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Abstract In this paper, we study total and differential
observables of electro- and photoproduction of light ρ, ω

and φ mesons as functions of the center-of-mass energy of
the γ p collision and momentum transfer squared |t |. The
corresponding vector mesons wave functions have been com-
puted in the framework of relativistic AdS/QCD holographic
approach. A satisfactory description of all available data on
ground-state ρ(1S), ω(1S) and φ(1S) mesons production
cross sections has been achieved in the color dipole picture.
Finally, the key observables of excited ρ(2S), ω(2S) and
φ(2S) states production in γ (∗) p collisions have been pre-
sented here using a common wave function formalism. This
study reveals a large theoretical uncertainty coming from the
modeling of the partial dipole amplitude in the nonpertur-
bative kinematical domain. Hence, the latter could benefit
from future measurements of photoproduction of the excited
states.

1 Introduction

Historically, an important milestone for particle physics was
associated with thorough experimental studies of the proton
internal structure by the HERA collider at DESY [1–4]. Such
measurements have collected, along many years, an exten-
sive amount of exclusive vector meson production data pro-
viding a very detailed picture of the proton through various
differential observables carrying detailed information about
its transverse shape [5]. The corresponding processes have
also served as an important tool to explore the perturbative
limit of QCD at a hard scale given by the mass of heavy
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vector mesons [6–9] enabling an approximate separation of
perturbative dynamics from non-perturbative effects known
as factorisation. However, when the objects of study are light
vector mesons, their mass is not high enough to provide a suf-
ficiently hard scale for factorisation to work. In this case, only
effective models can be applied for making estimates of the
corresponding observables in the essentially soft regime of
QCD [10,11].

In particular, the light vector meson production processes
can be studied in the color dipole picture [11–16]. It is based
on the fact that in the proton rest frame the lifetime of a
quark-antiquark fluctuation of the projectile photon is bigger
than the proton radius. This permits to separate the process
into three steps: first the incoming photon fluctuates into its
leading Fock state, a color-neutral qq̄ pair known as the color
dipole. Then, such a color dipole propagates through the color
field of the proton target and interacts with it by means of an
exchange of a gluonic ladder. The partial dipole amplitude
of the dipole-target scattering carries the relevant informa-
tion about all the non-perturbative effects associated with the
soft gluons interactions inside the proton, and hence, about
the proton structure [17]. Such effects can be separated in a
universal way such that the corresponding dipole cross sec-
tion is often parameterized and fitted to the available data
[18]. The observables obtained within this approach are very
sensitive to the parameterization of the dipole cross section,
especially, in kinematical domains that were not sufficiently
well probed in existing (e.g. HERA) measurements. In this
work, we explore exclusive light vector meson ρ, ω and φ

production in the dipole picture employing two distinct mod-
els for the impact parameter dependent partial dipole ampli-
tude that best describe the exclusive vector meson production
data from the HERA collider as has been discussed earlier in
Refs. [8,9]. The last step is the projection of the qq̄ pair into
a vector meson which is encoded in the vector meson wave
function.
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There is a big challenge to obtain the light vector meson
wave functions from first principles, especially for light vec-
tor mesons. For the case of light quarks, the relativistic and
non-perturbative effects dominate in the vector meson wave
function, and a rigorous theoretical framework consistently
taking those into account is needed. In the current analysis,
we work with the phenomenologically successful model of
relativistic AdS/QCD holographic wave functions for light
vector mesons extensively discussed in Refs. [19–21]. The
AdS/QCD holographic wave function is based on the corre-
spondence between string states in anti-de Sitter space (AdS)
and conformal field theories (CFT) in Minkowski spacetime
[22]. The generalization of this correspondence to QCD is
non-trivial due to dynamical breaking of the conformal sym-
metry in QCD. However, there are certain empirical and
theoretical arguments that support this generalization (see
e.g. Refs. [23,24]). A particular advantage of this model is
that it enables to incorporate the quark confinement effects
through an effective potential, and then obtain the realistic
vector meson wave function by solving a relativistic equation
in the AdS space. The only free parameter in this model κ is
related to the strength of the quarks confinement.

