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We make predictions for the cross sections of coherent photoproduction of ρ, φ, J/ψ, ψ(2S), and ϒ(1S)
mesons in Pb-Pb ultraperipheral collisions (UPCs) at

√
sNN = 5.02 TeV in the kinematics of run 2 at the

Large Hadron Collider extending the approaches successfully describing the available Pb-Pb UPC data at√
sNN = 2.76 TeV. Our results illustrate the important roles of hadronic fluctuations of the photon and inelastic

nuclear shadowing in photoproduction of light vector mesons on nuclei and the large leading twist nuclear gluon
shadowing in photoproduction of quarkonia on nuclei. We show that the ratio of ψ(2S) and J/ψ photoproduction
cross sections in Pb-Pb UPCs is largely determined by the ratio of these cross sections on the proton. We also
argue that UPCs with electromagnetic excitations of the colliding ions followed by the forward neutron emission
allows one to significantly increase the range of photon energies accessed in vector meson photoproduction on
nuclei.
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I. INTRODUCTION

Ultrarelativistic collisions of ions at large transverse
distances (impact parameters) exceeding the sum of their
radii are called ultraperipheral collisions (UPCs). For such
collisions the strong interaction is suppressed, and the ions
interact through the emission of quasireal photons. The flux
of these photons has the high intensity and the wide energy
spectrum allowing one to study photon-induced processes at
unprecedentedly high energies [1]. In particular, UPCs at the
Large Hadron Collider (LHC) provide the photon energies
exceeding those achieved in lepton-proton scattering at the
Hadron-Electron Ring Accelerator (HERA) and in nucleus-
nucleus UPCs at the Relativistic Heavy Ion Collider (RHIC)
by at least a factor of 10.

The UPC program at the LHC during run 1 focused
primarily on exclusive photoproduction of light and heavy
vector mesons. Coherent photoproduction of ρ mesons in
nucleus-nucleus (AA) UPCs was measured by the ALICE Col-
laboration at

√
sNN = 2.76 TeV [2] continuing and extending

to higher energies the measurement of this process by the
STAR Collaboration at the RHIC at

√
sNN = 64.4, 130, and

200 GeV [3–5] (
√

sNN is the invariant collision energy per
nucleon). These data probe the dynamics of soft high-energy
γp and γA interactions and test models of nuclear shadowing
in photon-nucleus scattering, see, e.g., Ref. [6].

Turning to heavy vector mesons, exclusive photoproduction
of charmonia—J/ψ and ψ(2S) mesons—was measured in
proton-proton (pp) UPCs at

√
sNN = 7 TeV by the LHCb

Collaboration [7,8] in proton-nucleus (pA) UPCs at
√

sNN =
5.02 TeV by the ALICE Collaboration [9] and in Pb-
Pb UPCs at

√
sNN = 2.76 TeV by the ALICE Collabora-

tion [10–12]. Also, exclusive photoproduction of bottomia—
the ϒ(1S), ϒ(2S), and ϒ(3S) mesons—in pp UPCs at√

sNN = 7 and 8 TeV was recently measured by the LHCb
Collaboration [13]. These data probe the gluon distribution of
the target g(x,μ2) at small values of the momentum fraction x
and the resolution scale μ2 = O (few) GeV2 (J/ψ) [14] and

μ2 = O (few tens) GeV2 (ϒ). In particular, the analyses of
these data at leading-order (LO) and next-to-leading order
(NLO) QCD have provided new constraints on the small-x
behavior of the gluon distribution in the proton gp(x,μ2) down
to x = 6 × 10−6 [15,16] and the gluon distribution in heavy
nuclei gA(x,μ2) down to x ≈ 10−3 [17,18]. The data also
impose constraints on the parameters and the strong interaction
dynamics of the color dipole model approach [19–21] and the
STARlight Monte Carlo generator [22].

Using the phenomenological frameworks allowing one to
successfully describe exclusive photoproduction of ρ and J/ψ
mesons in Pb-Pb UPCs at the LHC at

√
sNN = 2.76 TeV and

extending them to the cases of φ and ϒ mesons, respectively,
we calculate the cross sections of coherent photoproduction
of ρ, φ, J/ψ, ψ(2S), and ϒ(1S) mesons in Pb-Pb UPCs at√

sNN = 5.02 TeV in the kinematics of run 2 at the LHC. The
aim is to present the baseline predictions of the approaches
based on the combination of the modified vector meson
dominance (mVMD) model with the Gribov-Glauber (GG)
model of nuclear shadowing for photoproduction of ρ and φ
mesons and perturbative QCD with the leading twist gluon
nuclear shadowing for photoproduction of J/ψ, ψ(2S), and
ϒ(1S) mesons. A comparison of these predictions with the run
2 UPC data will test the role of inelastic nuclear shadowing
in exclusive photoproduction of ρ and φ mesons on nuclei,
constrain the effect of leading twist nuclear shadowing in
the gluon distribution gA(x,μ2) of heavy nuclei down to
x ≈ 5 × 10−4 for μ2 = O(2–20) GeV2, and address the issue
of the nuclear suppression of the cross section of ψ(2S)
photoproduction on Pb, whose measurement in run 1 disagrees
with most of theoretical expectations [12].

