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Abstract:Wedevelopajet灢photonconversionmechanismintheexpandingquark灢gluonplasma.
Thejet灢photonconversioninhotquark灢gluonmediumisavitalsourceofthethermalphotonpro灢
duction.ThejetconvertsintophotonsviathesecondaryComptonandannihilationprocessesinthe
quark灢gluonplasma.Thegluon灢photonsarealsoconsideredinthecalculationofpromptphotons
whichincludestheeffectoftheshadowingandisospinofnucleus.Wefindthatthepromptgluon灢
photonsarealsoanimportantmodificationtopromptphotons.
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1暋Introduction
Quark灢gluonplasma(QGP)hasbecomethe

mostimportantissueinthestudyofrelativistic
heavyioncollisions.Thenoveldeconfinedstateof
stronginteractingmattercanbecreatedbyrelativ灢
isticheavyioncollisions[1—12].From theearlier
RelativisticHeavyIonCollider(RHIC)totheac灢
complishedLarge HadronCollider(LHC),many
effortstrytoprobethepropertiesofthehotquark灢
gluonmatter[13—15].Thecollisionenergycouldbe
severalTeV pernucleonin Pb灢Pbcollisionsat
LHC,onemayhopeforusingthenovelexperi灢
mentaldataofPb灢Pbcollisionstoexaminethecor灢
rectnessofthequark灢gluonplasmatheoryatsuch
hightemperature.Becauseoftheshortlifetimeof
thequark灢gluonplasma,itisdifficulttoprobethe
informationofthehotquark灢gluonplasma[16—20].
Fortunately,themeanfreepathoftheelectromag灢
neticradiationismuchlargerthanthesizeofthe
quark灢gluonplasma,soapossiblewayisavailable
toprobethephotoninformationemittedfromthe

plasma.Theoreticaleffortsaimtoidentifyvarious
sourcesoftheelectromagneticradiationincluding
promptandthermalphotons,andthenonecandis灢
tinguishtheinformation ofquark灢gluon plasma
fromhardphotonsproducedininitialnucleon灢nu灢
cleoncollisions[21—24].

Thejet灢photonfragmentationonlyexistsin
theoutsideofthequark灢gluonplasma,andthejet
ishighlysuppressedinthequark灢gluon medium
duetothejetquenchingeffect.Thejet灢photon
conversionturnsintoanimportantphotonproduc灢
tionsourceinthequark灢gluonplasma[25—31].We
considerthatjet灢photonsareproducedbythejet灢
photonconversion mechanisminthequark灢gluon
medium.Thejet灢photonconversionisdefinedas
thesecondaryComptonandannihilationprocesses.
Thecontributionofjet灢photonsplaysavitalrolein
thetraditionalthermalComptonandannihilation
photonspectrumatthelowtransversemomentum
region.

Gluon灢photonsareproducedbyfinitecontri灢
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butionsofthequarkone灢loop(gg曻g毭,gg曻毭毭)

whichrepresenttheeffectofthehotgluonmedi灢
um.Previousstudiesoftenneglectthecontribution
ofgluon灢photons,becausethestrongcouplingpa灢
rametersofthequarkone灢looparerelativelysmal灢
lerthantheparametersofdirectphotonprocesses.
Weexaminethegluon灢photonspectrum withthe
directphotonandfragmentationphotonprocesses,

andfindthattheproductionofgluon灢photonsisal灢
soanimportantsourceofpromptphotonsinlow
transverse momentum region.TheEMCshado灢
wingandisospinofthenucleuswhichcanavoid
overestimatingthepromptphotonproductionin
nucleus灢nucleuscollisionsarealsoconsideredinthe
calculationofthepromptphotons[18,21,32].

