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1. Intr oduction

Particle physiciststodaybelieve thatthe standardnodelof elementaryparticlesdescribeghe fundamental
building of matteralongwith their interactionslt compriseghetheoriesof the electraveakandthe strong
interactions.The standardmodel includestwo groupsof elementaryparticles,leptonsand quarks.The
Leptonscanonly interactelectraveak,i.e. by the unified electromagnetiandweakinteraction.They are
not subjectto the strongforce mediatedby the gluons.The quarks however, interactstrongly weakly, and
electromagneticallyThe threetypesof interactiondncludedin the standardnodelareall mediatecby the
exchangeof gaugebosonsThemediatorof the electromagnetiorceis the photon thoseof theweakforce
arethe W andthe Z°, andthe strongforceis mediatedy the gluons While the photoncarriesno chage,
andis thereforenot subjectto the electromagnetiforce itself, the gluonsactuallycarry colour chageand
thusinteractwith eachother The gluonsandthe photonsare presumablymass-lesshut the W+ andthe
79 bosonsareratherheavy. Therefore the rangeof theweakinteractionis very short,about10~3m. The
stronginteractionhasa limited effective rangeof 10~'°m dueto colourscreeningffects.

Quarks

Experimentally one hasfound evidenceof six quarksthey obey asfermionsthe Pauli principle, which
causedlifficulties whenthe AT+ resonancevasdiscosered. The AT+ resonancés a particle consisting
of threeup quarkswith parallelspins.This situationcontradictghe Pauli principle. This problemcould be
solved by introducingthe colourchage [ ]. The colourgquantumnumbercantake threebasicvalues,
i.e.red green andblueaswell astherespectie anti-colours Sincethethreequarksin the A™* resonance
have differentcolours,its wave functionis anti-symmetri@andthereforethe Pauli principleis obeyed. When
the quarkconceptwasinventedin the mid 1960sthe physicistswereableto categorizeanddescribemost
of the particlesdiscoveredin acceleratoexperiments.

The obsened particlesthat are madeout of quarksare called hadrons strongly interactingparticles.
Hadronsconsistingout of three quarks,suchas the proton and the neutron,are namedbaryons,while
mesonsconsistout of one quark and one anti-quark.Single free quarkscan not be obsened sincethe
strengthof the strongforce increasesith the distanceof the interactingparticles.Hencethe quarksare
confinedinsidethe hadronsObsenableparticlesarethereforecolourneutralobjectsandthe quarksform-

ing this objectmusthave a colourcombinatiorrenderinga colourlessparticle.

Gluons

Theforcethatbindsquarkstogetherthestronginteractionjs mediateddy its exchangearticlesthegluons.

Thegluonscarrybothcolourandanti-colourandsince3 x 3 combinationsxist, they form two multiplets
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of statesanoctetandasinglet.lt is possibleto construciall colourstatesrom the octetandthereforethere
areeightdifferentgluons.The ninth stateis thetotally symmetricstate(ri + gg + bb), which s colour-less,
andthereforeplaysno role in the stronginteraction.Sincegluonsthemselescarry colourthey caninteract
with eachother This is the main differencebetweenthe strongandthe electromagnetiinteraction,since
photonscarryno electricchage. The stronginteractionis flavourindependent,e., all sortsof quarkshave
identicalstronginteractions.

Oneconsequencef the propertiesof the strongforceis thatthe strengthof the force decreasewhen
thequarksarecloseto eachother This propertygivesthe quarkswhatis calledthe asymptoticfreedomat

smallinter-quarkdistancesTheinteractionpotentialof two quarkscanbedescribedy:

Vir)=——+k
(r) 3r T
The coupling constanta; hasa direct dependencen the squaredour-momentumtransferin the quark

quarkprocesg :
127

(Q) = N QA
where N is the numberof quarkflavoursinvolved, @? the four-momentunmtransfer and A is a scaling

parameterA = 0.2£0.1GeV| ). Fromthis expressioronecandirectly derivethata, decreasewith
increasingnomentuntransferwhichis equivalentwith adecreasingjuarkdistanceHence theasymptotic
freedomat small distanceds indicatedby the expressionfor the strengthof the interaction.The colour
confinementtlargedistancess causedy thelinearcomponentn theinteractionpotentialV (r).

1.1 Quark Gluon Plasma

In analogyto thetheoryof theelectromagnetimteraction thequantunelectrodynamicg ], thegauge
theoryof quarkinteractionis calledquantumchromodynamic$QCD) [ ) ]. The QCD predicts
at sufficiently high temperatureanddensitiesan entirely new form of matter This matteris analogougo
the plasmaphaseof ordinaryatomicmattercalledquarkgluon plasma(QGP).In sucha QGP quarksand
gluonsareno longerconfinedin hadronsput are’releasedinto alargerregion, the plasmawherethey are
freesingleparticles. Thesesingleparticlesarein contrasto normalmatternot colourless.

Theoretically the phasetransitionfrom hadronicmatterto a possibleQGP hasbeenstudiedin lattice
QCD calculationsThis allowsto estimatethecritical temperaturef 150 ~ 200 MeV [ ] atwhichthis
phaseransitionmight occur It is commonlybelievedthatsuchhigh temperatureandthusa QGPexisted
right afterthe big bang the believedorigin of our presenuniverse.Todaya QGPis expectedto exist, due
to high particle densitiesjn neutronstars.One of the major goalsof high enegy physicsis the creation
of suchconditionsin the laboratory By meansof high enegy heavy ion collisionsit is expectedthat a
sufficiently large particledensityandtemperatureanbe establishedo form aQGPR

Contraryto the ordinary plasmaphasethe QGP characteristicare not directly obsenable. However,

thereare several different probessuggesteds signaturesRecentreviews of the different possibleQGP
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signaturecanbe found for examplein [ 3 ]. The probescanbe cateyorizedinto probesof the
initial state,probesof chiral symmetryrestoration probesof deconfinementand probesof the collision
dynamics.

Probesof the Initial State

As signalof the QGPanexcesf producedohotonsandleptonpairswaspredicted ]. They arenot
subjectto the strongforce andthereforeprobethe earliestand hottestphaseof the evolution of the QGP
withoutbeingaffectedby final stateinteractionsTheexpectedsignalfrom thedirectphotonsandthelepton
pairscompetewith the backgroundf severalhadronicreactiong ], thusit is difficult to disentangle.
Moreover, athermalhadrongasis alsoa sourceof photonsof comparabléntensity [ ]. However, a
clearsignalof photondrom a QGPis believedto bevisible for hightranswersemomentaf averyhotplasma
is formedinitially [ ]. Thoroughstudiesin heavy ion collisionsarecurrentlyin progresg 1 and

anupperlimit of thethermalphotonproductioncouldalreadybe obtained ]

Probesof Chiral Symmetry Restoration

Thephasdransitionwould alsorestorethe brokenchiral symmetryi.e., make the quarksbehae asthough
they are mass-lessThis could resultin the formation of so-calleddisorientedchiral condensateéDCC)
[ ]. The DCC would decayinto neutralandchagedpions,favouring a neutral-to-chagedratio differ-
entfrom thevalueexpectedrom isospinsymmetry Sucheventsthatvirtually violatetheisospinsymmetry
have beenobsenedin the so-calledCentaurceventsfrom cosmicray interactiong ] andis currently

studiedin high enepgy heavy ion collisions[ ) 3 ]

Probesof Deconfinement

The productionof hadronswith strangequarksis normally suppresseth nuclearreactions.The yield of
multi-strangebaryonsis predictedto be strongly enhancedn the presenceof a QGP[ ]. However,
several calculationshave beenpresented ] which shav the copiousproductionof strangenes
hadronicreactions Neverthelesghe strangenesalundancecan be a usefultrigger for othersignalsof a
QGP Additionally it is commonlybelieved that comparedo a hadronicprocessthe .J/¥ productionis

suppressedh the collision of two nuclei forming a QGP [ ]. Although thereare several hadronic
mechanismshatcould explaina J/¥ suppressiof ], it is still believedto be goodsignatureof the
QGPformation.

Hard partonsj.e. quarksor gluonswith very high enegies,might be formedduring the early stageof
thephasedransition.Whensucha partontraversesieconfinednatterit caninteractwith hardergluonsthan
in confinedmatter wheregluonsareconstrainedy the hadronicpartondistribution. Fastpartondosemore
enegy perunit lengthin a QGPthanin hadronicmatter hencethe enegy lossmight be a signalof a QGP
existing or not. On the otherhanda suppressiomf hard partonsmight be difficult to disentanglérom the

averagetransiersemomentunof hadronswhich is expectedo beenhancedn a QGP[ ].
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Probesof the Collision Dynamics

Theseprobesare basedon the enegy densitye, the pressureP, andthe entropy densitys of ultradense
hadronicmatterasa function of the temperaturél” and baryochemicapotentializ. As a signatureof a
QGPtherapidrisein the numberof degreesof freedomwithin a smalltemperatureangeis predicted.n
heavy ion experimentsthe averagetrans\ersemomentum(pr), the hadronrapidity distribution dN/dy?,
andthe trans\erseenegy dEr /dy arecommonlyidentifiedwith the variablesT’, s, ande, respectiely.
Thereforea rapid changein the (pr) dependencen dN/dy or dE/dy could sene asprobefor possible
phaseransition.

The space-timevolution of the systemcanbe measuredria identical particle interferometry which
is alsoreferredto asHBT? effect [ ]. It waspredictedthata phasetransition,which is changingthe
expansiondynamic,would shav upin thestudiedrn, K K, or pp correlationfunctionsandcouldtherefore
beameasurablsignatureof the QGP[ ]

Thehigh particledensityof thereactionzoneleadsto theformationof a collective outwardflow during
the expansionof the densematter The excitation function of the trans\ersecollective flow is the earliest
predictedsignalfor probingthe nucleamatter{ ]. The excitationfunctionis sensitie to the equation
of state(EOS)of nucleamatteri.e.therelationshipspecifyinghow thepressureor alternatively theenegy
per particle, dependn densityand temperatureAnd the excitation function can be usedto searchfor
abnormalmatterand phasetransitions] ) ]. In high enengy collisionstwo heary nucleicanbe
compressedndheatedo muchmorethanin groundstate.Thusa flow patternwill developasthe system
subsequentlgxpands Hencethe obsenation of collective flow phenomenés of high interestfor both,the

searclof a phasdransitionto a QGPandthe studyof the nuclearcollision dynamics.

1.2 Collective Flow

The existenceof shockwavesandthe collective flow was predictedalready30 yearsago[ ). Exper
imentally, the first evidenceof the occurrenceof sidevard flow wasobtainedl5 yearslaterin the Plastic
Ball experimentatthe Bevalacin Berkley [ ]. By now theflow analysisis oneof thewell established
methodgo extractinformationaboutthe EOSandthetransporpropertieof thehotnucleamatter| }.
Threedifferenttypesof trans\erseflow aredistinguishedradial, directed,andelliptic flow. Isotropic ex-
pansionin the trans\ersedirectionis calledradial flow, which is studiedby meansof inclusive trans\erse
momentumspectra.The comparisorof thesespectrawith thermodynamianodelsprovidesthe tempera-
ture T' andthe trans\erseflow velocity 3, [ ]}. The obtainedquantitatve values,however, dependon
the usedmodeland arethereforedifficult to determing] ]. The radial flow caneven be measured

in centraleventsanddoesnot dependon the determinatiorof the reactionplane,i.e. definedby the beam

1For adefinitionof the rapidity seeappendixA
2Hantury-Braun, Twiss
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axisandtheline joining the two centresof the colliding nuclei(seefigure 1.1 andchapter4 for a detailed
explanation).
Anisotropicexpansionin non-centrakventsis describedy the directedandelliptic flow components.

Figure 1.1 displaysa non-centrakollision of two nucleiin the participant-spectatanodel. The projectile

Target  Projectile Target Participants _Frojectile
Spectators Spectators

Figure1.1: Schematiosiew of two colliding nucleiin the participant-spectar model. The collision is shavn in the centre-of-mass
frame.Thebeamaxis, i.e. thedirectionof the projectile,pointsinto the draving plane.Thedistanceof projectileandtargetis named
impactparameteg.

is flying into the drawing plane,while the targetis comingout of this plane.The beamaxis pointsinto
the drawing planeanddefinestogetherwith the impactparameteﬁ thereactionplane.In the participant-
spectatomodelthenucleondnteractonly in theoverlapregion of bothnuclei. This interactionzoneis due
to theexpectedhigh temperaturalsonamedfireball. Hencethis modelis alsoreferredto asfireball model.
In non-centrakollisionsthe overlapregion hasanazimuthalanisotropicgeometricashapgseeleft figure
panel).Thusthe pressurgyradientin thefireballis steepealongtheimpactparametethanperpendiculato
it. And a collective motion of the particlesemittedfrom the fireball is expectedto developin the direction
parallelto b. The spectatorsare deflectedby the emitted particles,hencethey will showv trans\erseflow

effectsin additionto their movementparallelto the beamaxis (right figure panel).

Dir ectedFlow

The directedflow is basedon the fact that a reactionplanecanbe determinedAt low beamenegiesthe
side-splasi ] of participantnucleonsnear midrapidity was detected By side-splastis meantthe
azimuthalanisotroly of the emissionof producedparticles.In otherwords particlesnearmidrapidity are
preferentiallyemittedin thereactionplaneandtrans\erseto thebeamaxisratherthanemittedisotropically
Spectatofragmentsaredeflectedrom theparticipantsthusthey alsoshav ananisotropicemissiorpattern.
This bounce-dfof the spectatorsesultsalsoin thereactionplaneandtrans\erseto the beamaxis| ].
In high enepy collisions directedflow is essentiallya pressuregradienteffect, dueto the azimuthal
anisotrofy of the hot centralregion in non-centrahucleus-nucleusollisions. The denotatiordirectedflow
comprisedoththe side-splasteffect, andthe bounce-of effect. This meanghe particlesare preferentially
emittedin adirectiontrans\erseto the beamaxis. In sucha collective sidevardflow the particlesemittedin
forwardandbackwardhemispherem the centre-of-masframeare,dueto momentunctonsenration,found

on oppositesidesof the beamin thereactionplane.Thusdirectedflow canbe equatedwith thetrans\erse
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momentumtransferin the reactionplane.The magnitudedependson the centrality of the collision. For
centralcollisionsthedirectedflow vanisheglueto the symmetryandfor very peripherakollisionstheflow
effectis expectedto be weak,becausehe compressionatffectsarelow. The differentmethodsto extract

thedirectedflow signalfrom the measuredlataaredescribedn chapter4 — 6.

Elliptic Flow

In additionto the directedflow in the reactionplanean out-of-planeflow componentthe squeeze-outvas
obsenedatBevalacenegies| ; ]. In the overlapregion of thetwo colliding nucleithe matter
is rathercompressea@ndpartly it is squeezeaut perpendiculato the reactionplane.In otherwords,the
particlesemittedfrom the centralhot region are shadaeved in the reactionplaneby spectatorfragments.
Perpendiculato thereactionplanethereareno spectatorsthusparticlesmight escapereferentiallyin this
direction.In collisionsat ultrarelatvistic enegiesthe spectatomatteris expectedto leave the interaction
zoneaftersuchashorttime thatshadeving is small. Thiswould leadto anisotropicemissiorpatternfor all
particlesemittedafter this time. However, if partialthermalizationoccurs,pressurewill drive themalong
thelinesof the pressuregradient.Sincethe overlapregion betweerntargetandprojectilehasa smallersize
in the reactionplanethan perpendiculato it, the pressuregradientis larger in-plane.This consequently
producesn-planeelliptic flow [ ]. The utility of theelliptic flow excitationfunctionasa probefor the
stiffnessof the EOS of nuclearmatterandfor the onsetof a possibleQGPis recentlyunderinvestigation
[ ]. A recentoverview of collective flow phenomenabsenedin heavy ion collisionscanbefoundin
[ ]. Theanalysismethodwill bedescribedn chapter6.

Sincethemeasuremertf collective flow phenomengrovidesauniquetool for studiesof thedynamics
of a heary ion collision aswell asfor the propertiesof hadronicmatter this thesisconcentratesn the
analysisof flow phenomenéan high enegy heavy ion collisions. The analyzeddataare Pb + Pbcollisions
measuredn the WA98 experimentatthe CERN® SPS atabeamenegy of 33 TeV.

The setupof the WA98 experimentwill be describedn chapter2. Chapter3 dealswith the datare-
ductionwhich providesthe eventcharacterizatiomswell asthe necessaryariablesfor the flow analysis.
Obsenation of collective flow requiresthat a referenceplaneexists. Differentmethodsof extractingthis
reactionplane,arediscussedn chapter4, alongwith resultson the reactionplanedeterminatiorandits
resolution.Chapter5 presentghe resultsof the directedflow analysisby meansof the averagetrans\erse
momentum(p,.) method.The analysisusingazimuthalparticle correlationsin chapter6 providesresults
on elliptic and directedflow and comparisongo the (p,,) method.Finally in chapter7 the resultsof the

obseredcollective flow phenomenarebriefly summarized.

3ConseilEuropeenepourla Recherchélucleaire
4SuperProtonSynchrotron



2. The WA98 Experiment

TheWA98 experimentusesavariety of largeacceptanceetectorgo take into accountthatonly thesimul-
taneouaneasurememf several obsenablesandtheir correlationsallows to obtaina completepicture of
theheavy ion reaction.Unlike otherCERN experiment3/N/A98 doesnot focuson oneparticularaspectput
triesto revealamoreglobalview of high enegy collisions. The WA98 experimentis the successoof WA80
andWA93 andthereforethe completionof a seriesof heary ion experimentsatthe CERN SPSaccelerator
searchingdor signature®f the QGR As it canbeseenin figure2.1the WA98 experimentconsistof alarge
acceptancéadronand photoncalorimeter| \ ) . ]. It is afixed-tagetexper
imentwith a 33 TeV beamof leadions (2°2Pb). The targetsusedmost, are leadfoils of 210 and410 xm
thickness.

The following sectionsgive a brief overvien over the different detectorsystemsand their operating

principles.The subsebf detectorsisedfor the analysigpresentedn this thesisis describedn moredetail.

Lead-Glass Calorimeter

Photon Multiplicity

Detector (PMD) Zero Degree

Calorimeter

[ARM2] Time of Flight (zDC)
(TOF2) ) -
Midrapidity
Calorimeter
Streamer Tubes (MIRAC)

(STUBE)

Charged Particle Veto
(CPV)

e
(o Time of Flight
T (TOF1)

Start

Counter Multistep Avalanche

Chambers (MSAC)
[ARM1]

«
o
o° Plastic Ball

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

Figure2.1: The WA98 experimentalsetupin 1996. Sincethe Inner and OuterHalo countersarex 6 m upstreanfrom the tamget,
whichis locatedin the centreof the PlasticBall, they areoutsidethe plotting range.

11
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2.1 Calorimeter

To characterizehe collisionit is mandatoryto determinethe fraction of theincidentenegy whichis dissi-
patedfor particle production.In the WA98 experimentthis is realizedby measuringpn the onehand,the
forwardenepgy carriedby the projectilespectatofragmentsandon the otherhandthetrans\erseenegy of
theemittedparticles.

