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Abstract We consider the production sources of prompt and thermal photons which include the contribution

of gluons in relativistic heavy ion collisions. Considering in our calculation the shadowing and iso-spin effects

of the nucleus we can properly estimate the prompt photon production. We develop a new thermal jet-photon

conversion mechanism which plays a vital role in the low transverse momentum region. The effect of the

non-equilibrium quark-gluon plasma enhances the contribution of thermal photons.
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1 Introduction

Quark-gluon plasma (QGP) has become the most
important issue in the study of relativistic heavy ion
collisions [1-15]. It is difficult to probe the properties
of the hot QGP during the short creating and cool-
ing time [16-20]. Fortunately, the mean free path
of the electromagnetic radiation is much larger than
the size of the QGP, so a possible way is available to
probe the photon information which is emitted from
the plasma. Theoretical efforts aim to identify var-
ious sources of the electromagnetic radiation which
includes prompt and thermal photons [21-24]. The
background photons can be subtracted from the in-
clusive photon spectrum by using the statistical tech-
niques of mixed-events in experiments [18]. There-
fore, the background photons will not be discussed in
this article.

We examine the contribution of gluon-photons
and find that the production of gluon-photons is also
an important source of prompt photons in the low
Pr region. The EMC shadowing and the iso-spin ef-
fect of the nucleus are also considered in the calcula-
tion of the prompt photon production, because with
such a consideration one can avoid overestimating the
prompt photon production in nucleus-nucleus colli-
sions [18, 21].
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The jet-photon conversion turns into an impor-
tant photon production source in the QGP [25-33].
Compared with the traditional thermal photon spec-
trum of the Compton and annihilation process, the
contribution of thermal jet-photons which is pro-
duced by secondary Compton and annihilation pro-
cesses plays a vital role in the low Py region.

The reaction qq < gg controls the increase and
decrease of the quark number in the QGP [34]. The
imbalance of the reaction induces a modification of
the chemical potential in the hydrodynamic equation
which will change the temperature function [16]. The
added chemical potential in the non-equilibrium hy-
drodynamic equation increases the slope of the tem-
perature function. The temperature function is used
to compute the integral of the production rate of
thermal photons, so the effect of the chemical non-
equilibrium QGP enhances the thermal photon con-
tribution.

2 Prompt photon production in rela-
tivistic heavy ion collisions

The prompt photons can be divided into three cat-
egories. They are direct photons, fragmentation pho-
tons and gluon-photons. Direct photons are produced
by the Compton (qg — qy) and annihilation (qq —
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gy (QCD), qq — vy (QED)) processes. Fragmenta-
tion photons are those produced by jet-photon frag-
mentation from final state partons. Gluon-photons
are produced by the finite quark one-loop (gg — gy,
gg — YY) contributions.

Before the QGP formation time 7;, the produc-
tion of direct photons and gluon-photons which are
emitted from hard collisions of high energy partons is
described by the cross section (A4+B—y/yy+X) as

follows [25]

do 1
EdTp = ;J'dxaGA/a(xaaQQ)GB/b(xbuQ2) X
Laly d&(a—&—b c+d) (1)
= — 5
Loy —T1 dt

where the subprocesses of parton collisions d&/df
have been listed in previous studies [25, 31]. These
subprocesses are given by the leading order (direct
photons) and quark one-loop (gluon-photons) QCD
calculations. To consider the higher order contribu-
tions, we take the K correction factor as K ~1.5
[21]. The Mandelstam variables are § = x,x,8,
i = —x,27ps/2 and t = —x,2rs/2 when the rapidity
y is zero, where xp = 2Pr/\/s, Ty, = ToT2/(Ty — T1).

Here s is the square of the total energy of the nucleon- |

nucleon collisions and Pr is the transverse momentum
of a photon. The integral range of the momentum
fraction x, is [1,2,/(1 —x,)], where x; =2y = 21/2.

The contribution of the prompt gluon-photons is
shown in Fig. 1. The strong coupling parameters
of gg — gy(aa?) and gg — yy(a?a?) are relatively
smaller than the coupling parameters of the direct
photon processes (aqy), but gluons are ample in the
low Pr region, therefore the contribution of the gluon-
photons can not be ignored in relativistic heavy ion
collisions [21, 25]. The prompt gluon-photon spec-
trum is higher than the prompt direct production in
the region of Pr <1.5 GeV (RHIC) and Pr <7 GeV
(LHC). Especially, the prompt gluon-photon spec-
trum is higher than the prompt fragmentation photon
(a?) spectrum in the region of Pr <2 GeV (LHC). In
Pb-Pb collisions at 1/s=5.5 TeV and Pr=1.0 GeV
the contribution of prompt gluon-photons is almost
62% of the total photon spectrum. In the region of
1.1 GeV< Py <2.0 GeV the contribution of prompt
gluon-photons is almost 6.2%—0.3% of the total pho-
ton production at LHC. Therefore, the production
of prompt gluon-photons is an important source of
prompt photons.
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Fig. 1.
Data at RHIC are from PHENIX [13].

