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Photoproduction of J/ψ with neutron tagging in ultraperipheral collisions
of nuclei at RHIC and at the LHC
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We present predictions for the cross sections of the coherent and incoherent J/ψ photoproduction in ul-
traperipheral collisions at the RHIC and at the LHC calculated for different classes of events depending on
the presence of neutrons emitted by colliding nuclei. Since strong nucleus-nucleus interactions in UPCs are
suppressed, it is usually assumed that neutrons at forward rapidities originate mainly from the electromagnetic
dissociation of colliding nuclei caused by additional photon exchanges. This is a reasonable assumption for
the coherent photoproduction where the state of the target nucleus remains intact. We consider additional
sources of neutrons in the incoherent quasielastic and nucleon dissociative J/ψ photoproduction and show
that these processes significantly change probabilities of neutron emission compared to calculations when only
neutrons from electromagnetic dissociation of nuclei are considered. Such studies should allow one to explore
the dynamics of nuclear shadowing in the incoherent J/ψ photoproduction down to x ≈ 10−5.
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I. INTRODUCTION

Since the early 2010s, ultraperipheral collisions (UPCs)
of heavy nuclei at the Large Hadron Collider (LHC) have
been extensively used for the coherent and incoherent J/ψ
photoproduction studies [1,2]. Such measurements are also in
progress at lower energies with the STAR detector at the Rela-
tivistic Heavy Ion Collider (RHIC) [3]. The main goal of these
studies is to determine the energy and the momentum transfer
dependencies of the coherent and incoherent J/ψ photopro-
duction cross sections on nuclear targets which, within the
perturbative QCD, are tightly related to the three-dimensional
nuclear gluon density distributions.

Coherent J/ψ photoproduction on nuclear targets is stud-
ied in various phenomenological approaches based on elastic
Glauber-like rescatterings of hadronic components of the
photon [4], Glauber-Gribov inelastic rescatterings within the
leading twist approximation [5], and in various implemen-
tations of the color-dipole approach [6–12]. In particular,
within the leading twist approximation (LTA) of nuclear gluon
shadowing [5], the coherent J/ψ photoproduction cross sec-
tion on nuclear target is proportional to the squared ratio of
the nuclear GA(x, μ2) and the nucleon GN (x, μ2) densities
of gluons carrying the fraction x of the nucleon momentum
at the. hard scale μ characterizing the J/ψ photoproduction
process [13]. Coherent J/ψ measurements at RHIC and at the
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LHC should allow for the study of GA(x, μ2) behavior in the
range 10−5 < x < 10−2 at μ2 ≈ 3 GeV2.

The study of incoherent J/ψ photoproduction in UPCs also
attracted significant theoretical interest in the past few years
[9,12,14–18], since it can offer additional information on the
structure of nuclei. Indeed, similarly to the Good-Walker ap-
proach [19] to soft diffraction, in pQCD the ratio of inelastic
and elastic hard diffraction at t = 0 is expressed through the
variance of the gluon field in the target [20] and is sensitive to
onset of black disk regime in which this ratio tends to zero at
high energies. In particular, the ratio was predicted to drop at
energies accessible at the LHC [21].

The ALICE, LHCb, and CMS collaborations have con-
ducted comprehensive studies on J/ψ photoproduction in
UPCs [22–29]. The ALICE experiment reported a large sup-
pression of the coherent J/ψ cross section at midrapidity as
compared to the impulse approximation [23,25] in reasonable
agreement with LTA predictions [30,31], with the hot-spot
model [9] and the color dipole approach coupled to the solu-
tions of the impact-parameter-dependent Balitsky-Kovchegov
equation [11]. At the same time, the ALICE measurement
of the incoherent J/ψ photoproduction cross section at cen-
tral rapidities indicated weaker suppression than predicted
by the LTA model [23]. Later it was shown [18] that such
a discrepancy can be explained if, in addition to incoherent
quasielastic events where target nucleons stay intact, one takes
into account nucleon dissociative contributions.

