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We determine the nuclear suppression factor SPb(x), where x = M2
J/ψ/W 2

γ p with MJ/ψ the J/ψ mass and Wγ p

the photon-nucleon energy, for the cross section of coherent J/ψ photoproduction in heavy-ion ultraperipheral
collisions at the Large Hadron Collider and Relativistic Heavy Ion Collider by performing the χ2 fit to all
available data on the cross section dσ AA→J/ψAA/dy as a function of the J/ψ rapidity y and the photoproduc-
tion cross section σ γ A→J/ψA(Wγ p) as a function of Wγ p. We find that while the dσ AA→J/ψAA/dy data alone
constrain SPb(x) for x � 10−3, the combined dσ AA→J/ψAA/dy and σγ A→J/ψA(Wγ p) data allow us to determine
SPb(x) in the wide interval 10−5 < x < 0.05. In particular, the data favor SPb(x), which decreases with a
decrease of x in the 10−4 < x < 0.01 interval and can be both decreasing or constant for x < 10−4. Identifying
SPb(x) with the ratio of the gluon distributions in Pb and the proton Rg(x, Q2

0 ) = gA(x, Q2
0 )/[Agp(x, Q2

0 )], we
demonstrate that the leading twist approximation for nuclear shadowing provides a good description of all
the data on dσ AA→J/ψAA/dy and σ γ A→J/ψA(Wγ p) as well as on the experimental values for SPb(x) derived
from σ γ A→J/ψA(Wγ p). We also show that modern nuclear parton distributions reasonably reproduce SPb(x)
as well.

DOI: 10.1103/PhysRevC.110.045201

I. INTRODUCTION

Ultraperipheral collisions (UPCs) of heavy ions have
emerged as a novel and powerful tool to access the partonic
structure of nuclei and the dynamics of strong interactions
at high energies in quantum chromodynamics (QCD) [1,2].
In UPCs, colliding ions pass each other at large distances in
the transverse plane, and their interactions are mediated by
quasireal photons produced by these ions. It effectively turns
heavy-ion UPCs at the Large Hadron Collider (LHC) and the
Relativistic Heavy Ion Collider (RHIC) into a high-energy
and high-intensity photon-nucleus collider. Hence, it gives
a unique opportunity to study small-x QCD in nuclei using
hard photon-nucleus scattering in the previously unaccessible
kinematics, which is complimentary to that of the planned
Electron-Ion Collider [3,4].

Since pioneering experimental results on heavy-ion UPCs
at RHIC more than 20 years ago, the main focus of UPC
studies has been photoproduction of light and heavy vec-
tor mesons. In particular, it has been firmly established that
the cross section of coherent J/ψ photoproduction in Pb-Pb
UPCs at the LHC and Au-Au UPCs at RHIC is suppressed
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compared to the impulse approximation expectations. The
origin of this suppression is one of open questions of high-
energy QCD: The successful predictions of the leading twist
approach (LTA) for gluon nuclear shadowing [5,6] compete
with the description within the color dipole model including
the nonlinear effect of gluon saturation [7–10].

A first model-independent extraction of the nuclear sup-
pression factor SPb(x) for coherent J/ψ photoproduction in
Pb-Pb UPCs at the LHC has been carried out in Ref. [11].
Here x = M2

J/ψ/W 2
γ p, where MJ/ψ is the J/ψ mass and Wγ p is

the photon-nucleon center-of-mass energy, is the longitudinal
momentum fraction, which can be associated with that of the
probed nuclear parton distributions (PDFs). However, since
then, there have appeared new data on coherent J/ψ photo-
production in Pb-Pb UPCs accompanied by electromagnetic
excitation of colliding ions with forward neutron emission at
the LHC [12,13], which are sensitive to SPb(x) in the pre-
viously unexplored region of small x down to x ≈ 10−5. In
addition, the new STAR measurement at RHIC [14] has sup-
plied an important reference points at intermediate x = 0.015.

In this paper, we perform a new analysis of SPb(x), where
it is determined using the χ2 fit to all data on coherent
J/ψ photoproduction in heavy-ion UPCs available to date.
We find that while the data on the rapidity-differential cross
section dσ AA→J/ψAA/dy do not constrain SPb(x) for x < 10−3,
their combination with the data on the nuclear photopro-
duction cross section σγ A→J/ψA(Wγ p) allows us to determine
SPb(x) in the wide interval 10−5 < x < 0.05. The data favor
SPb(x), which decreases with a decrease of x in the 10−4 <

2469-9985/2024/110(4)/045201(15) 045201-1 Published by the American Physical Society

https://orcid.org/0000-0002-2393-8507
https://orcid.org/0000-0002-6877-2520
https://ror.org/05n3dz165
https://ror.org/04p491231
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.110.045201&domain=pdf&date_stamp=2024-10-07
https://doi.org/10.1103/PhysRevC.110.045201
https://creativecommons.org/licenses/by/4.0/


V. GUZEY AND M. STRIKMAN PHYSICAL REVIEW C 110, 045201 (2024)

x < 0.01 interval. For x < 10−4, both constant and decreasing
SPb(x) can be accommodated by the data.

Identifying SPb(x) with the ratio of the gluon distri-
butions in a heavy nucleus and the proton Rg(x, Q2

0) =
gA(x, Q2

0)/[Agp(x, Q2
0)], where Q2

0 = 3 GeV2 is set by the
charm quark mass, we find that the LTA predictions provide
a good description of all the data on dσ AA→J/ψAA/dy and
σγ A→J/ψA(Wγ p) as well on the experimental values of SPb(x)
derived from the σγ A→J/ψA(Wγ p) photoproduction cross sec-
tion. This serves as another strong argument supporting the
presence of large leading twist gluon nuclear shadowing at
small x. We argue that the description of SPb(x) at intermediate
x ≈ 10−2 is also fair and can be further improved by mod-
eling of the gluon antishadowing. We also show that within
large uncertainties of modern state-of-the-art nuclear PDFs,
the EPPS21, nCTEQ15HQ, and nNNPDF3.0 nuclear PDFs
give a reasonable description of SPb(x) in the entire range
of x.

The rest of this paper is organized as follows. In Sec. II,
we outline main ingredients for the calculation of the
dσ AA→J/ψAA/dy and σγ A→J/ψA(Wγ p) cross sections and the
procedure for a model-independent extraction of SPb(x) using
the χ2 fit to the UPC data on these cross sections. We present
and discuss results of the fit and compare predictions of the fit
solutions with dσ AA→J/ψAA/dy and σγ A→J/ψA(Wγ p) used in
the fit and with the experimental values of SPb(x). In Sec. III,
we recapitulate the LTA results for Rg(x, Q2

0) and com-
pare the LTA predictions with the data on dσ AA→J/ψAA/dy,
σγ A→J/ψA(Wγ p) and SPb(x). The latter observable is also com-
pared with predictions of the EPPS21, nCTEQ15HQ, and
nNNPDF3.0 nuclear PDFs. We demonstrate that modifica-
tions of LTA, which include dynamical modeling of gluon
antishadowing and impact parameter dependent nuclear shad-
owing, can further improve the description of the UPC data at
both intermediate and small x. Our conclusions are given in
Sec. IV.

II. NUCLEAR SUPPRESSION FACTOR FOR CROSS
SECTION OF COHERENT J/ψ PHOTOPRODUCTION

IN UPCs

A. UPC cross section, photon flux, and definition
of the suppression factor

In the equivalent photon approximation [15], the cross
section of coherent J/ψ photoproduction in heavy-ion UPCs
integrated over the J/ψ transverse momentum has the follow-
ing form [1,2]:

dσ AA→J/ψAA(y)

dy
=

[
k

dNγ /A

dk
σγ A→J/ψA(Wγ p)

]
k=k+

+
[

k
dNγ /A

dk
σγ A→J/ψA(Wγ p)

]
k=k−

, (1)

where kdNγ /A/dk is the photon flux and σγ A→J/ψA(Wγ p) is
the nuclear photoproduction cross section. The UPC cross
section depends on the J/ψ rapidity y, which determines the
photon momentum (energy) in the center-of-mass frame k± =
(MJ/ψ/2)e±y, where MJ/ψ is the J/ψ mass. The underlying

photoproduction cross section is a function of the center-of-
mass photon-nucleon energy Wγ p = √

4kEA = √
4kγLmN =√

2γLmN MJ/ψe±y, where EA is the nuclear beam energy, γL is
the corresponding Lorentz factor, and mN is the nucleon mass.
The twofold ambiguity in the photon momentum k± and the
photon-nucleon energy Wγ p at given y �= 0 is a consequence
of the possibility for both colliding ions to serve as a source of
the photons and as a target, which is reflected in the presence
of two terms in Eq. (1).