The Zero DegreeCalorimeter(ZDC) measureshe enegy of projectile spectatofragmentslt covers
the pseudorapidity regionn > 5.9 which correspondso anopeningangleof # < 0.3 aroundthe beam
axis. The ZDC is a samplingcalorimeterbuilt of 7 x 5 modulesconsistingof layersof leadandplastic
scintillator. The intensity of the scintillation light thatis producedby hadronicshowversis proportionalto
thehadronenegy andis guidedby awavelengthshifterto photomultiplierq ] ].

The Mid Rapidity Calorimeter(MIRAC) located24 m downstreanmfrom the targetis usedto measure
theflow of enegy emanatingrans\erselyfrom the collisions.The coveredpseudorapidityangeis 3.5 <
n < 5.5. It is sggmentedtrans\ersely enablingit to determinethe trans\erseenegy of the produced

particles.Thetrans\erseenepy is definedas:

N
ET == Z E,L' sin 9L (21)

i=1
Thesumrunsoverall detectormodulesN with E; theenegy depositedn themoduleatthepolarangled;.
The MIRAC is alsosegmentedongitudinallyinto an electromagnetisectionanda hadronicsection.lron
andplasticscintillator platesconstitutethe hadronicsectionof 6.1 absorptiorlengthsandanenegy resolu-
tion of 46. 1%/\/m/. Theelectromagnetisectionconsistof leadandplasticscintillatorplatesof 15.6
radiationlengthstotal depth.lts enegy resolutionis 17.9%/\/m/. Thescintillatorsin theelectromag-

neticandin thehadronicsegmentarereadout by wavelengthshiftersandphotomultiplierq ) ]

2.2 ChargedParticle Tracking

Togethewith thelargeaperturemagnetGoliathtwo trackingarmsallow the spectrometryf chaigedparti-
cles.In additiontwo time-of-flight walls measurehe velocity to provide the massof eachparticle.Goliath
is centred3.28 m downstreanof thetarget,with agapsizeof 1.60 m. It is a 1.6 Tm dipole magnetending

thepositively chaigedparticlesto the secondrackingarmside,whichis definedasthe positive x-axis.

2.2.1 First Tracking Arm

Thefirst trackingarm spectromete(ARM1) consistof six Multi StepAvalancheChamberg§MSAC) and
a Time-of-flight wall (TOF1). Negatively chaiged particlesare, accordingto their momentum deflected
by the magneticfield of Goliath to the side of the first trackingarm. Whenthey passone of the MSAC

1For a definitionof the pseudorapiditgeeappendixA
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planes.they ionize the gasalongtheir paththroughthe chamberWith several amplifying stepsan elec-
tron avalanchds producedwhich excitesthetriethylaminemoleculesn thegaschamberso emitphotons.
Thesephotonsareabsorbedndreemittecby wavelengthshifter exit windows which areviewed by CCD?
cameraskFromthe CCD signalsparticlehitsin eachplaneareconstructedwhichin turnallow thetrackre-
constructiorandfinally the determinatiorof theincidentparticlemomentuni , X ) ]

By measuringhe particlevelocity with the TOF1,which consistsof 4 x 120 plasticscintillatorseach
readout from both sideswith photomultipliers,one can reconstructhe particle massand thereforethe
particleidentity. The TOF1hasatime resolutionof ~ 120 ps| \ ].

2.2.2 SecondTracking Arm

The measuremenf positively chaigedparticlesin the secondrackingarm (ARM?2) is analogougo the
trackingof negatively chaigedparticles.Four trackingplanesareused,two Pad ChambergPADCH) and
two StreamefTubedetector{ STUBE). The Pad Chambersresimilar to the MSACs, exceptfor theread-
out. In the Pad Chamberghe electronavalancheinduceschaige on padsoutsidethe chamberinsteadof
measuringhesecondarproducedhotonswvith a CCD camerathesepadsarereadoutdirectly. Thespatial
resolutionis 1.7 mmin theverticaland0.5 mmin the horizontalaxis|[ ; ).

Thedesignof the StreameiTubedetectorss adoptedrom the ChagedParticle Vetodetecto(CPV) as
describedn section2.3.4 In orderto achieve agoodtrackreconstructiorthe spatialresolutionis improved
by reducingthe verticaldimensionof thereadoufpadscomparedo the CPV. For the particleidentification
the positive trackingarmis alsoequippedwith a Time-of-Flightwall (TOF2).It is madeof 5 x 96 plastic
scintillators,eachreadout by two photomultipliers,and achiezes a time resolutionof ~ 80 ps| 4

1

2.3 Multiplicity Detectors

In thefollowing subsectionshe multiplicity detectorsare presentedThe measurementf the chagedpar

ticle multiplicity is realizedby the Silicon Drift Detector(SDD) andthe Silicon Pad Multiplicity Detector
(SPMD)nearthetarget,andwith the CPV furtherdownstreamThe photonmultiplicity is determinedwvith

the PhotonMultiplicity Detector(PMD).

2.3.1 Silicon Drift Detector

The SDD is a circular silicon wafer of 4 inch diameterand 280 m thicknesswith a 15 mm diameterhole
in the centre which allows the non-interactingpeamparticlesto passthrough.It coversthe pseudorapidity
rangeof 2.0 < n < 3.4 andis located1 25 mm downstreanfrom thetarget. An enepgeticchagedparticle

traversingthe wafer createsa cloud of electric chageswhich, dueto the appliedvoltages,drift radially

2Chaged-Coupledevice
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towardsthe outeredgeof thewafer By measuringhe drift time onecanreconstructhe radial distanceof
thetraversalpointof theenegeticparticle. Theazimuthalangleis determinedy thecentreof gravity of the
respondinganodeswhich arearrangedaroundthe outeredgeof the wafer. The resolutionis 25 xm along
thedrift directionand35 pm in theazimuthaldirection.[ L ; ) ]

2.3.2 Silicon Pad Multiplicity Detector

TheSPMD,whichis located328 mm downstreanfrom thetarget,coversa pseudorapidityangeof 2.35 <
n < 3.75. It is acircular4 inch silicon wafer. A traversingchagedparticle createdree chage which is
readout directly via smallpads.The SPMDis madeof four quadrantsvith 1012padseach Becausef the
high particlemultiplicity in a heavy ion collision the probability of doublehitsis not negligible. They can,
however, bedisentangledby the analysisof the signalheight[ , ].

2.3.3 Photon Multiplicity Detector

In the PMD, photonsare detectedvia electromagneticshoversto which they convertin the 3 radiation
lengthsthick leadcorverterplates.The producedshaver particlesgive riseto a large signalin 3 mm thick
scintillatorpads.Thesepadsarereadout by wavelengthshifting opticalfiberscoupledto imageintensifiers
andCCD camerasHadronsdueto their large nuclearinteractionlength,will mainly traversethe corverter
withoutshawering. Thusthey will give only asmallsignalin thescintillator(asminimumionizing particle),
which givesahandleto discriminatethem.Situated21.5 m downstreanfrom thetargetthe PMD allowsthe
countingof photonsn the pseudorapidityange2.4 < n < 4.4 ) ]

2.3.4 ChargedParticle Veto

Onthe onehandthe CPV is usedasa multiplicity detectorfor chagedparticlesandon the otherhandit
is usedasa vetodetectorfor the LeadGlassDetectorArray (LEDA), which measurephotonsandneutral
mesongseesection2.4). The CPV s built in two walls of 86 streametubeseach.A singlestreametube
is dividedinto 8 chamberaith a 100 m thick anodewire in each.The high voltageappliedto the anode
formsan electricfield, in which a traversingchaigedparticle createsa spatiallylimited chagedstreamer
This chageinducesa signalon the padsoutsidethetube.

In total 49,120padsare readout in groupsof 16 by digitizing chips, which are a completelynew
developmentThedigitizedsignalsarethenhandledby Digital SignalProcessoréDSP),alsoanew design
for this experiment.They reducethe datavolumeby rejectingpadsignalsbelow certainthresholdsSince
theCPVis usedasavetodetectorfor LEDA it coversthewholeLEDA pseudorapidityangeandis installed
directlyin front of it, i.e. within adistanceof about800 mm. A spatialresolutionof 20 mmin thehorizontal

) ) 1.

and24 mmin theverticaldirectionis achieved| 4
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2.4 The Photon Spectrometer LEDA

One of the main goalsof the WA98 experimentis the measuremendf direct thermalphotons.For this
purposethe lead glassdetectorLEDA wasbuilt. It detectsphotonsin the pseudorapidityregion 2.28 <
n < 2.96. It is positionedat a distanceof 21.5 m to thetarget.

2.4.1 Mode of Operation

Enegeticelectromagneticallynteractingparticlessuchaselectronsandpositrondosetheir kinetic enegy
in materialvia BremsstrahlungPhotonslose their enegy by electron-positrorpair production.The sec-
ondaryparticlestheninteractin the sameway so that an electromagnetishaver is created.The further
extensionof the showver is stoppedas soonasthe kinetic enegy of the particlesfalls below the critical
enegy FE.. The longitudinal dimensionof a shower is describedby the radiationlength X, afterwhich

distancethe primaryelectronor positronhaslost 63 % of its enegy.

Thetrans\ersedimensions determinedy the Moli éreradius:

_ 21MeV - X,

Ry,
M 7.

2.2)

where95 % of the primary enepy is depositedin a cylindric volume with the radius2 R;; aroundthe
shaver axis.

Hadronshowever, have a larger meanfree path,suchthatonly ~ 63% build a shaverin LEDA. The
hadronshawer is unlike an electromagnetishaver sinceit consistsnot only of electrons positrons,and
photonsbut containshadronsaswell. Thereforethe lateralshover dimensionis largerandcanbe usedto
distinguishbetweerphotonsandhadrongseesection3.2.2. Theremainingz 37% of thehadrondraverse
thedetectommaterialdecreasingheir enegy by ionization. They areknown asminimumionizing particles
andcanbeidentifiedby theirlow enegy signal[ 4 : ].

Sinceall chagedshawver particleswith avelocity of 5 ¢ > ¢/n, wherec/n is the speedof light in the
detectomediumwith the refractionindex n, emit Cerenlov photonsn theleadglassthetotal enegy of a

shaver canbedeterminedy measuringhe numberof producedhotong 4 3 1.

2.4.2 DetectorDesign

The LEDA detectorconsistsof 10,080singleleadglassmodulessized40 x 40 x 400 mm?, which cor-
respondgo 14.4 radiationlengths.6 x 4 modulesare combinedto stand-alonesubdetectorsso-called
supermodulesA detaileddescriptionof the constructionand calibrationof LEDA canbe foundin refer
ence[ ]. The conceptof a modularconstructionallows a variabledetectorgeometryandtherefore

theuseof thedetectotin otherexperimentaketups.

This is necessanbecausdhe LEDA detector— afterits operationin WA98 — is presentlyincludedin
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the electromagneticalorimeterof the PHENIX® experimentat RHIC* [ ], wherethe supermodules
arestacledin adifferentgeometry| ].

The LEDA setupin the WA98 experimentis displayedin the left part of figure 2.2. Every rectangle
representenesupermodul@sshavn in theright half of thefigure.
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Figure 2.2: Schematicziew of the LEDA setupon theleft, whereeachof the 420supermoduless representetly asinglerectangle.
Theconstructiorof sucha supermodulés displayedn theright part.

To make the supermodul@ stand-alon@letectoreachoneis equippedwith anindependenmonitoring
system Variationsin the detectorresponsecausedy fluctuationsof the temperaturer the high voltage,
aredetectedy thisreferencesystemandthusallowsto correctfor theseeffects.Thisis realizedby anewly
designed_ED°® basedmnonitoringsystemwhichis describedn detailin thereference$ ) .

The producecf:erenlov light is detectecandamplified by photomultipliers which are equippedwith
newly developedactive high voltagebasesActive baseshave the importantadvantageof producingless
heatandbeingmore stableandeasierto control than passve basesThe descriptionof the operationand
thecontrolof this high voltagesystemcanbefoundin | ) 1 ]

A completelynew readoutsystemis constructedo processhe photomultipliersignals.The improve-
mentsover standardntegratingADCs® areanimplementedanalogmemory which eliminatescostly delay
cablesfor eachchannel,andtwo digitization channeldor the anodechaige with differentamplification.
In addition,high resolutionmeasuremertf the signaltiming anda moduleclusterbasedriggerwith ad-

justableenengy threshold,to trigger on rare eventswith very enegetic photons,is includedon the ADC
board[ , 1.

3PioneeringHigh Enegy Nuclearlon eXperiment
“Relatiistic Heary lon Collider

5Light Emitting Diode

6Analogto Digital Corverter
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LEDA is highly granulatecandhenceachiezesa goodresolutionin spaceandenegy which is manda-

tory for the photonmeasuremenihe enegy resolutioncanbe parameterizedy [ ]:

U(EE) _ 65 f@o'G)% +(0.8 £ 0.2)%

While the spatialresolutioncanbe describedas| ]:

8.35 £ 0.25)mm
o= ( ) + (0.15 & 0.07)mm
VvE

More detailedinformationaboutthe LEDA detectorandits specificfeaturescanbefoundin severalrecent
theseg : ) ]

2.5 The Plastic Ball Spectrometer

The PlasticBall detectoy originally built for experimentsat the Bevalacin Berkeley [ ], measures
particlesin the target fragmentationregion. It provides coveragein the polar angleregion of 160° <
0 < 30°; with full coveragein the azimuthaldirection. Thereforethe PlasticBall surroundsthe target
nearly completely It consistsof 655 detectormodules,that provide particle identificationvia AE — FE
measuremenDue to the increasedarticle multiplicity at the SPSthe 160 mostforward modulesof the
originalBevalacdesign ] arenotusedn theWA98 setup Thedetectoigeometryandtheconstruction

of asinglemoduleis shavn in figure 2.3,

/ Signal

+«— HV

Optical Fiber
Base

Photomultiplier

Beam

Lightguide

Plastic Scintillator (E)
1<10ns
122cm  ——>

CaF, (AE)
T~1lps

Figure 2.3: Schematiwiew of thePlasticBall geometryontheleft. Theparticulararrangemenf every modulecanbeseenin figure
B.1. Everytrianglerepresentasingle AE — E telescopeTheconstructiorof suchamoduleis shavn in theright partwith the4 mm
thick AE crystalandontopthe E section.

Every AE — E moduleconsistof two scintillatortypeswith very differenttiming constantsTheinner

scintillator sectionis a 4 mm thick Eu-dopedCaF; crystalmeasuringhe enegy losssignal AE. For the
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emissionof the scintillation light the CaF, hasa characteristiddecaytime of ~ 1 us andis readout by
usingthe £’ counterasalightguide.

The E counteris aplasticscintillatorof 356 mmlength.Thetiming constants approximatelytwo orders
of magnitudesmaller sothat90% of the scintillationlight is gatheredwvithin 10 ns The plasticscintillator
hasalsocomponentsvith longerdecaytimes (120 ng). Hencethe analysisof the pulseshapeallows the
measuremerdf both signalswith onephotomultiplier The AE — E resolutionhasbeenfoundto reachan
optimumwhenintegratingthe AE signalover 1.5 us aftera delayof 240 ns The scintillator light is read
outthrougha conicallight guidewhich is coupledto a photomultiplier The gainof the photomultiplieris
monitoredby a lasersignal,whichis connectedhroughanadditionalopticalfiber to thelight guide.

The dimensionsof the CaF; crystalarechosenin sucha way that protonsup to 40 MeV arestopped,
while in the plasticscintillator protonsup to 240 MeV arestopped This permitsa very goodprotoniden-
tification in this enegy rangewith negligible influenceof e.g.deuteronsPositively chagedpionsaread-
ditionally identified by their decay With a meantime of 26 nsthe stoppedr™ decaysinto a z™. The ™
decaysafter2.2 usinto a positrone™:

+ 26 ns + 2.2 us B
T — WV, —— € Velyly

This positroncausesa delayedsignalin the plastic scintillator anda TDC’ measureshe corresponding

delaytime. About 90% of all decayscanbedetectedn the TDC range250ns < ¢ < 10 us.
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Figure 2.4: Schemeof the pulseshapeanalysisfor theidentificationof 7+ in the PlasticBall.

The schemeof the necessarpulseshapeanalysisfor =+ identificationis shawvn in figure 2.4. It also
includesa third ADC depictedas AE,. As canbe seenthe ;™ decaypeaklies in the integrationrange
of the AF signal,which might leadto a distortionof the latter one. Thereforealternatvely the AE; or a

combinationof both signalscanbe usedto determinethetrue A E signal.

7 Timeto Digital Corverter
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Sincen™ arepromptly absorbedy a nucleusandthe pion restmassis releasediskinetic enegy this
particleidentificationmethodis not possiblefor thenegatively chaigedpions.Theidentificationmethodfor
7T, p, andheaier fragmentdik e deuteronsandtritonsis presentedn section3.3.2 Sincethe PlasticBall

acceptanceariesfor differentparticlespeciest will bediscussedn detailin section3.3.3

2.6 Trigger

The startand veto countersbelongto the subsystenof the trigger detectors.The start counteris a gas
Cerenlov detectorwhich measureshe incoming beamparticles3.5 m upstreanof the target. Only beam
particles,.e. 158 AGeVleadions,areacceptedaseddn signalpulseheightandgive thestartsignalfor the
dataacquisition. A very goodtiming resolutionof approximatel\27 psis achieved| i

The Inner and OuterHalo countersaretwo scintillator walls 5.7 and 6.0 m upstreanmfrom the target.
Sincethey arefurtherupstreanthey arenotshowvn in figure2.1 ThelnnerandOuterHalorejectsecondary
particles producedy possibleupstreanreactionf beamparticleswith restgasin thevacuumbeampipe,
aswell asthehaloof thebeamconsistingnainly of muons Reactionsn thestartcountersanalsoproduce
secondariesThesearerejectedby a scintillator, the Little Veto, 3.0 m downstreanof thetarget. The Little
Vetohasa hole of 3.0 mmwhich allows to selectonly very well centrecbeamparticles.

Togethemwith thisdetectosubsetheMIRA C, andthePlasticBall areintegratedn thetrigger. While the
MIRAC characterizethe centralityof the event(seesection3.1), the PlasticBall is usedto excludeevents
with downstreaninteractionsThe completetrigger| ] allows avery goodselectionof 2°6Ph 4+ 298Pp

collisionsaswell asthe definition of the collision centrality






3. Data Reduction

Themostimportantcorrectionsandcutsnecessarjor theflow analysisaredescribedhere. Thefirst section
will dealwith the trans\erseandforward enegy production.lt is describechow theseobsenablescanbe
usedto characterizehe collision andhow the particularcentrality classesare defined.While sectiontwo
presentshecalibrationandparticleidentificationof LEDA, sectionthreerefersto theanalysisof the Plastic
Ball data.

