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Abstract:TheazimuthalanisotropyofhighpT directphotonsisinvestigatedbyusingthecoeffi灢
cientofellipticflow毻2innon灢centralnucleus灢nucleuscollisionatLHCenergies.Thesephotons
comefromradiationinducedbytheinteractionbetweenjetandhot/densemedium.Thereis毿/2
differencebetweendirectphotonsandhadronsfortheazimuthalellipticflow毻2.Suchphotonsare
themainsourceofthenegativepartof毻2fordirectphotons.Thedependenceofthedirectphoton
毻2onthetransversemomentumpTatLHCenergyisfoundtobeconsistentwiththeexperimental
resultsatRHICenergy.Furthermore,wefindthatthevalueofthedirectphoton毻2atLHCener灢
gyissmallerthanthatatRHICenergy.Thevalueofthetransversemomentumatwhichthedirect
photon毻2changesfromnegativevaluetopositiveatLHCishigherthanthatatRHIC.It暞sfound
theenhancedjet灢quenchingeffectandenhancedcontributionfortheellipticflow毻2 ofthedirect
photonsemittedfromsurfaceatLHCenergy.
Keywords:directphoton;highenergynucleus灢nucleuscollision;jet灢quenching;azimuthalanisot灢
ropy
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1暋Introduction
Experiments performed at the Relativistic

HeavyIonCollider(RHIC)andnewlystartedthe
LargeHadronCollider(LHC),areprovidingevi灢
dencefortheproductionofquark灢gluonplasma
(QGP)innuclear灢nuclearcollisionsatultrarelativ灢
isticenergies[1].Penetratingprobes,suchasdirect
photonsandleptons,provideinsightintotheearly
stageofheavyioncollisionssincetheyareessen灢
tiallyunaffectedbythesurroundinghadronicmat灢
ter.Thustheyareabletocarrytothedetectorsin灢
formationaboutthestateofthesystematthetime

they werecreated[2].Photonsandlep灢tonsthus
constituteauniqueclassofpenetratingprobes.
Thetwo mostinterestingsourcesofphotonsare
thosewheretheplasmaisdirectlyinvolvedinthe
emission.Thesearethethermalradiationfromthe
hotQGP[3]andtheradiationinducedbythepas灢
sageofhighenergyjetsthroughtheplasma[4—6].
Thethermalradiationisemitted predominantly
withlowtransversemomentumpTandhastocom灢
petewithphoton[7,8].Photonsfromjetsareanim灢
portantsourceatintermediatepT,wherethey
competewithphotonsfrom primaryhardscatte灢
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ringsbetweenpartonsofthenuclei[9].Theyprobe
thethicknessofthemedium:thelongerthepath
ofthejet,themorephotonsareemitted.

Obviously,measuringphotonsfromeitherof
thesourcesinvolvingtheQGPwouldbeanimpor灢
tantapproachtowardestablishingitsexistenceand
wouldprovideacrucialtestofthereactiondynam灢
ics.WereferthereadertoRef.[6]foradiscus灢
sionofthedifferentphotonsources.Recently,the
PHENIX collaborationat RHIC publishedtheir
firstresultsondirectphotonsmeasuredinAu+Au

collisionsat sNN =200GeV[10].Itshouldbemen灢
tionedthatdirectphotonsherearedefinedasthe
totalinclusivephotonyieldminusthephotonsori灢
ginatingfromthedecayofhadronslike毿0and毲.
Thesourcesdiscussedabovewillcontributetothe
directphotonsignal.Thedatainvolvestheinter灢
mediateandhigh灢pTrangewherethermalphotons
arenotaleadingsource.Thismakesitparticularly
attractivetolookforphotonsfromjet灢plasmain灢
teractions.nucleus灢nucleuscollisionsatfiniteim灢
pactparameterb > 0startoutinaninitialstate
whichisnotazimuthallysymmetricaroundthe
beamaxis.Instead,theinitialoverlapzoneofthe
twonucleihasan“almond暠shape.Thereforepar灢
ticlespectrameasuredinthefinalstatearenotnec灢
essarilyisotropicaroundthebeamaxis.Ithasbeen
arguedthatthetranslationoftheoriginalspace灢
timeasymmetryintoamomentumspaceanisotro灢
pycanrevealimportantinformationaboutthesys灢
tem[11].Twodifferentmechanismsareimportant
here:hydrodynamicpressureforthebulkofthe
matter,atlow灢tointermediate灢pT,andasimple
optical灢depthargumentforintermediate灢tohigh灢pT