In principle, the UPC cross section also contains the in-
terference contribution of the two terms in Eq. (1). However,
since it is concentrated at very small values of the J/ψ trans-
verse momentum pT , pT < 10 MeV/c for RHIC and pT < 4
MeV/c for the LHC [16], its contribution to the pT -integrated
UPC cross section is vanishingly small and has been neglected
in Eq. (1).

The flux of equivalent photons is obtained by combining
elements of quantum electrodynamics (QED) and soft strong
hadron-hadron interactions and is given by the following con-
volution over the impact parameter �b:

k
dNγ /A(k)

dk
=

∫
d2�b Nγ /A(k, �b)�AA(�b). (2)

In this equation, Nγ /A(k, �b) is the photon flux produced by an
ultrarelativistic nucleus at the transverse distance �b from its
center [17],

Nγ (k, �b) = Z2αe.m.

π2

∣∣∣∣∣
∫ ∞

0
dk⊥

k2
⊥Fch

(
k2
⊥ + ω2/γ 2

L

)
k2
⊥ + ω2/γ 2

L

× J1(k⊥|�b|)
∣∣∣2

ω=k
, (3)

where αe.m. is the fine-structure constant, Z is the nucleus
electric charge, Fch(t ) is the nucleus charge form factor
normalized to unity, Fch(t = 0) = 1, k⊥ is the photon trans-
verse momentum, and J1 is the Bessel function of the first
kind.

The factor �AA(�b) represents the probability of the absence
of strong inelastic nucleus-nucleus interactions at the trans-
verse distance �b between the centers of the colliding nuclei,
which can be evaluated using the optical limit of the Glauber
model,

�AA(�b) = exp

(
−σNN (sNN )

∫
d2 �b′ TA( �b′)TA(�b − �b′)

)
, (4)

where σNN (sNN ) is the total nucleon-nucleon cross sec-
tion [18] and TA(�b) = ∫

dzρA(�b, z) is the nuclear thickness
function (optical density) with ρA(�r) the nuclear density [19].
The use of �AA(�b), which strongly suppresses the contribu-
tion of |�b| < 2RA in Eq. (2), where RA is the nucleus radius,
allows one to avoid using an artificial and model-dependent
cutoff on the relevant range of impact parameters in the cal-
culation of the photon flux, see the discussion in Ref. [20].
Note that this derivation implies that |�b| 
 2RA, which sim-
plifies the impact parameter dependence on the nuclear
target side; for corrections beyond this approximation, see
Ref. [21].
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Information on the small-x QCD dynamics and nu-
clear structure is encoded in the underlying cross section
σγ A→J/ψA(Wγ p). It is convenient to quantify its nuclear
modifications with respect to the impulse approximation (IA)
by introducing the nuclear suppression factor SPb(x) [5,6],

σγ A→J/ψA(Wγ p) = [SPb(x)]2σ
γ A→J/ψA
IA (Wγ p), (5)

where x = M2
J/ψ/W 2

γ p. Note that we use the subscript “Pb”
because apart from the 197Au STAR data point, the rest of the
data used in our analysis come from LHC measurements using
the nucleus of 208Pb as a a target. The IA expression for the
cross section of coherent J/ψ photoproduction on a nucleus
integrated over the momentum transfer t ≈ −p2

T is

σ
γ A→J/ψA
IA (Wγ p) = dσγ+p→J/ψ+p(Wγ p, t = 0)

dt

×
∫ ∞

|tmin|
dt |FA(t )|2, (6)

where dσγ p→J/ψ p(t = 0)/dt is the differential cross sec-
tion on the proton at t = 0, FA(t ) is the nuclear form factor
normalized to the number of nucleons A, FA(t = 0) = A, and
|tmin| = x2m2

N is the minimal momentum transfer squared.
The IA cross section in Eq. (6) takes into account nuclear
coherence but neglects all other nuclear effects. It can be cal-
culated in a model-independent way using reliable data-based
parametrizations of FA(t ) and dσγ+p→J/ψ+p(Wγ p, t = 0)/dt ;
see Sec. II B.

In terms of SPb(x), the UPC cross section in Eq. (1) can be
rewritten in the following convenient form:

dσ AA→J/ψAA(y)

dy
=

[
k

dNγ

dk
σ

γ A→J/ψA
IA (Wγ p)(SPb(x))2

]
k=k+

+
[

k
dNγ

dk
σ

γ A→J/ψA
IA (Wγ p)(SPb(x))2

]
k=k−

. (7)

The main advantage of using SPb(x) is that it allows one to
disentangle the ambiguous relation between y and x; see the
discussion above. As a result, SPb(x) can be determined by
fitting to UPC data on dσ AA→J/ψAA/dy at different

√
sNN , i.e.,

one can combine the Run 1 and Run 2 data in the same fit
and also add other observables such as the recently measured
σγ A→J/ψA(Wγ p) nuclear photoproduction cross section.

B. Cross section of exclusive J/ψ photoproduction on the proton

The expression for the cross section of coherent J/ψ pho-
toproduction on a nucleus in IA requires as input the γ + p →
J/ψ + p differential cross section on the proton at t = 0. In
our analysis, we use two different parametrizations of this
cross section as a function of Wγ p.

The first one is based on the 2013 H1 fit for the t-
integrated cross section of elastic J/ψ photoproduction on the
proton [22],

σγ+p→J/ψ+p(Wγ p)|H1 = Nel(Wγ p/W0)δel , (8)

where Nel = 81 ± 3 nb, δel = 0.67 ± 0.03, and W0 = 90 GeV.
It is converted into the differential cross section at t = 0 by

assuming an exponential and energy-dependent slope B(Wγ p)
of the t dependence of dσγ+p→J/ψ+p/dt ,

dσγ+p→J/ψ+p(Wγ p, t = 0)

dt |H1

= B(Wγ p)σγ+p→J/ψ+p(Wγ p)|H1. (9)

For B(Wγ p), we use the Regge-motivated parametrization

B(Wγ p) = B0 + 4α′
IP ln(Wγ p/W0), (10)

where the parameters are taken from the 2002 ZEUS
analysis [23],

B0 = 4.15 ± 0.05(stat.)+0.30
−0.18(syst.) GeV−2,

α′
IP = 0.116 ± 0.026(stat.)+0.10

−0.025(syst.) GeV−2. (11)

The second parametrization directly fits the
dσγ+p→J/ψ+p/dt differential cross section at t = 0 [5]

dσγ+p→J/ψ+p(Wγ p, t = 0)

dt |GKSZ

= C0

[
1 − (MJ/ψ + mN )2

W 2
γ p

]1.5(
W 2

γ p/W 2
0

)δ
, (12)

where C0 = 342 ± 8 nb/GeV2, δ = 0.40 ± 0.01, and W0 =
100 GeV. The cross section integrated over t is obtained by
combining Eq. (12) with the slope B(Wγ p) of Eq. (10),

σγ+p→J/ψ+p(Wγ p)|GKSZ

= 1

B(Wγ p)

dσγ+p→J/ψ+p(Wγ p, t = 0)

dt |GKSZ
. (13)

A comparison of results of these two parametrizations with
the data on the t-integrated σγ+p→J/ψ+p(Wγ p) cross section
as a function of Wγ p is shown in Fig. 1. The data include the
2013 [22] and 2006 [24] H1 data (we do not include the 2000
H1 data [25], which is superseded by the newer H1 data), the
2002 [23] and 2004 [26] ZEUS data, and the 2014 [27] and
2018 [28] LHCb data. The left panel displays the results on a
logarithmic Wγ p scale, while the right panel does it on a linear
Wγ p scale to emphasize the Wγ p range covered by the HERA
data, which is most relevant for Pb-Pb UPCs at the LHC. One
can see from the figure that both fits describe the data very
well in the entire range of Wγ p.