3.1 EventClassification

The available centre-of-mas®negy for particle productionbetweentwo participantsfor the Pb + Pb
systemat the SPSenepgy canbewritten as/s — 2m, where /s is 17.2 GeV/nucleorandm,, is therest
massof a nucleonin thecolliding nuclei. Thereforethe availableenegy per participants:

1
Bl = 5 (/5 = 2m,) = .67GeV (3.1)
andthusfor thewhole2°8Pb 4208 Pb system:
Eom = 7.67GeV x 2 x 208 = 3.19 TeV (3.2)

Assumingthatthe £ productionis isotropicin thecentre-of-masfame,themaximumpossiblerans\erse
enegy of all particlescanbe calculatedby integratingoverthe solid angle:

[ EsingdQ Ef sin? 0dodo

B = T A 4

E (3.3)

whereE = E., = 3.19 TeV. Thusfor 2°8Pb +298 P}, collisionsat SPSenegy £ is 2.50 TeV. The
maximummeasuredrans\erseenepy is ~ 460GeYV, this fractioncorrespondso 18.4 % of Ef**. Thisis
partly dueto thefact,thatthe MIRAC coversonly 29.5 % of theintegratedd Er /dn distribution, which is
assumedo be Gaussian ]. Theremainingdiscrepang canbe explainedby thefactthatthe enegy
availablefor the particle productionwill be reducedby anincompletestoppingof the nucleonsThis can

thereforeprovide informationto studythe nuclearstoppingpower asdonefor examplein the references

[ , ; 1.

Furthermorethe dEr/dn distribution allows to estimatejn termsof the Bjgrken picture[ ], the
enegy densityep ;:
dET/dn‘maz
= —l = 3.4
BJ mR2m0c (3.4)

Wherer is theformationtimetakenasl fm/c and R, theprojectileradiuscalculatecas R /fm = 1.24%/3,

For adetaileddescriptionsee] ) ]

21
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In figure 3.1 the forward enegy Ezpc is shovn asa function of the transerseenegy Er. It shovs
the expectedlinear anti-correlationbetweenthe two obsenables.This canbe understoodn light of the

>
() A7 11 8.94 6.35 45 b/fm
= - t t t t |
(é 45 [80-100
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Figure 3.1: Theforwardenegy Ezp¢ asfunctionof thetranserseenegy Er, whichis translatedn animpactparamete(b) axis
onthetop. Also shavn arethe usedcentralityclassesn termsof percentagef the minimum biascrosssection(cs) andasaverage
numberof participants(Wy).

participant-spectatquicture.Iln a peripherakollision, wherethetwo leadnucleijustgrazeeachothermary
nucleondn thecolliding nucleido notinteract.This leadsto both a strongforwardenegy flow in the pro-
jectile fragmentatiorregion andto alow E7 production.The morethe overlapof thetwo nucleiincreases,
the moretrans\erseenegy is producedand fewer spectatorsare emittedto the projectile fragmentation
region. Hence- asdescribedn section2.6 - oneimportanttool to understandhe heary ion collisionis the
measuremerdf theenegy flow parallelandtrans\erseto the beamaxis.

In additionin figure 3.1 the differentcentralityclassesisedin this analysisaregivenaspercentagesf
theminimumbiascrosssection.Thisis shovn for the datasetof the Pb+ Pbbeamtime in 1996wherethe
magnetidield of Goliathwason. Themagnetidield slightly changeshe measuredotal trans\erseenengy,
which changeshe transformationfrom Er into percentagef the minimum bias crosssectionslightly
comparedo the magnet-of data. The shovn dataare correctedfor pile-up eventsaswell asfor events
with downstreaminteractionsdetectedwith the PlasticBall. Thesetwo correctionsarebriefly describedn
appendixC. In thefollowing analysigshementionectutsarealwaysappliedandtheabove centralityclasses

areused.

In addition,the relationbetweenthe crosssectionandthe impactparameteb, aswell asthe average
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numberof woundednucleonsj.e. the numberof participants(Wy) aregivenin this plot. The latter are
derived from the impact parameteiin Monte Carlo simulations| ] inspired by the Glaubermodel
[ ]. This simulation,which is mainly basedon geometry is a multiple scatteringtheory It usesa
Woods-Saxomucleondensityprofile. In the Glauberformalismthe numberof participantsn the collision

of two nucleiA andB canbewritten as:

W (b)

Q

/ {Na@) (1- Ve B 4 Np (54 2 (1— e omNa@) | 2

Q

20 / Na(@)Np(|b+ ) d*F (3.5)

whereo,,,, = 32 mbis theinelasticnucleon-nucleorneactioncrosssectionrandN 4 5(Z) = [ pa,5(z, %) dz
is thenumberof nucleongerunitareawith thenucleardensityfunctionp 4 g(z, ). bis theimpactparame-
terandz is thecoordinatén thedirectionof thebeamaxis,while Z is theintegrationvariableperpendicular
to the beamaxis. Theintegral in the secondrow in equation(3.5) shavs thatthe numberof woundednu-
cleonsWy is anoverlapof the densitiesof the projectileandthetargetnucleiseparatedby their distance)

[Sorog.

3.2 LEDA v and 7" Measurement

The LEDA dataanalysisis very thoroughlydescribedn recentLEDA relatedthesegseethe subsections
for references)thusthis sectionwill only briefly notethe mainstratey to extractthe physicsobserables.
Thefirst sectiondealswith the calibrationandthe necessargorrectionsandthe secondsectionpresentshe
photonidentificationmethod.Sectionthreesummarizeshe neutralmesornreconstruction.

3.2.1 Calibration and Corrections

Prior to the physicsbeamtimewith Pb nuclei a calibrationbeamtimewith electronsof known incident
enegy wasperformedIn 1993and1994the detectorresponseo 10 GeV electronavasrecordedor each
singlelead glassmodule[ : ]. Sinceelectronscreatean electromagnetishover in the lead
glasslike photons(seesection2.4.1), theseresultsare usedto translatethe ADC channelsinto enepy.
To evaluatethe actualgain factorsan iterative procedurewas used.This procedureprovidesthe enegy
calibrationon a singlemodulebasis.Smalldifferenceson a 1% level betweerthe photonandthe electron
responsdave beenfound by simulationg ] andarecorrectedor.

Sincethe experiment,including the calibrationbeamtime, lastsfor several years,fluctuationsin the
high voltageor photomultiplieraging effects are possiblereasondor changesn the light amplification.
Thusthe calibrationhasto bemonitoredand,if necessarymodifiedcontinuously Thereforethemonitoring
system(seesection2.4.2 providesatime dependentontrolof thegainfactors.Thestratayy is to regularly
measure calibratedLED signalin eachleadglassmodule.Thetime variationof the responseo the LED

pulseis usedasreferenceo correctthegainfactor| ) ]
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Moreoversomewell studiedcorrectiondhaveto beappliedto theLEDA data.Thesearethesuppression
of suspiciousnodulesthehandlingof readouerrors theadjustingof thetwo digitizing ADC channelsthe
ADC pedestatorrectionaswell asthecorrectionfor theincidentangle.Thesecorrectionsaredocumented

in detailin [ ]

3.2.2 Photon ldentification

After applyingall correctionghe enegy andthe positioninformationof every hit detectedvith LEDA are
known. Sincethe behaiour of photonsandelectronson the onehandandhadronson the otheris known,
their differentbehaviour canbe usedto identify the hit with a particularparticletype. The main purposeis
to studyphotonswhich leadsto the necessityof anoptimizedhadronsuppression.

Most of the hadrongraversethe detectormateriallosing only a part of their enegy by ionization(see
section2.4.1). Thesehadronscanbeidentifiedby their smallenegy deposition;a 750 MeV enegy cutis
appliedto eliminatetheseminimumionizing particles(MIPs). However onealsoloseslow enegy photons
by this method.This canbeimprovedby suppressinghagedparticleswith the useof the CPV [ .

For all particleswhich createa shaverin theleadglass,the shaver dimensionsare usedto distinguish
betweerelectromagnetiandhadronicshovers| ]. Thelateralshower extensioncanbe quantifiedby

thedispersion:

b, = Dl (M BRY_

Zi E; Zz E;
2 N 2
D, = ZZEEJ —(ZZEEy) = (")~ )" (36)

Wherethe sumrunsover the i modulescontributing to the shaver of the particularhit andz;, y; arethe
trans\ersedistancesrom the shaver centre.(x) and(y) arethenthe enegy weightedfirst momentsf the
hit. Sincethedetectoiis of modulargranularitythez andy coordinatesrein moduleunits. Thedispersions

D, andD,, arelimited by the parabolicfunctionsD,, ,,;, and D, .., respectiely:
2
Daymin = [(z)] = (z)
Dymin = )] — () (3.7)
The correcteddispersionD asdefinedin equation3.8, however, is independentf the incidentcoordi-

nateslt is usedto distinguishbetweerhadronsandphotonssincehadronshave arelatively largedispersion

while electromagnetishaversshav asmallvalueof D.

D:c,corr = Dz‘ - D:r,min
y,corr T Dy - Dy,min

D = max (Dx,cm“ra Dy,corr) (38)
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The appliedthresholdfor hadrondiscriminationD., givenin equation3.9, rejectsabout75% of hadrons.

However onehasto accepta 1% photonloss.

0.267 ; E/GeV < 10 GeV
D<D,= (3.9
0.167+ E/100GeV ;E/GeV > 10GeV

Thisthresholds the sameasusedin formeranalyseg 3 ].

3.2.3 7% MesonReconstruction

Thereconstructiomproceduras presentedherein aroughoutlinesincelik e the photonidentification,it has
beenstudiedandthoroughlydescribedn thetheseg ! ! ]. Most of thephotonsdetectedn
LEDA originatefrom neutralmesondecays The dominantyield is the 7 — ~~ decaywith a branching
ratio of ~ 98.8%. Themeanlife timeof an® is 7 = 8.4- 10~ '7s| ], which meanghe decayoccursin
thetarget. Thereforegheemissiorpointof thedecayphotonss approximatehknown andthehigh precision
~ enegy measuremerdandthehigh spatialresolutionof the LEDA detectorallow thereconstructiorof the
original 7 meson.

Becausef the high particlemultiplicity it is not possibleto find thetwo correspondinghotonsof one
particularpion decay Insteadall v+ pairsareconstructecndthe pion spectraareevaluatedon a statistical
basis.For eachpair theinvariantmassm.., is determinedrom thefour—momenturrpiz = (E1,2,p1,2) of
thetwo photons:

Moy = 1/ (P +05)2 =/ 2E1 Fo(1 — cos ) (3.10)
where1) is the openingangle betweenthe two photonsin the laboratoryframe and £ » their enepy.
Thesecondpartof equation3.10resultssincephotonshave norestmass.in the dV,, /dm.,, distribution,
therewill be a peakatthe 7% massm o = 134.98 MeV/c2. Unfortunatelythis peakis superimposedn
the huge combinatorialbackgroundof non-correlategphotonpairs. In figure 3.2 the foregroundandthe
backgroundlistributionsareshavn for thetrans\ersemassegion0.9 GeV/c? < mp —mqg < 1.0 GeV/c2.

Thetrans\ersemassis definedin equation3.11wherem, is the 7° restmass.

my = \/mi+p% with
pr = y/pi+p? (3.11)

To extractthe ¥ peakcontentonehasto subtracthe combinatoriabackgroundvhich canbeobtained
from the event-mixingmethod.With this methodphotonsfrom differenteventsarecombined.Sincethey
cannotresultfrom realmesordecaysthey simulatethecombinatoriabackgroundDifferencesn thephase
spacdistribution aretakeninto accountby only mixing eventsfrom the samecentralityclass.The mixed-
eventbackgrounds scaledto the foregroundandthensubtractedrom the latter one. The insetin figure
3.2shawvstheresult. The peakis integratedto obtainthe numberof pionswithin the particularmr range.

The resultingpion spectrathenhave to be correctedfor the acceptancandthe efficiency asdescribedn

[ | : ) 1
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Figure3.2: The invariant massdistribution for the trans\ersemassregion 0.9 GeV/c? < mr — mg < 1.0 GeV/c2. Shawn is
the mixed-event backgrounddistribution, which is scaledto the foregrounddN-, /dm.,, . The insetshaws the differenceof both
distributions,the solid line represents. Gaussiarit. Thedataarefrom [ iR

3.3 PlasticBall

Sincemostof the presentediataare measuredy the PlasticBall detectoy this sectionprovidesa brief

introductionin the dataanalysis.In particularthe checkson possiblysuspiciousmodulesandthe particle

identificationmethodaredescribed.

3.3.1 Module Check

In theleft partof figure 3.3 the numberof hits pereventfor eachsinglePlasticBall moduleM; |, <; <655 IS
shavn. Thehigh particlemultiplicity pereventbecomesvident.

Becausa@VA98 is afixedtargetexperimentmostof the particles whenviewedin thelaboratoryframe,
carryafterthecollisionstill alargeforwardmomentumThis leadsto a higherhit multiplicity in theforward
modulesthanin the backward modules,as displayedin figure 3.3 The polar angle increaseswith the
modulenumberi (seeappendixB). Thedistribution is fitted with a secondorderpolynomial.Onecansee
atoncethatthreemoduleshave a large deviation from thisfit function.

To geta closerview the distribution is projectedonto the y-axis after straighteningday the fit function.
Theright plot in figure 3.3 shows this projecteddistribution ¢, which s fitted with a GaussianFour single
moduleshappento be out of the 40 cut appliedon this distribution, consequentlyhesemodulesare not

usedin thefurtheranalysisThereasorfor this deviation mightbetheagingof the crystalscintillatoror the
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Figure 3.3: Numberof hits pereventfor eachPlasticBall module M; a). The solid grey line representsa secondorderpolynomial
fit. To rejectsuspiciousnodulesthe differenceof the distribution andthefit functionis projectedon the y-axis. This projection( is
shawvn in b). A Gaussiarfit to the ¢ distribution is given by the solid curve. Thedashedines shaw theapplied4o cut.

photomultiplier awrong calibration,or problemswith the high voltage.
Sincetwo of thesemodulesarein the mostforwardregion thesearenot usedfor theflow analysisThe

two remainingbadmodulesmeana lossof 0.38 % of thefull coveragedueto theappliedcut.

3.3.2 Particle Identification

The particle identification strategyy is basedon the simultaneousmeasurementf the enegy E andthe
enegy lossAFE signalasdescribedn section2.5. To identify the positively chagedpionsthe TDC signal
is additionallyused Fragmentsvith the sameenengy but andifferentnumberof nucleonssuchasprotons,
deuteronsand tritons (p, d, andt), can be distinguishedby their differentenegy loss AE. Figure 3.4
indicatesheanalyticmethod.

Forthemodulesin thef > 60° regionthe ADC signalof theenegy lossA E is plottedversugshe ADC
signalfrom the F counter The bandfor protons,deuteronsandtritonscanclearly be seenwhile the pions
accumulatdelow the protonband.

A graphicalcut on the two dimensionaldistribution canbe appliedto distinguishbetweerthe particle
specieor, to simplify theanalysismethod,onecanprojectthelinearizedA E- E distribution on they-axis.
This hasbeendonein figure 3.5wherethe projectionis denotedas¢.
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Figure 3.4: Theenegy lossversusthe enegy of all hitsin the 520 backward modulesof the PlasticBall. The bandsfor p, d, andt
areclearlyvisible; the = accumulatéelav the protonband.Thesolid linesindicatea graphicalcut for the protons.

Thelinearizationfunctionusedis:
€ =log(1.95 % AF) 4 0.95 x log(E + 0.5 %+ AE) — 11.122605 (3.12)

Clearpeaksarevisiblefor p, d, and hitsin theresultingspectrumA Gaussians fitted to the ¢ distribution
anda 3o cutis appliedto distinguishthe particles,asshavn for examplefor the protonsin figure 3.5. The
positively chagedpionsareidentifiedby their additionaldecaysignalasdescribedn section2.5.

All particlecutsare givenin tableD.1. They are optimizedfor the flow analysiswith fragments.n
orderto gainasmary protonsaspossiblea 3o cutis used.To examinetheinfluenceof possiblebackground
contaminatiorstrongercutsof 1o, 1.5¢, and 20 are studied.For the flow analysisno influencefrom the
backgroundf misidentifiedparticleswasdetectabléseeappendixD.2).

Alternatively differentlinearizationfunctionscouldbeusede.g.to optimizethe =+ identification.Thus
in former studieswith the PlasticBall in the WAB0 experimentfor azimuthalcorrelationg ) ]
aswell asfor two particlecorrelationy ) ] anothemethodof straighteninghe particlebands
wasused.This methodhasalsobeentestedwithin this work but did notimprove theresults(seeappendix
D.3).

Theresultingnumberof identifiedprotonsperevent NV, in the PlasticBall backwardregion is givenin
figure3.6. Theright part(b) shavsthespectrunfor minimumbiasevents. Onaverageghenumberof protons

is (Np) = 6.5. Thedistribution is nearlyGaussiarbut with a smalltail to higher V,,. Only rareeventshave
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Figure 3.5: ThelinearizedA E-E distribution £. Visible arethe peaksor 7, p, d, andt. Thesolid curve is a Gaussiarfit ontop of an
exponentialdistribution with the denotedparametersThe dashedinesrepresenthe appliedprotoncuts.

a numberof about20 identified protons.This could be dueto not completelyeliminatedpile-up events,
but sincethis is lessthen0.04 % they do not influencethe flow analysis Theleft partof figure 3.6 reflects
thecentralitydependencef (IV,,). In eventswith few participantshe expectecdhumberof detectecprotons
is low. Goingto more centralcollisions (IV,) increasesvith the numberof participantsiVy . For nearly
head-oncollisionsthe doublehit probability becomedarge andthusthe particleidentificationefficiency
decreasesThis canbe seenin figure 3.6 a), where(N,,) saturatesor large Wy values.Sincethe detector
efficiency is not known exactly the given proton multiplicity correspondgo an effective and not to the
true numberof protons.This effective numberof protonsis usedin the analysis.The averagenumberof
identified=*, d, andt pereventis ~ 6.5,2.7,and 1.4 respectiely. Dueto the backgroundf unidentified

or misidentifiedhits the absoluteparticlemultiplicity is notexactly known.

3.3.3 Acceptance

Figure3.7 shavsthePlasticBall acceptancehatis theregion coveredby the detectolin which particlehits
canbemeasuredior thefour differentparticlespeciesrt, p, d, andt. SincethePlasticBall measure# the
targetrapidity region, therapidity is centredaround0. The shapeof the pr versusy distribution is similar
for all particlestypes.Protonscanbe detectedn a largery rangebut with smallertrans\ersemomentum
pr thane.g.deuterons.

The enepgy spectrafor the four particle speciesare displayedin figure 3.8. The uncorrectediN/dE
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Figure 3.6: The averagenumberof identifiedprotonsperevent (IV,) asfunction of the numberof woundednucleonsiwy a). The
minimumbiasdistribution of N, is givenin b).

distribution is given for identified particleswithout additionalenegy cut. The enegy cuts are, together

with the particleidentificationcuts,listedin tableD.1.
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Figure 3.7: The PlasticBall acceptancéor pions(top left), protons(top right), deuterongbottomleft), andtritons (bottomright).
Givenis thetrans\ersemomentunpr of every identifiedparticleversusits rapidity y.
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Figure 3.8: ThePlasticBall enegy spectraor pions,protons,deuteronsandtritons.