One advantage of this approach is that the solutions for
the relativistic light-front equation are frame independent
[20,25]. Since the amplitudes in the dipole model are also cal-
culated using the light–front variables, the hadron wave func-
tions obtained with the holographic approach are very con-
venient. Besides that, this approach has been widely used in
many applications, such as in the determination of the Drell–
Yan–West formula [26,27], the description of hadron spectra
[28,29], phenomenological studies of QCD couplings [30–
32], description of weak hadron decays [33].

It is known to be very difficult to describe all existing data
for ρ, ω and φ mesons simultaneously in a single framework
[14,34], using a common dipole and wave function formal-
ism. In this work, we found that, if κ depends on the ground-
state meson mass (i.e. when it is not assumed to be a universal
parameter), one can reach a rather good description of all the
available data on the corresponding production cross sections
in the color dipole approach. Such a success of our analysis
has permitted us to make predictions for the key observables
of excitedρ(2S),ω(2S) andφ(2S) states’ photo- and electro-
production, whose discussions and predictions are still scarce
in the literature. The existing and rather old estimates make
use of gaussian vector meson wave functions with modifica-
tions for the excited states, see e.g. Refs. [11,16], and need
to be revisited.

The article is organised as follows. In Sect. 2, we have
given a short description of the differential and total cross
section of elastic vector meson photoproduction γ p → V p
off the proton target in terms of the holographic LF wave
functions of the mesons and the dipole models employed in
this study. Section 3 presents the numerical calculations for

the differential cross section of the γ p → V p process for the
ground and excited states of ρ, ω and φ mesons, with results
successfully describing the existing data for the ground states
but still very sensitive to the dipole model used. At last, a brief
summary of our results is given in Sect. 4.

2 Theoretical formalism

2.1 Exclusive production amplitude of light vector mesons
in γ p collisions

Considering the proton target case, the exclusive diffractive
differential cross section for the γ p → V p process of vector
meson V (with mass MV ) production reads:

dσγ p→V p

dt
= 1

16π
|Aγ p→V p(x,	T )|2 , (2.1)

where t = −	2
T is the momentum transfer squared, 	T ≡

|	| is the transverse momentum of the produced vector
meson recoiled against the proton target, and Aγ p→V p is
the elastic production amplitude given by

Aγ p→V p(x,	T ) =
∫

d2r
∫ 1

0
dβ(�∗

V�γ )Aqq̄(x, r,	) .

(2.2)

This amplitude is the product of the elastic elementary ampli-
tude Aqq̄ with an overlap between the photon wave function
(�γ ) and the vector meson wave function (�V ), integrated
over the size of the dipole r and the longitudinal momentum
carried by the quark β. In this work we applied the purely
perturbative photon wave function coming from QED [35],
commonly used in the literature, while attributing all non-
perturbative QCD effects to the partial dipole amplitude. It is
worth mentioning here previous works [15,18,36] that mod-
ify the photon wave function for large dipole size to incor-
porate non-perturbative QCD effects, especially considering
production of light vector mesons with low photon virtuality.
The light vector meson wave function �V will be discussed
in a section below.

One can write straightforwardly the imaginary part of
the elastic scattering amplitude in terms of the partial
dipole amplitude N (x, r,b) ≡ ImAqq̄(x, r,b) = 2[1 −
ReS(x, r,b)] , such that the corresponding amplitude can be
represented as follows [37]:

Aγ p→V p(x,	T )

= 2i
∫

d2r
∫ 1

0
dβ

∫
d2b(�∗

V�γ )

×e−i[b−(1−2β)r/2]·	N (x, r,b). (2.3)
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Here, in the non-forward case, the phase e−i(1−2β) r2 ·	 is
slightly different from the one found in Ref. [37] as it has been
corrected in more recent studies to account for β → 1 − β

symmetry between the quark and the antiquark momentum
fractions [38].