The photon production sources in relativistic heavy ion collisions at RHIC (left) and LHC (right).

We choose the parton distribution G(z,Q?) of | the sum of the proton and neutron distribution.

the nucleus from M. Gliick et al. [26] in the form
G(,Q%) = R, Q% A) ZP(2,Q*)+(A— Z)N(z,Q%)],
where R(z,Q? A) is the EMC shadowing factor [27],
Z is the proton number of the nucleus and A is the
nucleon number. P(z,Q?) is the proton distribution,
and N(z,Q?) is the neutron distribution. Since pro-
tons and neutrons have different distributions of up
and down valence quarks (u(z,Q?) and d(z,Q?)), the
iso-spin effect of the nucleus can be represented by

Previous studies treated the production rate of
prompt photons by scaling the results for Proton-
Proton collisions with the number of nucleon-
nucleon collisions (Ng,) in the form [18, 21, 28]
dNyompt/(ddePT) = (BEdoy,/d’p)({(Neon)/opp),
where o0, is the mean cross section of P-P collisions,
and Edo,,/d?p is the cross section of P-P collisions
which ignores the iso-spin and EMC shadowing ef-
fect of the nucleus. From Fig. 2 one can see that
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the treatment without the shadowing and iso-spin ef-
fect will overestimate the prompt photon contribu-
tion in the high Pr region, the production rate of
P-P collisions which ignore the iso-spin effect is
higher than the result for N-N collisions in the higher
region of Pr >5.5 GeV (RHIC) and Pr >8.5 GeV
(LHC). We also discuss the shadowing effect at RHIC

and LHC. If the shadowing factor is neglected, the |
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Data at RHIC are from PHENIX [13].

The cross section for the fragmentation photons
is given as follows [31]

d
EdT(; = deaJ'dIbGA/a(IaaQZ)GB/b(:vaQz) X
1 dé
Dy @) Tlatb—ctd), ()

where z, = 2, /2, + 5 /x,, and dé/df represents the
cross sections of Parton + Parton — Parton + Parton

collisions. These subprocesses are q;qs — Qi1qa,

q142 — 4142, 9191 — d191, 9191 — 9202, 4191 — d1d1,
qd — g8, 8¢ — 94, 9g — qg, gg — gg, where the pho-
ton is emitted from the final state of the jet quark

and described by introducing a photon fragmenta-
tion function DY(z.,@Q*). The photon fragmenta-
tion function can be estimated from the Born ap-
proximation of the photon bremsstrahlung (q — vq)
[25]. The integral range of momentum fractions
are , € [Liay/(1 — )] and z, € [1,z,22/(z, —
x1)]. The fragmentation function of the photons is
given by D7 (2., Q%) = (a/2m)In(Q?/A2) 2 (=), with
2o f&(2e) = €2[1+ (1 —z.)?]. A gluon can not cou-
ple with a photon, which means a gluon can not di-
rectly radiate a photon, so D} (z.,Q*) =0 [1, 25].
Here the strong running coupling constant is o, =
47t/[BoIn(Q?/ A?)], where the QCD scale parameter
A=200 MeV and [, =11—2n;/3.

prompt spectrum is also enhanced in the higher re-
gion of Pr >4.2 GeV (RHIC) and Pr >10.5 GeV
(LHC). The effect of the shadowing and iso-spin
weakly influences the prompt photon spectrum at
RHIC, but the difference is more evident at LHC in
the high Pr due to the shadowing factor and the sen-
sitivity of the parton distributions to the collision en-
ergies.
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The effect of the shadowing and iso-spin in Au-Au collisions at RHIC and Pb-Pb collisions at LHC.

In Fig. 1, because the strong coupling parame-
ter of the fragmentation processes («?) is higher than
that of the direct processes (), the fragmentation
photons dominate the prompt photon spectrum in the
high Pr region.

