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We show that when saturation effects are included one obtains a good description of the exclusive J=ψ
production spectra in ultraperipheral lead-lead collisions as recently measured by the ALICE Collaboration
at the LHC. As exclusive spectra are sensitive to the spatial distribution of nuclear matter at small
Bjorken-x, this implies that gluon saturation effects modify the impact parameter profile of the target as we
move towards small x. In addition to saturation effects, we find a preference for larger nuclear strong-
interaction radii compared to the typical charge radius. We demonstrate the role of finite photon transverse
momentum and the interference between the cases for which the role of photon emitter and target are
switched between the nuclei. We show that these effects are comparable to the experimental precision for
pT-differential cross sections and as such need to be included when comparing to LHC data. Finally, the
integrated J=ψ production cross sections from the LHC and preliminary transverse momentum spectra from
RHIC are shown to prefer calculations with fluctuating nucleon substructure, although these datasets would
require even stronger saturation effects than predicted from our framework.
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I. INTRODUCTION

Exclusive particle production processes in deep inelastic
scattering (DIS) are powerful probes of the structure of
protons and nuclei at high energy. The exclusive nature of
the process ensures that there is no net color charge
transferred from the target, which means that at least
two gluons need to be exchanged. This renders the cross
section approximately proportional to the square of the
gluon distribution at leading order [1] (at next-to-leading
order the relation is less direct [2]). Additionally, measuring
the total momentum transfer to the target is possible by
measuring the produced particle, e.g., a vector meson. As
the momentum transfer is the Fourier conjugate to the
impact parameter, exclusive processes provide access to the
spatial distribution of nuclear matter in protons and nuclei.

Indeed, multidimensional imaging using exclusive photon
or vector meson production processes is a central part of the
physics programs of future nuclear-DIS facilities, including
the EIC [3,4], LHeC/FCC-he [5] and EicC [6].
Before these future facilities are realized, it is also

possible to study exclusive vector meson production at
high energy in the photoproduction region in ultraperiph-
eral collisions (UPCs) at RHIC and at the LHC [7,8]. In
UPCs the impact parameter is so large that strong inter-
actions are suppressed, and one of the colliding nuclei acts
as a source of quasi real photons, which probe the other
nucleus. In particular, ultraperipheral heavy-ion collisions
provide access to photon-nucleus scattering at collider
energies for the first time.
Experiments at both RHIC and at the LHC have

performed first measurements of the exclusive J=ψ photo-
production cross section in heavy ion UPCs [9–21]. These
measurements have been extensively studied in the context
of saturation physics, e.g., in Refs. [22–27] (see also
Refs. [28–31] where vector meson production in photon-
nucleus collisions is studied). Very recently first measure-
ments differential in the meson transverse momentum p or
squared momentum transfer jtj have also become avail-
able [15,18,32]. These new developments make it possible
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to study the geometric structure of nuclei, including event-
by-event fluctuations [33], in a so far unexplored kinemati-
cal domain down to x ∼ 10−5. This possibility is the main
motivation behind this work.
We calculate within the color glass condensate frame-

work [34–38] exclusive J=ψ production in ultraperipheral
lead-lead and gold-gold collisions. In particular we show
how the nonlinear saturation effects change the nuclear
geometry (as measured by the J=ψ spectra) when one
moves from the low-energy region described in terms of
nucleon positions following the nuclear density distribu-
tion, such as the Woods-Saxon distribution [39], to the
region of strong color fields in the small momentum
fraction x region probed in collider experiments.
Compared to our previous study [25] we use a full CGC
based setup including perturbative small-x evolution cal-
culated by solving the JIMWLK equation (see e.g.,
[40,41]), which also describes the geometry evolution
[42]. Additionally we take into account the interference
effect due to the fact that it is not possible to know which
nucleus emitted the photon [7,43] and the nonzero photon
transverse momentum [44].
This manuscript is organized as follows. In Sec. II

we discuss how ultraperipheral collisions can be considered
as photon-nucleus events, and show how the interference
effect and photon transverse momentum are taken
into account in our calculations. The calculation of
exclusive vector meson production from a CGC setup
including the small-x evolution is presented in Sec. III.
Numerical results compared to LHC and RHIC data are
presented in Sec. IV before we present our conclusions
in Sec. V.

II. ULTRAPERIPHERAL COLLISIONS

There are two indistinguishable contributions to the
exclusive vector meson production in ultraperipheral colli-
sions, as both of the colliding nuclei can act as a photon
source. Consequently there is also a quantum mechanical
interference contribution which becomes important at small
vector meson transverse momentum jpj [7]. Additionally,
although the photons are quasireal with their virtuality
limited by the nuclear sizeQ2 ≲ 1=R2

A, they carry a nonzero
transverse momentum that can have an effect on the vector
meson transverse momentum spectra, especially near
diffractive minima.
In order to include both the photon transverse momen-

tum k (which is related to transverse distance between the
nuclei B via Fourier transform) and the interference
contribution, we follow Ref. [44]. Let us first consider
coherent vector meson production, where the target
remains intact and one averages the scattering amplitude
over the target configurations Ω [45,46]. The result
derived in Ref. [44] can be written as (see Appendix A
for details)

dσA1þA2→VþA1þA2

dp2dy
¼ 1

4π

Z
jBj>Bmin

d2BjhMjðy;p;BÞiΩj2;

ð1Þ

where

Mjðy;p;BÞ ¼ BjM0ðy;p;BÞ −Mj
1ðy;p;BÞ

− ½BjM0ð−y;p;−BÞ
þMj

1ð−y;p;−BÞ�e−ip·B; ð2Þ

and

M0ðy;p;BÞ ¼
Z

d2be−ip·bð−iÃðy;bÞÞF̃ Sðy;b −BÞ;

Mj
1ðy;p;BÞ ¼

Z
d2be−ip·bð−iÃðy;bÞÞbjF̃ Sðy;b − BÞ:

ð3Þ

An equivalent expression to Eq. (2) is given in Eq. (A9)
where the symmetry in the exchange between photon
emitter and target is manifest.
The vector meson production amplitude in photon-target

interaction, Ãðy;bÞ, is discussed in more detail in Sec. III.
The transverse coordinate index is j ¼ 1, 2. Here the

vector meson V rapidity is denoted by y, and its transverse
momentum p is obtained as a vector sum of the photon
transverse momentum k and the nuclear momentum trans-
fer Δ. The photon transverse momentum and the momen-
tum transfer are not explicitly visible above as we work in
coordinate space, see discussion in Appendix A.
The impact parameter of the photon-nucleus collision is

denoted by b. The integral over the transverse separation
between the two nuclei, B, is limited from below in
ultraperipheral collisions, and we use Bmin ¼ 2RA where
RA ¼ 6.62 fm for Pb and RA ¼ 6.37 fm for Au unless
stated otherwise.
The function F S describes the electromagnetic field of

the nucleus calculated using an equivalent photon approxi-
mation Fourier transformed into coordinate space. As we
only need the electromagnetic field at distances jBj ≥ 2RA,
the nuclear form factor can be replaced by that of a point
particle following Gauss’ law (we have confirmed that
using a Woods-Saxon form factor has negligible effect on
our results). In this case the function F S reads

F̃ Sðy;BÞ ¼
Zαem1=2ω

πγ

1

jBjK1

�
ωjBj
γ

�
: ð4Þ

The photon energy is ω ¼ ðMV=2Þey, Z is the ion charge
and γ ¼ A

ffiffiffi
s

p
=ð2MAÞ whereMA is the mass of the nucleus.

