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We propose a particle production mechanism analogous to the particle photoproduction processes,
arising from the gluon-nucleon interactions in relativistic heavy ion collisions. The comparison is
made on the effect of the gluon-nucleon interactions on the photon production in Au+Au collisions
at

√

sNN =200 GeV and Pb+Pb collisions at
√

sNN =2.76 TeV. The numerical results indicate
that as the collision energy increases, the contribution of gluon-nucleon interactions becomes more
prominent.

I. INTRODUCTION

Relativistic heavy ion collisions represent a prominent
research focus in high energy physics. The high energy
heavy ion collision experiments provide insights into var-
ious aspects of particle interactions, including the per-
turbative Quantum Chromodynamics (pQCD) that gov-
erns nucleon-nucleon deep inelastic scattering and their
underlying parton structures. Moreover, the relativis-
tic heavy ion collisions provide a unique opportunity
to investigate the properties of hot and dense matter
composed of quarks and gluons, known as quark-gluon
plasma (QGP).

In relativistic heavy ion collisions, the jets produced
from the parton collisions lose energy due to gluon ra-
diation in the hot medium, this phenomenon is called
jet quenching [1–3]. Jets in a hot medium can radiate
gluons similarly to the bremsstrahlung of electrons. In
the color deconfined QGP, jet quarks with color charge
radiate soft gluons due to multiple scattering with the
hot particles [4–7]. The suppression of hadron spectra
from relativistic heavy ion collisions observed by detec-
tors at Relativistic Heavy Ion Collider (RHIC) and Large
Hadron Collider (LHC) can provide evidences for the ex-
istence of this effect [8–10]. Without the influence of the
thermal medium, partons within nucleons can also ra-
diate gluons through hard scattering [11–14]. However,
the gluon radiation discussed above occurs in the final
states of particle scattering. Due to color confinement,
it is not possible for initial state partons within nucleons
to directly radiate gluons in hadronic collisions.

In this paper, we consider the situation in which some
nucleons of heavy ions have already collided and ther-
malized in the initial stage of the relativistic heavy ion
collisions. The collective behavior of hadronic particles
has been observed in high multiplicity pp, pA and dA
collision experiments at RHIC and LHC [15–23]. During
the initial stage of the relativistic heavy ion collisions,
some small hot systems may have already appeared. The
remaining nucleons (or partons within the nucleons) in
the heavy ion, which have not yet collided, will collide
and interact with these small hot systems. If the mean
free path of the incident parton is large compared to the

FIG. 1: (a) Illustration of gluon-nucleon interactions, the
gluon radiates from the initial state parton a due to scat-
tering with the small hot medium. (b) The e-p deep inelastic
scattering induced by the photon-nucleon interactions.

Debye screened length, an initial state quark a of the nu-
cleon A collides into the small hot medium, and scatters
with a thermal parton, the initial state quark a will ra-
diate a high energy gluon. The radiated gluon will then
interact with an parton b of another incident nucleon
B, the process [Fig.1(a)] is similar to the particle pho-
toproduction processes in electron-proton deep inelastic
scattering at HERA [24] [Fig.1(b)]. Through the above
analysis, we can observe that under the condition of color
deconfinement, the high energy gluons radiated by initial
state quarks are entirely capable of undergoing hard scat-
tering with other cold partons. However, in cold nuclear
matter, gluons emitted by initial state partons rapidly
fragment into jets due to the color confinement effect.

The paper is organized as follows: In Sec. II, we dis-
cuss the scattering amplitude for the quark scattering
that leads to the gluon radiation. The gluon spectrum
inside an initial state quark is calculated. In Sec. III,
we derive the differential cross section for particles pro-
duction resulting from the gluon-nucleon interactions in
relativistic heavy ion collisions. In Sec. IV, we employ
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FIG. 2: Feynman diagrams for gluon radiation in leading or-
der (LO) quark scattering.

photon probes to analyze the contribution of the gluon-
nucleon interactions at RHIC and LHC energies. Finally,
a summary is provided in Sec. V.

