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Abstract. Direct photon productions in minimum bias d+Cu and d+Au and central Cu+Cu and Au+Au 
at center of mass energies .jS = 62.4 GeV and 200GeV at RHIC are investigated systematically by taking 
into account jet quenching effect, medium-induced photon bremsstrahlung and jet-photon conversion in the 
hot QGP as well as known cold nuclear matter effects such as the isospin effect, the Cronin effect, shadowing 
effect, EMC effect and cold nuclear matter energy loss. It is shown that at hight PT the nuclear modification 
factor for direct photon RAA (PT) is suppressed and dominated by cold nuclear matter effects, and there is 
no large enhancement due to medium-induced photon bremsstrahlung and jet-photon conversion in the hot 
QGP. Comparison of numerical simulations with experimental data rules out large Cronin enhancement 
and incoherent photon emission in medium, though large error bars in currently experimental data can 
not provide tight constraints on other nuclear matter effects. 

PACS. 12.38.Mh - 24.85.+p - 12.38.Bx 

1 Introduct ion 

In relativistic heavy-ion collisions a large amount of en­
ergy is deposited in the colliding center when two nu­
clei colliding with each other at very high speed, and it 
is expected that quarks and gluons confined in nucleons 
may be liberated and a new kind of matter, quark-gluon 
plasma (QGP), should be formed. To tell whether this 
kind of matter is formed in heavy-ion collisions, many dif­
ferent QGP signatures have been proposed. From SPS to 
RHIC and to LHC, with higher and higher colliding en­
ergies, hard probes [1,2]' such as jet quenching, J /1/J sup­
pression etc, become more and more important because 
of the asymptotic freedom of Quantum Chromodynam­
ics (QCD): with larger momentum transfer, the running 
coupling constant becomes smaller and the perturbative 
calculations will be more reliable. The applications of hard 
probes with perturbative QCD (pQCD) are based on the 
factorization theorem, which separates the hard partonic 
part from the soft , non-perturbative part. For a physics 
observable dF/ d2 pT in p+p collisions, the factorization 
theorem of pQCD tells that 

dF 
-d ex <PaIA(~A,J.lf)<PbIB(~B , J.lf)2PT 


dFa+b-->c+ X 

o 0 D hl c(z,J.lf)· (1)d2PT 

Here dFa+b-->c+ x / d2 pT represents the correspondent par­
tonic contribution, while <Pai A (~A , J.lf) and Dhlc (z , J.l f) are 
the parton distribution function (PDF) and parton frag­
mentation function (PFF) respectively, which stand for 

the non-perturbative parts. In nucleus-nucleus collisions, if 
the QGP is created, final-state interaction in the hot/dense 
medium may modify parton fragmentation functions ef­
fectively and change the value of dF/d2p T. However, as 
shown in Eq. (1) the initial-state cold nnclear effects will 
modify the parton distribution function , and thus alter 
dF/d2PT in A+A collisions, too. Therefore, A robust cal­
culation for hard probes as QGP signatures need better 
control of the initial-state cold nuclear effects. 

Because the photon interacts with the partons in the 
collisional region only through electromagnetic interaction 
(O:EM « 0:8 ) and its mean free path is quite large, the pro­
duced photon may leave the medium without rescattering 
and its production can provide a promising observable to 
constrain the initial-state cold nuclear effects. The study 
of photon production is also interesting in its own right be­
cause recently two novel mechanisms of photon production 
in the QGP have been proposed: medium-induced photon 
emission in the QGP [3] and jet-photon conversion in the 
QGP [4] , which are argued to give large enhancement of 
direct photon production in central heavy-ion collisions. 
To see the magnitudes of these enhancement and obtain 
better constrains on initial-state nuclear effects, a system­
atic study of direct pho('on production in different nuclear 
systems with different center of mass energies by includ­
ing all relevant cold nuclear effects (isospin effect, Cronin 
effect, shadowing effect, cold nuclear mater energy loss, 
EMC effect) and hot nuclear medium effects (jet quench­
ing, medium-induced photon bremsstrahlung, jet-photon 
conversion) will be indispensable [5].We will focus on di­
rect photon productions at large transverse momentum 
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(a) (b) 

Fig.!. Direct photon production from the annihilation process 
( Diagram (a) ) and the Compton process ( DiagTam (b) ) . 