II. COHERENT PHOTOPRODUCTION OF VECTOR
MESONS IN UPCS

The expression for the cross section of exclusive photopro-
duction of vector mesons in ion UPCs is well known and reads,
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see, e.g., Ref. [1],

dσAA→V AA(y)

dy
= Nγ/A(y)σγA→V A(y)

+Nγ/A(−y)σγA→V A(−y), (1)

where y is the rapidity of the vector meson V [V =
ρ,φ,J/ψ,ψ(2S),ϒ(1S)]; Nγ/A(y) is the photon flux of ion
A; σγA→V A(y) is the cross section of exclusive photoproduc-
tion of the vector meson V on the hadronic target A. The
rapidity y is related to the photon energy in the laboratory ref-
erence frame, ω: y = ln(2ω/MV ) = ln[W 2

γp/(2γLmNMV )],
where MV is the vector meson mass, Wγp is the invariant
photon-nucleon center-of-mass energy, γL is the Lorentz factor
of the ion emitting the photon, and mN is the nucleon mass.
The presence of two terms in Eq. (1) reflects the fact that
either of the colliding ions can serve as a photon source and as
a target. It leads to the ambiguity in the value of Wγp common
for symmetric UPCs: at given y, the UPC cross section in
Eq. (1) is a sum of the high-Wγp and low-Wγp contributions.

The flux Nγ/A(ω) in Eq. (1) can be found using the
well-known Weizsäcker-Williams approximation of quantum
electrodynamics [23,24]. In addition, in AA UPCs one needs
to take into account the suppression of the strong interaction
between the colliding ions at small impact parameters. The
resulting expression for Nγ/A(ω) reads

Nγ/A(ω) =
∫

d2 �b 	AA(b)Nγ/A(ω,b), (2)

where b is the impact parameter (the transverse distance
between the ion centers of mass); 	AA(b) is the probability to
not have the strong interaction between the ions at the impact
parameter b; Nγ/A(ω,b) is the impact-parameter-dependent
photon flux of ion A.

The probability 	AA(b) is given by the standard expres-
sion of the Glauber model for high-energy nucleus-nucleus
scattering [25],

	AA(b) = exp

(
−σ tot

NN

∫
d2 �b1TA(�b1)TA(�b − �b1)

)
, (3)

where σ tot
NN is the total nucleon-nucleon cross section [26];

TA(b) = ∫
dz ρA(b,z) is the nuclear optical density, where

ρA is the density of nucleons. In our analysis, we used ρA

calculated in the Hartree-Fock-Skyrme model [27].
The impact-parameter-dependent photon flux Nγ/A(ω,b)

entering Eq. (2) is given by the following expression, see, e.g.,
Ref. [28],

Nγ/A(ω,b)

= αe.m.Z
2

π2

∣∣∣∣
∫ ∞

0

dk⊥k2
⊥

k2
⊥ + ω2/γ 2

L

Fch
(
k2
⊥ + ω2/γ 2

L

)
J1(bk⊥)

∣∣∣∣
2

,

(4)

where αe.m. is the fine-structure constant; Z and Fch(k2
⊥) are

the charge and the charge form factor of the ion emitting the
photon, respectively; k⊥ is the photon transverse momentum;
J1 is the Bessel function of the first kind.

Coherent photoproduction of vector mesons in UPCs can
also be accompanied by additional multiple photon exchanges

between the colliding nuclei leading to electromagnetic ex-
citations of one or both nuclei followed by forward neutron
emission [29]. These neutrons can be detected by zero degree
calorimeters (ZDCs) placed at long distances on both sides
of the detector; the corresponding classes of UPC events are
distinguished by the number of neutrons detected in these
ZDCs. Assuming that all photon emissions are independent,
additional photon exchanges lead to the following modification
of the photon flux of equivalent photons:

Ni
γ/A(ω) =

∫
d2 �b Pi(b)	AA(b)Nγ/A(ω,b), (5)

where Pi(b) is the probability of Coulomb excitations at
the impact parameter b in channel i; i = (0n0n,0nXn,XnXn)
labels various channels corresponding to a different number
of neutrons detected in both ZDCs. For instance, the 0n0n
channel corresponds to selection of events with no neutrons in
either of ZDCs; the 0nXn channel corresponds to the detection
of zero neutrons in one ZDC and at least one neutron in
another one indicating the Coulomb excitation of only one
of the colliding nuclei; the XnXn channel corresponds to the
mutual electromagnetic excitation of the nuclei followed by
forward neutron emission when each of the ZDCs detects at
least one fast neutron.

