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Jet-photon Conversion in Expanding Quark-gluon Plasma
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Abstract: We develop a jet-photon conversion mechanism in the expanding quark-gluon plasma.
The jet-photon conversion in hot quark-gluon medium is a vital source of the thermal photon pro-
duction. The jet converts into photons via the secondary Compton and annihilation processes in the
quark-gluon plasma. The gluon-photons are also considered in the calculation of prompt photons

which includes the effect of the shadowing and isospin of nucleus. We find that the prompt gluon-

photons are also an important modification to prompt 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. The novel deconfined state of
strong interacting matter can be created by relativ-

0121 From the earlier

istic heavy ion collisions
Relativistic Heavy Ion Collider (RHIC) to the ac-
complished Large Hadron Collider (LHC), many
efforts try to probe the properties of the hot quark-
gluon matter'® 1. The collision energy could be
several TeV per nucleon in Pb-Pb collisions at
LHC. one may hope for using the novel experi-
mental data of Pb-Pb collisions to examine the cor-
rectness of the quark-gluon plasma theory at such
high temperature. Because of the short lifetime of
the quark-gluon plasma, it is difficult to probe the
information of the hot quark-gluon plasma® %,
Fortunately, the mean free path of the electromag-
netic radiation is much larger than the size of the
quark-gluon plasma, so a possible way is available

to probe the photon information emitted from the
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plasma. Theoretical efforts aim to identify various
sources of the electromagnetic radiation including
prompt and thermal photons, and then one can dis-
tinguish the information of quark-gluon plasma
from hard photons produced in initial nucleon-nu-
cleon collisions™" '/,

The jet-photon fragmentation only exists in
the out side of the quark-gluon plasma, and the jet
is highly suppressed in the quark-gluon medium
due to the jet quenching effect. The jet-photon
conversion turns into an important photon produc-
tion source in the quark-gluon plasma™® . We
consider that jet-photons are produced by the jet-
photon conversion mechanism in the quark-gluon
medium. The jet-photon conversion is defined as
the secondary Compton and annihilation processes.
The contribution of jet-photons plays a vital role in
the traditional thermal Compton and annihilation
photon spectrum at the low transverse momentum
region,

Gluon-photons are produced by finite contri-
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butions of the quark one-loop (gg—gYy, gg—>7Y)
which represent the effect of the hot gluon medi-
um. Previous studies often neglect the contribution
of gluon-photons, because the strong coupling pa-
rameters of the quark one-loop are relatively smal-
ler than the parameters of direct photon processes.
We examine the gluon-photon spectrum with the
direct photon and fragmentation photon processes,
and find that the production of gluon-photons is al-
so an important source of prompt photons in low
The EMC shado-

wing and isospin of the nucleus which can avoid

transverse momentum region.

overestimating the prompt photon production in
nucleus-nucleus collisions are also considered in the

calculation of the prompt photons!'® 2" %2,

This article is organized as follows. In Sec. 2,
we discuss the prompt photon production including
the modification of gluon-photons. The EMC shad-
owing and isospin effect are introduced in the par-
ton model. The thermal direct photons and ther-
mal gluon-photons are discussed in Sec. 3. In Sec.
4, the mechanism of the jet-photon conversion is

discussed. Finally, a conclusion is contained in

Sec. 5.

2  Prompt Photon Production in Rela-

tivistic Heavy Ion Collisions

The prompt photons are produced by the hard
scattering of high energy parton collisions. The
prompt photons can be defined into three catego-
ries. They are direct photons, fragmentation pho-
tons and gluon-photons. The direct photons are
produced by the Compton and annihilation proces-
ses. The fragmentation photons are those produced
by jet-photon fragmentation from final state par-
tons. The gluon-photons are produced by finite
contributions of the quark one-loop(gg—>gy., gg—
YY) which represent the photon modification of the
hot gluon medium. The production rate of direct
photons was discussed extensively by previous

studies, but the radiation source of gluon-photons

is to be neglected for the reason that the strong

coupling parameters of quark one-loop (gg — vy
(a*a?) and gg— gV (aal)) are relatively smaller
than the parameters of direct photon processes
(aa,). However, because of the abundance of glu-
ons at the low transverse momentum region, the
contributions of QCD single and double gluon-pho-
tons are not negligible in relativistic heavy ion col-
lisions™*.

