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Abstract

Theazimuthalanisotropy of chargedparticlesin heavy ion collisionsis a very sensitive signatureof
quark-gluonplasmaevolution at earlytime stages.An analysisbasedon a full CMS detectorsimula-
tion of HYDJETPb+Pbeventsshowsthattheeventplaneresolutionachievedwith theCMSTracking
Systemis closeto theresolutionobtainedon thegeneratorlevel, andsomewhatbetterthanthereso-
lution obtainedwith theCMS calorimeters.Thetransversemomentumandrapidity dependenciesof
theelliptic flow coefficient ��� canbereconstructedin theCMSTrackerwith highaccuracy.



1 Introduction
The azimuthalanisotropy of chargedparticlesis one of the most importantfeaturesof the densequark-gluon
plasma(QGP)in heavy ion collisions. In non-centralcollisionsbetweentwo nuclei the beamdirectionandthe
impact parameterdefinea reactionplanefor eachevent. The observed particle yield versusazimuthalangle
with respectto the event-by-event reactionplanegives informationon the early collision dynamics[1, 2]. An
initial overlapregion hasan ”almond” form at non-zeroimpactparameter. If the producedmatterinteractsand
thermalizes,pressureis built up within thealmondshapedregion leadingto anisotropicpressuregradients.This
pressurepushesagainsttheoutsidevacuumandthematterexpandscollectively. Theexpansionis fastestalongthe
largestpressuregradient,i.e. alongthe shortestaxis of the almond. The result is an anisotropic��� distribution
in the detectedparticles. Onecanexpandthis ��� distribution in a Fourier series.The secondcoefficient of the
expansion� � is oftencalledtheelliptic flow andit is expectedto bethedominantcontribution.

Theelliptic flow wasmeasuredat low andhighenergies(SPS-RHIC)(Fig.1) [4]. A ratioof elliptic flow to spatial
eccentricityachievesthevalueof 0.2at RHIC energieswhich is consistentwith thehydrodynamicallimit.

In the RHIC experimentsfor Au+Au collisionsat 200A GeV [5, 6, 7] � ��� � �	� increaseswith � � up to � ��
 1
GeV/candthenit is saturated.Both theincreaseandthesaturationvalueof � � aredescribedby thehydrodynamic
model[8]. At higher���� 1 GeV/cit is necessaryto introduceothermodeldescriptions,includingtheenergy loss
of hardpartonsin a densemedium.Thechangeof regimein ��� dependencein theintermediateregion coincides
with the beginningof the jet saturationregion. The pseudorapiditydependence��� ��� � is alsonot describedwell
by pure hydrodynamicmodels. The ��� ��� � hasa maximumat ����� and falls with increasing � � � , in contrast
to an approximateplateaufor � � ����� in the hydrodynamics.However usingappropriateinitial conditionsfor
hydrodynamicsandaccountingfor hadronicrescatteringcanimprovethedescriptionof ��� ��� � [9].

Thecapabilitiesof theCMScalorimetricsystemto studyelliptic energy flow wereanalyzedin [10]. It wasshown
thatthecalorimetricsystemis well suitedto measureenergy flow andjet azimuthalanisotropy athigh � � .
This noteis dedicatedto studyingthecapabilitiesof CMS tracker to measuretheparticleazimuthalanisotropy in
theintermediate� � region.

2 The CMS Tracker
2.1 Geometrical layout

TheCMS tracker is located,togetherwith theelectromagneticandhadroniccalorimeters,insidea 4 T solenoidal
magneticfield. It consistsof apixel detector, providing 2 to 3 hitspertrack,andaSiliconStripdetectorproviding
10 to 14hits. Thereareabout10million microstripsand40 million pixels.

