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We present a model of coherent and incoherent photoproduction of vector mesons off proton and
off nuclear targets. The computations are performed within the colour-dipole formalism. The
targets are described by a profile, in the impact parameter space, including subnucleon degrees of
freedom, so-called hot spots. Their positions change event by event. The key aspect of our model
is that the number of hot spots grows with energy.
We show that the measurement of dissociative production off protons at different energies offers
new signatures of saturation. These measurements can be performed with current HERA and
LHC data. The results presented here are based on our previous studies published in [1],[2], and
[3].
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Figure 1: Schematic representation for exclusive (left) and dissociative (right) vector meson photo-
production. The processes are depicted as seen at the LHC, where the source of photons is a lead ion.
At HERA, the source of photons was either an electron or a positron.

1. Introduction

The high-energy, equivalently small-x, limit of hadron structure is one of the most interesting
subjects of perturbative QCD today, because saturation is expected to be found in this domain. In
this context, saturation means a dynamical equilibrium between the production and the recombina-
tion of gluons carrying a very small fraction of the total momentum of their parent hadron.

Hadrons are made of relativistic quantum fields and as such their structures fluctuate. Similar
experiments will probe different configurations each time. In these proceedings we present pre-
dictions for a process that is sensitive to spatial geometrical fluctuations in the impact parameter
plane, namely the diffractive production of a vector meson in photon–hadron interactions.

Specifically, we work within the colour-dipole model to compute exclusive and dissociative
production of ρ0, J/ψ and ϒ(1S) vector mesons off protons. A schematic representation of these
processes is shown in Fig. 1, where Wγp denotes the centre-of-mass energy of the photon–proton
interaction and t the square of the four-momentum transferred at the proton vertex. In addition, we
study the corresponding processes — called coherent and incoherent, respectively — for photonu-
clear production of ρ0. Our model includes a prescription for saturation as proposed by Golec-
Biernat and Wuesthoff [4] and a so-called hot-spot structure in the impact parameter plane, where
the hot spots represent regions of high gluon density.

These proceedings contain results from our previous studies published in [1],[2], and [3]. The
rest of this contribution is organised as follows. Next section introduces briefly the model, Sec. 3
and Sec. 4 contain our results for proton and for nuclear targets, respectively, and in Sec.5 we
present our conclusions and an outlook.

2. Brief overview of the model

The cross sections for the photoproduction of a vector meson VM off a target T for a photon
of virtuality Q2, and transverse (T ) or longitudinal (L) polarisation are

dσ(γT→ VM T)
dt

∣∣∣∣
T,L

=
(RT,L

g )2

16π

∣∣∣〈A(x,Q2,~∆)T,L

〉∣∣∣2 , (2.1)
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for the exclusive or coherent processes, and

dσ(γT→ VM Y )
dt

∣∣∣∣
T,L

=
(RT,L

g )2

16π

(〈∣∣∣A(x,Q2,~∆)T,L

∣∣∣2〉− ∣∣∣〈A(x,Q2,~∆)T,L

〉∣∣∣2) , (2.2)

for dissociative or incoherent production, where Y represents the dissociative state. RT,L
g is the

skewedness correction [5], ∆2 ≡ −t and x = M2
VM/W 2

γT with MVM the mass of the vector meson.
The total cross section at a given t is the sum of the T and L contributions. The integral over t
yields the cross section at a given energy. The angular brackets represent an average over different
geometrical configurations of the hot spots in the plane transverse to the interaction.