Note that while both parametrizations of
dσγ+p→J/ψ+p(t = 0)/dt are suitable for the calculation
of σ

γ A→J/ψA
IA (Wγ p) and SPb(x), their difference somewhat

affects the values of SPb(x) at large x, see the discussion in
Secs. II C and II D.

C. Fitting the nuclear suppression factor SPb(x)

Before attempting to describe and interpret the data on
coherent J/ψ photoproduction in heavy-ion UPCs at the
LHC and RHIC using theoretical models, it is important to
determine the nuclear suppression factor SPb(x) as model-
independently as possible directly from the data, see Ref. [11].

The available data sample consists of 20 data points on the
dσ AA→J/ψAA/dy Pb-Pb UPC cross section as a function of the
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FIG. 1. The t-integrated σγ+p→J/ψ+p(Wγ p) cross section as a function of Wγ p: two parametrizations (see text for details) and the HERA
and LHC data. The right panel emphasizes the Wγ p range covered by the HERA data.

J/ψ rapidity y, one STAR data point on dσ AA→J/ψAA/dy in
Au-Au UPCs at RHIC, and 15 points on the σγ A→J/ψA(Wγ p)
photoproduction cross section on Pb as function of Wγ p. The
dσ AA→J/ψAA/dy data include the following:

(i) 3 points from Run 1 at
√

sNN = 2.76 TeV: ALICE
data points at midrapidity [29] and in the rapidity
interval 3.6 < |y| < 2.6 [30] and the CMS point in
the 1.8 < |y| < 2.3 interval [31],

(ii) 14 points from Run 2 at
√

sNN = 5.02 TeV: ALICE
data points (averaged over the μ+μ− and e+e− decay
channels) at midrapidity [32] and ALICE [33] and
LHCb [34] points at forward rapidity (we do not use
the earlier 2015 LHCb data [35], which are super-
seded by the 2018 LHCb data),

(iii) 3 CMS data points at intermediate rapidity at
√

sNN =
5.02 TeV (Run 2) without neutron multiplicity se-
lection, which corresponds to a sum of all neutron
channels AnAn [12],

(iv) One STAR data point at central rapidities |y| < 1 at√
sNN = 200 GeV [14].

The data on σγ A→J/ψA(Wγ p) come from measurements
of coherent J/ψ photoproduction in Pb-Pb UPCs accom-
panied by electromagnetic excitation of colliding ions with
forward neutron emission during Run 2 at the LHC with√

sNN = 5.02 TeV and include six points by CMS [12] and
nine points by ALICE [13]. Measurements in different classes
of forward-neutron multiplicities, which are determined with
energy deposits in zero degree calorimeters, allowed one to
disentangle the twofold ambiguity of the UPC cross section
in Eq. (1) and to essentially model-independently extract
the photoproduction cross section, see the discussion of the
method in Ref. [36].

Figure 2 shows the values of x = M2
J/ψ/W 2

γ p probed by the
available data on coherent J/ψ photoproduction in heavy-ion
UPCs. The red and blue points correspond to dσ AA→J/ψAA/dy
at Run 2 and Run 1 at the LHC, respectively, while the green
squares correspond to the data on σγ A→J/ψA(Wγ p) at the LHC.

Note that the red and blue points are doubled (“mirrored”)
because in Eq. (7), each value of the J/ψ rapidity y �= 0
corresponds to two values of x. The black triangle denotes the
average 〈x〉 value probed by STAR, which overlaps with the
LHC measurements. One can see from the figure that the data
span a wide range in x covering 10−5 < x < 0.05.

One should keep in mind that for sufficiently large values
of |y|, the UPC cross section in Eq. (1) is dominated by the
contribution of low-energy photons with k = (MJ/ψ/2)e−|y|
corresponding to the values of Wγ p smaller than those covered
by the HERA data in Fig. 1. Taking Wγ p,min = 25 GeV, we
find that the rapidity ranges |y|max > 2.6 for Run 1 at the LHC
and |y|max > 3.2 for Run 2 correspond to Wγ p < Wγ p,min,
where one has to rely on the small-Wγ p extrapolation of the

FIG. 2. The values of x = M2
J/ψ/W 2

γ p probed by the UPC data on
dσ AA→J/ψAA/dy (blue and red circles for Runs 1 and 2 at the LHC, re-
spectively, and the black triangle for RHIC) and the photoproduction
cross section σγ A→J/ψA(Wγ p) (green squares).
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dσγ+p→J/ψ+p(Wγ p, t = 0)/dt parametrizations discussed in
Sec. II B.

Therefore, it is natural to model the fitting function for
SPb(x) as a function of ln x. Dividing the 10−5 < x < 0.1
range into four intervals xi � x � xi−1, where xi = 10−i and
2 � i � 5, we assume the following piecewise form for SPb(x)
on each of the intervals:

SPb(x; yi )|Fit 1 = yi + yi−1 − yi

ln(xi−1/xi )
ln(x/xi ),

for xi � x � xi−1, (14)

where yi = SPb(xi ), 1 � i � 5, are five free parameters of the
fit. The fit function is continuous by construction. Note that we
did not attempt to use a more elaborate and smooth form of the
fitting function to preserve the simplicity of its interpretation
since we concentrate on the general trend of the x dependence
(energy dependence) of SPb(x).

To examine the small-x asymptotic of SPb(x), we have also
considered a more constrained scenario, when the fit function
is constant in the lowest-x interval, x � 10−4, but otherwise
has the same form as in Fit 1,

SPb(x)|Fit 2 = SPb(x; y5 = y4, yi�4)|Fit 1. (15)

Fit 2 has four free parameters yi with 1 � i � 4.
Further, to test sensitivity to the small-x region, we com-

bined the two lowest-x intervals 10−5 < x < 10−4 and 10−4 <

x < 10−3 into one, 10−5 < x < 10−3, and assumed the same
piecewise form as in the previous two cases. The correspond-
ing fit functions are

SPb(x)|Fit 3 = SPb(x; y5 = 2y4 − y3, yi�4)|Fit 1, (16)

and

SPb(x)|Fit 4 = SPb(x; y5 = y4 = y3, yi�3)|Fit 1. (17)

The resulting Fit 3 and Fit 4 have 4 and 3 free parameters,
respectively.

We determine the free fit parameters using the avail-
able UPC data on coherent J/ψ photoproduction described
above. In particular, using Eqs. (5), (6), and (7), the GKSZ
parametrization of the dσγ+p→J/ψ+p(Wγ p, t = 0)/dt cross
section on the proton described in Sec. II B, and the photon
flux discussed in Sec. II A, we perform the χ2 fit to the UPC
data [37]. We consider two options: In option a, we use only
the Run 1 and Run 2 data on dσ AA→J/ψAA/dy (21 points), and
in option b we combine all the data including the CMS and
ALICE data on σγ A→J/ψA(Wγ p) (36 points). In the following,
the corresponding fit results carry the labels a and b, respec-
tively.

Note that the STAR data point [14] enters out fit in the
form of the nuclear suppression factor SPb(x) at the average
〈x〉 = 0.015, which we determined using the STAR result for
SAu

coh,

SPb(〈x〉 = 0.015)

=
√

SAu
coh

dσγ+p→J/ψ+p(〈Wγ p〉, t = 0)/dt|H1

dσγ+p→J/ψ+p(〈Wγ p〉, t = 0)/dt|GKSZ

= 0.89 ± 0.067. (18)

TABLE I. The χ 2 values for the four fits of the nuclear suppres-
sion factor SPb(x) using the data on dσ AA→J/ψAA/dy (21 points) and
dσ AA→J/ψAA/dy and σ γ A→J/ψA(Wγ p) (36 points) for coherent J/ψ
photoproduction in heavy-ion UPCs.

Option a (21 points) Option b (36 points)

Fit 1 12.8 34.9
Fit 2 12.9 36.9
Fit 3 12.8 35.0
Fit 4 15.4 95.1

In addition to taking the square root, we also corrected the
STAR suppression factor by the ratio of the H1 and GKSZ
parametrizations of the dσγ+p→J/ψ+p(Wγ p, t = 0)/dt differ-
ential cross sections at 〈Wγ p〉 = MJ/ψ/

√〈x〉 since it has been
defined with respect to the H1 parametrization [14], while
our χ2 analysis as well as the CMS [12] and ALICE [13]
analyses use the GKSZ fit as the baseline. We also neglected
a small difference between the nuclear suppression factors for
208Pb and 197Au since it is much smaller than the experimental
uncertainty in Eq. (18) because the nuclear suppression for
such close nuclei is expected to be very similar.

