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We present a model with which we predict the cross sections for the exclusive and the disso-
ciative photo- and electroproduction of light and heavy vector mesons off protons; the model
describes correctly available experimental data. The model is based on the color-dipole approach
and incorporates geometric fluctuations of the target-proton partonic structure. The fluctuations
are generated as randomly placed areas of high gluonic density, so-called hot spots, in the impact-
parameter plane, with the number of hot spots being energy-dependent. A striking feature of the
model is the prediction of a maximum of the dissociative cross section as a function of the center-
of-mass energy Wγ p, followed by a steep decrease as the hot spots start to overlap with increasing
energy.
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1. Introduction

According to the predictions of quantum chromodynamics (QCD), the partonic structure of
hadrons evolves linearly with energy or, equivalently, with Bjorken-x. However at some point, it
is predicted that this behavior changes and nonlinear effects start to manifest themselves and the
hadron enters a so called saturated regime; for a review see e.g. [1]. The production of vector
mesons has been considered to serve as a good probe of proton saturation at LHC [2] and at future
EIC facilities [3, 4]. In the exclusive process, the incoming electron emits a photon which interacts
with the proton with the subsequent production of a vector meson, while the proton remains intact.
The photon can be either quasi-real or it can have a large virtuality Q2, we refer to these cases as
photo- and electroproduction, respectively. In the related dissociative process, a target proton is
broken into a hadronic system. In a Good–Walker approach [5, 6], this process can be related to
fluctuations of the partonic structure of the proton. This approach has been used to advocate that
large-scale fluctuations of the partonic structure are necessary to obtain a correct description of
the J/ψ photoproduction cross section as a function of |t|, which is the square of the momentum
transfer of the proton, at a fixed center-of-mass energy Wγp of the photon-proton system. The Good-
Walker approach has also been applied in [2] to predict a maximum of the total dissociative J/ψ

photoproduction cross section as a function of Wγp, using a so called energy-dependent hot-spot
model. These studies were continued in [7] to study the mass dependence of the dissociative cross
section for various vector mesons and in [8] to study the dissociative electroproduction of vector
mesons and the scale dependence of the predicted geometrical saturation. This proceedings review
the predictions of [8] for the exclusive and the dissociative production of vector mesons. The text is
organized as follows. In Sec. 2, we give a brief description of the formalism, in Sec. 3, we present
the predictions of our model and compare them with the available experimental data, and in Sec.
4, we give a brief conclusion of the results.

2. Formalism of the vector meson production

The exclusive cross section to produce a vector meson V is given by

dσ γ∗p→Vp

d|t|

∣∣∣∣
T,L

=

(
RT,L

g

)2

16π
|〈AT,L〉|2, (2.1)

where the average is over different target configurations. The dissociative cross section is given as
a variance over different configurations

dσ γ∗p→VY

d|t|

∣∣∣∣
T,L

=

(
RT,L

g

)2

16π

(
〈|AT,L|2〉− |〈AT,L〉|2

)
, (2.2)

where Rg is called the skewedness correction [9] and AT,L is the photon-proton scattering ampli-
tude. The production of a vector meson can be described within the color dipole picture [10, 11],
in which the incoming photon fluctuates into a qq̄ dipole which interacts with the target proton in
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its rest frame. In this formalism, the scattering amplitude can be expressed as

AT,L(x,Q2,~∆) = i
∫

d~r
1∫

0

dz
4π

∫
d~b|Ψ∗VΨγ∗ |T,L exp

[
−i
(
~b− (1− z)~r

)
~∆
] dσqq̄

d~b
, (2.3)

where T,L denote transverse and longitudinal case, respectively, x denotes the Bjorken-x of the ex-
changed pomeron,~∆2≡−t,~r is the transverse size of the color dipole, z is the fraction of the photon
longitudinal momentum carried by the quark,~b is the impact parameter between the dipole and the
proton, and ΨV, Ψγ∗ are the wave functions of the vector meson and a virtual photon, respectively.
The dipole-proton cross section dσqq̄

d~b
can be expressed, in the impact-parameter factorized form, as

dσqq̄

d~b
= σ0N(x,r)Tp(~b), (2.4)

where the function Tp(~b) describes the proton profile in the impact-parameter plane, σ0 is a nor-
malization parameter, and N(x,~r) is the dipole scattering amplitude.

In the energy-dependent hot-spot model [2], the proton profile is seen as a set of regions of
high gluon density (hot spots). The positions of these hot spots in the impact-parameter plane
fluctuate event-by-event and are described by the proton profile function

Tp(~b) =
1

Nhs

Nhs

∑
i=1

Ths

(
~b−~bi

)
, (2.5)

where each hot spot is defined by

Ths(~b−~bi) =
1

2πBhs
exp

−
(
~b−~bi

)2

2Bhs

 , (2.6)

where Bp and Bhs are related to the radius of the proton and hot spot, respectively. The energy-
evolution of the transverse structure of the proton is ensured by the number of hot spots Nhs in-
creasing with decreasing x as

〈Nhs(x)〉= p0xp1(1+ p2
√

x), (2.7)

where p0, p1, and p2 are model parameters. The description, specific values, and the detailed
discussion of the model parameters, including also a description of the approach to the vector
meson and photon wave functions and the parametrization of the scattering amplitude N(x,~r) are
described in [2, 7, 8].

