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Double deeply virtual Compton scattering (DDVCS) is a very precise tool for the nucleon tomography. Its
measurement requires high luminosity electron beams and precise dedicated detectors, since its amplitude
is quite small in the interesting kinematical domain where collinear QCD factorization allows the extraction
of quark and gluon generalized parton distributions (GPDs). We analyze the prospects for its study in the
JLab energy domain as well as in higher energy electron-ion colliders. Our results are very encouraging
for various observables both with an unpolarized and polarized lepton beam. Using various realistic
models for GPDs, we demonstrate that DDVCS measurements are indeed very sensitive to their behaviour.
Implementing our lowest order cross-section formulae in the EpIC Monte Carlo generator, we estimate the
expected number of interesting events.
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Fig. 1: DDVCS (left) and Bethe-Heitler (BH, middle and right) lowest order Feynman diagrams for the electroproduction of a muon pair. Crossed
diagrams are not shown.

1. Introduction

Double deeply virtual Compton scattering (DDVCS):

𝛾∗(𝑞) + 𝑁 (𝑝) → 𝛾∗(𝑞′) + 𝑁 ′(𝑝′) , (1)

contributes to the exclusive electroproduction of a lepton pair,

𝑒(𝑘) + 𝑁 (𝑝) → 𝑒′(𝑘 ′) + 𝑁 ′(𝑝′) + 𝜇+(ℓ+) + 𝜇− (ℓ−) , (2)

which also receives contributions from purely QED Bethe-Heitler processes (BH), as depicted in Fig. 1.
Its amplitude does factorize [1] into perturbatively calculable coefficient functions and generalized parton
distributions (GPDs) that unravel the three-dimensional structure of the nucleon [2, 3] in the kinematical
region where either 𝑄2 = −𝑞2 = −(𝑘 − 𝑘 ′)2 or 𝑄′2 = 𝑞′2 = (ℓ+ + ℓ−)2 is large, while the squared four-
momentum transfer to the nucleon, −𝑡 = −(𝑝′ − 𝑝)2 remains small. The importance of DDVCS has already
been emphasized some twenty years ago [4–6], but this process has never been measured so far; we stress in
our studies [7, 8] that it should be studied in the future at both fixed-target facilities [9–11] and electron-ion
colliders [12, 13].

2. Kleiss-Stirling (KS) techniques

In 1980s, Kleiss and Stirling [14, 15] envisaged an alternative way to use Feynman diagrams to compute
cross-sections in quantum field theory. The main idea is to reduce the helicity amplitudes to complex
numbers where spinors and Dirac-gamma matrices have been taken care of. For that purpose, two scalars
are constructed as the building blocks:

𝑠(𝑎, 𝑏) = �̄�(𝑎, +)𝑢(𝑏,−) = (𝑎2 + 𝑖𝑎3)
√︂

𝑏0 − 𝑏1

𝑎0 − 𝑎1 − (𝑎 ↔ 𝑏) = −𝑠(𝑏, 𝑎) , (3)

𝑡 (𝑎, 𝑏) = �̄�(𝑎,−)𝑢(𝑏, +) = [𝑠(𝑏, 𝑎)]∗ , (4)

where± stand for helicities and 𝑎, 𝑏 are light-like vectors. As mentioned before, these scalars are the building
blocks of amplitudes as one can employ them to compute, for instance, the contraction of two currents

𝑓 (𝜆, 𝑘0, 𝑘1;𝜆′, 𝑘2, 𝑘3) =�̄�(𝑘0, 𝜆)𝛾𝜇𝑢(𝑘1, 𝜆)�̄�(𝑘2, 𝜆
′)𝛾𝜇𝑢(𝑘3, 𝜆

′)
=2[𝑠(𝑘2, 𝑘1)𝑡 (𝑘0, 𝑘3)𝛿𝜆−𝛿𝜆′+ + 𝑡 (𝑘2, 𝑘1)𝑠(𝑘0, 𝑘3)𝛿𝜆+𝛿𝜆′−
+ 𝑠(𝑘2, 𝑘0)𝑡 (𝑘1, 𝑘3)𝛿𝜆+𝛿𝜆′+ + 𝑡 (𝑘2, 𝑘0)𝑠(𝑘1, 𝑘3)𝛿𝜆−𝛿𝜆′−] , (5)

or the contraction of a current with a light-like vector 𝑎:

𝑔(𝑠, ℓ, 𝑎, 𝑘) = �̄�(ℓ, 𝑠)/𝑎𝑢(𝑘, 𝑠) = 𝛿𝑠+𝑠(ℓ, 𝑎)𝑡 (𝑎, 𝑘) + 𝛿𝑠−𝑡 (ℓ, 𝑎)𝑠(𝑎, 𝑘) . (6)
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2.1 DDVCS subprocess à la KS

For the case of DDVCS (left diagram in Fig. 1), the Feynman amplitude at lowest (zeroth) order in the
strong coupling constant and at leading twist can be written as:

𝑖MDDVCS =
−𝑖𝑒4

(𝑄2 − 𝑖0) (𝑄′2 + 𝑖0)

(
𝑖M (𝑉 )

DDVCS + 𝑖M
(𝐴)
DDVCS

)
, (7)

where 𝑖M (𝑉 )
DDVCS and 𝑖M (𝐴)

DDVCS corresponds to the vector and the axial contributions to the amplitude,
respectively, coming from the Compton tensor decomposition (to leading-twist accuracy)

𝑇
𝜇𝜈
𝑠2𝑠1 = −

1
2
𝑔
𝜇𝜈
⊥ �̄�(𝑝′, 𝑠2)

[
(H + E)/𝑛 −

E
𝑀

𝑝+
]
𝑢(𝑝, 𝑠1) −

𝑖

2
𝜖
𝜇𝜈
⊥ �̄�(𝑝′, 𝑠2)

[
H̃ /𝑛 +

Ẽ
2𝑀

Δ+

]
𝛾5𝑢(𝑝, 𝑠1) . (8)

By means of functions 𝑓 (5) and 𝑔 (6), they read:

𝑖M (𝑉 )
DDVCS = −

[
𝑓 (𝑠ℓ , ℓ−, ℓ+; 𝑠, 𝑘 ′, 𝑘) − 𝑔(𝑠ℓ , ℓ−, 𝑛★, ℓ+)𝑔(𝑠, 𝑘 ′, 𝑛, 𝑘) − 𝑔(𝑠ℓ , ℓ−, 𝑛, ℓ+)𝑔(𝑠, 𝑘 ′, 𝑛★, 𝑘)

]
× 1

2

[
(H + E)[𝑌𝑠2𝑠1𝑔(+, 𝑟 ′𝑠2 , 𝑛, 𝑟𝑠1) + 𝑍𝑠2𝑠1𝑔(−, 𝑟 ′−𝑠2 , 𝑛, 𝑟−𝑠1)] −

E
𝑀
J (2)𝑠2𝑠1

]
, (9)

and
𝑖M (𝐴)

DDVCS =
−𝑖
2
𝜖
𝜇𝜈
⊥ 𝑗𝜇 (𝑠ℓ , ℓ−, ℓ+) 𝑗𝜈 (𝑠, 𝑘 ′, 𝑘)

[
H̃J (1,5)+𝑠2𝑠1 + Ẽ Δ+

2𝑀
J (2,5)+𝑠2𝑠1

]
. (10)

In these sub-amplitudes, 𝑀 is the target mass, 𝑓 and 𝑔 are given in Eqs. (5) and (6), and J (2) , J (1,5)+,
J (2,5)+, 𝑌 , 𝑍 are combinations of scalars in Eqs. (3) and (4) dependent on the spin and momentum of the
target in its final (𝑠2, 𝑝

′) and initial (𝑠1, 𝑝) states. 𝑗𝜇 stands for the lepton current. Finally, 𝑛 and 𝑛★ are
vectors defining the “plus” and “minus” light-cone directions as considered in [6, 7, 16]. This formulation,
including BH contributions, was numerically validated against the DVCS and TCS limits [7, 8].

The results for longitudinally and transversely polarized targets can also be accessed within the Kleiss-
Stirling approach. Thus far, hadron polarization denoted with index 𝑠1 corresponds to the values± for helicity
with respect to the three-vector component of 𝑠𝜇 = (𝑟𝜇1 − 𝑟