The vector meson mass is denoted by MV. As discussed
above and in Appendix A, the impact parameterB is related
to the photon transverse momentum and as such the size of
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the nucleus sets the scale for the photon transverse
momenta. In this work we use a sharp cutoff jBj > Bmin
which potentially has an effect on the photon kT distribu-
tion as discussed in Ref. [47].
The results shown in this work are not highly sensitive to

the Bmin cut; for example, the total coherent J=ψ production
cross section at the LHC discussed in Sec. IV B changes by
∼3% when the minimum distance is changed by 10%.
We further note that at midrapidity and for coherent

production [using the fact that h−iÃðy;bÞiΩ is real] the
amplitude in Eq. (2) averaged over configurations can be
cast into a simple form

hMjð0;p;BÞiΩ ¼ 2ieip·B=2Imfe−ip·B=2½BjhM0ð0;p;BÞiΩ
− hMj

1ð0;p;BÞiΩ�g: ð5Þ

Let us next discuss some commonly used approxima-
tions. First, as the photon transverse momentum is small,
k2 ≲Q2 ∼ 1=R2

A, it can usually (but not around diffractive
minima) be neglected. In coordinate space this corresponds
to assuming jBj ≫ jbj. In this case the cross section can be
written as

dσA1þA2→VþA1þA2

dp2dy
¼ 1

4π

�
NðωþÞ

����
Z

d2b e−ip·bh−iÃðy;bÞiΩ
����2 þ Nðω−Þ

����
Z

d2be−ip·bh−iÃð−y;bÞiΩ
����2

−
�Z

jBj>Bmin

d2B
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nðω−;BÞnðωþ;BÞ

p
cosðp ·BÞ

�

× 2Re

��Z
d2b e−ip·bh−iÃðy;bÞiΩ

��Z
d2b eip·bh−iÃð−y;bÞiΩ

��	
; ð6Þ

where ω� ¼ ðMV=2Þe�y and we write the photon flux as

Nðω�Þ ¼
Z
jBj>Bmin

d2B nðω�;BÞ; ð7Þ

and

nðω;BÞ ¼ jBj2F̃ Sðy; jBjÞ2 ¼
Z2αemω

2

π2γ2
K2

1

�
ωjBj
γ

�
: ð8Þ

At midrapidity this further simplifies and one obtains

dσA1þA2→VþA1þA2

dp2dy

����
y¼0

¼ 1

4π

Z
jBj>Bmin

d2B

����
Z

d2b e−ip·bh−iÃð0;bÞiΩ
����22nðω;BÞ½1 − cosðp · BÞ�: ð9Þ

This is the result derived also in Ref. [7], and it shows that
the interference effect results in a cross section that
vanishes at p ¼ 0 at midrapidity. Physically the destructive
interference can be understood by noticing that the vector
meson has a negative parity, and the reflection of spatial
coordinates is equivalent to changing which proton or
nucleus acts as the photon emitter.
Furthermore, if both the interference effect and the

photon transverse momentum are neglected, one recovers
the standard result

dσA1þA2→VþA1þA2

dp2 dy
¼ NðωþÞ

dσγ
�þA→VþA
þ
dp2

þ Nðω−Þ
dσγ

�þA→VþA
−

dp2
; ð10Þ

where the diffractive cross section for the γ� þ A → V þ A
subprocess reads

dσγ
�þA→VþA
�
dp2

¼ 1

4π

����
Z

d2b e−ip·bh−iÃð�y;bÞiΩ
����2: ð11Þ

Here the squared center-of-mass energy for the photon-
nucleon system W2 determines y, and dσγ

�þA→VþA
þ and

dσγ
�þA→VþA
− refer to the photon-nucleus cross sections

where the target structure is probed at different longitudinal
momentum fractions xP ¼ ðMV=

ffiffiffi
s

p Þe∓y.
Let us finally discuss incoherent vector meson produc-

tion, referring to the events where the target nucleus is
excited (denoted by A�) and dissociates. In that case the
average over target configurations Ω is taken at the cross
section level to calculate the total diffractive vector meson
production cross section, from which the coherent cross
section is subtracted [46]. Thus the cross section becomes
sensitive to the event-by-event fluctuations in the scattering
amplitude, and probes the target spatial density fluctuations
[33,48,49].

NUCLEAR GEOMETRY AT HIGH ENERGY FROM EXCLUSIVE … PHYS. REV. D 106, 074019 (2022)

074019-3



The incoherent cross section dominates at large
p2 ≳ 1=R2

A, where RA is the size of the nucleus. Because
the photon transverse momentum is limited by the inverse
size of the nucleus, we neglect the photon k when
calculating the incoherent cross section. The interference
effect also has a non-negligible contribution only in the
very small p2 region as demonstrated in Appendix B. As
this is exactly the region where the coherent process
dominates, the interference effect is negligible for the
incoherent cross section.
The incoherent cross section in γ� þ A scattering can be

written as

dσγ
�þA→VþA�
�
dp2

¼ 1

4π


����
Z

d2be−ip·bð−iÃð�y;bÞÞ
����2
�

Ω

−
1

4π

����
Z

d2be−ip·bh−iÃð�y;bÞiΩ
����2: ð12Þ

The incoherent cross section in ultraperipheral collisions is
then obtained using Eq. (6) [or Eq. (10) which is a very
good approximation in the kinematical domain where the
incoherent process is relevant]. As a variance the incoherent
cross section is directly proportional to the amount of
event-by-event fluctuations in the scattering amplitude.
Additionally, as the impact parameter is the Fourier con-
jugate to the momentum transfer, the incoherent cross
section in different transverse momentum regions probes
these fluctuations at different length scales as we will
demonstrate in Sec. IV, see also Refs. [25,29,30,50].

III. VECTOR MESON PRODUCTION
AT HIGH ENERGY

At high energies it is convenient to describe vector meson
production in photon-nucleus scattering in the dipole
picture. In the frame where the photon has a large longi-
tudinal momentum the photon splits into a quark-antiquark
pair long before it interacts with the color field of the target.
The γ → qq̄ splitting is a QED process and described in
terms of the photon light front wave function Ψγ [51]. The
elastic dipole-target interaction is given in terms of the
dipole-target scattering amplitude Nðr;b; z; xPÞ, where z is
the fraction of the photon light cone momentum carried by
the quark, r is the quark-antiquark separation and b the
impact parameter (distance from the center of the nucleus to
the center-of-mass of the dipole)1 which depends implicitly
on the target color-charge configuration Ω. Finally, a non-
perturbative vector meson wave function ΨV is used to
describe the formation of a vectormeson after the interaction
with the target. The scattering amplitude for this process at
leading order reads [52,53]

−iÃðy;bÞ ¼
Z

d2r
Z

1

0

dz
4π

½Ψ�
VΨγ�ðQ2; r; zÞNðr;b; z; xPÞ;

ð13Þ

at fixed impact parameter b. Here we take Q2 ¼ 0 for the
photon virtuality. We only include the contribution where
the photon and vector meson are transversely polarized, as
the polarization changing contribution is negligible in the
kinematical domain studied in this work [54].
We use the boosted Gaussian parametrization for the J=ψ

wave function ΨV with the parameters given in Ref. [55].
There are also other vector meson light front wave
functions proposed in the literature, e.g., in Refs. [56–
58]. Using other wave function models mostly affects the
overall normalization of the cross section and has only a
minor effect on the shape of the t spectra, which is the main
focus of this work. Additionally, the nucleon density, which
controls this normalization, is fixed to reproduce the J=ψ
photoproduction cross section at HERA as will be dis-
cussed shortly. Consequently, our results are expected to
depend only weakly on the actual model chosen for the J=ψ
wave function. We also note that the field is rapidly moving
towards next-to-leading order accuracy, in particular the
exclusive vector meson production cross section has
recently become available at NLO [59–63]. However,
our main focus is on the role of saturation effects on
nuclear geometry, using the very generic relation between
the impact parameter and the momentum transfer, and we
expect the NLO corrections to have only a moderate effect
on our results. For example the higher order corrections
have been shown to have only a few percent effect on the
nuclear suppression factor in exclusive vector meson
production [64].
To describe the dipole-target scattering and calculate the

dipole amplitude Nðr;b; z; xPÞ we use a Color Glass
Condensate based framework as in Ref. [54] (see also
Refs. [29,48,49,65]). The target structure is described in
terms of the Wilson lines VðxÞ (that depend on the target
configuration Ω and the target momentum fraction xP), and
the dipole-target scattering amplitude reads2

Nðr;b; z; xPÞ ¼ 1 −
1

Nc
tr½Vðbþ ð1 − zÞrÞV†ðb − zrÞ�:

ð14Þ
To obtain the Wilson lines that describe the target structure
at xP ¼ 0.01, we use the McLerran-Venugopalan model
[66,67] where the color charge density ρ is assumed to be a
local Gaussian variable (see also Refs. [68,69] where a
complementary approach is taken to determine the proton
color charge correlator),

1More precisely, we have b ¼ zxþ ð1 − zÞy, where x
and y are the transverse positions of the quark and antiquark
respectively.