The total cross section of exclusive vector meson produc-
tion in γ p collisions,

σγ p→V p(W ) = 1

16πB
|Aγ p→V p(W )|2 , (2.4)

depends on the γ p center-of-mass energy W through x =
(Q2+M2

V )/(Q2+W 2). In this work, we use the elastic slope
parameter B which is in accordance to the available data
from the ZEUS Collaboration [39,40], such that the low-t
dependence of the electroproduction can then be consistently
restored in the exponential form. It takes the form

B = N

⎡
⎣14.0

(
1GeV2

Q2 + M2
V

)0.2

+ 1

⎤
⎦ , (2.5)

with N = 0.55 GeV−2.
In order to take into account the real part of theAqq̄ ampli-

tude, it is necessary to introduce in Eq. (2.1) a factor that rep-
resents the ratio of the real to imaginary parts of the exclusive
production amplitudes as follows [17]:

Aγ p→V p ⇒ Aγ p→V p
(

1 − i
πλ

2

)
, with

λ = ∂ lnAγ p→V p

∂ ln(1/x)
. (2.6)

We also included the so-called skewness effect, which
takes into account the fact that the gluons exchanged between
the qq̄ pair and the target can carry different momentum
fractions from the target. This effect is included via a multi-
plicative factor R2

g applied to the differential cross section in
Eq. (2.1) given by (see e.g. Ref. [41] for further details)

R2
g(λ) = 22λ+3

√
π

�(λ + 5/2)

�(λ + 4)
, (2.7)

where λ is the same one found in Eq. (2.6).

2.2 Partial dipole amplitude

The partial dipole amplitude is often used as a universal ingre-
dient of the γ p amplitude, as suggested by Refs. [18,37,42–
49]. With the purpose of scanning the impact-parameter pro-
file of the proton target we tested five different models for
the partial dipole amplitude available in the literature and
then selected the two of them that best describe the available
data from the HERA collider, namely, the impact parameter
(b) dependent dipole saturation model [42] (or bsat) and the

b-dependent color glass condensate model [43] (known as
bCGC).

In the framework of bsat model, we utilize the following
formula for the dipole amplitude,

N (x, r,b) = 1 − exp

(
− π2

2Nc
r2 αs(μ

2) xg(x, μ2) T (b)

)
,

(2.8)

where μ2 = μ2
0 +4/r2 is the factorization scale in the gluon

parton distribution function (PDF). In our numerical calcu-
lations, we have used the CT14LO parameterization [50],
motivated by our earlier analysis of photoproduction cross
sections performed in Refs. [8,9]. This approach considers
a different gluon PDF from the original fit of the bsat model
(which is a gluon evolution without considering its coupling
to quarks), but the numerical results are similar enough to
neglect the differences. Besides, the original fit of the bsat
gluon distribution does not take into account a correction to
the phase factor shown in Eq. (2.3). Here, we consider the
conventional Gaussian form for the proton profile function,

T (b) = 1

2πBG
e−b2/2BG , (2.9)

where the parameter BG = 4.25 GeV−2 is found in Ref. [42].
The bCGC model interpolates two well known evolu-

tion equations: the Balitsky–Fadin–Kuraev–Lipatov (BFKL)
equation near the saturation regime and Balitsky–Kovchegov
(BK) equation for the saturated case. This model predicts the
partial dipole amplitude in the following form:

N (x, r,b) =
{
N0(

r Qs
2 )2[γs+(1/(η�Y )) ln(2/r Qs )] , r Qs ≤ 2

1 − e−A ln2(B r Qs ) , r Qs > 2
,

(2.10)

where Y = ln(1/x), and

Qs ≡ Qs(x, b) =
( x0

x

)�/2
[

exp

(
− b2

2BCGC

)]1/(2γs )

,

(2.11)

is the saturation scale which depends on the impact parameter
b. The coefficients A and B are determined by the continuity
condition and the other free parameters N0, γs, η, x0, λ, BCGC

were fixed by fitting the HERA data. In this work, we have
used the corresponding parameterisation from Ref. [43].

