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In this paper we present a comprehensive analysis of exclusive vector-meson photoproduction in pp,
pPb and PbPb collisions at Run 2 LHC energies using the color dipole formalism. The rapidity
distributions and total cross sections for the ρ, ϕ, J=Ψ, Ψð2SÞ and ϒ production are estimated considering
the more recent phenomenological models for the dipole-proton scattering amplitude, which are based on
the color glass condensate formalism and are able to describe the inclusive and exclusive ep HERA data.
Moreover, we also discuss the impact of the modeling of the vector-meson wave functions on the
predictions. The current theoretical uncertainty in the color dipole predictions is estimated and a
comparison with the experimental results is performed.
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I. INTRODUCTION

One of the goals of hadron physics is to achieve a deeper
knowledge of the hadronic structure. In particular, the
advent of the high-energy colliders has motivated the study
of the hadron structure at high energies. An important
phenomenological and experimental tool for this purpose is
the deep inelastic scattering (DIS) ep, where an electron
emits a virtual photon which interacts with a proton target.
The proton structure can then be studied through the γ�p
interaction, taking into account the QCD dynamics at high
energies. The experimental study of DIS was carried out at
HERA, where the γ�p c.m. energy (Wmax) reached a
maximum value of the order of 200 GeV. HERA data
have shown that the gluon density inside the proton grows
with the energy. Therefore, at high energies, a hadron
becomes a dense system and the nonlinear effects inherent
to the QCD dynamics may become visible. This dense
system is best described by the color glass condensate
(CGC) approach [1]. In the future an electron-ion collider
may be built [2]. This will be the ideal machine for the
study of hadron structure and of QCD dynamics, especially
with heavy nuclei. This will also be the best place to test the
CGC formalism for DIS.
Alternatively, one can study the γpðAÞ interaction at the

LHC, in ultraperipheral collisions (UPCs) and reach higher
energies (W ∼ 900–8000 GeV) than those reached at
HERA. In a UPC at high energies, two charged hadrons
(or nuclei) interact at impact parameters larger than the sum
of their radii [3]. Under these circumstances, it is well
known that the hadron acts as a source of almost real
photons and photon-photon or photon-hadron interactions
may happen. The first part of the process, the photon

emission, is a pure QED process while, in the second part,
the photon-photon or photon-hadron interaction, other
interactions may take place. In this work we study the
QCD dynamics in exclusive vector-meson photoproduction
in photon-hadron interactions.
The first studies of exclusive vector-meson photopro-

duction in UPCs were made in Refs. [4–6]. Since then
several theoretical works related to this subject have been
published [7–24]. On the experimental side, a great amount
of data has been accumulated [25–36]. During the last
years, the LHC has provided data on vector-meson photo-
production at Run 1 energies and in this year at Run 2
energies. The Run 2 at the LHC has already produced PbPb
collisions and more data in pp=pPb=PbPb collisions are
expected in the next years. These collisions are now
performed at energies which are a factor ≈2 larger than
those of Run 1. The measurements at central rapidities will
be sensitive to larger γPb energies and hence to smaller x
values of the nuclear gluon distribution. Similarly, the
experimental results obtained in pp and pPb collisions
will probe the QCD dynamics at small x. The study of
vector-meson ultraperipheral photoproduction has thus
high priority.
Given that the QED part of the ultraperipheral interaction