2Note that by including the z dependence in the argument of
the dipole, we are effectively including the nonforward phase
[40,53].
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g2hρaðx−;xÞρbðy−; yÞi ¼ δabδð2Þðx − yÞδðx− − y−Þ
× g4λAðx−Þ: ð15Þ

The local color-charge density μ2 ¼ R
dx−λAðx−Þ is

determined from the local saturation scale Q2
s of the target

extracted from the IPsat parametrization [70] fitted to the
HERA data [71]. The proportionality constant c in the
relation

Qs ¼ cg2μ; ð16Þ
is determined by requiring a correct normalization to the
HERA J=ψ production data as discussed below (see also
Ref. [72]). In the IPsat model the local saturation scale
Q2

sðxÞ is proportional to the local transverse density TpðxÞ.
For nuclei, we first sample nucleon positions from a
Woods-Saxon distribution, and then calculate the total
density by summing the nucleon density profiles [73].
The proton geometry is constrained by HERA data.

When nucleon substructure is not included, the nucleon
density profile is approximated by a Gaussian

TpðbÞ ¼
1

2πBp
e−b

2=ð2BpÞ: ð17Þ

We also calculate results including the nucleon shape
fluctuations following Refs. [48,49], in which case we have

TpðbÞ ¼
1

2πBqNq

XNq

i¼1

pie−ðb−biÞ2=ð2BqÞ; ð18Þ

where the hot spot positions bi are sampled from a
Gaussian distribution that has a width Bqc, and the
center-of-mass is moved to the origin after the sampling.
In this work we use Nq ¼ 3 hot spots. The factors pi are
used to implement additional density (Q2

s) fluctuations, and
are sampled from a log-normal distribution

Pðln piÞ ¼
1ffiffiffiffiffiffi
2π

p
σ
exp

�
−
ln2pi

2σ2

�
: ð19Þ

The sampled pi are normalized by the expectation value of
the distribution E½pi� ¼ eσ

2=2 in order to keep the average
density unmodified.
The Wilson lines are obtained in terms of the sampled

color charge configuration as a path ordered exponential,

VðxÞ ¼ P− exp

�
−ig

Z
dx−

ρaðx−;xÞta
∇2

x − m̃2

	
; ð20Þ

where m̃ is an infrared regulator whose value is also fixed
by the HERA data.
To obtain the Wilson lines, and the dipole-target ampli-

tude, at smaller xP < 0.01 we evolve the sampled con-
figurations event-by-event by solving the JIMWLK

equation with running coupling corrections following again
Refs. [54,65,74] (see also Ref. [75]). The long distance
Coulomb tails are regulated by introducing an exponential
suppression for the gluon emission at long distances to the
JIMWLK kernel by replacing

Ki
x ¼ xi

x2
→ mjxjK1ðmjxjÞ x

i

x2
: ð21Þ

The strong coupling constant as a function of transverse
distance scale r reads

αsðrÞ ¼
12π

ð11Nc − 2NfÞ ln
��

μ2
0

Λ2
QCD

�
1=ζ

þ
�

4
r2Λ2

QCD

�
1=ζ

�
ζ
:

ð22Þ

The value of the coordinate space ΛQCD is fixed by the
energy dependence of the HERA J=ψ production data as
we will discuss next, and we use μ0 ¼ 0.28 GeV, ζ ¼ 0.2,
and Nf ¼ 3 as e.g., in Refs. [65,76].
As alluded to several times already, the model param-

eters are constrained by comparing with the coherent and
incoherent J=ψ photoproduction data measured at HERA at
photon-proton center-of-mass energy W ¼ 75 GeV [77]
(when nucleon shape fluctuations are not included, we only
require a good description of the coherent spectra).
Additionally, we require that the total coherent J=ψ photo-
production cross section in γ þ p scattering as a function of
W is compatible with the H1 [77,78], ZEUS [79], ALICE
[11,12], and LHCb [16,17] data.
For comparison, we also show some results obtained by

using a dipole amplitude from the IPsat parametrization
[55]. When the IPsat parametrization is used we also
include the so called skewedness and real part corrections
calculated as in Ref. [25].
The model parameters and the numerical values deter-

mined are summarized below (see also Ref. [80] for a
recent Bayesian analysis of the proton shape fluctuations
without the JIMWLK evolution).

(i) Proportionality constant c between the color charge
density and saturation scale in Eq. (16): c ¼ 0.638
with no proton shape fluctuations, c ¼ 0.643 with
fluctuations.

(ii) Proton size at the initial condition xP ¼ 0.01: Bp ¼
3 GeV−2 with no proton shape fluctuations, and
Bqc ¼ 3.3 GeV−2, Bq ¼ 0.3 GeV−2 when the pro-
ton shape fluctuations are included.

(iii) Magnitude of Qs fluctuations; σ ¼ 0.7 in Eq. (19)
(used with fluctuating nucleon substructure).

(iv) Infrared regulators m ¼ m̃ ¼ 0.4 GeV.
(v) Scale of the strong coupling constant in coordinate

space; ΛQCD ¼ 0.025 GeV (without nucleon
shape fluctuations), ΛQCD ¼ 0.040 GeV (with shape
fluctuations).
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The value for the coordinate space ΛQCD (which is different
from momentum space ΛQCD [76,81,82]) may appear to be
small. We note that generically the leading order (with
αs ln 1=x contributions resummed by small-x evolution
equations) fits in the CGC setup result in too large
evolution speed in Bjorken-x when compared to HERA
data [65,74,83]. In order to obtain an x dependence
compatible with the HERA measurements, one effectively
takes ΛQCD to be a fit parameter, and the small value
obtained for it is expected to capture most important higher
order effects. Its value is also correlated with the value
chosen for the infrared regulator m in the JIMWLK
evolution [65]. Indeed first fits to HERA structure function
data at next-to-leading order do not require as small values
forΛQCD [84]. This parametrization gives αs ¼ 0.14 or 0.16
at the typical scale r ¼ 1=MJ=ψ depending on the value
used for ΛQCD.
With these parameters, we obtain a good description of

the J=ψ spectra at W ¼ 75 GeV as shown in Fig. 1. The
coherent spectrum constrains the size of the proton and the
overall density, and the incoherent cross section determines
the amount of fluctuations. In practice, the hot spot size
determines the slope of the incoherent spectra in the jtj ∼
1 GeV2 region. The density (Qs) fluctuations are most
important at low jtj [49], and at high jtj the color charge
fluctuations that result in a powerlike incoherent spectrum
become visible [29] (see also Ref. [85] where additional
substructure at smaller distance scales is introduced, and
Ref. [50] for an analytical study of the role of the geometry
and color charge fluctuations). Without shape fluctuations
only the color charge fluctuations contribute to the inco-
herent cross section at all jtj. Using the fitted parameters, an
excellent agreement of the energy dependence over a wide
center-of-mass energy range is also obtained as illustrated
in Fig. 2.
Let us finally note that the framework applied here is

applicable in the high energy limitwhere the parton densities

in the nucleon are very large and theDGLAP scale evolution
[86–89] can be neglected. We note that there are also other
collinear factorization based approaches that can be used
to describe exclusive vector meson production in ultra-
peripheral collisions using (generalized) parton distribution
functions, see for example Refs. [2,90–92].

IV. RESULTS

A. Vector meson spectra at the LHC

The coherent J=ψ production cross section in ultra-
peripheral lead-lead collisions at the LHC as measured by
the ALICE Collaboration [15] and calculated from the
CGC setup is shown in Fig. 3. The transverse momentum
spectra are shown in Fig. 3(a), and in order to more
precisely compare the theory calculations to the experi-
mental data we show in Fig. 3(b) the calculated cross
sections divided by the ALICE data in the experimental
J=ψ transverse momentum pT ¼ jpj bins.
The main result from our setup is labeled as CGC,

and includes saturation effects, a nonzero photon
transverse momentum and the interference effect. We also
show separately the result obtained by neglecting the
photon transverse momentum k but including the inter-
ference effect corresponding to Eq. (9) (referred to as
Interference, no kT), and by neglecting both the interfer-
ence and the photon k corresponding to Eq. (10) (referred
to as No interference, no kT). Nucleon substructure
fluctuations are not included in any theory calculation
here as they have a negligible effect on the shape of the
coherent spectra. The dotted line (Form factor) shows the
squared two dimensional Fourier transform of the Woods-
Saxon density profile, which is the result we would
approximatively get in the absence of nonlinear effects
assuming that the dipole scattering amplitude is propor-
tional to the nuclear thickness [31] as e.g., in the IPnonsat

FIG. 1. Coherent and incoherent J=ψ photoproduction cross
section calculated from the CGC framework with and without
proton shape fluctuations compared to the H1 data [77]. The
bands show statistical uncertainties of the calculations.

