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Next-to-leading order perturbative QCD predictions for exclusive J/ψ photoproduction in
oxygen-oxygen and lead-lead collisions at energies available at the CERN Large Hadron Collider

K. J. Eskola ,* C. A. Flett ,† V. Guzey ,‡ T. Löytäinen ,§ and H. Paukkunen ‖
Department of Physics, University of Jyvaskyla, P.O. Box 35, FI-40014 Jyvaskyla, Finland

and Helsinki Institute of Physics, University of Helsinki, P.O. Box 64, FI-00014 Helsinki, Finland

(Received 3 November 2022; accepted 5 April 2023; published 28 April 2023)

We present predictions for the cross sections of coherent J/ψ photoproduction in lead-lead and oxygen-
oxygen ultraperipheral collisions (UPCs) as a function of the J/ψ rapidity at the LHC in the framework of
collinear factorization at next-to-leading order (NLO) in perturbative QCD. Taking generalized parton distribu-
tion functions in their forward limit and using the EPPS21, nNNPDF3.0, and nCTEQ15WZSIH nuclear parton
distribution functions, we update our recent results for Pb-Pb collisions, make detailed predictions for O-O
collisions for several beam energy configurations, and examine the ratio of O-O and Pb-Pb UPC cross sections.
We show that the latter observable allows one to significantly reduce the scale uncertainty of NLO predictions
for this process.

DOI: 10.1103/PhysRevC.107.044912

I. INTRODUCTION

Traditionally, parton distribution functions (PDFs) and
their nuclear counterparts, nuclear PDFs (nPDFs), have been
determined from inclusive processes such as lepton-hadron
deep inelastic scattering (DIS) and the production of leptons
pairs (Drell-Yan process), light and heavy mesons, dijets, and
gauge bosons in hadron-hadron scattering, see Refs. [1–4]
for recent reviews. The determination of proton and nuclear
PDFs has become an active branch of phenomenological ap-
plications of quantum chromodynamics (QCD), for recent
examples of global fits of PDFs and nPDFs, see Refs. [5–13].
However, despite the dramatic progress in the methodology of
PDF extraction from the available data, including an account
of higher-order (up to next-to-next-to-leading order, NNLO)
perturbative QCD corrections, effects of heavy (charm and
bottom) quark masses and small-x resummation and the re-
liance on sophisticated statistical and computational methods
(Bayesian and Hessian error estimates and neural networks),
the resulting PDFs and nPDFs still suffer from significant
uncertainties.

As a consequence, there is a continuing interest to explore
novel kinematics, processes, and observables, which would
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allow one to obtain additional constraints on the PDFs. In
particular, it has been discussed that the exclusive photopro-
duction of J/ψ mesons on the proton and nuclear targets
in the so-called ultraperipheral collisions (UPCs) allows one
to probe the gluon density of the target at small momen-
tum fractions x ∼ 10−5–10−3 and resolution scales μ2 ≈
3 GeV2 [14–19] (photoproduction of other quarkonium states,
ψ ′ and ϒ , has also been considered). This is based on the early
observation that in the leading logarithmic approximation, i.e.,
to the leading order (LO) of perturbative QCD (pQCD), the
cross section of this process is directly proportional to the
gluon density squared [20]. However, it was later found that
the next-to-leading order (NLO) QCD corrections involving
both gluon and quark distributions are very large [15,21],
which questions the common interpretation in terms of the
gluon density. While several methods to stabilize the NLO
results have been proposed [16,22,23], further theoretical and
phenomenological studies are still required.

We recently performed a detailed study of the cross sec-
tion of exclusive photoproduction of J/ψ mesons in Pb-Pb
UPCs at the Large Hadron Collider (LHC) as a function of
the J/ψ rapidity y in the framework of collinear factorization
and NLO pQCD, and confirmed the dramatic role of the NLO
effects [24]. In particular, we found that at central rapidities
the cross section is dominated by the quark contribution since
the gluon one largely cancels in the sum of the LO and the
NLO terms. Additionally, even though the scale dependence
of our results turned out to be, as expected, rather sizable,
we determined an optimal scale allowing for a simultaneous
reasonable description of the available Run 1 and Run 2
LHC data on this process. In addition, we observed that the
amplitude for this process is predominantly imaginary in a
broad range of rapidities with a small window at forward and
backward rapidities, where the real part gives the dominant
contribution.
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The purpose of this work is to extend the analysis of
Ref. [24] by (i) updating our previous results for Pb-Pb col-
lisions with three different state-of-the-art nPDF sets, namely,
EPPS21 [11], nNNPDF3.0 [12], and nCTEQ15WZSIH [8],
(ii) making detailed predictions for the O + O → O + J/ψ +
O rapidity differential cross section for the planned oxygen
run at the LHC [25,26], and (iii) presenting predictions for
the ratio of the J/ψ rapidity distributions in Pb-Pb and O-O
UPCs. This allows us not only to better control the theoretical
uncertainties associated with the nPDFs, but also to tame (re-
duce) the scale dependence of our NLO results by considering
the ratio of J/ψ production with different nuclear collision
systems. For the recent predictions of J/ψ photoproduction
in O-O UPCs at the LHC in the color dipole framework, see
Ref. [27].

The rest of the paper is organized as follows. In Sec. II, we
recapitulate the framework of NLO pQCD coherent exclusive
photoproduction of J/ψ in nucleus-nucleus UPCs, pointing
out specific extensions to the oxygen beams. Section III
contains our results, which include updated predictions for
dσ (Pb + Pb → Pb + J/ψ + Pb)/dy with the most recent
sets of nPDFs and their comparison to all available LHC data
on this process, detailed predictions for dσ (O + O → O +
J/ψ + O)/dy for the oxygen run with an analysis of the scale
dependence and the decomposition into the imaginary and real
parts as well as into the gluon and quark contributions, and,
finally, predictions for the ratios of the J/ψ rapidity distribu-
tions in O-O and Pb-Pb UPCs with an exhaustive analysis of
the scale and energy dependence. We discuss and summarize
our findings in Sec. IV.

II. COHERENT J/ψ PHOTOPRODUCTION IN
NUCLEUS-NUCLEUS UPCS IN NLO PQCD

In the equivalent photon approximation the cross section of
coherent J/ψ photoproduction in UPCs of nuclei (ions) A1

and A2, as a function of the J/ψ rapidity y, reads [28]

dσ A1A2→A1J/ψA2

dy
=

[
k

dNA1
γ (k)

dk

]
k=k+

σγ A2→J/ψA2 (W +)

+
[

k
dNA2

γ (k)

dk

]
k=k−

σ A1γ→A1J/ψ (W −),

(1)

where kdNA
γ (k)/dk is the flux of equivalent quasireal pho-

tons emitted by ions A1 and A2, k is the photon energy and
σγ A→VA(W ) is the cross section of coherent (without nuclear
breakup) J/ψ photoproduction on a nuclear target with W
being the collision energy of the photon-nucleon system. The
two terms in Eq. (1) represent two possibilities to arrive at
the same final state corresponding either to ion A1 emitting a
photon interacting then with ion A2 or ion A2 being a source of
photons interacting with ion A1. We define the positive rapid-
ity y in the direction of the ion A1, from which one obtains that
the relation between the photon energies k± and the rapidity
y is k± = (MJ/ψ/2)e±y, where k+ and k− refer to ions A1

(positive longitudinal momentum) and A2 (negative longitu-
dinal momentum), respectively, and MJ/ψ is the mass of J/ψ .