is well known, we can use this process to constrain the
QCD dynamics. In Ref. [8] the authors proposed to study
exclusive vector-meson photoproduction in ultraperipheral
collisions using the color dipole picture. In this formalism
the photon fluctuates into a qq̄ which interacts with the
hadron target via the strong interaction and then turns into a
vector meson. The main ingredients for the calculation of
the cross sections are the vector-meson wave function
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and the dipole-hadron scattering amplitude, which is
dependent on the modeling of the QCD dynamics at high
energies. Over the last years several authors [9,12,
14–16,19–24] have studied exclusive vector-meson photo-
production in pp=pPb=PbPb collisions using the color
dipole formalism, considering different models to describe
the dipole-target interaction and distinct approaches to treat
the vector-meson wave functions. As a consequence, a
direct comparison between the predictions obtained in
different studies is not an easy task. Our goal in this paper
is to perform a comprehensive analysis of exclusive vector-
meson photoproduction in hadronic collisions considering
the three phenomenological models for the dipole-proton
scattering amplitude, which are able to describe the high-
precision HERA data on inclusive and exclusive ep
processes, as well as two models for the vector-meson
wave function. Such analysis allows to estimate the current
theoretical uncertainty in the color dipole predictions.
The comparison with the experimental data will allow to
constrain the modeling of the QCD dynamics and of the
vector-meson function. Moreover, it will tell us how much
additional ingredients, such as e.g. the inclusion of a
survival gap factor [11,18], next-to-leading-order correc-
tions [37] and/or nuclear shadowing [17,19], are necessary
to describe vector-meson photoproduction in hadronic
collisions. Finally, our goal is to provide, for the first time,
predictions for exclusive light vector photoproduction in
pp=pPb=PbPb collisions at the Run 2 energies and to
complement the predictions presented in Ref. [22]. In that
work, exclusive heavy vector-meson photoproduction in
pp=PbPb collisions was treated with the impact parameter
color glass condensate (bCGC) model for the dipole-proton
scattering amplitude (N ) and the boosted-Gaussian model
for the vector-meson wave function (ΨV). Here we also
present predictions considering the Iancu-Itakura-Munier
(IIM) and impact-parameter-dependent saturation (IP-SAT)
models forN and the Gauss-LCmodel forΨV. In particular,
the results obtained using the updated version of the IP-SAT
model are presented here for the first time.
The paper is organized as follows. In Sec. II we present a

brief review of the color dipole formalism and the main
expressions used to estimate exclusive photoproduction of
vector mesons. Moreover, the distinct models for the dipole
scattering amplitude and vector-meson wave function are
discussed. In Sec. III, we present our predictions for the
cross sections and rapidity distributions to be measured in
ρ, ϕ, J=Ψ, Ψð2SÞ and ϒ production in pp=pPb=PbPb
collisions at the Run 2 LHC energies. Finally, in Sec. IV, we
summarize our main conclusions.

II. FORMALISM

In this section we will present a brief review of the
formalism. Let us start defining a UPC as a collision
between two electric charges at impact parameters such that
b > R1 þ R2, where Ri is the radius of the charge i. In a

UPC at high energies, it is well known that the hadrons act
as a source of almost real photons and the hadron-hadron
cross section can be written in a factorized form, given by
the so-called equivalent photon approximation [3]

σðh1 þ h2 → h1 ⊗ V ⊗ h2Þ

¼
Z

dω
nh1ðωÞ

ω
σγh2→V⊗h2ðW2

γh2
Þ

þ
Z

dω
nh2ðωÞ

ω
σγh1→V⊗h1ðW2

γh1
Þ: ð1Þ

In this equation,⊗ represents the presence of a rapidity gap
in the final state, nðωÞ is the equivalent photon spectrum
generated by the hadronic source and σγh→V⊗hðW2

γhÞ is the
vector-meson photoproduction cross section. Moreover, ω
and Wγh are the photon energy and the c.m. energy of the
γh system, where

Wγh ¼
ffiffiffiffiffiffiffiffiffi
4ωE

p
; E ¼ ffiffiffi

s
p

=2 ð2Þ

and
ffiffiffi
s

p
is the hadron-hadron c.m. energy. The equivalent

photon spectrum is fully computed in QED. For the case
where a nucleus is the source of photons, we have [3]

nAðωÞ ¼
2Z2αem

π

�
ξK0ðξÞK1ðξÞ −

ξ2

2
ðK2

1ðξÞ − K2
0ðξÞÞ

�
;

ð3Þ

where

ξ ¼ ωðRh1 þ Rh2Þ=γL; ð4Þ

with γL being the target frame Lorentz boost. On the other
hand, if a proton is the source of photons the spectrum can
be approximated by [38]

npðωÞ ¼
αem
2π

�
1þ

�
1 −

2ωffiffiffi
s

p
�

2
�

×

�
lnΩ −

11

6
þ 3

Ω
−

3

2Ω2
þ 1

3Ω3

�
; ð5Þ

where

Ω ¼ 1þ ½ð0.71 GeV2Þ=Q2
min� ð6Þ

and

Q2
min ¼ ω2=½γ2Lð1 − 2ω=

ffiffiffi
s

p Þ� ≈ ðω=γLÞ2: ð7Þ

In order to estimate the exclusive vector-meson photo-
production in hadronic collisions using Eq. (1) we need to
know the γh → Vh cross section. The cross section for
exclusive vector-meson production is given by
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σðγh → VhÞ ¼
Z

