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We make predictions for the cross section of coherent J/ψ photopro-
duction in Pb–Pb and O–O ultraperipheral collisions (UPCs) at the LHC
as a function of the J/ψ rapidity y in the framework of collinear factoriza-
tion and next-to-leading order (NLO) perturbative QCD. We quantify the
strong scale dependence and significant uncertainties due to nuclear PDFs
and show that our approach provides a reasonable description of the LHC
data on coherent J/ψ photoproduction in Pb–Pb UPCs. We demonstrate
that these uncertainties are reduced by approximately a factor of 10 in the
scaled ratio of the O–O and Pb–Pb UPC cross sections. Our analysis in-
dicates the dominance of the quark contribution to the UPC cross section
at central rapidities, which affects the interpretation of the UPC data.
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1. Introduction

Studies of exclusive photoproduction of light and heavy vector mesons
off protons and nuclei have been given a new impetus by measurements
of so-called ultraperipheral collisions (UPCs) at the Large Hadron Collider
(LHC). In UPCs, ions (protons, nuclei) pass each other at large impact pa-
rameters, the short-range strong interaction between the colliding hadrons
is suppressed, and the reaction proceeds via emission of quasi-real photons,
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which are usually treated in the Weizsäcker–Williams equivalent photon ap-
proximation [1]. At the LHC, the maximal energy of these photons reaches
the TeV range, which makes it effectively the highest energy photon collider
to date. Taking advantage of this, in UPCs these photons can be used as a
probe to study open questions of the proton and nucleus structure and the
strong interaction dynamics in quantum chromodynamics (QCD) as well as
to search for new physics [2–5].

One of the most thoroughly studied UPC processes at the LHC is exclu-
sive photoproduction of heavy vector mesons, in particular, photoproduction
of J/ψ. The interest in it is driven by the original observation that in the
leading double logarithmic approximation of perturbative QCD (pQCD), the
J/ψ photoproduction cross section is directly proportional to the small-x
gluon density of the target squared [6].

The application of this idea to nuclear targets allows for a direct com-
parison of the nuclear suppression factor extracted from the data on co-
herent J/ψ photoproduction in lead–lead (Pb–Pb) UPCs at the LHC with
small-x nuclear modifications of the nuclear gluon density [7–9]. The good
agreement with the ALICE data at the J/ψ rapidity y ≈ 0 gives direct ev-
idence of the significant ∼ 40% gluon nuclear shadowing (suppression) in
lead at x ≈ 6× 10−4–10−3, in agreement with the predictions of the leading
twist approach [10] and the EPPS16 nuclear parton distribution function
(nPDFs) [11].

Further progress in obtaining new constraints on proton and nucleus
parton distribution functions (PDFs) using J/ψ photoproducton in UPCs
requires both experimental and theoretical efforts. One perspective direction
is studies of UPCs accompanied by forward neutron emission [12], which al-
lows one to separate the high-W and low-W contributions to the UPC cross
section at a given y (W is the photon–nucleon invariant energy) and, hence,
to probe much lower values of x down to x ≈ 6× 10−5 [13]. On the theory
side, significant advances have been made to refine calculations of exclu-
sive J/ψ photoproduction. These include an analysis of effects associated
with the gluon and charm quark transverse momenta in the high-energy
factorization approach [14], the calculation of next-to-leading order (NLO)
pQCD corrections in the framework of collinear factorization [15, 16] and
their taming using the Q0-subtraction method [17], and estimates of rela-
tivistic corrections [18] and pre-asymptotic effects [19] associated with the
charmonium light-cone wave function.

In this paper, we summarize our predictions for coherent J/ψ photo-
production in Pb–Pb and oxygen–oxygen (O–O) UPCs at the LHC in the
framework of collinear factorization and NLO pQCD [20, 21]. We quantify
the strong scale dependence and significant PDF-related uncertainties of our
predictions. We show that NLO pQCD provides a reasonable description of
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the LHC data on coherent J/ψ photoproduction in Pb–Pb UPCs, and also
that the uncertainties are reduced by approximately a factor of 10 in the
ratio of the O–O and Pb–Pb UPC cross sections. A surprising consequence
of our analysis is the dominance of the quark contribution at central rapidi-
ties, which challenges the interpretation of the data in terms of the small-x
nuclear gluon distribution.