The corresponding photon-nucleon system energies are W + =√
2MJ/ψeyE2 and W − = √

2MJ/ψe−yE1, where E2 and E1 are
the per nucleon energies of beams A2 and A1, respectively. For
symmetric UPCs, we have E2 = E1 = √

sNN/2, where
√

sNN

is the nucleon-nucleon center-of-mass system (c.m.s.) energy.
The interference between the amplitudes, where the photons
are emitted by different nuclei, is important only at very small
values of the momentum transfer t (very small values of the
J/ψ transverse momentum) [29] and hence can be safely
neglected in the case of the UPC cross section integrated over
t , which we consider.

The flux of equivalent photons emitted by a relativistic ion
in UPCs is given by a convolution of the impact parameter
dependent photon flux NA

γ (k, �b) and the nuclear suppression

factor �AA(�b),

k
dNA

γ (k)

dk
=

∫
d2�b NA

γ (k, �b)�AA(�b), (2)

where �b is a two-dimensional impact parameter vector de-
noting the distance between the centers of colliding nuclei
in the transverse plane. Furthermore, the impact parameter
dependent photon flux NA

γ (k, �b) of a relativistic nucleus A with
Z protons can be readily calculated in QED [30],

NA
γ (k, �b) = Z2αe.m.

π2

∣∣∣∣∣
∫ ∞

0
dk⊥

k2
⊥F̃A

(
k2
⊥ + k2/γ 2

L

)
k2
⊥ + k2/γ 2

L

J1(|�b|k⊥)

∣∣∣∣∣
2

,

(3)
where αe.m. is the fine-structure constant, γL is the nucleus
Lorentz factor, J1 is the cylindrical modified Bessel func-
tion of the first kind, and F̃A(t ) is the nucleus form factor
normalized to one, i.e., F̃A(t ) = FA(t )/A. The nuclear form
factor FA(t ), accompanied with the normalization condition
FA(0) = A, is in turn given by the standard Fourier transform
of the nuclear density ρA(r),

FA(t ) =
∫

d3r eiq·rρA(r), (4)

where t = −|q|2.
The nuclear density is well known from measurements

of elastic electron-nucleus scattering and is usually pa-
rameterized in the form of two-parameter Fermi model
(also called Woods-Saxon model) and three-parameter Fermi
model (3pF) [31]. The former is typical for heavy nuclei,
for lead, see Ref. [24], and latter is usually employed for
medium-heavy nuclei. In particular, in this work we use the
3pF parametrization for oxygen

ρO(r) = ρ0
(
1 + w

(
r

RA

)2)
1 + e(r−RA )/d

, (5)

with the free parameters determined from nuclear charge-
density measurements [31],

d = 0.513 fm and w = −0.051. (6)

For lead we use d = 0.546 fm and w = 0. The effective
nuclear radii are here taken from the following empirical

044912-2



NEXT-TO-LEADING ORDER PERTURBATIVE QCD … PHYSICAL REVIEW C 107, 044912 (2023)

parametrization (see, e.g., Ref. [32])1

RA/fm = 1.12 A1/3–0.86 A−1/3. (7)

Further, in Eq. (2), the nuclear suppression factor �AA(�b)
represents the probability of having no hadronic interactions
at impact parameter �b, which can be evaluated using the
Glauber model for nucleus-nucleus scattering

�AA(�b) = exp[−σNN (sNN )TAA(�b)], (8)

where σNN (sNN ) is the total nucleon-nucleon cross sec-
tion [33] and TAA(�b) = ∫

d2 �b′TA( �b′)TA(�b − �b′) is the nuclear
overlap function with TA(�b) = ∫

dzρA(�r). In Eq. (2), the effect
of �AA(b) is to suppress the contribution of the |�b| < 2RA

region.
For the cross section of coherent J/ψ photoproduction on

nuclei A we use the form where the t dependence governed
by the nuclear form factor squared |FA(t )|2, is factorized from
the cross section of J/ψ production on bound nucleons N of
the nuclear target, i.e., dσ

γ N→J/ψN
A /dt (this is indicated by the

subscript),

σγ A→J/ψA(W ) = dσ
γ N→J/ψN
A

dt

∣∣∣∣
t=0

∫ ∞

|tmin|
dt ′|FA(−t ′)|2, (9)

where |tmin| = [M2
J/ψ/(4kγL )]2. In the case of the t-integrated

cross section, the factorized form of Eq. (9) approximates with
a several-percent precision a more accurate expression that
takes into account the correlation between t and x, i.e., the cor-
relation between the momentum transfer and the magnitude of
nuclear effects (nuclear shadowing) affecting dσ

γ N→J/ψN
A /dt ,

see the discussion in Refs. [34,35].
The QCD dynamics of the process is contained in

the dσ
γ N→J/ψN
A /dt (t = 0) cross section. In the framework

of collinear factorization for exclusive processes in NLO
perturbative QCD and using the nonrelativistic (static) ap-
proximation for the charmonium wave function, the cross
section reads (see Refs. [21,24] for details and references)

dσ
γ N→J/ψN
A

dt

∣∣∣∣
t=0

= 1

W 4

4π2αe.m.e2
c〈O1〉V

9ξ 2m3
c

|I (ξ, t = 0)|2,
(10)

where the reduced scattering amplitude is given by a con-
volution of the gluon and quark hard scattering coefficient
functions Tg(x, ξ , μR, μF ) and Tq(x, ξ , μR, μF ) with the cor-
responding gluon and quark generalized parton distribution
functions (GPDs) F g(x, ξ , t, μF ) and F q,S (x, ξ , t, μF ) of the
bound nucleons,

I (ξ, t = 0) =
∫ 1

−1
dx[Tg(x, ξ , μR, μF )F g(x, ξ , t = 0, μF )

+ Tq(x, ξ , μR, μF )F q,S (x, ξ , t = 0, μF )].

(11)

1For the oxygen case this means that the radius, as given in Eq. (7),
is taken in the approximation w = 0 with the same parameter values
as for lead.

In Eq. (10), ec = 2/3 and mc = MJ/ψ/2 is the charm quark
mass in the nonrelativistic limit, 〈O1〉V is the nonrelativis-
tic QCD matrix element associated with the J/ψ → l+l−
leptonic decay, ξ = ζ/(2 − ζ ) is the so-called skewness pa-
rameter with ζ = M2

J/ψ/W 2 being an analog of Bjorken
x in inclusive DIS. Note that the quark contribution in
Eq. (11) contains a singlet combination of quark GPDs of four
active flavors, F q,S (x, ξ , t = 0, μF ) = ∑

q=u,d,s,c F q(x, ξ , t =
0, μF ). In our analysis we take the factorization and renor-
malization scales to be equal, i.e., μ = μF = μR, which sets
the term ∼β0 ln(μ2

R/μ2
F ) in the NLO gluon contribution to

zero, see Eq. (3.72) in Ref. [21]. This choice corresponds
to the BLM scale setting prescription [36]. We quantify the
dependence of our results on the scale choice by varying the
scale in the mc � μ � 2mc interval.