Table I summarized the resulting values of χ2. One can
see from the table that while all 4 parametrizations can fit the
dσ AA→J/ψAA/dy data, Fit 4 with the flat x dependence for x <

10−3 fails to fit σγ A→J/ψA(Wγ p). Hence, one can conclude that
these data constrain the small-x behavior of SPb(x). Note that
the use of the H1 parametrization for dσγ+p→J/ψ+p(Wγ p, t =
0)/dt results in very similar values of χ2.

Figure 3 shows Fits 1–4 as a function of x, where the
shaded bands give their uncertainties evaluated using uncor-
related uncertainties of the fit parameters; the left and right
panels corresponds to the fits performed using 21 (option a)
and 36 (option b) data points, respectively. The fit solutions
presented in these two panels are quite distinct. One can see
in the left panel that while the dσ AA→J/ψAA/dy data allow
us to determine SPb(x) for x � 10−3 rather well, they do not
constrain the x < 10−3 region. In particular, the data do not
distinguish between the flat and rising behavior of the fitting
functions at small x. Also, the uncertainty band for Fit 1a
becomes very large for x < 10−4.

At the same time, one can see in the right panel of
Fig. 3 that the combination of the dσ AA→J/ψAA/dy and
σγ A→J/ψA(Wγ p) data provides rather tight constraints in a
wide range of x, 10−4 � x � 0.05. In particular, the suc-
cessful fits (Fits 1–3) favor SPb(x), which decreases with a
decrease of x in the 10−4 � x � 10−2 interval. The behavior
for smaller values of x, x < 10−4, is less constrained and is
consistent with both the continuing decrease of SPb(x) (Fits
1b and 3b) or with a constant value of SPb(x) for x < 10−4

(Fit 2b).
Note that we have also performed a separate fit to the 15

data points on σγ A→J/ψA(Wγ p) omitting the dσ AA→J/ψAA/dy
data. For x < 0.01, the resulting fit functions turned out to
be similar to those shown in the right panel of Fig. 3, but
with wider uncertainty bands. For x � 0.01, the fit functions
first exceed their Fig. 3 counterparts at x ≈ 0.01 and then dip
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FIG. 3. Four fit functions with uncertainties for the nuclear suppression factor SPb(x) as a function of x, which are obtained by performing
the χ 2 fit to the data on dσ AA→J/ψAA/dy (21 points, left panel) and dσ AA→J/ψAA/dy and σ γ A→J/ψA(Wγ p) (36 points, right panel) for coherent
J/ψ photoproduction in heavy-ion UPCs.

below them for x > 0.03, which leads to a certain tension with
the dσ AA→J/ψAA/dy data, especially with the LHCb data at
|y| ≈ 2–3.

D. Comparison with data on coherent J/ψ photoproduction
in heavy-ion UPCs

It is instructive to examine how different fit solutions for
SPb(x) affect the magnitude and shape of the dσ AA→J/ψAA/dy
and σγ A→J/ψA(Wγ p) cross sections and their comparison to the
data used in the fits.

Figure 4 presents the rapidity-differential dσ AA→J/ψAA/dy
cross section of coherent J/ψ photoproduction in Pb-Pb UPCs
at 5.02 TeV as a function of the J/ψ rapidity |y| (for sym-
metric AA UPCs, the rapidity distribution is symmetric). The
theory curves labeled “Fit 1, 2, 3, 4” are obtained using
Eq. (7), where SPb(x) is given by the fits described above; the

left and right panels correspond to the fits using 21 (option a)
and 36 (option b) data points, respectively. They are compared
with the experimental data that have been used in the fits,
which include those by ALICE at central rapidities [32] (red
crosses), ALICE at forward rapidities [33] (red open circles),
LHCb at forward rapidities [34] (blue inverted triangles), and
CMS at intermediate rapidity [12] (green solid circles).

One can see from this figure that Fits 1, 2, and 3 correspond
to the essentially indistinguishable description of the data in
the entire range of y. Fit 4b in the case of 36 fitted data points
lies approximately 10% below the other predictions at y ≈ 0,
but agrees with them for |y| > 1. Note, however, that this fit
is excluded because of the very large χ2; see Table I. This
comparison supports our conclusion that the dσ AA→J/ψAA/dy
data alone do not constrain the nuclear modification factor
SPb(x) for x < 10−3 well enough.

FIG. 4. The rapidity-differential dσ AA→J/ψAA/dy cross section of coherent J/ψ photoproduction in Pb-Pb UPCs at 5.02 TeV as a function
of the J/ψ rapidity |y|. Predictions of Eq. (7) with SPb(x) given by the four fits (option a in the left panel and option b in the right panel) are
compared with the ALICE [32,33], LHCb [34], and CMS [12] data.
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FIG. 5. The nuclear photoproduction cross section σγ A→J/ψA(Wγ p) as a function of Wγ p. Predictions of Eq. (5), where SPb(x) is given by
the four fits (option a, left panel, and option b, right panel), are compared with the CMS [12] and ALICE [13] data.

In Fig. 5, we show the nuclear photoproduction cross sec-
tion σγ A→J/ψA(Wγ p) as a function of Wγ p, where the results
of Eq. (5) using the four fits for SPb(x) are compared with the
CMS [12] (blue solid diamonds) and ALICE [13] (red solid
circles) data. The shaded bands, which are visible only for
Wγ p > 300 GeV, quantify the propagated uncertainty of the fit
parameters. One can see from the left panel of this figure that
the 21-point fits (option a), which do not include the data
on σγ A→J/ψA(Wγ p), do not reproduce them, except for three
ALICE points around Wγ p = 120 GeV, which are consistent
with the ALICE data on dσ AA→J/ψAA/dy at central rapidities
[32] (it is effectively the same data, but presented in a different
way), and the smallest-Wγ p ALICE data point.

At the same time, the right panel of Fig. 5 demonstrates
that Fits 1b, 2b, and 3b can successfully accommodate the
data on both dσ AA→J/ψAA/dy and σγ A→J/ψA(Wγ p). It is im-
portant to note that within sizable experimental errors for
Wγ p > 100 GeV, the data cannot distinguish between Fits 1b
and 3b with a decreasing SPb(x) for small x and Fit 2b with a
flat SPb(x) for x < 10−4. As we discussed above, Fit 4b with a
flat x behavior of SPb(x) for x < 10−3 is inconsistent with the
data for Wγ p > 120 GeV.

Finally, the nuclear suppression factor SPb(x) determined as
a result of our χ2 analysis can be directly compared with the
nuclear suppression factor extracted by CMS [12] and ALICE
[13] collaborations. The procedure used in these analyses fol-
lows that one proposed in Ref. [5] and is fully consistent with
our definitions in Sec. II A. Figure 6 presents a comparison
of the four fits for SPb(x) as a function of x with the CMS
[12] (blue solid diamonds), ALICE [13] (red solid circles),
and STAR (black inverted triangle), see Eq. (18), values. In
addition, we also show by the brown right triangle the value
of SPb(x) determined in Ref. [11] from the Fermilab data on
inclusive J/ψ production by a 120-GeV photon beam on fixed
nuclear targets [38],

SPb(〈x〉 = 0.042) = 0.90 ± 0.10. (19)

Note that the curves in Fig. 6 are the same as in Fig. 3
with the shaded bands giving the uncertainty of SPb(x) due

to uncertainties of the fit parameters; the left and right panels
correspond to the 21-point and 36-point fits, respectively.

The conclusions that one can draw from the comparison
presented in Fig. 6 is the same as that for Fig. 5: Option a fits
fail to reproduce the data at very small x and large x, with the
exception of the three ALICE points at x ≈ 10−3, the ALICE
point at x = 0.026, and the STAR point at x = 0.015 (used in
the fits). Note that the Fermilab value with a significant exper-
imental uncertainty fits the pattern and is also reproduced by
all the fits.

