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Light vector meson photoproduction in hadron-hadron and nucleus-nucleus collisions at energies
available at the CERN Large Hadron Collider
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In this work we analyze the theoretical uncertainties on the predictions for the photoproduction of light vector
mesons in coherent pp, pA, and AA collisions at the CERN Large Hadron Collider energies using the color dipole
approach. In particular, we present our predictions for the rapidity distribution for ρ0 and φ photoproduction
and perform an analysis on the uncertainties associated to the choice of vector meson wave function and the
phenomenological models for the dipole cross section. Comparison is done with the recent ALICE analysis on
coherent production of ρ0 at 2.76 TeV in PbPb collisions.
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I. INTRODUCTION

The exclusive photoproduction of vector mesons has been
investigated recently both experimentally and theoretically
[1–5]. In particular, the light vector mesons as ρ and φ do not
have a perturbative scale associated to the process in the photo-
production limit and so they test the nonperturbative regime of
QCD. The transition between the perturbative hard treatment
and the soft regime can be addressed by the so-called saturation
approaches [7] within the color dipole formalism [6]. In those
formalisms a saturation scale characterizes the limitation on
the maximum phase-space parton density that can be reached
in the hadron wave function. In such a framework, the typical
scale driven by the dynamics of light meson production
is the saturation scale and the photons can be considered
as color dipoles in the mixed light cone representation,
where their transverse size can be considered frozen during
the interaction [8]. The corresponding scattering process is
characterized by the color dipole cross section describing the
interaction of those color dipoles with the nucleon or nucleus
targets. Accordingly, the qq̄ fluctuations, i.e., the color dipoles,
of the incoming quasireal photon interacts with the target via
the dipole cross section and the result is projected in the wave
function of the observed hadron. At high energies, i.e., small-x
region, it is expected that a transition between the regime
described by the linear dynamics of emissions chain and a
new regime where the physical process of recombination of
partons turns out to be crucial. The transition is driven by the
saturation scale Qsat ∝ A1/3xλ, which is typically enhanced in
the scattering on nuclei targets [7].

The approach shortly described above has done a good job
in describing the vector meson photo and electroproduction at
the DESY-HERA energy regime considering a proton target
(see, e.g., Ref. [9]). The possibility for an investigation of
the photonuclear production in similar energies was pro-
vided by the BNL Relativistic Heavy Ion Collider (RHIC)
measurements on ρ and J/� production considering the
coherent gold-gold heavy ion collisions [10,11]. For a long
time the analysis of coherent collisions in hadronic interactions
as an alternative way to investigate the QCD dynamics at
high energies has been proposed [12–21]. The basic idea in
coherent hadronic collisions is that the cross section for a

given process can be factorized in terms of the equivalent flux
of photons into the hadron projectile and the photon-photon
or photon-target production cross section [22]. The main
advantage of using colliding hadrons and nuclear beams for
studying photon-induced interactions is the high equivalent
photon energies and luminosities achieved at RHIC and CERN
Large Hadron Collider (LHC). Consequently, studies of γp or
γA interactions at the LHC could provide valuable information
on the QCD dynamics at high energies. The main point
here is to investigate the robustness of the phenomenological
models including the saturation phenomenon which have their
parameters fixed by DESY-HERA data when extrapolated to
the very high energy regime reached at the LHC.

Our goal in this work is to analyze the theoretical uncertain-
ties on the predictions for the photoproduction of light vector
mesons in coherent pp, PbPb, and pPb collisions at the LHC
using the color dipole approach. Predictions for the rapidity
distribution for ρ0 and φ photoproduction will be furnished
and an analysis on the uncertainties associated to the choice
of vector meson wave function and the phenomenological
models for the dipole cross section is performed. Moreover,
we will present our predictions for the rapidity dependence of
ρ cross sections at LHC energy of 2.76 TeV in coherent PbPb
collisions, which is currently under analysis by the ALICE
collaboration [23].

II. THEORETICAL FRAMEWORK

The exclusive meson photoproduction in hadron-hadron
collisions can be factorized in terms of the equivalent flux of
photons of the hadron projectile and photon-target production
cross section [22]. The photon energy spectrum, dN

p
γ /dω,

which depends on the photon energy ω, is well known [22].
The rapidity distribution y for vector meson photoproduction
in pp collisions can be written as

dσ

dy
(pp → p ⊗ V ⊗ p) = S2

gap

[
ω

dN
p
γ

dω
σ (γp → Vp)

+ (y → −y)

]
. (1)
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The produced state with mass mV has rapidity y � ln(2ω/mV )
and the square of the γp center-of-mass energy is given by
W 2

