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We calculate differential distributions for diffractive dijets production in 𝑒𝑝 → 𝑒
′
𝑝 𝑗𝑒𝑡 𝑗𝑒𝑡 reaction

using off diagonal unintegrated gluon distributions (GTMDs). Different models are used. We
concentrate on the contribution of exclusive 𝑞𝑞 dijets.
The results of our calculations are compared to H1 and ZEUS data. In general, except of one
GTMD, our results are below the HERA data. This is in contrast with recent results where the
normalization was adjusted to some selected distributions and no agreement with other observables
was checked. We conclude that the calculated cross sections are only a small part of the measured
ones which probably also contain processes with pomeron remnant, reggeon exchange, etc.
We also present azimuthal correlations between the sum and the difference of dijet transverse
momenta. The cuts on transverse momenta of jets generate azimuthal correlations which can be
misinterpreted as due to so-called elliptic GTMD.
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Figure 1: Four types of the diffractive production of dijets in electron-proton collisions.

1. Sketch of the formalism

This work focuses on exclusive, diffractive dijet production in the 𝑒𝑝 → 𝑒 𝑗 𝑗 𝑝 reaction, where
the final-state proton remains in its ground state, measured by the H1 [1] and ZEUS [2] collabora-
tions. We use a formalism derived from the color dipole approach but the dipole amplitude informa-
tion from impact parameter space is mapped to off-forward transverse momentum-dependent gluon
distributions (GTMDs). For reviews linking this to the gluon Wigner function, see [3]. At large
jet momenta, the forward diffractive amplitude directly probes the unintegrated gluon distribution
of the target [4, 5]. While this approach is suited for the small-𝑥 limit, longitudinal momentum
transfer and skewedness are handled in a collinear factorization framework using generalized parton
distributions, as in [6]. This work includes also 𝑞𝑞 exchanges in the 𝑡-channel, relevant for smaller
rapidity gaps.

In [7], we applied various GTMD models to the 𝑝𝐴 → 𝑐𝑐𝑝𝐴 process, although no data is
available yet due to the challenges of relevant measurements. Here, we apply the same formalism
to H1 and ZEUS data, comparing different GTMD models with existing data.

Recent theoretical calculations on diffractive dijet production, using either the color dipole
or GTMD approaches, include [8–13]. While some of these works focus on photoproduction
or heavy quarks, our study has some overlap with [8], which uses the Golec-Biernat–Wüsthoff
parametrization [14] for the dipole amplitude. For the corresponding gluon distribution, our results
agree with the other. However, we also employ the GTMDs proposed and fitted in [12, 13] and our
conclusions differ from these works.

To calculate the cross section for 𝑒𝑝 → 𝑒𝑝 𝑞𝑞 both, the transverse 𝜎𝑇 and longitudinal 𝜎𝐿

photon components have to be included:

𝑑𝜎𝑒𝑝

𝑑𝑦𝑑𝑄2𝑑𝜉
=

𝛼𝑒𝑚

𝜋𝑦𝑄2

[(
1 − 𝑦 + 𝑦2

2

) 𝑑𝜎𝛾∗𝑝
𝑇

𝑑𝜉
+ (1 − 𝑦)

𝑑𝜎
𝛾∗𝑝
𝐿

𝑑𝜉

]
, (1)

where 𝑑𝜉 = 𝑑𝑧𝑑2 ®𝑃⊥𝑑2 ®Δ⊥, while the interferences between photon polarizations are neglected as
they vanish when averaging over the angle between the electron scattering and hadronic planes.

For all four mechanisms from Fig.1, the 𝛾∗𝑝 → 𝑞𝑞𝑝 cross sections for transverse and longitu-
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dinal photons are given by:

𝑑𝜎
𝛾∗𝑝
𝑇

𝑑𝑧𝑑2 ®𝑃⊥𝑑2 ®Δ⊥
= 2𝑁𝑐𝛼𝑒𝑚

∑︁
𝑓

𝑒2
𝑓

∫
𝑑2®𝑘⊥

∫
𝑑2®𝑘 ′

⊥𝑇
(
𝑌, ®𝑘⊥, ®Δ⊥

)
𝑇
(
𝑌, ®𝑘 ′

⊥, ®Δ⊥
)

×
{(

𝑧2 + (1 − 𝑧)2
) [ ( ®𝑃⊥ − ®𝑘⊥)