In general, GPDs are complicated nonperturbative distribu-
tions depending on two light-cone momentum fractions x and
ξ and the momentum transfer t as well as the factorization
scale μF . However, in the high-energy limit the skewness
parameter is very small (ξ 
 1) and its effect on GPDs is
expected to be rather moderate. In particular, in the calcu-
lation of the dσ

γ N→J/ψN
A /dt (t = 0) cross section, theoretical

uncertainties associated with detailed modeling of GPDs are
expected to be much smaller than the scale and nPDF uncer-
tainties. Therefore, as a first approximation, we neglect the
skewness effect and take GPDs in the forward limit, where
they can be identified with the usual PDFs,

F g(x, ξ , t =0, μF ) = F g(−x, ξ , t = 0, μF )→xgA(x, μF ),

F q(x, ξ , t = 0, μF ) → qA(x, μF ),

F q(−x, ξ , t = 0, μF ) → −q̄A(x, μF ), (12)

where now 0 � x � 1. The distributions gA(x, μF ), qA(x, μF )
and q̄A(x, μF ) are the usual gluon, quark, and antiquark
nPDFs per nucleon. They encode nuclear modifications of
bound nucleon PDFs, the most relevant being small-x nu-
clear shadowing and antishadowing. In our analysis, we use
the recent nPDF sets EPPS21 [11], nNNPDF3.0 [12], and
nCTEQ15WZSIH [37].

III. RESULTS

A plan is moving forward that an oxygen-oxygen (O-O)
run would be performed at the LHC in Run 3 [25,26,38].
In addition to shedding light on the soft QCD dynamics and
studying hard scattering with small nuclear systems, it might
help to address open questions relating to forward scattering
physics. From the point of view of UPC studies, as we pointed
out in Sec. I, an analysis of coherent J/ψ photoproduction
in O-O UPCs and a comparison to the case of Pb-Pb UPCs
can be used to constrain theoretical uncertainties of our NLO
pQCD predictions for this process. At the time of writing of
this paper, it is not yet completely clear at which nucleon-
nucleon c.m.s. energy

√
sNN the O-O run will be completed.

Therefore, we will consider four scenarios with
√

sNN = 2.76,
5.02, 6.37 [38], and 7 TeV [25], which will help us to better
understand the energy dependence of our results.
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FIG. 1. The scaled photon flux (1/Z2)kdNA
γ (k)/dk as a function of the rapidity y in the plus direction for the oxygen and lead beams for

four different values of the c.m.s. energy
√

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

A. Photon fluxes and nuclear form factors

The results for the kdNA
γ (k)/dk photon flux obtained

through Eq. (2), where k = (MJ/ψ/2)ey, i.e., positive rapidity
y corresponds to large photon energies k, for oxygen and lead
beams for four different values of the invariant collision en-
ergy

√
sNN are presented in Fig. 1. In the figure, the blue solid

curves correspond to the oxygen case and the orange dashed
curves to the lead case. In order to conveniently compare the
two cases, we normalized the fluxes by the factor of 1/Z2 with
ZO = 8 for oxygen and ZPb = 82 for lead.

One can see from the figure that at negative rapidi-
ties (small photon momenta) the photon flux of the lead
beam is much larger than that for the oxygen beam,
[kdNPb

γ (k)/dk]/[kdNO
γ (k)/dk] ≈ Z2

Pb/Z2
O ≈ 100. At the same

time, since the effective nuclear radius of lead is almost three
times as large as that of oxygen, the spectrum of equivalent
photons of lead falls off more rapidly when y is increased
(corresponding to an increase in k) than that of oxygen. Even-
tually, for large values of rapidity y � 4.4 corresponding to
k � 120 GeV, the photon flux for oxygen becomes bigger than
that of lead.

We have numerically checked that setting w = 0 in Eq. (5),
i.e., assuming the two-parameter Fermi (2pF) model for oxy-
gen with the same d and RA parameters, leads to a relative
difference of under four percent in the photon flux for the
photon energies up to k ≈ 50 GeV corresponding to the J/ψ
rapidities |y| � 3.5. In addition, we have checked that the
photon flux is not sensitive to the exact value of σNN used
in �AA(�b), see Eq. (8). For example, at

√
sNN = 6.37 and

7 TeV, calculations for the photon flux with σNN = 95 mb
and σNN = 100 mb differ by less than 1% all the way up to

|y| = 4. Thus, we conclude that the major difference between
the scaled photon fluxes of the oxygen and lead ions originates
from the different effective radii RA of these nuclei.

In the left panel of Fig. 2 we show the results for the
oxygen and lead form factors scaled by the corresponding
mass number A as they are given by Eq. (4). The values of
the scaled form factors approach one due to our normalization
constraint FA(0) = A but, as we move to higher values of t ,
we see that the scaled oxygen form factor is the dominant
one except for the oscillations at very high values of t . But
again, since APb � AO, the absolute magnitude of the form
factor of lead is the bigger one. Then, in the photoproduction
cross section σγ A→VA, we have an integral over the square
of the absolute value of the form factor. The right panel of
Fig. 2 shows the values of this integral scaled by the square of
the mass number A for both the oxygen (solid blue) and the
lead (dashed orange) cases. Similarly to the photon flux, this
ratio gets intertwined in the ratios of the cross sections, but at
central rapidities y = 0 corresponding to |tmin| ≈ 10−6 GeV2,
we should expect to see a factor of 4.6 from the ratio of the
integrals.

B. Rapidity-dependent cross sections in Pb-Pb UPCs
and comparison with the LHC data

Based on the NLO pQCD theoretical framework
outlined in Sec. II, we present below our predictions for
the dσ (Pb + Pb → Pb + J/ψ + Pb)/dy cross section of
coherent J/ψ photoproduction in Pb-Pb UPCs as a function
of the J/ψ rapidity y at

√
sNN = 2.76 TeV (Run 1) and√

sNN = 5.02 TeV (Run 2) at the LHC and compare them
with all available LHC data on this process. We performed our
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FIG. 2. Left: Form factors scaled by the corresponding mass number A for oxygen and lead as a function of t . The scaled oxygen form
factor reaches out farther in t than the corresponding lead one. Right: The values of the integral of the absolute value of the form factor squared
scaled by the square of the corresponding mass number A given as a function of the lower limit tmin of the integral. At small enough values of
tmin, the ratio between the oxygen and the lead results is about 4.6.

calculations using the most recent EPPS21 [11],
nNNPDF3.0 [12], and nCTEQ15WZSIH [37] sets of nPDFs,
which updates our predictions in Ref. [24].

Figure 3 demonstrates the variation of our predictions due
to the choice of the scale μ, which is allowed to vary in
the mc � μ � 2mc interval (mc = MJ/ψ/2 = 1.55 GeV in the
nonrelativistic limit that we use): the top dashed curves corre-
spond to μ = 3.1 GeV, while the bottom dotted curves are for
μ = 1.55 GeV. The solid curve in each panel corresponds to
an optimal scale, which is chosen to simultaneously describe
the central rapidity data available from Run 1 (left panels) and
Run 2 (right panels) at the LHC. The Run 1 data at

√
sNN =

2.76 TeV include the ALICE data at the central rapidity
|y| < 0.9 [39] (labeled “ALICE Cent”) and at the forward
rapidity 2.6 < |y| < 3.6 [40] labeled “ALICE Forw”) as well
as the CMS data in the rapidity interval 1.8 < |y| < 2.3 [41]
(labeled “CMS Forw”). The Run 2 data taken at

√
sNN =

5.02 TeV are the ALICE data at midrapidity |y| < 0.8 [42]
(labeled “ALICE Cent”), the ALICE data at forward rapidities
2.5 < |y| < 4 [43] (labeled “ALICE Forw”), the LHCb data at
forward rapidities 2 < |y| < 4.5 [44] (labeled “LHCb 2015”)
and their recent update [45] (labeled “LHCb 2018”). The three
rows of panels correspond to the results of our calculations
using three different sets of nPDFs: EPPS21 [11] (top row),
nNNPDF3.0 [12] (middle row), and nCTEQ15WZSIH [37]
(bottom row). Our analysis shows that the resulting optimal
scales μ slightly differ for different nPDF sets: μ = 2.39 GeV
for EPPS21, μ = 2.22 GeV for nNNPDF3.0, and μ =
2.02 GeV for nCTEQ15WZSIH.

