ó à õ ó � �� û5üPý Þ ó Þ�"C õ

ô
ó à�à (F.1)

It hasbeenconfirmedthat the elliptic flow changesits sign underthis transformation.The important

question,however, is whetherthedirectedflow vanishes.Thisisdepictedin figureF.1. Shownis accordingly

to figure6.15thestrengthof thedirectedflow for low Ü�� photonsin dependenceon centrality. Thefilled

symbolsrepresentthedirectedflow in thereactionplane.Thisis thesameresultasin therightpanelof figure

6.15. Theflow in theplaneperpendicularto thereactionplaneis givenby theopensymbols.Obviously the

directedflow in this planeis consistentwith zero.This indicatesthat the observedflow phenomenawith

respectto thereactionplaneareapparentlytrueeffects,thoughit is still notcompletelyunderstood.
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[Li 94] B. A. Li etal.,Nucl. Phys.A 570(1994)797

[Lie91] R. Lietava,Z. Phys.C 49 (1991)546

[Lin97] W. Lin et al.,Nucl. Instr. andMeth.A 389(1997)415

[Lis94] T. Lister, AzimutaleKorrelationenvonPionenim Targetfragmentationsbereich ultrarelativistis-
cherKernreaktionen, diplomathesis,UniversiẗatMünster, 1994
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[Sto86] H. StöckerandW. Greiner, Phys.Rep.137(1986)277
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