On the other hand, ALICE measurements on the coherent
J/ψ photoproduction at forward rapidity [24] appeared to
be in tension with LTA and color-dipole model predictions.
However, interpretation of the observed discrepancy is not
straightforward. In general, extraction of photonuclear cross
sections and nuclear gluon densities from UPC measurements
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at forward rapidities is hampered by the ambiguity caused
by the dual role of the colliding nuclei: Both nuclei serve
as a source of photons and as a target. In order to decouple
two contributions to the UPC cross sections, we proposed to
study vector meson photoproduction accompanied by addi-
tional photon exchanges between colliding ions [30,32]. The
additional photon exchanges may result in electromagnetic
(EM) excitation of one or both nuclei followed by emission
of neutrons. The lifetime of the EM excited nucleus is much
longer than the timescale of the hard photoproduction pro-
cess. Hence, both processes can be considered as independent.
However the requirement of additional photon exchanges ef-
fectively reduces the range of impact parameters and modifies
the flux of photons participating in the photoproduction pro-
cess [33]. Therefore two independent UPC measurements,
with and without neutron emission, can be used to disentangle
photonuclear cross sections.1

Emission of neutrons due to electromagnetic dissociation
of colliding nuclei can be experimentally measured with zero-
degree calorimeters (ZDCs) placed at small angles on both
sides from the interaction point. UPC events are usually clas-
sified into four categories: 0n0n (no neutrons on both sides),
0nXn and Xn0n (no neutrons on one side and presence of
neutrons on the other side), and XnXn (presence of neutrons
on both sides). Calculations of photon fluxes corresponding
to these event classes have passed solid experimental tests.
First, models of electromagnetic dissociation [35,36] have
been validated by ALICE measurements of electromagnetic
dissociation cross sections in Pb–Pb UPCs [37,38]. Second,
the factorization of the coherent photoproduction process and
additional photon exchanges has been confirmed by coherent
ρ0 photoproduction measurements performed by ALICE in
different neutron emission classes (0n0n, 0nXn, and XnXn) at
midrapidity [39–41].

In the case of incoherent vector meson photoproduction,
photons interact with individual nucleons of the target nuclei
so one should consider other sources of neutrons in addition
to EM dissociation [42]. First, target nucleons can be knocked
out from the nucleus and be detected by ZDCs. Second, the
incoherent interaction results in the excitation of the target
nucleus. If the excitation energy is higher than the energy of
neutron separation, neutrons are evaporated and detected by
ZDCs with high probability.

New ALICE and STAR results on the coherent and in-
coherent J/ψ photoproduction in different neutron emission
classes are expected to be released soon. We present the LTA
predictions for these processes focusing on different mecha-
nisms of the neutron production in coherent and incoherent
photoproduction processes.

II. PHOTOPRODUCTION OF J/ψ ON NUCLEI
IN THE LEADING TWIST APPROXIMATION

The J/ψ photoproduction on nuclear targets is subject to
nuclear modifications which depend on the photon-nucleon

1An alternative method based on coherent J/ψ measurements in
peripheral and ultraperipheral collisions was proposed in Ref. [34].

center-of-mass energy Wγ N and can be accounted for by the
suppression factor S(x, μ2).2 Then the coherent and incoher-
ent J/ψ photonuclear cross sections can be written in the
factorized form as a product of the corresponding cross sec-
tions in the impulse approximation (IA) and the suppression
factors S(x, μ2):

d2σγ A→J/ψX (Wγ N , t )

dydt
= d2σ IA

γ A→J/ψX (Wγ N , t )

dydt
S(x, μ2). (1)

Here X is the final state of the target: X = A in the coherent
photoproduction, X = A′ + N in the incoherent quasielastic,
and X = A′ + Y , where Y is the final state of the incoherent
process including the process of diffractive dissociation of the
target nucleon.3