Thisarticleisorganizedasfollows.InSec.2,

wediscussthepromptphotonproductionincluding
themodificationofgluon灢photons.TheEMCshad灢
owingandisospineffectareintroducedinthepar灢
tonmodel.Thethermaldirectphotonsandther灢
malgluon灢photonsarediscussedinSec.3.InSec.
4,themechanismofthejet灢photonconversionis
discussed.Finally,aconclusioniscontainedin
Sec.5.

2暋PromptPhotonProductioninRela灢
tivisticHeavyIonCollisions
Thepromptphotonsareproducedbythehard

scatteringofhighenergypartoncollisions.The
promptphotonscanbedefinedintothreecatego灢
ries.Theyaredirectphotons,fragmentationpho灢
tonsandgluon灢photons.Thedirectphotonsare
producedbytheComptonandannihilationproces灢
ses.Thefragmentationphotonsarethoseproduced
byjet灢photonfragmentationfromfinalstatepar灢
tons.Thegluon灢photonsareproducedbyfinite
contributionsofthequarkone灢loop(gg曻g毭,gg曻
毭毭)whichrepresentthephotonmodificationofthe
hotgluon medium.Theproductionrateofdirect
photons was discussed extensively by previous
studies,buttheradiationsourceofgluon灢photons
istobeneglectedforthereasonthatthestrong

couplingparametersofquarkone灢loop(gg曻毭毭
(毩2毩2

s)andgg曻g毭(毩毩3
s))arerelativelysmaller

thantheparametersofdirectphoton processes
(毩毩s).However,becauseoftheabundanceofglu灢
onsatthelowtransversemomentumregion,the
contributionsofQCDsingleanddoublegluon灢pho灢
tonsarenotnegligibleinrelativisticheavyioncol灢
lisions[24].

Thedirectphotonsandgluon灢photonsemitted
fromthehardscatteringofhighenergypartons
satisfythecrosssectioninthefollowing[24]

E d氁
d3p=1

毿曇
1

xmin
a

dxaGA/a(xa,Q2)GB/b(xb,Q2)暳

xaxb

xa-x1

d̂氁
d̂t

(ab曻cd),暋暋 (1)

wherethesubprocessofpartonscatteringsisd̂氁/d̂t
[24,31].Fortherapidityyiszero,wehavetheMan灢
delstamvariablesinthecrosssectionaŝs=xaxbs,

û=-xbxTs/2and̂t=-xaxTs/2,wherexT=2PT/

s,xb=xax2/(xa-x1),heresisthesquareofthe
totalenergyofnucleon灢nucleoncollisionsandPTis
thetransversemomentumofthephoton.Themin灢
imum momentumfractionintheintegralisxmin

a =
x1/(1-x2),wherex1=x2=xT/2.Thesesubpro灢
cessesaregivenbytheleadingorder(directpho灢
tons)andquarkone灢loop(gluon灢photons)QCD
calculation.Toconsiderthehigherordercontribu灢
tion,wetakethe K correctionfactoras K 曋
1.5[17].

Thecrosssectionoffragmentationphotons
canbeestimatedfrompartonfragmentationinthe
following[29]

E d氁
d3p=1

毿曇
1

xmin
a

dxa曇
1

xmin
b

dxbGA/a(xa,Q2)暳

GB/b(xb,Q2)D毭
q(zc,Q2)1

zc

d̂氁
d̂t

(ab曻cd),(2)

wherezc=x1/xa+x2/xb,andd̂氁/d̂trepresentthe
subprocesscrosssectionofparton+parton曻par灢
ton+partoncollisions,herethephotonissmashed
fromthefinalstateofthejetquarkbyintroducing
aphotonfragmentationfunctionD毭

q(zc,Q2).The
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photonfragmentationfunctioncan beestimated
fromtheBornapproximationofthephotonbrems灢
strahlung(q曻q毭)processes[24].The momentum
fractionsintheintegralarexmin

a =x1/(1-x2)and
xmin

b =xax2/(xa-x1).Thefragmentationfunction
ofphotonsisgivenbythefollowing

D毭
q(zc,Q2)=毩se2

q

2毿zc
lnQ2

毇2 1+(1-zc)[ ]2 ,(3)

andoneshouldnotethatD毭
g(zc,Q2)=0.Herethe

strongrunningcouplingconstantis

毩s= 4毿
毬0ln(Q2/毇2), (4)

wheretheQCDscaleparameter毇=200MeV,毬0=
11- (2nf/3),andnf istheflavornumberof
quarks.