Thepixel detectoris composedof 3 cylindrical layersand2 pairsin theend-caps,suchthat3 pointsaremeasured
per track for � � ������� � . In thebarrel( � � ��� ��� ! ), the threelayersarelocatedat radii of 4.3 cm, 7.5 cm, 10.2cm,
andin theendcaps( �"�#!$�%� � �&���'� ( ) thetwo pairsof disksarelocatedat � )*� �,+ (&�#! cm, � )-� � (�.��#! cm. With the
pixel sizeof � �"�0/ �1! �"2 m thehit resolutionis approximately10 2 m in 35476 , and20 2 m in 354) .
The Silicon Strip detectorhasthe following parts. The Tracker Inner Barrel (TIB) is composedof 4 cylindrical
layers,enclosedby 3 pairsof disks(Tracker Inner Disks,TID). It is thenfollowedby 6 cylindrical layersof the
Tracker OuterBarrel (TOB). The Tracker Endcaps(TEC) aremadeof 9 pairsof disks. The strip lengthranges
from 9 cm in the innerpart to 21 cm in theouterpart,andpitchesrangefrom 80 to 205 2 m. Someof the layers
andringsof disksareinstrumentedwith doublesidedmodules,wherethedetectorsaregluedback-to-backwith a
stereoangleof 100mrad.
Theschematiclayoutandgeometricalcoverageof thetracker is shown 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 reconstructionproceedsvia the following four steps: trajectoryseeding,pattern
recognition,trajectorycleaning,andtrackfitting andsmoothing.

The Kalmanfilter proceedsiteratively from the seedlayer andincludesthe informationfrom the successive ac-
ceptablelayersoneby one.With eachincludedlayer, trackparametersarebetterconstrained.In theextrapolation
of thetrajectoryfrom layerto layer, theeffectsof energy lossandmultiplescatteringaretakeninto account.
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Figure1: The ratio of elliptic flow to spatialeccentricityasa functionof thehadronrapidity densitynormalized
by thereactionoverlapareaD5E , comparedto thehydrodynamicallimit for a fully thermalizedsystemwith quark-
gluonplasmaor hadronequatonof state.ThisFigureis takenfrom [3].
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Figure2: Illustrationof theCMSTracker layers,onequarterof thefull tracker in k1l view [12].

Theglobal trackfinding efficiency in p-p collisionsfor muonsis about98%over mostof thetracker acceptance.
For hadronsthereconstructionefficiency is between75and95%[12]. For nucleus-nucleuscollisionstheefficiency
is lower (70%- 80%)becauseof thehighmultiplicity andthelargernumberof fake tracks[13].

3 Reconstruction of charge particle distributions
This studyis basedon simulationsof heavy ion collisionsusingtheHYDJET eventgenerator[14]. A sampleof
1000Pb-Pbeventsat impactparameterm�n�o fm wasutilized. At thiscentralitythenumberof reconstructedtracks
pereventis about250. Somesettingswereusedto reconstructtracks(i.e. thenumberof hits on a track p 12, the
trackfit probability p 0.01)anda cuton q-rpts�u o GeV/cwassetin bothsimulatedandreconstructedevents.
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3.1 Multiplicity

The azimuthaland � charge particledistribution for simulatedand reconstructedeventsis shown in Fig.3, the
reactionplaneanglein thesimulatedeventswasequalto zero.
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Figure3: Left plot:Simulated(stars)andreconstructed(triangle)azimuthalchargeparticledistribution at impact
parameterb=9fm, right plot: � distribution.

An anisotropicazimuthalpatternis seenat boththegeneratedandtrackreconstructedlevels.

The ��� chargedparticle distribution for simulatedand reconstructedeventsand the ratio of reconstructedand
simulated��� distributionsareshown in Fig.4.
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Figure4: Left plot: q r distribution of reconstructed(triangles)andsimulated(stars)tracks,right plot: ratio of
reconstructedandsimulatedq r distributionsat impactparameterb=9fm.

3.2 Reconstruction of nuclear reaction plane

Thereactionplaneangle, �5� , canbedeterminedfrom themeasured� -th harmonicsvia thestandardmethod[15,
10]:

����� ���5��n
���0� �� f¡ �£¢ ��¤

�¦¥
� �$� �"§I¨c  ¢ ��¤

�¦¥
(1)

where¤
�

is theazimuthalangleof the © -th particleand
� �

is theweight.Thesumrunsoverall particles.

