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The exclusive photoproduction of the heavy vector mesons 𝜓(1𝑆), 𝜓(2𝑆), Υ(1𝑆) and Υ(2𝑆) is
studied using the b-BK and the “bSat” dipole models with a vector meson wave function obtained
by a potential approach incorporating the Melosh spin rotation. The results for the proton-target
scattering agreed with the HERA data. For the nuclear case, we extended our calculations with
the Glauber-Gribov theory and we included the gluon shadowing effects with a nuclear PDF. The
results were compared to the ALICE data for the 𝐽/𝜓 photoproduction at 𝑠𝑁𝑁 = 5.02 TeV.
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1. Introduction

One of the major interests of particle physics is the understanding of the structure of protons
and nuclei regarding their fundamental constituents and interactions [1]. Differential observables
can be seen as an effective tool to obtain a more detailed picture of the target’s internal structure.
In the literature, the Deeply Virtual Compton Scattering (DVCS) and the exclusive vector meson
photoproduction are the two most discussed processes that give differential observables. In the
past, the high beam energy of the HERA collider permitted that the experiments H1 and ZEUS
measured the pure DVCS cross section from 𝑥𝐵 = 10−4 to 𝑥𝐵 = 10−2. However, in the vector meson
photoproduction case, in addition to the H1 and ZEUS measurements (for 𝜙, 𝜌, and 𝐽/𝜓), some
newer data were obtained in ultraperipheral collisions by the LHC collaboration [2–6].

One advantage of study the vector meson production is that, in order to produce only the vector
meson and nothing else, a color charge cannot be transferred to the target, requiring that at least two
gluons need to be exchanged. In the dipole model, it is considered that these gluons are exchanged
between a 𝑞𝑞 pair, generated by a photon split, and the target. This is typically validated by a hard
scale, which is associated with the heavy-quark mass. Thus, heavy vector mesons such as Υ(1𝑆)
and Υ(2𝑆) provide a sufficiently hard scale (𝑚𝑏) for the application of perturbative calculations,
while the production of not so heavy mesons such as 𝜓(1𝑆) and 𝜓(2𝑆) presents a semi-hard scale
(𝑚𝑐), which can lead to the appearance of non-perturbative effects. Hence, finding a formalism
capable of describing the data for both vector mesons is a good way to test the efficiency of the
parameterizations responsible to take into account the non-perturbative part of the interaction and
validate the universality of the formalism.

The dipole-target interaction is often parameterized by a Gaussian distribution that contains
saturation effects, this is the case of the very known “bSat” model. An alternative description
to obtain the amplitude of this interaction is by solving the Balitsky-Kovchegov (BK) equation.
It is known that the full NLO-BK equation is unstable because of the large and negative NLO
corrections that comes from integrating out gluon emissions with small transverse momenta, so
these corrections need to be properly resummed to all orders [7]. Besides this, when the impact
parameter dependence is added, a phenomenon called Coulomb tails appears [8] (an unphysical
grow of the amplitude at large impact parameters), which is found to be linked to the fact that the
kernel suppresses large daughter dipoles. Solutions without this Coulomb tails can be found in some
papers such as [9, 10]. In this work, we used both the “bSat” and BK solution models within the
dipole formalism to calculate the differential cross sections for the vector meson photoproduction
and we used a potential approach based on solving the Schroedinger equation to obtain the vector
meson wave functions along with the Melosh spin rotation.

2. Photoproduction off a proton target

The interaction between the photon and the proton can be described by the dipole model,
which is based on the fact that on quantum mechanics the photon can fluctuate in a 𝑞𝑞 pair, which
can strongly interact with the proton. This approach is valid because in the proton rest frame, the
fluctuation lifetime is bigger than the interaction time of the 𝑞𝑞 pair with the proton, which makes
it possible to separate the process into three steps. First, the photon splits into a 𝑞𝑞 pair (the color
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dipole), then this dipole interacts strongly with the proton, by an exchange of gluons, and finally the
recombination of the 𝑞𝑞 pair into a vector meson takes place.