Note that the characteristic impact parameter in Ni
γ/A(ω)

for the 0nXn and XnXn channels is smaller than that in
Nγ/A(ω) [29], which shifts the strength of Ni

γ/A(ω) towards
larger values of ω—this effect is directly seen in the rapidity
distributions for the 0nXn and XnXn channels shown in
Figs. 2–8.

In Eq. (1), the key quantity containing information on the
dynamics of coherent photoproduction of light and heavy
vector mesons and the nuclear structure is the σγA→V A cross
section. Below we summarize the two frameworks that we use
to calculate the cross sections of nuclear coherent photopro-
duction of light ρ and φ mesons and heavy J/ψ, ψ(2S), and
ϒ(1S) mesons, respectively.

A. Combination of modified VMD and Gribov-Glauber models
for nuclear photoproduction of light vector mesons

At high energies, the photon interacts with protons and
nuclei by means of its hadronic fluctuations. The lifetime of
these fluctuations linearly increases with an increase of the
photon energy ω and, hence, for sufficiently large ω, the photon
can be represented as a coherent superposition of hadronic
fluctuations, which in general have rather different invariant
masses and cross sections of the interaction with the target.

The well-known realization of this picture of high-energy
photon-hadron interactions is the vector meson dominance
(VMD) model and its extension to the generalized vector
meson dominance (GVMD) model, for review, see, e.g.,
Ref. [30]. The two-state GVMD model describes within exper-
imental uncertainties the γA → ρA cross section measured
in fixed-target experiments and Au-Au UPCs for

√
sNN �

130 GeV at the RHIC covering the 3.5 GeV < Wγp � 10 GeV
range [31,32]. For higher photon energies relevant for Au-Au
UPCs at

√
sNN = 200 GeV at the RHIC and Pb-Pb UPCs at

the LHC, one needs to include the contribution of high-mass

055206-2



COHERENT PHOTOPRODUCTION OF VECTOR MESONS IN . . . PHYSICAL REVIEW C 93, 055206 (2016)

fluctuations of the photon [6]. This contribution is required and
constrained by the significant cross section of photon inelastic
diffraction into large masses and the data on diffractive
photoproduction of light vector mesons on the proton at the
HERA; it leads to the sizable inelastic nuclear shadowing in
the γA → V A cross section, where V denotes ρ or φ mesons
here.

The convenient way to phenomenologically implement
these observations in the calculation of the γA → ρA and
γA → φA cross sections is given by the formalism of cross
section fluctuations. In the mVMD model of Ref. [6], the
photon fluctuates into the vector meson V , which interacts with
the nuclear target as a coherent superposition of eigenstates of
the scattering operator, whose eigenvalues are the scattering
cross sections σ ; the weight of a given fluctuation is given by
the distribution PV (σ ). Each state interacts with nucleons of the
target nucleus according to the Gribov-Glauber (GG) model
of nuclear shadowing. The resulting γA → V A amplitude
is summed over all possible fluctuations, which corresponds
to averaging with the distribution PV (σ ). Therefore, one
obtains for the γA → ρA and γA → φA cross sections in
the high-energy limit [6],

σ mVMD−GGM
γA→V A

=
(

e

fV

)2 ∫
d2 �b

∣∣∣∣
∫

dσ PV (σ )(1 − e−(σ/2)TA(b))

∣∣∣∣
2

, (6)

where f 2
ρ /(4π ) = 2.01 ± 0.1 is determined from the ρ →

e+e− decay; f 2
φ /(4π ) = 13.7 [22].

The distribution PV (σ ) cannot be calculated from the first
principles. Using the additive quark model, it is natural to
assume that PV (σ ) should be similar to the pion Pπ (σ ); the
latter is constrained by perturbative QCD in the small-σ limit,
the counting quark rule relation to cross section fluctuations
in the proton and the data on inelastic nuclear shadowing in
pion-deuteron scattering [33]. Therefore, in our calculations
we use [6]

PV (σ ) = C
1

1 + (σ/σ0)2
e−(σ/σ0−1)2/�2

. (7)

The free parameters C, σ0, and � are found from the following
constraints:∫

dσ PV (σ ) = 1,

∫
dσ PV (σ )σ = 〈σ 〉 = σ̂V N ,

∫
dσ PV (σ )σ 2 = 〈σ 〉2

(
1 + ωV

σ

)
. (8)

The effective meson-nucleon cross section σ̂V N =
(fV /e)[16π dσγp→Vp(t = 0)/dt]1/2 is determined from the fit
to the experimental data on the forward dσγp→Vp(t = 0)/dt
cross section. For the ρ meson, we used the fit of Ref. [6];
for the φ meson, we used the Donnachie-Landshoff (DL)
model [34]. The description of the available data on φ
photoproduction on the proton in the DL model is shown in
Fig. 1. Note that the significant experimental uncertainties of
the data shown in Fig. 1 may affect our predictions for the
γA → φA cross section.