γp � 2ω
√

s. The absorptive corrections due to spectator
interactions between the two hadrons are represented by
the factor Sgap. For simplicity here, we did not consider
absorption corrections. The photon-Pomeron interaction will
be described within the light-cone dipole frame, where the
probing projectile fluctuates into a quark-antiquark pair with
transverse separation r (and momentum fraction z) long after
the interaction, which then scatters off the hadron. The cross
section for exclusive photoproduction of vector meson off a
nucleon target is given by [8]

σ (γp → Vp) = 1

16πBV

∣∣∣∣
∫

dz d2r 

γ ∗V
T σdip

∣∣∣∣
2

, (2)



γ ∗V
T =

∑
h,h̄

�
γ

h,h̄
(z,r,mq)�V ∗

h,h̄
(z,r,mq), (3)

where �γ (z,r,mq) and �V (z,r,mq) are the light-cone wave
function of the photon and of the vector meson, respectively.
The Björken variable is denoted by x = M2

V /(W 2
γp − m2

p), the
dipole cross section by σdip(x,r), and the diffractive slope
parameter by BV . Here, we consider the energy dependence of
the slope using the Regge motivated expression, BV (Wγp) =
B0 + 4α′ log(Wγp/W0). We have considered B0 = 11 GeV−2,
W0 = 95 GeV, and α′ = 0.25 GeV−2 [24]. Similarly, the
rapidity distribution y in nucleus-nucleus collisions has the
same factorized form,

dσ

dy
(AA → A ⊗ V ⊗ Y ) =

[
ω

dNA
γ

dω
σ (γA → V + Y )

+ (y → −y)

]
, (4)

where the photon flux in the nucleus is denoted by dNA
γ /dω

and Y = A (coherent case) or Y = A∗ (incoherent case).
The exclusive photoproduction off nuclei for coherent and
incoherent processes can be simply computed in high energies
where the large coherence length lc 	 RA is fairly valid. The
expressions for both cases are given by [25]

σ (γA → V A) =
∫

d2b

∣∣∣∣〈�V |1− exp

[
−1

2
σdipTA

]
|�γ 〉

∣∣∣∣
2

,

σ (γA → V A∗) = 1

16π BV

∫
d2b TA

∣∣∣∣〈�V |σdip(x,r)

× exp

[
− 1

2
σdipTA(b)

]
|�γ 〉

∣∣∣∣
2

,

where TA(b) = ∫
dzρA(b,z) is the nuclear thickness function.

The notation 〈�V |(· · · )|�γ 〉 represents the overlap over the
wave functions. The rapidity distribution for the case of
coherent pA collisions can be also obtained. Disregarding
the contribution from photonuclear interaction, the simplified
expression is given by

dσ

dy
(pA → p ⊗ V ⊗ A) = ω

dNA
γ

dω
σ (γA → V A). (5)

TABLE I. Parameters for the vector-meson light-cone wave
functions [30,31] in units of GeV.

V common BG LCG
parameters parameters parameters

MV mf êf R2 NT R2
T NT

ρ 0.776 0.14 (0.01) 1/
√

2 12.3 0.0259 21.0 4.47
φ 1.019 0.14 (0.01) 1/3 10.0 0.0251 16.0 4.75

In the numerical evaluations in next section, we have
considered the boosted Gaussian [28] (BG) and the light-cone
Gaussian [29] (LCG) wave functions and the phenomenolog-
ical saturation models proposed in Refs. [26] (IIM model)
and [27] [Golec-Biernat Wusthoff (GBW) model] which
encode the main properties of the saturation approaches. The
expressions for the overlap functions we have used appropri-
ately summed over the helicity and flavor indices are given by



γ ∗V
T (z,r,mq) = êf

√
4π αe

(2π )2
Nc

{
m2

f K0(rεf )φT (r,z)

− [z2 + (1 − z)2] εf K1(rεf )∂rφT (r,z)
}
,

where the constant êf stands for an effective charge. It is
given in Table I along with the quark and meson masses used.
Here, mf denotes the mass of the quark with flavor f and
with ε2

f = m2
f . For the BG wave functions [28], the function

φT is given by

φT = NT 4
√

2πR2 exp

[
− m2

f R2

8z(1 − z)
+ m2

f R2

2

− 2z(1 − z)r2

R2

]
. (6)

The parameters R and NT are constrained by unitarity of the
wave funtion as well as by the electronic decay widths. They
are given in Table I [30]. On the other hand, for the LCG wave
function [29] one has the following expression:

φT = NT z(1 − z) exp
[−r2/

(
2R2

T

)]
(7)

with the parameters also given in Table I [31]. The parameters
for the meson wave functions shown in the table correspond to
a fixed quark mass of mq = 0.14 GeV. We have verified that
there is some sensitivity when considering a smaller quark
mass, which leads to a change in the overall normalization
NT (it increases as mq diminishes).