3 Thermal photon production in the
equilibrium and non-equilibrium

QGP

The energy-momentum conservation of the QGP
fluid can be written in the form [1, 16, 21]

3, T =0. (3)

Considering the fact that the QGP is a chemical non-
equilibrium fluid, the energy-momentum tensor can
be written as T# = (e + P )u*u” — g"” P’, where
P’= P—pun, € is the energy density, P is the pressure,
1 is the chemical potential, n is the particle number,
and u* is the four-velocity. The non-equilibrium pro-
cess q < gg induces the imbalance of the quark num-
ber in the QGP. Then the chemical potential in the
energy-momentum tensor can be written in the form
N = [1qNq + [gNe, Where 11y and p, correspond to the
chemical potentials of quarks and gluons. We assume
that the states of the fermions are below the Fermi



FU Yong-Ping et al: Photon production in
No. 2 relativistic heavy ion collisions with equilibrium and non-equilibrium QGP 189

surface, so the Fermi distribution is in the region of
0 <e< g and €>T. Finally the quark number and
the energy density of quarks can be written in the
form [17]
ta Ha 4me? 4
Ny = L D,(e)de= L NPy 1de =3 Hay (4)
and
Hq 3
€= J D, (e)ede = —ngfiq- (5)
0 4
Because the chemical potential of gluons is negative
(g <0), the gluon number and the energy density of
gluons can be estimated as follows

i ° 47e?
ng=J Dg(E)d€=J T de=dmug, (6)

0 0
and

e= J D, (€)ede = —ngpy, (7)

0

where the Bose distribution is in the region of € > ||
and e>>T'. In the above integral the Bose distribution
fe(e>|pg|) =0 if the energy density e >> T [8, 17] and
so the gluons have the distribution fp(€) =d(e—|ug|)-
The correlation between the pressure and energy den-
sity was given by previous studies in the form P =¢/3
[1, 16]. Therefore, the hydrodynamic equation of the
non-equilibrium fluid can be written in the form

a€ 6+P /,Linii
T —'Z —=0. (8)

1=q,8
The correlation between the time and temperature
can be deduced from the hydrodynamic equation in

the form
T =

Compared with the equilibrium result [T/T;])* =7;/7
[16], the new correlation increases the slope of the
temperature function. This temperature function is
used to compute the time integral in the production
rate of thermal photons, so the thermal photon spec-
trum is sensitive to the slope of the temperature func-
tion. In Fig. 3, one can see that the effect of the chem-
ical non-equilibrium QGP enhances the spectrum of
the total photons in the region of Pr <5 GeV (RHIC)
and Pr <14 GeV (LHC).

We briefly recall the traditional thermal produc-
tion rate of photons (Compton and annihilation). Af-
ter the QGP formation time 7; the emission rate of
thermal direct photons can be written in the form [8]

dNthfdirect Th

~

_— — d
dyd? Py J T

where 7, represents the critical time when the mixed

JV(T) AV fr(T)T*My(T), (10)

i 0

phase transfers into the hadronic phase, V(1) =
TR cp7 describes the bulk of the system. We take
the radius of the QGP as Rqgp ~ 4 —8 fm (RHIC)
and Rggp ~6—11 fm (LHC) in the bulk integral [21].
The Compton integral factor is

5 daog 6Py
= S [ () ] 00

the one of the annihilation process is

5 daog 6Py
= 5157 [ (cr ) # ] 02

where the parameter Ccop, = —0.42 and Cl,,, = —1.92
[8, 21]. Here « is the electromagnetic coupling con-
stant and fr(T') is the Fermi-Dirac distribution.
Besides the thermal direct photons, one can not
neglect other thermal sources in the QGP. Thermal
photons also can be divided into three categories:
thermal direct photons, thermal gluon-photons and
thermal jet-photons. Thermal gluon-photons are pro-
duced from the processes of gg — gy and gg — vy.
The production rate of thermal gluon-photons can be

MEm(T)

M;IlIL (T)

written in a similar form

dN;h—gluon h V(r) 5
—> | 4 AV f5(T)T>My(T). (13
ot I IS L AR

The integral factors of the thermal gluon-photons are
25 4a2a? 6 Pr

MEETY(T) = — =— |1 Cg| (14

&)= S 920 [n (mST) + g] (14)

and

5 4dao? 6 Pr
gg—gY _ 2 s
ME D) =35 1527 [hl (nasT> +Cg} » (15)

where fg(T') is the Bose-Einstein distribution for glu-
ons, and the parameter C, is given by the following

6 <= 1Inn
Cy =29.76— Cpuer — — > — =2861,  (16)
n=1
where the parameter 29.76 comes from the mean cross
section of gg — vy and gg — gy given by

25 a*a? 3
o(gg—vy)= {ln (E) +29.76] (17)

g

T 81 165

and
3

5 aa S
= 22% (2 4o, 1
—8Y) 1216§{n<k§)+976]’ (18)

n

o(ge

where k, is an infrared cutoff [8].