The scattering amplitude of this process is given by the product of the amplitude of each
subprocess integrated in 𝛽 and 𝑟 , which are the momentum fraction carried by the quark and the
transverse separation of the 𝑞𝑞 pair, respectively.

A𝛾𝑝 (𝑥,Δ𝑇 ) =
∫

d2𝒓

∫ 1

0
d𝛽𝜓∗

𝑉 (𝑟, 𝛽)𝜓𝛾 (𝑟, 𝛽)A𝑞𝑞̄ (𝑥, 𝒓,𝚫) . (1)

As you can see, in the equation, 𝜓𝛾 is the photon wave function, 𝜓𝑉 is the vector meson wave
function and Δ𝑇 ≡ |𝚫| is the transverse momentum of the produced vector meson.

In our previous works [11, 12], we chose to use a vector meson wave function obtained by first
principles. Thus, following the same potential approach [13, 14], we factorized the wave function
into a spin-dependent part and a spatial one. The spatial part of the wave function is obtained
by solving the non-relativistic Schroedinger equation for heavy quark interaction potentials in the
dipole rest frame. However, since we want to substitute it on the forward amplitude (Eq. 1), a
Lorentz transformation needs to be applied to 𝜓𝑉 to boost it to the infinite momentum frame,
where the dipole model is defined. In this analysis, we used five different models for the 𝑞𝑞

interaction potential: power-like model [15, 16] (pow), harmonic oscillator (osc), Cornell potential
[17, 18] (cor), Buchmüller-Tye parametrisation [19] (but) and logarithmic potential [20] (log).
These models’ parameters were fitted to the hadron spectrum, thus we assured to use the same ones,
as in the original fits, when solving the Schroedinger equation, including the heavy quark masses.

It is important to emphasize that when fitting the interquark potentials, the quark masses
obtained are not bare masses, since they have non-perturbative effects that are different for each
potential, thus they are allowed to vary in order to improve the potential parameterization. To keep
the universality of the color dipole model, we chose to employ fixed perturbative masses on the
scattering amplitude, which are 𝑚𝑐 = 1.4 GeV for charm quarks and 𝑚𝑏 = 4.75 GeV for bottom
quarks.

The Lorentz transformation between the two frames requires a boost not only on the radial part
but also on the spin-dependent part of the wave function. Such transformation that takes the quark
spinors from the 𝑞𝑞 rest frame to the infinite momentum frame, is known as the Melosh spin rotation
[21]. This has a significant effect on differential photoproduction cross sections, particularly for
excited quarkonia states [13, 22].

The last ingredient in Eq. 1 to be explained is 𝐴𝑞𝑞̄, which represents the elementary elastic
amplitude of the interaction of the dipole with the proton. The optical theorem permits us to rewrite
this elementary elastic amplitude 𝐴𝑞𝑞̄ in terms of the partial dipole amplitude 𝑁 (𝑥, 𝑟, 𝑏), which is
defined as the imaginary part of the former. Thus, the non-forward amplitude of the photon-proton
scattering is given by [23]:

A𝛾𝑝 (𝑥,Δ𝑇 ) = 2𝑖
∫

d2𝒓

∫ 1

0
d𝛽

∫
d2𝒃𝜓∗

𝑉 (𝑟, 𝛽)𝜓𝛾 (𝑟, 𝛽)e−𝑖 [𝒃−(1−𝛽)𝒓 ] ·𝚫𝑁 (𝑥, 𝒓, 𝒃) . (2)

Since the partial dipole amplitude includes corrections related to gluon radiations, it cannot be
calculated with pQCD, so phenomenological parameterizations are employed to describe it. For
the main purpose of calculating 𝑡 differential cross section, we used two different b-dependent
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elementary elastic amplitude models: the impact parameter dipole saturation model [23] (known as
“bSat” ) and the model based upon a numerical solution of the Balitsky-Kovchegov (BK) equation
[9].