particles.Thethird mechanismisintroducedby
Gale[12]andthismechanismisexpectedtoexhibit
aninverseopticalanisotropy(毻2<0).

2暋DirectPhotonsProductionandEl灢
lipticFlow

暋暋Onecandefinethereactionplaneastheplane

spannedbythebeamaxisandtheimpactparame灢
terofthecollidingnuclei.Forthebulkofthe
dense matter,theinitialspacetimeasymmetry
leadstoananisotropicpressuregradientwhichis
largerwherethematerialisthinner,i.e.inthe
eventplane.Thistranslatesintoalargerflowof
matterinthisdirection.Theanisotropyisanalyzed
intermsofFouriercoefficients毻kdefinedfromthe

particleyielddN/pTdpTd毤asRef.[13].

dN
pTdpTd毤

= dN
2毿pTdp [

T
1+暺

k
2毻k(pT)cos(k毤 ]) ,

(1)

wheretheangle毤isdefinedwithrespecttothe
eventplane.At midrapidityalloddcoefficients
vanishforsymmetryreasons,leavingthecoeffi灢
cient毻2tobethemostimportantone.Itssizede灢
terminestheellipsoidalshapeoftheanisotropy.It
isclearthattheellipticasymmetrycoefficient毻2is
alwayspositiveforhadronsatlowandintermediate

pT duetothehydrodynamicflow.Ontheother
hand,adirectionwherethemediumisthickerfor

jetstopassleadstomoreenergylosing,i.e.outof
thereaction plane.Thestrongerjetquenching
leadstofewerhadronsatintermediateandhighpT

emittedintothisdirection.This“optical毻2暠isnot
associatedwithflowbutwithabsorptionandim灢
pliespositive毻2forhadronsfromjets.Measure灢
mentsatRHICforseveralhadronspeciesconfirm
thisbehavior[14,15].

Inthispaper,wediscuss毻2ofdirectphotons.
TheintermediateandhighpT andthe毻2fromall
therelevantprocesseswillbeconcentratedon.We
definea mechanismthatworksbyabsorptionof

particlesorjetsgoingthroughthemediumasopti灢
cal.Itturnsoutthatinsomecasesanewinverse灢
opticalmechanismisinplaceforphotons:there
aremoreofthememittedintothedirectionwhere
thenuclearoverlapzoneisthicker,thusleadingto
asituation wheretheanisotropyisshiftedbya

phase毿/2.Correspondingly毻2isnegativeinthis
case.
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Therearedifferentcontributionstothedirect

photonspectrum.Directphotonsfrom primary
hardComptonandannihilationprocesses(a+b曻毭
+c)producedsymmetricallywith

dNN灢N

pTdpTd毤
=TABfa/A 煪氁a+b曻毭+c 煪fb/B, (2)

氁a+b曻毭+cisthecrosssectionbetweenpartons,fa/A,

fb/Barepartondistributionfunctionsinthenuclei
AandBandTABistheoverlapfactorofthenuclei.
Theprimaryharddirectphotonsdonotsufferany
finalstateeffectanddonotexhibitanyelliptic
asymmetry.

Jetsfrom processes (a+b曻毭+c)arealso

produced symmetrically, however they are

quenchedoncetheystarttopropagatethroughthe

plasma.Thisistheopticalmechanismthatleadsto

positive毻2 forhadronsfragmentationfromjets.
Weexpectphotonsfromsuchjetsinthevacuum (c
曻c+毭,aftercpropagatedthroughthemedium)

toexhibitthesameanisotropy.Theiryieldatmid灢
rapidityisgivenby

dNjet灢frag

pTdpTd毤
=暺

f

dNf(毤)
dq q=pT

/z
煪Df/毭(z,pT),

(3)

wheredNf(毤)/dqisthedistributionofjetpartonsf
withmomentumqtravelingintothedirectiongiven
bytheangle毤,andDisthephotonfragmentation
function.