4. Azimuthal Event Shape

While chapter3 wasproviding the physicsvariablesthis chaptewill describehow the PlasticBall is used
to determinethe reactionplaneon an event-by-&/ent basis.Sincethe PlasticBall detectorprovidesfull
azimuthalcoveragen thetargetfragmentatiorregionit is idealfor the eventshapeanalysis Thedefinition
anddifferentevaluationmethodsfor the event planeare presentedn section4.1 Section4.2 will discuss
theresultson the determinatiorof the reactionplane.

4.1 ReactionPlane Event by Event

In a heary ion collision asshawn in figure 4.1 two nuclei hit eachotherwith the distancelb|, whereb is
calledtheimpactparameterThe figurereflectsthe collision in the centre-of-masframe. The projectileis
flying into the drawing plane,i.e. in positive ' direction,while thetargetis comingout of this plane,i.e.in
directionoppositeto Z. Thustheaxisdenotedy 7 is thebeamaxis. Themagnitudeof theimpactparameter
variesbetweerzeroandthe maximumdistanceR of thetwo nuclei.Hereis R = R; + R, whereR; and

R, are,in this pictureof simplesolid spherestheradii of thetargetandthe projectilenucleusyespectiely.

Projectile Target

Reaction Plane

N}

Figure4.1: A sketchof asemi-centratollisionin thecentre-of-masfame.Thebeamaxis,denotedasz, andthetheimpactparameter
b spanthereactionplane.

Thesketchrepresents semi-centratollision andthereactionplaneis definedby theimpactparameter
b andthe beamaxis 7. In thelimit of ahead-omollision,where\5| — 0, thereactionplaneis not defined.
For distancesb| > R thereactionplaneis definedbut no collision takesplace.

In actualPb + Pb collisionsthedirectionof theimpactparameteg variesfrom eventto event. Theori-
entationof thereactionplanein thelaboratoryframecanbedeterminedy themeasuremerdf thedirection
of thetargetspectatofragmentssincethey tendto remainin the plane.This informationis providedby the

PlasticBall sinceit detectshe fragmentdn thetargetrapidity region. Sincepionsmeasuredn the Plastic

33
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Ball preferentiallycomefrom thehot sourceof participantdnsteadof thespectatoregionthey arenotused
for the determinatiorof the plane.In the following subsectionslifferentmethodswhich can provide the

reactionplaneorientation,arepresented.

4.1.1 Sphericity Method

Historically, thereactionplanewasdeterminedy thethree-dimensionaphericitymethod.n this casethe
kinetic enegy flow tensorF;; wascalculatedaccordingto equatiord.1for eacheventseparately

N
Fon = Z it Dy w; m,n =,z (4.2)
i=1

Thesumrunsoverall N identifiedparticlesin theevent.p;" arethecomponentsf themomentunvector
of eachparticle:, andm, n arethe Cartesiarcoordinatesn the centre-of-masframe.w; is aweightfactor
chosenn suchaway thatcompositeparticleshave the sameweightpernucleonastheindividual nucleons
in the compositeparticle. The weight hasmostcommonlybeenchosenas 1/p; asin referencd 1
or 1/2m; for the kinetic enegy flow tensor e.g.in [ ) ]. ThetensorF,,, is symmetricby
definition, thusit reduceghefour-momentanformationof all particlesto six independentariablesThese

arethe threeeigervaluesandthree Euler angles,obtainedby diagonalizingthe tensor They describethe

Reaction Plane
>

—

)

flow

Beam

Figure4.2: The reactionplaneandthe flow angle6;,,, definedby the beamaxis and the major axis of the three-dimensional
momentunflow ellipsoid.Figureadoptedrom [ ]

shapeandthe absoluteorientationof anellipsoid,respectiely [ ].

This ellipsoid is schematicallyshavn in figure 4.2 The flow anglef ., is definedby the beamaxis,
which s the Z directionin the laboratoryframe,andthe eigervectoreés, the directionof the largesteigen-
valueof the ellipsoid. Thereactionplaneis definedin this pictureby the eigervectore; andthe beamaxis.
Hencedy,,.,, definingthe majoraxis of theellipsoid, liesin thereactionplane.

At ultrarelatvistic enegies,the flow anglewill be approximatelyds;,., ~ 0°, dueto the high forward

momentum.Thuswe areonly interestedn the trans\ersedirection. For the azimuthalanalysisthe useof
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thetwo-dimensionasphericitytensorF., wassuggested ]- In thetrans\erseplaneit is definedas:
N
i=1

m,n

Thesumrunsagainoverall N identifiedparticlesin theeventandpr ;" arethecomponentsf thetrans\erse
momentunvectorpr ; of eachparticlei. Theweightw; is choserin | ] asthetrans\erseenegy Er;,

sincecollective flow usuallyresultsnotonly in alargernumberof particles but alsoin ahigherenegy per
particlein the flow direction.However, in [ | w; = ri/p%ﬂv is used,i.e. without thetrans\erseenegy
weight. Note that herethe azimuthalcomponenbf the enegy of eachparticle Er; = E;sin6; is meant

whichis differentfrom the globaltrans\erseenegy Er asdefinedby equation?2.1.

4.1.2 TransverseMomentum Method

Thetrans\ersemomentunmethodwasintroducedn [ ]. It assumeshatthereactionplaneis defined
by the beamaxis andthe vector@, which is definedasthe sumof the trans\ersemomentapr; of all N

particlesindexedby i:
N
Q= Z PT,i Wi (4.3)
i=1
Themostcommonchoicefor theweightfactorw; is:

w; = 0 Yem =0 <Y < Yem +9 (4.4)
-1 y<ycm_5

The § parametehasbeenintroducedto avoid including particlesnearmidrapidity y.,,, which have small

eventplanesignalbut would addrandomfluctuationsto the calculation[ [ s ]. However,

otherweightswith § = 0 [ ) lorw; =y — Yem [ ] have alsobeenused ,wherethe latter
onegivesgreaterweightto particlesat higherrapidity. Momentumconseration requiresthat thereis no

absolutdlow in momentumhencethe negative weightof the belov midrapidity particlesis mandatoryso
thatthe above midrapidity signalis not cancelecbut. Thus is a measurdor the trans\ersemomentum
transferbetweerthe forwardandbackwardhemispheres.

4.1.3 Fourier Analysis Method

Both, the sphericityand the transversemomentummethodachieve comparableesultsin extracting the
reactionplaneinformation[ ]. More generallyeventshapesreparameterizeth termsof the Fourier
coeficientsof theazimuthalparticledistribution . ]. For eachevent,onedefinesthenth Fourier

coeficient@,, as:

N
Qn=>_ wien (4.5)
=1
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N is the total particle multiplicity and¢; is the azimuthalangleof the particlei. The weightw; is most

commonlytakenasthetrans\erseenegy Er; of theparticle[ | ] or asthetrans\ersemomen-
tumpr; [ ]}. However, studiesof particlenumberflow, i.e. choosingthe weightfactorw; = 1, were
alsoperformed ) ) ]. Whentakingaweightof w; = p?/2m;, wherep; andm; arethe

momentumandthe massof the particlei respectiely, the analysisof the secondcoeficient (> becomes
equialentto the above discussedkinetic flow tensorF;,, , .

In the analysispresentedherethe weightw; = Er; is appliedto determinethe reactionplane.How-
ever, anotherindependenainalysisof the WA98 PlasticBall datausingw; = pr; found the sameresult

[ ]. The Fouriercoeficientscanthenbewritten as:
Qn = (@ Q1) with

N
Qr = Z Er,; cos(ng;)

i=1

N
QY = Y EBr,;sin(ng) (4.6)
i=1

The orientationof the reactionplanein spacegivenby the azimuthalangle®, canthenbe calculated
from thedatafor eacheventseparately:

Y

® = arctan < % ) 4.7)
1

This correspondsgo the dipole moment(n = 1) of the trans\erseenegy distribution and Qo is within

this descriptionthe trans\erseenegy vector Er. The azimuthalangle® andthe magnitudeof the trans-

verseenegy vector |Er| = /(Q%)% + (QY)? definethe azimuthalevent shapeand are thereforeof-
tenreferredto asdirectiity [ ; ], althoughslightly otherdefinitionsfor the directivity exist
[ ) 4 ] ]. The quadrupolanomentcorrespondso the valuesfor n = 2, it describes

theelliptical deformationof the particledistribution. It hasbeenfound thatthe contribtution of highermo-
mentsis compatiblewith zeroat lower enegies| ) ]. At SPSenepiesthe authorsof | ]
emphasizehathigherharmonicscould play animportantrole sincetherearephysicsprocesse$k e shad-
owing of the producedbionsby co-moving fragmentsvhich couldresultin highermomentsf thedistribu-
tion. Becausén this analysigmainly spectatofragmentsareusedto determinghereactionplane,moments

largerthann = 2 areassumedo negligible andthusnot studied.

4.2 Results
4.2.1 & Distribution

The distribution of the reactionplaneangle® is shavn in figure 4.3 a). All identifiedfragmentsj.e. p, d,

andt, areusedfor theeventplanedeterminationAccordingto equationgt.6thetranserseenegy weighted
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Fourier coeficients )7-¥ arecalculated A minimum numberof four fragmentsper eventis requiredbe-
cause althoughthe physicalevent shapemight be isotropic, eventswith low multiplicity will obviously
appeanisotropic.This finite multiplicity effecthasto betakeninto accountwhenestimatingquantitatve
results.In section4.2.4thiswill bediscussedy estimatingthe reactionplaneresolution[ ) ]
® is derivedfrom the Fouriercoeficientsasdescribedn equatiord.7. Detectoreffects,whichwould result
in preferreddirectionsof ®, canbe excludedon a2 % level. This is indicatedin the figure by the dashed
lines,whichrepreseng % deviationsfrom aflat distribution.

4.2.2 Subevent Analysis

How well ®, andthusthe reactionplane,is definedis analyzedwith the subezentmethod[ ) ,

J. For this methodeacheventis randomlydivided into two subeents.One event meanshereall
particles N, which are usedfor the reactionplane determinationas for exampleall fragments.The NV
particlesare randomlyrearrangednto two subevents(A, B) of N/2 particleseach. For both subevents
the reactionplaneangles® 4 and 5 are determinedn the samemanneras @ is calculated.Sincethe
statisticin the subeventsis naturallylessthanin the full eventthe requiredminimum numberof particles

in eachsuberentis decreasefrom four to three.This meandor the suberentreactionplanedetermination

1For oddnumbersN the numberof particlesin thetwo subeentsare(N + 1)/2 and(N — 1)/2.
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Figure4.3: Thedistribution of the reactionplaneangle ®, calculatedfrom all fragments(a). The right part (b + c) of the figure
shavsthe 27 /NdN/d® distributionsfor the two randomlyselectedsubeents(seetext for explanation).The dashedinesrepresent
adeviation of 2 %.
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a minimum numberof six fragmentsper eventis necessaryThe distribution of ® 4 and® is displayed
in figure4.3b) andc), respectrely. The 2w /NdN /d® distribution for both subeventsis alsoflat ona2 %
level.

To checkthe quality of the reactionplanedefinition, correlationsbetweerthe two subeventanglesare
studied.If @ really reflectsthe azimuthalshapeof the event,the two suberentanglesshouldbe correlated.

Thisis seento bethecasein figure4.4. Thetwo dimensionatorrelationqualitatively displaysthefactthat
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Figure4.4: Thereactionplaneangle® 4 of sube&ent A versusheangle® g of sube&ent B. Thecorrelationis shavn for semi-central
events,i.e. 20 — 40 % cs (seesection3.1).

theeventplanecanbe measuredisingequatiord.7.

A more quantitatve way to describethe correlationbetweenthe two sube/entsis to look at the dis-
tribution of the differenceangle A® = &4 — & betweenthe two subplaneangles.In figure 4.5 the
2w /NdN/dA® distributionis presentedor two centralityclassesfor semi-centra(20 — 40 % ¢s) andfor
centralevents(0 — 10 % cs). Thedistributionis symmetricandcentredarounda maximumatzero.A strong
correlationis evidentfor semi-centrakventswhile for centraleventsthe effectis weak.In otherwords,the
fragmentsareemittedin a preferreddirectionrelative to the reactionplanein not so centralevents,while
centralcollisionsseemto emit fragmentsmostly isotropically This measurednisotropy is a signatureof
collective sidevardflow in Pbon Pbcollisionsat SPSenegies.

Thedataarefitted with thefunction| , ]:

2m dN

AN g SAD 4.
N dAg L Txcos (4.8)
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Figure4.5: ThedifferenceangleA® = ¢ 4 — ® g of thetwo sub&entsfor semi-centra(a) andcentral(b) events.The solid curve
represents cosinefit accordingto equatiord.8. The opensymbolsareobtainedrom mixedevents.

For semi-centrakventsthe correlationstrengthis of theorderof 15 % (x = 0.156 4 0.37 - 10~3). For pure
correlationsa Gaussiarshapés expected however, for correlationof this magnitudethis fit form is valid

[ ]. Thedependencen centralityof thefit parametel will bediscussedn section4.2.3

Additionally, figure 4.5 includesthe resultfor mixed events,which are constructedo checkfor pos-
sible detectoreffectsdistortingthe signal. We assumehatthe correlationbetweenwo randomlyselected
suberentsis only dueto the azimuthalevent shape.Detectoreffectslike incorrectly calibratedor singer
modules however, could mimic anazimuthalanisotroyy. This anisotroly would shav up in every eventas
well asin every sub&ent. Thereforethe differenceangle A® would shav a correlationfor suberentsfrom
differentreal events.To checkthis, mixed eventsarecreatecby usingsubeentsfrom differentreal events.
Differencesn the phasespacedistributions are taken into accountby only mixing equalsize suberents
from eventsof the samecentralityclass.Theresult,givenin figure4.5asopensymbols,is compatiblewith
zero,which confirmsthat detectoreffectsarenegligible. An effect of the finite detectorgranularityis that
in therealdatatwo identifiedparticlescannotbe foundin the samemodule.ln mixedeventsthisis a priori
not forbidden.Thusthe artificial anti-correlationdueto an excludedmodulein real datais not takeninto
accountby the above describedmixed events.If mixed eventsare evaluatedwith the requiremenbf the
excludedmoduleaweakanti-correlatiorin the A® distributionis obsened| ]. However, this effect
is small, typically of theorderof 1 —2 %, andis assumedo be negligible.

Insteadbf usingall fragmentghesameanalysisvasalsoperformedor only protonsasshavnin figure
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4.6. As expected,the suberentsare also strongly correlatedfor semi-centralevents,thoughthe effect is

A_ a) semi central A_ b) central

=
[N}
=
N}

21UN dN/dA®
21UN dN/dAP

=
N

11

1.0

0.9 09 -
- e real data
- O mixed events
PRI NS N R - PRI NN I I R " -
0.8 ——r L ¥ L 0.8 oty L ¥ -
AD AD

Figure 4.6: Sameasfigure4.5, but for only protonsinsteadof all identifiedfragments.

significantlysmallerthanfor suberentsusingall fragmentyseefigure 4.5). Thusit wasdecidedto useall
fragmentdor the determinatiorof thereactionplaneangle®.

Alternatively, sube&ventscanbe constructedn a way thatdefinesonesubeentasall identifiedprotons
andthe otheroneasall identifiedpions. Theresultof the pionto protoncorrelationis shovn in figure4.7.
Thisis evidently adifferentbehaviour, sincethe A® distributionis still centredandsymmetricaroundzero,
but the maximumappearst +£7. This meangheangleof the pion subplands anti-correlatedo the oneof
theprotons.Or, in otherwords,the pionsarepreferentiallyemittedin the oppositedirectionto the protons.

This effect, termedanti-flow [ }, is discussedn moredetailin thefollowing chapters.

4.2.3 Dependenceof y on Centrality

In figure 4.5 it was alreadyevident, that the strengthof the correlationbetweenthe two subplaneangles
dependn the centrality of the event. This in turn meanghatthe strengthof the directedflow effectis a
functionof centrality The strengthis heredescribedn termsof thefit parametery asdefinedin equation
4.8

The evaluationof y wasdonefor all six centralityclassesasdefinedin section3.1 The sameanalysis
wasalsoperformedfor the mixed events.Figure 4.8 shavs the strengthof the correlationy asa function
of centralityin numberof woundednucleonsiVy . The centrality hasalso beencorvertedto animpact

parametescaleasshovn onthetop of thefigure.For therealdatay increase$rom peripherakventsupto
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Figure4.7: Sameasfigure4.5, but for the correlationof the protonwith the pion subplaneThe centralityclasseslisplayedhereare
40 — 60 % cs (a) for semi-centrabnd10 — 20 % cs (b) for centralevents.

amaximumof y = (0.156 & 0.37 - 10~3) for semi-centratollisionsatb ~ 8 fm, which correspondso a
numberof participantof Wy ~ 180. For centralcollisionsy decreaseagainto valueslessthan0.05. The
resultfor mixed eventsis compatiblewith zerowithout any dependencen the centrality of the collision.
Thelargestdirectedflow effectis thereforeobsernedin semi-centratollisions.At lower incidentenegies
thesametendeny of theimpactparametedependencés reportedput the maximumeffectis obseredto
beath ~ 4fm | ; ], eventhoughcomparablesymmetricsystemgAu + Au) werestudied.

Additionally, predictionsfrom the Relatiistic QuantumMolecularDynamicsmodel(RQMD), version
2.3] ], for the correlationstrengthare includedin figure 4.8. For this comparisonthe RQMD data
were filtered throughthe Plastic Ball acceptanceand the samesube&ent analysisas for real and mixed
eventswas performed[ ]. Although the samefunctionaldependencés obtainedfor RQMD data,
the modeloverpredictshe absolutemagnitudeof the correlationstrengthby a factorof approximately2.
Themeasurediatahave not beencorrectedor thereactionplaneresolution(seesection4.2.4.

As expectedthe dependencef the proton correlationon centralityis comparablewith the resultfor
all fragmentg(figure 4.9). For semi-centraktollisions,whereagainthe maximumis found, y increaseso
avalueof (0.086 + 0.36 - 10~2). Thusthe correlationis not asstrongasthe correlationfor all fragments,
wherethe effectis greaterthan15 %.

A differentfunctionalrelationbetweenthe fit parametery andthe numberof participantsiVy is ob-

senedfor ther ™ to p correlation(figure4.10. Themaximumanti-correlatiorof y = (—0.131£0.86-10~2)
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Figure 4.8: Thedependencef the correlationstrengthy onthe centralityin numberof participants¥/ ;. Thefilled circlesrepresent
therealdata,opensymbolsarefor eventmixing andthetrianglesarederived from RQMD predictionsasshavn in [ ]

is of the sameorderof magnitudeasthe correlationof the fragmentsHowever, this maximumis reached
in more peripheraleventsfor impactparametersf b > 10fm. Contraryto the fragmentcorrelation,the
strengthof this effect doesnot decreasevhengoingto evenlargerimpactparameterssvenherea 10 % ef-
fectis still obsenable.Again RQMD 2.3 dataarecomparedo therealdataandthetendeny is reproduced
but theabsolutevalueis alsooverpredictedy afactorof 2.

4.2.4 ReactionPlaneResolution

The flow measurementwith respecto the reactionplanethatwill be presentedn the following chapters
assume perfectevent planedeterminationj.e. thatthe angle® could be obtainedfrom the dataexactly.
In reality, the finite numberof detectedparticlesproducesa limited resolutionin the measurememf the
reactionplaneangle.All obsenables®’ thatreferto thereactionplanemustbe correctedup to whatthey
would berelative to thetrue eventplane[ ].