FIG. 2. Total coherent J=ψ photoproduction cross section in
γ þ p scattering compared to the H1 [77,78], ZEUS [79], ALICE
[11,12] and LHCb [16,17] data. For comparison the calculation
using the IPsat parametrization for the dipole amplitude from
Ref. [55] is also shown.
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model discussed in Ref. [55], and neglecting interference
and the photon transverse momentum.
The nucleon density is fixed in Sec. III by comparing to

the HERA data, but the uncertainties in the data limit how
accurately the proportionality constant betweenQs and g2μ
in Eq. (16), which controls the overall normalization, can
be determined. However, as we will discuss in more detail
below, this procedure in general leads to a too large
normalization for the coherent cross section with nuclear
targets compared to experimental data. As at this point we
are interested in the shape of the spectra, which probe the
nuclear geometry, the theory calculations compared to the
ALICE measurements are normalized by a constant factor
0.65 determined such that the full CGC calculation matches
the ALICE data in the second-to-lowest transverse momen-
tum bin. Consequently, we only include statistical and
uncorrelated systematical uncertainties (added in quadra-
ture) to the experimental error bands that are shown in the
figures. The overall magnitude of the predicted cross
section is discussed in more detail in Sec. IV B.
The nonlinear effects included in the CGC calculation

are found to significantly improve the description of the
ALICE data (we however note that a pT spectrum that
differs from the form factor has also been obtained in
Ref. [93] without including nonlinear dynamics). The fact
that gluon saturation leads to a steeper spectrum is
expected, as at the center of the nucleus one is closer to
the black disc limit and the density profile of the nucleus
starts to resemble that of a step function instead of the
Woods-Saxon profile. We will demonstrate this effect in
more detail later when discussing Fig. 8. However, even
with the nonlinear dynamics included we do not get as
steeply falling spectra as seen in the ALICE data. The

photon transverse momentum has the important effect of
smearing out the first diffractive minimum almost
completely.
In order to illustrate in more detail the role of

the interference effect we show the smallest p2
T part of

the spectrum again in Fig. 4(a). Here we clearly see how the
interference effect suppresses the cross section in the very
low p2

T ≲ 0.0005 GeV2 region. We note that the descrip-
tion of the ALICE data does not require the inclusion of this
effect. To quantify the interference effect and the role of the
photon transverse momentum in more detail we show in
Fig. 4(b) the cross sections calculated by neglecting the
photon transverse momentum, or both the photon k and the
interference effect, normalized by the full CGC result.
Again the large interference effect at very small p2

T is
clearly visible, as well as the fact that the interference effect
becomes negligible above p2

T ≳ 0.005 GeV2.
We note that although the interference effect is important

especially at small p2
T , and the photon transverse momen-

tum significantly alters the spectra around the diffractive
dip, these two effects in total increase the pT integrated
cross section by only ≈3%. As the interference is maximal
at midrapidity [7], we conclude that both of these effects
have a negligible effect on pT integrated cross sections that
we study in Sec. IV B.
The ALICE Collaboration also reported in Ref. [15] the

differential cross section for the coherent J=ψ production in
γ þ Pb collisions, extracted from the measured cross
section in Pbþ Pb collisions. The data is reported as a
function of squared momentum transfer jtj. In the frame
where the photon has no transverse momentum t ≈ −p2. In
practice, to extract the cross section for the γ þ Pb
scattering the ALICE Collaboration removed the

FIG. 3. Coherent J=ψ production in ultraperipheral Pbþ Pb collisions at
ffiffiffi
s

p ¼ 5020 GeV. The theory calculations are normalized by
a factor 0.65, determined such that the full calculation matches the ALICE data in the second-to-lowest p2 bin. ALICE data [15] (that
corresponds to xP ≈ 0.0006) includes statistical and uncorrelated systematical uncertainties.
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contribution from the photon transverse momentum and the
interference effect. The ALICE data compared to the
theoretical predictions calculated using Eq. (11) are shown
in Fig. 5 where we again show both the spectra and ratios to
the data in the experimental squared momentum transfer
bins. The theory calculations are normalized separately to
describe the data at the second-to-lowest jtj bin and the
applied normalization factors are shown in the legends.
We again find that if nonlinear dynamics is not included,

the obtained J=ψ production spectra (Fourier transform of
the form factor squared) is clearly less steep than the
ALICE data. On the other hand, with nonlinear dynamics
included in the CGC setup a good description of the ALICE
data is obtained except in the lowest jtj bin where we
underestimate the ALICE data. The disagreement in the
smallest jtj bin can be traced back to the fact that we predict
a stronger interference effect in Pbþ Pb collisions than

what is visible in the data, see Fig. 4(a). We note that
obtaining a steep enough spectrum in γ þ Pb collisions
from our setup, as we do, was not expected, as the shape of
the Pbþ Pb data is not well described [see Fig. 3(b)]. In
particular we note that in our calculation the nonzero
photon transverse momentum renders the spectrum less
steep when one moves from γ þ Pb to Pbþ Pb collisions,
which is opposite to what the ALICE data indicates.
In Fig. 5 we also show for comparison the result obtained

by neglecting the JIMWLK evolution and evaluating the
dipole amplitude at initial xP ¼ 0.01. As the evolution
results in a larger nucleus, at smaller xP the J=ψ spectrum is
steeper and in a better agreement with the ALICE data. We
additionally show a result obtained using the IPsat para-
metrization from Ref. [55] (used e.g., in Ref. [25] to study
J=ψ production in UPCs) for the dipole-nucleus scattering
amplitude, in which case we obtain a very similar result as

FIG. 4. Coherent J=ψ production in ultraperipheral Pbþ Pb collisions at
ffiffiffi
s

p ¼ 5020 GeV compared to the ALICE data [15] in the
low J=ψ momentum region, and effect of the contributions from the interference effect and photon transverse momentum.

FIG. 5. Coherent J=ψ production in γ þ Pb collisions at W ¼ 125 GeV wich corresponds to midrapidity in ultraperipheral Pbþ Pb
collisions at

ffiffiffi
s

p ¼ 5020 GeV. The theory calculations are normalized to match the data in the second-to-lowest t bin. The ALICE data
[15] includes statistical and uncorrelated systematical uncertainties.
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with the full CGC setup. A slightly less steep spectrum
obtained with the IPsat dipole is expected, as the growing
nuclear size with decreasing xP is not included in the
IPsat model.
In the following we investigate the effect of different

nuclear radius parameters in the Woods-Saxon parametri-
zation. A larger nuclear radius is also motivated by the
STAR Collaboration having measured exclusive πþπ− pair
production in ultraperipheral Auþ Au collisions, which
indicates that the gluonic radius of the Au nucleus is larger
than the nuclear charge radius extracted from low energy
scattering experiments [94]. This is in contrast to the proton
case, where the gluonic radius extracted from exclusive
processes is smaller than the electromagnetic radius [46].
Similarly, the analysis of Ref. [83] suggests that the heavy
quarks in the proton, that originate from gluons, are located
at a smaller transverse radius than the light quarks.
We calculate coherent J=ψ production at midrapidity

using three different radii for the Pb nucleus at xP ¼ 0.01
where the nucleon positions are sampled from the Woods-
Saxon distribution. Our default choice is R ¼ 6.62 fm for
the radius parameter in the Woods-Saxon parametrization
[95]. In Ref. [94] the STAR Collaboration extracts an
approximately 4% larger radius for Au compared to the
standard literature value. The neutron skin effect can
also result in an up to ∼0.2 fm larger gluonic size for
the nucleus compared to the standard value determined
from low-energy electromagnetic interactions [96,97].
Correspondingly we use 2.4% and 4.8% larger radii
(R ¼ 6.78 fm and R ¼ 6.94 fm) at the initial condition
of the JIMWLK evolution. The resulting spectra in Pbþ Pb
collisions calculated from the full CGC setup where the
interference effect and the photon transverse momenta are
included are shown in Fig. 6.
Larger nuclei result in steeper spectra and an improved

agreement with the ALICE Pbþ Pb → J=ψ þ Pbþ Pb
data. We note that we need a relatively large R ≈ 7 fm

to describe the (gluonic) radius of the Pb nucleus at xP ¼
0.01 in order to obtain a steep enough spectrum, compatible
with the ALICE measurements. We emphasize that, as
demonstrated above, the nonlinear dynamics also renders
the spectra steeper by altering the spatial density profile of
the nucleus as we will demonstrate explicitly below when
discussing Fig. 8. Consequently without nonlinear dynam-
ics an even larger nucleus would be needed in order to
obtain a steep enough spectrum that describes the
ALICE data.3