2.3 Holographic vector meson wave functions

Following Ref. [21], we employ a semiclassical approxima-
tion to light-front QCD, where the vector meson wave func-
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tion can be written in the factorized form,

φ(β, ζ, ϕ) = �(ζ)√
2πζ

f (β)ei Lϕ , (2.12)

where L is the orbital quantum number and ζ = √
β(1 − β)r .

The function �(ζ) satisfies the relativistic Schrödinger equa-
tion,

(
− d2

dζ 2 − 1 − 4L2

4ζ 2 +U (ζ )

)
�(ζ) = M2�(ζ) , (2.13)

where U (ζ ) is the confining potential defined in the light-
front frame. Here, we employ the soft-wall model,

U (ζ ) = κ4ζ 2 + 2κ2(J − 1) . (2.14)

The eigenvalues of the Schrödinger equation are

M2 = 4κ2
(
n + J

2
+ L

2

)
(2.15)

and, in order to fix κ , the eigenvalue with n = 0, J = 1, and
L = 0 is compared to the ground state vector meson mass
squared, i.e., κ = MV /

√
2.

In the original wave function model reviewed in [20], κ is
a universal constant parameter which does not change from
one light vector meson to other. As a consequence, in order
to describe the spectroscopy measurements, it is necessary
to introduce a mass shift in Eq. (2.15). This provides good
results for the ground state mesons with L = 0 and L = 2, but
excited states with L = 0 have results not so precise. These
L = 0 excited states are the ones we are interested here.
Thus we found that using different values of κ depending on
each meson family (Mρ , Mω and Mφ from recent Ref. [51]),
we get a good description of the L = 0 spectroscopy. The
evidence of nonuniversal κ in the case of heavy mesons is
discussed in [20]. Also the κ parameter for pions is different,
as it can be seen e.g. in Ref. [52]. Even for light vector mesons
different values of κ can be extrated from the Regge slope in
a similar fashion as in Ref. [53].

The specification of the function f (β) in Eq. (2.12) is done
by comparing the expressions to the pion electromagnetic
(EM) form factor, as can be seen in Ref. [54], it takes the
form f (β) ∼ √

β(1 − β). Solving Eq. (2.13) we get the
dynamical part of the AdS/QCD wave function, which gets
us to

�n,L(ζ ) = κ1+L

√
2n!

(n + L)!ζ
1/2+L

× exp

(−κ2ζ 2

2

)
LL
n (κ2ζ 2) . (2.16)

In order to incorporate the quark mass, we employ the
Brodsky-Téramond treatment [20] that extends the transverse
momentum dependence in order to include the full invariant
mass. For massive quarks, the basic working ansatz is to
replace M by the qq̄ invariant mass, Mqq̄ , as

M2 = k2⊥
β(1 − β)

→ M2
qq̄ = k2⊥

β(1 − β)
+ m2

q

β
+ m2

q̄

1 − β
,

(2.17)

where q(q̄) is the quark (antiquark) flavor, and k⊥ is the
relative quark transverse momentum. Thus, the dynamical
part of the resulting light-front wave function (LFWF) is
modified by the inclusion of an exponential factor for the
quark masses, as follows

φn,L(β, ζ )

∼ √
β(1 − β)e

1
2κ2

(
m2
q

β
+ m2

q
1−β

)
ζ 2e− 1

2 κ2ζ 2
LL
n (κ2ζ 2) ,

(2.18)

where LL
n (κ2ζ 2) are the Laguerre polynomials.