2. Exclusive J/ψ photoproduction on nuclei in NLO pQCD

The cross section of exclusive coherent J/ψ photoproduction in Pb–Pb
UPCs is given by a sum of two terms since both of the colliding ions can
serve as a photon source and a target [3],

dσ

dy
=

[
k
dNγ/A

dk
σγA→J/ψA

]
k=k+

+

[
k
dNγ/A

dk
σγA→J/ψA

]
k=k−

, (1)

where y is the J/ψ rapidity and kdNγ/A/dk is the photon flux calculated
in the equivalent-photon approximation, see details in [20]. Therefore, for a
given value of y, there is a two-fold ambiguity in the photon energy, k± =
(MJ/ψ/2)e

±y, where MJ/ψ is the J/ψ mass.
The information on the nuclear partonic structure and the strong inter-

action dynamics is contained in the underlying σγA→J/ψA cross section of
J/ψ photoproduction. Assuming that the charm quark mass mc provides
a hard scale so that collinear factorization for hard exclusive processes is
applicable [22], the γ + A → J/ψ + A amplitude to NLO accuracy is given
by the following convolution [15, 16]:

M ∝
√
⟨O1⟩V

1∫
−1

dx
[
Tg(x, ξ)F

g
A(x, ξ, t, µ) + Tq(x, ξ)F

q,S
A (x, ξ, t, µ)

]
, (2)

where ⟨O1⟩V is the non-relativistic QCD (NRQCD) matrix element deter-
mined from the J/ψ → l+l− leptonic decay, Tg(x, ξ) and Tq(x, ξ) are the
gluon and quark NLO coefficient functions, and F gA(x, ξ, t, µ) and
F q,SA (x, ξ, t, µ) are the gluon and quark singlet nuclear generalized parton
distribution functions (GPDs), respectively. The GPDs depend on the light-
cone momentum fractions x and ξ, the momentum transfer to the target
squared t, and the scale µ. In our analysis, we take the renormalization
and factorization scales to be equal and allow them to vary in the interval
mc < µ < 2mc. The derivations in [15, 16] assume the static approxima-
tion for the charmonium wave function [23], whose consistency requires that
mc =MJ/ψ/2.
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In the graphical form, the amplitude of Eq. (2) is presented in Fig. 1
showing gluon (left) and quark (right) contributions. At leading order (LO),
there is only the gluon term, while at NLO, both the gluons and quarks
contribute.

F g
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γ J/ψ
〈O1〉V

c

c̄

x + ξ x − ξ

A
A
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A
A
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Fig. 1. Graphical representation of the γ+A→ J/ψ+A amplitude in NLO pQCD:
gluon (left) and quark (right) contributions.

The parameter ξ in Eq. (2) quantifies the imbalance (so-called skewness)
of the momentum fractions carried by the partons attached to the target
(see Fig. 1) and is fixed by the process kinematics. In the limit of high W ,
ξ ≈ M2

J/ψ/(2W
2) ≪ 1, which in general simplifies the modeling of GPDs.

Indeed, for sufficiently large values of µ, the µ2 evolution of GPDs almost
completely washes out the information on the ξ-dependence of the GPDs at
some low starting scale µ0 ∼ 1 GeV [24], where they can hence be taken in
the ξ → 0 limit. As a result, one can relate GPDs to PDFs [25].

In our work, we neglect the ξ-dependence of the nuclear GPDs because its
effects are significantly smaller than the theoretical uncertainties associated
with the choice of the scale of µ and those due to nuclear PDFs, which we
consider in detail in Section 3. Employing the symmetries of GPDs, we use

