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Exclusive photo-production ofJ/Ψ and Ψ(2s) as a tool to explore
the transition to high and saturated gluon densities at the LHC
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We study the energy dependence of the cross-section for exclusive photo-production of vector mesonsJ/Ψ andΨ(2s) and search for signs
for the onset of non-linear QCD dynamics in this observable. Our study is based on two dipole models: the Golec-Biernat, Wuesthoff Model
(GBW) and the Bartels, Golec-Biernat, Kowalski Model (BGK). We find that differences between linear and non-linear implementations
of these models are relatively small in the kinematic region probed by both HERA and LHC experiments if the energy dependence of the
photoproduction cross-section is being considered. We however find that the ratio of both cross-sections grows with energy in the presence
of non-linear effects, while it remains approximately constant in the linearized case. The ratio of photo-production cross-sections might
therefore provide a suitable tool to characterize the size of non-linear QCD effects at current collider energies.
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1. Introduction

To attempt a description of a hadronic reaction based on per-
turbative Quantum Chromodynamics (QCD) the presence of
a so-called hard scaleQ which is significantly larger than the
QCD characteristic scaleΛQCD of the order of a few hundred
MeV is indispensable. The presence of such a hard scale ren-
ders the strong coupling constantαs small, allowing further-
more to identify partonic degrees of freedom (quarks, gluons)
in the hadron. This procedure however works only well as
long as the density of quarks and gluons is not large. The lat-
ter scenario is potentially realized in the so-called lowx limit,
wherex ≈ Q2/W 2 ¿ 1. The primary goal of this work
is to study the energy dependence of the exclusive photo-
production of vector mesons and to identify observables that
can distinguish between gluon distributions subject to linear
and non-linear QCD evolution.

Dipole models are a powerful tool to provide a first de-
scription of both inclusive and diffractive deep inelastic scat-
tering cross sections in HERA and LHC detectors in this
limit, due to the fact that they provide an excellent description
of QCD reactions at low-x and in the lowQ2 region. [1,2].

In photon-induced reactions at lowx, such as Deep In-
elastic Scattering of electrons and protons or ultra-peripheral
collisions of two hadrons, such dipole models assume the
splitting of the initial photon into a quark-antiquark pair.
Dipole models then describe the eikonal interaction of this
color dipole with the high-density gluonic field of the target
hadron. To determine the probability of finding a dipole of
transverse sizer within a photon and the subsequent transi-
tion to a vector meson, one additionally requires the corre-
sponding light-front wave function overlap, which describes
the formation of the dipole and its annihilation into a cer-

tain final state. The scattering amplitude is then defined as
the convolution of the wave function overlap and the dipole
cross-sectionσqq̄.

2. Formalism

With W the center of mass energy of the photon-proton colli-
sion andt the momentum transfer we have for the differential
cross-section [3]:

dσ

dt
(γp → V p) =

1
16π

| Aγp→V p(W 2, t) |, (1)

whereA(W 2, t) denotes the scattering amplitude for the re-
actionγp → V p with V = J/Ψ,Ψ(2s) the vector meson.
At high center of mass energies, the dominant contribution to
the scattering amplitude is given by its imaginary part. Cor-
rections due to the real part of the scattering amplitude can
be estimated using dispersion relations as follows [4]:

<eA(W 2, t)
=mA(W 2, t)

= tan
(

λπ

2

)
, (2)

with,

λ(x) =
d

d ln(1/x)
ln=mA(x, t).

In this work we do not assume a constantλ, but determine
instead the slopeλ from thex-dependent imaginary part of
the scattering amplitude, see also [4–10].

2.1. Wave function overlap

The imaginary part of the scattering amplitude is obtained
using:

=mAT (W 2, t = 0) =
∫

d2r σqq

(
M2

V

W 2
, r

)
ΣT (r), (3)
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with r =| r |. Here

ΣT (r) =

1∫

0

dz

4π
(ψ∗V ψ∗)T (z, r), (4)

where the wave function overlap of photon and vector meson
wave function is given by

(Ψ∗V Ψ)T = êfe
Nc

πz(1− z)
{m2

fK0(εr)φT (r, z)

− [z2 + (1− z)2]εK1(εr)∂rφT (r, z)}. (5)

In the above expression,φT denotes the scalar wave function
for which we use a simple Gaussian model, see [3] for the
explicit form as well as [11] for the employed parameter set;
T denotes the transverse polarization of the real photon.