The two wave functions considered above are samples of
the available phenomenological models. For instance, for ρ
production, Forshaw and Sandapen [32–34] have used state-
of-the-art constraints for the parameters of the meson wave
function from recent data on ρ electroproduction. In Ref. [32]
the ρ wave function was extracted from HERA data and it was
found that it prefers a transverse wave function with enhanced
end-point contributions. In Ref. [33] the leading twist-2 and
subleading twist-3 distribution amplitudes of the ρ meson
have been extracted and in Ref. [34] they provided an anti-
de Sitter/conformal field theory correspondence (AdS/CFT)
holographic wave function for the ρ meson and compare it to
the available data on the photon-proton process.
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For the phenomenological models for the dipole-proton
cross section, we have considered two sets of parameters for
the IIM parametrization [26] (including charm quark in fits).
In this case, the dipole cross section is parametrized as follows:

σdip (x,r) = σ0

{
0.7

(
τ̄ 2

4

)γeff (x, r)
, for τ̄ � 2 ,

1 − exp[−a ln2 (b τ̄ )] , for τ̄ > 2 ,

where τ̄ = rQsat(x) and the expression for τ̄ > 2 (saturation
region) has the correct functional form, as obtained from the
theory of the color glass condensate (CGC) [7]. For the color
transparency region near saturation border (τ̄ � 2), the behav-
ior is driven by the effective anomalous dimension γeff (x, r) =
γsat + ln(2/τ̃ )

κ λ y
with κ = 9.9. The saturation scale is defined as

Q2
sat(x) = ( x0

x
)λ and σ0 = 2πR2

p.
The first set (labeled by IIM-old [35]) considers the

previous DESY-HERA data and the values for parameters are
γsat = 0.7376, λ = 0.2197, x0 = 0.1632 × 10−4, and Rp =
3.344 GeV−1 (σ0 = 27.33 mb). For IIM-old, the light quark
mass is fixed as mu,d,s = 0.14 GeV. The second set (labeled
IIM-new [36]) considered the extremely small error bars
on the recent ZEUS and H1 combined results for inclusive
Deep Inelastic Scattering (DIS). In this case, the parameters
are γsat = 0.762, λ = 0.2319, x0 = 0.6266 × 10−4, and σ0 =
21.85 mb. For IIM-new, the light quark mass is fixed as
mu,d,s = 10−2–10−4 GeV (we take mq = 0.01 in the numerical
calculations). At the same x value, the saturation scale is higher
for IIM-new as x0 and λ are both bigger as for the IIM-old
case. On the other hand, the asymptotic value of dipole cross
section σ0 is smaller for IIM-new. We also see that a smaller



γ ∗V
T (z,r,mq) is obtained, which is directly dependent on mq ,

when compared to the value of mass mq = 0.14 GeV.
In order to compare the dependence on distinct models, we

also consider the simple GBW parametrization [27], where the
dipole cross section is given by

σdip(x,r) = σ0

[
1 − exp

(
− r2Q2

sat

4

)γeff
]
, (8)

where the the effective anomalous dimension is taken as
γeff = 1.

As a final note on the details of the present calculation, we
discuss the threshold correction, the real part of amplitude, and
skewness effects. In all numerical calculations, we multiply
the dipole cross sections above by a threshold correction factor
(1 − x)n, where n = 5 for light mesons and n = 7 for the heavy
ones (the value for n is estimated using quark counting rules).
The cross section in Eq. (2) has been computed including the
real part of amplitude contribution and skewness correction in
the following way:

σ̂γp→Vp = R2
g σ (γp → Vp)(1 + β2) (9)

with

β = tan

(
πε

2

)
, Rg(ε) = 22ε+3

√
π

�(ε + 5/2)

�(ε + 4)
,

ε ≡ ∂ ln(Aγp→Vp)

∂ ln(1/x)
, (10)

where the factor (1 + β2) takes into account the missing
real part of the amplitude, with β being the ratio of real to
imaginary parts of the scattering amplitude. The factor Rg

incorporates the skewness effect, coming from the fact that
the gluons attached to the qq̄ can carry different light-front
fractions x,x ′ of the proton. The skewness factor given in
Eq. (10) was obtained at the NLO level, in the limit that
x ′  x  1 and at small t assuming that the diagonal gluon
density of target has a power-law form [37].