0

−∞
dt

dσ
dt

¼ 1

16π

Z
0

−∞
jAγh→Vhðx;ΔÞj2dt:

ð8Þ

The scattering amplitude Aγh→Vhðx;ΔÞ will be derived
using the color dipole formalism [39], which allows us to
study the γh interaction in terms of a (color) dipole-hadron
interaction. In this formalism, we assume that the photon
fluctuates into a color dipole which interacts with the
hadron target and then forms a vector meson at the final
state. If the lifetime of the dipole is much larger than the
interaction time, a condition which is satisfied in high-
energy collisions, the quasielastic scattering amplitude for
the process γh → Vh can be written as [40,41]

Aγh→Vhðx;ΔÞ ¼ i
Z

dzd2rd2bh½ΨV�ðr; zÞΨðr; zÞ�T
× e−i½bh−ð1−zÞr�·Δ2N hðx; r; bhÞ; ð9Þ

where the function ½ΨV�ðr; zÞΨðr; zÞ�T is the overlap
between the wave functions of the transverse photon and
the vector meson, which describes the fluctuation of the
photon with transverse polarization into a color dipole
and the subsequent formation of the vector meson.
Furthermore, N hðx; r; bhÞ is the imaginary part of the
forward dipole-hadron scattering amplitude and it carries
all the information about the strong interactions in the
process. The variables z, r, bh are, respectively, the light
cone longitudinal momentum fraction of the photon carried
by the quark (and 1 − z, for the antiquark), the transverse
separation of the color dipole and the impact parameter, the
separation between the dipole center and the target center.
Further, x (¼M2

V=W
2) is the Bjorken variable for a

diffractive event and Δ is the Fourier conjugate of bh. It
is related to the momentum transfer squared by Δ ¼ ffiffiffiffiffi

−t
p

.
In the color dipole formalism the main ingredients for

the calculation of the vector-meson cross sections are the
vector-meson wave function ΨV and the dipole-target
scattering amplitude N . The treatment of both quantities
is the subject of intense study by several groups. In
particular, the description of the vector-meson wave func-
tion is still a topic of debate, with different models being
able to describe e.g. the HERA data. In what follows, we
will consider two popular models in the literature: the
boosted-Gaussian and Gauss-LC models (for alternative
descriptions see e.g. Refs. [42,43]). In these models the
vector meson is assumed to be predominantly a quark-
antiquark state. It is also assumed that the spin and
polarization structure is the same as in the photon
[44–47]. As a consequence, the overlap between the photon
and the vector-meson wave function, for the transversely
polarized case, is given by (for details see Ref. [41])

ðΨ�
VΨÞT ¼ êfe

Nc

πzð1 − zÞ fm
2
fK0ðϵrÞϕTðr; zÞ

− ½z2 þ ð1 − zÞ2�ϵK1ðϵrÞ∂rϕTðr; zÞg; ð10Þ

where êf is the effective charge of the vector meson, mf

is the quark mass, Nc ¼ 3, ϵ2 ¼ zð1 − zÞQ2 þm2
f and

ϕTðr; zÞ defines the scalar part of the vector-meson wave
function. The boosted-Gaussian and Gauss-LC models
differ in the assumption about the function ϕTðr; zÞ.
In the boosted-Gaussian model the function ϕTðr; zÞ is
given by

ϕTðr; zÞ ¼ NTzð1 − zÞ

× exp

�
−

mfR2

8zð1 − zÞ −
2zð1 − zÞr2

R2
þm2

fR
2

2

�
:

ð11Þ

In contrast, in the Gauss-LC model, it is given by

ϕTðr; zÞ ¼ NT ½zð1 − zÞ�2 exp
�
−

r2

2R2
T

�
: ð12Þ

The parameters NT , R and RT are determined by the
normalization condition of the wave function and by the
decay width (see e.g. Refs. [19,20,41,48] for details).
In Fig. 1, we present the behavior of the quantity