Furthermore,̂ef = 2/3 for the charm quark ande =√
4παe.m., whereasαe.m is the electromagnetic fine struc-

ture constant,Nc = 3 is the number of colors andK0,1(εr).
are the Bessel functions of the second kind, respectively.

2.2. Dipole models

The simplest saturation model is the GBW model [1] with a
dipole cross-section:

σqq̄(x, r) = σ0

(
1− exp

[
−r2Q2

s(x)
4

])
. (6)

Here, r corresponds to the transverse separation between
the quark and the antiquark, and the saturation scaleQs is
parametrized as follows:

Q2
s(x) = Q2

0

(x0

x

)λ

. (7)

In the following, we propose a modification to the non-linear
version of this model and implement a parameterk which
simulates non-linear effects through exponentiation of the
leading order QCD description. The modified GBW Model
reads:

σqq̄(x, r, k) =
σ0

k

(
1− exp

[−k · r2Q2
s(x)

4

])
, (8)

wherek = 0 yields the linearized model

σqq̄ = σ0r
2Q2

s/4.

The casek = 1 corresponds on the other hand to the com-
plete non-linear fit of this model. Note that the parameterk
has been inserted in a way such that it leaves the linearized
model unmodified. It, therefore, serves as a tool to test the
relevance of the non-linear terms. Including the same modi-
fication to the BGK model we have:

σqq̄(x, r, k) =
σ0

k

·
(

1− exp
[−k · π2r2αs(µ2

r)xg(x, µ2
r)

3σ0

])
. (9)

Here,xg(x, µ2) denotes the collinear gluon density which is
parametrized at the starting scaleµ2

0 and evolves to scales
µ2 using leading order Dokshitzer-Gribov-Lipatov-Altarelli-
Parisi (DGLAP) evolution, whileαs(µ2) denotes the QCD
running coupling andσ0 is a parameter of the model which
gives the transverse size of the proton in the collision. For
the description to work for large dipole sizes, one uses a
dipole size dependent factorization scale asµ2

r = µ2
0/(1 −

exp
(−µ2

0r
2/C

)
), while the gluon distribution is evolved

with DGLAP evolution equations truncated to the gluonic
sector,

∂g(x, µ2)
∂ ln µ2

=
αs(µ2)

2π

∫ 1

x

dz

z
Pgg(x)g

(x

z
, µ2

)
, (10)

with an initial condition,

xg(x,Q2
0) = Agx

−λg (1− x)5.6, (11)

with Q0 = 1 GeV and the gluon-to-gluon splitting function
Pgg(z), see [1] for details and values of parameters.

3. Comparison to data and conclusion

In Fig. 1 and 2, we compare our numerical results to HERA
and LHC data. In particular, we explore for both models
the effects of varying the parameterk away from the origi-
nal k = 1, which corresponds to the underlying fit. For both
models, if the parameterk is large, a stronger emphasis is
given to non-linear terms, while the model turns essentially
linear if k → 0. Our result illustrates excellently the sensi-
tivity of the observable to the presence/absence of non-linear
effects. Introducing this simple parameter allows us therefore
to evaluate further the relevance of non-linear corrections in
the LHC region, in particular, if one assumes that those terms
are only weakly constrained by HERA data.

FIGURE 1. Top: The energy dependence of theJ/Ψ photo-
production cross-section provided by the BGK (solid) and GBW
(dashed) saturation models. We further display photo-production
data measured at HERA (ZEUS [12, 13], H1 [14–16]) as well as
LHC data (ALICE [17,18], LHCb [19,20]).
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FIGURE 2. The same as Fig. 1, but for theΨ(2s) photo-production
cross-section, with data measured by the H1 [14,21] and LHCb [21]
collaborations.

In Fig. 3 we finally consider the energy dependence of
the ratio ofΨ(2s) andJ/Ψ photo-production cross-section
process. In particular, we recover the observation made in
Ref. [4] that the ratio ofΨ(2s) andJ/Ψ cross-section is ap-
proximately constant with energyW if non-linear effects are
absent.

FIGURE 3. The energy dependence of the ratio ofΨ(2s) andJ/Ψ
photo-production cross-section process provided by BGK (solid)
and GBW (dashed) saturation models. We further display photo-
production data measured at HERA (H1 [14], ZEUS [22]).

The complete study is currently in progress and will be
reported separately.
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