III. RESULTS AND DISCUSSIONS

Let us start by calculating the rapidity distribution for ρ
and φ production in proton-proton collisions at the energy of
7 TeV. In Fig. 1(a) the results for ρ0 taking into account the
BG wave function and some samples of phenomenological
models for the dipole cross section are presented. The dot-
dashed curve stands for the IIM dipole cross section using
previous values of its fitted parameters (IIM-old). The solid

−10 −5 0 5 10
y

0.0

0.2

0.4

0.6

0.8

1.0

1.2

dσ
/d

y 
[μ

b]

IIM−old
IIM−new
GBW

LHC 7 TeV pp
p+p−>p+p+ρ0

BG wavefunction

(a)

−10 −5 0 5 10
y

0.0

0.2

0.4

0.6

0.8

1.0

1.2

dσ
/d

y 
[μ

b]

IIM−old
IIM−new
BGW

LHC 7 TeV pp
p+p−>p+p+ρ0

LCG wavefunction

(b)

FIG. 1. (Color online) Predictions for the rapidity distribution of ρ0 photoproduction in pp collisions at LHC (
√

s = 7 TeV) for the case
of (a) boosted Gaussian (BG) and (b) light-cone Gaussian (LCG) wave functions and several models for the dipole cross section (see text).
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FIG. 2. (Color online) Predictions for the rapidity distribution of φ photoproduction in pp collisions at LHC (
√

s = 7 TeV) for the case of
(a) BG and (b) LCG wave functions and several models for the dipole cross section (see text).

line represents the result using the new fitted parameters for
the IIM model (IIM-new), whereas the dashed curve stands
for the celebrated GBW parametrization. The behavior at
large rapidities is similar for the distinct models. However,
at midrapidities there is an evident model dependence. It is
found that dσ/dy(y = 0) = 0.9, 0.83, 0.95 μb for IIM-old,
IIM-new, and GBW, respectively. The deviation is of order
14% in that case. In Fig. 1(b), the results are now presented for
the LCG wave function and the notation is the same as for the
previous plot. In the midrapidity region one gets dσ/dy(y =
0) = 0.80, 0.45, 0.85 μb for IIM-old, IIM-new, and GBW,
respectively. The predictions using the LCG wave function are
smaller than the BG wave function case. In addition, there is
an intense suppression when the IIM-new model is considered
(a reduction by a factor of 1.8). Concerning the φ meson
production, in Fig. 2(a) the results using the BG wave function
are presented and in Fig. 2(b) are the corresponding values
for LCG wave function. The notation is the same as the plots
for the ρ case. At midrapidity it is found that dσ/dy(y =
0) = 108.8 nb (IIM-old), 101 nb (IIM-new), and 121.3 nb
(GBW) using the BG wave function and dσ/dy(y = 0) =
132.4 nb (IIM-old), 80.4 nb (IIM-new), and 147.7 nb (GBW)
considering the LCG wave function. In contrast with the ρ
case, the midrapidity values of cross sections are higher using
the LCG instead of BG wave function by a factor 20% at
least for IIM-old and GBW models. This can be due to the
richer structure of the BG wave function in comparison to
the LCG wave function. Once again, a reduction is observed
using the IIM-new model. As predictions for the 14 TeV run,
it is found that dσρ/dy(y = 0) = 0.71 ± 0.21 μb (IIM-new)
and dσρ/dy(y = 0) = 1.04 ± 0.06 μb (GBW). The errors
take into account the dependence on the wave function.
For the φ case we get dσφ/dy(y = 0) = 99 ± 11 nb (IIM-
new) and dσφ/dy(y = 0) = 153 ± 16 nb (GBW). The large
theoretical uncertainty presented here it was also found when
considering the pQCD k⊥-factorization approach in [38,39],
where the authors also considered the absorption effects. Our

predictions are somewhat consistent with those in Refs. [38,39]
at midrapidity for 14 TeV.

Now, we investigate the photonuclear production of ρ
and φ mesons in nucleus-nucleus collisions at the LHC. We
will consider PbPb collisions at the energy of 2.76 TeV. In
Fig. 3(a) we present the results for the rapidity distributions
for the coherent ρ production, Pb + Pb → Pb + ρ0 + Pb,
considering the BG wave function (without nuclear breakup).
The preliminary ALICE data [23] for coherent ρ production,
dσ
dy