Theaccuracy of eventplanedeterminationis mainlysensitiveto two modelfactors:thestrengthof elliptic flow, and
theeventmultiplicity. To illustratethedependenceof theaccuracy of eventplanedeterminationoneventcentrality,
setsof 1000HYDJETPb+Pbeventswerecreatedat thegeneratorlevel for eachof twelvecentralitybinscovering
the rangeof impactparametersfrom mªn«s to mªn¬�®°¯ ( ®5¯ is a nuclearradius). HYDJET eventsboth with
andwithout jet quenchingweregenerated.Stableparticleswith pseudorapidityof ± ²�±�³µ´ (CMS barrel+endcap
calorimetryacceptance)wereconsideredfor theeventplaneanalysisfor �n ¬ and ¶

�
n·q-r
�
. An additionalcut
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of ��¸º¹� � � � » GeV/con chargedparticletransversemomentumwasappliedin orderto take into accounttheeffect
of chargedparticleswith smaller�-� values.Suchparticlescannotreachthecalorimetersurfacein the ( T CMS
magneticfield.
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Figure5: Event planeresolution ½ �¿¾ÁÀ � asa function of impactparameterin Pb+Pbcollisionswith “standard”
(solidhistogram)and“high” (dashedhistogram)multiplicities (jet quenchingoff).

Figure5 shows the calculatedresolution ½ �¿¾ À � , definedhereas the width of a Gaussianfit of the distribution
over thedifferencebetweenthegenerated,¾ À , andcalculated,¾5� , azimuthalanglesof thereactionplane(1), asa
functionof impactparameterin Pb+Pbcollisions(jet quenchingoff). Theinterplayof multiplicity andanisotropic
flow in oppositecentralitydirectionsfor centralandsemi-centralcollisionsresultsin thebestresolutionobtainedat
impactparametersontheorderof thenuclearradius,ÂÄÃÆÅ°Ç . In orderto demonstratetheinfluenceof multiplicity
on theaccuracy of eventplanedetermination,theresolutionfor “high” multiplicity events(obtainedby increasing
themultiplicity of thesoft partof theeventby a factorof � , i.e. with the total multiplicity of soft part ÃÈ!"� ���"�
in centralPb+Pbcollisions)wasalso calculated. Increasingthe soft multiplicity by a factorof � resultsin an
improvementof resolutionby a factor ÃÉ���#Ê with a ratherweakdependenceon theeventcentrality.

Introducingjet quenchinginto themodelresultsin ariseof eventmultiplicity andthegenerationof someadditional
elliptic flow in thehigh-��� region. Theestimatedimprovementon theeventplaneresolutionin this caseis on the
level of � � - ��! % for both“standard”and“high” multiplicities.

Thedistributionsof reactionplaneangle ¾5� , obtainedby usingEq. 1 with Ë � � and ÌÄÍ � � for 1000HYDJET
eventsat impactparameterb=9fm areshown in Fig.6. Theresolutionof theanglefor simulatedeventsis equalto½&Î�Ï Ð �Ñ� � �cÊ . A comparisonof theresolutionswith TrackerandCalorimetersis in Table1.
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Table1: Resolutionof reactionplanereaction.

Detector ½&Ò�Ó ¸
ECAL+HCAL(Barrel+Endcaps) 0.37

Tracker 0.31
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Figure6: Distributionof theeventplaneanglefor simulated(left) andreconstructed(right) events

4 Ú ¬ calculation
We assume,accordingto the hydrodynamicmodel,that in the expansionof the particledistribution in a Fourier
seriesthe Û�Ü termhasthedominantcontributionandtheazimuthaldistribution is describedby theelliptic form:ÝcÞÝ ¤ n

Þàß
¬Yá âaãåä ¬YÛ Ü

§g¨� 
¬ ¢ ¤çæè�°é

¥Kê
(2)

where � é is the event planeangle,
Þ ß

standsfor full multiplicity. Then Û�Ü is the averageover particlesof§g¨�  ¢ ¬ ¢ ¤ëæì�°é
¥f¥

: Û Ü ní³
§I¨c  ¢ ¬ ¢ ¤çæì�°é

¥j¥
p (3)

Herewe apply two methodsto calculateÛ Ü -coefficient. Thefirst oneusesthereactionplaneangledetermination
mentionedabove,andthesecondonedoesnot involve theeventplaneangledetermination.Thebasicideaof the
latter methodis that the Û Ü coefficient canbe expressedin termsof particlecorrelations[15]. As shown below,
thesetwo methodsyield equivalentresultsfor Û Ü .
Also, we calculatethe Û Ü coefficientsfrom fitting the

ÝcÞ�î�Ý ¤ -distribution in eachevent usingEq. (2) with the
following freeparameters:

Þ ß
, Û�Ü and � é .