Forthenucleus灢nucleuscollisions,wechoose
thepartondistributionG(x,Q2)ofthenucleus
from M.Glucketal[25]inthefollowing

G(x,Q2)=R(x,Q2,A)[ZP(x,Q2)+
暋暋(A-Z)N(x,Q2)], (5)

whereR(x,Q2,A)istheEMCshadowingfac灢
tor[26],Zistheprotonnumberofthenucleus,A
isthenucleonnumber,P(x,Q2)istheproton
distributionandN(x,Q2)istheneutrondistribu灢
tion.Sinceprotonsandneutronshavedifferentup
anddownvalencequarkdistribution,theisospinof
thenucleuscanberepresentedbythesumofthe
protonandneutrondistribution.InFig.1onecan

Fig.1 Promptphotonsproducedfromproton灢protoncolli灢
sionsatdifferentenergies withexperimentaldata.

Thesolidlineisthepromptphotoncontribution(Data

fromRef.[28]).

seethatthetheoreticalresultsofpromptphotons
withourmeasurementsareingoodagreementwith
theexperimentaldatainproton灢protoncollisionsat
differentenergies[28].The EMC shadowingand
isospineffectarenotincludedintheprotondistri灢
butionduetothenucleon灢nucleoncollisions.The
comparisonbetweenthetheoryandexperimental
dataofthenucleus灢nucleuscollisionsisshownin
Fig.2.Onecanseethatthepromptphotonspec灢
trumoftheAu灢Aucollisionswhichcontainsthe
shadowingandisospineffectfitstheRHICPHE灢
NIXdata[21]intheregionofPT>4.5GeVquite灢
well.Previousstudiestreattheproductionrateof
promptphotonsin nucleus灢nucleuscollisionsby
scalingtheresultsforproton灢protoncollisionswith
the number of nucleon灢nucleon collisions.The
treatmentwithouttheshadowingandisospineffect
willoverestimatethepromptphotonspectrumin
thelargePT region[14,17,27] .InRef.[32],the

Fig.2 ThephotonsproductionsourcesintheAu灢Aucolli灢
sionsatRHICenergy,thedatafrom Ref.[21](a).

TheoreticalresultsfitthePHENIXdataquifewellat

theinitialtemperature200MeV <Ti<400MeVand

formationtime氂i曋0.2fm/c(a).
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authorsdiscussedtheeffectoftheisospinand
shadowinginthepromptphotonproduction,their
resultshaveasatisfiedagreementwiththeSuper
ProtonSynchrotron(SPS)WA98experimentalda灢
taintheregionof2.0GeV <PT <4.0GeV.It
meansthatinthehighercollisionenergiessuchas
thecaseatRHICandLHConecannotignorethe
effectoftheisospinandshadowingintheparton
model.

InFigs.2and3,thecontributionofprompt
gluon灢photonsisshown bycomparing withthe
promptdirectphotonsandpromptfragmentation
photons.Thepromptgluon灢photonspectrum is
higherthanthatofthepromptdirectproductionin
theregionofPT<1.5GeV (RHIC)andPT <7

Fig.3 Theproductionofpromptandthermalphotonsat

LHCenergy.