A comparison of the results presented in Fig. 3 with our
results in Ref. [24] shows that the difference between our

calculations using EPPS21 and EPPS16 is very small with a
very similar value of the optimal scale and the same shape of
the y dependence as well as the matching magnitude of the
scale dependence and the quality of the data description. To
be exact, at central rapidity y = 0, for Run 1 there is a factor
of about 22 between the highest scale and the lowest scale
results and for Run 2 energy this factor is about 55.

The improvement, when moving from nNNPDF2.0 [46]
(Fig. 10 of Ref. [24]) to the newer nNNPDF3.0 set, is
rather dramatic. We find that the shape of the dσ (Pb + Pb →
Pb + J/ψ + Pb)/dy cross section at the optimal scale μ =
2.22 GeV is qualitatively similar to that obtained with EPPS16
or EPPS21. Simultaneously, however, the correspondence
with the data is slightly worse: while the data at y ≈ 0 is
reproduced by construction, the solid curve somewhat under-
estimates the data at |y| �= 0. Note that the good agreement
with the data at y ≈ 0 is important for the comparison of the
Pb-Pb and O-O UPC data; see the discussion in Sec. III D. The
ratio between the highest scale and the lowest scale at central
rapidity is about 17 for Run 1 and about 26 for Run 2.

In contrast to EPPS21 and nNNPDF3.0, we find that the
newest nCTEQ15WZSIH nPDF set actually does better on
all accounts. The scale dependence at central rapidity is only
about a factor of 10 for Run 1 and about a factor of 12
for Run 2. The curve corresponding to the optimal scale of
μ = 2.02 GeV goes through the central rapidity data points
in addition to the forward/backward data both at Run 1 and
Run 2 energies. Moreover, the nCTEQ15WZSIH nPDF set
favors the ALICE forward data [43] and the newer LHCb
2018 data [45] over the 2015 LHCb data [44]. We have
checked that the better agreement of our calculations using
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FIG. 3. The scale dependence of the NLO pQCD predictions for the dσ (Pb + Pb → Pb + J/ψ + Pb)/dy cross section as a function of
the rapidity y for Run 1 (

√
sNN = 2.76 TeV, left column) and Run 2 (

√
sNN = 5.02 TeV, right column) at the LHC and a comparison with the

corresponding Run 1 [39–41] and Run 2 [42–45] data, the statistical and systematic errors added in quadrature. The data have been mirrored
with respect to y = 0. The scale-dependence envelope spans the results corresponding to μ = 3.1 GeV (top dashed curve) and μ = 1.55 GeV
(bottom dotted curve); the solid curve corresponds to the optimal scale. The three rows of panels correspond to EPPS21 (top), nNNPDF3.0
(middle), and nCTEQ15WZSIH (bottom) nPDFs.

the nCTEQ15WZSIH nPDF set with the UPC data is due to
the very strongly enhanced strange quark distributions, see
Fig. 4 in Ref. [47]. Thus, this process may give an interesting
opportunity to obtain new constraints on the elusive strange
quark distribution in the proton and nuclei.

For all three sets, when considering the full range of scales
μ ∈ [mc, MJ/ψ ], the scale uncertainty decreases slightly—as
was with the earlier EPPS16 set—as we move farther away
from the central rapidity towards backward and forward ra-
pidities. This is partly because at very large values of rapidity,

i.e., |y| > 3, the photoproduction amplitude receives a large
contribution from the W -component corresponding to small
values of k, which in turn means that we are probing the
underlying GPDs at high values of x, where the scale depen-
dence is constrained rather well. In any case, it is interesting
to notice that this rapidity dependence seems to be a common
property for both the old and the new nPDF sets (see Fig. 4 in
Ref. [24]).

To estimate the PDF uncertainty of our predictions due
to the EPPS21 and nCTEQ15WZSIH nPDFs, we used the
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FIG. 4. The PDF uncertainties of the NLO pQCD predictions for the dσ (Pb + Pb → Pb + J/ψ + Pb)/dy cross section as a function of y
for Run 1 (top) and Run 2 (bottom) at the LHC, and a comparison with the corresponding Run 1 [39–41] and Run 2 [42–45] data, mirrored with
respect to y = 0 and with the statistical and systematic errors added in quadrature. The results corresponding to the central sets of nPDFs are
shown by the blue solid (EPPS21), red dashed (nCTEQ15WZSIH), and green dotted (nNNPDF3.0) curves, respectively, and the error bands
are represented by the corresponding shaded regions. All calculations are performed at the indicated values of the optimal scale μ.

following asymmetric form for the uncertainty δO± [9]:

δO± =
√∑

i

[max

min {O(S+
i ) − O(S0),O(S−

i ) − O(S0), 0}]2
,

(13)
where O(S0) denotes the predictions with the central set for
the observable O and O(S±

i ) correspond to the values calcu-
lated with the plus and minus PDF error sets. In the case of
nNNPDF3.0, we used the 90% confidence level (CL) interval
prescription [12]. All PDF uncertainty calculations are per-
formed at the corresponding values of the optimal scale μ.

Figure 4 illustrates the uncertainty of our predictions for
the dσ (Pb + Pb → Pb + J/ψ + Pb)/dy cross section due to
errors of nPDFs and compares it with the Run 1 (top panel)
and Run 2 (bottom panel) LHC data. The calculations us-
ing the central sets of nPDFs are given by the blue solid
(EPPS21), red dashed (nCTEQ15WZSIH), and green dotted
(nNNPDF3.0) curves and the error bands are represented by
the corresponding shaded regions. One can see from the fig-
ure that within the PDF uncertainties the framework of NLO
pQCD describes the data rather well; the agreement with the
data is very good at central rapidity for all three nPDF sets (by
construction), continues to be good for nCTEQ15WZSIH in

044912-7



K. J. ESKOLA et al. PHYSICAL REVIEW C 107, 044912 (2023)

FIG. 5. The NLO pQCD results for the rapidity differential cross section of coherent J/ψ photoproduction in O-O UPCs as a function of
the rapidity y, obtained with the EPPS21 nPDFs at

√
sNN = 2.76, 5.02, 6.37, and 7 TeV. The different lines show the results for ten choices of

the scale μ ranging from μ = mc (lowest curve) to μ = MJ/ψ (highest curve) with a step of mc/8. The μ = 2.39 GeV optimal scale prediction
lies in the middle of this scale-uncertainty envelope.

the entire range of measured y, but becomes somewhat worse
at higher |y| for EPPS21 and NNPDF3.0.

A comparison of our EPPS21 results with the previous
EPP16 ones [24] shows that the full PDF uncertainty band,
which receives contributions from varying the parameters of
nPDFs and the baseline free proton PDFs, has come down to
the order of few millibarns. As we discussed in Ref. [24], the
free proton CT14nlo PDFs accompanying the EPPS16 nPDFs
contain a particular error set dramatically growing at small
x, which results in an abnormally large small-x uncertainty.
In the new EPPS21 nPDFs, where the nuclear effects are
correlated with the baseline CT18ANLO [5] free proton PDF
error sets, this behavior no longer persists.