There is still a large uncertainty regarding the effec-
tive quark masses, which also incorporates non-perturbative
effects. Following Refs. [55], we considered mu,d = 0.14
GeV as the universal mass scale for the up and down quarks,
while for the strange quark we considered a larger value
ms = 0.35 GeV, which is close to values used in other anal-
yses [20,56,57]. It is good to mention that we tested some
different values for the quark masses and we found that there
is a modest dependence of the results on these parameter
values. For this reason, we chose to use the light quark mass
values obtained from the fitting of the dipole models bCGC
and bSat to mainly HERA data.

Since the previous equations only describe the scalar part
of the wave functions, now we take into account the helicities
of the quark (h) and antiquark (h̄). Following Refs. [37,58],
one can express the complete wave function as follows

�
h,h̄
V,L(r, β) = NL

1

2
√

2
δh,−h̄

(
1 + m2

f − ∇2
r

M2β(1 − β)

)
φ(β, ζ )

(2.19)

for the longitudinal part, and

�
h,h̄
V,T=±(r, β)

= ±NT

[
ie±iθ (

βδh±,h̄∓ − (1 − β)δh∓,h̄±
)
∂r

+m f δh±,h̄±
] φ(β, ζ )

2β(1 − β)
. (2.20)

for the transversal part, respectively, where φ(β, ζ ) is the
scalar part of the wave function given by Eq. (2.18). It is
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Fig. 1 Total cross section for the ρ(1S) photoproduction as a func-
tion of γ p center-of-mass energy W obtained by using the holographic
wave function with the bCGC and bsat dipole models. The results are
compared to the corresponding data by H1 [60,61], ZEUS [62] and
CMS [63] collaborations

important to emphasize that these are frame-independent
light-front wave functions normalized to unity, the eigen-
solutions of the LF Hamiltonian defined at fixed LF time.

3 Numerical results

The formalism presented above enables us to perform an
analysis of total and differential cross sections, as will be
shown hereafter, for the three light vector mesons ρ, ω and φ

production in γ (∗) p collisions. As was mentioned earlier, we
use the AdS/QCD holographic wave functions in all numer-
ical results presented below. The hadron-level cross sections
are very sensitive to the details of modelling of the color
dipole interaction with the proton target, and hence to the
corresponding parametrization of the partial dipole ampli-
tude [9,59]. Such a large sensitivity arises mostly from dom-
inant soft and non-perturbative kinematic domains poorly
constrained by traditional fits of the dipole parametrizations
to the hard DIS data from HERA. In the current work, we
choose to show numerical results obtained with the bCGC
and bsat dipole models, which in our analysis provide the
best description of the available data on ground-state ρ, ω

and φ photoproduction cross sections.
Figure 1 shows the total cross section of ρ-meson photo-

production as a function of the γ p center-of-mass energy W .
The results were obtained using the holographic wave func-
tion with the bCGC and bsat b-dependent dipole parametriza-
tions. In this figure, were also included the experimental
data from H1 [60,61], ZEUS [62] and CMS [63] collabora-
tions. Apparently, the bsat model provides a better descrip-
tion of the available data in comparison to the results obtained

with the bCGC model, particularly, at smaller W values. For
higher W , however, the bsat model somewhat underestimates
the data points while the bCGC model overestimates them.

Figure 2 also presents the total cross section as a func-
tion of W , however, in variance to Fig. 1, it is calculated for
ρ electroproduction with non-zeroth photon virtualities Q2.
Here, the darker curves are given for small Q2 values while
the lighter ones correspond to higher Q2. Again, the results
were obtained by using the holographic wave function, as
well as with the bCGC and bsat models, and compared, on
the left panel, to the H1 data [64] for five distinct values
of Q2 (from top to bottom, Q2 = 3.3, 6.6, 11.9, 19.5 and
35.6 GeV2, respectively) and, on the right panel, to the ZEUS
data [40] for six values of Q2 (from top to bottom, Q2 = 2.4,
3.7, 6.0, 8.3, 13.5 and 32.0 GeV2, respectively). We notice
that the bCGC model appears to be the most successful in
description of the experimental data for all available values
of Q2 and in all measured W ranges.