One needs to estimate with high precision coherent and
incoherent photoproduction cross sections in the impulse
approximation. The coherent cross section is given by the
following expression:

dσ IA
γ A→J/ψA(Wγ N , t )

dt
= dσγ N→J/ψN (Wγ N , t = 0)

dt
�A(t ). (2)

The forward γ N → J/ψN cross section can be calculated in
pQCD [45–47] or extracted from experimental data [48]. In
our calculations, we use the following parametrization for the
forward cross section [49]:

dσγ N→J/ψN (Wγ N , t = 0)

dt
=C0

[
1 − (MJ/ψ + mN )2

W 2
γ N

]1.5

× (
W 2

γ N/W 2
0

)δ
, (3)

where C0 = 342±8 nb/GeV2, δ=0.40±0.01, W0 = 100 GeV,
and MJ/ψ and mN are J/ψ and nucleon masses, respectively.
This parametrization provides a good description of the avail-
able data on the γ p → J/ψ p process measured in fixed-target
experiments [50–52] and at HERA [48,53,54] and is in good
agreement with cross sections extracted by ALICE and LHCb
from the data on exclusive J/ψ photoproduction off protons
in pp and p-Pb UPCs at the LHC [55–58].

The t dependence of the coherent photonuclear cross sec-
tion, �A(t ), is driven by the squared nuclear form factor:
�A(t ) = |AFA(t )|2. The t-integrated cross section can be ob-
tained as4:

�A(tmin) =
∫ ∞

tmin

dt |AFA(t )|2, (4)

2Generally, the suppression factor also depends on the squared
transverse momentum t2

⊥ but in the case of J/ψ photoproduction at
relatively small t one can neglect the influence of this effect on the
nuclear suppression factor [43].

3Inelastic dissociation corresponds to production of several low-
energy particles which could interact on the way out of the nucleus
and likely would generate several neutrons [44].

4The presence of shadowing changes the shape of the t depen-
dence and may result in an approximately 10% correction to the
t-integrated cross section [43].
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where tmin = −p2
z,min = −[M2

J/ψ/(4ωγL )]2 is determined by
the minimal longitudinal momentum transfer pz,min character-
izing the coherence length which becomes important in the
low-energy domain. Here γL is the nucleus Lorentz factor and
ω is the photon energy.

For the quasielastic incoherent J/ψ photoproduction on
nucleus the t dependence can be approximated by the
expression �

qel
A (t ) = A[1 − |FA(t )|2] exp[Bel

J/ψN (Wγ N )t] with

the slope parameter Bel
J/ψN (Wγ N ) = 4.5 + 0.5 ln Wγ N

90 extracted
from H1 measurements [48].

Finally, for the incoherent process with diffractive disso-
ciation of the target nucleon (Ntd), we use the following
parametrization of the cross section provided by the H1
experiment [48]:

dσ IA
γ N→J/ψY (Wγ N , t )

dt
= (66 ± 10)

[
Wγ N

90

]0.42

�Ntd
A (t ), (5)

where �Ntd
A (t ) = A[1 + 1.79|t⊥|

3.58 ]−3.58.
In the coherent case, the nuclear suppression factor is char-

acterized by the squared ratio of the nuclear GA(x, μ2) and
nucleon GN (x, μ2) gluon density functions:

Scoh(x, μ2) = R2(x, μ2) =
[

GA(x, μ2)

AGN (x, μ2)

]2

. (6)

The quantity S(x, μ2) can be calculated within the LTA
model of parton shadowing, which combines geometry of the
Glauber theory of the multiple hadron-nucleus scattering [59],
the Gribov connection of shadowing and diffraction [60] (see
Ref. [61] for more details), and QCD factorization theorems
for inclusive and diffractive parton distributions [5], in terms
of the effective cross sections σ2(x, μ2) and σ3(x, μ2):

Scoh(x, μ2)

=
⎛
⎝1 − σ2(x, μ2)

σ3(x, μ2)

{
1 − 2

∫
d2b[1 − e− σ3 (x,μ2 )

2 TA(b)]

Aσ3(x, μ2)

}⎞
⎠

2

,

(7)

where TA(b) = ∫
dz ρA(b, z) is the nuclear thickness function.