One can clearly see from Fig. 4 that the EPPS21
nPDFs correspond to significantly smaller uncertainties
than nNNPDF3.0 and CTEQ15WZSIH. In particular, the
nNNPDF3.0 uncertainties, which also account for the free
proton PDF errors, at central rapidity rise up to around 8
mb at Run 1 and up to around 13.5 mb at Run 2. The
nCTEQ15WZSIH uncertainties, which account for the nPDF
errors only, are smaller both for Run 1 and Run 2 at cen-
tral rapidities than at y ≈ ±2.0, which leads to a valleylike
structure. For instance, for Run 2, the uncertainty rises up to
around 8.5 mb at y = 0 and then to its maximum of approxi-
mately 18 mb at y ≈ ±2.5. As with EPPS21, no single error
PDFs set stands out in the nCTEQ15WZSIH and nNNPDF3.0
parametrizations, but the larger uncertainty bands are sim-
ply the result of a wider distribution in the underlying
error sets.

C. Predictions for rapidity-dependent cross sections
in O-O UPCs at the LHC

In this section, we present detailed predictions for the
dσ (O + O → O + J/ψ + O)/dy cross section of coherent
J/ψ photoproduction in NLO perturbative QCD as a function
of the J/ψ rapidity y in oxygen-oxygen UPCs at the LHC. As
mentioned above, since the exact energy of O-O collisions is
not yet determined, we consider four scenarios with

√
sNN =

2.76, 5.02, 6.37, and 7 TeV. In addition to studying the energy
dependence of our predictions, this choice enables a direct
comparison to the case of Pb-Pb UPCs at

√
sNN = 2.76 TeV

(Run 1) and
√

sNN = 5.02 TeV (Run 2), see the discussion in
Sec. III D.

Figure 5 illustrates the scale dependence of our predictions
and shows our results for dσ (O + O → O + J/ψ + O)/dy
with the EPPS21 nPDFs at ten different values of the scale
μ ranging from μ = mc up to μ = MJ/ψ for the four different
values of

√
sNN . One can see from the figure that the O-O UPC

cross section is approximately 1000 times smaller than that in
the Pb-Pb case primarily due to the much smaller photon flux.
On the other hand, the shape of the y dependence is similar in
the O-O and Pb-Pb cases: it is rather broad at midrapidity with
sloping shoulders at forward and backward rapidities; higher
scales correspond to larger dσ (O + O → O + J/ψ + O)/dy,
which also tend to develop a valleylike structure at the highest
scales of μ ≈ MJ/ψ .

To quantify the magnitude of the scale dependence, we
consider the ratio between the μ = MJ/ψ and μ = mc results
at y = 0, which we denote by Rscale. One can see from Fig. 5
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FIG. 6. Separation of the NLO pQCD predictions for the dσ (O + O → O + J/ψ + O)/dy cross section of coherent J/ψ photoproduction
in O-O UPCs as a function of the rapidity y into the W + (dashed orange curve) and W − (dotted green curve) components; the solid blue line
is their sum. The calculation employs the EPPS21 nPDFs at μ = 2.39 GeV. The different panels correspond to

√
sNN = 2.76, 5.02, 6.37, and

7 TeV.

that Rscale is of the same order of magnitude as in Pb-Pb
collisions starting at Rscale ≈ 16 at

√
sNN = 2.76 TeV and

rising up to Rscale ≈ 35 at
√

sNN = 7 TeV. We have checked
that with nCTEQ15WZSIH the scale dependence is of the
same order as with EPPS21: Rscale ≈ 12 at

√
sNN = 2.76 TeV

and increasing to approximately Rscale = 20 at
√

sNN = 7 TeV.
At the same time, for nNNPDF3.0 the scale dependence is
considerably stronger: Rscale ≈ 800 at

√
sNN = 2.76 TeV and

increases up to Rscale ≈ 2700 at
√

sNN = 7 TeV. This huge
scale dependence is due to the nearly perfect cancellation
between the LO and the NLO contributions in both the real
and the imaginary parts of the amplitude at the lowest scale
of μ = mc. At forward and backward rapidities over the full
range μ ∈ [mc, MJ/ψ ], the scale dependence is not as strong
for all three nPDF sets under consideration.

Figure 6 shows the separate contributions of the two terms
to dσ (O + O → O + J/ψ + O)/dy in Eq. (1), labeled “W +”
(dashed orange) and “W −” (dotted green), along with their
sum labeled “Full” (solid blue). The calculation is carried
out using the EPPS21 nPDFs at μ = 2.39 GeV, which is the
optimal scale in the Pb-Pb case. The results are qualitatively
similar to those for the Pb-Pb collision system [24]. Looking
only at the W + contribution, we observe a small bump at back-
ward rapidities caused by the interplay of the large photon
flux with the increasing photoproduction cross section and the
integral of the nuclear form factor squared. This increase in
the differential cross section is momentarily halted and then
decreases as one moves from y ≈ −4 to y ≈ −2 (i.e., at Run 1√

sNN and slightly differently for the other energies). Then the
growth of the photoproduction cross section forces an increase
of the absolute magnitude of the UPC cross section until

around y ≈ 2, when the decrease in the photon flux eventually
forces the cross section to zero. One can see that this holds
for all four energies and we have checked that the results
are qualitatively similar for all the three nPDF sets studied
here.

Figure 7 quantifies the contributions of the imaginary and
real parts of the γ + A → J/ψ + A amplitude to the dσ (O +
O → O + J/ψ + O)/dy UPC cross section: the dashed or-
ange curve gives the result, when only the imaginary part
is included, the dotted green curve shows the result, when
only the real part is included, and the solid blue curve is
their sum. One can see from the figure that with increasing√

sNN , the imaginary part becomes more important at central
rapidity and, when moving from 2.76 to 6.37 TeV, the dip
in the imaginary part at around y ± 3 seen at

√
sNN = 2.76

TeV actually rises above the real part, i.e., the imaginary part
becomes the dominant contribution at all values of rapidity.
Qualitatively, the results are the same for the other two nPDF
sets nNNPDF3.0 and nCTEQ15WZSIH.

Finally, in Fig. 8 we show the separate contributions of
different parton channels to the UPC cross section. The dashed
orange curve gives the gluon contribution, i.e., it corresponds
to the situation when the contribution of quarks is neglected,
the dotted green line gives the quark contribution, the red
dash-dotted curve is the interference term between the gluon
and quark contributions, and the solid blue curve is the
complete result. The calculation corresponds to the EPPS21
nPDFs and μ = 2.39 GeV. One can see from the figure that at
all four considered values of

√
sNN , the UPC cross section at

central rapidities is dominated by the quark contribution,
while the gluons begin to dominate at forward and backward
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FIG. 7. The contributions of the imaginary (dashed orange curve) and real (green dotted curve) parts of the γ + A → J/ψ + A amplitude
to the dσ (O + O → O + J/ψ + O)/dy cross section of coherent J/ψ photoproduction in O-O UPCs as a function of the rapidity y; the solid
blue curve is the full result. The calculation uses the EPPS21 nPDFs at μ = 2.39 GeV. The different panels correspond to

√
sNN = 2.76, 5.02,

6.37, and 7 TeV.