GeV(LHC).Especially,thepromptgluon灢photon
spectrumishigherthanthatofthepromptfrag灢
mentationphotonatLHCintheregionofPT<2
GeV.AlthoughthelowPTregionisdominatedby
thethermalphotons,onecannotneglectthemodi灢
ficationofpromptgluon灢photons.Fig.3shows

thatinPb灢Pbcollisionsats=5.5TeVandPT=
1.0GeVthecontributionsofgg曻g毭andgg曻毭毭
arealmost62% ofthetotalphotonspectrum.In
theregionof1.1PT<2.0GeVsuchcontribution
isalmost6.2%—0.3%ofthetotalphotonproduc灢
tionatLHC.Therefore,theproductionofprompt

gluon灢photonsis an important modification to

promptphotonsinthelowPTregion.

3暋ThermalPhotonProductioninthe
Quark灢gluonPlasma
Thethermalphotonsalsocanbedefinedinto

threecategories:thermaldirectphotons,thermal
jet灢photonsandthermalgluon灢photons.Afterthe
QGPformationtime氂ithethermalemissionrateof
directphotonscanbewrittenintheform[8]

dNth灢direct
毭

dyd2PT
=曇

氂h

氂i
d氂曇

V(氂)

0
dVfF(T)T2Mq(T), (6)

where氂h representsthehadronictime whenthe
mixedphasetransfersintothehadronicphase.The
bulkcorrelateswithtimeasV(氂)=毿R2

QGP氂,and
theComptonintegralfactoris

MCom.
q (T)=5

9
4毩毩s

96(2毿)2 ln 6PT

毿毩s

æ

è
ç

ö

ø
÷

T +Cé

ë
êê

ù

û
úúCom. ,

(7)

theoneofannihilationis

Mann.
q (T)=5

9
4毩毩s

18(2毿)2 ln 6PT

毿毩s

æ

è
ç

ö

ø
÷

T +Cé

ë
êê

ù

û
úúann. ,(8)

wheretheparameterCCom.= -0.42andCann.=
-1.92.Here毩istheelectromagneticcoupling
constantandfF (T)istheFermi灢Diracdistribu灢
tion.Similarly,thecrosssectionofthegluon灢pho灢
tonscanbewrittenintheform

dNth灢gluon
毭

dyd2PT
=曇

氂h

氂i
d氂曇

V(氂)

0
dVfB(T)T2Mg(T), (9)

wherefB(T)istheBose灢Einsteindistributionfor
gluons,andtheintegralfactorsofgluon灢photons
are

Mgg曻毭毭
g (T)=25

81
4毩2毩2

s

192(2毿)3 ln 6PT

毿毩s

æ

è
ç

ö

ø
÷

T +Cé

ë
êê

ù

û
úúg ,

(10)
and

Mgg曻g毭
g (T)=5

12
4毩毩3

s

192(2毿)3 ln 6PT

毿毩s

æ

è
ç

ö

ø
÷

T +Cé

ë
êê

ù

û
úúg ,

(11)

heretheparameterCgisgivenbythefollowing

Cg=29.76-CEuler-6
毿2暺

¥

n=1

lnn
n2 =28.61,(12)

wheretheparameter29.76comesfromtheintegral
ofthemeancrosssectionofgg曻毭毭andgg曻g毭in
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thefollowing

氁(gg曻毭毭)=2曇d̂氁
d̂t

(gg曻毭毭)暳

毮P毭- ŝæ

è
ç

ö

ø
÷

2
P毭dP毭dcos毴,

and
氁(gg曻毭毭)=2曇d̂氁

d̂t
(gg曻g毭)暳

毮P毭- ŝæ

è
ç

ö

ø
÷

2
P毭dP毭dcos毴, (13)

wherethescatteringangle毴correlatestotherapid灢
ity,andtheMandelstamvariablescorrelatewith毴
intheformû=-(̂s/2)(1+cos毴),̂t=-(̂s/2)(1-
cos毴).Thedifferentialcrosssectiond̂氁/d̂t(gg曻
毭毭)andd̂氁/d̂t(gg曻g毭)comefromRef.[24].Af灢
tertheintegral,themeancrosssectionsofgluon灢
photonscanbewrittenintheform

氁(gg曻毭毭)=25
81

毩2毩2
s

16̂s ln ŝ
k2
æ

è
ç
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and
氁(gg曻g毭)=5
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è
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g
+29.é
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ù
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Intheintegral,kgistheinfraredcutoffforthein灢
tegraldivergence[8].

