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Abstract

In this contribution we investigate the influence of nuclear effects in hadroproduction of quarkonium associated with a
photon. At high energies, such processes provide a probe of the QCD dynamics as it is dependent on the nuclear gluon
distribution, and could be usefull in constraining the behavior of the nuclear gluon distribution in proton-nucleus and
nucleus-nucleus collisions. Here we study the influence of the shadowing effect, in the production of J/ψ (orΥ)+ γ at
the LHC and estimate the pT dependence of the nuclear modification factors. The theoretical framework considered
for quarkonium production is the non-relativistic QCD (NRQCD) factorization formalism.
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1. Introduction

In the last years the study of heavy ion collisions
have provided strong evidence for the formation of a
quark-gluon plasma (QGP). Such extreme condition is
expected to significantly influence QGP signals and
should modify the hard probes produced at early times
of the heavy ion collision. Since gluons are dominant,
a systematic measurement of the nuclear gluon distri-
bution is primordial to understand the parton structure
of nuclei and to determine the QGP initial conditions.
One of the nuclear effects which modify the behavior of
the nuclear gluon distribution is the nuclear shadowing.
This effect has been observed in the nuclear structure
functions from deep inelastic lepton scattering (DIS) off
nuclei, and can be expressed in terms of the parton con-
tent of nucleons bound in nuclei, being different from
the parton content of free nucleons. Depending on the
parton momentum fraction x, the nuclear parton distri-
bution functions (nPDF) may be suppressed (shadow-
ing) or enhanced (antishadowing) compared with the
usual PDF’s. There are several parametrizations of nu-
clear PDF’s, based on different assumptions and tech-
niques to perform a global fit of different sets of nu-
clear experimental data: EKS, DS, HKN, and EPS
[1, 2, 3, 4], where the later include RHIC data for the
first time. These nPDF’s predict very distinct mag-
nitudes for the nuclear effects. Whereas the behavior
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of the nuclear quark distributions is better constrained
from nuclear DIS data, the nuclear gluon distribution
is still an open question due to the scarce experimental
data in the small-x region and for observables strongly
dependent on the nuclear gluon distribution. Here our
goal is to use the J/ψ + γ processes as auxiliary ob-
servables to constrain the nuclear gluon distribution [5]
(similar studies on inclusive heavy quark, quarkonium
and prompt photon production in central nuclear colli-
sions are done in [6, 7]). This processes are relatively
clean because the produced large pT quarkonium is easy
to detect through its leptonic decay modes and the J/ψ’s
large pT is balanced by the associated high energy pho-
ton. At LHC energies, the leading contributions are
dominated by gluon induced hard processes and then the
quarkonium production associated with a direct photon
will be strongly dependent on the nuclear gluon distri-
bution.

After several years of intense theoretical and exper-
imental investigation, the mechanism for quarkonium
production is still not completely understood. Basicaly,
there are three types of models for quarkonium produc-
tion: the color evaporation model (and more detailed
soft color interaction models) [8], the color-singlet and
the color-octet models [9], the later based on the nonrel-
ativistic QCD (NRQCD) factorization formalism [10]
(see [11] for comprehensive reviews and recent devel-
opments on quarkonium production). Here we study
the production of associated quarkonium +γ at large
pT within the NRQCD approach in proton-nucleus and
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Figure 1: Transverse momentum dependence of the nuclear modifica-
tion factor RpA in J/ψ+ γ production in central and forward rapidities
at the LHC.

nucleus-nucleus collisions. We focus on the production
of a quarkonium and an isolated photon produced back-
to-back, with their transverse momenta balanced. The
present contribution summarizes the main results inves-
tigated in [5].

2. Results and discussions

Our starting point is the ψ(1S ) plus prompt photon
production case. As long as J/ψ+γ is produced at small
longitudinal momentum fraction, xF � 1, the gluon
fusion channel dominates over the qq̄ annihilation pro-
cess. Therefore, at high energies and leading order, the
dominant subprocesses are g + g → 2S+1LJ + γ, where
the contributing Fock-components are the color-singlet
3S [1]

1 and the color-octet 3S [8]
1 , 1S [8]

0 and 3P[8]
0,1,2 states. The

differential cross section for the process g+g→ J/ψ+γ
can be written as

T
=

∫
dx1gA(x1, μ

2
F)gB(x2, μ

2
F) Jvar

dσ̂

Jvar =
4x1x2 pT

2x1 − x̄T ey , (2)

where x̄T = 2mT /
√

s,
√

s is the centre of mass en-

ergy, mT =
√

p2
T + m2

ψ, pT is the common transverse
momentum of the outgoing particles, and y is the rapid-
ity of outgoing J/ψ with mass mψ. The gluon distri-
bution gA/B in the hadron A/B is evaluated at factoriza-
tion scale μ2