FIG. 8. The breakdown of the NLO pQCD predictions for the dσ (O + O → O + J/ψ + O)/dy cross section of coherent J/ψ photopro-
duction in O-O UPCs as a function of the rapidity y into the contribution of different parton channels: gluon (dashed orange curve), quark
(green dotted curve), and their interference (red dash-dot curve); the solid blue curve is the full result. The calculation uses the EPPS21 nPDFs
at μ = 2.39 GeV. The different panels correspond to

√
sNN = 2.76, 5.02, 6.37, and 7 TeV.
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FIG. 9. The NLO pQCD predictions using the EPPS21 nPDFs for the scaled ratio of cross sections of J/ψ photoproduction in O-O and
Pb-Pb UPCs as a function of the rapidity y for six different values of the scale μ at four different values of

√
sNN .

rapidities. We have checked that this trend also persists for the
nNNPDF3.0 and nCTEQ15WZSIH nPDFs.

Lastly, a few words about the feasibility of measurements
of this process in O-O UPCs. Experimentally the dσ coh

J/ψ/dy
rapidity differential cross section for the coherent photopro-
duction of J/ψ in the lepton channel l+l− is given by [39]

dσ coh
J/ψ

dy
= Ncoh

J/ψ

E�l+l−Lint�y
, (14)

where Ncoh
J/ψ is the yield, i.e., the number of observed J/ψ

particles, E is the combined acceptance and efficiency of
the detector, �l+l− is the branching ratio to the desired
final state l+l−, Lint is the integrated luminosity, and �y is
the width of the rapidity interval under consideration. By
considering only the central rapidity and the muon channel
with �l+l− = 5.961% [48] and taking the values given in
Ref. [39], E = 4.57%, �y = 1.8, and Ncoh

J/ψ = 250, together
with dσ coh

J/ψ/dy = 2 μb from Fig. 6, we can estimate the
required integrated luminosity Lint to be

Lint ≈ 25.5 × 103 1

μb
. (15)

It was discussed in Ref. [25] that in the high luminosity
O-O run at the LHC, the average luminosity would be
〈LAA〉 = 8.99 × 1030 cm−2s−1. This means that in a
specialized 24-hour O-O run at ALICE, the integrated
luminosity would be approximately 7.8 × 105 μb−1 resulting
in approximately 7.5 × 103 J/ψ’s making the experimental
data acquisition more than feasible. Unfortunately, at the
proposed short data acquisition during Run 3, one would most

likely acquire only the integrated luminosity of 500 μb−1,
which means that one expects to see only five events [25].

D. Ratios of O-O and Pb-Pb UPC cross sections

Our results presented above indicate that the scale de-
pendence is considerable for both O-O and Pb-Pb collision
systems. To reduce it, we examine the following scaled ratio
of the O-O and Pb-Pb UPC cross section,

RO/Pb =
(

208ZPb

16ZO

)2 dσ (O + O → O + J/ψ + O)/dy

dσ (Pb + Pb → Pb + J/ψ + Pb)/dy
,

(16)
where the factor of [(208ZPb/(16ZO)]2 is introduced to re-
move the effects of the Z2 scaling of the photon flux and the A2

scaling of the nuclear form factor squared. Since the hard scat-
tering part is the same for both O-O and Pb-Pb scatterings, the
scale dependence, which we expect to see in this ratio, comes
from the underlying nPDF sets and the different weights of
the photon fluxes and the form factors, when we consider both
processes at the same

√
sNN . From a practical point of view,

the O-O run will most likely be done at a different
√

sNN ,
which generates an additional scale uncertainty due to the fact
that the O-O process will be probed at a smaller x value due
to the skewness parameter ξ becoming smaller.

Figures 9–11 present our NLO pQCD predictions for
RO/Pb evaluated at six different values of the scale μ rang-
ing from μ = 1.55 GeV to μ = 3.1 GeV using the EPPS21,
nNNPDF3.0 and nCTEQ15WZSIH nPDFs, respectively. One
can see from the figures that the relative scale uncertainty
seems to be the smallest for EPPS21 and nCTEQ15WZSIH
at y ≈ 0, which then grows slightly towards backward and
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FIG. 10. The same as in Fig. 9, but with the nNNPDF3.0 nPDFs.

forward rapidities. However, in the nNNPDF3.0 case the sit-
uation is reversed due to the almost exact cancellation of
the photoproduction amplitude for the O-O process at central
rapidity. Moreover, depending on the energy, the EPPS21
nPDF set produces a node at y ≈ ±1.1 or y ≈ ±1.8, where
all the scales except for the lowest μ = mc seem to agree

with each other. Such a node is missing in the results given
by nNNPDF3.0 or nCTEQ15WZSIH. In addition, we would
like to point out that our predictions for RO/Pb for each nPDF
set separately tend to cluster together at higher values of μ.

To quantify the magnitude of the relative scale dependence,
we consider the super-ratio of ratios RO/Pb at y = 0, which are

FIG. 11. The same as in Fig. 9, but with the nCTEQ15WZSIH nPDFs.
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TABLE I. The ratios RO/Pb(μ = MJ/ψ )/RO/Pb(μ = mc ) at y = 0
for EPPS21, nNNPDF3.0, and nCTEQ15WZSIH nPDFs for four
values of the collision energy

√
sNN , which is taken to be the same

for O-O and Pb-Pb runs.

√
sNN EPPS21 nNNPDF3.0 nCTEQ15WZSIH

2.76 TeV 0.7 51.5 1.2
5.02 TeV 0.6 86.1 1.5
6.37 TeV 0.5 90.6 1.7
7.00 TeV 0.5 91.4 1.8

evaluated at μ = MJ/ψ and μ = mc,

RO/Pb
scale = RO/Pb(μ = MJ/ψ )

RO/Pb(μ = mc)
. (17)

The results for RO/Pb
scale are presented in Table I. One can see

from the table that for all three sets of nPDFs, the scale
uncertainty of RO/Pb

scale is smaller by approximately a factor of 10
than that of the predictions for the individual Pb-Pb and O-O
UPC cross sections (the exact size of the reduction in the scale
dependence depends on the particular nPDF set and

√
sNN ).

The scale uncertainty also increases, when
√

sNN is increased,
since at higher energies one probes the nPDFs at progressively
smaller x, where the scale evolution of the nPDFs is faster.

One can see from the table that the scale uncertainty char-
acterized by the ratio RO/Pb

scale of Eq. (17) turns out to be very
large in the case of nNNPDF3.0 nPDFs. This is an artifact
of the cancellation between LO and NLO contributions to the
scattering amplitude at μ = mc that we discussed above. If in-

stead of μ = mc = 1.55 GeV, one selects, e.g., μ = 1.74 GeV
in the denominator of Eq. (17), the scale uncertainty becomes
dramatically reduced with RO/Pb

scale � 2.3 for all four considered
values of

√
sNN , while only moderately affecting the EPPS21

and nCTEQ15WZSIH results.
To better understand the scale and energy dependence of

the ratio of the O-O and Pb-Pb UPC cross sections, we
consider the ratio RO/Pb, when the numerator of Eq. (16),
the dσ (O + O → O + J/ψ + O)/dy cross section, is eval-
uated at

√
sNN = 6.37 and 7 TeV, and the denominator of

Eq. (16), the dσ (Pb + Pb → Pb + J/ψ + Pb)/dy cross sec-
tion, is evaluated at

√
sNN = 2.76 TeV (Run 1) and 5.02 TeV

(Run 2). Our results for the EPPS21, nNNPDF3.0, and
nCTEQ15WZSIH nPDF sets are presented in Figs. 12–14,
respectively. One can see from the figures that qualita-
tively the scale dependence is similar for nNNPDF3.0 and
nCTEQ15WZSIH, but in the case of EPPS21 for Pb-Pb UPCs
at

√
sNN = 2.76 TeV the node disappears and the systematics

of the scale dependence becomes similar for all three nPDF
sets.