WðrÞ ¼ 2πr
Z

1

0

dz½ΨV�ðr; zÞΨðr; zÞ�; ð13Þ

as a function of r for different vector mesons, considering
these two wave function models. We find that both models
predict a peak in the function WðrÞ. The position of the
peak is almost model independent, with the normalization
of the Gauss-LC model being smaller than the boosted-
Gaussian one. Moreover, the peak occurs at larger values of
r for light mesons. We can observe that the heavier mesons
are associated to smaller dipoles. So, by studying different
final states we are mapping different configurations of
the dipole size, which probe different regimes of the QCD
dynamics. This indicates that the global analysis of these
different final states is ideal to constrain the description of
the high-energy regime of the strong interactions.
Now let us discuss some features of the models for the

dipole-hadron scattering amplitude N h. In the case of a
proton target, the color dipole formalism has been exten-
sively used to describe the inclusive and exclusive HERA
data. During the last decades, several phenomenological
models based on the color glass condensate formalism
have been proposed to describe the HERA data taking
into account the nonlinear effects in the QCD dynamics.
In general, such models differ in the treatment of the
impact parameter dependence and/or of the linear and
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nonlinear regimes. Three examples of very successful
models are the IIM [49], bCGC [41,50] and IP-SAT [51]
models, which have been updated in Refs. [52,53] using
the high-precision HERA data to constrain their free
parameters and describe the data quite well. As we will
estimate the vector-meson photoproduction in hadronic
collisions considering these three models, let us present a
brief review of their main aspects. Initially, let us consider
the IIM model (also called the CGC model) proposed in
Ref. [49]. This model interpolates two analytical solutions
of well-known evolution equations: the solution of the
Balitsky-Fadin-Kuraev-Lipatov equation near the satura-
tion regime and the solution of the Balitsky-Kovchegov
(BK) equation deep inside the saturation regime. The IIM
model assumes that the impact parameter dependence of
the scattering amplitude can be factorized asN pðx; r; bpÞ ¼
N pðx; rÞSðbpÞ, where SðbpÞ is the proton profile function
and the dipole-proton scattering amplitude N pðx; rÞ is
given by [49]

N pðx; rÞ ¼
�
N 0ðrQs

2
Þ2½γsþð1=ðκλYÞÞ lnð2=rQsÞ�; rQs ≤ 2;

1 − e−Aln
2ðBrQsÞ; rQs > 2

ð14Þ

where Y ¼ lnð1=xÞ and

QsðxÞ ¼
�
x0
x

�
λ=2

; ð15Þ

is the saturation scale of this model. The free parameters
were fixed by fitting the HERA data. Here we have used the
updated parameters from Ref. [52]. The coefficients A and
B are determined by the continuity condition of N and its
derivative and are given by

A ¼ −
N 2

0γ
2
s

ð1 −N 0Þ2 lnð1 −N 0Þ
; ð16Þ

B ¼ 1

2
ð1 −N 0Þ−ð1−N 0Þ=ðN 0γsÞ: ð17Þ

In Refs. [41,50] amodification of this model was proposed,
in order to include the impact parameter dependence.
There, the authors called this parametrization the bCGC
model. The functional form of N p is the same as in
Eq. (14), but the saturation scale has the following
dependence on b:

Qs≡Qsðx;bÞ ¼
�
x0
x

�
λ=2

�
exp

�
−

b2

2BCGC

��
1=ð2γsÞ

: ð18Þ

The parameters used are from Ref. [52]. Finally, the last
model used was the IP-SAT model [47,51,54]. This model
uses an eikonalized form for N p that depends on a gluon
distribution evolved via the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi equation and is given by

N pðx; r; bÞ¼ 1− exp

�
π2r2

Nc
αsðμ2Þxg

�
x;

4

r2
þ μ20

�
TGðbÞ

�
;

ð19Þ

with a Gaussian profile

TGðbÞ ¼
1

2πBG
exp

�
−

b2

2BG

�
: ð20Þ

The initial gluon distribution evaluated at μ20 is taken to be

xgðx; μ20Þ ¼ Agx−λgð1 − xÞ5.6: ð21Þ
The free parameters of this model are fixed by a fit of
HERA data. In this work we have used a FORTRAN library