The effective cross section σ2(x, μ2) describes rescattering of
the quark-gluon configurations in the photon wave function on
two nucleons and is determined by the parameters of diffrac-
tive dissociation cross section on the nucleon and diffractive
parton distributions. The effective cross section σ3(x, μ2)
presents the soft interaction of the configurations of different
sizes in the photon wave function with three and more nuclear
nucleons. This quantity cannot be calculated in pQCD and is
estimated in the LTA using the Good-Walker formalism [19]
of the cross-section fluctuations resulting in two models which
lead to a weaker (WS) and to a stronger (SS) gluon shadowing
in the LTA.5 The model of stronger shadowing is based on
assumption that σ3(x, μ2) ≈ σ2(x, μ2) that leads to the limit
Scoh(x, μ2) ≈ σ tot

A (σ2 )
Aσ2(x,μ2 ) . The second model resulting in weaker

5In the LTA, only one parton is involved in the hard interaction in
the in and out states.

FIG. 1. The nuclear suppression factor S(x, μ2) predicted in the
LTA model for coherent (a) and incoherent (b) photoproduction in
Au–Au UPCs at

√
sNN = 200 GeV. The range 0.005 � x � 0.05

corresponds to the rapidity interval |y| < 1 studied in the STAR
experiment.

shadowing assumes that configurations of different sizes in
the photon wave function interact with three and more nuclear
nucleons with cross sections characterized by the distribution
P(σ ) similarly to the Pπ (σ ) of pion. Such modeling leads to
rather large uncertainties in the LTA predictions at x < 10−3

though both models predict a strong shadowing.
The LTA framework can be also used for the calculation of

the suppression factor in the case of incoherent J/ψ photopro-
duction [32]:

Sincoh(x, μ2)

= 1

A

∫
d2b TA(b)

{
1 − σ2(x, μ2)

σ3(x, μ2)

[
1 − e− σ3 (x,μ2 )

2 TA(b)

]}2

.

(8)

Nuclear suppression factors obtained in the LTA for the
coherent and incoherent J/ψ photoproduction are shown in
Fig. 1 as a function of x in the range accessible with the STAR
detector at RHIC. Figure 2 illustrates the Wγ N dependence
of the coherent and incoherent6 photonuclear cross sections,

6Note that we give here the upper limit (integral over −t⊥ up to ∞)
for the energy dependence of the incoherent cross section.
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FIG. 2. Coherent (a) and incoherent (b) photonuclear cross sec-
tions γ Pb → PbJ/ψ as a function of photon-nucleon center-of-mass
energy Wγ N in the impulse approximation (IA) compared to the LTA
model predictions. The shaded area indicates the LTA model uncer-
tainty. Light blue strip shows the γ Au → AuJ/ψ cross section that
can be measured in Au-Au UPCs at RHIC scaled by the ratio of
the numbers of nucleons in Pb and Au. The bottom panel shows the
energy dependence for the sum of the incoherent quasielastic and
nucleon dissociative photoproduction cross sections (upper limit).

obtained in the impulse approximation and within the LTA
framework, indicating the range of energies that can be stud-
ied with the STAR detector at RHIC and with the ALICE
detector at the LHC. It is worth noting that the study of the
coherent photoproduction cross section in the range of ra-
pidities of the STAR detector can be useful for understanding
of the discrepancy between ALICE measurements at forward
rapidity and LTA predictions.