In contrast, as one can see in the right panel of Fig. 6,
Fits 1b, 2b, and 3b describe very well all the data points
shown. Additionally, within large experimental and theoret-
ical fit uncertainties for x < 10−4, both Fit 1b and Fit 3b
with a decreasing SPb(x) and Fit 2b with a constant SPb(x)
for x < 10−4 can be accommodated equally well by the data.
Fit 4b with a constant SPb(x) for x < 10−3 is ruled out by the
data.

Note that the results presented in this section are obtained
using the GKSZ parametrization for dσγ+p→J/ψ+p(W, t =
0)/dt , see Sec. II B. We have checked that the use of the
dσγ+p→J/ψ+p(W, t = 0)/dt|H1 parametrization results in a
very similar quality of the fit in all the considered cases. The
only difference is the normalization and to a much lesser de-
gree the shape of the fitting function, which becomes rescaled
by the factor

[
dσγ+p→J/ψ+p(Wγ p, t = 0)/dt|GKSZ

dσγ+p→J/ψ+p(Wγ p, t = 0)/dt|H1

]1/2

� 1. (20)

This rescaling does not affect the results for dσ AA→J/ψAA/dy
in Fig. 4 and σγ A→J/ψA(Wγ p) in Fig. 5. It only decreases the
values of SPb(x) for x > 10−3 by 5–10% (the effect increases
with an increase of x) without modifying SPb(x) for x < 10−3

in Figs. 3 and 6.
Note, however, that despite the freedom in the choice of

the parametrization for dσγ+p→J/ψ+p(W, t = 0)/dt , which
is compensated by appropriate modifications of SPb(x) in the
calculations of dσ AA→J/ψAA/dy and σγ A→J/ψA(Wγ p), it is
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FIG. 6. The nuclear suppression factor SPb(x) as a function of x. The results of the four fits with uncertainty bands are compared with the
CMS [12], ALICE [13], and STAR [14] data as well as with the value extracted from Fermilab data [11]. The left and right panels correspond
respectively to the 21-point (option a) and 36-point (option b) fits.

important to use the same baseline fit for
dσγ+p→J/ψ+p(W, t = 0)/dt in the theoretical and
experimental analyses of the nuclear suppression factor
SPb(x). As we explained above, the use of inconsistent
parametrizations induces a 5–10% correction that has nothing
to do with nuclear modifications.

III. NUCLEAR SUPPRESSION FROM LEADING TWIST
NUCLEAR SHADOWING

A. Leading twist approach to small-x nuclear PDFs

The LTA to nuclear shadowing [39] makes definite
predictions for the ratio of the gluon distributions in a nu-
cleus gA(x, Q2) and the free proton gp(x, Q2), Rg(x, Q2) =
gA(x, Q2)/[Agp(x, Q2)], which can be readily converted into
the nuclear suppression factor for coherent J/ψ photopro-
duction in heavy-ion UPCs [5,6]. It combines features of
the Gribov-Glauber model for hadron-nucleus scattering at
high energies with QCD factorization theorems for inclusive
deep inelastic scattering (DIS) [40] and hard diffraction [41].
As a result, it allows one to calculate Rg(x, Q2) in terms
of the gluon diffractive PDF of the proton gD(4)

p as a func-
tion of x at some input scale Q2

0 = O(few) GeV2 chosen
to minimize possible higher-twist corrections in diffractive
DIS; the subsequent Q2 dependence of Rg(x, Q2) is given by
leading-twist Dokshitzer-Gribov-Lipatov-Altarelli-Parisi evo-
lution equations.

The LTA prediction for Rg(x, Q2
0) has the following form:

Rg
(
x, Q2

0

) = gA
(
x, Q2

0

)
Agp

(
x, Q2

0

) = 1 − 8π
e
(1 − iη)2

1 + η2

×
∫ x0

x
dxIP

βgD(4)
p

(
x, xIP, t = 0, Q2

0

)
Axgp

(
x, Q2

0

)
×

∫
d2�b

∫ ∞

−∞
dz1

∫ ∞

z1

dz2ρA(�b, z1)ρA(�b, z2)

× ei(z1−z2 )xIPmN e− 1−iη
2 σsoft

(
x,Q2

0

) ∫ z2
z1

dz′ρA(�b,z′ )
, (21)

where ρA(�r) is the nuclear density [19] normalized to the
number of nucleons,

∫
d3�rρA(�r) = A; z1,2 and z′ and �b are the

longitudinal and transverse coordinates of the target nucleons,
respectively. Note that since the slope of the t dependence of
the proton diffractive structure function measured at HERA,
Bdiff ≈ 6 GeV−2 [42], is much smaller than the nucleus radius
squared, gD(4)

p is evaluated at t = 0 and all nucleons are lo-

cated at the same �b. The orderings of integration over z take
into account the space-time development of virtual photon-
nucleus scattering in the target rest frame; the phase factor
ei(z1−z2 )xIPmN with mN the nucleon mass originates from the
nonzero longitudinal momentum transfer in the γ ∗ + N →
X + N diffractive scattering on target nucleons (X is the
diffractively-produced final state).

The diffractive PDF gD(4)
p (x, xIP, t = 0, Q2

0) depends on two
longitudinal momentum fractions x and xIP, where the latter
represents the momentum fraction carried by the diffractive
exchange (commonly called the Pomeron), the momentum
transfer t , and the factorization scale Q0. To simply their anal-
ysis, diffractive PDFs are usually presented as a product of the
Pomeron flux depending on xIP and t and parton distributions
inside the Pomeron, which are functions of the momentum
fraction β = x/xIP and Q0. In our calculations, we employ
diffractive PDFs obtained by the H1 collaboration using a
QCD analysis of data on inclusive diffraction in DIS at HERA
[43]. Note that other global QCD analyses of diffractive PDFs
available in the literature [44–46] agree with the H1 fit.

In Eq. (21), integration over xIP runs from the lowest value
allowed by kinematics and up to x0 = 0.1 determined by
the usual condition on the produced diffractive masses MX ,
M2

X /W 2
γ p � 0.1. However, the exact numerical value of x0

plays a minor role because the integrand in Eq. (21) for xIP

close to x0 is suppressed by the rapidly oscillating ei(z1−z2 )xIPmN

term.
The second exponential factor in Eq. (21) is a result of

eikonalization of the interaction with N � 3 nucleons of the
target, whose effective cross section is σsoft (x, Q2

0). It depends
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FIG. 7. The nuclear suppression factor SPb(x) as a function of x.
The LTA predictions for Rg(x, Q2

0 ) for Pb at Q2
0 = 3 GeV2 given by

the shaded band are compared with the Fit 1b–4b results.

on the parton flavor, but assumed to be independent of MX

or xIP. Its numerical value (lower and upper limits) can be
estimated using plausible models for the hadronic component
of the virtual photon, see details in Ref. [39]. For instance,
for Q2

0 = 3 GeV2, σsoft (x, Q2
0) = 26–45 mb at x = 10−3 and

σsoft (x, Q2
0) = 30–52 mb at x = 10−4. The theoretical uncer-

tainty of σsoft (x, Q2
0) propagates into the uncertainty of LTA

predictions for the Rg(x, Q2
0) ratio shown by the shaded band

in Fig. 7.
Finally, η is the ratio of the real to imaginary parts of the

γ ∗ + N → X + N diffractive amplitude on target nucleons.
It can be estimated using the xIP dependence of gD(4)

p , η ≈
π/2(αIP(0) − 1) = 0.17, where αIP(0) = 1.111 [43] is the in-
tercept of the effective Pomeron trajectory.

In the limit of small x, x < 10−2, Eq. (21) can be simplified
by omitting the ei(z1−z2 )xIPmN term. After integration over z1

and z2 using that
∫ ∞

z1
dz2ρA(�b, z2)e−L

∫ z2
z1

dz′ρA(�b,z′ ) = (1 −
e−L

∫ ∞
z1

dz′ρA(�b,z′ ) )/L and
∫ ∞
−∞ dz1ρA(�b, z1)e−L

∫ ∞
z1

dz′ρA(�b,z′ ) =
(1 − e−LTA(�b) )/L, where L = 1−iη

2 σsoft (x, Q2
0), one obtains

Rg
(
x, Q2

0

) = 1 − σ2
(
x, Q2

0

)
σsoft

(
x, Q2

0

) + 2
σ2

(
x, Q2

0

)
Aσ 2

soft

(
x, Q2

0

)Ree

×
∫

d2�b
(

1 − e− 1−iη
2 σsoft

(
x,Q2

0

)
TA(�b)

)
, (22)

where TA(�b) = ∫ ∞
−∞ dzρA(�b, z) is the nuclear optical density.