𝜇

2 )/𝑀 , where 𝑟1, 𝑟2 are two light-like vectors
such that 𝑝 = 𝑟1 + 𝑟2 . The relation between the quantization of helicity-spinors in direction ®𝑠 (denoted
by 𝑠1 = ±) and in another direction defined by three-vector1 ®𝑆 = (sin 𝜃𝑆 cos 𝜙𝑆 , sin 𝜃𝑆 sin 𝜙𝑆 , cos 𝜃𝑆)
is given by the relation 𝑢′(𝑝, ℎ1) = 𝐹ℎ1+𝑢(𝑝, +) + 𝐹ℎ1−𝑢(𝑝,−) , where the matrix 𝐹 has been defined
in [7]. Therefore, the correspondence between the amplitudes above, where the target is polarized in the
direction ®𝑠 (index 𝑠1), and the ones with a target polarized with respect to ®𝑆 (index ℎ1) is nothing but
𝑖M(𝑠2, ℎ1) = 𝐹ℎ1+𝑖M(𝑠2, 𝑠1 = +) + 𝐹ℎ1−𝑖M(𝑠2, 𝑠1 = −) , where 𝑠2 is the helicity of the final-state proton.
For further details, cf. Ref. [7].

3. DDVCS observables

Let us now present selected DDVCS observables in the kinematics of current and future experiments,
showing that the GPD model dependence can also be addressed. For this purpose we use the GK [17, 18],
VGG [19–22] and MMS [23] GPD models implemented in the PARTONS software framework [24]. For

1Angles 𝜙𝑆 and 𝜃𝑆 are the azimuthal and polar orientations of ®𝑆 with respect to the target rest frame TRF-II, vid. [7].
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angles referring to the produced lepton pair, denoted with subscript ℓ, we make use of the BDP frame [25]
which is common in TCS studies.

The selected observables are unpolarized differential cross-sections (right and left arrows stand for
positive and negative helicity of the incoming electron beam, respectively):

𝜎𝑈𝑈 (𝜙ℓ,BDP) =
∫ 2𝜋

0
𝑑𝜙

∫ 3𝜋/4

𝜋/4
𝑑𝜃ℓ,BDP sin 𝜃ℓ,BDP

(
𝑑7𝜎→

𝑑𝑥𝐵𝑑𝑄2𝑑𝑄′2𝑑 |𝑡 |𝑑𝜙𝑑Ωℓ,BDP
+ 𝑑7𝜎←
𝑑𝑥𝐵𝑑𝑄2𝑑𝑄′2𝑑 |𝑡 |𝑑𝜙𝑑Ωℓ,BDP

)
, (11)

and their cosine components: 𝜎
cos(𝑛𝜙ℓ,BDP )
𝑈𝑈

(𝜙ℓ,BDP) . We also consider asymmetries for a longitudinally
polarized electron beam 𝐴𝐿𝑈 (𝜙ℓ,BDP) = Δ𝜎𝐿𝑈 (𝜙ℓ,BDP)/𝜎𝑈𝑈 (𝜙ℓ,BDP) , where Δ𝜎𝐿𝑈 corresponds to the
same integral as (11) up to the change (𝑑7𝜎→ + 𝑑7𝜎←) → (𝑑7𝜎→ − 𝑑7𝜎←).

The predictions for JLab12, JLab20+ and EIC experiments (for two configurations of beam energies)
are shown in Fig. 2 for unpolarized cross-sections and their cosine components, and in Fig. 3 for the lepton
beam helicity asymmetry 𝐴𝐿𝑈 . We choose the kinematical point, 𝑡 = −0.2 GeV2, 𝑦 = 0.5 for JLab12, and
𝑡 = −0.2 GeV2, 𝑦 = 0.3 for JLab20+. For both configurations of EIC, we choose 𝑡 = −0.1 GeV2, 𝑦 = 0.15.
In all experiments, 𝑄2 = 0.6 GeV2 and 𝑄′2 = 2.5 GeV2.
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Fig. 2: Unpolarized cross-section, 𝜎𝑈𝑈 (𝜙ℓ,BDP ) , and its 𝜎cos 𝜙ℓ,BDP
𝑈𝑈

(𝜙ℓ,BDP ) and 𝜎
cos 2𝜙ℓ,BDP
𝑈𝑈

(𝜙ℓ,BDP ) components for beam energies specified
in the plots and extra kinematic conditions given in text. From left to right: JLab12, JLab20+, EIC 5×41 and EIC 10×100.
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Fig. 3: Asymmetry 𝐴𝐿𝑈 (𝜙ℓ,BDP ) for beam energies specified in the plots and extra kinematic conditions given in text. From left to right: JLab12,
JLab20+, EIC 5×41 and EIC 10×100.