F = μ2
R = (p2

T + m2
ψ). If the gluon comes

from a nucleus, the nuclear PDF’s are used. The vari-
ables x1,2 are the parton momentum fractions, where
M2/s ≤ x1 < 1 (M is the invariant mass of J/ψ + γ

system) and x2 =
x1 x̄T e−y−2τ
2x1−x̄T ey , with τ =

m2
ψ

s .
The relevant parton level differential cross sections

are [12]:

where σ0 = π2e2
cαα

2
smc/ŝ2 (mc = 1.5 GeV), s1 = ŝ −

4m2
c , t1 = t̂ − 4m2

c , and u1 = û − 4m2
c . The Mandelstam

variables become ŝ = x1x2s, t̂ = m2
ψ − x2

√
smT ey, and

û = m2
ψ − x1

√
smT e−y. The NRQCD matrix elements

can be found in Ref. [13].
We now estimate the differential cross sections for

central (y = 0) and forward (y = 2) rapidities for
the pp, pA and AA collisions and compute the nuclear
modification factors, which could be measured at the
LHC. In Fig. 1 we present our estimates for the trans-
verse momentum dependence of the ratio RpA, defined
by RpA ≡ dσ(pA)

dydpT
/A dσ(pp)

dydpT
, in pA collisions at the LHC

(
√

s = 8.8 TeV). The results show distinct behaviors
of RpA for different nPDF’s. The difference between
central and forward rapidities for RpA comes from the
kinematical x2 range probed in the two cases. While
for y = 0 the values of x2 are ever larger than 10−3, for
y = 2 the minimum value could be 10−4, increasing with
pT . We have that the nuclear factor is substantially sup-
pressed in the EPS (EKS) case, going down an 0.8− 0.7
at pT 	 10 GeV, while in the DS (HKN) case it is almost
flat and equal to 0.95 (0.85) in the full pT range. Mor-
ever, differently from the DS and HKN predictions, the
EKS and EPS parametrizations lead to a strong trans-
verse momentum dependence. Consequently, the deter-
mination of the magnitude and pT dependence of the
this nuclear modification factor at the LHC could be
useful to determine the properties of the shadowing in
the gluon distribution.

The production of J/ψ + γ can also be studied in the
collision of two heavy nuclei. The nuclear modification
factor RAA are defined by RAA ≡ dσ(AA)

dydpT
/A2 dσ(pp)

dydpT
, in AA

collisions at the LHC (
√

s = 5.5 TeV). In this case the
nuclear effects are amplified by the presence of two nu-
clei in the initial state. Similarly to the pA case, we can
see in Fig. 2 that the factor RAA is strongly modified
by the shadowing effects. For low pT the suppression is
stronger than in the pA case. Our results indicate that
J/ψ + γ production with pT ≤ 20 GeV can be used to

ŝs2
1m2

c
〈OJ/ψ

8 (1S 0)〉
⎤⎥⎥⎥⎥⎦ , (3)

2
t̂û

s1

)
〈OJ/ψ

8 (1P0)〉

+
3

4m2
c
− 4t̂û

ŝs2
1m2

c

(
2ŝ +

3t̂û

s2
1t2

1u2
1

⎞⎟⎟⎟⎟⎠ 〈OJ/ψ
8 (3S 1)〉

+
6

9

⎛⎜⎜⎜⎜⎝ ŝ2s2
1 + t̂2t2

1 + û2u2
1

dt̂
= σ0

⎡⎢⎢⎢⎢⎣10

s2
1t2

1u2
1

⎞⎟⎟⎟⎟⎠ 〈OJ/ψ
1 (3S 1)〉

⎤⎥⎥⎥⎥⎦ ,
dσ̂oct

27

⎛⎜⎜⎜⎜⎝ ŝ2s2
1 + t̂2t2

1 + û2u2
1

dt̂
= σ0

⎡⎢⎢⎢⎢⎣16dσ̂sing

dydp
d2σ

dt̂
(1),
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Figure 2: Transverse momentum dependence of the nuclear modifica-
tion factor RAA in J/ψ+γ production in central and forward rapidities
at the LHC.

determine the gluon shadowing effect.
The production of Υ(1S )+γ can be obtained from the

expression (3) above, by replacing the charm mass and
charge by the bottom ones, mb = 4.7 GeV , eb, the J/ψ
mass by the Υ(1S ) mass, and by using the correspond-
ing color octet matrix elements. We use those values
from Ref. [15]. In Fig. 3 we present our estimates for
the transverse momentum dependence of the ratio RpA

for central and forward rapidities, in pA collisions at the
LHC (

√
s = 8.8 TeV) producing Υ(1S )+ γ. In this case

the pT range is extended to 100 GeV, since the distri-
butions tend to be shifted to larger values of pT due to
the larger Υ mass, which makes larger values of x to be
accessed, and suggests the existence of antishadowing.
As in the previous cases the results show distinct be-
haviors of RpA for different nPDF’s. For central rapidi-
ties, the EKS and EPS show antishadowing for larger
pT , while this effect is absent for forward rapidities and
for the other distributions. For lower pT , the suppres-
sion is different for the different nPDFs, being stronger
in the forward case. This effect could then be used to
discriminate among the nuclear PDF’s.