The same approach with minor modifications can be ap-
plied to the coherent and incoherent photoproduction of
ψ (2S) mesons. For completeness, Fig. 3 presents LTA predic-
tions for the energy dependence of coherent and incoherent
ψ (2S) photoproduction cross sections based on existing mea-
surements of ψ (2S) photoproduction off protons at HERA
[62,63]. The coherent photonuclear cross section is in good
agreement with the ALICE measurement [25]. An alternative
treatment of ψ (2S) photoproduction within the color-dipole
approach can be found in Ref. [12].

FIG. 3. Coherent (a) and incoherent (b) photonuclear cross
sections γ Pb → Pbψ (2S) as a function of photon-nucleon center-of-
mass energy Wγ N in the impulse approximation (IA) compared to the
LTA model predictions. The coherent ψ (2S) cross section extracted
from the ALICE measurement [25] is shown with green marker.
The shaded area in the coherent cross section indicates the LTA
model uncertainty. Nucleon dissociative component is not taken into
account in the incoherent cross section.

Within the LTA framework, the t-integrated coherent and
incoherent cross sections of J/ψ photoproduction on nucleus
are determined by almost the same quantities: The nuclear
density ρA(r) and the nuclear form factor are known from
experiments on electron and proton elastic scattering on nu-
clei; the forward γ N → J/ψN cross section and the slope
parameter of the t dependence have been measured in a
wide range of energies at HERA and in proton-proton and
proton-nucleus UPCs at the LHC. Hence, J/ψ photoproduc-
tion measurements in nucleus-nucleus UPCs allows one to
extract Scoh(x, μ2) and Sincoh(x, μ2) values and determine both
σ2(x, μ2) and σ3(x, μ2) from Eqs. (7) and (8) at the corre-
sponding x thus improving accuracy of the LTA predictions
and testing the self-consistency of the LTA model.

III. J/ψ PHOTOPRODUCTION CROSS SECTIONS IN UPCS

Both colliding nuclei in the UPCs serve as sources of
quasireal photons and as targets. Hence, the cross section of
J/ψ photoproduction in symmetric collisions of ions with per-
nucleon energy EN is given by the sum of two terms for each
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class of events (coherent, incoherent quasielastic, incoherent
with nucleon dissociation, all with or without electromagnetic
excitation by additional photon exchange):

dσAA→J/ψA∗A∗ (y)

dydt
= Nγ /A(W (+)

γ N )
dσγ A→J/ψA∗ (W (+)

γ N )

dydt

+ Nγ /A(W (−)
γ N )

dσγ A→J/ψA∗ (W (−)
γ N )

dydt
(9)

Here y is the rapidity of J/ψ defined with respect to the
right-moving nucleus emitting the photon [the first term in
Eq. (9)] and related to the invariant photon-nucleon energy
W (±)

γ N = √
2EN MJ/ψ e±y/2 with the plus sign in the expo-

nent. The second term corresponds to the left-moving photon
source and the minus sign in the expression for Wγ N . Symbol
A∗ is the final state of colliding nuclei, Nγ /A(Wγ N ) is the
photon flux, and σγ A→J/ψA∗ (Wγ N ) is the J/ψ photoproduction
cross section on nuclear target.

The flux of photons with energy ω = MJ/ψ

2 e±y can be cal-
culated as the convolution of two terms,

Nγ /A(ω) =
∫ ∞

2RA

d2b Nγ /A(ω, 	b)Pi(	b). (10)

Probabilities Pi(	b) select classes of events with or without ad-
ditional photon exchanges with subsequent neutron emission
which we calculate based on parametrization given in Ref. [1].
This approach is also used in STARLIGHT [4] and nOOn [36]
Monte Carlo generators of UPC events. Nγ /A(ω, 	b) is the flux
of equivalent photons produced by a pointlike particle with
the electric charge Z:

Nγ /A(ω, 	b) = Z2αe.m.