The amplitude takes the standard form for the colour-dipole model (for details see e.g. [1]).
Here we want to concentrate on the cross section for the interaction, at an impact parameter~b, of a
dipole of transverse size~r with the target. For proton targets we use

dσdp

d~b
= 2σ0N(x,r)T (~b), (2.3)

while for nuclei
dσdA

d~b
= 2

[
1− exp

(
−1

2
σ0N(x,r)TA(~b)

)]
. (2.4)

In both cases, the fluctuations are implemented in the profile functions T (~b) and TA(~b). For the
proton we use

T (~b) =
1

Nhs

Nhs

∑
i=1

Ths(~b−~bi), (2.5)

with

Ths(~b−~bi) =
1

2πBhs
e−

(~b−~bi)
2

2Bhs , (2.6)

where the position of a hot spot (hs) is a random point extracted form a 2D-Gaussian distribution
centred at zero and of width Bp related to the size of the proton. For the nuclear case we sample
the position of nucleons using random points from a Wood-Saxon distribution where each nucleon
has a hot-spot structure as just described.

The key ingredient of our approach is the fact that the number of hot spots inside a nucleon
increases with decreasing values of x. This is shown schematically in Fig 2. The size of the hot
spot does not change as shown in the left part of the figure.

3. Photoproduction off protons

Figure 3 shows the results of our model for the exclusive and dissociative photoproduction of
ρ0, J/ψ and ϒ(1S) vector mesons off protons as a function of Wγp as computed in our model (solid
lines) compared to data from HERA [6, 7, 8, 9, 10] and the LHC [11, 12, 13].

The cross sections for the exclusive photoproduction of vector mesons are satisfactorily de-
scribed over a large energy range and an even larger range in cross sections. Except for the slope
of the t distribution in the case of ρ production, all parameters of the model are the same for the
three vector mesons. For the ρ0 we had to increase the slope from 4.7 GeV−2 to 8 GeV−2 to obtain
a good description of the t distribution at one value of Wγp. (See [3] for details.)

2



P
o
S
(
D
I
S
2
0
1
8
)
0
5
4

Subnucleon fluctuations in vector meson photoproduction: a window to saturation J. G. Contreras

Figure 2: Schematic representation of the growth in the number of hot spots with decreasing values of x. In
the left, there is a cartoon of particular hot-spot configurations inside the hadron at different values of x. In
the right part of the figure, the curve shows the actual dependence used for calculations and three examples
of T (~b) distributions.

Our main result is shown in the right panel of Fig. 3. The dissociative cross section shows (i)
a marked decreased at large energies and (ii) the place where this decrease start, which depends
on the mass of the vector meson: it is at a smaller Wγp for the ρ0, at a larger Wγp for the J/ψ , and
at even larger energies for the ϒ(1S). The most interesting observation related to this prediction
is that the corresponding energies are accessible with existing or future data from HERA and the
LHC.

4. Photoproduction off nuclei

We have also computed the photoproduction of ρ0 mesons off nuclear targets for the coherent
and the incoherent processes for three nuclei: Xe, Pb, Au. Data are available for these three nuclei,
or new measurements are expected in the near future. The results are shown in Table 1. One
interesting result is that the coherent cross section, when computed using Eq. 2.4, develops an
extra energy dependance due to the fluctuations of the subnucleon degrees of freedom. This is
discussed in detail in [3].

5. Conclusions and outlook

We have presented results for the photoproduction of vector mesons off proton/nuclear targets
for exclusive/coherent and dissociative/incoherent processes. We have shown that in particular the
dissociative cross section shows a clear pattern of saturation dependance on the vector meson mass,
which could be measured using existing HERA and LHC data or data to be recorded at the LHC in
the near future.
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Figure 3: Exclusive (left) and dissociative (right) production of ρ0, J/ψ and ϒ(1S) vector mesons off
protons as a function of Wγp as computed in our model (solid lines) compared to data from HERA and the
LHC. Taken from [3].

Table 1: Cross sections for the coherent and the incoherent photonuclear production of ρ0 at mid-rapidity
in ultra-peripheral Au–Au, Pb–Pb and Xe–Xe collisions at energies available at RHIC and the LHC. The
cross sections are computed with the use of Eq. 2.4. Values taken from [3].

System
√

sNN (TeV) Coherent (mb) Incoherent (mb)
Au–Au 0.20 102 4.4
Pb–Pb 2.76 480 27
Pb–Pb 5.02 579 31
Xe–Xe 5.44 160 9.8
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