Another consequence of the use of the optical theorem is that it makes necessary the inclusion
of two correction terms. One to account for the real part of the amplitude [14], which is given by
the following substitution:

A𝛾𝑝 ⇒ A𝛾𝑝

(
1 − 𝑖

𝜋𝜆

2

)
, with 𝜆 =

𝜕 lnA𝛾𝑝

𝜕 ln(1/𝑥) , (3)

and the other to consider the skewness effect, which comes from the fact that the two gluons
exchanged between the 𝑞𝑞 pair and the nucleon can carry different momentum fractions. This effect
is included by the multiplication of the scattering amplitude by the factor [24]:

𝑅𝑔 (𝜆) =
22𝜆+3
√
𝜋

Γ(𝜆 + 5/2)
Γ(𝜆 + 4) . (4)

With all the amplitude’s ingredients defined, it is possible to calculate the elastic differential
cross-section in 𝑡 for the 𝛾𝑝 → 𝑉𝑝 scattering, which is defined as [23, 25]:

d𝜎𝛾𝑝→𝑉 𝑝

d𝑡
=

1
16𝜋

|A𝛾𝑝 (𝑥,Δ𝑇 ) |2 . (5)

This equation is the essential basic key for the description of the actually available HERA data and
the future measurements that can be realized by LHC and EIC.

2.1 Results for 𝜓 and Υ photoproduction

The Fig. 1 shows the results of the differential cross-section as a function of the transferred
momentum 𝑡 for both the photoproduction of 𝜓 states at a center of mass energy of 100 GeV. On
the left panel, the results for 𝜓(1𝑆) (upper curves) and 𝜓(2𝑆) (lower curves) were obtained using
a numerical solution of the BK equation [9] and five different parameterizations of the interquark
potential [15, 18–20]. Since the differential photoproduction cross sections are, in general, sensitive
to the partial dipole amplitude parameterization, we chose to show (on the right panel) the 𝜓(1𝑆)
results calculated with two different models: one obtained by the solution of the BK equation
(explained above) and other the very known saturation model “bSat” [23]. In order to do this
comparison, we chose the wave function calculated with Buchmüller-Tye potential, which was not
a special choice because, as can be seen on the left panel, the differences between the 𝜓(1𝑆)
differential cross sections calculated with different potentials are practically imperceptible. A
comparison between the 𝜓(1𝑆) results with the corresponding data from H1 Collaboration [26, 27]
revealed that the BK model describes better the H1 data that the bSat one. Furthermore, some
predictions for the differential cross section of Υ(1𝑆) (left) and Υ(2𝑆) (right) photoproduction
are presented in Fig. 2 as a function of |𝑡 |, also using the BK equation numerical solution, for
𝑊 = 120 GeV. These positive results for the proton target were important to verify the formalism
and encouraged us to extend them to the nuclear target case.

4



P
o
S
(
X
V
H
a
d
r
o
n
P
h
y
s
i
c
s
)
0
2
1

Exclusive heavy vector meson photoproduction with t-dependence in UPCs Cheryl Henkels

100

101

102

0 0.2 0.4 0.6 0.8 1 1.2

ψ(1S)

ψ(2S)

W = 100 GeV100

101

102

0 0.2 0.4 0.6 0.8 1 1.2

ψ(1S)

ψ(2S)

W = 100 GeVd
σ
γ
p
→
V
p
/d
t
(n
b
/G

eV
2
)

|t| (GeV2)

but
cor
log
osc
pow

d
σ
γ
p
→
V
p
/d
t
(n
b
/G

eV
2
)

|t| (GeV2)

H1

100

101

102

0 0.2 0.4 0.6 0.8 1 1.2

ψ(1S)

W = 100 GeV100

101

102

0 0.2 0.4 0.6 0.8 1 1.2

ψ(1S)

W = 100 GeVd
σ
γ
p
→
V
p
/d
t
(n
b
/G

eV
2
)

|t| (GeV2)

BK
bSat

d
σ
γ
p
→
V
p
/d
t
(n
b
/G

eV
2
)

|t| (GeV2)