II. GLUON RADIATION OF THE INITIAL

STATE QUARK

We first review the amplitude of quark scattering that
leads to gluon radiation [7, 11], the Feynman diagrams
satisfying gauge invariance are shown in Fig.2. The com-
plete LO amplitude of gluon radiation induced by the
quark scattering is given by

M =
igMel

T a
BB′T a

AA′

{[

ε·pf
k·pf

(

T bT a
)

nn′
− ε·pi
k·pi

(

T aT b
)

nn′

]

T a
mm′

+
q2

(k − q)2

[

ε·kf
k·kf

(

T bT a
)

mm′
− ε·ki
k·ki

(

T aT b
)

mm′

]

T a
nn′

+
2ε · q

(k − q)2
[T b, T a]nn′T a

mm′

}

, (1)

where T a is the SU(3) generator with the color indices
n, n′, m, m′, A, A′, B and B′ of quarks. Here a and
b are the non-Abelian gauge field indices. The three
terms of the above equation represent the scattering am-
plitudes M(1), M(2) and M(3) in the Feynman diagrams
as shown in Fig.2, respectively. The radiated gluon mo-
mentum k satisfies the on-shell condition k2=0 , and the
polarization ε satisfies ε · k=0. The Born scattering am-
plitude is

Mel =
g2

q2
T a
nn′T a

mm′ ū(pf )γµu(pi)ū(kf )γ
µu(ki), (2)

The light-cone initial momenta pi of the beam parton in
the nucleon and ki of the target parton in the small hot
medium are defined as

pi = (p+, 0,0⊥), (3)

FIG. 3: The amplitudes for the LO gluon radiation.

ki = (mq,mq,0⊥), (4)

where the effective temperature-dependent mass is
mq(T ) =

√

2παT
s /3T [25], here the temperature-

dependent coupling constant is αT
s = 6π/[(33 −

2NF ) ln(8T/Tc)] with critical temperature Tc=160 MeV,
and the flavor number of the quarks Nf ≈ 2.5 to account
the mass of s quark [26]. The final momenta of the beam
and target partons are

pf = pi + q − k, (5)

kf = ki − q. (6)

The GW and BDMPS models have considered the effect
of soft gluon radiation, and found that the amplitude
M(2) in Fig.2 is negligible compared to M(1) and M(3)
in the light-cone gauge [4–7]. Here we show that in the
high energy gluon radiation condition, k ≫ q, the am-
plitude M(2) and M(3) are depressed by the terms of
q2/(q − k)2 and ε · q/(q − k)2, respectively. Only the
projectile diagrams M(1) contribute significantly to the
radiation of high energy gluon. In the leading pole ap-
proximation the differential cross section of the gluon ra-
diation (Fig.3) can be expressed as

dσ

σ0dzdt
=

αs

2πt
Pgq(z), (7)

where the Mandelstam variable t = (pi+ q)2 = (k+pf )
2,

the splitting function Pgq = CF [1+(1−z)2]/z with CF =
3/4. z is the momentum fraction of the radiated gluon.
By integrating over the Lorentz invariant t, we obtain the
gluon radiation spectrum of an initial state quark:

fgq =

∫

dt
dσ

σ0dzdt
=

αs

2π
Pgq(z) ln

tmax

tmin
, (8)

the values of tmax and tmin will discuss in Section III.

III. PARTICLES PRODUCTION INDUCED BY

GLUON-NUCLEON INTERACTIONS

The invariant differential cross section for particle pro-
duction from the gluon-nucleon interactions in Fig.1(a)
can be derived as following

dσg−n

d2pTdy
=

∑

a,b

1

π

∫ 1

xmin
a

dxa

∫ 1

xmin
b

dxbG
A
a (xa, Q

2)fga(za, T )