This correctionis doneby dividing theobsenable®’ by the eventplaneresolutiondefinedas| iK
Oplane = (€os(® — U)) (4.9)

with the measureaventplaneangle® andthetrue angleWw. Thetrue obsenablethereforeis obtainedas
O = O'/opiane- Thedistribution of (® — ¥) andthustheresolutioncanbewrittenasafunctionof asingle

dimensionlesparameter: [ ]. The definition of « is basedon the factthatthe centrallimit theorem
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Figure 4.9: Sameasfigure4.8, but for only protonsinsteadof all identifiedfragments.

requiregthatthefluctuationsof the eventplanevector@; form a Gaussiardistribution. The averageof this
Gaussiaris (Q);) andthewidth shallbedenotedby o. Theratio of thesedefinethe parameter = (Q1) /0.
In termsof x theresolutionbecomeg ]:

.2 2
Optane = (cos(@ — 1)) = @/ [M%) + a(%)} (4.10)

wherel,, I; arethemodifiedBessefunctionsof theorderof 0, 1 respectiely.

Thevaluex canbe obtainedfrom the databy comparingeventswith |A®| > 7 /2 to all events,where

A® is thedifferenceof thetwo sub&rentangleq ]:
Nasisnz 1 2/

This equationis valid for small .

Alternatively thereactionplaneresolutioncanbeestimatedrom thesubeentcorrelation(sectiord.2.2
asfollows| ]:
(cos(A®)) = (cos(Ps— Pp))
(cos((®a — W) — (25 — ¥)))
(cos(® 4 — ¥) cos(Pp — U) + sin(Py — U)sin(Pp — V))

Whentaking the averagevalue the sine termscancelout, becauseof the reflectionsymmetryof the ®

distribution. Thereforeoneobtains:

(cos(A®)) = (cos(P4g — U)){cos(Pp — V))
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Figure 4.10: Sameasfigure4.8, but for the strengthof the correlationof the protonto pion subplanes.
= (cos(®g — W))?
2
Usubplane (412)

Thesecondequationis valid sincewe assumethatfor the subeentsthereareno othercorrelationsexcept
the onesdueto directedflow. Thenboth subplanesreindependenand provide the sameresolution.The
subplangesolutiono suspiane iS definedsimilarly accordingto equatiord.9. Theresolutionscaleswith the
particlemultiplicity like v/N andthusoneobtainsthe resolutionfor thefull event,which is twice aslarge
asthesube&ents,asopiane = V2 dsubplane - COmbiningthis with equatiord.12 the eventplaneresolution
canbe calculateddirectly from the experimentaldata,by applyingthe following equationto the subevent

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

Oplane = / 2 (cos(A®)) (4.13)
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Thedefinitionof thefit parametely in equatior4.8leadsto:
dN  dcos(A®)
Tcos(AT)  dAD = 14 ycos(Ad)
- AN 1+ xcos(A®)
dcos(AP) 1 — cos?(AD)
1
_/ cos(A<I>)+X;:osz(A<I>) dCOS(A‘I’) 414
N <COS(A(I))> _ _1 i \/lfcos (A®) ( . )
i 14+x cos(AdD)
| Vi aw) d cos(AD)
= (cos(A®)) = X/g u
= Ugubplane X/2

Hencethe resolutionof the subplaness

obtaintheresolutionfrom thefit resultsin section4.2.2asopigne
checkon theresolutiondeterminedabove. In referencq

alsoprovided by thefit to the A® distribution. Thusonecan

V/X» Whichin turngivesa consisteng
} aniterative methodto solve equatior4.10

oncethe subplaneresolutionis known is proposedTo obtainthe accuratecorrectionfactorthis iteration

(4]
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Figure4.11: The event planeresolutiondependencen centralityin termsof the numberof woundednucleons.The resultof the
averagecos(A®) distribution is representedly thetriangles Thecirclesdisplaytheresultof thefit method.

(equatior23in referencd ]) is adoptedandappliedto the presentdata.The correctionof flow values
correspondingo the secondmomentis accordinglygivenby (cos(2 A®)). Thisrequiresthedetermination

of the planeof the secondharmonic,which correspond$o n = 2 in equation4.6. The evaluatedreaction
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planeresolutiono.ne, however, providesalsothe correctionfactorfor higherharmonics The methodto
obtainthis correctionis givenin [ }, typical valuesof this correctionfor n = 2 areof theorderof 10.
In figure 4.11the strongdependencef the eventplaneresolutions,,,. for n = 1 onthecentralityis
shavn. As expectedthe behaiour is the sameasfor thefit parametely in figure 4.8. The eventplanecan
bedeterminedestfor semi-centratollisions.Heretheflow effectis largestandtheresolutionhasfoundto
beopiane = (0.384 £+ 0.018). The moreisotropicthe azimuthaleventshapes, thatis for moreperipheral
or morecentralcollisions,the moredifficult is the extractionof the reactionplaneandthe resolutiongets
worse.Thefigure presentghe resultfor bothabore describednethodsThetrianglesrepresentheresolu-
tion obtainedfrom the averagevalueof the cos(A®) distribution. Thesearein a goodagreementvith the

resultprovidedby thefit method whichis denotedy thecirclesin theplot.

4.2.5 Auto Correlation

Anothereffect of thefinite multiplicity, whichis takeninto accountjs theautocorrelationeffect. Naturally,
thereis a correlationbetweenthe azimuthalangleof a particle with respecto the reactionplane,if this
particleis includedin the evaluationof ® accordingto equations4.6 and4.7. This correlationdueto the
finite particlemultiplicity is of theorderof 1/v/N [ ], wherethetotal particlemultiplicity is denoted
with V.

Ontheotherhand,if particleswhich werenot usedin the eventplanedeterminatiorarestudied there
would be no autocorrelationeffect. Thereforethe auto-correlatiorcanbe avoidedby calculatingfor each

particle: theeventplaneangleof theremainingNV — 1 particles] 4 ]:
@u()) = (Qn(),Qu(0) with
N
n(i) = Y En; cos(ng;)
=15
N
Qi) = Z Er; sin(ngj) and
J=1,57
, Q1 (i)
d(7) = arctan - 4.15
0 (%) @19

Theappliedeventplaneresolutionmentionedabove is calculatedor the subplanesiccordingto equa-
tions4.15insteadof equationgt.6and4.7, whichmeansvoiding anautocorrelation theobsenableis then

atruevalue.Thereforein thefollowing this effect hasalwaysbeentakeninto account.



5. Average TransverseMomentum

After the determinatiorof the reactionplane,a directedflow analysisis performed,n which the average
trans\ersemomentumwith respecto thereactionplanefor differentparticlespeciess evaluated Dang4.
Thetwo dimensionaHistributionsd>N/dp,dp, areobtainedby decomposinghe trans\ersemomentum
pr of eachidentifiedparticleinto componentsvith respecto the measuredeactionplane:

Par = preos(¢’)  py = prsin(¢) (5.1)

Here¢' is theazimuthalemissiorangleof theparticlerelativeto themeasuredeactionplane. Themeasured
reactionplaneangle® consequentlylefinesthepositive z’ direction.

TN
i
o

Figure5.1: Surfaceplot of thEd2N/dpz/dpyl distribution for protonsdetectedn thePlasticBall attherapidityy = —0.35 £ 0.15.
Theresultis obtainedfor the centralitybin 20 — 40 %cs.

The threedimensionaldistribution is displayedin figure 5.1 It shows d?N/dp,dp,, for protonsde-
tectedin the PlasticBall at therapidityy = —0.35 + 0.15. A clearazimuthalanisotroyy is visible for the
depictedresultin the centralityrange20 — 40 %cs. In thepositive p,, direction,theyield of themomentan
thereactionplaneis higherthanin the oppositedirection.This directedflow confirmsthe obsenationfrom
thesuberentanalysis.Theholein the centreof thedistribution reflectsthedetectoracceptancasdescribed
in section3.3.3

47
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In orderto perform systematicstudiesof thesep,s versusp, distributions, they are evaluatedfor
different centrality and rapidity bins and for all identified particle species.The left panelof figure 5.2
shaws for instancethe d> N/ dp,dp,, distributionsfor protonsdetectedn the PlasticBall at the rapidity

2 4 3) protons 2 4 b) pions
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Figure5.2: The differential crosssectiond2N/dpz/dpy/ at the rapidity y = —0.35 % 0.15 for protonsin the centrality range

20 — 40 %es (a). And for pionsattherapidityy = —0.2 £ 0.2 for =+ within 60 — 80 %cs (b).

y = —0.35 & 0.15. For thesesemi-centratollisions(20 — 40 %cs) anazimuthalanisotroyy is visible. The
yield is higherfor momentain the reactionplanein positive x-direction.l.e. the samedirectionobsened
for the fragmentflow in the subeventanalysis.The right partof figure 5.2 shavs the samerepresentation
for 7t identifiedin the PlasticBall attherapidityy = —0.24 0.2, in the centralitybin 60 — 80 %cs. Again
anazimuthalanisotroyy is visible, however, contraryto the protons,the pionsshav a higheryield in the
directionoppositeto the fragmentflow direction. The in-planeanti-flow of positively chagedpionsin the
targetfragmentatiomegion, whichwasobsenedin the subeventcorrelationanalysigsectiord.2.2), is con-
firmed. Comparableesultshave beenreportedfor Au + Au collisionsat AGS' enegies| ], although
theanisotropigpion emissioncould not be seentherewith this method| ].

Figure5.3displaysthe d> N/dp,dp,, distribution for deuteronstrapidityy = —0.3 + 0.2 (a) andfor
tritonsatrapidityy = —0.1 £ 0.3 (b). Theresultswereobtainedfor semi-centrabvents(20 — 40 %cs). For
the deuteronsa clearazimuthalanisotropy is visible. The emissionof thesefragmentsis preferredin the
samedirectionasthe obsened protonflow. If thereis any anisotroyy for tritons, which will be studiedin
thefollowing, it is not easilypercevableatthis level.

The obsened directedflow is quantifiedby the transversemomentumtransfer (p,). To obtainthe
averagdrans\ersemomentuntransferin thereactionplane(p.-) fromtheabovedescribedlifferentialcross
sectionsthe experimentaldistributions arefitted with a two dimensionalGaussianSincethe momentum

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

1AlternatingGradientSynchrotron
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Figure5.3: Sameasfigure5.2. Thed2N/dp2/dpy« distribution atrapidity y = —0.3 &£ 0.2 for deuteronga)andy = —0.1 0.3
for tritons (b), bothatthe centrality20 — 40 %cs.

(pg) is thenderivedfrom (p,), whichis determinedelative to the measuredeactionplane,aftermaking
theeventplaneresolutioncorrectionaccordingo (seesectiond.2.4:

<px> = <px’>/0plane (5.2)

Thedependencef (p,) for thedifferentparticlespecie®ntherapidity aswell asonthecollision centrality
andtheincidentbeamenegy F;,, arepresentedh thefollowing sections.

5.1 Dependencef (p,) on Rapidity

As describedbovethetrans\ersemomentaof thefragmentgointto thesamesideastheflow angle®, thus
thetwo dimensionalGaussiariit resultsin positive (p,.) values By corventionthis samesideemissiorgets
a positive sign at projectileanda negative sign at targetrapidities.For symmetricreactionsystemdik e Pb
+ Pbtheflow valueof particlesbackwardof midrapidity canbe obtainedby changinghesignof (p,.). This
allows to comparehe resultsmeasuredorward of midrapidityto the valuesfrom the targetfragmentation
region. Consequentlythe averagetrans\ersemomentumfor 7+, which is negative from the fit result,is
transformedo positive values.

Figure5.4 displaysthe rapidity dependencef the averagetrans\ersemomentunin the reactionplane
for fragmentqa) andpions(b). Theerrorgivenincludesthefit erroraswell astheerrorin thedetermination
of the reactionplane.To studythe systematicerror of thefitting routinea simple Monte Carlo simulation
hasbeenperformed,n which the doubledifferentialcrosssectionwith andwithout thetypical acceptance
hole in the centrewas calculated.The error was found to be 11 %. Furthermorepossibleeffects dueto
backgroundcontaminationi.e. misidentifiedparticles,arestudiedwithin the Monte Carlosimulation.The

contribution of this effect is estimatedto be 8.5 %. Thus a total systematicerror of lessthan 20 % was
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Figure5.4: Theaveragetransersemomentuntransfer(p.) asfunctionof therapidity for thefragments, d, andt (a) andpions(b)
in thecentralityclass20 - 40%cs. For pionsadditionallythe centralityclass40 - 60 %cs is shavn (opensymbols).

obtained(seeappendixE). This systemati@rrorhasnot beenincludedin thisfigure.

For protonstheabsolutamagnitudeof the averagerransversemomentuntransferincreasesvith rapidity
to amaximumof |(p,)| =~ 30 MeV/c aty ~ —0.25 anddecreaseagainfor largerrapidities.The Plastic
Ball acceptancalsopermitsthedeterminatiorof (p,.) of deuteronsndtritonsatrapiditiesof —0.4 < y <
0.2 and—-0.3 < y < 0.2, respectiely. Assumingthat the directedflow of the fragmentsis only dueto
collective motion,onewould expectthatthe averagetrans\yersemomentunscaleswith the fragmentmass.
And in factit hasbeenfound that the value for deuteronds approximatelytwice the value for protons
in the samecentrality andrapidity regions.Also the tritons have a maximum (p,), which is slightly less
thanthreetimesthatof the proton(p,.). This behaviour is very similar to the onereportedfor 200 AMeV
[ 4 ] and10- 11 AGeV [ , ] incidentenengy collisions. Thereit wasfound that
themeantrans\ersemomentunprojectedontothereactionplaneof thelight fragmentsscalesvith massA
for A < 2 verywell, while the massdependencgetsslightly wealer for larger A. However, the maximum
absolutd(p, )| for protonsin 158 AGeV Pb+ Pbcollisionsturnsoutto bemuchsmallerthanfoundfor Au
+ Au collisions(120- 130 MeV/c) atincidentenepgiesof 200 AMeV [ 3 ] andl - 11 AGeV
[ , 1.

The obsenedpion signalhowever, is of aboutthe samemagnitudeasreportedfor 11 AGeV Au + Au
collisions| ]. It results,asmentionedabore, in positive valuesfor (p,.). The absolutemagnitudeis
smallerthanfor protonsby a factorof aboutthree.The meantrans\ersemomentumin the reactionplane
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increasesvith rapidity up to amaximumaty ~ —0.3 with (p,.) ~ 10 MeV/c. In contrastto protonseven
largeraveragetrans\ersemomentumtransfersareobsenedin moreperipheralevents.Thisis displayedn
figure5.4 b) by theopensymbols.

Comparisonwith RQMD

In figure 5.5 the averagetrans\ersemomentumin the reactionplane of protonsand pionsis compared
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Figure 5.5: The averagetransersemomentumin the reactionplane(p;) for protonsandpionscomparedvith RQMD predictions.
The data(filled symbols)arefor the centrality20 — 40 %cs, which is comparableo the impactparameteb = 8 — 10 fm for the
RQMD result(opensymbols).The systemati@rrorsareincludedin the data.

to calculationsfrom the RQMD 2.3 model. The RQMD resultis for the impactparameterangeof b =
8 —10fm [ ], which correspondsipproximatelyto the centrality class20 — 40 %cs depictedin
the figure. The estimatedsystematicerror of 20 % on the datahasbeenincluded.The simulationsshow
the expectedanti-symmetridoehaiour aroundmidrapidity (y = 2.9), but sinceall presentegarticlesare
measuredackwardof midrapidity, theresultdisplayedn figure5.5is restrictedo thisrange.

At AGSenegiestheRQMD modelin cascadenodefailsto describehedata,it underpredictshe (p,,).
However, RQMD simulationsincluding meanfield effects describethe dataratherwell | ]. For the
presentesultsthe cascadenodewasused sincethe meanfield effectsareexpectedo be smallat SPSen-
ergies.However, evencascadenodeRQMD overpredictgheprotondataby afactorof approximatelythree.
For pionsthe samerelationbetweerthe RQMD predictionsandthe datais obsened. At AGS enegiesthe
(p.) of pionsis reproducedy the meanfield modeRQMD, while in cascadenodeRQMD underpredicts
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the measuredesults| ]. For the studied158 AGeV Pb + Pb collisions, however, eventhe cascade
modeRQMD overpredictshedata.

Comparisonwith VENUS

In additionthe measuredp,,) arecomparedo calculationswith VENUS in version4.12[ ]. The
generated/ENUS eventsareanalyzedn the samemannerasreal events,i.e. they arefilteredthroughthe
PlasticBall acceptancandall acceptedrotonswere usedto determinethe reactionplaneas described
in chapter4.1l Also a sub&rentanalysiswas performedto extractthe resolutionof the reactionplanefor
thesimulatedevents.For all protonsandpionstheaverageransersemomentumvascalculatedor several

rapidity binswith respecto theextractedreactionplane.Theresultis presentedh figure5.6. SinceVENUS
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Figure5.6: PlasticBall data(filled symbols)for protonsand pionsin the centralityrange20 — 40 %cs comparedwith VENUS
calculationdor theimpactparameterangeb = 8 — 10 fm. The systematie@rrorsareincludedin thedata.

is astringmodelbasedcalculationwithout theinclusionof pion absorptioror resonancest is expectedo
shaw no significantflow effects. The astonishingesulthowever, is that at target rapidity the protonflow
signalin termsof (p,) exceedsthe real databy a factor of approximatelythreeandis thus comparable
to the RQMD resultpresentedhbore. The obsened effect might be explainedby the rescatteringhatis
includedin the VENUS model.In contrasto the RQMD predictionsfor protonsthe VENUS resultsshav
asharpincreaseof the averagetrans\yersemomentumn the anti-flow directionandpasseshroughzeroat
y =~ 0.5. This behaiour is seenin figure 5.6, wherethe (p,.) dependencen rapidity is shavn for protons

andalsopions.Thecentralityregion 20 — 40 %cs correspondapproximatelyto theimpactparameterange
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b = 8 — 10 fm of the VENUS calculationsThe systemati@rrorof 20 % is includedin thegivenerrors.The

pionresultfrom the VENUS simulationfails to describehedata.