4. Monte Carlo study
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Fig. 4: Distributions of Monte Carlo events as a function of the inelasticity variable 𝑦. Each distribution is populated by 10000 events generated for
the beam energies specified in the plots. Extra kinematics indicated in the text. From left to right: JLab12, JLab20+, EIC 5×41 and EIC 10×100.

The cross-section formulae we obtained have been implemented in the open-source PARTONS frame-
work [24]. The implementation of DDVCS in the EpIC Monte Carlo (MC) generator [26] has followed,
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Fig. 5: Distribution of Monte Carlo events as a function of the skewness variable 𝜉 and the relative value of generalized Björken variable 𝜌. Each
distribution is populated by 10000 events generated for the DDVCS sub-process at beam energies specified in the plot. Extra kinematical conditions,
including cuts on the 𝑦 variable, are specified in the text.

making our work directly applicable for experimental analysis. Our results do not include any acceptances
or detector response.

The distribution of MC events as a function of the inelasticity variable 𝑦 = (𝐸𝑒 − 𝐸 ′𝑒)/𝐸𝑒 is shown in
Fig. 4. Here, 𝐸𝑒 and 𝐸 ′𝑒 represent the energies of the incoming and scattered electron beam, respectively.
The total cross-section for the total scattering is given in Tab. 1. Kinematical cuts for the integration are:
𝑦 ∈ (0, 1), 𝑄2 ∈ (0.15, 5) GeV2, 𝑄′2 ∈ (2.25, 9) GeV2, 𝜙, 𝜙ℓ ∈ (0.1, 2𝜋 − 0.1) rad, 𝜃ℓ ∈ (𝜋/4, 3𝜋/4)
rad and |𝑡 | ∈ (0.1, 0.8) GeV2 for JLab and (0.05, 1) GeV2 for EIC. In this table we also specify the
integrated luminosity needed to record 10000 events presented in Fig. 4, and the fraction of events recovered
after accounting for the lower cut in 𝑦, namely 𝑦min in the table, which is related to the experimental energy
resolution. In Fig. 4 we also show the expected number of events, coming from a direct seven-fold integration
of cross-section (black dots), compared to the MC samples (grey bands) generated by EpIC. The smallness
of the fraction of pure DDVCS contribution (red boxes) suggests considering observables dependent on the
interference between the DDVCS and BH subprocesses.

Additionally, Fig. 5 depicts the distribution of DDVCS over the 𝜌, 𝜉 phase-space, showing clear access
to the ERBL region, fundamental for the extraction of GPDs. In such plots, we make use of the same
constraints detailed above.

Experiment Beam energies Range of |𝑡 | 𝜎 |0<𝑦<1 L10k |0<𝑦<1 𝑦min 𝜎 |𝑦min<𝑦<1/𝜎 |0<𝑦<1

[GeV] [GeV2] [pb] [fb−1]

JLab12 𝐸𝑒 = 10.6, 𝐸𝑝 = 𝑀 (0.1, 0.8) 0.14 70 0.1 1
JLab20+ 𝐸𝑒 = 22, 𝐸𝑝 = 𝑀 (0.1, 0.8) 0.46 22 0.1 1
EIC 𝐸𝑒 = 5, 𝐸𝑝 = 41 (0.05, 1) 3.9 2.6 0.05 0.73
EIC 𝐸𝑒 = 10, 𝐸𝑝 = 100 (0.05, 1) 4.7 2.1 0.05 0.32

Tab. 1: Total cross-section for electroproduction of a muon pair, 𝜎 |0<𝑦<1, obtained for the beam energies indicated in each plot, 𝑦 ∈ (0, 1) and
extra kinematics indicated in the text. Corresponding integrated luminosity required to obtain 10000 events is denoted by L10k |0<𝑦<1. Fraction of
events left after restricting the range of 𝑦 to (𝑦min, 1) is given in the last column.

As a final remark, we conclude that asymmetries at LO are of order 15-20% for JLab and 3-7% for
EIC, large enough for DDVCS to be considered as a relevant part of GPD programms in current and future
experimental facilities. The inclusion of NLO corrections [27] should not change this conclusion. Since the
DDVCS cross section is mostly accessible at moderate values of 𝑄2, 𝑄′2 (compared to 𝑡 and nucleon mass),
it is important to estimate the effects of kinematic higher-twist corrections in the line of recent works on
the DVCS process [28, 29] based on the conformal operator-product expansion developed in [30]. We shall
soon explore these contributions with application to imaging through nucleon tomography. This, in itself,
requires knowledge over a sizable range of 𝑡 .
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