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Abstract

The azimuthalanisotropy of chagedparticlesin heavy ion collisionsis a very sensitve signatureof
guark-gluonplasmaevolution at earlytime stages An analysisbasecn afull CMS detectorsimula-
tion of HYDJET Pb+Pheventsshows thatthe eventplaneresolutionachievedwith the CMS Tracking
Systemis closeto the resolutionobtainedon the generatotevel, andsomeavhatbetterthanthe reso-
lution obtainedwith the CMS calorimeters.The transversemomentumandrapidity dependenciesf
theelliptic flow coeficientv, canbereconstructeéh the CMS Tracker with high accurag.



1 Introduction

The azimuthalanisotroly of chaged particlesis one of the mostimportantfeaturesof the densequark-gluon
plasma(QGP)in heavy ion collisions. In non-centralcollisions betweentwo nuclei the beamdirectionandthe
impact parameterdefine a reactionplanefor eachevent. The obsened particle yield versusazimuthalangle
with respectto the event-by-eventreactionplane givesinformationon the early collision dynamics[1, 2]. An

initial overlapregion hasan”almond” form at non-zeroimpactparameter If the producedmatterinteractsand
thermalizespressurés built up within the almondshapedegion leadingto anisotropicpressuregradients.This
pressurg@ushesgainstheoutsidevacuumandthe matterexpandscollectively. Theexpansions fastestlongthe
largestpressuregradient,i.e. alongthe shortestaxis of the almond. The resultis an anisotropicpr distribution

in the detectedparticles. One canexpandthis pr distribution in a Fourier series. The secondcoeficient of the
expansionv is oftencalledthe elliptic flow andit is expectedo bethe dominantcontritution.

Theelliptic flow wasmeasuredtlow andhigh enegies(SPS-RHIC)Fig.1) [4]. A ratio of elliptic flow to spatial
eccentricityachievzesthevalueof 0.2 at RHIC enegieswhichis consistentvith the hydrodynamicalimit.

In the RHIC experimentsfor Au+Au collisionsat 200A GeV [5, 6, 7] v2(pr) increasewith pr upto pr ~ 1

GeV/candthenit is saturatedBoth theincreaseandthe saturatiorvalueof v, aredescribedy the hydrodynamic
model[8]. At higherpr > 1 GeV/cit is necessaryo introduceothermodeldescriptionsincludingtheenegy loss
of hardpartonsin a densemedium. The changeof regimein pr dependence theintermediataegion coincides
with the beginning of the jet saturatiorregion. The pseudorapiditydependence.(n) is alsonot describedwell

by pure hydrodynamicmodels. The v2 () hasa maximumatn = 0 andfalls with increasing|n|, in contrast
to an approximateplateaufor || < 2 in the hydrodynamics.However using appropriatenitial conditionsfor

hydrodynamicsndaccountingor hadronicrescatteringanimprove the descriptionof v, (1) [9].

Thecapabilitiesof the CMS calorimetricsystento studyelliptic enegy flow wereanalyzedn [10]. It wasshovn
thatthe calorimetricsystemis well suitedto measurenegy flow andjet azimuthalanisotrogy at high pr.

This noteis dedicatedo studyingthe capabilitiesof CMS tracker to measurehe particleazimuthalanisotrogy in
theintermediatepr region.

2 TheCMSTracker
2.1 Geometrical layout

The CMS tracker is located togetherwith the electromagnetiandhadroniccalorimetersinsidea 4 T solenoidal
magnetidield. It consistof a pixel detectoyproviding 2 to 3 hits pertrack,anda Silicon Strip detectomproviding
10to 14 hits. Thereareabout10 million microstripsand40 million pixels.

The pixel detectoris composeaf 3 cylindrical layersand2 pairsin the end-capssuchthat3 pointsaremeasured
pertrackfor || < 2.2. In thebarrel(|n| < 1.5), thethreelayersarelocatedat radii of 4.3cm,7.5cm, 10.2cm,
andin theendcapgl.5 < |n| < 2.4) thetwo pairsof disksarelocatedat |z| = 34.5 cm, |z| = 46.5 cm. With the
pixel sizeof 100 x 150um the hit resolutionis approximatelylO umin r — ¢, and20 yumin r — z.