In Fig. 1, one can see that the thermal direct
spectrum is dominant in the region of Pr <3.7 GeV
(RHIC) and Pr <11 GeV (LHC). The thermal gluon-
photons make only a small contribution to the total
thermal photons. We take the initial temperature
T,=370 MeV and the formation time 7;=0.2 fm/c at
RHIC and T;=845 MeV 7;=0.08 fm/c at LHC [21].
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Fig. 3.
and LHC. Data at RHIC are from PHENIX [13].

In the parton model one can estimate the jet-
photon fragmentation by introducing a photon frag-
mentation function into the hard scattering of par-
tons. The photon fragmentation function is intro-
duced from the Born approximation of the parton
bremsstrahlung. Therefore, the QED bremsstrahlung
q — Yq process plays an essential role in the jet-
photon fragmentation. However, because of the jet
quenching effect, the jet process in the hot quark-
gluon medium is extremely suppressed and therefore
the QED bremsstrahlung process is also suppressed
in the quark-gluon medium.

A jet quark loses most of its energy in the pro-
cess of the QCD bremsstrahlung q — gq due to the
abundance of gluons in the low Pr, and the jet can
no longer emit photons. However, a jet q'/q’ cross-
ing the hot gluon medium can convert into a photon
by reacting with a quark or gluon via the Compton
(d'g — vq') and annihilation (q'q’ — 7yg) processes,
where q' /@’ represents the final state of the hard scat-
tering q'q’ — q'q’ or q'q’ — q'q’ in the quark-gluon
medium.

The expressions of the production rate of thermal
jet-photons in the quark-gluon medium are

dect—Com. dNth—Com.
Y —¢(Pr)iet.com —1— 19
ddePT g( T)J t-C . dyd2PT ( )
and
deet-ann. dNth—ann.
— = ¢(Pr)ict-ann, ———=—o1, 20
ddePT 5( T).] t . dyd2PT ( )

where the jet-conversion coefficients of the Compton

and annihilation process are given by
dN%qﬁqq
g(PT)jct—aan = g(PT)jct—Con'L = P’Iz‘dyiiigpr (21)

The production rate of the jet quarks can be written
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The contribution of thermal jet-photons with the equilibrium and non-equilibrium condition at RHIC

in the form

dNga—aa 1 (™ V(r)
jet 2
—_— = — d dVE T
dyd2P; ~ P2 J TL afe(T)

T2]\4jet (T)7 (22)

where the integral factor is given by

oo

M) = 3 7 0

)

ot

n=1

6P 1/2
n ( - ) _qu
Tt T

Here the parameter C,, comes from

(23)

1 C uler
Coq = o.773+1n§—ETl+

co _1 n+2
> S
n=1 n

~ D
>

where the parameter 0.773 is taken from the mean

=-0.085, (24)

cross section o(qq— qq) or o(qq — qq) in the form

B _ 2 a2
o(qq/qq—qq/qq) = 973

1.3
{5 mm—g +0.773] .(25)

In the calculation of the mean cross section, we take
the approximation as In0 ~ In(my/v/3) due to the
infrared cutoff of the integral divergence [8]. The
differential cross section of the jet quark/antiquark
scattering comes from Ref. [25].

Numerical results of the jet-photon conversion are
shown in Figs. 1 and 3 at the RHIC and LHC energy.
The jet-conversion coefficients depend sensitively on
the system temperature and the thermal jet-photon
spectrum can vary extremely with the different col-
lision temperatures. At the RHIC (Fig. 1 left) tem-
perature the contribution of thermal jet-photons en-
hances the total photon spectrum in the low region of
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1 GeV< Pr <2.5 GeV, but the effect of the enhance-
ment is not evident.

In the case of LHC (Fig. 1 right), the jet-
photon conversion plays an important role in the
thermal photon spectrum due to the rapidly ris-
ing jet-conversion coefficients with the higher sys-
tem temperature. Thermal jet-photons are brighter
than thermal direct photons in the interesting window
1 GeV< Pr <4 GeV at the temperature T;=845 MeV.
This window could be a good expectation for the LHC
experimental data.

In Fig. 3, one can see the modification of thermal
jet-photons in the total photon spectrum. At RHIC
the contribution of thermal jet-photons enhances the
total spectrum in the region of Py <2.7 GeV (in the
case of the non-equilibrium QGP), and Pr <2.2 GeV
(in the case of the equilibrium QGP) (Fig. 3 left). The
effect of the enhancement is more evident at LHC in

the region of Pr <7.5 GeV (in the case of the non-
equilibrium QGP), and Pr <6.8 GeV (in the case of
the equilibrium QGP) (Fig. 3 right).

4 Conclusion

We have discussed various production sources of
the electromagnetic radiation in relativistic heavy

ion collisions. The contribution of gluon-photons
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