FIG. 1. The γp → φp cross section as a function of Wγp . The
fixed-target [35,36] and HERA [37,38] data vs the DL model [34].

The parameter ωV
σ quantifies the dispersion of PV (σ ),

i.e., the strength of cross section fluctuations. For the ρ
meson, it is determined using experimental information on
the photon diffraction dissociation [39], see the details in
Ref. [6]. For the φ meson, using the independence of the ratio
of the high-energy diffraction dissociation and the total cross
sections from the projectile type [40], one estimates that ωφ

σ ≈
(σNN/σ̂φN )ωN

σ , where ωN
σ quantifies the dispersion of cross

section fluctuations of the nucleon, which is constrained by
the data on nucleon-deuteron inelastic nuclear shadowing and
diffraction dissociation in proton-antiproton scattering [33].

Our results for coherent photoproduction of ρ and φ vector
mesons in Pb-Pb UPCs at

√
sNN = 5.02 TeV at the LHC are

shown in Figs. 2 and 3, respectively. In each plot, we give
predictions for the UPC cross section calculated using Nγ/A(ω)
(2) in Eq. (1) (labeled “Total”) and UPC cross sections ex-
plicitly taking into account or prohibiting additional Coulomb
excitations of the nuclei followed by forward neutron emission,
which are calculated using Ni

γ/A(ω) (5) in Eq. (1) in three
different channels i = (0n0n,0nXn,XnXn) (the curves and the
panels are labeled accordingly). Naturally, dσ (total)/dy =
dσ (0n0n)/dy + 2dσ (0nXn)/dy + dσ (XnXn)/dy.

In each panel, we show the net result of Eq. (1) by solid
curves and the contribution of only the first term in Eq. (1)
labeled “one side” by dashed curves. They correspond to the
calculation using the nominal value of ωV

σ ; the shaded areas
(for the net result only) show the theoretical uncertainty in
modeling of this quantity, see the details in Ref. [6].

Electromagnetic excitations of the nuclei resulting in the
yield of forward neutrons radically change the rapidity dis-
tribution: additional photon exchanges between the colliding
ions select the region of smaller impact parameters in Eq. (5)
and, hence, enhance the high-Wγp contribution to nuclear
photoproduction of vector mesons [29]. This is clearly seen
from the comparison of the dashed curves (“one side”) in the
different panels of Figs. 2 and 3.

B. Exclusive photoproduction of charmonia on nuclei in LO
perturbative QCD

In the leading logarithmic approximation of perturbative
QCD (pQCD), the cross section of exclusive photoproduction
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FIG. 2. The dσPb Pb→ρ Pb Pb(y)/dy cross section as a function of
the ρ-meson rapidity y at

√
sNN = 5.02 TeV. Predictions of the

combination of the modified VMD and GG models (mVMD-GGM)
are shown for the four considered reaction channels. The solid curves
correspond to the calculation using the nominal value of ωρ

σ ; the
shaded areas show the theoretical uncertainty in modeling of this
quantity. The dashed curves labeled “one side” show the contribution
of the first term in Eq. (1).

of charmonia, i.e., vector mesons consisting of the charm quark
and antiquark in the lowest Fock state on the proton reads

dσγp→Vp(Wγp,t = 0)

dt
= Cp(μ2)[αs(μ

2)xgp(x,μ2)]2, (9)

where V stands for J/ψ or ψ(2S) mesons [ψ(2S) is the
first radially excited charmonium state with JPC = 1−−];
αs(μ2) is the strong coupling constant; xgp(x,μ2) is the gluon
density of the proton evaluated at the light-cone momentum
fraction x = M2

V /W 2
γp and the resolution scale μ; Cp(μ2) is

the normalization factor depending on approximations used in
the evaluation of the γp → Vp amplitude.

In the case of J/ψ photoproduction on the proton,
Eq. (9) was first derived in Ref. [14] using the non-
relativistic approximation for the J/ψ wave function; it
was found that μ2 = M2

J/ψ/4 = 2.4 GeV2 and Cp(μ2) =
π3	eeM

3
J/ψ/(48αe.m.μ

8), where 	ee is the J/ψ → e+e−

decay width and αe.m. is the fine-structure constant. Going
beyond this approximation [41,42], one obtains Cp(μ2) =
F 2(μ2)R̄2

g(1 + η2)π3	eeM
3
J/ψ/(48αe.m.μ

8), where η is the
ratio of the real to the imaginary parts of the γp → J/ψp

scattering amplitude, R̄g ≈ 1.2 is the skewness factor describ-
ing the enhancement of the γp → J/ψp amplitude due to its
off-forward kinematics, and F 2(μ2) ≈ 0.5 is the factor taking
into account the effects of the quark transverse momentum
in the J/ψ wave function. Note that Eq. (9) can also be
generalized beyond the leading logarithmic approximation

FIG. 3. The dσPb Pb→φ Pb Pb(y)/dy cross section as a function of the
φ-meson rapidity y at

√
sNN = 5.02 TeV. For notation, see Fig. 2.

by including the gluon transverse momenta in the gluon
ladder [41].