5.2 Dependenceof (p,) on Centrality

Figure5.4 b) indicateda significantdifferenceof the pion averagetrans\ersemomentumin the reaction
planefor differentcollision centralities The suberentanalysisof chapter4.2.2revealedalreadythe depen-
denceof the flow effect on centrality for fragmentsand pions. A systematicstudy of the dependencef

the flow signalon centralityfor protonsandpionsin termsof (p,,) is displayedin figure5.7. The average
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Figure5.7: Theaveragetrans\eersemomentunfor protonsa) andpionsb) asfunctionof Wy in therapidityrange—0.4 < y < 0.1
and—0.6 < y < 0.0 respectiely.

trans\ersemomentumin the reactionplaneis obtainedin the rapidity range—0.4 < y < 0.1 for protons
and—0.6 < y < 0.0 for pions. The proton absolutemomentumtransferin the reactionplaneincreases
with the numberof participantdo a maximum|(p,)| for semi-centratollisionsat W = 180. Thecorre-
spondingimpactparametenf b ~ 8 fm with maximumeffectis twice aslarge asthatfoundfor Au + Au
collisionsat AGSenepies| ]. For morehead-orcollisionsthe | (p, )| decreaseagain.In otherwords,
theeventswith intermediatecollision centralityshaw thelargestflow effect, whichis in agreemeniith the
suberentanalysis.In thelimit of impactparametererothe sidevard flow mustvanish,dueto symmetry
as confirmedby the data.For the mostperipheralcollisionswith Wy < 25, i.e. in termsof the impact
parameteb > 13 fm, thereactionplaneresolutionis notsufiiciently reliable(seefigure4.11) to extractary

valuewith respecto thereactionplane.
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In additionto thesmallflow effectof pionsdueto thethermalmotion,pionsaresubjecto absorptiorand
rescatteringnainly throughthe deltaresonancavhich haslarge mass.Thusthey shouldshow flow effects
comparabldo thatof protons| ) ]. Sincetheobsened (p,;) of pionsis positive it indicatesthat
thepionsarepreferentiallyemittedaway from the targetspectators.

This leadsto the interpretationof an absorptionof the pionsin the targetremnantwhich appearsas
preferredemissiontoward the otherside.If the apparentnti-flow is dueto absorptioncentralcollisions
with little or no spectatomattershouldshav no flow effect[ ]. For centraleventsthe pion flow signal
is compatiblewith zero.The effectin semi-centratollisionsis weakbut grows with theimpactparameter
nearlylinearly. Thein-planeaveragetransyersemomentumof pionsconfirmsfor sufiiciently high impact
parameterd,e.b > 5fm, theabove describednti-flow. At AGSenepiestheanti-flow of positively chaged
pionswasalsoobsenedin Au + Au collisions| , ], althoughtherethe effect was small and
lackingin statistics.

5.3 Dependenceof (p,) on BeamEnergy

As mentionedabove the trans\erseflow hasbeenmeasuredat differentenegiesby a numberof exper
iments. Togetherthesemeasurementprovide a systematicstudy of the beamenegy dependencef the
directedflow. The WA98 flow resultfor 158 AGeV Pb + Pb collisionsat the CERN SPSfrom WA98 is
comparedto Au + Au collisions from Bevalacto AGS enepies,i.e. from 100 AMeV to 10 AGeV. In
figure 5.8 the datafor a variety of experimentsare presentedalongwith theoreticalpredictionsfrom a
hydrodynamianodel|[ ]. Thedecreasef the flow signalobsenedfor incidentenepies E;,, greater
thanapproximately?2 AGeV, is dueto the fact that fasterspectatomatteris lesseasily deflectedby the

expandingparticipants.The dataindicatedwith Ball are from the PlasticBall experimentat the Bevalac

[ 4 ]. The FOPI experimentis locatedat the SIS* acceleratof ) ]. E802andE877
areAGSexperimentsthedatapointsarefrom thereference$ ] and[ ], respectiely. While the
NA49 datapointis from referencd ], theWA98 datapointis from the presentanalysis.

The hydrodynamiccalculationsare meantas qualitatve comparisoronly, sincethereare several un-
certainties which affect the quantitate evaluationwithin the hydrodynamicfluid model. Moreover the
theoreticalcalculationinvolvesthe integrationof p,(y) anddN/dy, which indeedgivesdifferentquanti-
tative results.However, the systematidendeng turnsout to be describedratherwell | ]. The solid
line representpredictionsfor an EOS including only hadronicmatter while the dashedine includesa
first orderphaseransitionto a QGP Thelatteroneshows a significantdropin the flow excitationfunction
near6 AGeV, whichis explainedby the reducedpressureandthereforereducedexpansionof a QGPand
thereforea reduceddeflectionof the spectatorsor directedflow [ ]. Sincethe absolutevaluesof the
theoreticalpredictionsare uncertainthe absolutepositionof this drop cannotbefirmly predictedyet. Thus
thereis greatinterestin the measurementf theflow at several AGeV incidentenegy andtheinvestigation

2Schwerionensynchrotron
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Figure5.8: Thetranserseflow excitation function for symmetricheavy ion collisions. The curves (left panel)represenhydrody-
namiccalculationgseetext). Thedata(right panel)arefor Au + Au andPb+ Pbcollisions.Thereferencesregivenin thetext.

of theE895dataat 2 — 8 AGeV s currentlyin progresg ].
TheWA98 dataconfirmratherwell thedecreasef thedirectedflow at high beamenegies. The NA49
datapointis slightly smallerthanthe WA98 point, but this could be explainedby the factthatNA49 is not

ableto measurattargetrapidity but closerto midrapidity, wherethe flow signalis smaller






6. Azimuthal Correlation Analysis

In referencd ] theflow effectswerestudiedby meansf Fourierexpansiorof theobtainedazimuthal

particledistributions.The Fourierexpansionis definedin thefollowing way:

T

O(¢) = ﬁ + % > [wn cos(ng) + yn sin(ng)] (6.1)
n=1

where O canbe ary obsenable as a function of the azimuthalangle ¢, e.g. dEr(¢)/d¢. The Fourier
coeficientsaredenotedwith z,, andy,,, respectrely. Using the orthogonalityof the Fourier seriesthese
coeficientscanbeevaluatedby:

2m N
Ty = O(¢p) cos(ng)dp = Z(’),; cos(ng;)
0 P
27 Nl
o= O(¢)sin(ng)dp = > O;sin(ng;) (6.2)
i=1

The sumrunsover all particlesV, andthe azimuthalangleof thei-th particleis denotedwith ¢;, whichis
measuredvith respecto thereactionplaneangle®.

If the Fourier coeficientsfor the first harmonic(z1, y1) both are non-zerothis is anindicationof the
presencef directedflow. The secondcharmonicwould correspondo elliptic flow. The strengthv,, of the

flow effect of the n-thharmoniccanbe written as| ]
Tn = vycos(ngy,)
Yn = vpsin(ng,) (6.3)

whereg,, is theassociate@zimuthalangle. Thusoneobtains:

vp = V22 +y2 (6.4)

This strengthcanbe obtainedfrom the measuredrourier coeficientsv/, by taking into accountthe finite
reactionplaneresolutionanalogouso the correctionof the averagetrans\ersemomentun(equationb.2) as
describedn sectiord.2.4

Un, = V), /Oplane (1) (6.5)

Furthermoreghetransformatiorof thedipole momentfor particlesbackwardof midrapidity has,dueto the
anti-symmetryto be appliedasdescribedn 5.1, thusvy = —v//0piane(n = 1) is obtained.

In the following sectionghe rapidity, trans\ersemomentumandcentralitydependencef the Fourier
coeficientswv,, for n = 1,2 arestudiedfor protons,deuteronstritons, and positively chaigedpionsmea-

suredwith the PlasticBall detectoraswell asfor 7 decayphotonsmeasuredvith the LEDA detector

57
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6.1 Dependenceon TransverseMomentum

For all abore mentionedparticlesthe azimuthalparticledistributionswith respecto thereactionplaneare

calculatedor severaldifferenttrans\versemomenta.

Particles at Target Rapidity

Figure6.1shavstheobtainedl /NdN/dA® distributionsexemplaryfor protonsandpionsin five different
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Figure 6.1: Theazimuthaldistributionsof protons(left) at20 — 40 %cs andpions(right) at40 — 80 %cs. Thefilled symbolsarefor
realdata,while the opensymbolsdisplaythedistributionsof mixed events.The solid curvesrepresenfits of equation6.6to the data.
Therapidityrangeare—0.4 < y < 0.1 and—0.6 < y < 0.0 for protonsandpions,respectiely. Thetranseersemomentunof the
analyzedarticlesgivenin GeV/e, is increasingrom the bottomto thetop.

pr binseach.TheangleA® is the differenceof the azimuthalangleof a particularmeasuregarticleand
thereactionplaneangle®.

Sincein chaptel5 it wasfoundthattheflow effect of fragmentss largestin the semi-centratollisions,
theprotondistributions,presentedh figure6.1, areevaluatedor thecentrality20 — 40 %cs. Theflow signal
of pionshowever, wasdetectedo belargerfor moreperipherakvents thusthel/NdN/dA® distributions

for pionsareshown for the centrality40 — 80 %cs. All distributionsaresymmetricaroundzeroandshow
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Figure 6.2: Trans\ersemomentundependencef thefirst (triangles)andsecondnoment(circles),v; andvs, of theprotonazimuthal
distributions.All particlesarefrom therapidityregion —0.4 < y < 0.1 in thecentralitybin 20 — 40 %cs. Thefilled symbolsrepresent
realdataandthe opensymbolsmixed events.Thedashedine indicatesalinearfit to thev; values.

a strongcorrelation(protons)or anti-correlation(pions). Both typesof correlationsare of the sameorder
of magnitude.The effect is increasingwith the trans\ersemomentumof the studiedparticles,i.e. from
the bottomto the top in the figure 6.1 The distributions for mixed eventsdo not give evidencefor ary

correlation.

To extract the parameter®f the correlationstrengthfrom thesedistributions a fit with the following

functionis applied:
1 dN

N dA®
This providesthe simultaneousieterminatiorof the strengthof both,the dipolemomentin termsof v} and

=1+ 2v] cos(A®) + 2v) cos(2AP) (6.6)

the quadrupolemomentv}, thoughthe quadrupoleor seconcharmonicis not percevableat this level. The
dependencef the correctedvaluesu,, for protonson the transversemomentumis presentedn figure 6.2,
wherethe samecentralityandrapidity regionis usedasfor figure6.1 For thecompletepr rangemeasured,
the first harmonicwy, or in otherwordsthe strengthof the directedflow, turnsout to be negative. This
is in agreementvith the resultobtainedfrom the averagetrans\ersemomentumanalysis,which in fact
wasintegratingover the measurecbr. While the elliptic flow is within the error compatiblewith zerothe
directedflow revealsalineardependencen the trans\ersemomentumThe absoluteflow signalincreases
with pr andtheslopecanbe parameterizedy:

dvy

= (—0.340 4 0.025)(GeV/c) *
dpr
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This parameterizatiohasbeenobtainedfrom a straightline fit to the protonwv; parameteasindicatedby
thedashedine in figure 6.2 This linear dependenceanbe understoodf oneassumes thermalparticle
emissionwithout radial expansionwhich canbedescribedy:
3
1IN peE/T
pr dprdyde

whereF is theparticleenegy and7" is thetemperatureAssumingavelocity of 3, of thethermalsourcein

(6.7)

z-direction,onehasto take the Lorentztransformatiorinto accountandobtainsfor the Fourier coeficient

[ I:
11(§) = (§lo(§) — L(§)T/E
Io(§) —EL(ET/E

where¢ = prB.7./T with the commonlydefinedfactory, = 1/4/1 — (2. Ip(¢) and I (&) arethe
modified Besselfunctionsand E’ is the particle enegy evaluatedin the systemmaving longitudinally

(6.8)

v =

togetherwith the source.For 5, < 1, asexpectedfor the trans\erseflow velocity, equation6.8 canbe
approximatedor pr < 1GeV/c| 1:

L§) 2T

(6.9)

(%1

In[ ] actuallydeviationsof the linearity have beenobsened for smallvaluesof pr. The measured
pr region in this analysishowever, confirmsa linear behaiour of the transversemomentumdependence
for the directedflow signalfor protonsratherwell. In referencq ] the dependencen pr of the v,
andwv, parametewasstudiedcloserto midrapidity. At the rapidity 4.0 < y < 5.0 the componenbf the
directedflow turnedoutto berathersmall,|v;| < 0.1, comparedo thevaluesobtainedn this analysisBut
this canbe understoodsincethe magnitudeof the flow signal strongly dependson the rapidity, asit will
be studiedin section6.2. Furthermorein this referencea smallbut significantelliptic flow componentvas
found nearmidrapidity, while at targetrapidity it seemgo vanish,or is at leastnot percevablebecausef
the dominatingdirectedflow.

In figure 6.3 the dependencef the flow signalfor the first harmonicon the trans\ersemomentumis
presentedor positively chagedpions.As expectedthev; signalis positive andis increasingwith pr. The
slope,determineddy alinearfit, is largerthanfor protons:

dvy 1

o = (1.325 + 0.26)(GeV/c)
Thedistributionis fitted in thetrans\versemomentunregion50 MeV/c < pr < 180 MeV/c¢ asindicatedby
thedashedine. Thehigherpr binsaresignificantlylowerthanalinearincreasevouldimply. It is expected
thatthe flow of pionsis dueto rescatteringandabsorptiomrmainly throughthe deltaresonanceDueto the
limited width of the deltaresonancabsorptionof pionswith higherpr is suppressedomparedo lower
pr pions. This mightin partexplain a flatteningof the v, distribution for higherpr. The 1/NdN/dA®
distributions of pionsfor mixed eventsin figure 6.1 areflat for all pr bins, thusthe extractedv; signal

is constantlyzero (figure 6.3). Sincethe secondharmonicdoesnot shav ary significantdeviationsform
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Figure 6.3: Transersemomentundependencef thefirst harmonidfor thert azimuthalistributions.Pionsfrom therapidity region
—0.6 < y < 0.0 in the centralitybin 40 — 80 %cs areshavn. Thefilled symbolsrepresenteal dataandthe opensymbolsmixed
events.Thedashedine indicatesa linearfit to thev; values.

zeroit is for a bettervisibility not shavn. Comparingthis resultswith the flow signalsmeasurechear
midrapidity revealsa very similar behaiour asfor protons.The absolutemagnitudeof the directedflow is

small(ju1| < 0.05 [ ]) comparedo the oneobtainedfor the targetrapidity region. And the absolute
magnitudeof the elliptic flow components significantlydifferentfrom zero. The reasonagainlies in the

strongdependencef theflow effect on rapidity.

The sameanalysiswasalso performedfor the heavier fragmentsThe 1/NdN/dA® distributionsfor
deuteronsndtritonsareobtainedfor the pr range(0.17 — 1.08)GeV/c and(0.22 — 1.26)GeV/ ¢, respec-
tively. For semi-centratollisionsapproximatelya similar resultwasobtainedasfor protons.Thedirected
flow parametemw, is presentedn figure 6.4 for both, deuteronsandtritons. Again the magnitudeof the
elliptic flow parametewasevaluatedtoo, but it turnedout to be compatiblewith zeroandis thereforenot
shavn in the figure. Sincethe v, of the fragmentslike the protonv; dependsalmostlinearly on p the
deuterorvaluesarefitted with a straightline andthefollowing slopehasbeenobtained:

;% = (—0.190 4 0.029)(GeV/c) *
This slopeis slightly smallerthanthe one for protons.However, a direct comparisorof the slopeis not
meaningful sincethefragmentaremeasuredthighertrans\ersemomentandin asmallerrapidity region.
Theastonishingactaboutthis resultis thatthe absolutenagnitudes aboutthe sameasfor protons(figure

6.2), thoughmeasuredh a differentp, region. Fromthe averagetrans\ersemomentunanalysisn chapter
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Figure 6.4: Thetransersemomentumdependencef the flow parametew; for deuterongtriangleup) andtritons (triangledown)
in therapidity region —0.3 < y < 0.1. Thefilled symbolsrepresenteal dataandthe opensymbolsmixed events.The dashedine
indicatesalinearfit to the deuterorw; values.For abettervisibility thetriton dataareplottedin grey.

5 aswell asfrom resultsat lower enegiesa strongerdependencen the particlemassA wasexpected.n

factfor 11 AGeV Au + Au collisionsanincreaseof theflow effectfrom protonsto deuteronsvasobsened,
while thereis rathemoincreasdrom deuterongo tritons| ]. Thelatterfactis alsoconfirmedn figure
6.4 shawing thatthe tritons arevery similar to the deuteronsThe significantdifferencebetweenprotons
anddeuteron$owever, is notobsenedin the analysisof 158 AGeV Pb+ Pbcollisions.In partthis canbe
explainedby the smallerrapidity rangein which the heavier fragmentsaredetectedasdescribedurtheron
in section6.2.

Particles Near Midrapidity

TheLEDA detectormeasureslecayphotonsmainly of the neutralpionsdirectly belonv midrapidity. Since
it doesnot, contraryto the PlasticBall, provide full azimuthalcoverage this affectsthe azimuthalparticle
distributions measuredn the lead glassdetector To take this detectoreffect into account,the real data
distributionsare normalizedby the onesobtainedfor mixed events.The resultingazimuthaldistributions
of the photonsare analyzedby fitting with the above described~ourier expansion,i.e. equation6.6. For
~'squalitatively differentdistributions,comparedo particlesat targetrapidity, areobtainedaspresentedn

figure6.5.

First of all the photonsshov a muchwealer flow effect thanthe particlesmeasuredt target rapidity.
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This is not surprisingconsideringon the one handthe rapidity dependencef the magnitudeof the flow
effect, this will be studiedin section6.2. And on the otherhandit certainlyplaysa role thatthe photons
aredecayproductsandthereforethe only reasornexhibiting ary flow, asthey obviously doin figure 6.5, is
thatthey still carry a part of the original pion flow velocity. The secondimportantchangefrom targetto
midrapidity is thatthe componenbf directedflow seemdo vanish,while anelliptic flow componentnot
visible at targetrapidity, canbe obsened. This canbe extractedfrom figure 6.5 which clearly revealsthe
existenceof thethe seconcharmonicin thedistributions. The surprisingresultis, thattheelliptic flow turns

out to be negative, i.e. it exhibits an out-of-planeflow. This is in contrastto the positively chaged pions

1.05) 01<p; <02 | 0.2<p,<0.25

1/N dN/dA®

0.95 -

1.05| 04<p; <05 | 0.7<p, <10

Tt -3 0 L T -3 0 3 T
AD AP

Figure 6.5: Theazimuthaldistributionsfor 70 decayphotonsdetectedwith LEDA for differenttransersemomentan GeVic. The

solid curvesrepresenafit of equation6.6to the data,which have beencorrectecby mixedevents.Shavn aresemi-centraévents.

[ ] andsinceneutralpionsareexpectedo behaelik e the chagedpions,theremainingphotonsignal
is not yet understoodseeappendixF). In agreementvith the fragmentsandthe positively chagedpions
however, is thefactthatthe absolutemagnitudedepend®on the photontransersemomentaasdisplayedn
figure6.6.

A closerlook at the lower pp rangerevealsa very weakbut significantpositive v; signalfor photons.
This effect however, is only obsenablefor photonsbelov 400 MeV/c¢ andis of theorderof 0.5 % — 1 %.
Thus,this effectatthepercentagéevel is afactorof approximatelyl5 - 25 smallerthanobtainedor tarmget
rapidity particles.The elliptic componentvy however, is ratherpronouncedand its absolutemagnitude
increasedor pr < 500 MeV/c almostlinearly. For largertrans\ersemomentathe effect tendsto saturate
anddoesnot exceedvaluesof |vs| = 0.1.
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Figure 6.6: Transersemomentumdependencef thefirst (triangle) andsecond(circles) harmonicfor the 70 decayphotons Dis-
playedaresemi-centrabventsfor y'sat2.3 < y < 2.9.