Besides the total cross sections, we also make use of
the dipole formalism to estimate the corresponding differen-
tial cross sections. It is worth mentioning that b-dependent
parameterizations are crucial for obtaining these observables.
In Fig. 3 we show the differential cross section for the ρ(1S)

photoproduction (Q2 = 0 GeV2) as a function of the momen-
tum transfer squared |t | for W = 35.6, 108 GeV (left panel),
and for W = 24, 65 GeV (right panel), in comparison to
the corresponding data from CMS [63] and H1 [61] collab-
orations, respectively. Again, here we apply the holographic
wave functions and the bCGC and bsat dipole parametriza-
tions. In order to avoid an overlap of the curves, in each panel,
we multiplied the curves with higher W values (W = 108
GeV, W = 65 GeV), represented by darker colors, by a factor
of ten. One may notice that the bsat model provides a better
overall description of all the available data sets for higher
|t | values. On the other hand, one should note also that the
largest-|t | data points from the H1 Collaboration have big
uncertainties and that the bCGC model comes closer to the
central values of the measurement. At small |t |, one can see
that the bsat model features a better description of the data for
higher W (darker curves). Interestingly enough, the curve for
the bCGC model comes very close to the W = 24 GeV data
points, while the curves for both bCGC and bsat models pass
through the W = 35.6 GeV data points. This observation
emphasizes the fact that there is not a single b-dependent par-
tial dipole amplitude parametrisation that perfectly describes
all existing ρ(1S) photoproduction measurements.

In Fig. 4 we present the differential cross section as a func-
tion of the momentum transfer squared |t | for ρ(1S) electro-
production at W = 75 GeV. On the left panel, a comparison
between the results obtained using the bCGC and bsat models
and the corresponding H1 data [64] for three different values
of Q2 (from top to bottom, Q2 = 3.3, 11.5 and 33.0 GeV2,
respectively). One notices here that the bCGC model per-
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Fig. 2 Total cross section for ρ(1S) electroproduction as a function of
W obtained by using the holographic wave function, together with the
bCGC and bsat dipole models. The results are compared, on the left,
to the data from the H1 [64] collaboration shown for five values of Q2

(from top to bottom, we have Q2 = 3.3, 6.6, 11.9, 19.5 and 35.6 GeV2,
respectively) and, on the right, to the data from ZEUS [40] collaboration
for six different values of Q2 (from top to bottom, Q2 = 2.4, 3.7, 6.0,
8.3, 13.5 and 32.0 GeV2, respectively)

Fig. 3 Differential cross section of ρ(1S) photoproduction as a func-
tion of the momentum transfer squared |t | obtained with the bCGC and
bsat dipole models for different values of W and compared to the cor-
responding data from the CMS collaboration [63] (left panel) and to

those from the H1 collaboration [61] (right panel). The darker upper
curves (for W = 108 GeV) were multiplied by a factor of ten in order
to distinguish them from the lighter ones (for W = 65 GeV)

forms somewhat better in describing the experimental data.
Thus, on the right panel, we show the results obtained only
with the bCGC model, but compared with all five available
datasets at five distinct Q2 values (namely, from top to bot-
tom, Q2 = 3.3, 6.6, 11.5, 17.4 and 33.0 GeV2, respectively).

As was mentioned earlier, our work aims at exploiting the
holographic approach for light vector meson wave functions
which can be used to obtain the observables for other mesons
than ρ(1S). In Figs. 5 and 6, we present the cross sections
for ω(1S) and φ(1S) production, respectively.