11.010.0

r (fm)

0

0.002

0.004

0.006

0.008

0.01

W
(r

) 
[G

eV
]

Boosted Gaussian
Gaus-LC

Q
2
 = 0

ρ

φ

0.001 0.01 0.1 1

r (fm)

0

0.005

0.01

0.015

0.02

0.025

W
(r

) 
[G

eV
]

Boosted Gaussian
Gaus-LC

Q
2

= 0

J/ψ

Υ

 

FIG. 1. Dependence on the dipole size r of the function WðrÞ, defined in Eq. (13), for light (left panel) and heavy (right panel) vector
mesons, obtained assuming a real photon (Q2 ¼ 0) in the initial state.
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(provided by the authors of Ref. [53]) to calculate N ,
which includes an updated analysis of combined HERA
data. In Fig. 2 we present a comparison between the IIM,
bCGC and IP-SAT predictions for the dipole-proton
scattering amplitude as a function of r2 for two different
values of the Bjorken variable x. For the b-dependent
models, we show the results for two different values of b.
As it can be seen, the predictions of the different models are
very different at large x, with the differences decreasing at
smaller values of x. For small dipole sizes, we can observe
the different r dependence of the distinct models. In the IIM
and bCGC models, we observe that N ∝ r2γeff for r2 → 0,
with different values for γeff. In contrast, the IP-SAT model
predicts that N ∝ r2xgðx; 4=r2Þ in this limit. On the other
hand, for large dipole sizes, the IIM and IP-SATamplitudes
have the same asymptotic value while the bCGC amplitude
goes to a somewhat smaller value. The main difference
between the models is associated to the behavior predicted
for the transition between the linear (small-r2) and non-
linear (large-r2) regimes of the QCD dynamics. The IIM
model predicts a more rapid transition than those predicted
by the two b-dependent models. It is important to note that
these three models for the dipole scattering amplitude
describe the inclusive and exclusive HERA data. Since the
production of the different vector mesons probes distinct
values of r, as observed in Fig. 1, their analysis can be
useful to discriminate between the different models for the
dipole-proton scattering amplitude.
How to treat the dipole-nucleus interaction is still an

open question due to the complexity of the impact
parameter dependence. In principle, it is possible to adapt
the phenomenological models described above to the
nuclear case (see e.g. Refs. [55–57]) or to consider the
numerical solution of the BK equation. In what follows, we
will assume the model proposed in Ref. [55], which
includes the impact parameter dependence and describes

the existing experimental data on the nuclear structure
function [58]. In this model the dipole-nucleus scattering
amplitude is given by

N A ¼ 1 − exp

�
−
1

2
σdipðx; r2ÞTAðbAÞ

�
; ð22Þ

where

σdipðx; r2Þ ¼ 2

Z
d2bpN pðx; r; bpÞ; ð23Þ

and TAðbAÞ is the nuclear thickness, which is obtained from
a three-parameter Fermi distribution for the nuclear density
normalized to A. The above equation sums up all the
multiple elastic rescattering diagrams of the qq̄ pair and is
justified for large coherence length, where the transverse
separation r of partons in the multiparton Fock state of the
photon becomes a conserved quantity, i.e. the size of the
pair r becomes an eigenvalue of the scattering matrix. In
what follows we will computeN A considering the different
models for the dipole-proton scattering amplitude discussed
before. In Fig. 3 we compare the predictions for the nuclear
scattering amplitude considering the IIM, bCGC and IP-
SAT models as input and different values of the impact
parameter bA. As expected, N A saturates faster for central
collisions than for large impact parameters. Moreover, the
differences between the predictions are reduced in com-
parison to the proton case. This is directly associated with
the model for N A, given by Eq. (22), which is the same in
all three cases. The future experimental data on vector-
meson photoproduction in PbPb collisions will be useful to
test this model of the dipole-nucleus interaction.
Before presenting our results in the next section, some

additional comments are in order. As the IIMmodel assumes
the factorization of the impact parameter dependence, it
implies that σdip is given by
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FIG. 2. Dependence of the dipole-proton scattering amplitude N p as a function of r2 for fixed values of b and different values of x:
x ¼ 10−2 (left panel) and x ¼ 10−4 (right panel).
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σdipðx; r2Þ ¼ 2