6.2 Dependenceon Rapidity

It hasbecomeevident, sofar, thattherearedifferencesn the magnitudeof the flow signalfor particlesat
targetandnearmidrapidity obsenable.In this sectionthe systematiacdependencef theflow parametersn
termsof the Fourier coeficientsup to the secondorder, on rapidity is studied.Protonsshav a very weak
elliptic flow componeniat targetrapidity. Going to midrapidity (v = 2.9) this harmonicincreasedo the
level of ~ 10 %, asdisplayedin figure 6.7. The figure shavs datafrom this analysisandfrom [ ]
Theelliptic flow is symmetricaroundmidrapidity andhasbeenreflectedio therespectie side. The WA98
protondatafor semi-centrabventsaremeasuredn the backwardandreflectedto the forwardhemisphere,
andvice versafor the NA49 data.The factthatthe elliptic flow turnsoutto be positve meanst is aligned
with the reactionplane.Thusit is in-planeflow and not out-of-planeflow asit was obsened at lower
enepies,seee.g.[ ].

The directedflow is anti-symmetricaroundmidrapidity and peakstypically at target and projectile
rapidity. The shapeof the distribution however, looks differentto thatobsenedin Au + Au collisionsat
200 AMeV [ ] and11l AGeV] ]. At lower beamenepiestheincreaseof theflow strengthfrom
zeroat midrapidity is ratherlinear to the peaksat targetandprojectilerapidity. Thisis displayedin figure
6.8, wherethe strengthof the directedflow is givenin termsof (p,./pr), which canapproximatelybe
equatedvith v;. Furtheraway from this peakit falls off weakly, this rapidity dependences oftenreferred

to asS-shapecurve. In the studied158 AGeV Pb + Pb collisionshowever, the peakslook more Gaussian
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Figure 6.7: The Fouriercoeficientsv; (triangles)andvs (circles)for protonsasa functionof rapidity. The solid symbolsrepresent
theactuallymeasuredatapointsandthe opensymbolscorrespondo thesamevaluesreflectedaroundmidrapidityy = 2.9. Thedata
from the NA49 experimentarefrom referencd ] without errorbars.Thecurnesareto guidetheeye.

andonly the tails reachup to midrapidity, wherethe flow signalis small. Thusit is concevablethatthe
S-shapecurve obtainedat lower beamenegiesis alsoa combinationof two Gaussiardistributions. These
distributions would have on the samenormalizedrapidity scalelarger widths and the meanpositionsat
targetand projectilerapidity. This could actually be confirmedfor the protondatafrom 200 AMeV Au +
Au collisionsprovidedby [ 4 ]. In figure 6.8the superpositiorof two anti-symmetridGaussian
distributionsis displayed.The dashecdcurve is provided by a fit to the data.The dottedcurve is obtained
by reflectionaroundmidrapidity andthe solid curve is the superpositionThe rapidity dependencandin
particularthe slopeat midrapidity is ratherwell describedthe forward-backvard asymmetryof the data
is an artifact of experimentalbiases ]. Both Gaussiangre not separatedndhave a large overlap
region.

Hencethe peakpositionin figure6.7wasalsoobtainedy fitting the PlasticBall v; datawith aGaussian
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Figure 6.8: Thestrengthof the directedflow of protonsin 200 AMeV Au + Au collisionsin dependencef centre-of-massapidity.
Thedatabackwardof midrapidityis fitted by a Gaussiarlistribution (dashedurwe). Thefit resultis reflectedaroundy.,, = 0 (dotted
cune) andbothdistributionsaresuperimposegsolid curve). The dataarefrom referencd 1.

distribution. This providesthe valueof the maximumdirectedflow vi e ~ —0.2 aty ~ —0.25. And in
factthesolidline in figure 6.7 is acompositiorof two anti-symmetricGaussiardistributionswith theabove
mentionedmaximumand meanvalue. Thereforethe WA98 PlasticBall datapermitthe determinatiorof
the Gaussiarshapeandthe NA49 dataconfirmthe flatteningnearmidrapidity. This shapempliesthatthe
slopenearmidrapidity, which is oftenreferredto asflow value F' = dv, /dy, doesnot provide areasonable
descriptiorof the collectve momentuntransferathigh beamenegies.To studythe systematicef directed

flow it is rathernecessaryo analyzethe threeparametersf the Gaussian-shapadpidity distribution.

In thesamemannether ™ flow dependencenrapidityis presentedh figure6.9. TheNA49 datavalues
areagainfrom referencq ] for semi-centrabvents,the midrapidity datapointsareprovided by the
secondrackingarm spectrometein the WA98 experiment] ]. The datameasuredt target rapidity
arethe PlasticBall resultof this analysisin the centrality bin 40 — 80 %cs, wherethe pion flow effectis
largest.Thefirst harmonicis positive attargetrapidity, i.e. oppositeto thefragmentflow direction.It peaks
aty ~ —0.55 with amaximumvalueof v; ~ 0.24. Closerto y = 2.9 it rapidly decreaseandcompletely
vanishesat midrapidity, to whichit is definedto beanti-symmetricThe NA49 dataconfirmtheweaknessf
thedirectedflow nearmidrapidity, thoughit shavs somestructurewhich is not reproducedy the smooth
curveshawn. This curve representagainacompositionof two Gaussiaristributions,with theabove given
maximumandmearnvalue.
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Figure 6.9: The strengthof the directed(triangles)and elliptic (circles)flow effect of positvely chaged pions asfunction of ra-
pidity. Solid symbolsare measurediata,while opensymbolsrepresenthe datareflectedaroundmidrapidity The NA49 datawere
obtainedrom [ ] andaregivenwithouterrors.The WA98 datapointsat midrapidity arepreliminarydatafrom the trackingarm
spectrometeARM2 from [ ]. Thecurwesareto guidetheeye.

The strengthof the elliptic flow at targetrapidity is within the errorsconsistenwith zero.It increases
slightly to midrapidity, but doesnot exceedthe 5 % level. Thisis contraryto theelliptic flow componeni,
of the protonswhich reachewaluesof v, = 0.1 or 10 %. Again the datafrom the NA49 experimentreveal
somestructurefor the nearmidrapidity bins, which is below the 1 % level and consideringthe datapoint
from ARM2 it is notreproducedy the smoothcurve givenasdashedine. Theimportantpoint however, is
thefactthatwvs for pions,liketheprotonresult,is positive. This meanghe mainaxis of theflow ellipsoidis
alignedwith thereactionplane.Iln otherwordsthe pionsshov at midrapidity elliptic in-planeflow.

Theheavier fragmentsexhibit a strongedirectedflow effectthanthe protons butin thesamedirection.
The elliptic flow is consistenwith zero,ascanbe seenin figure 6.1Q So far the measurementf these

Fourier coeficientsfor deuteronsandtritons at SPSenepgiesis limited to the backward rapidity region
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coveredby the PlasticBall. Thusthis resultis not comparedo the nearmidrapidity region. The fragments
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Figure 6.10: Thestrengthof thedirected(triangles)andelliptic (circles)flow effect of deuterongleft) andtritons(right). Thedashed
line indicategthe strengthof the protondirectedflow accordingto figure6.7.

shav a strongerdependencen rapidity than the protonswhich are indicatedby the dashedines. The
coveredrapidity regiondoesnotallow to fix the peakposition thestrongriseratherindicateghatthepeakis
notyetreachedNevertheles®necandetermineghe maximummeasuredlow strengthwith v1 4. ~ 0.28
for both,deuterongndtritons.

Thetrans\erseflow of the measuregbhotonsis displayedn figure 6.11asfunction of the rapidity. For
photonswith a transversemomentumpr > 400 MeV/¢ (left panel)the first harmonicis even consistent
with zero.For low pr photongright panel)however, thedirectedflow turnsoutto beweakbut significantly
positive, i.e. oppositeto the fragmentflow. This is in good agreementvith figure 6.9 andwould at first
sightindicatea simplerelationbetweenthe flow of pionsandtheir decayproducts.This might be true for
the directedcomponenthowever, the elliptic componentloesbehae contrary Figure 6.11 illustratesthe
nearlylineardependencenrapidity of theelliptic flow componentwhichis negative for thewholerapidity
region coveredby the LEDA detectorIn otherwordsthe photonsexhibit elliptic out-of-planeflow, but the

positively chaigedpionsareobsenedto flow in-plane.

6.3 Dependenceon Centrality

Exemplaryfor all fragmentdigure 6.12 reflectsthe strengthof the flow effectsasfunction of the number

of participantsi¥ for protons.In additionthe resultsobtainedfor mixed events(opensymbols)are pre-
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Figure 6.11: The Fourier coeficientsv; (triangles)andwvs (circles)obtainedfor 79 decayphotonsnearmidrapidity The left side
representshehigh pr range theright onetherangepr < 400 MeV/c. Thedashedinesareto guidetheeye.

sentedo proof againthe neggligible detectoreffects. The showvn dataareintegratedover the whole proton
acceptanceangeof the PlasticBall detector The centralitydependencef the directedflow looks already
familiar sinceit wasanalyzedwith thetransversemomentunmmethodin termsof (p,.) (seefigure5.7a). The
largestdirectedflow occursin semi-centratollisionswith animpactparameteof b ~ 8 fm. Theeffectis
of theorderof 15 %, whichis the samenumberprovided by the correlationof suberentsfor this centrality
bin (seesection4.2.2.

With the Fourier expansionof the azimuthalparticle distributions the elliptic flow is evaluated.For
peripherakventsthereis anon-zeronegative, or out-of-planeglliptic flow of theorderof v, ~ —0.05. For
semi-centratollisionsthis effect vanishesandfor centralcollisionsa weakpositive, or in-plane,elliptic
flow is obsered. In otherwordsin very peripheraleventsa weak out-of-planeflow, alsoreferredto as
squeeze-ouf ], is obsenable for protonsat target rapidity. For the heavier fragmentsthe above
describedphenomenare as expectedeven more pronouncedThe directedflow in semi-centralevents
turnsout to be an effect of 19 % and 23 % for deuteronsandtritons, respectiely. In peripheraleventsa
squeeze-outffectof v = —0.07 £ 0.04 for deuteronsandvy = —0.12 & 0.10 for tritonsis obtained.

Not only the magnitudeof the protonv;, but alsoits peakpositionin rapidity is obseredto vary with
centrality Thereforethe peakposition y(v1 mas) is determinedby fitting the v, rapidity distribution by
a Gaussiamsdescribedn section6.2 The evolution of the peakpositionas a function of centrality is
displayedn figure 6.13 It decreasewith the numberof participantsiy . This meansy(vi mqg) is closer
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Figure 6.12: Thecentralitydependencef the strengthof the directed(triangles)andtheelliptic (circles)flow effect of protons.The
solid symbolsarefor real data,while the opensymbolsare obtainedfrom mixed events.Additionally the impactparamete@xis is
given.

to midrapidityin peripheralthanin morecentralcollisions. Thoughin very centralcollisionsthe directed
flow effect vanishesdueto the symmetryandthusfor the bin of the mostcentralcollisionsthe evaluation
of the peakpositionis ratherdifficult. This is reflectedby the large fit error givenin the figure. Also at
lower beammomentaa variationwith centralityof the peakpositionin thewv; rapidity distribution hasbeen
obsened| ]. Sincethemeanof the protonrapidity distribution doesnot changewith thecentralitythe
obsenedevolution of y(v1 mqe) With centralityis apparentlya propertyof the eventasymmetryHowever,
thepossiblebackgrounaf theidentifiedprotonsdependsilsoon centrality For highercentrality i.e. higher
hit multiplicity, thenumberof doublehitsis largerandtheparticleidentificationis moredifficult. Thismight
influencethe peakpositionin rapidity (seeappendixE).

As for the protonsthe dependencef the directedflow strengthof = on the centrality is already
providedin the sub&entandthe transersemomentumanalysis Figure6.14 presentshe directedandthe
elliptic flow in termsof v; and v, respectiely, integratedover the whole PlasticBall acceptanceThe
value of v; decreasewith the numberof participants.The largesteffect is obsenedin more peripheral
collisions(~ 17 %). Theelliptic flow components weakor evenconsistentvith zerofor all collisionswith
b > 6.5 fm. For smallerimpactparameters exhibits a positive, i.e. in-plane,signal. The apparentlylarge

effectobsenedfor centralcollisionsis notyetunderstoodandneeddurther studying.

As depictedin figure 6.6 the photonwv, increasesn magnitudefor increasingor, v; though,exhibits
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Figure 6.13: Thecentralitydependencef thepeakpositionof thev; rapidity distributionsfor protons.Thegivenerrorsaretheerrors
of the Gaussiariit.

a qualitative changefrom anti-flow atlow pr to weakflow at higherpr. Consideringthis pr dependence
of theflow effect for photonsin the LEDA detectoytwo trans\ersemomentumbins are choserto present
the flow strengthas a function of centralityin figure 6.15 For both p; > 400 MeV/¢ (left panel)and
pr < 400 MeV/c (right panel)the elliptic flow decreasewvith the numberof participantsin peripheral
collisionsfor lower pr the strengthof the elliptic flow is in maximumuvs ~ 0.03, wherefor higher pr
it exceedsv, ~ 0.08. For the low transversemomentumregion the photonsin LEDA exhibit the same
centralitydependencef v; asther™, thoughtheabsolutemagnitudés smallerby afactorof approximately
20.In collisionswith b < 9 fm the photonswith pr > 400 MeV/c showv avery weakdirectedflow effect,
for largerimpactparameters; is consistentvith zero.Apparentlythe directedflow is carriedby v's with
smalltrans\ersemomentumwhile the elliptic flow is dominantfor the highpr +'s.

6.4 Comparisonwith the (p,) Method

Theresultsobtainedwithin the azimuthalcorrelationmethodconfirmratherwell the flow effectsobsened
by thetransyersemomentumanalysis.The Fourier expansionthough,providesevenmoreinformation.In
particularit allowsthesystemati@nalysisof theelliptic eventshapedeformation Furthermoreonecanalso

evaluatethetrans\ersemomentuntransferin thereactionplane(p,,) by integratingthev: (pr) distribution
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Figure 6.14: Thecentralitydependencef thestrengthof thedirected(triangles)andtheelliptic (circles)r+ flow. Thesolid symbols
arefor realdata,while the opensymbolsareobtainedrom mixed events.Additionally theimpactparameteaxisis given.

1 > dN
z) = — —d 6.10
(P2) N/o vi(pr) pr dor pT (6.10)

whereN is thenumberof obsenedparticlesandthe v, (pr) distributionsaregivenfor thedifferentparticle
speciesn section6.1 Therespectie protondistribution e.g.waspresentedh figure6.2 Theintegrationof
equation6.10wasappliedto all obtainedv; (pr) distributions.Theresultis summarizedn table6.1

particle | y | pr/MeV/c | (p.)/MeV/c
p -0.4-0.1| 100-800 —64.0+ 8.9
d -0.3-0.1| 180-1080 | —114.5+ 20.1
t -0.3-0.1| 220-1260 | —167.5+37.3
ot -0.6-0.0| 50-250 22.9+4.9

Table6.1: Theaveragetrans\eersemomentumyp.) determinedvith the Fourierexpansionmethod.

The quantitatve resultis apparentlydifferent from the one provided by the trans\ersemomentum
methodpresentedn chapter5. This discrepang however, can be explainedby the differentpr regions
covered.Evaluatingthe integral accordingto equation6.10 requiresa completemeasurementdown to
pr = 0. Thisis importantsincethe pr particle spectraare approximatelyexponential. Thusthe number
of low pr particlesis muchlargerthanthe higher pr particlesandthe latter onescontrikbute lessto the
trans\ersemomentuntransfer But the transversemomentumcan, asstatedin table6.1, not be measured

down to zero.This acceptancéole, asit is visible in the 2N /dp,. dp, distributionsin figures5.1-5.3,
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Figure 6.15: Thecentralitydependencef the strengthof the directed(triangles)andthe elliptic (circles) photonflow. Two different
transersemomentunbinsarepresentedpr > 400 MeV/c ontheleft andpr < 400 MeV/c ontheright.

couldbe evadedin thetrans\ersemomenturmmethodby fitting a two dimensionalGaussiarto the particle
distribution, which extrapolateghe trans\ersemomentadown to zero.An extrapolationof the v, (pr) dis-
tributionsto pr = 0 is concevable,too. In referencd ] however, it wasobsenedthatespeciallyin
thelow pr region the datadeviatesfrom thelinearbehaiour. And sincea parameterizatioffor this region
is in our casenotknown, it is notmeaningfulto evaluatethe quantitate valueswith this method.

Neverthelesgs the qualitative resultin rathergoodagreementvith the trans\ersemomentunmethod.
Again negative valuesare obtainedfor the averagetrans\ersemomentaof fragments.The directedflow
strengthis a function of the fragmentmass,i.e. the deuteron(p,.) is abouttwice and the triton (p,) is
approximatelythreetimes as large as the proton (p, ). The positively chaged pions exhibit an positive
trans\ersemomentuntransfer which confirmsagainthe anti-flow behaiour of the producednesons.

It is concevablethatanelliptic eventshapewill alsobeobsenablewith theaveragerans\ersemomen-
tum method.If particlesareemittedin a preferreddirectionthis could affectthewidth of the d*> N/dp,.dp,
distribution. Elliptic in-planeflow would increasethe width of the Gaussiardistribution in x-direction,in
y-directionthe distribution would be smaller This effectis studiedfor protonsandpionsby meansof the
ratioe = o0,/0,, whereo, ando, arethewidths of thetwo dimensionalGaussiarfit to the d2N/dpmdpy
distribution. For symmetricdistributionse = 1 is expected Thedimensionlesparametet is evaluatedor
all rapidity binsfor protonsandpionsandturnedin outto be consistentvith 1 within theerrors. Theeffect
hasa magnitudeof 0.2 % (0.3 %) for protons(pions). Thusthe transyersemomenturmdistributionsdo not
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exhibit anelliptic deformation Thisis in goodagreementvith theazimuthalcorrelationmethod wherethe

elliptic flow in the targetrapidity region wasfoundto be consistentvith zerofor protonsandpions.



7. Summary and Conclusions

In thisthesishigh enegy heavy ion collisionsarestudiedwith attentionto collective flow phenomenalhe
analyzeddataare from Pb + Pb collisionsat 33 TeV, i.e. 158 GeV per nucleon,measuredn the WA98
experimentatthe CERN SPSacceleratar

The PlasticBall spectrometeis 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 transwerseenegy Er of protonsand light target fragmentsthe orientationof the
reactionplaneis determinedTheresolutionis obtainedrom the correlationstrengthof randomlyarranged
suberents. The correlationstrengthof fragmentsshavs a strong dependencen centrality It is largest
for an impact parameterof b ~ 8fm, i.e. for semi-centralcollisions and decreasesor larger impact
parameterandvanishedor centralcollisions.Pionsturn outto be anti-correlatedo the fragmentsandthe

anti-correlatiorincreasesvith theimpactparameter

The averagetrans\ersemomentum(p,) in the reactionplaneis a measureof the directedflow. (p,)
is evaluatedas function of centrality and rapidity. Significantdirectedflow (anti-flow) is measuredor
fragments(pions)in the target rapidity region. Model calculationsoverestimatehe measuredrans\erse
momentumtransferby a factorof 2 — 3. The centrality dependenceeveals,asin the sub&entanalysis,
for fragmentsthe largesteffect in semi-centralcollisions. The directedpion anti-flow tendsto increase
with increasingmpactparameterThe analysisof the rapidity dependencallows to fix the peakposition
aty ~ —0.2 for protons.The averagetrans\ersemomentumof deuteronsandtritons apparentlyrisesto
smallerrapiditiesand the peak position cannotbe fixed in the coveredrapidity region. Pions,however,
exhibit aclearpeakaty ~ —0.4. In the samerapidity rangethe deuteron$have approximatelyanaverage
transversemomenturtwice aslarge asthe oneof protons.The (p,.) of tritonsis threetimeslargerthanthe
oneof protons This factindicateshatthefragmentsareemittedby a sourceof commoncollective motion.