3. Predictions and comparison with data

Using the model briefly described above, we predict an energy Wγp dependence of the exclu-
sive and dissociative photo- and electroproduction of vector mesons off the proton target. In this
contribution, we show the predictions for ρ , φ , J/ψ , and ϒ(1S) mesons, the predictions for ψ(2S)
and ϒ(2S) are shown in [8]. The predictions are compared with the available experimental data.
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The predictions for the energy Wγp dependence of the exclusive and dissociative total cross
sections for a ρ meson are shown in Fig. 1. We compare these predictions with CMS data [12] for ρ

photoproduction in p–Pb collisions. We also compare the predictions with HERA data [13, 14, 15,
16, 17] for several values of Q2. The predictions for exclusive photoproduction and both exclusive
and dissociative electroproduction at Q2 from 2.4 to 35.6 GeV2 give a successful description of
the available experimental data. The H1 collaboration has recently presented preliminary data (not
shown in Fig. 1) for dissociative photoproduction of ρ meson. Our predictions also agree with
these data, however final conclusions can be made after the data are officially published.
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Figure 1: Comparison of the model predictions (solid lines) with HERA [13, 14, 15, 16, 17] and CMS
data [12] for the Wγp dependence of the exclusive (left) and dissociative (right) photo- and electroproduction
cross section of a ρ meson. Figures taken from [8].
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Figure 2: Comparison of the model predictions (solid lines) with HERA data from H1 [14, 17] and
ZEUS [18] for the Wγp dependence of the exclusive (left) and dissociative (right) photo- and electropro-
duction cross section of a φ meson. Figures taken from [8].

The predictions for the Wγp dependence of the exclusive and dissociative cross sections for a
φ meson are shown in Fig. 2 and compared with the data from H1 [14, 17] and ZEUS [18]. The
agreement between the model and the data is satisfactory, especially for exclusive electroproduc-
tion, however it is not as good as in the case of ρ meson.
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Figure 3: Comparison of the model predictions (solid lines) with HERA data from H1 [19, 20] and LHC
data from ALICE [21, 22] for the Wγp dependence of the exclusive (left) and dissociative (right) photo- and
electroproduction cross section of a J/ψ meson. Figures taken from [8].

The predictions of the model for the production of a J/ψ meson are shown in Fig. 3. The
photoproduction process, both exclusive and dissociative, has already been studied in previous
works [2, 7]. For completeness, the same comparison with H1 [19, 20] and ALICE data [21] from
ultraperipheral p–Pb collisions at

√
s = 5.02 TeV is shown together with recent ALICE data [22],

all the available data are successfully described by the model predictions. Predictions for exclusive
electroproduction also correctly describe available data from H1 [19]. Unfortunately, there is no
data for the dissociative process to compare with.

The predictions for exclusive and dissociative cross section for an ϒ(1S) meson have also been
studied in [7]. Here we show them again in Fig. 4 together with the electroproduction predictions
to provide the comparison of both processes. We compare the exclusive ϒ(1S) photoproduction
cross section prediction with data from HERA measured at H1 [23] and ZEUS [24] and also with
data from the LHC measured at the LHCb [25] and with new data from CMS [26]. The agreement
of the model predictions with the data is good, however the large uncertainties of the data prevent
us from making any final conclusion.

For completeness, we have also calculated predictions for the exclusive and dissociative pro-
duction of ψ(2S) and ϒ(2S) mesons. They are not shown in this contribution, both the predictions
and the comparison with the data for ψ(2S) to J/ψ ratios are discussed in [8].

4. Conclusions

In this contribution, we have presented the predictions for exclusive and dissociative photo-
and electroproduction of vector mesons ρ , φ , J/ψ , and ϒ(1S) off protons using the energy-dependent
hot-spot model. We observe that the total exclusive cross section grows with increasing energy Wγp.
However, the dissociative process shows a striking behavior. We observe that the cross section rises
at low energies and at some point, it reaches a maximum, after which it is decreasing as a function
of increasing Wγp. This behavior is caused by the variance over the different configurations, when
the available area in the impact-parameter plane of the proton is filled with hot spots, they start
to overlap and all the possible configurations look alike which causes the variance to decrease.
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Figure 4: Comparison of the model predictions (solid lines) with HERA data from H1 [23] and ZEUS [24],
and with the LHC data from LHCb [25] and CMS [26] for the Wγp dependence of the exclusive (left) and
dissociative (right) photo- and electroproduction cross section of an ϒ(1S) meson. Figures taken from [8].

This behavior of the total dissociative cross section is clearly present for all vector mesons, with
the position of the maximum in Wγp being shifted to higher energies with increasing mass of the
vector meson and the Q2 of the exchanged photon. This phenomenon arises from the geometrical
fluctuations of the proton in the transverse plane and could be studied at future EIC facilities.
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