For the case of ψ(2S), the same framework is immediately
applicable with μ2 = M2

ψ(2S)/4 = 3.4 GeV2 in the nonrela-
tivistic limit for the ψ(2S) wave function [43].

The nonzero charm quark transverse momentum in the
charmonium wave function leads to an effective increase of the
resolution scale μ2 at which the gluon distribution in Eq. (9) is
probed. In our approach, we determine μ2 phenomenologically
by requiring that Eq. (9) with a wide array of modern LO gluon
distributions of the proton describes the high-Wγp dependence
of the σγp→J/ψp(Wγp) cross section measured at the HERA and
the LHC by the LHCb Collaboration and the σγp→ψ(2S)p(Wγp)
cross section measured at the HERA. This gives μ2 ≈ 3 GeV2

for J/ψ [16] and μ2 ≈ 4 GeV2 for ψ(2S) [44], respectively.
The factor of Cp(μ2) is chosen to reproduce the normalization
of the respective experimental cross sections at W = 100 GeV.
The resulting LO pQCD framework based on Eq. (9) provides
good description of all high-energy HERA and LHC data on
charmonium [J/ψ and ψ(2S)] photoproduction on the proton.

Note that in our phenomenological approach to char-
monium photoproduction on the proton, we determine the
resolution scale μ2 and the cross section normalization using
the high-energy HERA data, which allows us to effectively
include sizable corrections to the nonrelativistic approximation
for the charmonium wave function [41]. In particular, our
result for the ψ(2S) case agrees with that obtained in the
framework of the color dipole model, where the presence
of the node in the ψ(2S) wave function leads to the intri-
cate cancellation between the short-distance and the long-
distance contributions to the photoproduction cross section
leading to an enhancement of the contribution of small-size
dipoles, which decreases the average size of ψ(2S) probed

055206-4



COHERENT PHOTOPRODUCTION OF VECTOR MESONS IN . . . PHYSICAL REVIEW C 93, 055206 (2016)

in high-energy photoproduction [45–47]. This allows one to
reproduce within experimental uncertainties the HERA mea-
surements [48] of the Wγp dependence and the normalization
of the σγp→ψ(2S)p/σγp→J/ψp cross section ratio and the slope
of the differential dσγp→ψ(2S)p(t)/dt cross section [45,46].

The application of Eq. (9) to nuclear targets allows one to
consider coherent photoproduction of charmonia on nuclei in
pQCD. The corresponding cross section integrated over the
momentum transfer t reads [16]

σγA→V A(Wγp) = CA(μ2)[αs(μ
2)xgA(x,μ2)]2�A(tmin)

= CA(μ2)

Cp(μ2)

dσγp→Vp(Wγp,t = 0)

dt

×
[

xgA(x,μ2)

Axgp(x,μ2)

]2

�A(tmin), (10)

where xgA(x,μ2) is the nuclear gluon distribution; �A(tmin) =∫ tmin

−∞ dt |FA(t)|2, where FA(t) is the nuclear form factor; tmin =
−x2m2

N is the minimal momentum transfer squared, where mN

is the nucleon mass; CA(μ2)/Cp(μ2) = (1 + η2
A)R̄2

g,A/[(1 +
η2)R̄2

g] ≈ 0.9, where R̄g,A and ηA are the skewness and the
ratio of the real to the imaginary parts of the γA → V A
scattering amplitude, respectively.

One can see from Eq. (10) that exclusive photopro-
duction of charmonia on nuclei directly probes the gluon
nuclear shadowing quantified by the ratio Rg(x,μ2) =
xgA(x,μ2)/[Axgp(x,μ2)]. In particular, a comparison of the
nuclear suppression factor extracted from the ALICE Collabo-
ration data on exclusive J/ψ photoproduction in Pb-Pb UPCs
at

√
sNN = 2.76 TeV [10,11] to the theoretical predictions

based on Eq. (10) has given first direct and essentially
model-independent evidence of large nuclear gluon shadowing
at x = 0.001, Rg(x = 10−3, μ2 = 3 GeV2) ≈ 0.6 [16,18].
Also, since the values of the resolution scale μ2 probed in
the J/ψ and ψ(2S) cases are close, the application of Eq. (10)
predicts that the nuclear suppression of the σγA→J/ψA(Wγp)
and σγA→ψ(2S)A(Wγp) cross sections due to gluon nuclear
shadowing should also be similar [49].