(y = 0) = 420 ± 10 (stat.) +30
−55 (syst.) mb, is also presented

and the notation for the curves is the same as for the proton-
proton case. It was found that dσ/dy(y = 0) = 661.5 mb (IIM-
old), 747 mb (IIM-new), and 685.6 mb (GBW), respectively.
In any case, the predictions are in average 50% larger than
the experimental result. The theoretical uncertainty associated
to the model for the dipole cross section remains as in
the proton-proton case. It is a distinction compared to the
proton-proton case for the IIM-new for BG wave function,
where the prediction is larger than IIM-old and GBW. A
careful analysis on the quark mass dependence for the BG
wave function would be in order. In Fig. 3(b) one presents
the results considering the LCG wave function, including the
previous BG prediction [40] (dotted line) that also considered
the color dipole approach. This time we obtained the values
dσ/dy(y = 0) = 469.5 mb (GM), 585.1 mb (IIM-old), 409 mb
(IIM-new), and 603.3 mb (GBW), respectively. The results are
smaller than those for the BG wave function and the IIM-new
result is consistent with data within the error bars. In Fig. 4
we present the integrated cross section (all rapidities) as a
function of NN energy, including the lower energy (

√
sNN =

62.4, 130, and 200 GeV) results from STAR Collaboration
at RHIC [10]. The preliminary data from ALICE, σ coh

total =
4.3 ± 0.1 (stat.) +0.6

−0.5 (syst.) b is also presented. The predictions
using the IIM-new (solid line) and GBW (dashed line) models
for the dipole cross section and the LGC wave function are
shown. When comparing the models investigated here to those
data we have previously presented, the coherent cross section

025203-4



LIGHT VECTOR MESON PHOTOPRODUCTION IN HADRON- . . . PHYSICAL REVIEW C 91, 025203 (2015)

−10 −5 0 5 10
y

0

200

400

600

800

1000

dσ
/d

y 
[m

b]

ALICE (prel. data)
IIM−old
IIM−new
GBW

LHC 2.76 TeV PbPb
Pb+Pb−>Pb+Pb+ρ0

BG wavefunction

(a)

−10 −5 0 5 10
y

0

100

200

300

400

500

600

700

800

900

dσ
/d

y 
[m

b]

ALICE (prel. data)
GM
IIM−old
IIM−new
GBW

LHC 2.76 TeV PbPb
Pb+Pb−>Pb+Pb+ρ0

LCG wavefunction

(b)

FIG. 3. (Color online) Predictions for the rapidity distribution of ρ0 photonuclear production in PbPb collisions at LHC (
√

s = 2.76 TeV)
for the case of (a) BG and (b) LCG wave functions and several models for the dipole cross section (see text). The preliminary ALICE data [23]
for central rapidity is also presented.

only (we did not include contributions with nuclear break
up [41]) and a interpolation from RHIC to LHC are performed.
It is verified that the color dipole approach gives a reasonable
description of energy dependence from low to high energies.
As a prediction for the future 5.5 TeV run, we obtain the
following the cross sections σ coh

0n0n(all y) = 5.30 (7.21) b using
the LCG wave function and models IIM-new (GBW) for the
dipole cross section. Our predictions are smaller (for this
particular choice of wave function) than those presented in
Ref. [42] Rebyakova, Strikman, and Zhalov (RSZ) where it is
found that σ RSZ

0n0n(all y) = 8.309 b at 5.5 TeV.
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FIG. 4. (Color online) The total cross section for ρ0 coherent
production in nucleus-nucleus collisions as a function of energy√

sNN . The curves are for IIM-model (solid line) and GBW (dashed
line) models for dipole cross section and both considering LCG wave
function. The measurements of STAR (RHIC) [10] at low energy and
the preliminary ALICE data [23] are also presented.

In Fig. 5 the results for the incoherent ρ0 photonuclear
production, Pb + Pb → Pb + ρ0 + Pb(∗), using same notation
as previous plots are presented. In a similar way as for the
coherent case, the predictions using the BG wave function
(thick lines) are larger that the LCG option (thin lines) and can
introduce an uncertainty by a factor of two (see IIM-new case)
at midrapidities. The main prediction is that the incoherent
ρ production is of order 30 ± 10 mb at y = 0 for energy
of 2.76 TeV. Finally, the rapidity distribution for the pA
interaction is shown in Fig. 6, where the results for BG (thick
lines) and LCG (thin lines) wave functions are presented in a
single plot. We can see a strong dependence on the choice
of meson wave function and on the dipole cross section,
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FIG. 5. (Color online) The rapidity distribution for ρ0 incoherent
production in PbPb collisions at 2.76 TeV. The thick lines represent
the predictions using BG wave function and the thin lines represent
the predictions for LCG wave function.
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FIG. 6. (Color online) The rapidity distribution for ρ0 coherent
production in pPb collisions at 5.02 TeV. The thick lines represent the
predictions using the BG wave function and the thin lines represent
the predictions for the LCG wave function.

where the smaller cross section is provided by the IIM-new
parametrization and LCG wave function. The pattern presented
for the ρ production is similar to the results for quarkonium

production recently investigated in Refs. [43,44] also using the
color dipole approach.