F gA(±x, ξ, t, µ) = xgA(x, µ)FA(t) ,

F q,SA (±x, ξ, t, µ) =
∑

q=u,d,s,c

[θ(x)qA(x, µ)− θ(−x)q̄A(x, µ)]FA(t) , (3)

where x ∈ [0, 1], FA(t) is the nuclear form factor, gA(x, µ), qA(x, µ), and
q̄A(x, µ) are nuclear gluon, quark, and antiquark PDFs. We use the Fermi
model (Woods–Saxon) for the nuclear density [26] in the calculation of the
nuclear form factor and such state-of-the-art nuclear PDFs as EPPS16 [11],
nNNPDF2.0 [27], EPPS21 [28], nNNPDF3.0 [29], and nCTEQ15WZSIH [30].
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3. Predictions for coherent J/ψ photoproduction
in Pb–Pb and O–O UPCs at the LHC

The formalism presented in the previous section allows us to make pre-
dictions for the cross sections of coherent J/ψ photoproduction in Pb–Pb
and O–O UPCs at the LHC as a function of the J/ψ rapidity y.

Figure 2 quantifies the scale dependence of our NLO pQCD predictions
for dσPb+Pb→Pb+J/ψ+Pb/dy at

√
sNN = 5.02 TeV and compares them with

all available Run 2 data, see [20] for references. The calculations are carried
out with the central EPPS21 nPDFs and at the values of the scale µ spanning
the MJ/ψ/2 < µ < MJ/ψ range. One can see from the figure that while
the scale dependence is very strong, it is possible to find an optimal scale,
µ = 2.39 GeV in the considered case, which provides a reasonable (good at
y ∼ 0 and worse at large |y|) description of the LHC data on coherent J/ψ
photoproduction in Pb–Pb UPCs, so that the data at all y lie within our
scale uncertainty envelope.

Note that while the use of other nuclear PDFs leads to similar results
at central rapidities, there are certain differences at large |y|. In particular,
the nCTEQ15WZSIH nPDFs provide a somewhat better agreement with the
forward ALICE and 2018 LHCb data, which may hint at the sensitivity to
the strange quark distributions in nuclei.

Fig. 2. NLO pQCD predictions for the cross section of coherent J/ψ photopro-
duction in Pb–Pb UPCs at

√
sNN = 5.02 TeV as a function of the J/ψ rapid-

ity y and their comparison with the LHC Run 2 data. The calculations corre-
spond to the EPPS21 nPDFs and µ = MJ/ψ/2 = 1.55 GeV (lower boundary),
µ = MJ/ψ = 3.1 GeV (upper boundary), and µ = 2.39 GeV (optimal scale).
From [21].
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In Fig. 3, we show our predictions for dσPb+Pb→Pb+J/ψ+Pb/dy at
√
sNN

= 5.02 TeV using different nPDFs. The curves correspond to the cen-
tral EPPS21 (blue solid), nCTEQ15WZSIH (red dashed), and nNNPDF3.0
(green dotted) nPDFs along with their propagated uncertainties given by
the respective shaded bands. The calculations are performed at the optimal
scales corresponding to each PDF set; the quality of the agreement with the
data is illustrated by a comparison with the Run 2 data. One can see from
the figure that the uncertainties due to nuclear PDFs are quite significant
and exceed the experimental errors. Hence, this can be viewed as an oppor-
tunity to improve the determination of nuclear PDFs using the data on J/ψ
photoproduction in nucleus–nucleus UPCs.

Note that compared to our results in [20], the abnormally large uncer-
tainty associated with the EPPS16 nPDFs (in fact with the CT14 baseline
PDFs) disappears, when using the more recent EPPS21 nPDFs. Also, since
the nNNPDF3.0 nPDFs correspond to a much less constrained fit, the cor-
responding nuclear PDFs uncertainties are the largest among those shown
in Fig. 3. Note also that the nCTEQ15WZSIH errors do not include the free
proton PDF uncertainties.

Fig. 3. NLO pQCD predictions for dσPb+Pb→Pb+J/ψ+Pb/dy at 5.02 TeV as a func-
tion of the J/ψ rapidity y for EPPS21, nNNPDF3.0, and nCTEQ15WZSIH nPDFs,
see the text for details. For comparison, the Run 2 LHC data are also shown.
From [21].