Figures 4 and 5 present dσPb Pb→J/ψ Pb Pb(y)/dy as a func-
tion of the J/ψ rapidity y. They correspond to the calculations
using LO pQCD in Eqs. (9) and (10) and results of the leading
twist nuclear shadowing model [50] and the EPS09 nuclear
parton distribution functions (PDFs) [51], respectively, for the
gluon shadowing ratio of Rg(x,μ2) at μ2 = 3 GeV2. In Fig. 4,
the shaded areas span the range of predictions corresponding to
the upper and lower limits on Rg(x,μ2); in Fig. 5, the shaded
areas show the theoretical uncertainties of Rg(x,μ2) in the
EPS09 global fit of nuclear PDFs.

In Fig. 5, we also show the one-side contribution of the first
term in Eq. (1) by the dashed curves. Similarly to the case of
light vector mesons, the one-side rapidity distributions shown
in the upper and lower panels are dramatically different. As
we explained above, this happens because of a decrease of the
median impact parameter b in the expression for Ni

γ/A(ω) (5)
in the 0nXn and XnXn channels due to the electromagnetic
excitations of the nuclei leading to an enhanced large-ω con-
tribution to the photon flux. Hence, this gives an opportunity
to probe the gluon distribution in nuclei gA(x,μ2) in the 0nXn

FIG. 4. The dσPb Pb→J/ψ Pb Pb(y)/dy cross section as a function of
the J/ψ rapidity y at

√
sNN = 5.02 TeV: predictions of LO pQCD

with the gluon shadowing ratio Rg(x,μ2) of the leading twist nuclear
shadowing model. The shaded areas span the range of predictions
corresponding to the upper and lower limits on Rg(x,μ2).

and XnXn channels at lower values of x than in the “Total”
and 0n0n channels.

Figure 6 presents dσPb Pb→ψ(2S)Pb Pb(y)/dy as a function of
the ψ(2S) rapidity y. The shown results correspond to the LO
pQCD calculations with the gluon shadowing ratio Rg(x,μ2) at
μ2 = 4 GeV2 obtained in the leading twist nuclear shadowing
model [50]; the boundaries of shaded areas correspond to the
upper and lower limits on Rg(x,μ2).

It is important to stress that since the values of Rg(x,μ2)
probed in nuclear photoproduction of J/ψ and ψ(2S)
are close, the suppression of dσPb Pb→J/ψ Pb Pb(y)/dy and
dσPb Pb→ψ(2S)Pb Pb(y)/dy due to the leading twist gluon nuclear
shadowing should also be similar. Therefore, the ratio of
the dσPb Pb→ψ(2S)Pb Pb(y)/dy and dσPb Pb→J/ψ Pb Pb(y)/dy cross
sections is primarily determined by the magnitude and the Wγp

dependence of the ratio of the elementary γp → ψ(2S)p and
γp → J/ψp cross sections. In particular, we find that

dσPb Pb→ψ(2S)Pb Pb(y ≈ 0)/dy

dσPb Pb→J/ψ Pb Pb(y ≈ 0)/dy
= 0.17–0.20, (11)

where the lower and upper limits correspond to the calculation
of the ψ(2S) cross section at μ2 = 3 and μ2 = 4 GeV2,
respectively. These choices comply with the observation that
energy dependence of the cross section of ψ(2S) photo-
production on the proton is similar to or possibly some-
what steeper than that for J/ψ : R = σγp→ψ(2S)p/σγp→J/ψp =
0.166 (Wγp/90 GeV)�δ , where �δ = 0.24 ± 0.17 [48].

Note that the result of Eq. (11) agrees very well
with the predictions of Ref. [49] at

√
sNN = 2.76 TeV,

(dσPb Pb→ψ(2S)Pb Pb/dy)/(dσPb Pb→J/ψ Pb Pb/dy) = 0.15–0.16

055206-5



V. GUZEY, E. KRYSHEN, AND M. ZHALOV PHYSICAL REVIEW C 93, 055206 (2016)

FIG. 5. The dσPb Pb→J/ψ Pb Pb(y)/dy cross section as a function
of the J/ψ rapidity y at

√
sNN = 5.02 TeV: predictions of LO

pQCD with the EPS09 gluon shadowing ratio Rg(x,μ2). The shaded
areas show the uncertainties of Rg(x,μ2). The dashed curves labeled
“one side” show the contribution of the first term in Eq. (1).

for the nuclear gluon shadowing calculated in the
leading twist nuclear shadowing model (LTA) and
(dσPb Pb→ψ(2S)Pb Pb/dy)/(dσPb Pb→J/ψ Pb Pb/dy)|y=0=0.15+0.03

−0.01
for the calculation with the EPS09 nuclear PDFs, as well
as with the ratio of ψ(2S) and J/ψ photoproduction cross

FIG. 6. The dσPb Pb→ψ(2S)Pb Pb(y)/dy cross section as a function of
the ψ(2S) rapidity y at

√
sNN = 5.02 TeV. See Fig. 4 for notations.

sections on the proton measured at the HERA [48] and at the
LHC by the LHCb Collaboration [8].