In summary, in this work we performed calculations
considering the color dipole approach leading to predictions
for the light vector meson production as ρ and φ in coherent
and incoherent interactions at the LHC energies for pp, pPb,
and PbPb collisions. We show that the theoretical uncertainty
is considerably large and the main sources are the models for
the meson wave function and the phenomenological models
for the dipole cross section. The BG wave function leads to
larger cross sections at midrapidity compared to the LCG wave
function and the dependence of the overall normalization with
the color dipole model is important. In particular, the recent
ALICE preliminary data seem to favor the LCG wave function
and more recent parametrizations for the dipole cross section.
Our results demonstrate that the production rates in RHIC and
LHC are fairly described by the color dipole approach. This
corroborates the previous studies on heavy meson production
as J/ψ and ψ(2S) [45] (see also Fig. 7 from Ref. [2]) using
the same framework presented here.

ACKNOWLEDGMENTS

This work was partially financed by the Brazilian funding
agency Conselho Nacional de Desenvolvimento Cientı́fico e
Tecnológico (CNPq) and by the French-Brazilian scientific co-
operation project Coordenação de Aperfeiçoamento de Pessoal
de Nı́vel Superior (CAPES)-COFECUB 744/12. M.V.T.M.
thanks Amir Rezaeian for useful discussions.

[1] R. Aaij et al. (LHCb Collaboration), J. Phys. G 40, 045001
(2013).

[2] R. Aaij et al. (LHCb Collaboration), J. Phys. G 41, 055002
(2014).

[3] B. Abelev et al. (ALICE Collaboration), Phys. Lett. B 718, 1273
(2013).

[4] E. Abbas et al. (ALICE Collaboration), Eur. Phys. J. C 73, 2617
(2013).

[5] B. Abelev et al. (ALICE Collaboration), Phys. Rev. Lett. 113,
232504 (2014).

[6] N. N. Nikolaev and B. G. Zakharov, Phys. Lett. B 332, 184
(1994); ,Z. Phys. C 64, 631 (1994).

[7] F. Gelis, E. Iancu, J. Jalilian-Marian, and R. Venugopalan, Ann.
Rev. Nucl. Part. Sci. 60, 463 (2010); H. Weigert, Prog. Part. Nucl.
Phys. 55, 461 (2005); J. Jalilian-Marian and Y. V. Kovchegov,
ibid. 56, 104 (2006).

[8] J. Nemchik, N. N. Nikolaev, E. Predazzi, and B. G. Zakharov,
Phys. Lett. B 374, 199 (1996).

[9] V. P. Goncalves, M. V. T. Machado, and A. R. Meneses, Eur.
Phys. J. C 68, 133 (2010).

[10] G. Agakishiev et al. (STAR Collaboration), Phys. Rev. C 85,
014910 (2012).

[11] A. Afanasiev et al. (PHENIX Collaboration), Phys. Lett. B 679,
321 (2009).

[12] V. P. Goncalves and M. V. T. Machado, Eur. Phys. J. C 28, 71
(2003); ,29, 37 (2003).

[13] V. P. Goncalves, M. V. T. Machado, and W. K. Sauter, Eur. Phys.
J. C 46, 219 (2006).

[14] V. P. Goncalves and M. V. T. Machado, Eur. Phys. J. C 31, 371
(2003).

[15] V. P. Goncalves and M. V. T. Machado, Eur. Phys. J. C 40, 519
(2005).

[16] V. P. Goncalves and M. V. T. Machado, Phys. Rev. D 71, 014025
(2005).

[17] V. P. Goncalves and M. V. T. Machado, Phys. Rev. C 73, 044902
(2006).

[18] V. P. Goncalves and M. V. T. Machado, Phys. Rev. D 75, 031502
(2007).

[19] V. P. Goncalves and M. V. T. Machado, Phys. Rev. D 77, 014037
(2008).

[20] V. P. Goncalves and M. V. T. Machado, Phys. Rev. C 80, 054901
(2009).

[21] V. P. Goncalves, M. V. T. Machado, and A. R. Meneses, Phys.
Rev. D 80, 034021 (2009).

[22] G. Baur, K. Hencken, D. Trautmann, S. Sadovsky, and Y.
Kharlov, Phys. Rep. 364, 359 (2002); C. A. Bertulani, S. R.
Klein, and J. Nystrand, Ann. Rev. Nucl. Part. Sci. 55, 271 (2005);
K. Hencken et al., Phys. Rep. 458, 1 (2008).

[23] J. Nystrand (ALICE Collaboration), Nucl. Phys. A 931, 298
(2014).

[24] S. Aid et al. (H1 Collaboration), Nucl. Phys. B 463, 3
(1996).

[25] B. Z. Kopeliovich and B. G. Zakharov, Phys. Rev. D 44, 3466
(1991).