The steeper spectra also result in smaller p2
T integrated

cross sections. Compared to the default setup with
R ¼ 6.62 fm, we obtain 2.5% and 5.3% smaller cross
sections when using R ¼ 6.78 fm or R ¼ 6.94 fm nuclei.
This is a non-negligible effect that should be kept in mind
when also comparing the p2

T integrated cross sections to the
LHC data. For the remainder of this paper, we will use the
default value R ¼ 6.62 fm, which also results in a good
agreement with the ALICE γ þ Pb → J=ψ þ Pb spectra, as
shown in Fig. 5.
Next we study J=ψ production away from midrapidity

where the first J=ψ transverse momentum spectrum has
been measured recently [18]. In this case there are always
high-xP and low-xP contributions, and due to the different
kinematics the two amplitudes for the γ þ Pb → J=ψ þ Pb
scattering are not identical. Consequently the destructive
interference at pT ¼ 0 is not complete. This is demon-
strated in Fig. 7 where we show predictions for the coherent
J=ψ production in Pbþ Pb collisions at

ffiffiffi
s

p ¼ 5020 GeV
in the forward region (y ¼ 2.75) as a function of squared
J=ψ transverse momentum p2

T . The cross sections are again
calculated using the full setup, neglecting the photon
transverse momentum, and neglecting both the photon
kT and the interference effect.
For comparison we show in Fig. 7 the LHCb data

measured in the rapidity interval 2.0 < y < 4.5. Note that
we can only calculate scattering amplitudes below the
initial value xP ¼ 0.01 used to initialize our setup,
which limits our setup to be applicable only in the region
jyj < 2.79 at

ffiffiffi
s

p ¼ 5020 GeV. Consequently we can not
calculate spectra in exactly the same kinematics as where
the LHCb data is measured. Furthermore, the LHCb reports
the cross section as dσ=dy dpT in transverse momentum
bins. To transform this data to dσ=dy dp2

T we calculate
the mean transverse momentum hpTi used in the
Jacobian as

hpTi ¼
R
dpTpT

dσ
dpTR

dpT
dσ
dpT

; ð23Þ

FIG. 6. Coherent J=ψ production cross section in Pbþ Pb
collisions calculated using the full CGC setup with different size
parameters for the Pb nucleus at xP ¼ 0.01 compared to the
ALICE data [15].

3Note that when using finite size nucleons, the Woods-Saxon
parameters should be adjusted to recover the original distribution,
but this leads only to an approximately 1% increase in R for the
Pb nucleus [98,99].
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using the transverse momentum spectrum calculated from
the full CGC setup that includes the interference effect and
the photon transverse momentum. This transformation
introduces an additional uncertainty not reflected in the
experimental uncertainty bands especially in the smallest
transverse momentum bins.
Keeping this difference in mind, we find a very good

description of the LHCb spectra when both the interference
effect and the photon transverse momentum are included.
The overall normalization is again overestimated and
consequently the theory curves in Fig. 7 are scaled by
the same factor as above when compared to the midrapidity
ALICE data. However as the rapidity bins in experimental
data and theory calculation do not match, some differences
in the absolute normalization are also expected.
Compared to the form factor, we again find that

calculations including nonlinear dynamics result in a
steeper spectrum except in the dip region. However,
compared to the midrapidity kinematics studied above,
the difference between the full result and the Fourier
transform of the form factor is smaller. This is due to
the fact that a significant contribution to the cross section
originates from the larger xP ≈ 0.01where nonlinear effects
are not as strong as at lower xP.
The fact that the destructive interference is not complete

at zero pT is clearly visible in Fig. 7(b), where we see that at
p2
T ¼ 0 the interference effect suppresses the cross section

only by roughly a factor of 2 in this kinematics. The
interference effect is also clearly visible in the LHCb data,
but note that there is some additional uncertainty in the
Jacobian used to transform the experimental data to
dσ=dy dp2

T . The photon transverse momentum again has
a negligible effect at low p2

T, and the calculation that
includes the interference effect but no photon kT [Eq. (6)]
describes the spectra very accurately as long as one is far
away from the diffractive minima. Around the first dif-
fractive minimum at p2

T ≈ 0.015 GeV2 the nonzero photon

transverse momentum again has a large effect and the first
diffractive minimum is again almost completely removed.
The interference effect and the photon transverse momen-
tum in total have an ≈4.5% effect on the pT integrated
coherent cross section.
Let us next illustrate the discussed role of saturation

effects on the nuclear geometry. In Fig. 8 we show the
calculated transverse density profile of the nucleus,
extracted form the calculated γ þ Pb → J=ψ þ Pb spectra
(without nucleon substructure). The average transverse
profile is obtained as a two dimensional Fourier transform
assuming that the scattering amplitude is purely real or
purely imaginary (see e.g., Refs. [8,100]),

TAðbÞ ∝
Z

Δ dΔ J0ðbΔÞð−1Þn
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dσγ

�þPb→J=ψþPb

djtj

s
; ð24Þ

FIG. 7. Coherent J=ψ production in ultraperipheral Pbþ Pb collisions at
ffiffiffi
s

p ¼ 5020 GeV at rapidity y ¼ 2.75 compared to the LHCb
data [18]. The theory calculations are normalized by the same factor as used when comparing to the ALICE midrapidity spectra.

FIG. 8. Transverse density profile of the Pb nucleus at different
xP as extracted from the calculated γ þ Pb → J=ψ þ Pb spectra.
The uncertainty band is obtained by varying the upper limit of the
jtj integration between 0.07…0.1 GeV2 and the number of
nuclear color charge configurations used to calculate coherent
J=ψ production cross section.
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and normalized such that
R
d2bTAðbÞ ¼ 208. The sign of

the scattering amplitude changes at diffractive minima,
which is taken into account by the factor ð−1Þn where n is
the number of minima at momentum transfers smaller
than Δ. For comparison the corresponding profile function
calculated from the Woods-Saxon distribution is
also shown. We note that the Woods-Saxon distribution
is used as an input from which the locations for protons and
neutrons are sampled at xP ¼ 10−2. The xP values shown
in the figure correspond to midrapidity (xP ≈ 6 × 10−4)
and forward y ¼ 2.75 kinematics (xP ≈ 10−2 and
xP ≈ 4 × 10−5) at the LHC.
The fact that nonlinear effects render the density profile

flat at small impact parameters is clearly visible especially
at smaller xP. In the dipole picture used in this work, this is
a natural consequence of the unitarity bound for the dipole-
nucleus scattering amplitude. At large impact parameters
the growth of the nucleus toward small-xP as a result of the
JIMWLK evolution is also clearly visible.
At larger p2

T ≳ 0.05 GeV2 the incoherent production
dominates. As the incoherent process is sensitive to the
event-by-event fluctuations of the scattering amplitude (see
discussion in Sec. III and Ref. [33] for a review), we next
study exclusive J=ψ production as a function of p2

T
focusing on the large momentum transfer region. In this
kinematical domain the photon transverse momentum is
negligible compared to the J=ψ transverse momentum (note
that there are no dips in incoherent spectra around which
the small photon k would have a dominant effect) and we
do not include it in the calculations. Furthermore the
interference effect is also not visible in this kinematical
domain as demonstrated in Appendix B.
The incoherent cross sections calculated with and with-

out nucleon substructure fluctuations are shown in Fig. 9.
The substructure fluctuations are found to increase the

incoherent cross section significantly by resulting in a less
steeply falling spectrum at p2

T ≳ 0.25 GeV2. At lower pT
the incoherent cross sections are approximately identical.
Physically, the substructure has an effect in the large p2