The Silicon Strip detectorhasthe following parts. The Tracker Inner Barrel (TIB) is composedf 4 cylindrical

layers,enclosedby 3 pairsof disks(Tracker Inner Disks, TID). It is thenfollowed by 6 cylindrical layersof the

Tracker OuterBarrel (TOB). The Tracker EndcapqTEC) are madeof 9 pairsof disks. The strip lengthranges
from 9 cmin theinnerpartto 21 cmin the outerpart, andpitchesrangefrom 80 to 205 um. Someof thelayers
andringsof disksareinstrumentedvith doublesidedmoduleswherethe detectorsaaregluedback-to-backwith a

sterecangleof 100mrad.

Theschematidayoutandgeometricatoverageof thetrackeris shovn in Fig.2.

2.2 Track reconstruction

The baselinealgorithm for track reconstruction{11] in CMS is the CombinatorialKalman Filter. After track
hits have beenfound the track reconstructiorproceedsvia the following four steps:trajectoryseeding,pattern
recognition trajectorycleaning,andtrackfitting andsmoothing.

The Kalmanfilter proceedsteratively from the seedlayer andincludesthe informationfrom the successie ac-
ceptabldayersoneby one.With eachincludedlayer, track parametersrebetterconstrainedin the extrapolation
of thetrajectoryfrom layerto layer, the effectsof enegy lossandmultiple scatteringaretakeninto account.
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Figurel: Theratio of elliptic flow to spatialeccentricityasa function of the hadronrapidity densitynormalized
by thereactionoverlapareaA ; , comparedo the hydrodynamicalimit for afully thermalizedsystemwith quark-
gluonplasmaor hadronequatorof state.This Figureis takenfrom [3].
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Figure2: lllustrationof the CMS Tracker layers,onequarterof thefull trackerin rz view [12].

Theglobaltrackfinding efficiencgy in p-p collisionsfor muonsis about98% over mostof the tracker acceptance.
For hadronghereconstructiorefficiency is betweerv5and95%[12]. For nucleus-nucleusollisionstheefficiency
is lower (70%- 80%)becaus®f the high multiplicity andthelargernumberof fake tracks[13].

3 Reconstruction of charge particle distributions

This studyis basedon simulationsof heavy ion collisionsusingthe HYDJET eventgeneratof14]. A sampleof
1000Pb-Pbeventsatimpactparametebd = 9 fm wasutilized. At this centralitythe numberof reconstructedracks
pereventis about250. Somesettingswereusedto reconstructracks(i.e. the numberof hits onatrack> 12,the
trackfit probability > 0.01)andacutonpr > 0.9 GeV/cwassetin bothsimulatedandreconstructed@vents.



3.1 Multiplicity

The azimuthalandn chage particle distribution for simulatedand reconstructedventsis shovn in Fig.3, the
reactionplaneanglein the simulatedeventswasequalto zero.
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Figure 3: Left plot:Simulated(stars)andreconstructedtriangle)azimuthalchage particledistribution atimpact
parameteb=9fm, right plot: » distribution.

An anisotropicazimuthalpatternis seenat boththe generate@ndtrackreconstructedevels.

The pr chaged particle distribution for simulatedand reconstructedventsand the ratio of reconstructechind
simulatedpr distributionsareshovn in Fig.4.
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Figure4: Left plot: pr distribution of reconstructedtriangles)and simulated(stars)tracks,right plot: ratio of
reconstructe@ndsimulatedpr distributionsatimpactparameteb=9fm.

3.2 Reconstruction of nuclear reaction plane

Thereactionplaneangle,¥,,, canbe determinedrom the measured-th harmonicsvia the standardnethod[15,
10}

Z w; sin(nep;)
@

t vy, = 0000
annn > w; cos(ng;)
5

whereyp; is theazimuthalangleof thei-th particleandw; is theweight. The sumrunsoverall particles.