Fig. 2. Direct photon production from the bremsstrahlung 
(fragmentation) process. 

in mmlmum bias d+Cu and d+Au and central Cu+Cu 
and Au+Au heavy ion collisions at RHIC with center of 
mass energies VB = 62.4 GeV and 200 GeV by taking into 
account all involved hot and cold nuclear matter effects. 

2 Direct photon production in p+p collisions 

In 'elementary' p+p collisions, direct photon can be pro­
duced by the annihilation process (q + ij -> ,,(9) and the 
Compton process ( q+ 9 -> "(q ) at leading-order in pertur­
bative theory, as shown in Fig. 1. Also we should include 
the contribution of bremsstrahlung process illustrated in 
Fig. 2. At first glance, it seems that bremsstrahlung pro­
cess gives higher-order contribution (aa;) as compared to 
the annihilation and the Compton processes (aa s ). How­
ever, noticing in bremsstrahlung process there is a pho­
ton fragmentation function D"'I/c(z, Q2), which absorbs 
the collinear singularity and has a logarithmic growth with 
the hard scale Q2 [6], we have 

as(Q) <X In-l(~:) , D"'I/c(Z, Q2) <X In(~:) 
aa;(Q2)D"'I/c(z, Q2) <X aas(Q2). (2) 

Hence the contribut ion of bremsstrahlung process is effec­
tively the same order as those of the annihilation process 
and the Compton process , and should be taken into ac­
count even in leading-order calculations. 

In our leading-order pQCD model, the cross section of 
direct photon production in p+p collision is given: 
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Fig. 3. Cross sections of direct "( production in p+p col­
lisions at VB = 62.4 GeV and 200 GeV. Data at VB = 
200 GeV is taken from PHENIX [7]. Insert gives the ratio of 
bremsstrahlung photons to all direct photons. 

and the detail of the notations used in above formula can 
be see in [5 ,10,17]. Here we emphasize that though we use 
a phenomenological K-factor to take into account next-to­
leading order calculations, this K-factor will cancel when 
we calculate the nuclear modification factor RAB (PT) . In 
Fig. 3 we show our numerical results of the cross sections 
for direct photon in p+p collisions at VB = 62.4 Ge V 
and VB = 200 Ge V. It could be seen that our model can 
describe quite well the data of direct photon in p+p at 
200 GeV measured by PHENIX [7] . The insert in Fig. 3 
gives the fraction of bremsstrahlung (fragmentation) pho­
tons to all direct photons. It could be seen that at very 
high PT, bremsstrahlung photons contribution about 
25% - 30% of total direct photons in p+p collisions. 

3 Direct photon production in heavy- ion 
collisions: hot nuclear matter effects 

In ultra-relativistic central nucleus-nucleus collisions, when 
a hot QGP is formed, this new kind of hot nuclear mat­
ter will affect direct photon production by different jet-
medium interactions. 

3.1 Jet quenching in the QGP 

Tt is well known that when an energetic parton prop­
agating in the hot!dense nuclear medium, it may suffer 
multiple scattering and lose a large amount of energy via 
indncecl gilion radiation [1,8, 9]. This jet quenching effect 
may reduce the contribution of bremsstrahlung (fragmen­
tation) photons since before a jet fragmentating into pho­
ton, it may lose energy due to passing through the hot 
medium. We calculate the energy loss of the jet within 
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PiPi 

V(qi) Zi 

F ig. 4 . Single-Born diagrams for medium-induced 'Y emission 

GLV formalism [8], where the fragmentation functions fo 
photon in medium could be given effectively as 

1
1 Z 

- 1 ( z ) D-y/c(z) =} dE P(E) --D'Y/c -- (4) 
o 1-E 1- E 

Here, P(E) is the probability distribution of the fractional 
jet energy loss f. = dE / E [10]. 