( ®𝑃⊥ − ®𝑘⊥)2 + 𝜖2
−

®𝑃⊥

𝑃2
⊥ + 𝜖2

]
·
[

( ®𝑃⊥ − ®𝑘 ′
⊥)

( ®𝑃⊥ − ®𝑘 ′
⊥)2 + 𝜖2

−
®𝑃⊥

𝑃2
⊥ + 𝜖2

]
+ 𝑚2

𝑓

[
1

( ®𝑃⊥ − ®𝑘⊥)2 + 𝜖2
− 1
𝑃2
⊥ + 𝜖2

]
·
[

1
( ®𝑃⊥ − ®𝑘 ′

⊥)2 + 𝜖2
− 1
𝑃2
⊥ + 𝜖2

] }
, (2)

𝑑𝜎
𝛾∗𝑝
𝐿

𝑑𝑧𝑑2 ®𝑃⊥𝑑2 ®Δ⊥
= 2𝑁𝑐𝛼𝑒𝑚4𝑄2𝑧2(1 − 𝑧)2 ×

∑︁
𝑓

𝑒2
𝑓

∫
𝑑2®𝑘⊥

∫
𝑑2®𝑘 ′

⊥𝑇
(
𝑌, ®𝑘⊥, ®Δ⊥

)
𝑇
(
𝑌, ®𝑘 ′

⊥, ®Δ⊥
)

×
[

1
( ®𝑃⊥ − ®𝑘⊥)2 + 𝜖2

− 1
𝑃2
⊥ + 𝜖2

]
·
[

1
( ®𝑃⊥ − ®𝑘 ′

⊥)2 + 𝜖2
− 1
𝑃2
⊥ + 𝜖2

]
, (3)

with 𝜖2 = 𝑧(1−𝑧)𝑄2+𝑚2
𝑓

and the generalized transverse momentum distribution (GTMD) of gluons
in the proton target expressed as a Fourier transform of the diffraction amplitude in momentum
space (see [3, 9–11]):

𝑇 (𝑌, ®𝑘⊥, ®Δ⊥) =
∫

𝑑2®𝑏⊥
(2𝜋)2

𝑑2®𝑟⊥
(2𝜋)2 𝑒

−𝑖®Δ⊥ · ®𝑏⊥𝑒−𝑖
®𝑘⊥ · ®𝑟⊥ 𝑁 (𝑌, ®𝑟⊥, ®𝑏⊥) 𝑒−𝜀𝑟2

⊥ . (4)

The used normalization is consistent with Ref. [11] and 𝜀 = (0.5 fm)−2 is used in the calculation.
We also analyzed the correlations in azimuthal angle between the sum and difference of transverse
moment of jets:

cos 𝜙 ®𝑃⊥ ®Δ⊥
=

®𝑃⊥ · ®Δ⊥
𝑃⊥Δ⊥

, (5)

where

®𝑃⊥ =
1
2
( ®𝑝⊥1 − ®𝑝⊥2) , ®Δ⊥ = ®𝑝⊥1 + ®𝑝⊥2 . (6)

We consider six different models for generalized transverse momentum distributions (GT-
MDs). Two of these are parameterizations of off-forward gluon density matrices based on diagonal
unintegrated gluon distributions: Golec-Biernat–Wüsthoff (GBW) model [14] and Moriggi-Paccini-
Machado (MPM) model [15]. Both use a diffractive slope of 𝐵 = 4 GeV−2:

𝑓

(
𝑌,

®Δ⊥
2

+ ®𝑘⊥,
®Δ⊥
2

− ®𝑘⊥
)
=

𝛼𝑠

4𝜋𝑁𝑐

F (𝑥IP, ®𝑘⊥,−®𝑘⊥)
𝑘4
⊥

exp
[
− 1

2
𝐵®Δ2

]
. (7)

The other four models are derived from the Fourier transform of the dipole amplitude described by
equation (4).

We use also the bSat model of Kowalski and Teaney [16] (KT model), as well as three models
based on the McLerran-Venugopalan (MV) approach [17]. These include the Iancu-Rezaeian model
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Figure 2: Distribution of the cross-section for the diffractive light dijet production in jet transverse momentum
for H1(left) and ZEUS (right) kinematic for different GTMDs.