In Eq. (22), we introduced the cross section σ2(x, Q2
0), which

quantifies the relative probability of hard diffraction in the
gluon channel,

σ2
(
x, Q2

0

) = 16π

(1 + η2)

∫ x0

x
dxIP

βgD(4)
p

(
x, xIP, t = 0, Q2

0

)
xgp

(
x, Q2

0

) .

(23)
In this notation, Eq. (22) has a transparent physical interpreta-
tion. The suppression of Rg(x, Q2

0) < 1 is caused by nuclear

shadowing, which arises as an effect of multiple scattering
of hadronic components of the virtual photon off target nu-
cleons. These components are modeled as superposition of a
state interacting with a vanishingly small cross section and
whose probability is λ = 1 − σ2(x, Q2

0)/σsoft (x, Q2
0) � 1,

and a state interacting with the cross section σsoft (x, Q2
0) and

whose probability is 1 − λ. The nuclear cross section for the
latter component has the standard form of the Glauber model.
As can be seen by expanding Eq. (22) in powers of TA(�b),
the interaction with N = 2 nucleons is given by σ2(x, Q2

0),
while the interaction with N � 3 nucleons is determined by
σsoft (x, Q2

0).
While LTA offers a viable alternative to global QCD anal-

yses of nuclear PDFs, it does not naturally contain the nuclear
enhancement (antishadowing) of the gluon distribution around
x0 present in modern nuclear PDFs [47–49]. Hence, the gluon
antishadowing demands a separate modeling, which is real-
ized in LTA by requiring conservation of the momentum sum
rule for nuclear PDFs [39]. It relies on the result in Ref. [50],
where the evidence for an enhancement of the nuclear gluon
distribution was found using an analysis of high-precision
data on DIS on nuclear targets and the QCD baryon number
and momentum sum rules. In particular, assuming that the
gluon antishadowing affects Rg(x, Q2

0) only in the interval
0.03 � x � 0.2 at the initial scale Q0, where it is parametrized
in the following simple form:

Ranti
g

(
x, Q2

0

) = Nanti(x − 0.03)(0.2 − x), (24)

one can readily find the free parameter Nanti from the momen-
tum sum rule. Its value somewhat depends on the choice of
the baseline proton PDFs. In the case of the leading-order
CTEQ6L proton PDFs [51] used in our analysis, we find
that Nanti = 26–30. This range corresponds to the “low shad-
owing” and “high shadowing” LTA predictions, which are
obtained using the upper and lower boundaries on σsoft (x, Q2

0).
It leads to an approximately 20% gluon antishadowing at
x = 0.1 at Q2

0 = 3 GeV2.
Note that the shape and x support of the gluon antishadow-

ing in Eq. (24) agrees with the result of the QCD analysis of
scaling violations of high statistics NMC data on the ratio of
the F Sn

2 /FC
2 nuclear structure functions [52].

The LTA predictions for Rg(x, Q2
0) = gA(x, Q2

0)/[Agp

(x, Q2
0)] for 208Pb as a function of x are shown in Fig. 7 by

the shaded band. Its upper and lower boundaries correspond
to the “low shadowing” and “high shadowing” predictions, re-
spectively, see the discussion above. They are compared with
Fits 1b–4b for the nuclear suppression factor SPb(x) discussed
in Sec. II C. One can see from the figure that apart from Fit 4b
ruled out by the σγ A→J/ψA(Wγ p) data, the LTA and fit results
agree within the LTA uncertainties in the wide interval of
10−5 < x < 0.01. For x > 0.02, the LTA and fit predictions
begin to deviate from each other since the UPC data favor a
continuing suppression SPb(x) < 1, while the momentum sum
rule for nuclear PDFs requires an eventual enhancement of
Rg(x, Q2

0) > 1 due to the assumed gluon antishadowing.
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B. Comparison of LTA predictions with data on coherent J/ψ

photoproduction in heavy-ion UPCs

In the leading double logarithmic approximation of per-
turbative QCD and the static (nonrelativistic) limit for the
charmonium wave function, the differential cross section of
exclusive J/ψ photoproduction is proportional to the gluon
density of the target squared [53]. Applying it to nuclear
targets, one can relate the cross section of coherent J/ψ
photoproduction in heavy-ion UPCs to the factor Rg(x, Q2

0)
quantifying nuclear modifications, primarily nuclear shad-
owing, of the gluon distribution in nuclei [5,6]. Note that
in the framework of collinear factorization, this process is
subject to very large next-to-leading order (NLO) pertur-
bative corrections [54], which complicate interpretation of
these UPC data in terms of gluon shadowing because of
large cancellations in the sum of the leading-order (LO) and
NLO gluon contributions and the emerging dominance of
the quark contribution [55,56]. It indicates instability of the
perturbation series for this process at high energies, which
is, however, could be restored using methods of small-x
resummation [57,58].

In the following, we ignore this issue and use the LO
formalism of Refs. [5,6]. It is generally expected that after
the small-x resummation, the NLO results should be close to
the LO ones, which thus provide a useful benchmark for the
considered process. This is further supported by the observa-
tion that the magnitude of nuclear effects parameterized by
SPb(x) should be larger than the difference between the LO
and resummed NLO results. Thus, our formalism relies on
the gluon dominance of exclusive J/ψ photoproduction and
allows one to identify the gluon shadowing factor Rg(x, Q2

0)
discussed in Sec. III A with the nuclear suppression factor
SPb(x) introduced in Sec. II. In particular, the t-integrated
cross section of coherent J/ψ photoproduction on a nucleus
can be presented in the following form in terms of Rg(x, Q2

0)
[compare to Eq. (5)]:

σγ A→J/ψA(Wγ p) = [
Rg

(
x, Q2

0

)]2
σ

γ A→J/ψA
IA (Wγ p), (25)

where σ
γ A→J/ψA
IA (Wγ p) is the IA cross section, see Eq. (6), x =

M2
J/ψ/W 2

γ p, and Q0 = O(mc), where mc is the charm quark
mass. In our analysis, we use Q2

0 = 3 GeV2, which was deter-
mined by requiring that σγ+p→J/ψ+p(Wγ p) ∝ (xgp(x, Q2

0))2,
where gp(x, Q2

0) is the LO gluon density of the proton,
correctly reproduces the Wγ p dependence of this cross sec-
tion measured at HERA [6]. While it can be realized with a
wide range of modern LO proton PDFs, for the calculation
of Rg(x, Q2

0) we use the CTEQ6L1 PDFs [51] as well as
the LO H1 diffractive PDFs [43] of the proton. Note that
our procedure is based on the data-driven parametrization
of dσγ+p→J/ψ+p(Wγ p, t = 0)/dt such that the factorization
scale Q0 enters only through the ratio of the nuclear and
proton distributions Rg(x, Q2

0). The variation of Q0 leads to
reasonably small variations of Rg(x, Q2

0), which are compati-
ble to the uncertainty due to the variation of σsoft (x, Q2

0), see
the discussion below.

Note that in Eq. (25) we neglected a possible correction
factor κA/N ≈ 1 [6], which phenomenologically takes into

account a deviation of the usual nuclear gluon distribution
from the generalized one, which is commonly modeled us-
ing the so-called Shuvaev transform [59,60]. The analysis
in Ref. [61] has demonstrated that the two distributions are
in practice very close at small x and ξ (ξ is the skewness
momentum fraction). Hence, with a few percent accuracy,
κA/N = 1.

Figure 8 presents the LTA predictions for the cross sec-
tion of coherent J/ψ photoproduction in Pb-Pb UPCs as a
function of the J/ψ rapidity |y| at

√
sNN = 2.76 TeV (left

panel) and
√

sNN = 5.02 TeV (right panel), which are ob-
tained by substituting Eq. (25) in Eq. (1). The shaded bands
quantify the theoretical uncertainty of the LTA predictions
for the gluon nuclear shadowing and span the range between
“high shadowing” (lower boundary) and “low shadowing”
(higher boundary), which are determined by the variation
of σsoft (x, Q2

0) in Eq. (22). To illustrate the importance and
magnitude of the gluon nuclear shadowing, we also show
by the blue dot-dashed line the IA result obtained using the
GKSZ parametrization of the dσγ p→J/ψ p(t = 0)/dt cross sec-
tion, see Eq. (12), where the effect of gluon shadowing is
absent. These theoretical predictions are compared with the
available Run 1 [29–31] (left) and Run 2 [12,32–34] (right)
data.