The strengthof the directed flow reveals a strong dependenceon the beamenenpy. In a simple
geometricalmodel this can be explained by the fact that at low incident enegies the directedflow is
mainly causedy the deflectionof spectatomatterby the expandingparticipantgbounce-of). This effect
is suppresseat higher enegies sincefasterspectatomatteris expectedto be lesseasily deflectedand
the directedflow is thenmainly driven by the pressuregradientof the reactionzone.The flow excitation
functionincreasesith the incidentenegy up to ~ 1AGeV, for larger enegiesa decreasas obsened.
Hydrodynamic calculationsqualitatively reproducethis behaiour and predict a significant difference

betweenpure hadronicmatteranda possibleQGP Thereforethe analysisof the flow excitation function
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providesinformation abouta possiblephasetransition.In orderto obtaina clear picture of the collision
dynamicsthe flow excitation function hasto be known ascompleteaspossiblefor a large enegy region.
Thepresentnalysisshowvs thatthe WA98 experimentis ableto coverthe high enegy part.

The eventshapewasalsostudiedby a Fourier analysisof azimuthalparticle correlationsThis hasthe
adwantagehatalsohighermomentsanbeanalyzedThestrengthof theflow effectis measuredh termsof
coeficientv, for then-th harmonic.Theparticlesdetectedn thetargetrapidity region exhibit a significant
directedflow effect, while the elliptic flow components consistentvith zero.However, photonsfrom the

7V decaymeasureahearmidrapidity shav only weakdirected but significantelliptic flow.

The parameten,, i.e. the strengthof the directedflow, dependsearlylinearly on the trans\ersemo-
mentumin thep region covered.Thecentralitydependencef v, confirmsratherwell theresultobtained
with the trans\ersemomentummethod.The largesteffect of 15 % is obsenedin semi-centrakollisions,
i.e. for animpactparameteof b ~ 8fm. This is the casefor all targetfragmentsp, d, andt. Positively
chagedpions,however, shav anincreaseof v; with theimpactparameterin semi-centrabventsa 10 %
effectis obsened,while in moreperipheraleventsthe directedflow effectis approximatelyl7 %. The x°
decayphotonsof smalltrans\ersemomentunpr exhibit a weakdirectedflow with the samedependence
on centralityasthe =+ This indicatesthat the photonsstill carry a part of the original 7° flow velocity.
The absolutemagnitudeis smallerby a factorof approximately20 which canbe explainedby the strong
dependencen rapidity, sincethe photonsare measureshearmidrapidity, while the 7+ aredetectedn the
targetfragmentatiorregion.

Theelliptic flow componentalsorevealsa dependencen centrality In semi-centrakventsit is consis-
tentwith zero.However, for large impact parametershe protonsat target rapidity have a negative vs. In
otherwords,in peripherakollisionswith alargenumberof spectatorg> 300) anout-of-planeelliptic flow,
or squeeze-outs obsened. This effectis of theorderof 6% andcanbeexplainedby the shadeving of pro-
tonsby thespectatomatter In centralcollisionsthe v, parameteis positive,i.e.a~ 1.5 % elliptic in-plane
flow effectof protonsis obsened.Here,thenumberof spectatorss smallandshadaving effectsapparently
vanish.Hencethe elliptic flow candevelop alongthe lines of the highestpressuregradient,i.e. in-plane.
Positively chagedpionsalsoexhibit a significantelliptic in-planeflow in centralcollisions. The 7° decay
photonsnearmidrapidity shov negative v, for all centralities.The strengthof the elliptic flow increases
with the impactparameterNeutraland chagedpionsare expectedto exhibit the sameflow phenomena.
And the directedflow of the 7° decayphotonsnearmidrapidity indicatesthe sameflow asobsened for
chaged pions nearmidrapidity in the NA49 experiment.However, the elliptic flow effect is found with
differentsignfor photonsandchagedpions.

The study of the rapidity dependencef the flow strengthw,, revealssomeimportantfeatures.The
directedflow is large at targetandprojectilerapidity andvanishesat midrapidity. Due to momentuncon-
senation vy is anti-symmetricaroundmidrapidity. At relatiistic enegiesit was found that the rapidity
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dependencshaws a typical S-shapecurve andthe slopeat midrapidity wasdefinedasFlow. However, at
the presentultrarelatvistic enegiesthis shapehaschanged.The directedflow nearmidrapidity is much
wealer andthusthe slopeis lesssteep.The datacanbe describedy two superimpose@Gaussiansyhich
areanti-symmetriaroundmidrapidity. The peakpositionandthemaximumu; couldbeobtainedby fitting
thedatawith a Gaussiardistribution. Thus,the descriptionof the rapidity dependencef the directedflow
by the slopenearmidrapidity is not sufficient. The superpositiorof two Gaussianss more generallyap-
plicable.It describeghe completerapidity rangeandhasbeenprovedto be alsoapplicableto collisionsat
lowerbeamenegies.In particularthetypical S-shape&urve canbereproducedy varyingthepeakposition
andthewidth of the Gaussiaristributions.Theparametersf the Gaussiardistribution canbedescribedas
the contributionsof spectatorandparticipantgo the directedflow signal.If the particlesnearmidrapidity
shav alargedirectedflow signalthewidth of the Gaussiaristributionis consequentlyarge.In thestudied
33 TeV Pb + Pbcollisions, however, the width is smallerandthe distributionsare more separatedhanat
relativistic enepies,thusthe particlesnearmidrapidity exhibit only weakdirectedflow. While the super
positionof the Gaussiansould be appliedto the protonandthe pion rapidity distributions, the covered
rapidity regionis to smallto prove this descriptionfor heavier fragments.

The strengthof the elliptic flow by meansof v, is consistentwith zero at target rapidity. However,
closerto midrapidity vo exhibits a clearsignal. For positively chaged pionsthis effect is of the order of
5%, the elliptic flow of protonsincreasedo approximatelyl0 %. Sincethe parameten- is positive the
directionof the elliptic flow is alignedwith the directedflow, or in otherwords elliptic in-planeflow is
obsened. Thetracking spectrometearmsin the WA98 experimentcover the midrapidity region andwill

provide a morecompletepictureof theelliptic flow componentn this region.

Only afew yearsago,it wasbelievedthattrans\erseflow would not exist at all at SPSenegies,or if it
did exist, be not large enoughto measureHowever, recentwork including the presentanalysishasshavn
thatnot only themeasuremeris possiblebut thatnew andexciting resultsarebeingobtained Thedifficult
taskto determineareactionplaneat SPSenegiesrequireghe preciseparticlemeasuremerih thetargetor
projectilefragmentationmegion. Thisthesishasshavn thatthe PlasticBall detectoiin the WA98 experiment
is idealto performthis measuremerandto analyzeazimuthalnisotropiesTheveryinterestingpbsenation
of elliptic flow nearmidrapidity will becomea topic in future investigationsSincethe effectis weakand
difficult to disentanglet is not yet resolvedwhy pionsshown anin-planeand photonsexhibit out-of-plane
flow. This remainsanopenquestiorandgivesriseto further studies Currentmodelsareonly beginningto
reasonablyeproducdlow effectsat AGS enegies,andarestill insufficientat SPSenegies.New methods
of measurindlow have beendevelopedandrecentinsightsinto obsenableslik e elliptic flow have opened
theopportunitiesfor studyingcollective flow at SPSenegiesandbeyond.Collective phenomen&y means
of directedandelliptic flow have beenreexaminedasa potentialsignalfor a quarkgluon plasmaandwill

be helpfulin theunderstandingf the complex collision dynamics.






A. Kinematical Variables

The descriptionof ultrarelatvistic heary ion collisions makes useof several kinematicalvariables.The

definitionof the mostimportantonesusedin this thesisaregivenhere.The four-momentunis definedas:
E
= <?px,py,pz> (A.1)

Thebeamis consideredo pointinto z-direction.Thusthetransversemomentunp andthelongitudinal

momentumcomponenp; canbewritten as:

psinf = /p3 +pj

p| = pcosh=p, (A.2)

pr

With the absolutemagnitudeof the momentunp = /p? + p3 + p: andthe polarangled relative to the
beamaxis.

The trans\ersemomentunp is invariantunderLorentztransformatiorin z-direction,however, p| is
not invariant. Thereforethe dimensionlessapidity is defined.lt describeghe velocity in z-directionand
hastheadvantageto be additive underLorentztransformation:

y = 1hrl <E+p|>
o 2 E_pH

atanh( %) (A.3)

|

Thespeedf light is definedasc = 1.
Experimentally the determinatiorof the rapidity might be difficult sinceit requiresparticle identifi-

cation. For ultrarelatvistic enegies,i.e. for enegieslarge comparedo the restmassof the particle,the

1 <P+P>
(PP
P =D

0
= —In (tan 5) (A.4)

rapidity turnsinto the so-calledpseudorapidity:

=
Il

For the particularcaseof mass-lesphotonstherapidity andpseudorapidityareequivalent.
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B. Plastic Ball Mapping

In figure B.1 the PlasticBall mappingis given. The arrangemenfor eachdetectormodule,representethy
onetriangle,is showvn in the 6, ¢ - phasespace.Thetwo mostforwardrings30° < ¢ < 50° areusedto
rejectdownstreaninteractionsThey correspondo the modulenumbers576to 655.

For the reactionplanedeterminatiorthe modulesl to 520 are used.this corresponds$o 160° < 0 <
60°. Theforwardregionis left out for the reactionplanedeterminatiorbecausehe high multiplicity does
not allow areasonabl@articleidentificationin thesed rings, the flow analysishowever, is basedniden-

tified particles.
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FigureB.1: ThePlasticBall mapping.For every module,representetdy onetriangle,the numbey andthe polarangleis given. The
azimuthalangle® is only valid for © = 90°.



C. Event Selection

To obtaina cleandatasetit is necessaryo rejecteventswheretwo beamparticle hit the targetin sucha
shorttime thatthe trigger cannotseparateheminto two single events.This canbe doneby studyingthe
trans\erseenegy Er asa function of the forward enegy Ezpc (seesection3.1). In figure 3.1 the data
shavn have alreadybeencleanedrom suchpile-up events.If a secondbeamparticletraverseshe target
afteratoo shorttime differencethe ZDC measuretheforwardenegy of bothevents.

In figure C.1 one canclearly seea bandof pile-up eventsapartfrom the normalband,which canbe
selectedy thecut:

25— 0.08 x (Erp/GeV) < (Ezpc/TeV) < 45 — 0.07 x (Er/GeV) (C.1)

If the beamparticle doesnot interactwith a target nucleusthe transerseenegy and the signalsin
forward modulesof the PlasticBall shouldbe small. However, it might happen that the beampatrticle
interactswith materialdownstreanof the target, the air, the detectorsupportstructure or the beampipe.
This will resultin little or no signalin the PlasticBall but the E1 will be comparableo a peripheral
collision. To separategheseeventsfrom true peripheraleventsa PlasticBall cut is applied.Thereforethe
ADC sums; of thetwo mostforwardrings(30° < 6 < 50° seefigureB.1) is calculatedandcompared

ooooogo
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00oQo
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E./GeV

Figure C.1: Theforwardenegy Ezpc versushetranserseenegy Er. Thesolidlinescorrespondo theappliedcut.
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o

with thetranswerseenegy. In figure C.2this comparisoris studiedand Er is plottedversussy. Theevents
with downstreaminteractionscanberejectedoy thefollowing cut:

655

sp= Y _ ADC; (C.2)
1=576
—80 4 0.003 x s; < (Er/GeV) < 50 +0.010 x s (C.3)



D. Particle Identification

D.1 The Applied Cuts

partide gmin gm(m’ Emi,'n, Ema,x

pions -1.34| 0.29 | 20MeV | 200MeV
protons 0.44 | 1.05 | 40MeV | 240MeV
deuterons| 1.05 | 1.5 | 50MeV | 300MeV
tritons 154 | 1.65 | 70MeV | 250MeV

TableD.1: The cutsappliedon the straightenedA E - E distribution £ (figure 3.5) to identify the given particle speciesFor the
positvely chagedpionsa TDC value> 0.2usis additionallymandatoryTherecommende@negy rangeis givenalso.

D.2 Influenceof cutson (p,)

Onephysicsobsenablein systematidlow studiesis the averagetrans\ersemomentumwith respecto the
reactionplane(p,.). Seechapter4.1for the explanationof (p,,) aswell asfor the definition of thereaction
plane.To checkwhethetthis quantityis distortedby abackgrounaf misidentifiedPlasticBall hitsdifferent
strongcutson the ¢ distribution (figure 3.5) aretested.Table D.2 shavs thatwithin the errorsthereis no

significanteffect. For furtherdetailsseeappendixE.

cutwidth (Da)eorr

1.00 24.75 + 7.33MeV
1.50 28.18 + 8.35MeV
2.00 27.70 £ 7.45MeV
3.00 34.25 £ 9.47TMeV

Table D.2: The correctedaveragetrans\ersemomentumwith respectto the reactionplane (pz)corr for different cuts on the &

distribution (figure 3.5).

D.3 Linearization Method

Anothermethodtestedfor straighteninghe A E-FE plot is basedon the analysisof the WA80 PlasticBall
data.Herethetwo dimensionabistribution (figure 3.4) is projectedontothey-axisafterstraighteningvith

85




86 AppendixD: PlasticBall Particle Identification

thefollowing function:
VE? + AE?
R, (arctan(AE/E))
WhereR, is afixedarrayof valuesonly dependingntheangleof everyhit in the A E- E phasespaceThe

¢ =

projection¢’ is shown in figure D.1. The well definedpeaksfor =, p, d, andt hits arevisible anda 3¢ cut
for protonsis shown.
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FigureD.1: ThelinearizedA E-E distribution £’. Visible arethe peaksfor =, p, d, andt. The solid curwe is a Gaussiarfit on top of
anexponentialdistribution. Thedashedinesrepresenthe protoncuts.



E. Background Contamination

If for examplea pion-pion' doublehit is misidentifiedasa protonthis would affectthe extractedprotonflow
strengthsincepionsshown ananti-flow behaiour. Thusit is importantto checkthe possiblecontamination
of the protonswith non-protonsThis hasbeentakeninto accountoy Monte Carlosimulations.

Inputfor this simulationarethe parameterizedapidity, trans\ersemomentumandenegy distributions
of protonsandpions.Thedistributionsof theazimuthalndthepolarangleareassumedo beflat. According
to thesedistributionspionsandprotonsaresimulatedandfiltered throughthe PlasticBall acceptancelhe
resultingd® N/dp..dp,, distributionsarelikethemeasurednes(e.qg.figure5.2) exceptfor themeanposition
whichis zero,becausehereis noflow in the simulation.

Flow is introducedin the spectraby adding the typical trans\erse momentumtransfer (p.), i.e.
—30MeV/c for protonsand +10 MeV/c¢ for protons,to the simulatedtrans\ersemomentumin the re-
actionplane.The simulatedflow strengthcould be reproducedy a two dimensionalGaussiarfit rather
well. Thesystemati@rrorturnsoutto be~ 11 %.

Several possiblecontaminationscenariosare consideredand their influence on the extracted flow
strengthin termsof (p,) is studied.If for examplethe protonsare contaminatedy 3 % pionsthenthe
simulatedd? N /dp,.dp, protondistribution is superimposedby the accordingpion distribution with a3 %
contritution. The possiblecontaminatiorcontributionsarevery smallandall lessthan5 %, the considered

scenariosire:

— notcompletelystoppedprotons

— notcompletelystoppeddeuterons

— misidentifiedneutrons

— punchthroughprotor? ontop of a proton
— punchthroughprotonontop of a neutron
— punchthroughprotonontop of adeuteron
— deltaelectronontop of a proton

— deltaelectronontop of aneutron

— deltaelectronontop of adeuteron

— proton-protordoublehit

— proton-piondoublehit

1By pion, the positively chagedpionis meantexceptfor thecaser— is denotedn particular
2punchthroughprotonsareprotonswith high enepy. They loseonly a partof their enegy whenthey traversethe PlasticBall.
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— pion-piondoublehit
— pion-neutrordoublehit
— m~ ontopof aproton
— m~ ontopof apion
The systematicerrorincluding thesedifferentcontaminationsurnsout to be 8.5 %. Thusin total the sys-

tematicerroris lessthan20 %. Furtherstudieswill shav whetherthis valuemight changefor very central
events,wherethe doublehit probabilityincreases.



F. Photon Flow CrossChecks

Sincethe collective flow of photonss arathernew field andthe presentesultis apparentlynotyetunder
stoodthereareseveralindependenanalysesn progressOneimportantcrosscheckin the Fourieranalysis
of azimuthalparticlecorrelationds to examinethe collective flow perpendiculato thereactionplane.

Directedflow is by definitionin-planeflow, thusin the perpendiculadirectionthedirectedflow mustbe
zero.Sucha coordinatetransformatioraffectsthe elliptic flow differently. Elliptic flow out of the reaction
planelooks naturallylik e in-planeflow in the planeperpendiculato the reactionplane.Thusthe elliptic
flow in termsof v, would changéts sign.

The directedandelliptic flow perpendiculato the reactionplanehasbeenstudiedby fitting equation
F.1, which correspond$o a coordinategransformatiorof equation.6, to theazimuthalparticlecorrelations
like for examplein figure6.5.

1 dN

Y 1 42 cos(AD + L) + 20, cos(2(AD + ~ F1
N IAG = | T 201 cos(A® + o) 4 2v5 cos(2(AD + 7)) (F1)

2

It hasbeenconfirmedthatthe elliptic flow changests sign underthis transformationThe important
guestionhowever, is whetherthedirectedflow vanishesThisis depictedn figureF.1. Shavnis accordingly
to figure 6.15the strengthof the directedflow for low pr photonsin dependencen centrality Thefilled
symbolsrepresenthedirectedflow in thereactionplane.Thisis thesameresultasin theright panelof figure
6.15 Theflow in the planeperpendiculato thereactionplaneis givenby the opensymbols.Obviously the
directedflow in this planeis consistentith zero. This indicatesthat the obsened flow phenomenavith
respecto thereactionplaneareapparentlytrue effects,thoughit is still not completelyunderstood.
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Figure F.1: Thecentralitydependencef the strengthof thedirectedphotonflow for p < 400 MeV/c. Thefilled symbolsdisplay
the sameresultasin theright panelof figure 6.15for the directedflow in thereactionplane.The opensymbolsrepresenthedirected
flow in the perpendiculaplaneobtainedby equationF. 1.
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