For the values of the ψ(2S) cross section at
√

sNN =
5.02 TeV and the central rapidity, we predict

dσPb Pb→ψ(2S)Pb Pb(y = 0)

dy
= 0.61–0.89 mb, (12)

where the spread in the given values is determined by the
theoretical uncertainty of the LTA predictions for the gluon
nuclear shadowing.

It is important to point out that although the ap-
proach that we use describes very well the ALICE Col-
laboration data on coherent J/ψ photoproduction in Pb-
Pb UPCs at

√
sNN = 2.76 [16,18], its predictions for

ψ(2S) photoproduction in Pb-Pb UPCs at
√

sNN = 2.76 TeV
and y = 0 [49] disagree with the result of the AL-
ICE Collaboration measurement [12]: the predicted values
of dσPb Pb→ψ(2S)Pb Pb(y = 0)/dy = 0.38–0.56 mb (LTA) and
dσPb Pb→ψ(2S)Pb Pb(y = 0)/dy = 0.42+0.24

−0.21 mb (EPS09) signif-
icantly underestimate the central experimental value of
dσ coh

ψ(2S) = 0.83 ± 0.19 (stat + syst) mb (note the large exper-
imental error; the experimental uncertainties for individual
channels of the ψ(2S) decay are even larger, see Fig. 2
of Ref. [12]). This translates into the observation that the
LTA prediction for the ratio of the ψ(2S) and J/ψ cross
sections, which weakly depends on

√
sNN , see Eq. (11) and

its discussion, significantly underestimates the experimental
value of (dσ coh

ψ(2S)/dy)/(dσ coh
J/ψ)/dy) = 0.34+0.08

−0.07 (stat + syst).
Note that this disagreement is also present for many other
theoretical approaches, see Fig. 5 of Ref. [12]. Therefore, the
measurement of ψ(2S) photoproduction in Pb-Pb UPCs at√

sNN = 5.02 TeV with the statistics (precision) higher than
that at

√
sNN = 2.76 TeV should help to better understand

the aforementioned disagreement and, thus, constrain the
magnitude of the nuclear shadowing suppression in the ψ(2S)
case.

C. Exclusive photoproduction of ϒ(1S) mesons in pQCD

An examination shows that the application of Eq. (9) to
exclusive photoproduction of ϒ vector mesons on the proton
fails to reproduce the Wγp dependence of the data at leading
order (LO) accuracy, whereas providing a good description of
the data at next-to-leading order (NLO) accuracy. Indeed, since
the gluon distribution of the target is probed at μ2 ≈ M2

ϒ/4 =
22.4 GeV2 where the proton LO gluon densities at small x grow
approximately as xgp(x,μ2) ∼ 1/xλ with λ ≈ 0.4, Eq. (9)
gives the Wγp dependence of the dσγp→ϒp(Wγp,t = 0)/dt
cross section which is much faster than that seen in the data
[13,52–55].

This is illustrated in Fig. 7, which shows a comparison
of the available high-energy data on the t-integrated cross
section σγp→ϒp(Wγp) to the LO (dot-dashed curve) and
NLO (solid curve) pQCD predictions for this cross section
using the CTEQ6 gluon distributions of the proton [56].
This conclusion also confirms the observation that the LO
gluon density of the proton constrained to describe the data
on exclusive J/ψ photoproduction on the proton cannot
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FIG. 7. The σγp→ϒp(Wγp) cross section as a function of Wγp . The
high-energy ZEUS Collaboration [52–54], the H1 Collaboration [55]
and the LHCb Collaboration [13] data are compared to pQCD
predictions of Eq. (9) using the leading-order (CTEQ6L) and next-
to-leading order (CTEQ6M) gluon distributions of the proton.

be consistently extrapolated to exclusive ϒ photoproduction
[13,15].

At the same time, the use in Eq. (9) of the NLO gluon
distribution [15] obtained by fitting to the available combined
HERA and LHCb Collaborations’ data on exclusive J/ψ
photoproduction on the proton provides a good description
of ϒ(1S) photoproduction in pp UPCs at

√
sNN = 7 and

8 TeV measured by the LHCb Collaboration [13]. In addition,
we explicitly checked that the use of other NLO gluon
distributions of the proton, e.g., the CTEQ6M gluon PDF [56],
reproduces the σγp→ϒp(Wγp) cross section with sufficient
accuracy—see the solid curve in Fig. 7.

To summarize, the consistent description of exclusive
photoproduction of ϒ on both the proton and the nucleus
targets requires NLO gluon distributions. Therefore, in our
predictions for the γA → ϒA cross section, we use Eq. (10)
where the gluon shadowing ratio Rg(x,μ2) is evaluated at NLO
accuracy.