π2

ζ 2

b2

[
K2

1 (ζ ) + 1

γ 2
L

K2
0 (ζ )

]
, (11)

where αe.m. is the fine-structure constant, 	b is the impact
parameter between colliding nuclei, and K0(ζ ) and K1(ζ ) are
modified Bessel functions with argument ζ = bω

γL
depending

on the photon energy and impact parameter.
Strong interactions between colliding nuclei in UPCs

should be absent. Experimentally, this is achieved by requiring
no signal in the detector except for two tracks from dilepton
J/ψ decays, while in calculations the absence of strong in-
teractions is taken into account with the condition on impact
parameter b > 2RA which can be additionally strengthened
by convolution of the photon flux with a factor suppressing
probability of strong interactions of the overlapping nuclei.

IV. RESULTS

Using the inputs described above, we can make predictions
for coherent and incoherent J/ψ photoproduction cross sec-
tions in ultraperipheral Au–Au collisions at

√
sNN = 200 GeV

at RHIC and incoherent cross sections for Pb–Pb collisions at
the LHC.7 The t-integrated rapidity distributions for coherent

7Predictions for coherent J/ψ photoproduction cross sections in
Pb–Pb UPCs at the LHC were provided in Ref. [31].

FIG. 4. Rapidity distribution for the coherent J/ψ photopro-
duction in Au–Au UPCs at

√
sNN = 200 GeV in different neutron

emission classes: (a) total, (b) 0n0n, (c) 0nXn, and (d) XnXn. Each
panel contains two curves: The dashed black curve shows coherent
J/ψ photoproduction cross sections calculated in the impulse ap-
proximation (IA); dotted red denotes coherent photoproduction cross
section calculated in the LTA model with the shaded area indicating
the LTA model uncertainty.

cross sections in Au–Au UPCs at RHIC calculated in the
LTA are compared to the impulse approximation in Fig. 4 for
different neutron emission classes. The t dependence of the
coherent photoproduction in UPCs at y = 0 is shown in Fig. 5.
It should be possible to compare these distributions with fu-
ture STAR measurements in the range |y| < 1 corresponding
to the energy range 15 < Wγ N < 41 GeV.

The most interesting information which can be obtained
from these data is the nuclear suppression factors which char-
acterize gluon shadowing in Au nuclei. Note that the values
of Scoh(x, μ2) can be directly found from the data only at
y = 0 where both contributions in Eq. (9) coincide. From
Fig. 1 one can find that, at y = 0 corresponding to Wγ N ≈ 25
GeV and x ≈ 0.015, the nuclear gluon shadowing in coherent
J/ψ photoproduction on Au is R(x ≈ 0.015, μ2 = 3 GeV2) ≈
(0.8/0.85). To determine the shadowing factor from the ex-
perimental coherent rapidity distribution at other values of
x, one needs to separate photoproduction contributions from
lower and higher energies. It can be done with UPC cross-
section measurements in different neutron emission classes.
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FIG. 5. Predictions for the t distribution of the coherent J/ψ
photoproduction in Au–Au UPCs at

√
sNN = 200 GeV in different

neutron emission classes: (a) total, (b) 0n0n, (c) 0nXn, and (d) XnXn.
Each panel contains two curves: The dashed black curve represents
coherent photoproduction cross sections calculated in the impulse
approximation; dotted red denotes coherent photoproduction cross
section in the LTA model.

We also predict the rapidity distribution and the t depen-
dence of the incoherent photoproduction in Au–Au UPCs
which is under study by the STAR collaboration. Recent
analysis [64] of the t dependence of the incoherent J/ψ pho-
toproduction measured by STAR in dAu UPCs revealed that
a reasonable description of the data can be obtained under
assumption that the main contribution to the cross section is
provided by the incoherent quasielastic photoproduction on
the deuteron target while the mechanism of photoproduction
with diffractive dissociation of the nucleon in deuteron is
suppressed by triggering conditions applied in the selection
of UPCs.