Figure 1: Differential cross section for 𝜓(𝑛𝑆) photoproduction as a function of |𝑡 | for 𝑊 = 100 GeV. On the
left panel, the results for 𝜓(1𝑆) (upper curves) and 𝜓(2𝑆) (lower curves) are calculated with the numerical
solution of the BK equation obtained in Ref. [9], using five different interquark potential models [15, 18–20].
In order to compare different dipole models, on the right panel the 𝜓(1𝑆) cross section is calculated just
with the Buchmüller-Tye potential, however with both the BK and the “bSat” model [23]. In both panels the
𝜓(1𝑆) results are compared to the corresponding data from H1 Collaboration [26, 27].
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Figure 2: Predictions for the differential cross section for Υ(1𝑆) (left) and Υ(2𝑆) (right) as a function of
|𝑡 | obtained using the BK numerical solution, for 𝑊 = 120 GeV. The results are presented for five different
interquark potential models.

3. Photoproduction off a nuclear target

In processes where the target is a nucleus, the vector meson can be produced coherently, which
means that the nucleus target will remain intact after the collision. In this case, the differential
cross-section is proportional to the square of the averaged photon-nucleus amplitude. Since this
average is taken over all possible configurations of the nucleons inside the nucleus, it is an interesting
tool to study the average shape of the target.

d𝜎𝛾𝐴→𝑉𝐴

d𝑡
=

1
16𝜋

��〈A𝛾𝐴→𝑉𝐴(𝑥,Δ)
〉��2 . (6)

In the dipole model at high energies, the lifetime of the 𝑞𝑞 pair is larger than the nuclear radius.
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This guarantees a small variation of the transverse size of the dipole system and no fluctuations
during the propagation through the nucleus. Thus, we can use the Glauber-Gribov model to calculate
the average of the photon-proton amplitude [12],〈

A𝛾𝐴→𝑉𝐴(𝑥,Δ)
〉
=𝑖

∫
d2r

∫ 1

0
d𝛽

∫
d2b 𝑒−𝑖 [b−(1−𝑧)r] ·𝚫

× Σ𝑇 (𝑟, 𝛽) 2
[
1 − exp

(
−
𝐴𝑇𝐴(𝑏)𝜎𝑞𝑞̄ (𝑥, 𝑟)

2

)]
,

(7)

which Σ𝑇 = Σ (1) + Σ (2) d
d𝑟 represents the overlap between the photon and the vector meson wave

functions including the Melosh spin rotation (the expressions for Σ (1) and Σ (2) can be found on
our previous papers [11, 12]). This expression is very similar to the proton-target one, however,
instead of the partial dipole amplitude, inside the brackets, there is an expression proportional to
the nuclear thickness function 𝑇𝐴(𝑏) and the total dipole-proton cross section 𝜎𝑞𝑞̄, which is given
by:

𝜎𝑞𝑞̄ (𝑥, 𝑟) = 2
∫

d2𝒃 𝑁 (𝑥, 𝒓, 𝒃) . (8)

In the high energy limit, one has to consider that the gluon density inside the nucleus is smaller
than the one for free nucleons. The name of this effect is gluon shadowing and it can be taken into
account by renormalizing the dipole cross section,

𝜎𝑞𝑞̄ (𝑟, 𝑥) → 𝜎𝑞𝑞̄ (𝑟, 𝑥)𝑅𝐺 (𝑥, 𝜇2) . (9)

In this equation, the factor 𝑅𝐺 is given by the ratio between the gluon density inside a nucleus’
nucleon and the one found in a free nucleon

𝑅𝐺 (𝑥, 𝜇2) = 𝑥𝑔𝐴(𝑥, 𝜇2)
𝐴𝑥𝑔𝑝 (𝑥, 𝜇2)

. (10)

In this paper we chose to use the nuclear parton distribution function (PDF) EPPS16 [28] and the
proton PDF CT14 [29] for the evaluation of this factor.