Figure 8 shows dσPb Pb→ϒ(1S)Pb Pb(y)/dy as a function of
the ϒ(1S) rapidity y. The results correspond to NLO pQCD
calculations using for Rg(x,μ2) predictions of the leading
twist nuclear shadowing model [50] (red band labeled “LTA”)
and the EPS09 nuclear PDFs [51] (blue solid curve with the
band); the shaded bands indicate uncertainties of the respective
predictions. For the calculation with the EPS09 nuclear PDFs,
we also show the contribution of the first term in Eq. (1)
(labeled “one side”) by dashed curves.

One can see from Fig. 8 that the “one side” cross section
at large y gives the dominant contribution to the rapidity
distribution in the 0nXn and XnXn channels. This allows one to
be sensitive to the values of Wγp which are significantly larger

FIG. 8. The dσPb Pb→ϒ(1S)Pb Pb(y)/dy cross section as a function of
the ϒ rapidity y at

√
sNN = 5.02 TeV: NLO pQCD calculations with

Rg(x,μ2) given by the leading twist nuclear shadowing model (red
band labeled LTA) and the EPS09 fit (blue solid curve with the band);
the shaded bands indicate uncertainties of the respective predictions.
The dashed curve labeled one side is the contribution of the first term
in Eq. (1).

than those in the corresponding UPC measurements without
the forward neutron tagging. Hence, it gives an opportunity to
probe the nuclear gluon distribution gA(x,μ2) at much lower
values of x.

III. DISCUSSION AND CONCLUSIONS

Coherent photoproduction of light and heavy vector mesons
in Pb-Pb UPCs at the LHC has also been considered in
the framework of the color dipole framework [20,57–60]. In
general, whereas certain combinations of prescriptions for the
dipole cross section and the vector meson light-cone wave
functions provide good descriptions of the available data on
these processes, one has to admit the significant theoretical
uncertainty of these predictions due to the choice of the dipole
cross section at small and large dipole sizes, the value of the
quark mass in the photon wave function and the dipole cross
section, and the shape of the vector meson wave function.
Specifically, the cross sections of light ρ and φ vector meson
photoproduction involve a significant and model-dependent
contribution of large-size dipoles, which in some cases leads
to the large nuclear shadowing suppression appropriate to
describe ρ photoproduction in UPCs at the RHIC and the
LHC [58]. At the same time, the predicted bell-shaped rapidity
dependence of Ref. [58] differs from the more complicated y
dependence that we find.

In the heavy vector meson case, the photoproduction cross
section is dominated by small-size dipoles, which leads to the
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nuclear shadowing suppression due to the elastic interaction
of the dipoles with the target nucleons, which is generally
insufficient to describe the data. The description might be
improved by rescaling the dipole cross section by the factor of
Rg(x,μ2) quantifying the gluon shadowing; this prescription to
some extent mimics the large nuclear gluon shadowing in our
case where it is driven by the inelastic (diffractive) scattering
on the target nucleons. Thus, studies of photoproduction of
heavy vector mesons in heavy ion UPCs provide important
constraints on the mechanism of nuclear shadowing in hard
processes with nuclei.

An approach similar to ours was used to make predictions
for the rapidity distribution of heavy vector mesons in proton-
nucleus and nucleus-nucleus UPCs at the LHC in Ref. [61].
It was shown that the predictions strongly depend on the
used parametrization of nuclear PDFs. Note that our earlier
analysis [16] of the data on coherent J/ψ photoproduction in
pp and AA UPCs at the LHC showed that a combined pQCD
description of the γp → J/ψp and γA → J/ψA processes
allows us to significantly reduce the ambiguity in the choice
of proton and nucleus PDFs.

The different approaches used in this paper emphasize
different aspects of the dynamics of light and heavy vector
meson photoproduction on nuclei at high energies. The

results presented in this paper attempt to emphasize several
qualitative features of these processes, which can be checked
in Pb-Pb UPCs at the LHC in run 2. In particular, inelastic
nuclear shadowing significantly reduces the magnitude and
changes the shape of the rapidity distribution of ρ and
φ photoproduction; the large leading twist nuclear gluon
shadowing suppresses significantly and similarly the J/ψ and
ψ(2S) photoproduction cross sections; the ratio of these cross
sections is determined primarily by the magnitude and the
Wγp dependence of the ratio of the elementary γp → ψ(2S)p
and γp → J/ψp cross sections; photoproduction of ϒ(1S)
allows one to study the hard scale dependence of the leading
twist nuclear gluon shadowing.

We also showed that exclusive photoproduction of vector
mesons in AA UPCs accompanied by electromagnetic exci-
tations of the ions followed by the forward neutron emission
enhances the contribution of large-energy photons to these
processes and allows one to access the γA → V A cross
section at much larger values of Wγp.
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