Z
d2bpN pðx; rÞSðbpÞ ¼ σ0N pðx; rÞ;

ð24Þ

where σ0 is a free parameter of the model constrained by the
HERA data. In order to estimate the vector-meson cross
section in γp interactions using this model we will assume
an exponential ansatz for the t dependence of dσ

dt, which
describes the typical behavior of a diffractive event. As a
consequence, for the IIM model, we will have that

σðγh → VhÞ ¼ 1

BV

dσ
dt

����
t¼0

; ð25Þ

where BV is the slope parameter for the meson V. In our
calculations, we have taken the slope parameters from
Ref. [19]. Finally, as in Refs. [20,22] we have considered
the real part of the amplitude and the skewedness correction
in the γp case. According to Ref. [15], the skewedness
corrections are better justified at high energies. In the UPC
nuclear case these corrections can be very large, probably
because of the wide range of reached rapidities, which
includes photon-target collisions at low energies. In
Ref. [15] the authors argued that this can make their cross
sections bigger than themeasured ones for J=ψ production in
PbPb collisions. Lacking a better understanding of the
skewedness corrections in nuclear collisions we will not
include them in our study of γPb scattering.

III. RESULTS

One of the main observables that can be directly
measured at the LHC and can be used to study vector-
meson photoproduction is the rapidity distribution. Using
the expression

ω ¼ MV

2
expðYÞ; ð26Þ

which relates the photon energy ω, the mass (MV) and the
rapidity (Y) of the produced meson in a UPC, and perform-
ing a change of variables in Eq. (1), we can show that

dσ½h1 þ h2 → h1 ⊗ V ⊗ h2�
dY

¼ ½nh1ðωÞσγh2→V⊗h2ðωÞ�ωL
þ ½nh2ðωÞσγh1→V⊗h1ðωÞ�ωR

ð27Þ

where ωLð∝ eþYÞ and ωRð∝ e−YÞ denote photons from the
h1 and h2 hadrons, respectively. In what follows, we will
present our results for the rapidity distribution of vector
mesons produced in UPCs. In our predictions we did not
consider the corrections associated to soft interactions
which would destroy the rapidity gaps [11,18] and, in
the nuclear case, we did not include possible gluon
shadowing corrections [17,19]. The treatment of both
corrections is still a topic of debate. In principle, these
two corrections would lead to a reduction of the cross
sections.
In order to estimate the dependence of our predictions on

the model used to describe the dipole-target scattering
amplitude, let us focus initially on the rapidity distributions
for the photoproduction of ρ, ϕ, J=ψ , ψð2SÞ and ϒ in pp
collisions at

ffiffiffi
s

p ¼ 13 TeV considering the three models
for N p discussed in the previous section and the boosted-
Gaussian model for ψV. The different lines present in Fig. 4
represent the predictions of the IIM, bCGC and IP-SAT
models. The results obtained with the updated IP-SAT
model are shown here for the first time. As discussed
before, the overlap functions for the ρ and ϕ mesons are
dominated by larger dipole sizes than for heavier mesons
[J=Ψ, Ψð2SÞ and ϒ]. Therefore, the light and heavy meson
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states probeN h at different values of r. We observe that for
ρ production, the IP-SAT and the bCGC models give very
similar predictions while the IIM prediction is smaller by a
factor of 2. This result is directly associated to the behavior
of N p at large dipoles presented in Fig. 2. On the other
hand, in the ϒ production we are probing smaller dipoles,
where the difference between the IIM, bCGC and IP-SAT
models is associated to the distinct description of the linear
regime. In this case, the IIM and bCGC predictions are
similar and the IP-SAT model predicts larger values of
the rapidity distribution at central rapidities. The different
modeling of the linear and nonlinear regimes in the distinct
models of N p, as well as of the transition between these
regimes, has a direct impact on the predictions for the
different mesons, as can be observed in Fig. 4. While the
IIM prediction is a lower bound for the ρmeson production
at midrapidity, it is an upper bound for the J=Ψ one and
becomes a lower bound for the ϒ production. Therefore, a
global analysis of different final states is an important probe
of the treatment of QCD dynamics in the linear and
nonlinear regimes.
In order to estimate the theoretical uncertainty in the