On the left panel of Fig. 5 we display the total cross sec-
tion as a function of W for two different cases: Q2 = 0
GeV2 (darker curve) and for Q2 = 7 GeV2 (lighter curve),
in comparison to the fixed target data [65–76] (a compilation
of these data can be found in Ref. [77]), as well as to the data
from the ZEUS Collaboration [77,78]. As can be seen, the
bCGC model describes all available electroproduction data
rather well (i.e. excluding the ZEUS data point for Q2 = 0
GeV2).

On the right panel of Fig. 5, the differential cross sec-
tion for the ω(1S) photoproduction is shown as a function
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Fig. 4 Differential cross section for ρ(1S) meson electroproduction
as a function of the momentum transfer squared |t | for W = 75 GeV.
The left panel shows a comparison of the results obtained by using the
bCGC and bsat models with the H1 data [64] for three distinct values of

Q2 (from top to bottom, Q2 = 3.3, 11.5 and 33.0 GeV2, respectively).
The right panel presents the curves obtained only with the bCGC model
and compared to the H1 data for five different Q2 values (from top to
bottom, Q2 = 3.3, 6.6, 11.5, 17.4 and 33.0 GeV2, respectively)

Fig. 5 Results for the ω(1S) photo- and electroproduction cross sec-
tions obtained with the use of the holographic wave function, as well as
with the bCGC and bsat dipole models. On the left panel, the total cross
section is shown as a function of W for Q2 = 0 GeV2 (darker curve)
and Q2 = 7 GeV2 (lighter curve) in comparison with the fixed target

measurements [65–76] (a compilation of these data can be found in
Ref. [77]) and also with the data from the ZEUS Collaboration [77,78].
On the right panel, the differential cross section is shown as a function
of momentum transfer squared |t | for W = 80 GeV in comparison to
the ZEUS data [77]

of momentum transfer squared |t | for W = 80 GeV in com-
parison to the data from the ZEUS Collaboration [77]. The
curve comes very close to and features a similar shape as
the experimental data. This is a rather important observation
given a practical challenge in description of all t-dependent
differential cross sections in the framework of a single dipole
parametrization.

On the left panel of Fig. 6, the total cross section φ(1S)

electroproduction is presented as a function of W in com-
parison with the experimental data from the ZEUS Collab-

oration [79]. Here, we show the results only for the bCGC
dipole parametrization, the most successful one in descrip-
tion of the vector meson electroproduction data. As was the
case for other vector mesons, the curves describe the four data
sets available for different Q2 values rather well (from top
to bottom, Q2 = 2.4, 3.8, 6.5 and 13.0 GeV2, respectively).
On the right panel, the differential cross section is shown as
a function of |t | for W = 75 GeV. Likewise, the data for
all seven available data sets for different Q2 values provided
by the ZEUS Collaboration [79] are described pretty well
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Fig. 6 Results for the φ(1S) electroproduction cross sections com-
pared with the ZEUS data [79]. Here, we show the results only for the
bCGC dipole parametrization. On the left panel, the total cross section
is shown as a function of W in comparisons to the four datasets with
different Q2 values (from top to bottom, Q2 = 2.4, 3.8, 6.5 and 13.0

GeV2, respectively). On the right panel, the differential cross section is
shown as a function of |t | for W = 75 GeV versus data points for seven
different values of Q2 (from top to bottom, Q2 = 2.4, 3.6, 5.2, 6.9, 9.2,
12.6 and 19.7 GeV2, respectively)

Fig. 7 Predictions for the total photoproduction cross section as a func-
tion ofW (left panel) and for the differential cross section as a function of
momentum transfer squared |t | for ρ(2S) (darker blue solid line), ω(2S)

(medium shade of blue dotted line) and φ(2S) (lighter blue dashed line)
mesons

(from top to bottom, Q2 = 2.4, 3.6, 5.2, 6.9, 9.2, 12.6 and
19.7 GeV2, respectively). It is worth mentioning that using a
vector meson mass dependent κ parameter made it possible
to not only describe all the available ρ(1S) and ω(1S) data
points but also to describe well the existing measurements of
φ(1S). So one may conclude here that the considered mass
dependence of κ in the effective confining potential provides
a good description of the experimental data sets for all three
light vector mesons.