[26] E. Iancu, K. Itakura, and S. Munier, Phys. Lett. B 590, 199
(2004).

025203-6

http://dx.doi.org/10.1088/0954-3899/40/4/045001
http://dx.doi.org/10.1088/0954-3899/40/4/045001
http://dx.doi.org/10.1088/0954-3899/40/4/045001
http://dx.doi.org/10.1088/0954-3899/40/4/045001
http://dx.doi.org/10.1088/0954-3899/41/5/055002
http://dx.doi.org/10.1088/0954-3899/41/5/055002
http://dx.doi.org/10.1088/0954-3899/41/5/055002
http://dx.doi.org/10.1088/0954-3899/41/5/055002
http://dx.doi.org/10.1016/j.physletb.2012.11.059
http://dx.doi.org/10.1016/j.physletb.2012.11.059
http://dx.doi.org/10.1016/j.physletb.2012.11.059
http://dx.doi.org/10.1016/j.physletb.2012.11.059
http://dx.doi.org/10.1140/epjc/s10052-013-2617-1
http://dx.doi.org/10.1140/epjc/s10052-013-2617-1
http://dx.doi.org/10.1140/epjc/s10052-013-2617-1
http://dx.doi.org/10.1140/epjc/s10052-013-2617-1
http://dx.doi.org/10.1103/PhysRevLett.113.232504
http://dx.doi.org/10.1103/PhysRevLett.113.232504
http://dx.doi.org/10.1103/PhysRevLett.113.232504
http://dx.doi.org/10.1103/PhysRevLett.113.232504
http://dx.doi.org/10.1016/0370-2693(94)90877-X
http://dx.doi.org/10.1016/0370-2693(94)90877-X
http://dx.doi.org/10.1016/0370-2693(94)90877-X
http://dx.doi.org/10.1016/0370-2693(94)90877-X
http://dx.doi.org/10.1007/BF01957772
http://dx.doi.org/10.1007/BF01957772
http://dx.doi.org/10.1007/BF01957772
http://dx.doi.org/10.1007/BF01957772
http://dx.doi.org/10.1146/annurev.nucl.010909.083629
http://dx.doi.org/10.1146/annurev.nucl.010909.083629
http://dx.doi.org/10.1146/annurev.nucl.010909.083629
http://dx.doi.org/10.1146/annurev.nucl.010909.083629
http://dx.doi.org/10.1016/j.ppnp.2005.01.029
http://dx.doi.org/10.1016/j.ppnp.2005.01.029
http://dx.doi.org/10.1016/j.ppnp.2005.01.029
http://dx.doi.org/10.1016/j.ppnp.2005.01.029
http://dx.doi.org/10.1016/j.ppnp.2005.07.002
http://dx.doi.org/10.1016/j.ppnp.2005.07.002
http://dx.doi.org/10.1016/j.ppnp.2005.07.002
http://dx.doi.org/10.1016/j.ppnp.2005.07.002
http://dx.doi.org/10.1016/0370-2693(96)00153-0
http://dx.doi.org/10.1016/0370-2693(96)00153-0
http://dx.doi.org/10.1016/0370-2693(96)00153-0
http://dx.doi.org/10.1016/0370-2693(96)00153-0
http://dx.doi.org/10.1140/epjc/s10052-010-1332-4
http://dx.doi.org/10.1140/epjc/s10052-010-1332-4
http://dx.doi.org/10.1140/epjc/s10052-010-1332-4
http://dx.doi.org/10.1140/epjc/s10052-010-1332-4
http://dx.doi.org/10.1103/PhysRevC.85.014910
http://dx.doi.org/10.1103/PhysRevC.85.014910
http://dx.doi.org/10.1103/PhysRevC.85.014910
http://dx.doi.org/10.1103/PhysRevC.85.014910
http://dx.doi.org/10.1016/j.physletb.2009.07.061
http://dx.doi.org/10.1016/j.physletb.2009.07.061
http://dx.doi.org/10.1016/j.physletb.2009.07.061
http://dx.doi.org/10.1016/j.physletb.2009.07.061
http://dx.doi.org/10.1140/epjc/s2003-01149-9
http://dx.doi.org/10.1140/epjc/s2003-01149-9
http://dx.doi.org/10.1140/epjc/s2003-01149-9
http://dx.doi.org/10.1140/epjc/s2003-01149-9
http://dx.doi.org/10.1140/epjc/s2003-01214-5
http://dx.doi.org/10.1140/epjc/s2003-01214-5
http://dx.doi.org/10.1140/epjc/s2003-01214-5
http://dx.doi.org/10.1140/epjc/s2006-02473-2
http://dx.doi.org/10.1140/epjc/s2006-02473-2