Theaccurag of eventplanedeterminations mainly sensitve to two modelfactors:thestrengthof elliptic flow, and
theeventmultiplicity. Toillustratethedependencef theaccurayg of eventplanedeterminatioron eventcentrality
setsof 1000HYDJET Pb+Pheventswerecreatedatthe generatotevel for eachof twelve centralitybinscovering
the rangeof impact parameterfrom b = 0 to b = 2R4 (R4 is a nuclearradius). HYDJET eventsboth with
andwithout jet quenchingweregenerated Stableparticleswith pseudorapidityof |n| < 3 (CMS barrel+endcap
calorimetryacceptanceyereconsideredor the eventplaneanalysisfor n = 2 andw; = pr;. An additionalcut



of p$ > 0.8 GeV/con chagedparticletransiersemomentumwvasappliedin orderto take into accounthe effect
of chagedparticleswith smallerpr values. Suchparticlescannotreachthe calorimetersurfacein the4 T CMS
magnetidield.
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Figure5: Eventplaneresolutions(¥4) asa function of impactparametein Pb+Pbcollisionswith “standard”
(solid histogram)and“high” (dashedistogram)multiplicities (jet quenchingoff).

Figure 5 shows the calculatedresolutions (¥4), definedhereasthe width of a Gaussiarfit of the distribution

overthedifferencebetweerthe generated¥, andcalculated¥ ., azimuthalanglesof thereactionplane(1), asa
functionof impactparametein Pb+Phbcollisions(jet quenchingoff). Theinterplayof multiplicity andanisotropic
flow in oppositecentralitydirectionsfor centralandsemi-centratollisionsresultsin thebestresolutionobtainedat
impactparametersntheorderof thenuclearadius,b ~ R 4. In orderto demonstratéheinfluenceof multiplicity

ontheaccurag of eventplanedeterminationtheresolutionfor “high” multiplicity events(obtainedby increasing
the multiplicity of the soft part of the eventby a factorof 2, i.e. with the total multiplicity of soft part~ 52000

in central Pb+Pbcollisions)was also calculated. Increasingthe soft multiplicity by a factorof 2 resultsin an
improvementof resolutionby afactor~ 1.7 with aratherweakdependencentheeventcentrality

Introducingjet quenchingnto themodelresultsin ariseof eventmultiplicity andthegeneratiorof someadditional
elliptic flow in the high-pr region. The estimatedmprovementon the eventplaneresolutionin this caseis onthe
level of 20-25% for both“standard”and“high” multiplicities.

Thedistributionsof reactionplaneangle¥,, obtainedoy usingEq. 1 with n = 2 andw; = 1 for 1000HYDJET
eventsatimpactparameteb=9fm areshown in Fig.6. Theresolutionof theanglefor simulatedeventsis equalto
osim = 0.27. A comparisorof theresolutionsvith TrackerandCalorimeterss in Tablel.



Tablel: Resolutionof reactionplanereaction.
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Figure6: Distribution of the eventplaneanglefor simulated(left) andreconstructedright) events

4 vy calculation

We assumeaccordingto the hydrodynamianodel,thatin the expansionof the particledistributionin a Fourier

seriesghe v, termhasthe dominantcontribution andthe azimuthaldistribution is describedy theelliptic form:
dN N
i = 2—72[1 + 2v2 cos2(p — ¥R)] @3]

where U is the event planeangle, Ny standsfor full multiplicity. Thenw, is the averageover particlesof

cos(2(p — UR)):
* vy =< cos(2(¢ — ¥R)) > 3

Herewe apply two methodsto calculatevs-coeficient. Thefirst oneusesthe reactionplaneangledetermination
mentionedabove, andthe secondonedoesnot involve the event planeangledetermination.The basicideaof the

latter methodis thatthe v, coeficient canbe expressedn termsof particle correlationg15]. As shavn below,

thesetwo methodsyield equivalentresultsfor vs.