×GB
b (xb,Q

2)
xaxbza

xaxb − xax2

dσ̂gb→cd

dt̂
(ŝ,û,t̂), (9)
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where xa,b and za are the momentum fractions of the
initial state parton and radiated gluon, respectively. Q
is the momentum scale. The momentum fractions with
the transverse momentum pT and rapidity y are given by

xmin
a =

pT e
y

√
sNN − pT e−y

, (10)

xmin
b =

xapT e
−y

xa
√
sNN − pT ey

, (11)

za =
xbpT e

y

xaxb
√
sNN − xapT e−y

, (12)

here
√
sNN is the center-of-mass energy of the colliding

nucleons. The parton distribution for the nucleus is given
by

GA
i (xi, Q

2)=RA
i (xi, Q

2)[ZF p
i (xi, Q

2)

+(A− Z)Fn
i (xi, Q

2)]/A, (13)

where RA
i (xi, Q

2) is the nuclear modification factor, Z
is the proton number, A is the nucleon number. The
functions F p

i (xi, Q
2) and Fn

i (xi, Q
2) are the parton dis-

tribution function (PDF) of the proton and neutron, re-
spectively.
The Mandelstam variables ŝ, û and t̂ of the differential

cross sections dσ̂/dt̂(gb → cd) are

ŝ = xaxbzasNN , (14)

û = −xbpT e
y√sNN , (15)

t̂ = −xazapT e
−y√sNN . (16)

In the high energy gluon radiation limit, k+ ≈ p+, the
radiated gluon is in the forward direction. In this case,
we obtain the results pimax ≈ (

√
ŝ, 0,0⊥) and qmax ≈

(mq,mq,0⊥), then logarithmic scale tmax in Eq.(8) is

tmax =
√
ŝmq(T ) +mq(T )

2. (17)

Taking into account the scale parameter of pQCD, we
choose tmin=(0.2 GeV)2 [27]. The parameter tmax indi-
cates that the gluon radiation spectrum depends on the
temperature of the QGP droplets formed in the early
stage of relativistic heavy ion collisions.

IV. APPLICATION IN PHOTON PRODUCTION

Through the analysis of particle production processes,
we observed that, in comparison to the invariant differen-
tial cross section of direct particles production, the con-
tribution of the gluon-nucleon scattering processes is sup-
pressed by the QCD running coupling constant αs in the

gluon radiation spectral function fgq. As an application
of gluon-nucleon scattering, we will now discuss particles
that can be detected by the detectors, such as photons.
The electromagnetic radiation produced from relativis-
tic heavy ion collisions is a useful probe for investigating
pQCD and the QGP. Photons do not directly participate
in strong interactions, and the mean free path of photons
is larger than that of the collision system. Consequently,
photons can escape to the detector almost undistorted
through the strongly interacting system.
During the initial parton collisions stage, the direct

photons are primarily produced by the quark-antiquark
annihilation (qq̄ → gγ) and the Compton scattering
(qg → qγ) [27]. The invariant cross section from the
two processes is expressed as

dσdirγ

d2pTdy
=

∑

a,b

1

π

∫ 1

xmin
a

dxaG
A
a (xa, Q

2)GB
b (xb, Q

2)

× xaxb

xa − x1

dσ̂ab→γd

dt̂
(ŝ, û, t̂), (18)

here the momentum fraction xb is

xb =
xapT e

−y

xa
√
sNN − pT ey

, (19)

and the value of xmin
a is consistent with Eq.(10).

The Mandelstam variables of the the subprocesses
dσ̂/dt̂(ab → γd) are

ŝ = xaxbsNN , (20)

û = −xbpT e
y√sNN , (21)

t̂ = −xapT e
−y√sNN . (22)

In addition to direct photon production, fragmentation
photons are also the primary source of large transverse-
momentum photons in initial parton collisions [27]. The
invariant cross section for the AB → (c → γ)X interac-
tion can be written as

dσfraγ

d2pTdy
=

∑

a,b

1

π

∫ 1

xmin
a

dxa

∫ 1

xmin
b

dxbG
A
a (xa, Q

2)GB
b (xb, Q

2)

×Dγc(zc, Q
2)

1

zc

dσ̂ab→cd

dt̂
(ŝ, û, t̂), (23)

where the momentum fraction of the final state parton c
is

zc =
pT√
sNN

(

ey

xa
+

e−y

xb

)

. (24)

The values of xmin
a and xmin

b are consistent with Eq.(10)
and Eq.(11), respectively. The Mandelstam variables of
the differential cross sections dσ̂/dt̂(ab → cd) are

ŝ = xaxbsNN , (25)
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FIG. 4: Photon yields of the direct photons (solid line), frag-
mentation photons (dash line) and photons produced from
the gluon-nucleon interactions (dash dot line) at RHIC and
LHC energies.