Theinteractionofjetswiththemediumcan
alsoproducephotonsindifferentways:(i)scatter灢
ing off plasma components caninduce photon
bremsstrahlung;(ii)hardleadingpartonsmayan灢
nihilatewiththermalones ((q+焻q曻毭+g)),or
theycanparticipateinComptonscattering(q(焻q)+

g曻q(焻q)+毭).Thelattercaseisalsocalledjet灢pho灢
tonconversion,becausethecrosssectionisdomi灢
natedbytransferoftheentirejetmomentumtothe

photon,p毭曋pjet.Thejet灢photonconversionyield

atmidrapidityisgivenby[16]

dNjet灢th

pTdpTd毤dy
=曇d4x毩毩sT2

8毿2 暺 (
q

eq

)e
2

暳

fq(x;pT,毤,y [)2ln4E毭T
m2 - ]C (4)

withC =2.332andm2=4毿毩sT2/3.Thedistribu灢
tionofjetpartonsfq(x;pT,毤,y)ataspace灢time

pointxisdeterminedfrom thetimedependent
spectrumofjetpartonspropagatingintheplasma,

dNq/dq(氂),asdiscussedinRefs.[4,6].The
timedependenceisgovernedbytheenergyloss
throughinducedgluonradiation,obtainedwiththe
completeleading order description by Arnold,

MooreandYaffe(AMY,Arnold灢Moore灢Yaffefor灢
malism)[16].Itisclearthatananisotropyin毤isin灢
troducedbythedifferentpathlengthsforjetstrav灢
elinginandoutoftheeventplane,leadingtoan
increasedprobabilityforajet灢photonconversionin
thedirectionwherethemediumisthicker.Suchan
inverseopticaleffecthasnotbeenobservedbefore.

Mediuminducedbremsstrahlung(q曻毭+q)is
implemented directly in the AMY formalism
throughsplittingfunctiond殻q曻q毭/dkdt.Thepho灢
tonyieldfromthisprocessisobtainedby

dNjet灢b毭

dpTd毤
=曇d2毭曂 p(毭曂 )曇

d

0
dtdkdNq

dq
d殻q曻q毭(q,k)

dkdt
,

(5)

therep(毭曂 )isthespatialdistributionofhard

processescreatingjetsinthetransverseplaneandd
=d(毭曂 ,毤)isthedistancethejethastotravel
from毭曂 intothedirectionoftheangle毤toleave
thefireball.Againitisobviousthattheprobability
forinducedbremsstrahlungtooccurincreaseswith
thepathlengthdofthejet.Hencethesephotons
arepreferentiallyemittedintothedirectionwhere
themediumisthicker,leadingtonegative毻2.

Asmentionedabove,twoprocesseswhichare
expectedtoexhibitaninverseopticalanisotropy
(毻2 < 0),areinducedbremsstrahlungfromjets
andjet灢photonconversion;Photonsfromfragmen灢
tationshowtheregularopticalanisotropy (毻2 >
0),whileprimaryhardandthermalphotonsdonot
contributeto毻2atintermediateandhighpT.Inthe
followedchapter,wewillusetheintroducedmeth灢
odtocalculatedirectphoton毻2atLHCenergyand
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comparethemtothecorrespondingresultsbased
ontheRHICexperimentdata.