4.1 ï&ð with reaction plane angle

The distributionsof Û Ü coefficientsover 1000events,calculatedwith reactionplaneangleby usingEq. (1) is
shown in Fig. 7.

Thevarianceof Û�Ü , definedas ñ ¢ Û�Ü
¥
, is shown in Table2.

4.1.1 q r and ² dependence

The q r and ² dependenceof theelliptic flow areshown in Fig.8andFig.9.

4.2 ï&ð calculation by particle correlation

Themethodof Û Ü calculationwithout eventplaneanglereconstructionwassuggestedin [15]. In the casewhen
thereareno otherparticlecorrelationsexcept thosedueto flow, the coefficient of azimuthalanisotropy canbe
determinedusinga two-particleazimuthalcorrelator.
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Figure7: Distribution of Û Ü -coefficient in simulated(left) andreconstructedevent (right) with the reactionplane
angleobtainedby Eq. (1)
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Thevarianceof Û Ü is in Table2. A comparisonof thetwo methods,Eq. (3) andEq. (4) respectively, is shown asa
ratio Û�÷�ø¦ùÜ î Ûcú�û üÜ . Thecoefficient Û Ü from thereconstructedeventswith theCMSTrackerdiffersapproximately% 5
from thesimulatedeventsfor thetwo methods.

This ratio is compatiblewith unit within statisticalerrors.

Finally, thedistributionof Û Ü -coefficients,extractedfrom fitting of
ÝcÞýîYÝ ¤ -distribution in eacheventby Eq. (2), is

shown in Fig. 10.
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Figure10: Distributionof Û�Ü -coefficientsin simulated(left) andreconstructedevents(right) from fitting by Eq. (2)

5 Conclusion
Thecapabilityof CMS TrackingSystemto measureazimuthalanisotropy of chargedparticlesin heavy ion col-
lisions hasbeenanalyzedfor the first time. The azimuthalflow wascalculatedhereby two methods.The first
methodwasbaseduponthedeterminationof thereactionplane,andthesecondwasbasedonparticlecorrelations
without a determinationof the reactionplane. It wasshown that thesetwo methodsgive similar results,because
they arebasedon thesamesuggestionthattheazimuthaldistributionof particlesis describedby theelliptic form.

Theanalysis,basedon a full detectorsimulationof HYDJET Pb+Pbevents,shows thattheeventplaneresolution
achieved by usingthe CMS Tracker is closeto the resolutionobtainedon the generatorlevel, and is somewhat
betterthantheresolutionobtainedwith theCMScalorimeters.

Thetransversemomentumandrapiditydependencesof theelliptic flow coefficientcanbereconstructedusingthe
CMSTrackerwith high accuracy.

To conclude,let the areasfor future relatedstudiesto be outlined. The sensitivity to non-flow effects in the
two-particleazimuthalcorrelationmethodsmotivatedthedevelopmentof new techniques,which makeusemulti-
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Table2: Ratioof � � for reconstructedandsimulatedevents,andthe � � variance.

Method � Ò�Ó ¸� ½ � ��� � � Ò�Ó ¸� � � Î�Ï Ð�
�������&� � 6ç4 ¾	� � � 0.1174 0.051 1.055
 � ������&� � 6���476 � � � � 0.1174 0.052 1.055� � from fitting 0.1187 0.059 0.95

particleazimuthalcorrelationsby performingacumulantexpansionwherethecollectivesourceof correlationscan
bedisentangledfrom othersources.Thusit will beusefulto comparethefour-particleandtwo-particlecumulant
methodsfor CMS installation. Anotheranalysisthat would be interestingwould be looking at the capabilityof
CMSTrackerto measurealsonon-secondcoefficientsof aFourierexpansionof theparticle��� -distribution,which
canreflect importantdynamicsof the reaction. In particular, ��� � �-� � nearmid-rapidity and � � � ��� � at the most
forwardrapidity coveredby thetrackermaybeof theinterest.
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