(MV-IR) [18], the Boer-Setyadi 2021 model (MV-BS 2021) [12], and the Boer-Setyadi 2023 model
(MV-BS 2023) [13], which ware fitted to the H1 experimental data. In addition, we modified the
MV-IR model using 𝜆 = 0.277:

𝑇mod
MV−IR(𝑌, ®𝑘⊥, ®Δ⊥) = 𝑇MV−IR( ®𝑘⊥, ®Δ⊥) 𝑒𝜆𝑌 , 𝑌 = ln

[0.01
𝑥IP

]
. (8)

To adopt the MV-BS 2021 to the H1 data [1] we add according to [12] 𝜒 = 1.25 in the expression:

𝑁0(𝑟⊥, 𝑏⊥) = −1
4
𝑟2
⊥𝜒𝑄

2
𝑠 (𝑏⊥) ln

[ 1
𝑟2
⊥𝜆

2
+ 𝑒

]
, 𝑄2

𝑠 (𝑏⊥) =
4𝜋𝛼𝑠𝐶𝐹

𝑁𝑐

exp
[−𝑏2

⊥
2𝑅2

𝑝

]
. (9)

For MV-BS 2023 the 𝜒(𝑥𝐵 𝑗) = 𝜒̄

(
𝑥0
𝑥𝐵𝑗

)𝜆𝜒

, where 𝜒̄ = 1.5, 𝑥0 = 0.0001 and 𝜆𝜒 = 0.29 according
to [13] is used.

2. Results

Our calculations were divided into two areas according to the kinematics of the H1 and ZEUS
collaborations. We first show the distributions in the transverse momentum of the jet seen in Fig. 2.
The MV-BS 2021 and MV-BS 2023 give similar results to the MV-IR and MPM models and describe
the data quite well, while the KT and GBW distributions are lower by an order of magnitude than
the experimental data. Both the MV-BS results for the ZEUS kinematics differ by almost two orders
of magnitude from other GTMDs however, the shapes of all distributions are comparable. We also
generated distributions in 𝑥IP and 𝛽 shown in Figs 3, where the differences between all models are
visible. In the case of the dependence on 𝑥IP, overestimated data by all GTMD models except KT
and GBW are visible. This may be related to the fact that correct description of all experimental
data is possible considering not only the dipole approach but rather the contribution of 𝑞𝑞 described
by secondary Reggeons, e.g. in Ref. [19].

The distributions in 𝛽 also show inconsistencies with the data of the MV-BS models that
were fitted to the H1 experiment. In contrast, the other models give results too low for small 𝛽,
however, this area should be described by the 𝑞𝑞𝑔 three-parton contribution. In Fig. 4 we show the
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Figure 3: Distribution of the cross-section for the diffractive light dijet production in 𝑥IP and 𝛽 for H1 and
ZEUS kinematic for different GTMDs.
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Figure 4: Distribution of the cross-section for the diffractive light dijet production in the energy of the
photon-proton system (left) and azimuthal angle 𝜙 between ®𝑃⊥ and ®Δ⊥ (right) for H1 and ZEUS kinematic
for different GTMDs. Notice the normalization.

distribution of the azimuthal angle between the sum and difference of the transverse jets’ momenta.
We predict that the straight horizontal line corresponds to the case without cuts on the transverse
momentum of the jets, while the angular correlations can be seen for the situation in which cuts are
included. We do not exclude the possibility that the additional azimuthal correlation may be due to
elliptical gluon distributions, which were not taken into account in the presented analysis.

3. Conclusions

We discussed dijet correlations in the 𝑒𝑝 → 𝑒𝑝 𝑗 𝑗 process. The corresponding differential
distributions were calculated using various gluon GTMD (generalized transverse momentum de-
pendent gluon distributions) distributions from the literature. We here calculated the distributions
in various kinematic variables by referring to H1 and ZEUS data. The MV-BS, MPM, and MV-IR
GTMD distributions describe some of the observables well but do not describe the distributions
in 𝑥IP and 𝛽. Some of the other GTMD distributions are consistent with the H1 and ZEUS data.
The most realistic gluon distributions seem to be GTMD KT and GBW, which give an insignificant
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contribution for H1, as it should be, and give a sizable contribution at 𝛽 > 0.5 for the ZEUS cuts.
This means that the considered mechanism is not sufficient.

We have also calculated correlations in azimuthal angles between the sum and difference of
the transverse jets momenta. Since our GTMDs do not have an elliptical part, these correlations are
solely the result of experimental cuts.
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