color dipole predictions for exclusive vector-meson photo-
production in pp collisions, we also include in Fig. 4 a
band which appears when we combine the predictions from
the three different models of N p with the two models of
ψV . In the J=ψ and ψð2SÞ cases we find a good agreement
between the predictions and the data from the LHCb
Collaboration [31–33]. Moreover, the uncertainty in the
predictions is bigger for light vector mesons at Y ¼ 0,

reaching a factor of 3. Additionally, a large uncertainty is
present in the predictions for the ϒ production at large Y.
Let us now consider pPb collisions. In this case the γp

interactions are dominant because the equivalent photon
spectrum of the nucleus is enhanced by a factor Z2 in
comparison to the proton one. Consequently, the rapidity
distribution is asymmetric with respect to Y ¼ 0. One
advantage of the study of pPb collisions is that the analysis
of the rapidity distribution for a given value of Y gives
direct access to the value of x probed in the scattering
amplitude, in contrast to symmetric collisions, which
receive contributions of the QCD dynamics at small and
large values of x. As the behavior of N p at large x is not
under theoretical control, it has direct impact on the color
dipole predictions for symmetric collisions. An asymmetric
distribution is observed in Fig. 5, where we present our
predictions for the exclusive photoproduction of ρ, ϕ, J=ψ ,
ψð2SÞ and ϒ in pPb collisions at

ffiffiffi
s

p ¼ 8.1 TeV. As in the
pp case, the IIM, bCGC and IP-SAT predictions differ
significantly in the production of light vector mesons,
which implies a large theoretical uncertainty. For heavy
mesons, the uncertainty is smaller, but still significant forϒ
production at forward rapidities. Finally, it is important to
emphasize that the position of the maximum of the
distribution is model and vector-meson dependent. This
fact can be used to test details of the QCD dynamics in a
future global analysis of exclusive vector-meson photo-
production in pPb collisions.
In Fig. 6 we present our predictions for the exclusive

photoproduction of ρ, ϕ, J=ψ , ψð2SÞ and ϒ in PbPb
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collisions at
ffiffiffi
s

p ¼ 5.02 TeV. In this case the difference
between the predictions is smaller in comparison to the pp
case, as expected from Fig. 3. In particular, the bCGC and
IP-SAT predictions are similar at central rapidities.
Recently the ALICE Collaboration has released new data

on ρ photoproduction at central rapidity [28,29], which is
presented in Fig. 6. As can be observed, the color dipole
predictions overestimate the data. This result is an indica-
tion that other effects, not included in our analysis, should
be included at least for this final state. Some possibilities
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are the inclusion of shadowing corrections [19] or absorp-
tion corrections [18]. Another possible conclusion is that
the treatment of the dipole-nucleus interaction, described
here by the model presented in Eq. (22), should be
improved. Surely, new data on other meson species will
clarify this point. It may be possible to see if this failure is
only related to ρ production or if it is an indication of a
limitation of the existing color dipole descriptions.
For completeness, we present in Table I the lower and

upper bounds of our predictions for the total cross sections,
obtained considering the three models for the dipole-
hadron scattering amplitude and the two models for the
vector-meson wave functions. As expected from the analy-
sis of the rapidity distributions, we observe that ρ produc-
tion suffers from the largest uncertainties. Additionally, the
cross sections are larger for PbPb collisions and decrease
with the mass of the vector meson.
A final comment is in order. As discussed before, in the

exclusive vector vector-meson photoproduction, the final
state is characterized by a vector meson produced at a given
rapidity, and separated from the two intact hadrons by
rapidity gaps. A similar final state can also be generated in
a diffractive process where we have a Pomeron-Odderon
interaction. Such a possibility was investigated in
Refs. [59,60] considering pp=pp̄ collisions. The existence
of the Odderon, which is an unambiguous prediction of
quantum chromodynamics, but still not confirmed in
experiments, is one of the important open questions of
the strong interaction theory (for a review see Ref. [61]).
This subject has been topic of intense analysis in the last
years [62–68]. Although there is a large uncertainty in the
predictions presented in Ref. [60] for Pomeron-Odderon
fusion, it can be of the order of our predictions for the
photoproduction of heavy vector mesons. As pointed out
in Ref. [60] the separation of Odderon and photon
contributions should be feasible by the analysis of the
outgoing momenta distribution. However, this subject
deserves more detailed studies, which we postpone for
a future publication.