The direct photons and gluon-photons emitted
from the hard scattering of high energy partons

satisfy the cross section in the following™"

"1
E Cl(1 p - %J !:'i“ dIaGAﬂa (17a . QZ )GB/I; (1'1) ’ Q2 ) X

T doe gy D
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where the subprocess of parton scatterings is do/dz
2431 For the rapidity y is zero, we have the Man-
delstam variables in the cross section as s =z,2,5»

u=—xyxrs/2 and t=—x,x1s5/2, where xv=2P/
Js s 2, =x.72/(x.—x1) 5 here s is the square of the
total energy of nucleon-nucleon collisions and P is
the transverse momentum of the photon. The min-
imum momentum fraction in the integral is ™ =
x,/(1—x,), where xy =x,=2x1/2. These subpro-
cesses are given by the leading order (direct pho-
tons) and quark one-loop ( gluon-photons) QCD
calculation. To consider the higher order contribu-
tion, we take the K correction factor as K =
1. 507,

The cross section of fragmentation photons

can be estimated from parton fragmentation in the

following""
d 1 Jl Jl )
d:sp *; o dz, opin dx,Gasn (x,s Q) X

1 do

Gy (x,s QDD (25 Q) E(ab» cd) (2D

2.
where =, =z, /x, +x,/x,, and ds/dt represent the
subprocess cross section of parton+ parton— par-
ton—+ parton collisions, here the photon is smashed
from the final state of the jet quark by introducing

a photon fragmentation function D! (z., Q). The
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photon fragmentation function can be estimated

from the Born approximation of the photon brems-

]

strahlung (¢ —> q7) processes”?"). The momentum

fractions in the integral are ™ =x,/(1 —x;) and

min

"= z,x,/(x,—x1). The fragmentation function

of photons is given by the following

2 2
¥ 2y __ As5€q Q 2
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and one should note that D! (z., Q*)=0. Here the

strong running coupling constant is

- A
BoIn(Q*/A*)

where the QCD scale parameter A=200 MeV, B, =

11 — (2n;/3), and n; is the flavor number of

, (€9

Qs

quarks.

For the nucleus-nucleus collisions, we choose
the parton distribution G (x, Q) of the nucleus
from M. Gluck et al"*! in the following

G(x, Q) =R(x, Q" A[ZP(x, Q) +

(A—2Z)N(x, Q) ], (5
where R(z, Q*, A) is the EMC shadowing fac-
tor™®™, Z is the proton number of the nucleus, A
is the nucleon number, P(x, Q*) is the proton
distribution and N(x, Q*) is the neutron distribu-
tion. Since protons and neutrons have different up
and down valence quark distribution, the isospin of
the nucleus can be represented by the sum of the

proton and neutron distribution. In Fig. 1 one can
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Fig. 1 Prompt photons produced from proton-proton colli-
sions at different energies with experimental data.
The solid line is the prompt photon contribution (Data

from Ref. [28]).

see that the theoretical results of prompt photons
with our measurements are in good agreement with
the experimental data in proton-proton collisions at
different energies'®. The EMC shadowing and
isospin effect are not included in the proton distri-
bution due to the nucleon-nucleon collisions. The
comparison between the theory and experimental
data of the nucleus-nucleus collisions is shown in
Fig. 2. One can see that the prompt photon spec-
trum of the Au-Au collisions which contains the
shadowing and isospin effect fits the RHIC PHE-
NIX data™" in the region of Py >4.5 GeV quite-
well. Previous studies treat the production rate of
prompt photons in nucleus-nucleus collisions by
scaling the results for proton-proton collisions with
the number of nucleon-nucleon collisions. The
treatment without the shadowing and isospin effect
will overestimate the prompt photon spectrum in

the large P region™" 7?71 | In Ref . [32], the
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Fig. 2 The photons production sources in the Au-Au colli-
sions at RHIC energy. the data from Ref. [21] (a).
Theoretical results fit the PHENIX data quife well at
the initial temperature 200 MeV <<T;<{400 MeV and

formation time ;0. 2 fm/c (a).
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authors discussed the effect of the isospin and
shadowing in the prompt photon production, their
results have a satisfied agreement with the Super
Proton Synchrotron(SPS) WA98 experimental da-
ta in the region of 2. 0 GeV <<P;<4.0 GeV. It
means that in the higher collision energies such as
the case at RHIC and LHC one can not ignore the
effect of the isospin and shadowing in the parton
model.