Also, we calculatethe v, coeficientsfrom fitting the dN/dp-distribution in eacheventusingEq. (2) with the
following free parametersiNg, v, and¥ g.

4.1 vy with reaction plane angle

The distributions of v, coeficients over 1000 events, calculatedwith reactionplaneangleby using Eq. (1) is
shavnin Fig. 7.

Thevarianceof vy, definedaso (v, ), is shavn in Table2.

4.1.1 pr and n dependence
The pr andn dependencef theelliptic flow areshavn in Fig.8andFig.9.

4.2 v, calculation by particle correlation

The methodof v, calculationwithout event planeanglereconstructiorwassuggestedn [15]. In the casewhen
thereare no other particle correlationsexceptthosedue to flow, the coeficient of azimuthalanisotrofy canbe
determinedusinga two-particleazimuthalcorrelator
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Figure7: Distribution of v,-coeficientin simulated(left) andreconstructe@vent (right) with the reactionplane
angleobtainedby Eq. (1)
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Figure8: pr dependenceCubesarereconstructedaluesof v2, openpointsaresimulatedvaluesof v,

vs =< cos2(p1 — @a) > (4)

Thevarianceof v, isin Table2. A comparisorof thetwo methodsEq. (3) andEq. (4) respectiely, is shovn asa
ratiovse® /v§im. Thecoeficientv, from thereconstructedventswith the CMS Tracker differsapproximately?o 5
from the simulatedeventsfor thetwo methods.

Thisratiois compatiblewith unit within statisticalerrors.

Finally, thedistribution of v2-coeficients,extractedfrom fitting of dN/dp-distributionin eacheventby Eq. (2), is
shovnin Fig. 10.
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FigurelO: Distribution of v, -coeficientsin simulated(left) andreconstructedvents(right) from fitting by Eq. (2)

5 Conclusion

The capabilityof CMS Tracking Systemto measureazimuthalanisotropy of chagedparticlesin heary ion col-
lisions hasbeenanalyzedfor the first time. The azimuthalflow was calculatednereby two methods. The first
methodwasbasediponthe determinatiorof the reactionplane,andthe secondvasbasedn particlecorrelations
without a determinatiorof the reactionplane. It wasshavn thatthesetwo methodsgive similar results,because
they arebasedon the samesuggestionthatthe azimuthaldistribution of particlesis describedy theelliptic form.

Theanalysispbasedn afull detectorsimulationof HYDJET Pb+Phevents,shavs thatthe eventplaneresolution
achieved by usingthe CMS Tracker is closeto the resolutionobtainedon the generatolevel, andis somavhat
betterthantheresolutionobtainedwith the CMS calorimeters.

Thetrans\ersemomentumandrapidity dependencesf theelliptic flow coeficientcanbereconstructedisingthe
CMS Trackerwith high accurag.

To conclude,let the areasfor future relatedstudiesto be outlined. The sensitvity to non-flov effectsin the
two-particleazimuthalcorrelationmethodamotivatedthe developmentbof new techniqueswhich make usemulti-



Table2: Ratioof v, for reconstructe@ndsimulatedevents,andthewvsy variance.

Method 05 | o(va) | vEeC/u3™
< cos2(p —UR) > 0.1174| 0.051 1.055
\/(< cos2(p1 — p2) >) | 0.1174| 0.052 1.055
vo from fitting 0.1187| 0.059 0.95

particleazimuthalcorrelationdy performinga cumulantexpansionwherethecollective sourceof correlationsan
be disentangledrom othersources.Thusit will be usefulto comparethe four-particleandtwo-particlecumulant
methodsfor CMS installation. Anotheranalysisthat would be interestingwould be looking at the capability of

CMS Trackerto measuralsonon-seconaoeficientsof a Fourierexpansiorof the particlep-distribution, which

canreflectimportantdynamicsof the reaction. In particulat v4(pr) nearmid-rapidity andv; (pr) atthe most
forwardrapidity coveredby thetracker maybe of theinterest.
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