Finally, the holographic wave functions approach enables
us to make predictions for the photo- and electroproduction

cross sections for various vector meson excited states. Here,
we present on the left panel of Fig. 7 the predictions for the
total photoproduction cross section for ρ(2S) (darker blue
solid line), ω(2S) (medium shade of blue dotted line) and
φ(2S) (lighter blue dashed line) mesons as functions of W .
On the right panel, we show the corresponding predictions
for the differential cross sections as functions of |t | for a
fixed W = 108 GeV. All these curves are obtained with
the bCGC model – the most successful in description of the
ground-state electroproduction data (see above). Since there
are large discrepancies between the results obtained with
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Fig. 8 Predictions for the ratio of the excited-state total cross section
to the ground-state total cross section as a function of W (left panel) and
for that of the excited-state differential cross section to the ground-state
differential cross section as a function of momentum transfer squared

|t | (right panel) for ρ (solid lines), ω (dotted lines) and φ (dashed lines)
mesons. The blue curves are obtained with the bCGC model, while the
violet ones correspond to the bsat model

different parametrizations for the partial dipole amplitude,
mainly for photoproduction processes, we chose to show in
Fig. 8 the predictions for the ratio of the excited-state total
cross section to the corresponding ground-state total cross
section as a function of W (left panel) as well as the ration of
the excited-state differential cross section to the ground-state
differential cross section as a function of |t | for W = 108
GeV (right panel) for the three different light vector mesons.
In order to make the visualization of the curves clearer, we
use darker solid lines for ρ, medium shade dotted lines for ω

and lighter dashed lines for φ. Also, we utilize blue shades to
represent the curves obtained with the use of the bCGC model
and violet shades for the ones obtained with the bsat model.
As can be seen on both panels, the results obtained with the
bsat model are much higher than the ones obtained with the
bCGC parametrization. This result illustrates the statement
that there is still big uncertainties in the structure of partial
dipole amplitude, primarily, in the soft and nonperturbative
domain [13] and that some new improved parametrizations
are required in order to describe all exclusive processes for
light vector meson production. The future measurements of
excited states’ photoproduction could play a significant role
in further constraining the dipole model in the nonperturba-
tive range.

4 Conclusion

In this work, the exclusive photo- and electroproduction of
the light vector (ρ, ω, φ) mesons are studied within the color
dipole picture. By using the bCGC dipole amplitude it was

possible to obtain a very good description of the available
data for the electroproduction cross sections of all three light
mesons in the ground state ρ(1S), ω(1S), and φ(1S). For the
nonperturbative meson wave function, the light front holo-
graphic QCD model was used, where the wave function is
the solution of a relativistic equation that coincides with the
Schroedinger equation with a confining potential. It proved to
be important for the description of the φ cross section as well
as its spectroscopy to have a vector meson mass-dependent
κ parameter in the effective confining potential.

For the photoproduction case, we calculated the differen-
tial cross section, with the same setup, and obtained a good
description of the available ZEUS data for the ω(1S) produc-
tion and for the CMS data for ρ(1S) production at small t .
In the case of the ρ(1S) photoproduction total cross section,
we showed that there is a large sensitivity to the b-dependent
dipole amplitude model employed, highlighting that the con-
struction of such models could benefit from this data and also
from future measurements.

The light-front holographic QCD model provides not only
the light vector mesons ground-state wave function, but also
that for the excited states. We have evaluated the cross section
of photoproduction of the excited states, i.e, ρ(2S), ω(2S),
and φ(2S). Again, there were differences between the predic-
tions obtained with the two partial dipole amplitude models.
Measurements of these observables, such as the ones com-
ing from the future FoCal detector [80], could enhance our
understanding about this nonperturbative part of the color
dipole approach and help us to improve its determination.
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