3暋CalculationandResults

Firstly,weshowtheresultbyS.Turbidefor

Au+AucollisionsatRHIC(sNN =200GeV)[12].
Photonspectraatmidrapiditywiththeirdepend灢
enceontheazimuthalangle毤arecalculatedasde灢
scribedaboveforthreedifferentcentralityclasses.
Themodelingofthenucleus灢nucleuscollisionisin灢
troducedinRef.[6].Withfixedinitialtime氂i=
0.26fm/c,theinitialtemperaturesareTi=370,

360and310 MeVforcentralityclasses0—20%,

20% —40% and40%—60%,respectively.Com灢
paring with measured photon spectra,a good
agreementisobtained,forallcentralityclasses.
Details willappearelsewhere[17,18].Thecoeffi灢
cients毻2canthenbecalculatedbyusing

毻2(pT)=曇d毤cos(2毤)dN/dpTd毤
dN/dpT

. (6)

Inordertoanalyzethemechanismofdirectpho灢
ton暞s毻2,wewillcomparethedirectphoton暞s毻2at

RHICandLHCenergies.Wetakethedirectpho灢
ton毻2resultsatRHICfromRef.[12](seeninFig.
1).Fig.1showsthecoefficient毻2asafunctionof

pTforAu+AucollisionsatRHICandforthecen灢
tralityclasses0—20%,20%—40% and40%—

60%.Thedottedlinesgivetheresultsforprimary
harddirectphotonsandphotonfragmentation.As
expectedphotonsfromfragmentationleadtoapos灢
itive毻2 whichisdilutedbyaddingprimaryhard
photons.Solidlinesaretheresultswhenbrems灢
strahlung,jet灢photonconversionandthermalpho灢
tonsareincluded.Theymeetourexpectationsfor
毻2 ofthedirectphotonsincludingallsourcedis灢
cussedabove.The毻2forinducedbremsstrahlung
andjet灢photonconversionisindeednegative.To灢
gethertheyareabletoovercomethepositive毻2

fromfragmentation,leadingtoanoverallnegative
ellipticasymmetryforthedirectphotonsatmoder灢
atepT.Onlyabove8GeV/cthedirectphoton暞s毻2

isagainpositive,becausetheyieldofphotonsfrom
fragmentationisdominatingovermediuminduced
bremsstrahlung[6]inthisrange.Thedashedlines
inFig.1showthe毻2forthedirectphotonswithno

Fig.1Ellipticflow毻2ofphotonasafunctionofpTindifferentcentralitiesforAu+AucollisionsatRHIC.The

dottedlinesshow毻2forprimaryhardphotonsandjetfragmentationonly,andthesolidlinesshow毻2forall

directphotons.Energylossisincludedinbothcases.Thedashedlinesarethesameasthesolidlinebut

withoutenergylossofjetstakenintoaccount.
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jetenergylossincluded.Inthiscase,thephotons
fromfragmentationdonotexhibitananisotropy
andtheellipticasymmetryisonlyduetojet灢photon
conversion.Measurementsof毻2 withsufficientac灢
curacycouldthereforeconstrainmodelsforjeten灢
ergyloss.Theabsolutesizeof毻2 isnotlarge,

about2%—3% forthe20%—40% centralitybin
aroundpT =4GeV/candupto5%forthemore
peripheralbin.Thereasonisthatthesignalisdi灢
lutedbyisotropicphotons(primaryhardandther灢
mal)andpartiallycancelledbetweentheoptical
andinverseopticalmechanisms.

Thenwecarryoutthesamenumericalcalcula灢
tionatLHCenergy.Thepartondistributionfunc灢
tionisextendedto Pb+PbcollisionsatLHC

(sNN =5.5TeV).Photonspectraatmidrapidity
withtheirdependenceontheazimuthalangle毤are
caculatedforthree centrality classes measured
above(0—20%,20%—40% and 40%—60%).
ForsuchhigherLHCenergy,wefixedinitialtime
氂i= 0.12fm/c.Theoreticallytheaveragether灢
malizationtemperatureatLHCisestimatedbe灢
tween500—800 MeV,sowerespectivelyfixsys灢
temtemperatureat740,720and600 MeVfor
threecentrality.Fig.2showsthecoefficient毻2asa
functionofpTforPb+Pbcollisioninthreecentral灢
ityclassesatLHCenergy.Thedotedlinearethe
resultswhenbremsstrahlung,jet灢photonconver灢
sionandthermalphotonareincluded.
暋暋Forcheckingandcomparision,werecalculate