One can see from the right panel of Fig. 8 that the LTA
predictions describe well both the magnitude and the rapidity
dependence of all Run 2 LHC data on dσ AA→J/ψAA/dy. The
dramatic difference between the LTA and IA results gives a
clear indication of the large gluon nuclear shadowing effect.

At the same time, while LTA describes well the ra-
pidity y dependence of the Run 1 LHC data in the left
panel of Fig. 8, the predicted magnitude of dσ AA→J/ψAA/dy
is somewhat higher than that in Ref. [6] obtained us-
ing the same approach. A detailed examination shows that
this is a result of setting κA/N = 1 in the present anal-
ysis [see the discussion of Eq. (25) above] and the use
of different parametrizations of dσγ p→J/ψ p(t = 0)/dt for
small Wγ p corresponding to large |y|, see the discussion in
Sec. II C.

Note that for |y| > 3 in the left panel and for |y| > 4 in the
left panel, the LTA predictions lie slightly above the IA curves:
This is the effect of the gluon antishadowing, see Eq. (24).

The left panel of Fig. 9 presents the LTA predictions for
the nuclear photoproduction cross section σγ A→J/ψA(Wγ p) as
a function of Wγ p and compares them with the CMS [12]
(blue solid diamonds) and ALICE [13] (red solid circles)
data. To illustrate the magnitude of nuclear modifications of
σγ A→J/ψA(Wγ p), we show the IA for this cross section by
the blue dot-dashed line. One can see from the this fig-
ure that LTA provides a good description of the data for
Wγ p > 100 GeV, which underlines the importance of large
leading twist gluon nuclear shadowing. At the same time,
for Wγ p < 52 GeV, LTA underestimates σγ A→J/ψA(Wγ p) be-
cause of its appreciable gluon shadowing around x ≈ 10−2.
For this range of Wγ p, the CMS and ALICE data (except for
the Wγ p = 19 GeV ALICE point) lie between the LTA and
IA curves.

The experimental values for σγ A→J/ψA(Wγ p) can be con-
verted into the nuclear suppression factor SPb(x), see Eq. (5).
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FIG. 8. The dσ AA→J/ψAA/dy cross section of coherent J/ψ photoproduction in Pb-Pb UPCs at 2.76 TeV (left panel) and 5.02 TeV (right
panel). The LTA predictions given by the shaded band are compared with the available Run 1 [29–31] and Run 2 [12,32–34] data. The blue
dot-dashed curve is the IA result, where the gluon nuclear shadowing is turned off.

The right panel of Fig. 9 shows the LTA predictions for the
gluon modification factor Rg(x, Q2

0) as a function of x and its
comparison with the CMS [12], ALICE [13], STAR [14], and
Fermilab data [11] [see Eq. (19)]. One can see from the fig-
ure that LTA describes well the x dependence and magnitude
of SPb(x) in the wide interval of 10−5 < x < 0.03. One should
emphasize that LTA predictions have smallest theoretical un-
certainties for x ∼ 10−3 because experimental uncertainties in
the diffractive PDFs are small, the model-dependent contribu-
tion due to interactions with N � 3 nucleons is a correction,
and the gluon antishadowing does not play a role. The de-
scription is somewhat worse around x ≈ 10−2, where the data
fluctuate, and the predicted nuclear suppression of Rg(x, Q2

0)
appears to be larger than that seen in the data.

Note also that a comparison of the LTA predictions with
the Fermilab data point should be taken with caution since

possible higher-twist effects may be not negligible in this
kinematics.

C. Modified LTA predictions: Dynamical model for gluon
antishadowing and impact parameter dependent nuclear

shadowing

As an alternative to the model constraining gluon antishad-
owing using the momentum sum rule for nuclear PDFs, see
the discussion in Sec. III A, a dynamical model of antishadow-
ing was suggested in Ref. [62]. It is based on the observation
that the physical mechanisms of both nuclear shadowing and
antishadowing are based on merging of two parton ladders be-
longing to two different nucleons in the target nucleus, which
are close in the rapidity space. In practical terms, it means
that the gluon antishadowing has a wider x support than that

FIG. 9. Left: The nuclear photoproduction cross section σγ A→J/ψA(Wγ p) as a function of Wγ p: the LTA predictions (shaded band) and IA
result (blue dot-dashed line) vs the CMS [12] and ALICE [13] data. Right: The nuclear suppression factor SPb(x) as a function of x: the LTA
predictions (shaded band) vs the CMS [12], ALICE [13], STAR [14], and Fermilab data [11] [see Eq. (19)].
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in Eq. (24), which leads to its earlier onset at lower x and, cor-
respondingly, to somewhat smaller nuclear shadowing in the
x > 10−2 region. The result of Ref. [62] can be approximated
by the following numerical parametrization for Ranti

g (x, Q2
0) in

the 0.005 < x < 0.2 interval [compare to Eq. (24)]:

Ranti
g

(
x, Q2

0

) = Nanti
(x − 0.005)(0.2 − x)2

0.2 − 0.005
, (26)

where Nanti = 25–29. These values are very close to those
resulting from Eq. (24), which indicates that the momentum
sum rule of nuclear PDFs is not very sensitive to the shape of
the gluon antishadowing.

Equation (25) and its ensuing application assume that the
t dependence of the nuclear gluon distribution is given by the
nuclear form factor FA(t ), which is a good approximation in
the case of weak nuclear shadowing. However, when the effect
of shadowing is large, one needs to include its dependence
on the impact parameter �b (on the nucleon position in the
transverse plane) [63]. It amounts to introducing the correc-
tion factor [R′

g(x, Q2
0)]2 in the right-hand side of Eq. (25),

[
R′

Pb

(
x, Q2

0

)]2 =
∫ ∞
|tmin| dt

[
gA

(
x, t, Q2

0

)]2

[
gA

(
x, Q2

0

)]2 ∫ ∞
|tmin| dt |FA(t )|2

, (27)

where gA(x, t, Q2
0) is the nucleus generalized parton distribu-

tion (GPD) in the limit, when both gluon lines carry the same
momentum fraction x, i.e., the skewness ξ = 0 limit. In this
special case, the nuclear gluon GPD can be expressed through
the impact parameter nuclear gluon distribution gA(x, �b, Q2

0)
[39] [compare to Eq. (22)],

gA
(
x, �b, Q2

0

)
= gp

(
x, Q2

0

)[(
1 − σ2

(
x, Q2

0

)
σsoft

(
x, Q2

0

)
)

TA(�b)

+ 2
σ2

(
x, Q2

0

)
σ 2

soft

(
x, Q2

0

)
e

(
1 − e− 1−iη

2 σsoft

(
x,Q2

0

)
TA(�b)

)]
. (28)

It represents the distribution of gluons in a nucleus with
the momentum fraction x at the transverse distance �b from
its center-of-mass and is related to the nuclear gluon GPD
through gA(x, t, Q2

0 ) = ∫
d2�b ei �q⊥·�bgA(x, �b, Q2

0).
Nuclear shadowing is stronger at the center of the nucleus

(|�b| ≈ 0) than at its periphery (|�b| ≈ RA), which brings non-
trivial correlations between x and �b encoded in the R′

Pb(x, Q2
0)

factor. In particular, it leads to a broadening of the nuclear
gluon distribution in the impact parameter space, which man-
ifests itself in the shift of the diffractive minima of the
differential cross section of coherent J/ψ photoproduction on
a nucleus, dσγ A→J/ψA(Wγ p, t )/dt , toward smaller values of
|t | [63]. This prediction has been confirmed by the ALICE
measurement [64].

At the same time, the role of the discussed effect in
the t-integrated σγ A→J/ψA(Wγ p) cross section used in our
analysis is modest. The factor [R′

Pb(x, Q2
0)]2] suppresses

σγ A→J/ψA(Wγ p) by 6–8% for 10−5 < x < 10−2 and then
R′

Pb(x, Q2
0) → 1, when x → x0 = 0.1.