The general effect of taking RO/Pb
scale at different energies

means that the scale dependence is increased as given in
Table II. As we take O-O consistently at a higher energy,
dσ/dy increases scale by scale, as was shown in Fig. 5.
For EPPS21 the situation is more involved since for the first
two entries the scale dependence is flipped, but the mag-
nitude of the dependence stays the same. For the last two
entries, i.e., Pb-Pb taken at

√
sNN = 5.02 TeV, the dependence

actually gets smaller. For nNNPDF3.0 the situation is the
worst: taking the ratio at different energies means that we
increase the scale dependence by a factor of three at worst.

FIG. 12. The scaled ratio of the NLO pQCD cross sections of J/ψ photoproduction in O-O and Pb-Pb UPCs as a function of the rapidity
y for six different values of the scale μ at nonequal values of O-O and Pb-Pb collision energies. The results are obtained with the EPPS21
nPDFs.
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FIG. 13. The same as in Fig. 12, but with the nNNPDF3.0 nPDFs.

For nCTEQ15WZSIH the factor is only about 1.6. However, if
we disregard the lowest scale and take μ = 1.74 GeV instead,
the scale dependence becomes smaller for all three sets. For
nNNPDF3.0 the drop is quite sizable again: at all energies the
scale dependence drops to less than a factor of 3.

Figure 15 illustrates the PDF uncertainties of our NLO
pQCD predictions for RO/Pb as a function of y for EPPS21,

nNNPDF3.0, and nCTEQ15WZSIH nPDFs. The calculations
using the central sets of the nPDFs at their corresponding opti-
mal scales are given by the blue solid (EPPS21), green dotted
(nNNPDF3.0), and red dashed (nCTEQ15WZSIH) curves.
The corresponding uncertainties are given by the shaded
bands. They are calculated by first finding the ratio RO/Pb

for each error set and then using the asymmetric form [see

FIG. 14. The same as in Fig. 12, but with the nCTEQ15WZSIH nPDFs.
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FIG. 15. The PDF uncertainties of NLO pQCD predictions for RO/Pb as a function of the rapidity y. The results corresponding to the central
nPDF sets at the optimal scales are shown by the blue solid (EPPS21), green dotted (nNNPDF3.0), and red dashed (nCTEQ15WZSIH) curves,
respectively. The corresponding uncertainties are shown by the shaded bands, see text for details. Different panels correspond to different√

sNN .

Eq. (13)] for EPPS21 and nCTEQ15WZSIH and the CL pre-
scription for nNNPDF3.0. Thus, the blue and green bands give
the full (free proton + nuclear) uncertainty of EPPS21 and
nNNPDF3.0 nPDFs, respectively, while the hashed red band
gives the nuclear uncertainty of the nCTEQ15WZSIH set.
We see that the predictions agree within the PDF uncertainty
bands.

One can see from the figure that as |y| is increased, the
uncertainty bands grow bigger for all three sets. It can be
understood by noticing that at higher positive rapidities, the
W + component gets probed at smaller and smaller values
of x (similarly for the W − component at negative rapidi-
ties). For the EPPS21 and nNNPDF3.0 sets, the band stays
always at positive values, but for nCTEQ15WZSIH, the un-
certainty band reaches negative values starting from

√
sNN =

5.02 TeV at large enough |y|. Interestingly the uncertainties in
nNNPDF3.0 are upward dominated and in nCTEQ15WZSIH
they are downward dominated.

TABLE II. The ratios RO/Pb(μ = MJ/ψ )/RO/Pb(μ = mc ) at y =
0 for the EPPS21, nNNPDF3.0, and nCTEQ15WZSIH nPDFs for
different values of

√
sNN in the numerator and denominator.

√
sOO/

√
sPbPb EPPS21 nNNPDF3.0 nCTEQ15WZSIH

6.37/2.76 1.4 156.1 1.9
7.00/2.76 1.5 166.5 1.9
6.37/5.02 0.7 104.6 1.7
7.00/5.02 0.7 111.7 1.7

A comparison of the PDF and scale uncertainties in RO/Pb

at y = 0 as a function of
√

sNN is shown in Fig. 16. The
PDF uncertainties are calculated at the corresponding op-
timal scales for the EPPS21 (left), nNNPDF3.0 (middle),
and nCTEQ15WZSIH (right) nuclear PDFs. The scale un-
certainty represents the range between the scales μ = mc

and μ = MJ/ψ . In absolute terms the EPPS21 PDF uncer-
tainty is typically smaller than the scale uncertainty, while
for nNNPDF3.0 and nCTEQ15WZSIH the scale uncertainty
is smaller than the PDF uncertainty. The figure also shows the
lack of uniformity between the uncertainties between different
sets. For instance, in the EPPS21 case, the scale uncertainty
dominates upward, whereas the PDF uncertainties dominate
downward. For nNNPDF3.0, the situation is reversed: PDF
uncertainties dominate the upward uncertainty and scale un-
certainties the downward uncertainty. Then interestingly for
nCTEQ15WZSIH, the set with the enhanced strange quark
contribution, the scale uncertainties are smaller than the PDF
uncertainties at all energies. The value of the ratio stays
approximately constant as a function of

√
sNN for all three

sets.
Figure 17 presents the nPDF uncertainties of the ratio

RO/Pb as a function of y, when the O-O and Pb-Pb UPC
cross sections are evaluated at different collision energies
(see our discussion above). The notation of the curves and
shaded bands is the same as in Fig. 15. A comparison with
Fig. 15 shows that the results in the two figures are similar. In
particular, at central rapidity for EPPS21 the ratio between the
upper bound and the lower bound for the PDF uncertainties
is about 2.2 for Pb-Pb taken at Run 1 energy and 1.8 for
Pb-Pb taken at Run 2 energy, which means that the PDF
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FIG. 16. Comparison of the PDF (thin blue) and scale (wide orange) uncertainties in the ratio of the NLO pQCD calculation of O-O to
Pb-Pb rapidity differential cross section at central rapidity, y = 0, for three different nPDF sets: EPPS21 (left), nNNPDF3.0 (center), and
nCTEQ15WZSIH (right). Here O-O and Pb-Pb are taken at same energy and all sets at their corresponding optimal scales.

FIG. 17. The scaled ratios for EPPS21 (solid blue), nNNPDF3.0 (dotted green), and nCTEQ15WZSIH (dashed red) at their optimal scales
as a function of the J/ψ rapidity. The blue band gives the EPPS21 uncertainty, the green band gives the nNNPDF3.0 90% CL uncertainty, and
the hatched red band gives the nCTEQ15WZSIH nuclear uncertainty. In the first row Pb-Pb has been taken at Run 1 energy and in the second
row at Run 2 energy. The O-O energies correspond to the two proposed energies of 6.37 TeV (left column) and 7 TeV (right column).
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FIG. 18. The scaled ratios of O-O to Pb-Pb rapidity differential cross sections for EPPS21, nNNPDF3.0, and nCTEQ15WZSIH at their
corresponding optimal scales at central rapidity, y = 0, where O-O and Pb-Pb have been taken at different

√
sNN energies. In the left panel the

Pb-Pb collision is taken at Run 1 energy and in the right panel at Run 2 energy.

uncertainty is slightly larger at all energies under considera-
tion than the scale uncertainty (see Table II). For nNNPDF3.0
the same ratio is around 6.7 for all energies and again the scale
uncertainty is clearly the dominating one, when considering
μ ∈ [mc, MJ/ψ ]. If we ignore the lowest scale μ = mc, we
find that the PDF uncertainty is again the larger one. For
nCTEQ15WZSIH the corresponding ratios are about 1.7 and
2.5 for Run 1 and Run 2 energies, respectively.