For the rapidity and t dependence of the incoherent J/ψ
photoproduction in different neutron emission classes, we
consider several neutron emission sources. In contrast to the
coherent photoproduction where the transverse momentum
transfer is limited by qt � R−1

A , the incoherent quasielastic
process is characterised by qt � R−1

N and some longitudi-
nal momentum transfer q0

l . Hence, the projectile interacts
with individual nucleons resulting in transition of the tar-
get nucleus from ground to excited states or even to the

FIG. 6. Rapidity distribution for the incoherent quasielastic J/ψ
photoproduction in Au–Au UPCs in different neutron emission
classes at

√
sNN = 200 GeV: (a) total, (b) 0n0n, (c) 0nXn, and

(d) XnXn. Each panel contains two curves: The dashed red curves
show cross sections calculated in the LTA model accounting for EM
dissociation only; solid blue lines also account for neutrons from the
decay of the target nucleus excited in the photoproduction process.
The shaded bands represent uncertainties of the LTA model.

nucleus breakup when q0
l > 150 MeV/c, i.e., when the trans-

ferred energy exceeds the minimal nucleon separation energy
Emin

S ≈ 8 MeV. The target neutrons escape from nuclei and,
depending on the energy of UPCs and their transverse mo-
mentum, can be captured by ZDCs. In addition, ZDCs will
also detect neutrons emitted by the decaying excited residual
nucleus if the excitation energy exceeds Emin

S . Also neu-
trons are emitted by the nucleus excited by additional photon
exchanges.

Measurements of inclusive incoherent quasielastic J/ψ
photoproduction in UPCs requiring only J/ψ detection im-
plies the closure over various final states of the target. In
contrast, additional requirements on the presence of neutrons
results in the selection of nuclear final states with different
excitation energy: Probability of neutron emission increases
with the excitation energy of the target nucleus. An accurate
accounting for these effects requires detailed calculations of
the nuclear spectral functions for highly excited nuclear states
and partial probabilities of their decays with neutron emission.

024904-6
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FIG. 7. LTA model predictions for t distributions of J/ψ pho-
toproduction in Au–Au UPCs in different neutron emission classes
at

√
sNN = 200 GeV: (a) total, (b) 0n0n, (c) 0nXn, and (d) XnXn.

The dot-dashed magenta line represents the coherent (coh) cross
section; the short dashed black line denotes the sum of coherent
and incoherent quasielastic (qel) cross sections; the solid blue line
denotes the sum of coherent, incoherent quasielastic, and nucleon
dissociative (diss) cross sections.

In principle, such information can be obtained from studies
of the nucleon knockout in A(e, e′ p) or A(p, 2p) reactions at
intermediate energies. Almost direct evidence of the neutron
evaporation after knockout of a nucleon from the nucleus
has been revealed in the data on deep inelastic scattering
(DIS) with detection of slow neutrons in the final state [65].
Monte Carlo modeling of the decay of nuclear hole states
produced in DIS by evaporation of neutrons [66,67] provided
reasonable description of the momentum dependence of neu-
tron emission. A similar approach was used in Ref. [42] to
estimate the probability of neutron emission from the tar-
get Au nucleus in the process of incoherent photoproduction
of J/ψ at RHIC energies. This probability appeared to be
in the range 0.8–0.85, close to the ratio of the number of
nucleons with the separation energy ES > 2Emin

S to the to-
tal number of nucleons in heavy nuclei. In our calculations
on the incoherent J/ψ cross section in different neutron
emission classes we redistribute the fractions of events
in 0n0n, 0nXn, and XnXn categories taking into account

FIG. 8. LTA model predictions for t distributions of J/ψ pho-
toproduction in Pb-Pb UPCs in different neutron emission classes at√

sNN = 5020 GeV: (a) total, (b) 0n0n, (c) 0nXn, and (d) XnXn. Each
panel contains three sets of curves: The dot-dashed magenta line
denotes coherent photoproduction; the dashed black denotes cross
sections accounting for neutrons emitted due to EM dissociation
of nuclei; the solid blue denotes the sum of coherent, incoherent
quasielastic, and nucleon dissociative cross sections accounting for
neutrons from the EM dissociation and from the decay of the target
nucleus excited in the photoproduction process.

that 85% of incoherent events are accompanied by neutron
emission.