T ≳
0.25 GeV2 region, because at high momentum transfer one
is sensitive to fluctuations at short distance scales. In fact, if
the dipole scattering amplitude is proportional to the local
density TðbÞ, then the width of the smallest fluctuating
constituents determines the p2

T slope of the incoherent cross
section at high p2

T as shown in Ref. [30] (neglecting the
color charge fluctuations). On the other hand, at lower p2

T
fluctuations at longer distance scale, the fluctuating posi-
tions of the protons and neutrons that are the same in both
setups, dominate.
These results are similar to what has been found using

the IPsat parametrization for the dipole amplitude in
Ref. [25]. In addition to that previous analysis our frame-
work also includes color charge fluctuations that e.g., result
in a nonzero incoherent cross section for the process
γ þ p → J=ψ þ p� even in the absence of geometry fluc-
tuations, as demonstrated in Fig. 1. We find that the color
charge fluctuations render the incoherent slope less steep at
high p2

T ≳ 0.6 GeV2 in Pbþ Pb collisions when nucleon
substructure is not included, and the shape of the spectra
changes from an exponential towards a power law as
seen also in Fig. 1 and in Ref. [29]. When substructure
fluctuations are included the effect of the color charge
fluctuations is not as clearly visible in the studied p2

T range.

B. Total coherent and incoherent cross sections
at the LHC

To complete our discussion of the vector meson pro-
duction in lead-lead collisions at the LHC, we show here
the pT integrated J=ψ production cross sections as a
function of J=ψ rapidity. As discussed previously, the
interference effect and the photon transverse momentum
have negligible effects on the integrated cross sections. We
show results in the kinematics where xP < 0.01.
We begin by comparing to the coherent cross section

measurements at
ffiffiffi
s

p ¼ 5020 GeV by the ALICE [13,14]
and LHCb [18,19] Collaborations. The results calculated
with and without nucleon substructure fluctuations
are shown in Fig. 10. Similarly, the results at

ffiffiffi
s

p ¼
2760 GeV compared to the ALICE [9,10] and CMS
[20] data are shown in Fig. 11. Note that the extra
normalization factors used above when comparing to the
measured meson p2

T spectra are not included here when we
calculate the pT integrated cross sections in this work.
We find that both the CGC calculations (with and

without nucleon substructure) describe the rapidity (or
xP ¼ MJ=ψe∓y=

ffiffiffi
s

p
) dependence of the experimental data

reasonably well. The normalization is generically overesti-
mated, except when comparing with the ALICE forward
rapidity data. We note that in our current setup the

FIG. 9. Incoherent J=ψ production cross section as a function of
squared meson transverse momentum p2

T in Pbþ Pb collisions atffiffiffi
s

p ¼ 5020 GeV at midrapidity, calculated with and without
nucleon shape fluctuations. The photon transverse momentum is
neglected. No artificial normalization factors are applied to the
calculated spectra.
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normalization is fixed by the HERA J=ψ production data in
γ þ p collisions. Although the HERA data does not
constrain the normalization precisely (see discussion in
Sec. III and Fig. 2), our results indicate that we find too
small nuclear suppression compared to what the LHC data
indicates. This appears to be a generic feature in dipole
model calculations where nuclear suppression in exclusive
J=ψ photoproduction is generically of the order of ∼30%
[54,56] in the considered kinematics. This is a smaller
suppression than what the LHC Pbþ Pb data suggests
when compared to the impulse approximation which
corresponds to the scaled γ þ p cross section [20] (see
also Refs. [2,92] where the magnitude of the nuclear effects
has been found to be compatible with the EPPS16 [101]
and nCTEQ15 [102] nuclear PDFs). Possible uncertainties
in the J=ψ wave function can not completely explain the too
small nuclear suppression found in our calculation [56]. In
Sec. IVAwe found that the shape of the p2

T spectra prefers a
large nucleus (see Fig. 6) which would reduce the t

integrated cross section by ∼6%. This reduction would
result in a slightly better agreement with the LHC data.
The coherent cross section obtained with the nucleon

shape fluctuations is ∼7% smaller than what is obtained
with spherical nucleons. We note again that the coherent
cross sections in γ þ p collision are in practice identical as
shown in Fig. 2 (difference is less than 1% at W ¼
125 GeV corresponding to midrapidity kinematics atffiffiffi
s

p ¼ 5020 GeV).4 Although the coherent cross section
is only sensitive to the average interaction with the target,
we find larger nuclear suppression when substructure
fluctuations are included. This is because the hot spots
can overlap in heavy nuclei, leading to very high local
densities where the nonlinear effects are stronger.
The ALICE Collaboration has measured [10] also the

incoherent J=ψ production cross section at midrapidity atffiffiffi
s

p ¼ 2760 GeV. Similar measurements can be expected atffiffiffi
s

p ¼ 5020 GeV in the near future. The incoherent cross
sections calculated from the CGC setup with and without
nucleon substructure fluctuations at both center-of-mass
energies are shown in Figs. 12 and 13. We find that with the
fluctuating substructure the measured incoherent cross
section at

ffiffiffi
s

p ¼ 2760 GeV is overestimated similarly to
the coherent cross section studied above. The calculation
with spherical nucleons describes the incoherent cross
section data, but we note that it overestimates the coherent
cross section significantly as seen in Fig. 11.
In order to cancel the normalization uncertainty we

calculate the incoherent-to-coherent cross section ratio,
and compare to the ALICE measurements. The results
are shown in Fig. 14 at

ffiffiffi
s

p ¼ 2760 GeV. The ALICE data
point is calculated from the published coherent and
incoherent cross sections [10] assuming completely

FIG. 10. Coherent J=ψ production cross section in ultraper-
ipheral Pbþ Pb collisions at

ffiffiffi
s

p ¼ 5020 GeV as a function of
J=ψ rapidity compared to the ALICE [13,14] and LHCb 2021
[19] and 2022 [18] data.

FIG. 11. Coherent J=ψ production cross section in ultraper-
ipheral Pbþ Pb collisions at

ffiffiffi
s

p ¼ 2760 GeV as a function of
J=ψ rapidity compared to the ALICE [9,10] and CMS [20] data.

FIG. 12. Incoherent J=ψ production cross section in ultra-
peripheral Pbþ Pb collisions at

ffiffiffi
s

p ¼ 5020 GeV as a function of
J=ψ rapidity.

4Note that in Ref. [25] the calculations with and without
substructure fluctuations resulted in different coherent J=ψ
photoproduction cross sections in γ þ p collisions.
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uncorrelated experimental uncertainties. Although our
calculations overestimate both the coherent and incoherent
cross sections, we find an excellent agreement with the
experimental cross section ratio when nucleon substructure
fluctuations are included in the calculation. The ratio is
found to have a weak rapidity dependence originating from
the geometry evolution which renders nucleons smoother at
small x. This geometry evolution has only a moderate effect
on the cross section ratio, as at large jyj there is a two-fold
ambiguity in the kinematics and one has to include both the
small-xP and large-xP contributions. We note that in the
IPsat model calculations in Ref. [25], results with sub-
structure fluctuations were also preferred by the ALICE
data, but the cross section ratio was still slightly overesti-
mated. A weaker rapidity dependence was also predicted
from the IPsat setup as there is no geometry evolution.
Predictions for the same ratio at

ffiffiffi
s

p ¼ 5020 GeV are
shown in Fig. 15, where a slightly smaller ratio is predicted.
This is because at smaller xP the nucleus is smoother,

which suppresses event-by-event fluctuations and reduces
the incoherent cross section.

C. RHIC

In addition to the presented measurements from LHC,
the STAR Collaboration at RHIC has measured exclusive
J=ψ production in ultraperipheral collisions as a function of
squared momentum transfer [32] at midrapidity atffiffiffi
s

p ¼ 200 GeV. This measurement is sensitive to the
nuclear structure at xP ¼ 0.0155, and allows us to also
study center-of-mass energy dependence. The initial con-
dition for the JIMWLK evolution in this work is con-
strained at xP ¼ 0.01 (see discussion in Sec. III), and as
such our framework is applicable only in the xP ≤ 0.01
region. Consequently, when comparing to the RHIC data
we evaluate the dipole amplitude at xP ¼ 0.01 with the
expectation that the small-x evolution in this range has only
a small effect on the cross section. However, we would
generically expect this mismatch to result in too large
overall normalization for the cross sections.
Let us first study coherent vector meson production. The

STAR Collaboration has actually measured the total exclu-
sive J=ψ production cross section [32], which also includes
an incoherent contribution. In order to extract coherent
spectra, STAR subtracts the incoherent cross section
calculated using a STARLIGHT [103] template, fitted to
the data. As the incoherent cross section dominates for
p2
T ≳ 0.02 GeV2 [25], comparisons to this preliminary data

in the high p2
T region may not be robust.