Fig.2 Ellipticflow毻2ofdirectphotonsasafunctionoftransversemomentumpTindifferentcentralities.Thesolid

anddottedlinesshowthe毻2forinclusiveanddirectphotonsinAu+AucollisionsatRHIC.Thedot灢dashed

linesshowthe毻2fordirectphotonsinPb+PbcollisionsatLHCenergyinthesamecentralities.

theS.Turbide暞sresultsinFig.1.Thesolidand
dashedlinearetheS.Turbide暞sresultsatRHIC
inFig.1respectivelycorrespondingtotheinclusive
directphoton毻2and毻2fordirectphotonwithnojet
energylossincluded.暋Onecanfindthatthefunc灢
tionbehaviorofinclusivephoton毻2asafunctionof
pT(dotedline)atLHCenergyissimilartothatat
RHICenergy(solidline),butLHCinclusivepho灢
ton暞s毻2issmallerthanRHICinclusivephoton暞s毻2

atthesamepT.Furthermore,comparesolidand
dashedlinesonecanseenegativetopositiveinver灢
tingvalueofdirectphoton暞s毻2attheLHCenergy
ishigherthanthatatRHICenergy.Theconceiva灢
blereasonisthatatLHCenergymuchmorehar灢
derjetsleadtothepTrangedominatedbyphotons

exhibitinganinverseopticalanisotropyshiftshigh灢
er.Fig.2alsoshows毻2valueofthedirectphotons
atLHCenergyisclosedtothe毻2valueofthedirect
photonswithnoenergylossatRHICenergy.It暞s
becauseofthatatLHCenergy,thedirectphoton
from whetherbremsstrahlungorjetphotoncon灢
versionisproducedbyjetemittingattheedgeof
bulkofthematter.Suchmoreedgeemittingjetsis
duetotheLHC暞shotteranddenserbulkofmat灢
ter.Thejetsborninnerlyinthematterismore
possiblyabsorbedbythe matter.Itpresentthat
surface emitting effect is prominent at LHC

energy.
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4暋Summary
Webrieflyintroducetheproductionofthedi灢

rectphotonsinhighenergynucleus灢nucleuscolli灢
sionandmethodtocalculatethesignal毻2ofthedi灢
rectphotons.Wecalculatetheazimuthalasymme灢
trycoefficient毻2forthedirectphotonsatPb+Pb

collisionsatLHC(sNN =5.5TeV).Wefindthe
inclusivedirectphoton毻2atLHCenergyissmaller
thaninclusivedirectphoton毻2atRHICandnega灢
tivetopositiveinvertingvalueofthedirectphoton
毻2ishigheratLHCenergythanthenegativeto
positiveinvertingvalueatRHIC.Thevisiblejet
quenchingeffectatLHCpresupposessurfaceemit灢
tingdirectphotonswillcontributemoretothe毻2

signal.Finally wequalifythatsurfaceemitting
effectisinevidenceinLHC.
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高能核灢核碰撞中直接光子各向异性的数值模拟研究*

马 科1,2,1),暋 朱光喜1,暋周代翠2

(1华中科技大学电子与信息工程系,湖北 武汉430074;

2华中师范大学粒子物理研究所,湖北 武汉430079)

摘暋要:通过计算给出了在LHC能区非对心核灢核碰撞中由椭圆流毻2表示的高横动量直接光子的方位角不

对称性。该高横动量光子是由喷注与热密介质相互作用而辐射出来的。光子椭圆流与强子椭圆流毻2相差

毿/2的相位,是直接光子椭圆流中负值的来源。同时,计算表明LHC能区直接光子毻2随粒子横动量pT 的

变化趋势与 RHIC上的实验结果一致,但LHC能区较 RHIC能区有更低的直接光子流毻2值,且毻2值由负

到正对应的转换pT 值更高。这表明在LHC能区喷注淬火效应更为明显,表面发射的直接光子对光子椭圆

流的贡献份额增强。
关 键 词:直接光子;高能核灢核碰撞;喷注淬火;各向异性
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