AtRHICenergy,weassumetheinitialtem灢
peratureTi=370MeVandtheformationtime氂i曋
0.2fm/c.WetaketheradiusoftheQGPasRQGP

曋4—8fm(RHIC)andRQGP曋6—11fm(LHC)in
thebulkintegralofthequark灢gluon matter[17].
FromFig.2onecanseethatthermaldirectpho灢
tonsdominateintheregionofPT <3.7GeVat
RHICenergy[21,22].Theresultsofthethermal
photonspectrumarecomsistentwiththedataat
theinitialtemperatureof200 MeV <Ti <400
MeV.TheresultforthelargerenergycaseTi=
845MeV[17]ofLHCisshowninFig.3,thether灢
maldirectspectrumdominatesintheregionofPT

<11 GeV.Thethermalgluon灢photons makea
faintcontributiontototalthermalphotonsinthe
QGP.

4暋Jet灢photonConversionin Quark灢
gluonPlasma

Forthefragmentationphotons,onecanesti灢

matethejet灢photonfragmentationbyintroducinga
photonfragmentationfunctionintotheParton+
Parton曻Parton+Partonprocesses,andthephoton
fragmentationfunctionisestimatedfromtheBorn
approximationofthephotonbremsstrahlung.The
QEDbremsstrahlungq曻q毭processesplayanes灢
sentialroleinthejet灢photonfragmentation.How灢
ever,becauseofthejetquenchingeffect,thejet
processinthehotquark灢gluonmediumisextreme灢
lysuppressed.TheQEDbremsstrahlungprocesses
isalsosuppressedinthequark灢gluon medium by
theQCD bremsstrahlungprocessesq曻qg,and
thenajetquarkcannotsmashintoaphotondirect灢
ly.Wedefinethatthejet灢photonconversionsatis灢
fiestothesecondaryprocessesofCompton(q曚g曻
q曚毭)andannihilation (q曚焻q曚曻g毭)inthemedium
withthejet灢conversioncoefficients毼(PT)jet灢Com.and

毼(PT)jet灢ann.,whereq曚/焻q曚representsthefinalstate
ofthehardscatteringq曚q曚曻q曚q曚orq曚焻q曚曻q曚焻q曚in
thequark灢gluonmedium.

Theexpressionsoftheproductionrateofjet灢
photonsinthequark灢gluonmediumare

dNjet灢Com.
毭

dyd2PT
=毼(PT)jet灢Com.

dNth灢Com.
毭

dyd2PT
, (16)

and
dNjet灢ann.

毭

dyd2PT
=毼(PT)jet灢ann.

dNjet灢ann.
毭

dyd2PT
, (17)

wherethejet灢conversioncoefficientsoftheComp灢
tonandannihilationprocessesaregivenbythefol灢
lowing

毼(PT)jet灢Com.=P2
T
dNqq/q焻q曻qq/q焻q

jet

dyd2PT
, (18)

and

毼(PT)jet灢ann.=毼(PT)2jet灢Com.. (19)

Theproductionrateofthejetquarkcanbewritten
intheform

dNqq/q焻q曻qq/q焻q
jet

dyd2PT
= 1
P2

T曇
氂h

氂i
d氂曇

V(氂)