The results for the production of Υ(1S ) + γ in AA
collisions are shown in Fig. 4, where we present our
results for the transverse momentum dependence of the
ratio RAA for central and forward rapidities at the LHC
(
√

s = 5.5 TeV). Here the nuclear effects are more pro-
nounced than in the pA case. The EPS parameteriza-
tion shows the steepest behavior, presenting shadowing
(suppression) for low pT and antishadowing (enhance-
ment) for larger pT and central rapidities. The EKS has
a similar although less pronounced behavior, and the
HKN, which presented an almost flat behavior in the
J/ψ case, it now grows steeper. Thus, the HKN versus
DS could be discriminated at low pT and central rapidi-
ties, and at high pT and forward rapidities. In the for-
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Figure 3: Transverse momentum dependence of the nuclear modi-
fication factor RpA in Υ(1S ) + γ production in central and forward
rapidities at the LHC.

ward case, antishadowing behavior at high pT tend to
be less important for the EKS and EPS nPDF’s as pT

grows. We conclude that shadowing and antishadow-
ing effects could be tested in different pT and rapidity
regions and therefore help in discriminating among the
different nuclear PDF’s.

Let us now to discuss qualitatively the results and
comment on the limitations of present calculations. Let
us first concentrate on the pA case where cold matter
effects also play an essential role. At leading order, the
differential cross section is simply proportional to the
product of gluon densities

dσpA

dx1dx2
(J/ψ + γ) ∝ gp(x1) A(x2) δ(x1x2s − m2

ψ),

where x1,2 are the projectile and target-parton momen-
tum fractions. In this kinematics, the nuclear modifi-
cation factor reduces to RpA 	 RA

g (x2). In our analy-
sis above we did not take into account the nuclear ab-
sorption. In the framework of the probabilistic Glauber
model, this effect refers to the probability for the pre-
resonant QQ̄ pair to survive to the propagation through
the nuclear medium. Therefore, the J/ψ may be sensi-
tive to inelastic rescattering processes in a large nuclei,
which spoil the simple relationship between RpA and
RA

g . Assuming the factorization between the quarko-
nium production process and the subsequent possible
J/ψ inelastic interaction with nuclear matter, we can
write the production cross section as

dσpA

dx2
(J/ψ + γ) ∝ S abs

dσprod

dx2
(pA→ J/ψ + γ),

where S abs denotes the probability for no interaction,
or survival probability, of the meson with the nucleus
target. In a Glauber model it depends on the J/ψ − N
inelastic cross section, σJ/ψN , and reads as (for large
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Figure 4: Transverse momentum dependence of the nuclear modi-
fication factor RAA in Υ(1S ) + γ production in central and forward
rapidities at the LHC.

nucleus):

S abs 	 1
AσJ/ψN

∫
d2b
[
1 − exp

(
−TA(b)σJ/ψN

)]
, (4)

with the thickness function TA(b). As σJ/ψN is not well
constrained from data, this is additional uncertainty en-
tering on the nuclear modification factor. In a rough
estimation we have RpA 	 S abs(A, σJ/ψN)RA

g . The cor-
responding expression for AA collision can be obtained
using similar methods. We quote Ref. [16] as an exam-
ple where the magnitude of these corrections has been
studied for the J/ψ production in proton-nucleus and
nucleus-nucleus collisions.

Concerning a nucleus-nucleus collisions, the situa-
tion is more complicated as final state effects can not
be disregarded. For instance, the processes of dis-
sociation and recombination of cc̄ pairs in the dense
medium can be computed through the co-movers in-
teraction model [17], which also incorporates also the
recombination mechanism [18]. As mentioned for pA
case, nuclear effects in nucleus-nucleus collisions are
usually expressed through the so-called nuclear modi-
fication factor, RJ/ψ

AB (b), defined as the ratio of the J/ψ
yield in AA and pp scaled by the number of binary
nucleon-nucleon collisions, Ncoll(b). A similar factor
can be defined in our case of J/Ψ+γ production, having
in mind that the prompt photon is insensitive to nuclear
matter effects.

In summary, we have investigated the quarkonium
production in association with a isolated photon in pA
and AA collisions at the LHC, considering the NRQCD
factorization formalism and some parameterizations of
the nuclear parton distributions available in the litera-
ture. Our results show that the nuclear modification fac-
tors RpA and RAA are useful observables to discriminate
among the different nPDF’s. The nuclear effects are dif-
ferent at central and forward rapidities, so measuring

the nuclear production of J/ψ + γ and Υ + γ in these
two regions could give additional insights about the cor-
rect nuclear gluon distribution. These complementary
observables to the inclusive production are useful to un-
derstand the quarkonium production mechanism and the
relative magnitude of the different nuclear effects, not
fixed by present experimental data.
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