Figure 10 presents the modified LTA predictions for the
UPC cross section dσ AA→J/ψAA/dy as a function of |y|
at 2.76 TeV (upper left) and 5.02 TeV (upper right), the
photoproduction cross section σγ A→J/ψA(Wγ p) as a function
of Wγ p (lower left), and the nuclear suppression factor SPb(x)
as a function of x (lower right). The shaded bands quan-
tify the theoretical uncertainty of the LTA predictions, with
the upper and lower boundaries corresponding to the “low
shadowing” and “high shadowing” cases, respectively. The
blue dot-dashed line is the IA result, where one neglects the
effect of the leading twist gluon nuclear shadowing. These
theoretical results are compared to the available UPC data for
these observables, see Figs. 8 and 9 for references.

Compared to the LTA results shown in Figs. 8 and 9,
the modified LTA predictions differ in two aspects. First,
an earlier onset of the gluon antishadowing modeled using
Eq. (26) somewhat worsens the agreement with the data
on dσ AA→J/ψAA/dy at |y| ≈ 3 (Run 1) and |y| ≈ 4 (Run 2)
and simultaneously improves the agreement with the data on
σγ A→J/ψA(Wγ p) at low Wγ p and SPb(x) at x ≈ 10−2. Second,
the correction for the impact parameter dependent nuclear
shadowing, see Eq. (27), slightly lowers dσ AA→J/ψAA/dy at
central rapidities, σγ A→J/ψA(Wγ p) at large Wγ p and SPb(x) at
small x and, hence, makes the agreement of the LTA predic-
tions with the UPC data even more convincing.

D. Nuclear suppression factor from global QCD
analyses of nuclear PDFs

It is important to compare the nuclear suppression factor
SPb(x) with patterns of nuclear modifications of the nuclear
gluon distribution at small x, which emerge from global QCD
analyses of a wide array of fixed-target and collider data
[47–49], for a review, see Ref. [65].

Figure 11 compiles predictions of three modern, state-of-
the-art analyses of nuclear PDFs, EPPS21 [47], nCTEQ15HQ
[48,66], and nNNPDF3.0 [49], for the ratio of NLO gluon dis-
tributions in 208Pb and the proton, Rg(x, Q2

0), as a function of
x at Q2

0 = 3 GeV2. The shaded bands represent the uncertain-
ties of the nuclear PDF calculated using corresponding error
PDFs. They are compared with the modified LTA predictions
for Rg(x, Q2

0) discussed in Sec. III C and the experimental
values for the nuclear suppression factor SPb(x), see Fig. 9. We
discussed in Sec. III B that the NLO corrections for exclusive
J/ψ photoproduction are very large, which challenges the
interpretation of these data in terms of the gluon distribution
of the target. Nevertheless, it is instructive to compare the
predictions for Rg(x, Q2

0), which have not used UPC data, with
SPb(x) emerging from the data on coherent J/ψ photoproduc-
tion in heavy-ion UPCs.

One can see from the figure that within large uncertainties
of nuclear PDFs (the uncertainties are especially large because
Q2

0 = 3 GeV2 is close to the initial scale of these PDFs), the
EPPS21 and nNNPDF3.0 nuclear PDFs are consistent with
SPb(x) extracted from the UPC data as well as with the LTA
result in the entire range of x. The nCTEQ15HQ prediction,
which corresponds to a weaker gluon shadowing, lies above
the data for x < 10−4. Note that, by construction, the EPPS21,
nCTEQ15HQ, and nNNPDF3.0 parametrizations predict the
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FIG. 10. Modified LTA predictions for dσ AA→J/ψAA/dy as a function of |y| at 2.76 TeV (upper left) and 5.02 TeV (upper right),
σ γ A→J/ψA(Wγ p) as a function of Wγ p (lower left), and SPb(x) as a function of x (lower right) and their comparison with the available UPC
data, see Figs. 8 and 9 for references. The blue dot-dashed line is the IA result neglecting gluon nuclear shadowing.

FIG. 11. The EPPS21, nCTEQ15HQ, nNNPDF3.0, and modi-
fied LTA results for Rg(x, Q2

0 ) as a function of x at Q2
0 = 3 GeV2 for

208Pb and their comparison to the nuclear suppression factor SPb(x),
see Fig. 9 for details.

almost constant value of Rg(x, Q2
0) for x < 5 × 10−3, while

the data and the χ2 fit to them clearly favor a decreasing
SPb(x) as x decreases, see Sec. II C. Nuclear suppression also
increases with a decrease of x in the LTA framework, where
it is explained by an increasing relative probability of hard
diffraction encoded in the the σ2(x, Q2

0) cross section, see
Eq. (23).

IV. CONCLUSIONS

Photoproduction of light and heavy vector mesons on
nuclei is one of central processes in the program of UPC
measurements at the LHC and RHIC. The experimental obser-
vation that the cross section of coherent J/ψ photoproduction
in heavy-ion UPCs is significantly suppressed compared to
the impulse approximation expectation provides an important
input for theoretical studies of QCD at small x and challenges
both the leading twist and gluon saturation pictures of this
process. Hence, for an unambiguous interpretation of these
data, it is important to determine the nuclear suppression
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factor SPb(x), which quantifies nuclear modifications of this
cross section, in a model-independent way.

In this paper, we determine SPb(x) by performing the χ2 fit
to all available data on the UPC cross section dσ AA→J/ψAA/dy
as a function of the J/ψ rapidity |y| and the photoproduction
cross section σγ A→J/ψA(Wγ p) as a function of the photon-
nucleon energy Wγ p. We find that while the dσ AA→J/ψAA/dy
data alone constrain SPb(x) for x � 10−3, the combined
dσ AA→J/ψAA/dy and σγ A→J/ψA(Wγ p) data allow us to de-
termine SPb(x) in the wide interval 10−5 < x < 0.05. In
particular, the data favor SPb(x), which decreases with a de-
crease of x in the 10−4 < x < 0.01 interval. For x < 10−4,
both constant and decreasing SPb(x) can be accommodated by
the data. We illustrate how predictions based on different fit
solutions describe dσ AA→J/ψAA/dy and σγ A→J/ψA(Wγ p) used
in the fit as well the experimental values of SPb(x) derived
from σγ A→J/ψA(Wγ p).

We identify SPb(x) with Rg(x, Q2
0) = gA(x, Q2

0)/
[Agp(x, Q2

0)], where gA(x, Q2
0) and gp(x, Q2

0) are the gluon
distributions in a nucleus and the proton, respectively,
and Q2

0 = 3 GeV2 is the resolution scale set by the
charm quark mass, which allows us to interpret the UPC
data in terms of nuclear PDFs. We find that the LTA
for nuclear shadowing provides a good description of
all the data on dσ AA→J/ψAA/dy, σγ A→J/ψA(Wγ p) and
SPb(x), which further supports the evidence of strong
leading-twist gluon nuclear shadowing at small x [5,6].
One should emphasize that the LTA description of SPb(x)
at intermediate x ≈ 10−2 is also fair and demonstrates
that it can be further improved by dynamical modeling
of the gluon antishadowing. In the opposite small-x limit,
the small correction for the impact parameter dependence
of nuclear shadowing makes the agreement of the LTA

predictions with the experimental values for SPb(x) even more
convincing.

Finally, we also show that within large uncertainties
of modern state-of-the-art nuclear PDFs, the EPPS21 and
nNNPDF3.0 nuclear PDFs give a reasonable description of
SPb(x) in the entire range of x; the nCTEQ15HQ PDFs with a
weaker gluon shadowing somewhat overestimate the data for
x < 10−4.

Note that we used the ALICE data on the t dependence of
coherent J/ψ photonuclear production [64] only indirectly, as
an argument supporting introduction of the R′

Pb(x, Q2
0) correc-

tion factor, see Eq. (27). The full use of these data requires
a separate dedicated analysis, where the fitting function con-
tains additional free parameters modeling the �b dependence of
the nuclear suppression factor.

As we explained in the Introduction, predictions of the
framework based on the collinear QCD factorization and lead-
ing twist nuclear PDFs for coherent J/ψ photoproduction in
heavy-ion UPCs can be contrasted with those based on the
color dipole model. A summary of results of the color glass
condensate approach for the UPC observables considered in
this work is presented in Ref. [67].
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