3.1 Results for 𝜓 and Υ photoproduction

The formalism presented above permitted us to calculate the differential cross section of the
vector meson coherent photoproduction in 𝛾𝐴 collisions. The vector meson wave functions were
obtained by the potential approach, however, since the differences between the results obtained
with different potentials were practically unnoticed, we chose to show only the curves obtained
with the Buchmüller-Tye potential [19]. For the total dipole-proton cross section we chose to make
a comparison between three dipole models: the numerical solution of the BK equation, the bSat
model, and also the phenomenological GBW model [30]. Furthermore, the effects of the gluon
shadowing were included by renormalizing the dipole cross-section by a factor calculated fully
phenomenologically with PDFs [28, 29].

In Fig. 3 we show a comparison between the results for the 𝜓(1𝑆) differential cross section and
the ALICE data [3] at

√
𝑠 = 5.02 TeV. We found that the curves underestimate the 𝜓(1𝑆) data for
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photoproduction at small |𝑡 |, and that the bSat model performed better than the others in describing
the data. We also present predictions for the differential cross section for the 𝜓(2𝑆) photoproduction
at the same energy. Additionally, with the expectation that the future colliders could make some
measurements at larger 𝑡 values, we produced some predictions for the differential cross section of
the 𝛾𝑃𝑏 → 𝑉𝑃𝑏 coherent 𝜓 (left panel) and Υ (right panel) photoproduction at

√
𝑠 = 5.02 TeV for

a large range of |𝑡 |, and show them in Fig. 4.
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Figure 3: Differential cross sections for the 𝛾𝑃𝑏 → 𝜓(𝑛𝑆)𝑃𝑏 process as functions of |𝑡 |, with wavefunctions
calculated using the Buchmüller-Tye potential. In the 𝜓(1𝑆) case (left panel), the results using the BK and
bSat dipole amplitudes and the purely phenomenological GBW dipole cross section [30] are compared with
the ALICE data for

√
𝑠 = 5.02 TeV [3].
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Figure 4: Predictions for the differential cross sections for the 𝛾𝑃𝑏 → 𝑉𝑃𝑏 processes as functions of |𝑡 |,
calculated with three dipole cross section models: the numerical solution of the BK equation for the dipole
amplitude, the bSat model and the GBW parameterisation. The results are shown for the production of 𝜓
states (left) and Υ states (right). Both panels present the results at 𝑦 = 0 and with

√
𝑠 = 5.02 TeV.

4. Conclusion

In this work, we studied the exclusive photoproduction of the vector mesons 𝜓(1𝑆), 𝜓(2𝑆),
Υ(1𝑆) and Υ(2𝑆) with proton and nuclear targets within the dipole formalism. An essential part of
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this formalism is the vector meson wave function, which in this work was obtained by a potential
approach, that consists in solving the Schroedinger equation on the 𝑞𝑞 rest frame with different
interquark potentials and boost it to the infinite momentum frame, with the inclusion of the Melosh
spin rotation. This enables the calculation of the differential cross section in 𝑡 for both the ground
and excited states of the charmonium and the bottomonium.

Furthermore, on the dipole-proton interaction amplitude we used two models to describe the
H1 Collaboration available data [26, 27] for the 𝐽/𝜓 photoproduction: the bSat and BK models.
The results obtained with the inclusion of the real part of the scattering amplitude and the skewness
effect in the scattering amplitude at the 𝛾𝑝 level showed that the BK model provided a better
description of the available data in the proton target case. This setup also make it possible to make
predictions for the mesons 𝜓(2𝑆), Υ(1𝑆) and Υ(2𝑆).

For the nuclear case, we used the Glauber-Gribov approach for high energy scatterings and
included the gluon shadowing phenomenologically with a nuclear PDF to describe the photon-
nucleus interaction. The results calculated with the Buchmüller-Tye vector meson wave function
were compared with the ALICE data [3] and showed that the bSat model described more accurately
this data than the other models. This shows that the existing parameterizations for the partial dipole
amplitude still contain significant uncertainties. With this setup, we also presented predictions for
all four vector mesons in a larger 𝑡 range with the hope that someday this quantities will be measured
on the LHC or on other future coliders, like the FCC or the EIC [31].
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