3.2 Medium-induced photon radiation 

In the hot QGP, a propagating jet may also radiate an in­
duced photon due to multiple scattering in the medium [3, 
11,12]. Because there is no gauge-boson self-interactions 
in photon bremsstrahlung, one may expect that photon 
emission in medium is a simple degeneration of medium­
induced gluon emission. However carefully investigation 
shows that this naive expectation is not true. Consider­
ing the radiative amplitude for single scattering of a fast 
on-shell quark [8]: 

k .l (k - qh) .~ +
M rad(k) ex 2igs f..l· ( k i - (k _ q )i e'2k+ Z [TC, T a] , 

(5) 
if we take QED limit that T a,c -> 1, we obtain M ;'ad(k) -> 

O. Thus Therefore, a theoretical approach developed to de­
scribe medium induced gluon radiation cannot be directly 
generalized to photon bremsstrahlung in medium and vice 
versa [5,11] . 

Here we derive the contribution of medium-induced 
photon emission with the Reaction Operator Expansion 
approach developed by GLV [8]. For the single-Born scat­
tering diagrams illustrated in Fig. 5, we get [5] 

(k { '}) - ( E'PI E' Pi ) iz+k-M rad ,'l - e -- - -- e' , (6)
k ' PI k'Pi 

where the collisional amplitude is not shown. The contri­
bution of Double-Born diagrams, which give the virtual 
corrections, is found to be negligible as 

(7) 

Extending the above calculations to higher orders of opac­

0.1 

Equan =100 Gev..?~__ 

O.QI 

~ AUTAu at b=3 fm. s11'2 =200 GeV 
t~ 0.001 

"0 

- ., from u. d quark . incoherent 8M 
- ., from c quark • Incoherent 8H 
- y from b quark· inCOherent BH 
- - yfrom u, d quarlls - coherent FS(1) 
- - "{from c quarks - wherent FS(1) 
- - 'f from b qyaltts - coherent FS(1) 

Ie-OS 

IC'8J>Oo I 0.001 O.QI 0.1 


X = k" E' 


Fig. 5. Scaled medium-induced photon number spectrum ver­
sus x = k+ / E+ for Eq = 100 GeV light, charm and bot­
tom quarks in central Au+Au collisions at Vs = 200 GeV, 
where solid curves stand for the incoherent photon radia­
tion in medium, and dash curves for the coherent photon 
bremsstrahlung. 

2 el
k+ dN'Y(k) _ C¥em {J ddz1 J 2 1 d a
 

dk+d2 k .l -~ Aq(ZI) d q .ll a eld2q .l1 


x [I Mr-ad( {I} )1 2 + 2M;ad({1 } )M rad( {O}) cos(k- dzi)] 
+ correction. (8) 

Here dZ; = Z; - ztl' and Tjl = k 2 /(2w) ~ .j2k­
is the inverse photon formation time. There are two lim­
its in Eq. (8): when Tjl Aq » 1, the contribution from 

cos(k - d zt) will vanish due to large oscillation and we will 
reach to incoherent limit; otherwise the interference term 
will not vanish and we go to coherent photon radiation re­
gion . Also we find in heavy-ion collisions the number of in­
teractions (n) = L/Aq = 2 - 3. These properties are differ­
ent from those in previous studies [3,12]. In Fig. 5 we show 
the numerical results of scaled medium-induced photon 
number spectrum dN, / dx = (e/eq )2dN' /dx, x = k + / E+ 
for a quark jet propagating outwards from the center of the 
medium created in b = 3 fm Au+Au collisions at RHIC. It 
could be seen that interference effect will greatly suppress 
the coherent photon radiation in medium as compared to 
the incoherent photon radiation. 

3.3 Jet-photon conversion 

In the hot/dense medium, another interesting source of 
direct photon production is the jet-photon conversion [4], 
where a quark jet may be converted into a high energy 
photon via the process illustrated in Fig. 6 when passing 

through a gluon-dominated QGP. Taking the approxima­
ity expansion, we demonstrate that contributions of medium- tlOn that P-y ~ Pc Il1 the forward scattering process, we 
induced photon emission vanish beyond second order in can derive the jet-photon probability as, 
opacity, and the final results can be given as [5], 

NZonv.(c) = lL dl p(T)ai%t-,,-yq(T) , (9) 
to 

http:aeld2q.l1
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quark jet photon jet 

F ig. 6. A quark jet is converted into a high energy photon via 
interacting with a thermal gluon in the hot QGP. 