û = −xb

zc
pT e

y√sNN , (26)

t̂ = −xa

zc
pT e

−y√sNN . (27)

The effect of thermal medium induced jet energy loss
on photon fragmentation D0

γc is presented by the WHS
phenomenological model [1–3], this approach is useful
for studies of the parton energy loss of fragmentation
function and multiple final state scattering. The prob-
ability for a jet to scatter n times within a distance
L(= nλq) in the thermal medium is provided as Pn =

(L/λq)
ne−L/λq/n!, where λq is the mean free path of the

quark. The fragmentation function can be modified in
the following form

Dγc(zc, Q
2) = Cn

N
∑

n=0

Pn
znc
zc

D0
γc(z

n
c , Q

2) (28)

where Cn = 1/
(

∑N
n=0 Pn

)

, N = Ejet

T /ε is the scattering

number, Ejet

T = pT /zc is the transverse energy of the jet,

and znc = zc/
(

1−∆E/Ejet

T

)

. The total energy loss △E

of the quark and average energy loss per scattering ε are
defined as follows:

△E =

∫ L

0

dE

dx
dx, (29)

ε = λq
dE

dx
. (30)

The energy loss dE/dx of jets crossing the hot and dense
plasma is determined by the BDMPS model [4]

dE

dx
=

αscaµ
2

8λg
L ln

L

λg
, (31)

FIG. 5: Photon yields from the Au+Au collisions at
√

sNN=200 GeV for 0-20% centrality class. The dashed line
includes the sum of direct photons, fragmentation photons,
jet-photon conversion, thermal photons from the QGP and
HG phases, and photons produced from the gluon-nucleon in-
teractions. The solid line does not include the contribution
of the gluon-nucleon interactions. The dash dot line is the
photon yield from the gluon-nucleon interactions. The data
on photons are from the PHENIX experiments [28, 29].

where ca=4/3 for quarks and 3 for gluon, the
square of the Debye mass is µ2 = 4παsT

2, λg =
πµ2/

[

126α2
sζ(3)T

3
]

and λq = 9λg/4 are the gluon and
quark mean free path, respectively [7].
In the discussion of photon production, the leading-

order subprocess of gluon-nucleon collision is the Comp-
ton scattering gq → γq in Eq.(9). Although the invari-
ant cross section magnitude for gluon-nucleon collisions
[O(α2

sα)] is smaller than the magnitude for direct photon
production [O(αsα)], we note that the invariant cross sec-
tion for fragmentation photons [Eq.(23)] is of the same
order as gluon-nucleon collisions [Eq.(9)]. In Fig.4, we
present the yields of direct photons, fragmentation pho-
tons, and photons originating from the gluon-nucleon in-
teractions in 0-20%Au+Au collisions at

√
sNN=200 GeV

and 0-20% Pb+Pb collisions at
√
sNN=2.76 TeV. The

photon yield is obtained by the following [30]

dN

d2pTdy
=

〈Ncoll〉
σNN
inel

dσ

d2pTdy
, (32)

where 〈Ncoll〉 is the average number of binary nucleon-
nucleon collisions, σNN

inel is the inelastic nucleon-nucleon
cross section. We use 〈Ncoll〉=1210.8 and 770.6, σNN

inel=64
and 40 mb, corresponding to the nucleon-nucleon colli-
sions at

√
sNN=200 GeV and 2.76 TeV, respectively [30–

33]. In the numerical calculations, we use the CTEQ6L1
PDF [34] and EPS09 nuclear modifications [35], with a
momentum scale chosen as Q2 = 4p2T . We investigate
photon production in the midrapidity region of Au+Au
and Pb+Pb collisions.
In Au+Au collisions at RHIC, the contribution of

gluon-nucleon interactions is not as pronounced as in
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FIG. 6: Same as Fig.5 but for the Pb+Pb collisions at
√

sNN=2.76 TeV for 0-20% centrality class. The data on
photons are from the ALICE experiments [31].