Additional sources of evaporated neutrons have a few
important consequences for the studies of incoherent J/ψ
photoproduction in UPCs in different neutron emission
classes. Accounting for the neutron evaporation by the excited
target nucleus results in significant changes of the J/ψ yield
in different classes as compared to estimates based only on
EM excitations of nuclei due to additional photon exchanges.
The main effect is strong suppression of the 0n0n contribution
in the total cross section with simultaneous increase of the
role of 0nXn and XnXn channels. This is clearly demon-
strated in Fig. 6 for the rapidity distributions of the incoherent
quasielastic J/ψ photoproduction in the STAR acceptance
in different event classes where red lines correspond to J/ψ
cross sections calculated assuming EM dissociation source
of neutrons only, while cross sections shown with blue lines
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FIG. 9. LTA model predictions for t distributions of ψ (2S) pho-
toproduction in Pb-Pb UPCs in different neutron emission classes at√

sNN = 5020 GeV. See the caption to Fig. 8 for details.

also account for neutrons knocked out or evaporated from
the excited target nucleus. Figure 7 presents predictions for
the t distributions at y = 0 for incoherent photoproduction in
Au-Au UPCs at RHIC where we show the cross sections with
(blue line) and without (black line) accounting for the con-
tribution of the target nucleon dissociation process. Finally, in
Fig. 8 we show t distributions for coherent and incoherent J/ψ
photoproduction in Pb-Pb UPCs at the LHC demonstrating
significant effects from accounting for the neutron evaporation

from the excited target nucleus (solid blue line against dashed
black one). Similar t distributions for ψ (2S) photoproduction
in Pb–Pb UPCs are shown in Fig. 9.

It was shown in Ref. [32] that measurements in different
neutron emission classes can be used to separate two terms
in Eq. (9) in the incoherent J/ψ photoproduction in sym-
metric UPCs. This can be done by studying the 0nXn class
using the evident correlation: The direction with zero neutrons
tags the nucleus which serves as a source of photons, while
the direction with X neutrons identifies the target nucleus.
Selection of UPC events with high-energy J/ψ in the 0n
direction accompanied by neutrons in the opposite direction
allows one to measure the cross section of incoherent J/ψ
photoproduction by high-energy photons producing cc̄ pairs
which interact with low-x gluons in the nuclear target. Such
studies will provide information on low-x gluon shadowing in
nuclei which is complimentary to coherent J/ψ photoproduc-
tion measurements.

V. CONCLUSIONS

Photoproduction measurements in UPCs provide impor-
tant tests of the shadowing dynamics in hard processes. We
presented predictions on the coherent and incoherent J/ψ
photoproduction cross sections in ultraperipheral heavy-ion
collisions at RHIC and at the LHC obtained in the framework
of leading twist approximation of nuclear gluon shadowing.
We showed the energy dependence of the coherent γ Pb →
J/ψPb cross section in the range of energies available for
STAR and ALICE measurements and emphasized that the
study of the coherent J/ψ photoproduction in the range of
rapidities of the STAR detector can be useful for under-
standing the tension between ALICE measurements and our
predictions in the LTA approach. We also considered different
classes of events with and without neutron emission and took
into account the probability of neutron evaporation from the
excited target nucleus in the case of incoherent J/ψ photo-
production. We showed that this effect significantly increases
the cross section in the XnXn channel compared to the 0n0n
channel. We also emphasized that the 0nXn selection in the
incoherent J/ψ photoproduction measurements allows one to
tag target nuclei and disentangle low- and high-energy contri-
butions in UPC measurements.
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