where the cross section with 8 ~ 2rnDE and t E (rn'b , 8/ 4) , 
is given by 

aqg-v'Iq = 71'Cts Ctem In E . (10)
6rnDE 2rnD 

3.4 total contributions to direct photon 

Combining the above discussions, we can incorporate the 
total contributions to direct I productions due to differ­
ent kinds of the final-state jet-medium interactions in the 
QGP by: 

1
1 Z 

D'Y/c(z ) => - dE P(E) --D1 'Y/c ( _ z _ ) 
o 1 - E 1 - E 

dN' (c)+ med . + N ' (c)fI(l - z) (11)dz cony . , 

where the first term takes into account jet quenching ef­
fect to fragmentation photon production, the second term 
gives addition contribution to photon production from 
medium-induced photon, the last one stands for contri­
bution from jet-photon conversion . 

4 Direct photon production in heavy- ion 
collisions: cold nuclear matter effects 

Even though in p+A collisions there are no final-slate hot 
nuclear medium effects , A p+A collision still can lIot be 
regarded as a simple superposition of p+p collisions. There 
are many cold nuclear matter effects in p+A collisions, 
which of course will manifest themselves in A+A colli­
sions, and thus alter the cross section of direct photon 
production in p+A collisions and A+A collisions. 

4.1 Isospin effect 

The cross sections of direct photon production for p+p, 
p + n and n+n collisions are different because these cross 
sections depend on the electric charges of quarks (0' ex 
L:q e~), and in constituent quark model p = luud) and 
n = ludd) , while u quark and d quark have different elec­
tric charges. We will show later that this isospin effect may 
impose significant impact on the nuclear modification fac­
tor of direct photon production RAB (PT) . 

4.2 Initial-state energy loss in cold nuclei 

Before hard scattering a fast parton passing through the 
cold nuclear matter may also lose energy. This initial-state 
energy loss in cold nuclear matter has been calculated in 
GLV formalism and the effect can be modeled as [13], 

¢a, b/ N(Xa ,b, Q2) -> ¢a,b/N C~a~: , b' Q2) 

~ CPa,b/ N (xa,b(l + Ea ,b), Q2) 

where Ea,b are the fractional energy losses for the incoming 
partons a, b evaluated in the rest frame of the correspond­
ing target nucleus with Ea ,b « 1. In numerical calculation 
the effect of multi-gluon fluctuation has been taken into 
account [5,14] . 

4.3 Cronin effect 

The initial-state multiple scattering in cold nuclear matter 
will broaden the transverse momenta of incoming partons 
before hard scattering. In our calculation, the kT broad­
ening due to the Cronin effect is given as [15,16] , 

(k} ) = (k} )pp + (k})med , 

2L


2/-L )(k} )med = ->.- x max[I , ln(1 +flp})] (13)( 
q ,g 

with /-L2 = 0.12 GeV2, Ag = (CF/CA)Aq = 1 fm and fI = 
0.3 fixed by fitt ing p+ A data. 

4.4 Shadowing effect 

In our model , the shadowing effect was calculated from 
the coherent final-state parton interactions within higher­
twist collinear factorization approach in pQCD [17], and 
the scale of power correction power e is the only parame­
ter constrained by the mean squared momentum transfer 
per unit length /-L 2 / A as (e A1 /3)q,g ~ (2/1,2 L/A)q,g in min­
imum bias collisions. 

4.5 EMC effect 

In this investigation, we incorporate the EMC effect by 
using EKS parametrization [18] . In our numerical results 
shown in Sect. 5 it is shown that the contribution from 
EMC effect is rather small. 

5 Numerical results 

With the leading-order pQCD improved parton model in 
Eq. (3) by including all hot QGP medium effects calcu­
lated in Sect. 3 and cold Iluclear matter effects discussed 
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F ig. 8. RAA(PT) for direct photon in central Au+Au 
and Cu+Cu collisions at fo62.4 GeV (bottom panel) and 
fo200 GeV (top panel) by including all cold nuclear effects 
and jet quenching effect of bremsstrahlung photons and rele­
vant data are taken from [7,20]. 

in Sect. 4, we can calculate numerically the nuclear mod­
ification factors 

daAB / coll() dapp
(RABPT,b)=dd2 NABbdd2 ' 

Y PT 	 Y PT 

and compare them with available experimental data at 
RHIC. Since we focus on hard photon production, the con­
tribution from thermal photon will be very small and will 
be neglected in current study. 