The calculated coherent cross section is compared to the
STAR data extracted from Ref. [32] in Fig. 16. The
preliminary STAR data does not include systematic uncer-
tainties, and consequently we only include STAR data in
the p2

T ≲ 0.05 GeV2 region where the subtraction of the
incoherent cross section can be expected to be most
reliable. As in the LHC kinematics, we again calculate
the differential cross section using our full setup, and

FIG. 13. Incoherent J=ψ production cross section in ultra-
peripheral Pbþ Pb collisions at

ffiffiffi
s

p ¼ 2760 GeV as a function of
J=ψ rapidity compared to the ALICE data [10].

FIG. 14. Incoherent cross section divided by the coherent cross
section as a function of J=ψ rapidity at

ffiffiffi
s

p ¼ 2760 GeV. The
ALICE data is calculated from cross sections reported in Ref. [10]
by assuming completely uncorrelated uncertainties.

FIG. 15. Predictions the ratio between the incoherent and
coherent cross sections as a function of J=ψ rapidity atffiffiffi
s

p ¼ 5020 GeV.
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neglecting the photon transverse momentum or both the
interference effect and the photon transverse momentum.
The form factor is also shown in order to determine how the
nonlinear effects change the spectra for RHIC kinematics.
In order to quantify the importance of the interference effect
and the nonzero photon transverse momentum we show in
Fig. 17 the differential cross section calculated with differ-
ent approximations normalized by the full result.
We again find that we predict a significantly larger

normalization for the coherent cross section than seen in
STAR data. Using the same normalization factor as was
required to describe the ALICE transverse momentum
spectrum a relatively good description of the overall
normalization of the cross section is obtained. Unlike
the ALICE measurement discussed in Sec. IVA, the
STAR data does not clearly distinguish between the
calculations including saturation effects, and a simple
Fourier transform of the Woods-Saxon density profile

squared (Form factor in Fig. 16). Both of these approaches
result in comparable descriptions of the measured p2

T
spectra. Note that as shown in Fig. 8, the nonlinear effects
have only a moderate effect on the spatial structure of the
nucleus in the xP region probed at RHIC. When the photon
transverse momentum is included, the cross section is
significantly overestimated around the first diffractive
minimum.
The interference contribution is found to be necessary to

describe the fact that the cross section decreases towards
pT → 0, visible in the smallest momentum transfer bin
especially in Fig. 16(b). The photon transverse momentum
has an even larger effect than in the LHC kinematics, and in
particular the first diffractive minimum is now completely
removed. The stronger effect from the photon k can be
understood as the electromagnetic field of the Au nucleus
dies much more rapidly as a function of distance at RHIC
energies compared to the LHC [see Eq. (4)], and smaller
impact parameters correspond to larger photon transverse
momenta. The interference effect and the photon transverse
momentum have an approximately 6% effect on the p2

T
integrated cross section. The importance of the interference
effect as a function of meson transverse momentum is
quantified in more detail in Appendix B.
The PHENIX Collaboration has measured [21] the total

diffractive (sum of coherent and incoherent, although with
the available statistics only a few events with p2

T in the
region dominated by the incoherent cross section were
observed) J=ψ production cross section at midrapidity in
Auþ Au collisions at

ffiffiffi
s

p ¼ 200 GeV. The measured cross
section is dσXn=dy ¼ 76� 35 μb for the process where at
least one forward neutron is detected in zero degree
calorimeters, and this requirement of the additional neutron
emission is estimated to reduce the cross section by 45%.
Note that forward neutron emission is possible in coherent
interactions, as a subsequent photon exchange can excite

(a) Full p2
T range (b) Small p2

T region

FIG. 16. Coherent J=ψ production in ultraperipheral Auþ Au collisions at
ffiffiffi
s

p ¼ 200 GeV. Nucleon substructure fluctuations are not
included in the calculation. The preliminary STAR data is extracted from Ref. [32] and only includes statistical uncertainties.

FIG. 17. Differential coherent J=ψ production cross section in
ultraperipheral collisions in RHIC kinematics as a function of
squared J=ψ transverse momentum calculated with different
assumptions normalized by the full result.
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the nucleus. We get dσcoh=dy ¼ 159 μb for the coherent
cross section at midrapidity from the full setup, and taking
into account the approximate reduction by 45% when
comparing to the PHENIX data with forward neutron
emission, this corresponds to dσXn;coh=dy ¼ 87 μb. This
is compatible with the PHENIX data especially when
noting that we evaluate the dipole amplitude at smaller
xP than what the RHIC kinematics actually corresponds to.
Next we study exclusive J=ψ production at larger meson

pT , where the incoherent contribution dominates. The
preliminary STAR data, again extracted from Ref. [32],
and the incoherent cross section calculated from the CGC
framework are shown in Fig. 18. The STAR data is only
shown in the region where the incoherent channel domi-
nates, and we again neglect the photon transverse momen-
tum when calculating the incoherent cross section.
In order to study the role of nucleon substructure

fluctuations in the xP ∼ 0.01 region we calculate incoherent
spectra with and without nucleon substructure fluctuations.
At p2

T ≳ 0.3 GeV2 the STAR data is found to clearly prefer
the calculation with event-by-event fluctuating nucleon
spatial structure, as without substructure the p2

T spectrum
is too steep compared to the data. The enhancement at
p2
T ≈ 0.2 GeV2 can not be reproduced from our setup. We

emphasize that the coherent cross section contributes only
very little in this kinematics.

V. CONCLUSIONS

We have shown that the exclusive J=ψ production
spectra at small squared meson transverse momentum as
measured by the ALICE Collaboration suggest that non-
linear saturation effects change the transverse density
profile of the nucleus at small x. In particular, the
ALICE J=ψ production data requires a steeper p2

T slope

than what is suggested by the nuclear form factor. When
saturation effects are included in the calculation, an
improved description of the experimentally measured p2

T
spectra is obtained because nonlinear dynamics changes the
nuclear density profile. However, even with saturation
effects we do not obtain a steep enough spectrum that
would be compatible with the ALICE Pbþ Pb → J=ψ þ
Pbþ Pb data. Additionally, we find that the p2

T integrated
J=ψ photoproduction data from both RHIC and LHC seems
to indicate a stronger nuclear suppression than what is
obtained from the applied CGC setup.
In addition to saturation effects, we quantify the role of

two commonly neglected contributions; the interference
effect (both nuclei can act as photon emitters) and the fact
that the photons have nonzero transverse momenta in
ultraperipheral collisions.5 At the LHC we predict a
stronger suppression of the cross section at very small
p2
T , caused by interference effects, compared to what is

visible in the ALICE data. The photon transverse momen-
tum, on the other hand, is important around the diffractive
minima. Only when both of these effects are included a
good description of the p2

T differential cross section
measured by the LHCb Collaboration is obtained. These
contributions on the other hand have only a few percent
effect on the p2

T integrated cross sections at LHC energies.
The fact that the measured J=ψ spectra in UPCs is more

steeply falling than what is obtained from the applied CGC
setup can be explained if the gluonic size of the nucleus is
larger than suggested by standard Woods-Saxon model
parametrizations. The nuclear size parameter in the Woods-
Saxon model is determined from low-energy electromag-
netic interactions and can in principle differ from the
gluonic size. Similar conclusions have been made based
on exclusive πþπ− production at RHIC [94]. On the other
hand, using the standard size of the Pb nucleus the
calculated p2

T spectra in γ þ Pb → J=ψ þ Pb is compatible
with the ALICE data except in the lowest jtj bin. This
shows that the method used by the ALICE Collaboration to
remove the photon transverse momentum contribution and
the interference effect from the measured J=ψ production
spectra in UPCs does not exactly match with the approach
taken in this work. In particular, with a nonzero photon
transverse momentum in UPCs we obtain a less steeply
falling spectrum in Pbþ Pb events compared to γ þ Pb, in
contrast to ALICE data.
We also studied the role of nucleon substructure fluc-

tuations in UPCs. Although the coherent cross section is
only sensitive to the average interaction, there is larger

FIG. 18. Incoherent J=ψ production cross sections in ultra-
peripheral Auþ Au collisions at

ffiffiffi
s

p ¼ 200 GeV, y ¼ 0. The
preliminary STAR data is extracted from Ref. [32] for the total
diffractive J=ψ production and is shown here at p2

T > 0.1 GeV2

where the incoherent contribution dominates and the effect from
the photon transverse momentum (neglected here) is very small.