http://dx.doi.org/10.1140/epjc/s2006-02473-2
http://dx.doi.org/10.1140/epjc/s2006-02473-2
http://dx.doi.org/10.1140/epjc/s2003-01348-4
http://dx.doi.org/10.1140/epjc/s2003-01348-4
http://dx.doi.org/10.1140/epjc/s2003-01348-4
http://dx.doi.org/10.1140/epjc/s2003-01348-4
http://dx.doi.org/10.1140/epjc/s2005-02175-3
http://dx.doi.org/10.1140/epjc/s2005-02175-3
http://dx.doi.org/10.1140/epjc/s2005-02175-3
http://dx.doi.org/10.1140/epjc/s2005-02175-3
http://dx.doi.org/10.1103/PhysRevD.71.014025
http://dx.doi.org/10.1103/PhysRevD.71.014025
http://dx.doi.org/10.1103/PhysRevD.71.014025
http://dx.doi.org/10.1103/PhysRevD.71.014025
http://dx.doi.org/10.1103/PhysRevC.73.044902
http://dx.doi.org/10.1103/PhysRevC.73.044902
http://dx.doi.org/10.1103/PhysRevC.73.044902
http://dx.doi.org/10.1103/PhysRevC.73.044902
http://dx.doi.org/10.1103/PhysRevD.75.031502
http://dx.doi.org/10.1103/PhysRevD.75.031502
http://dx.doi.org/10.1103/PhysRevD.75.031502
http://dx.doi.org/10.1103/PhysRevD.75.031502
http://dx.doi.org/10.1103/PhysRevD.77.014037
http://dx.doi.org/10.1103/PhysRevD.77.014037
http://dx.doi.org/10.1103/PhysRevD.77.014037
http://dx.doi.org/10.1103/PhysRevD.77.014037
http://dx.doi.org/10.1103/PhysRevC.80.054901
http://dx.doi.org/10.1103/PhysRevC.80.054901
http://dx.doi.org/10.1103/PhysRevC.80.054901
http://dx.doi.org/10.1103/PhysRevC.80.054901
http://dx.doi.org/10.1103/PhysRevD.80.034021
http://dx.doi.org/10.1103/PhysRevD.80.034021
http://dx.doi.org/10.1103/PhysRevD.80.034021
http://dx.doi.org/10.1103/PhysRevD.80.034021
http://dx.doi.org/10.1016/S0370-1573(01)00101-6
http://dx.doi.org/10.1016/S0370-1573(01)00101-6
http://dx.doi.org/10.1016/S0370-1573(01)00101-6
http://dx.doi.org/10.1016/S0370-1573(01)00101-6
http://dx.doi.org/10.1146/annurev.nucl.55.090704.151526
http://dx.doi.org/10.1146/annurev.nucl.55.090704.151526
http://dx.doi.org/10.1146/annurev.nucl.55.090704.151526
http://dx.doi.org/10.1146/annurev.nucl.55.090704.151526
http://dx.doi.org/10.1016/j.physrep.2007.12.001
http://dx.doi.org/10.1016/j.physrep.2007.12.001
http://dx.doi.org/10.1016/j.physrep.2007.12.001
http://dx.doi.org/10.1016/j.physrep.2007.12.001
http://dx.doi.org/10.1016/j.nuclphysa.2014.09.018
http://dx.doi.org/10.1016/j.nuclphysa.2014.09.018
http://dx.doi.org/10.1016/j.nuclphysa.2014.09.018
http://dx.doi.org/10.1016/j.nuclphysa.2014.09.018
http://dx.doi.org/10.1016/0550-3213(96)00045-4
http://dx.doi.org/10.1016/0550-3213(96)00045-4
http://dx.doi.org/10.1016/0550-3213(96)00045-4
http://dx.doi.org/10.1016/0550-3213(96)00045-4
http://dx.doi.org/10.1103/PhysRevD.44.3466
http://dx.doi.org/10.1103/PhysRevD.44.3466
http://dx.doi.org/10.1103/PhysRevD.44.3466
http://dx.doi.org/10.1103/PhysRevD.44.3466
http://dx.doi.org/10.1016/j.physletb.2004.02.040
http://dx.doi.org/10.1016/j.physletb.2004.02.040
http://dx.doi.org/10.1016/j.physletb.2004.02.040
http://dx.doi.org/10.1016/j.physletb.2004.02.040


LIGHT VECTOR MESON PHOTOPRODUCTION IN HADRON- . . . PHYSICAL REVIEW C 91, 025203 (2015)

[27] K. Golec-Biernat and M. Wüsthoff, Phys. Rev. D 59, 014017
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