Fig. 7 shows the numerical results for minimum-bias 
d+ Au and d+Cu collisions at different colliding energies 
.jS = 62.4, 200 GeV. We observe that when PT < 6 GeV, 
the . Cronin effect is dominant and gives an enhancement, 
while PT > 6 GeV, the isospin effect becomes the most im­
portant , which suppress RdA (PT) considerably with sub­
stantial contribution from the initial-state energy loss ef­
fect. It is interesting to note that the cold nuclear effects 
have reduced direct photon production at PT ~ 15 GeV 
by about 25% for d+A collisions at .jS = 200 GeV, and 
by about 40% for those at .jS = 200 GeV. The cold nu­
clear effects are more pronounced in d+ A collisions at 
.jS = 62.4 GeV because the direct photon spectrum in 
p+p collisions at .jS = 62.4 GeV is steeper than that 
at .jS = 200 GeV as shown in Fig. 3. Due to big error 
bars in data, the current experimental measurements in 
d+A could not tightly constrain the different cold nuclear 
effects. 

We show the results in central Au+Au and Cu+Cu 
collisions with .jS = 62.4 GeV and 200 GeV in Fig. 8 
Fig. n, with the former focus on cold nuclear effects. By 
comparing Fig. 8 with Fig. 7 one can see that in A+A col­
lisions RAA (py) for direct photon production is dominated 
by cold nuclear effects, and ampl ified by the existence of 
two large nuclei. The experimental data have excluded 
large Cronin enhancement. From Fig. 9 one can see the 
incoherent medium-induced photon emission is ruled out 
by the experimental data. It is found that Jet conversion 
contributes ~ 25% at pT < 5 GeV, and contribution from 
medium-induced photon is about 10%. At high PT region, 
the two enhancement contributions are rather small and 
RAA (PT) is significant suppressed . With our systematic 
study we did not see large enhancement of direct photon 
production due to medium-induced photon emission and 
jet-photon conversion in the hot QGP. 

6 Conclusions 

By taking into relevant cold nuclear effects and the hot 
QGP medium effects we carry out a systematic study of 
direction photon production in p+A and A+A collisions 
at RHIC. It is demonstrated that by comparing theoreti­
cal calculations with available experimental measurements 
of direct photon, the large Cronin enhancement and inco­
herent medium-induced photon bremsstrahlung are con­
tradicted with experimental data, though large error bars 
in data could not provide further constraints on the mag­
nitudes of different nuclear effects. Also it is shown that 
though medium-induced photon and jet-photon conver­
sion will enhance direct photon at intermediate PT in A+A 



6 Ben-Wei Zhang, Ivan Vitev: Direct photon production in d+A and A+A collisions at RHIC 

4 r-~r-~---'--~--~--~--~--~ 

dNO/dy=l ~~ic}, 	 Au+Au, Coh.+Coov." 4E(IS) 
Au +Au , Conv.• aE(IS) 

3.S 
5 '12 = 200 GeV 3 Cu+Cu, Coh. +Conv.+ 4E(IS) 

Cu. Cu, Conv .• ,~.E(rs)
--;. 2.S 

Au "Au,lncoh.+Coov. c. 
~ 2 
a:: I.S 

S 	 IS 20 

S r---~----~---'-----r----r----' 

4.S 	 Au+Au, Coh.· Conv.+ 6E(IS) 

/w+Au, Conv.• IlE(IS) 
Cu+Cu, Coh.• Conv.+ dE(IS) 

4 
3.S Cu .Cu, Conv .• dE{IS)

"J- 3 
Cu+Cu,lncoh.+Conv.~2.S • f\, G-1 O%f30.60% preliminary Au

a:: 2 
I.S 

I 
O.S 
°O~---L----~--~----~IO~--~--~IS 

PT [GeV] 

Fig. 9. The same as in Fig. 8 except that in this fi gure all cold 
nuclear effects and hot QGP medium effects are included. 

collisions , la rge enha ncement due to these two direct pho­
ton production mechanism in the hot QGP is absent. 
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