Anticipating the oxygen–oxygen (O–O) run at the LHC, we also made
predictions for the cross section of coherent J/ψ photoproduction in O–O
UPCs for four collision energies,

√
sNN = 2.76, 5.02, 6.37, and 7 TeV. Our

results for dσO+O→O+J/ψ+O/dy as a function of y are shown in Fig. 4. The
calculations correspond to using the central EPPS21 nPDFs as input and a
range of scales mc < µ < 2mc. As in the case of Pb–Pb UPCs, we find that
the scale dependence and the uncertainty due to nPDFs are large.
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Fig. 4. NLO pQCD predictions for the cross section of coherent J/ψ photoproduc-
tion in O–O UPCs at

√
sNN = 2.76, 5.02, 6.37, and 7 TeV as a function of the

J/ψ rapidity y. The curves correspond to the predictions based on central EPPS21
nPDFs and several values of µ in the interval of mc < µ < 2mc. From [21].

One can reduce these uncertainties by considering the following scaled
ratio of the oxygen–oxygen to lead–lead UPC cross sections:

R̃O/Pb =

(
208ZPb

16ZO

)2 dσ(O + O → O+ J/ψ +O)/dy

dσ(Pb + Pb → Pb + J/ψ + Pb)/dy

=

(
208ZPb

16ZO

)2

RO/Pb , (4)

where ZPb = 79 and ZO = 8 are the nucleus electric charges. The ratios
R̃O/Pb as a function of y for

√
sNN = 2.76, 5.02, 6.37, and 7 TeV are shown

in Fig. 5. For the labeling of the curves, see Fig. 4. A comparison with the
results in Figs. 2 and 4 demonstrates that in the ratio of the cross sections for
different nuclei, the scale dependence is reduced by approximately a factor of
10 compared to the individual Pb–Pb and O–O cross sections. This can be
explained by the fact that since the NLO coefficient functions for the oxygen
and lead targets are the same, the differences come mostly from the oxygen
and lead nPDFs. Additionally, there is a partial cancellation of uncertainties
associated with proton PDFs.

One of the most striking conclusions of our analyses is the observation
that the quark contribution dominates the cross section of J/ψ photopro-
duction in Pb–Pb and O–O UPCs at non-forward rapidities, which origi-
nates from the strong cancellations between LO and NLO gluon terms in
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Fig. 5. The scaled ratio of the O–O and Pb–Pb UPC cross sections, see Eq. (4),
as a function of the J/ψ rapidity y for four values of

√
sNN . See Fig. 4 for the

labeling of the curves. From [21].

Eq. (2). This is illustrated in Fig. 6 showing the separate quark, gluon
and their interference contributions to dσPb+Pb→Pb+J/ψ+Pb/dy as a func-
tion of y at

√
sNN = 5.02 TeV. The curves correspond to the EPPS16 nPDFs

and µ = 2.37 GeV is the optimal scale. One can see from the figure that the
quarks provide the dominant contribution for |y| < 2.
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Fig. 6. The separate quark, gluon and their interference contributions to
dσPb+Pb→Pb+J/ψ+Pb/dy as a function of y at

√
sNN = 5.02 TeV. From [20].
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At face value, this changes the interpretation of the data on coherent J/ψ
photoproduction in heavy-ion UPCs as a probe of small-x nuclear gluons and
replaces it with an observation that both the magnitude and shape of the
rapidity dependence of the UPC cross section depend on an interplay of the
quark and gluon contributions. While this is most likely a feature of NLO
pQCD, we anticipate that at next-to-next-leading order (NNLO), mixing of
quark terms at both NLO and NNLO should also play a role.

4. Conclusions

Using the framework of collinear factorization and NLO pQCD, we made
predictions for the rapidity dependence of the cross section of coherent J/ψ
photoproduction in Pb–Pb and O–O UPCs at the LHC. We quantified the
strong scale dependence and significant uncertainty due to nuclear PDFs
of our predictions and showed that they provide a reasonable description
of the LHC data on coherent J/ψ photoproduction in Pb–Pb UPCs. We
demonstrated that these uncertainties are dramatically reduced in the scaled
ratio of the O–O and Pb–Pb UPC cross sections. Also, our analysis indicated
the dominance of the quark contribution to the UPC cross section at central
rapidities, so the interpretation of the UPC data must be taken with care.
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