0
dVE2

q暳

暋暋暋暋fF(T)T2Mjet(T), (20)

wheretheintegralfactoris

Mjet(T)=暺
¥

n=1

(-1)n+1

n2
16毿毩2

s

9(2毿)5 暳

·02· 原 子 核 物 理 评 论 第27卷暋



暋暋暋暋暋 ln 6PT

毿毩s

æ

è
ç

ö

ø
÷

T
1/2

-Cé

ë
êê

ù

û
úúqq , (21)

heretheparameterCqqisgivenbythefollowing

Cqq=0.773+ln1
2-CEuler

2 +暋暋暋暋

暋
暺

¥

n=1

(-1)n+2

n2 lnn

暺
¥

n=1

(-1)n+1

n2

=-0.085, (22)

andtheparameter0.773comesfromtheintegral
ofthemeancrosssection氁(qq曻qq)or氁(q焻q曻q焻q)

byusingthesameprocedureinEq.(13).Thedif灢
ferentialcrosssectionofthejetquark/antiquark
scatteringcomesfromRef.[24],thefinalresults
ofthemeancrosssectionofthejetquarkscattering
canbewritteninthefollowing

氁(qq/q焻q曻qq/q焻q)=2
9

毿毩2
s

ŝ2
1
2ln̂s

m2
q
+0.é

ë
êê

ù

û
úú773 ,

(23)

暋暋Numericalresultsofthethermaljet灢photon
conversionarealsoshowninFigs.2and3atthe
RHICandLHCenergy.Thejet灢conversioncoeffi灢
cientsdependonthesystemtemperaturesensitive灢
ly,thethermaljet灢photonspectrumcanvaryex灢
tremelyatthedifferentcollisiontemperature.At
theRHICtemperature,thejet灢conversioncoeffi灢
cients毼(PT)jet<1,thethermaljet灢photonspec灢
trumgivesanimportantmodificationtotheQGP
thermalspectrum.Thethermaljet灢photonsen灢
hancethetotalthermalspectrumintheregionof
PT <2 GeV.Thethermaljet灢photonsareeven
brighterthanthetraditionalthermaldirectphotons
inlow PT region whenthejet灢conversioncoeffi灢
cients毼(PT)jet>1othighertemperaturesuchas
theLHCenergyTi=845 MeV.IntheLHCcase
thethermaljet灢photonconversionplaysavitalrole
inthethermalphotonspectrumatthenovelshin灢
ingwindowof1GeV<PT<4GeVwhichcouldbe
agoodexpectationfortheLHCexperimentaldata.

5暋Conclusion

Ajet灢photonconversion mechanismforther灢

malphotonsisdeveloped.Weobtainthesatisfied
agreementbetweentheoryresultsandtheRHIC
PHENIXdata.Thejet灢photonsrepresentanim灢
portant contribution to QGP thermal photons
basedonthesecondaryComptonandannihilation
processes.Especially,atLHCenergythejet灢con灢
versioncoefficientsriserapidlyforthehighertem灢
perature,andthenthejet灢photonsbecomeanovel
shiningsourceintheinterestingwindowof1GeV
<PT<4GeV whichcouldbeagoodexpectation
fortheLHCexperimentaldata.

Thepromptgluon灢photonswhichincludethe
effectoftheshadowingandisospinarealsoconsid灢
ered.InthePb灢Pbcollisionsthe modificationof
promptgluon灢photonsisalmost62% ofthetotal

photonspectrum.Intheregionof1.1GeV<PT<
2.0GeVthecontributionofpromptgluon灢photons
isalmost6.2%—0.3%ofthetotalphotonproduc灢
tionatLHC.
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夸克灢胶子等离子体中的喷注灢光子转换机制*

傅永平,李云德#

(云南大学物理系,云南 昆明650091)

摘暋要:提出了一种夸克灢胶子等离子体中的喷注灢光子转换机制。对于热光子而言,在热夸克灢胶子媒介中

的喷注灢光子转换是一个非常重要的热光子来源。喷注可以通过次级康普顿散射和湮灭过程来实现喷注灢光

子转换。此外,还考虑了在快光子产生过程中起重要修正作用的胶子灢光子贡献,其中,核遮蔽效应和同位

旋效应也被引入到了部分子模型中。
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