5As this manuscript was being finalized, a calculation [104]
appeared where the authors considered diffractive J=ψ production
in UPCs focusing on polarization dependent effects, and taking
into account the interference and nonzero transverse momentum.
In Ref. [104] the photon transverse momentum is found to have a
smaller effect around diffractive minima than what is obtained in
this work.
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nuclear suppression when substructure fluctuations are
included due to larger local density variations in nuclei,
and the nonlinear nature of the effect. With substructure,
one can generate very dense regions (along with more
dilute spots in other regions), where many hot spots
overlap, and saturation effects are greater there.
Consequently the fluctuating nucleon substructure has a
∼7% effect on the coherent cross section at midrapidity in
the LHC kinematics. Compared to earlier implementations
of the fluctuating nucleon geometry we here by construc-
tion obtain the same cross sections in γ� þ p collisions in
HERA kinematics with and without fluctuations, which
allows for realistic predictions in LHC kinematics. Even
with substructure we do not find enough nuclear suppres-
sion in order to simultaneously describe overall normali-
zation of the J=ψ photoproduction cross section in both
γ þ p and γ þ Pb collisions.
If the normalization uncertainty is removed by studying

the incoherent-to-coherent cross section ratio, the ALICE
data clearly prefers nucleon substructure. The rapidity and
center-of-mass energy dependence of this ratio is sensitive
to the geometry evolution. At large p2

T the STAR pT
differential cross section measurement prefers the fluctuat-
ing nucleon substructure as well, and similarly large effects
are predicted for LHC kinematics.
The future exclusive J=ψ spectra measurements from

LHC experiments also in the (relatively) high-p2
T region as

well as precise future EIC data, where the kinematics can be
completely determined, will allow for a precise determi-
nation of the role of saturation effects on nuclear geometry,
and on the event-by-event fluctuating nucleon structure in a
nuclear environment.
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APPENDIX A: UPC SCATTERING AMPLITUDE
IN COORDINATE SPACE

We follow the formalism established in Ref. [44] for the
joint impact parameter and transverse momentum depen-
dent cross sections. The differential cross section for
exclusive vector meson production in ultraperipheral colli-
sions is given by

dσA1þA2→V1þA1þA2

dp2dy
¼ 1

4π

Z
jBj>Bmin

d2BjhMjðy;p;BÞiΩj2;

ðA1Þ
where the amplitude Mj is given by the following
convolution of the electric photon field F j and the vector
meson production amplitude A,

hMjðy;p;BÞiΩ ¼
Z

d2Δδð2Þðp − Δ − kÞ

×
Z

d2k
ð2πÞ2 ½hAðy;ΔÞiΩF jðy;kÞe−iB·k

þ hAð−y;ΔÞiΩF jð−y;kÞe−iB·Δ�:
ðA2Þ

Here k is the transverse momentum of the photon and Δ is
the momentum transfer from the gluon field. The first term
in square brackets corresponds to the case in which the
photon is emitted by nucleus 1 and scatters off nucleus 2,
while the second term corresponds to the reverse case. The
subamplitudes read

−iAðy;ΔÞ ¼
Z

d2be−iΔ·b
Z

d2r
Z

1

0

dz
4π

× ½Ψ�
VΨγ�ðQ2; r; zÞNðr;b; z; xPÞ; ðA3Þ

where xP ¼ ðMV=
ffiffiffi
s

p Þe−y, and

F jðy;kÞ ¼ 2Zαem1=2kj

�
Fðk2 þ x2PM

2
pÞ

k2 þ x2PM
2
p

�
: ðA4Þ

Here Fðk⃗2Þ is the form factor of the nucleus, i.e., the
Fourier transform of the thickness function, and xP ¼
ω=ðMpγÞ ¼ ðMV=

ffiffiffi
s

p Þey where Mp is the nucleon mass.
It is convenient to rewrite the amplitude in Eq. (A2) in

terms of coordinate space functions,

Mjðy;p;BÞ ¼
Z

d2be−ip·b½Ãðy;bÞF̃ jðy;b −BÞ

þ Ãð−y;bÞF̃ jð−y;bþ BÞe−ip·B�; ðA5Þ
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where the subamplitudes in coordinate space read

−iÃðy;bÞ ¼
Z

d2r
Z

1

0

dz
4π

½Ψ�
VΨγ�ðQ2; r; zÞNðr;b; z; xPÞ;

ðA6Þ

and

F̃ jðy;BÞ ¼ 2Zαem1=2

Z
d2k
ð2πÞ2 e

ik·Bkj

�
Fðk2 þ x2PM

2
pÞ

k2 þ x2PM
2
p

�
:

ðA7Þ

We can employ the following approximation

F̃ jðy;BÞ ¼ Zαem1=2ω

πγ

iBj

jBj K1

�
ωjBj
γ

�
; ðA8Þ

which amounts to treating the source of photons as a point
particle (Gauss’ law), i.e., Fðk2 þ x2PM

2
pÞ ¼ 1. Then one

can write the amplitude as in Eq. (2).
An equivalent expression (after a change of variables in

Eq. (A5) for the amplitude Mjðy;p;BÞ is given by

Mjðy;p;BÞ ¼
Z

d2be−ip·b½Ãðy;bÞF̃ jðy;b −BÞ

þ Ãð−y;b −BÞF̃ jð−y;bÞ�; ðA9Þ

where the symmetry in the exchange between photon
source and target is manifestly seen as A ↔ F with
y → −y. However, for numerical evaluation, it is more
convenient to use Eq. (A5) or Eq. (2).

APPENDIX B: INTERFERENCE EFFECT AS A
FUNCTION OF COLLISION ENERGY AND

MOMENTUM TRANSFER

In order to illustrate the role of the interference effect on
exclusive J=ψ production in ultraperipheral collisions at
RHIC and at the LHC at midrapidity (where the interfer-
ence is maximally large) we define an effective photon flux
Ñ which includes the interference effect,

Ñðω;p2Þ ¼
Z

d2Bnðω;BÞ½1 − cosðp · BÞ�θðjBj − 2RAÞ:

ðB1Þ

Here the B dependent flux nðω;BÞ is given in Eq. (8). This
is the effective flux factor that we encounter when
calculating exclusive J=ψ production at midrapidity
neglecting the photon transverse momentum, see Eq. (9).
In the following, we compare this flux to the vector meson
momentum independent equivalent photon flux from a
single ultrarelativistic nucleus NðωÞ shown in Eq. (7).
Specifically, the role of the interference effect is dem-

onstrated by showing in Fig. 19 the ratio

R ¼ Ñðω; p2
TÞ

NðωÞ : ðB2Þ

The ratio as a function of p2
T is shown separately for

Pbþ Pb collisions at
ffiffiffi
s

p ¼ 5020 GeV and for Auþ Au
collisions at

ffiffiffi
s

p ¼ 200 GeV, corresponding to the LHC
and RHIC kinematics, respectively.
As discussed e.g., in Ref. [7], the interference effect is

significant especially in the RHIC kinematics in the studied
low momentum transfer region. At high p2

T the cosine term
oscillates rapidly and the interference effect disappears in
any realistic p2

T bin. At the LHC the interference effect has
a numerically smaller contribution, but it may still change
the cross section by ∼5% at low but finite p, which is of the
same order as the uncertainties in the LHC data, see
discussion in Sec. IVA. The interference effect also results
in the cross section vanishing exactly at pT ¼ 0 at
midrapidity.

FIG. 19. Interference effect as a function of J=ψ squared
transverse momentum p2

T at RHIC (
ffiffiffi
s

p ¼ 200 GeV) and at
the LHC (

ffiffiffi
s

p ¼ 5020 GeV).
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