Pb+Pb collisions at the LHC (Fig.4). We find that
with increasing collision energy of nucleons, the contribu-
tion of gluon-nucleon interactions becomes increasingly
prominent. In Pb+Pb collisions at

√
sNN =2.76 TeV,

the photon production from gluon-nucleon interactions
is essentially comparable to the production of fragmen-
tation photons. The direct photons remain the primary
source. We use the parameterized photon fragmentation
function by Owens [27]. The correction factorsKdir ∼1.5
for RHIC and LHC, Kfrag ∼1.8 at RHIC and 1.4 at LHC
are used to account for the next-to-leading order (NLO)
corrections [30]. Since the subprocess of gluon-nucleon
interactions is the Compton process gq → γq, the NLO
correction factor is also chosen as Kn−g ∼1.5 for RHIC
and LHC.
Large transverse momentum photons are mainly pro-

duced by the interactions of the initial partons discussed
above. Photons emitted from the QGP [25, 26, 36–43]
and Hadronic Gas (HG) [41, 44–46] phases are mainly
concentrated in the low transverse momentum region.
Jets from cold component interactions colliding with the
hot medium can also produce large transverse momen-
tum photons [30, 47–50]. In Figs.5 and 6, we present the
total photon yield from relativistic heavy ion collisions
at RHIC and LHC energies. In addition to the photons
produced from the gluon-nucleon interactions, contribu-
tions from prompt photons, thermal photons, and the
jet-photon conversion are also included. The energy loss
from the photon fragmentation in jets and the jet-photon
conversion are both considered. For the calculation of the
jet-photon conversion, the NLO correction factor for jet
productions is chosen as Kjet ∼1.7 for RHIC and 1.6 for
LHC [30].
We mainly focus on the production of large transverse

momentum photons. Since thermal photons are primar-
ily concentrated in the low transverse momentum region
and the photons produced from interactions of the cold
components are not prominent in this region, we adopt
the 1+1D hydrodynamics for simplicity to calculate the
evolution of hot matter [38, 51]. The initial conditions are
chosen as T0=548 and 658 MeV, τ0=0.12 and 0.1 fm/c for
RHIC and LHC, respectively. Because the temperature
of the small hot matter cannot be directly determined, we
assume the temperature in the gluon radiation spectrum
to be T ∼300 MeV [21]. We also compare our results
with the 1+2D hydrodynamic results by Gale et al. [43]
to ensure that technical aspects are under control.
From the numerical results, it can be analyzed that

in the Au+Au collisions at
√
sNN=200 GeV, the con-

tribution of the gluon-nucleon interactions on the total
photon yield is ∼10% in the region of 4 GeV < pT <
7 GeV (Fig.5). However, as the energy increases to the
LHC energy, the contribution of the gluon-nucleon inter-
actions on the total photon yield becomes significant as
shown in Fig.6. Starting from pT = 4 GeV, the contribu-
tion of the gluon-nucleon interactions to the total photon
yield becomes increasingly prominent, rising from a con-
tribution rate of 10% at pT=4 GeV to 19% at pT=13
GeV.

V. SUMMARY

In this work we present calculations of the temperature
dependent spectrum of high energy gluon radiation and
the invariant differential cross section for particle pro-
duction from the gluon-nucleon interactions in relativistic
heavy ion collisions. Through calculations of photon pro-
duction at RHIC and LHC energies, we demonstrate that
in the large transverse momentum region, gluon-nucleon
interactions make a noticeable contribution to particle
production. This contribution of gluon-nucleon interac-
tions is directly related to the nucleon-nucleon collision
energy, and it becomes more pronounced with increasing
collision energy, particularly in the LHC energies. In rel-
ativistic heavy ion collisions, the gluon-nucleon interac-
tions can be one of the candidate mechanisms for particle
production.
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