In Figs. 2 and 3, the contribution of prompt
gluon-photons is shown by comparing with the
prompt direct photons and prompt fragmentation
photons. The prompt gluon-photon spectrum is
higher than that of the prompt direct production in
the region of P+<C1.5 GeV ( RHIC ) and Py << 7

10%
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Fig. 3 The production of prompt and thermal photons at

LHC energy.

GeV(LHC). Especially, the prompt gluon-photon
spectrum is higher than that of the prompt frag-
mentation photon at LHC in the region of P;<{2
GeV. Although the low P region is dominated by
the thermal photons, one can not neglect the modi-
fication of prompt gluon-photons. Fig. 3 shows
that in Pb-Pb collisions atys =5. 5 TeV and P =
1.0 GeV the contributions of gg—>gY and gg—> 7Y
are almost 62% of the total photon spectrum. In
the region of 1.1 P+<C2. 0 GeV such contribution
is almost 6. 2%—0. 3% of the total photon produc-
tion at LHC. Therefore, the production of prompt
gluon-photons is an important modification to

prompt photons in the low Pt region.

3 Thermal Photon Production in the

Quark-gluon Plasma

The thermal photons also can be defined into
three categories: thermal direct photons, thermal
jet-photons and thermal gluon-photons. After the
QGP formation time z; the thermal emission rate of

direct photons can be written in the form'

AN e v D M,
dyd* Py . 0 ) !

where 7, represents the hadronic time when the
mixed phase transfers into the hadronic phase. The
bulk correlates with time as V (r) = nR4¢p v, and
the Compton integral factor is

Com. :i 4(1(15 6PT) ) :|
M (1) 5 96(2n)2[1n(7ca5'f + Ceom. | 5

(7)
the one of annihilation is

ann, 7& 4&(1S 6PI
Mq (T) — 9 18(27{')2 [1n(7[asT

j+Cm } » (8)

= — 0. 42 and Cann. -

Here a is the electromagnetic coupling

where the parameter Ceon,
—1.92.
constant and f% (T) is the Fermi-Dirac distribu-
tion. Similarly, the cross section of the gluon-pho-
tons can be written in the form

d N hsluon Jrh Jwr) ' ,
mf . dr . dVfe (DT M (T), (9)

where f5 (T) is the Bose-Einstein distribution for
gluons, and the integral factors of gluon-photons

are

2g> 7Y :275 4(12012 |: (6P1j . :'
Mg (T) 81 192(271)% ln T(QST +(/g s

10

and

3
Mo (T) = 2 4aas {1n[6p'f]+cg],

12 192(2n)° wa, T
(1D

here the parameter C, is given by the following

C,=29.76 — Cpyor — 2>V 1

n=1

2 —=28.61 ,(12)
1

where the parameter 29. 76 comes from the integral

of the mean cross section of gg—>7Y and gg—>g7 in
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the following
d—f(gg —> 77 X

olgg —>7Y) ZZJ i

5(Py gj P,dP,dcos0,

and A
o(gg > 7V ZZJ %(gg gy X

S(nyj P,dP,dcos0, (13)
where the scattering angle 8 correlates to the rapid-
ity, and the Mandelstam variables correlate with 6
in the form a=—(5/2)(1+cos®, t=—(5/2)(1—
cos®). The differential cross section do/di (gg—
YY) and do/di(gg—>gY) come from Ref. [24]. Af-
ter the integral, the mean cross sections of gluon-

photons can be written in the form

727\)01 o’
o(gg —> vY) 31 163 [ (/’J+29 76} , (14
and .
5 aag
o(gg —>gv) = 17 T6s [ (k&)+29 76} . (1%

k, is the infrared cutoff for the in-
L8]

In the integral,
tegral divergence

At RHIC energy, we assume the initial tem-
perature T;=370 MeV and the formation time ;=
0.2 fm/c. We take the radius of the QGP as Rqgp
~4—8 fm(RHIC) and Rgepp=6—11 Im(LHC) in
the bulk integral of the quark-gluon mattert"’
From Fig. 2 one can see that thermal direct pho-
tons dominate in the region of P;<(3. 7 GeV at
RHIC energy™ %), The results of the thermal
photon spectrum are comsistent with the data at
the initial temperature of 200 MeV < T; <C 400
MeV. The result for the larger energy case T; =
845 MeVH™ of LHC is shown in Fig. 3, the ther-
mal direct spectrum dominates in the region of Py
<11 GeV. The thermal gluon-photons make a
faint contribution to total thermal photons in the
QGP.