These results are summarized in Fig. 18, which shows
the RO/Pb ratio at y = 0 for EPPS21, nNNPDF3.0, and
nCTEQ15WZSIH for different configurations of collision en-
ergies as discussed above. The color-coded bars give the scale
(wide error bars) and PDF (thin error bars with caps) uncer-
tainties; the former are calculated using the central sets of
the respective nPDF fits and the latter are evaluated at the
respective values of the optimal scale μ. The left and right
panels correspond to the Run 1 and Run 2 energies of Pb-Pb
collisions, respectively. One can see from the figure that RO/Pb

at y = 0 and its uncertainties decrease as the Pb-Pb c.m.s. en-
ergy is increased and that RO/Pb at y = 0 and its uncertainties
increase as the O-O c.m.s. energy is increased. One can also
see that the different nPDF set predictions agree within the
PDF uncertainties.

Note that the issue of large NLO pQCD scale uncertainties
of the heavy quarkonium photoproduction cross section in
UPCs in the LHC kinematics has been identified to be re-
lated to the parametrically large corrections proportional to
log(1/ξ ). Possible ways to tame them by means of effective
small-x resummation have been investigated in the litera-
ture [15,22,49].

IV. CONCLUSIONS

This work continues our studies of J/ψ photoproduction
in nucleus-nucleus UPCs at the LHC within the framework of
collinear factorization and NLO perturbative QCD. In partic-
ular, we update our results for this process in Pb-Pb UPCs and
make predictions for the dσ (Pb + Pb → Pb + J/ψ + Pb)/dy
cross section as a function of the J/ψ rapidity y using the
state-of-the-art EPPS21, nNNPDF3.0, and nCTEQ15WZSIH
nPDF sets. Taking nuclear generalized parton distribution
functions in their forward limit, where they reduce to the
nPDFs, we obtain a good description of Run 1 and Run
2 LHC data on dσ (Pb + Pb → Pb + J/ψ + Pb)/dy. This is
achieved by choosing an optimal scale for each set of nPDFs:
μ = 2.39 GeV for EPPS21, μ = 2.22 GeV for nNNPDF3.0,
and μ = 2.02 GeV for nCTEQ15WZSIH.

Compared to our earlier calculations using EPPS16,
nNNPDF2.0, and nCTEQ15 nPDFs [24], we can make the
following observations. The results employing the central set
of the EPPS21 nPDFs are found to be similar to those with
the EPPS16 nPDFs with the corresponding optimal scale
μ = 2.37 GeV. In addition, with the EPPS21 set, the PDF
uncertainties have reduced significantly. At the same time,
our results with the nNNPDF3.0 nPDFs exhibit a much more
regular behavior than those corresponding to the nNNPDF2.0
nPDFs and, as a result, better reproduce the data. This is due
to the fact that the gluon distribution in nNNPDF3.0 grows at
small x much slower than that in nNNPDF2.0 nPDFs. The best
description of the data at both central and forward/backward
rapidities at Run 1 and Run 2 energies is achieved with
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the nCTEQ15WZSIH, which also performs better than the
nCTEQ15 set. This is due to the strongly enhanced strange
quark content at small x. Thus, at least at NLO pQCD, this
process is a potential probe of the elusive strange quark PDFs.
It should be kept in mind that, because the scale dependence
is significant, the situation may still change at NNLO.

We also made detailed predictions for the O + O → O +
J/ψ + O rapidity differential UPC cross section in anticipa-
tion of the planned oxygen run at the LHC. Comparing with
Pb-Pb UPCs, we observe that the shape of the rapidity distri-
bution in the O-O case is qualitatively similar to that in Pb-Pb,
but the former begins to develop a valleylike structure around
y = 0 at high enough scales μ ≈ MJ/ψ . At central rapidity, the
scale dependence of our results for O-O corresponding to the
EPPS21 and nCTEQ15WZSIH nPDFs is slightly smaller than
that for Pb-Pb collisions, but it is still of the same order of
magnitude. For nNNPDF3.0, the situation is worse: the scale
uncertainty grows to the order of 103 due to the nearly perfect
cancellation of the sum of the LO and the NLO contributions
both in the real part and the imaginary parts of the amplitude
at the smallest scale of μ = mc.

The decomposition of the O-O results into the W ± com-
ponents, the imaginary and the real parts, and the gluon and
quark contributions did not differ significantly from the results
in the Pb-Pb case [24]. Namely, the W ± contributions exhibit
a two-bump structure; the imaginary part gives the dominant
contribution over a larger range of y, while the real part cannot
be neglected, especially for large values of |y|; the quark con-
tribution dominates at central rapidity, but the gluons become
important at backward or forward rapidities. Furthermore, the
interplay between the gluon and the quark contributions plays
an important role.

In order to reduce the significant scale and nPDF uncertain-
ties, we have studied the ratio of the J/ψ rapidity distributions
in O-O and Pb-Pb UPCs at different collision energies

√
sNN .

We found that for EPPS21 and nCTEQ15WZSIH, the scale
uncertainties in the ratio indeed became significantly smaller.
The reduction in the scale dependence is largest at central
rapidities and slightly smaller toward backward and forward
rapidities both when the ratio is taken at the same value of√

sNN and when taken at different values. For nNNPDF3.0,
the situation is the same at central rapidity, i.e., the ratio has

a smaller scale dependence when compared to the O-O case.
Interestingly, and contrary to EPPS21 and nCTEQ15WZSIH,
the scale dependence of the nNNPDF3.0 ratio at forward and
backward rapidities becomes even smaller since the LO and
NLO contributions in the O-O results no longer cancel to such
an exact degree.

The PDF uncertainties for the ratios of the rapidity
distribution in O-O to Pb-Pb UPCs were found to be the small-
est for EPPS21, then for nCTEQ15WZSIH, and lastly for
nNNPDF3.0. This is a direct consequence of the tightly con-
strained error sets in EPPS21, whereas in nCTEQ15WZSIH
and nNNPDF3.0, there is more variation. The comparison of
the PDF and scale uncertainties for the ratios taken at the
same energy shows that the scale uncertainty is the dom-
inant one for the EPPS21 and nNNPDF3.0 sets, while for
nCTEQ15WZSIH the situation is reversed. For the ratios
taken at different energies, the PDF uncertainties are of the
same magnitude for EPPS21 and nCTEQ15WZSIH, but for
nNNPDF3.0 the scale uncertainty still dominates because of
the cancellation at scale μ = mc.

Our analysis demonstrates that the large-scale uncertainty
of our NLO pQCD results can be tamed through suitably
considered ratios of rapidity differential cross sections. In
future work, it would be instructive to extend our analysis
to J/ψ photoproduction in p-Pb and p-O asymmetric UPCs
and also to photoproduction of ϒ mesons in nucleus-nucleus
UPCs. In addition, our framework could be improved through
a more detailed GPD modeling [50] and the inclusion of
the nonrelativistic QCD corrections to the charmonium wave
function [51–54].
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