IV. CONCLUSIONS

Recent studies show that vector-meson exclusive photo-
production has the potential to probe the QCD dynamics at
high energies. This will be even more evident in the
forthcoming Run 2, when the total luminosity will be
much higher than in Run 1. This larger data sample will

allow the study of a larger set of different final states and a
better discrimination between alternative descriptions.
In this paper we have presented a comprehensive study

of the light and heavy vector-meson photoproduction in
pp=pPb=PbPb collisions at Run 2 LHC energies using the
color dipole formalism. We have used the updated versions
of different models of the dipole scattering amplitude,
which take into account the nonlinear effects of the QCD
dynamics (which are expected to become visible at the
currently available energies). Moreover, we have used two
different vector-meson wave functions which, together with
the models for the amplitude, describe the HERA data on
vector-meson production. As the LHC probes a larger
range of γh center-of-mass energies, the analysis of vector-
meson photoproduction in this collider can be useful to
discriminate between these distinct descriptions of the
QCD dynamics and vector-meson formation. As the free
parameters present in the color dipole formalism have been
constrained by the HERA data, the predictions for LHC
energies are parameter free. In our study we have presented
predictions for the exclusive photoproduction of ρ, ϕ, J=ψ ,
ψð2SÞ and ϒ in pp=pPb=PbPb collisions using the IIM,
bCGC and IP-SAT models for the dipole-proton scattering
amplitude and the boosted-Gaussian and Gauss-LC models
for the vector-meson wave function. Our results demon-
strated that the light meson production probes larger dipole
sizes and, consequently, the QCD dynamics deeper in the
saturation regime. On the other hand, the heavy meson
production probes the linear regime. These results indicate
that a combined study of different final states will lead to a
better understanding of the transition from linear to non-
linear dynamics. This study is very important to constrain
the QCD dynamics, the vector-meson wave function and
the treatment of the nuclear interactions. Our results are in
good agreement with the experimental data in the case of
heavy vector-meson production. The comparison with the
recent experimental data on ρ production in PbPb collisions
indicates that the color dipole description, with the current
assumptions, overestimates the data. In principle, this can
be interpreted as an indication that a more careful treatment
of the dipole-nucleus interaction and/or next-to-leading-
order corrections may be required and/or that shadowing
effects and absorptive corrections should be incorporated
into the formalism. Future experimental data may decide
whether improvements of the color dipole description
should also be included in the case of the production of

TABLE I. Lower and upper bounds for the total cross sections of the exclusive vector-meson photoproduction in pp=pPb=PbPb
collisions at the Run 2 LHC energies.

ρ ϕ J=ψ ψð2SÞ ϒ

pp (
ffiffiffi
s

p ¼ 13 TeV) 5.37–13.03 μb 1.03–2.52 μb 58.74–82.90 nb 14.81–19.31 nb 0.17–0.33 nb
pPb (

ffiffiffi
s

p ¼ 8.1 TeV) 9.78–20.94 mb 1.79–3.79 mb 55.78–80.13 μb 12.12–15.61 μb 0.10–0.15 μb
PbPb (

ffiffiffi
s

p ¼ 5.02 TeV) 5.26–7.04 b 0.94–1.23 b 18.24–24.47 mb 3.85–4.47 mb 22.20–26.48 μb
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other vector mesons. Finally, it is important to emphasize
that the color dipole formalism has been recently extended
to describe double vector-meson photoproduction in had-
ronic collisions [69] and also to describe vector-meson
photoproduction associated to a leading neutron [70].
As demonstrated in Refs. [69,70], these processes can in
principle be studied at the LHC considering the Run 2
energies. As the basic ingredients of these calculations are
the same as those used in the present paper, the analysis of
these processes also can be useful to test the universality of
the color dipole description.
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