4  Jet-photon Conversion in Quark-

gluon Plasma

For the fragmentation photons, one can esti-

mate the jet-photon fragmentation by introducing a
photon fragmentation function into the Parton +
Parton—>Parton+ Parton processes, and the photon
fragmentation function is estimated from the Born
approximation of the photon bremsstrahlung. The
QED bremsstrahlung q—qY processes play an es-
sential role in the jet-photon fragmentation. How-
ever, because of the jet quenching effect, the jet
process in the hot quark-gluon medium is extreme-
ly suppressed. The QED bremsstrahlung processes
is also suppressed in the quark-gluon medium by
the QCD bremsstrahlung processes q —> qg, and
then a jet quark can not smash into a photon direct-
ly. We define that the jet-photon conversion satis-
fies to the secondary processes of Compton (q'g—>
q'7) and annihilation (q'q'—g7) in the medium
with the jet-conversion coefficients E(Py)jccom, and
E(P1)jecam » Where q'/q represents the final state
of the hard scattering q q'—=>q'q or q¢'q'—>q'q’ in
the quark-gluon medium.

The expressions of the production rate of jet-

photons in the quark-gluon medium are

jet-Com. th-Com.
dNJ‘yC om dN h-Com.

o 125 jet-Com —r 9 1
TP~ P (16
and v
dN];\—;mn d]\]]el ann.
5 =& (P1)jccann 17
ddePT S( )Je d dZPT ( )

where the jet-conversion coefficients of the Comp-

ton and annihilation processes are given by the fol-

lowing
delflr"ilq*qq/qq
P" jet-Com. :PZJ(li’ 18
&( I)J(( . T ddePT (18)
and
3 (P'r)jeumm =¢ (PT)JZe‘t—Cum‘ . (19

The production rate of the jet quark can be written

in the form

d]\];]q/’ aq—>q4/aq 1 J J V(o) ,
= d dVE?; X
dyd’Py — P3l. ‘

fe (DT M, (T), (20)
where the integral factor is

Z (— D" 16ma?
— n* 9 (27)°
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here the parameter C,, is given by the following

1 Crue
2 2
i (— 1)n+21
I nn
=t M 0,085, (22)
2 (— 1!

2
n

C,, =0.773 +In +

n=1

and the parameter 0. 773 comes from the integral
of the mean cross section o(qq—>qq) or 6(qq—>qq)
by using the same procedure in Eq. (13). The dif-
ferential cross section of the jet quark/antiquark
scattering comes from Ref. [247], the final results
of the mean cross section of the jet quark scattering

can be written in the following

5(qq/qq — qa/qq) :% e [%m% +o0. 773} ,

3 me

(23)

Numerical results of the thermal jet-photon
conversion are also shown in Figs. 2 and 3 at the
RHIC and LHC energy. The jet-conversion coeffi-
cients depend on the system temperature sensitive-
ly, the thermal jet-photon spectrum can vary ex-
tremely at the different collision temperature. At
the RHIC temperature, the jet-conversion coeffi-
cients §(Py)j, <1, the thermal jet-photon spec-
trum gives an important modification to the QGP
thermal spectrum. The thermal jet-photons en-
hance the total thermal spectrum in the region of
P <2 GeV. The thermal jet-photons are even
brighter than the traditional thermal direct photons
in low Py region when the jet-conversion coeffi-
cients & (P1)j, > 1 ot higher temperature such as
the LHC energy T, =845 MeV. In the LHC case
the thermal jet-photon conversion plays a vital role
in the thermal photon spectrum at the novel shin-
ing window of 1 GeV<CP ;<4 GeV which could be

a good expectation for the LHC experimental data.

5 Conclusion

A jet-photon conversion mechanism for ther-

mal photons is developed. We obtain the satisfied
agreement between theory results and the RHIC
PHENIX data. The jet-photons represent an im-
portant contribution to QGP thermal photons
based on the secondary Compton and annihilation
processes. Especially, at LHC energy the jet-con-
version coefficients rise rapidly for the higher tem-
perature, and then the jet-photons become a novel
shining source in the interesting window of 1 GeV
<P+ <4 GeV which could be a good expectation
for the LHC experimental data.

The prompt gluon-photons which include the
effect of the shadowing and isospin are also consid-
ered. In the Pb-Pb collisions the modification of
prompt gluon-photons is almost 62% of the total
photon spectrum. In the region of 1.1 GeV<{P;<<
2.0 GeV the contribution of prompt gluon-photons
is almost 6. 2% —0. 3% of the total photon produc-
tion at LHC,
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