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Coherent deeply virtual Compton scattering on 4He beyond leading power
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Coherent hard exclusive reactions on light nuclei provide access to their quark and gluon structure and
enable three-dimensional tomography of these complex systems. We study deeply virtual Compton scattering
on a helium-4 target, including both kinematic twist-3 and twist-4 corrections, as well as next-to-leading-order
corrections to the twist-2 amplitude in the strong coupling αs. We show that these contributions are crucial for
achieving a precise description of the data and, as a result, obtain the first tomographic image of the helium-4
nucleus at the quark-gluon level.
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I. INTRODUCTION

Studying coherent exclusive scattering has long been rec-
ognized [1–5] as the best way to progress in our understanding
of the quark and gluon structure of light nuclei, and therefore
as a key step toward the understanding of the confinement
mechanism beyond the nucleon or meson case. The golden
channel, as in the nucleon case, is the electroproduction of a
real photon [6]

e−(k) + A(p) → e−(k′) + A(p′) + γ (q′), q′2 = 0, (1)

where e− stands for the electron, A represents the nucleus,
and γ is the produced real photon, while the momenta of
the corresponding particles are given in parentheses. This
process can be understood as the superposition of two types
of scatterings depicted in Fig. 1: a purely electromagnetic
Bethe-Heitler (BH) process where the final-state photon is the
result of leptonic bremsstrahlung and it is characterized by
the electromagnetic form factors (EFFs) of the target; and the
deeply virtual Compton scattering (DVCS) consisting of an
absorption of a virtual photon and subsequent emission of a
real one.

The DVCS amplitude is conveniently described in terms
of Compton form factors (CFFs), which are complex-valued
convolutions of perturbatively calculable coefficient func-
tions, describing the hard parton-photon interaction, with
generalized parton distributions (GPDs) [7–9]. This factorized
form of the scattering amplitude applies in the generalized
Bjorken regime, where the momentum transfer to the target
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remains small in comparison with the photon virtuality. De-
noting the latter by −q2 = −(k − k′)2 = Q2 > 0 and the
former by the Mandelstam variable t = (p′ − p)2 < 0, one
finds that the leading contribution, referred to as the leading-
twist (LT) approximation, is obtained in the limit |t |/Q2 → 0.

The real experiments obviously do not realize the leading-
twist (LT) limit. Consequently, deviations from this limit
manifest as corrections that enter the coefficient functions
of DVCS in powers of the form (|t |/Q2)(τ−2)/2, commonly
referred to as kinematic-twist (τ ) corrections [10,11].1 The
importance of systematically accounting for these corrections
is multifaceted. Including them improves theoretical accu-
racy and enables the use of a larger portion of experimental
data for the extraction of CFFs, thereby relaxing kinematic
cuts that remove points affected by higher-twist contributions.
Besides these kinematic corrections, there are also genuine
higher-twist contributions associated with matrix elements of
higher-twist operators. These are beyond the scope of the
present study, in which we focus exclusively on the kinematic-
twist sector.

Furthermore, hadron and nuclear tomography [12–14],
which provides transverse imaging of their internal structure,
requires integration over all possible values of t . The inclusion
of kinematic t-dependent corrections is therefore essential for
a consistent and complete tomographic analysis. Similarly,
since GPDs depend explicitly on the momentum transfer t ,
incorporating recoil effects in data analyses is crucial for
achieving a more reliable modeling of these distributions,
done thus far under a leading twist formalism.

In addition, moments of GPDs are related to the form
factors parametrizing the quantum chromodynamics (QCD)

1Although they are sometimes called target mass corrections, we
explicitly show below that their effect is not proportional to the
nucleus mass, but rather to the momentum transfer.
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FIG. 1. Deeply virtual Compton scattering (DVCS, on the left) and the two cases of Bethe-Heitler background, BH (center) and BHX
(right). The tensor T μν is the so-called Compton tensor, see main text.

energy-momentum tensor, known as gravitational form fac-
tors, which provide access to the mechanical properties of
hadrons and nuclei [15]. Recent works [16,17] extended
the relation between Compton form factors and gravita-
tional form factors beyond leading twist by incorporating
kinematic-twist corrections, thus allowing Compton scatter-
ing observables to probe a broader class of gravitational form
factors.

In summary, twist effects are not only relevant for precision
analyses, but they also provide unique insights into the me-
chanical structure of hadronic matter. As a result, recovering
these recoil and mass effects must become an integral part of
the standard for theoretical calculations, alongside with next-
to-leading order (NLO) corrections in the strong coupling
constant αs whose relevance have already been highlighted
[18]. Such corrections also include contributions of the gluon-
transversity GPD responsible for a two-unit photon-helicity
flip at LT [19], making it a competing effect to the LO twist-4
contribution by quarks to said helicity flip.

This motivates revisiting DVCS with modern theoretical
tools, combining higher-twist and NLO accuracy with phe-
nomenological studies. As a first step, in this manuscript
and in the companion letter [20] we focus on DVCS off a
spinless target, and in particular on helium-4. Compared to
the nucleon, spinless targets are described by a reduced set of
GPDs, which makes them a natural starting point for such an
analysis. Among them, helium-4 is especially interesting, as
it provides a clean setting to explore nuclear effects in hadron
structure. Moreover, existing JLab measurements [21,22] and
ongoing experimental activity make this study both timely and
phenomenologically relevant.

Our line of reasoning for building a model of helium-4
GPDs is very different from the ones used in [23] where
the nucleus wave function is convoluted with nucleon GPDs.
In contrast to this approach, ours respects Lorentz invari-
ance and treats the nuclear state as a QCD object without
any prejudice on its nucleon decomposition. A compari-
son of the tomographic picture of the nucleus based on the
same experimental data but with these different approaches
would be very welcome, but is outside the scope of our
study

This paper is organized as follows. Section II presents
the calculation of the cross section and the corresponding
amplitudes at twist-4 and NLO accuracy. Section III is de-
voted to the modeling of helium-4 GPDs. The results of the
fit to DVCS data are presented in Sec. IV, including the
first tomographic image of the helium-4 nucleus in terms of

quarks and gluons, as well as numerical estimates of cross
sections and amplitudes for JLab experiments. Section V con-
cludes with a summary of our main results and final remarks.
For completeness, Appendix A collects the relevant kinemat-
ics, Appendix B provides details of the amplitude calculations
based on the Kleiss-Stirling spinor techniques [24,25] that we
use in Sec. II, and we collect in Appendix C the expressions
for helicity amplitudes.

II. AMPLITUDES AND CROSS SECTION

The differential cross section for a beam of charge sign χ

and helicity s, producing a real photon with polarization λ,
can be written as

d4σ sλ
χ

dxA dQ2 dt dφ
= α3

EM

8π

xAy2

Q4
√

1 + ω2

∣∣∣∣∣Msλ
χ

e3

∣∣∣∣∣
2

, (2)

where the inelasticity variable is given by y = pq/(pk), ω =
2xAM/Q, M is the nucleus mass, the nuclear Bjorken variable
xA is defined as

xA = Q2

2pq
≈ xB

A
, (3)

and the approximate relation to the proton Bjorken variable
xB holds for a nucleus with mass number A (up to binding
energy corrections). The angle φ is defined according to the
Trento convention [26] as presented in Fig. 2. The detailed
parametrization of all four-momenta in the target rest frame
(TRF) of Ref. [6], which is related to the standard Trento
frame by a 180◦ rotation about the y axis, is briefly recalled
in Appendix A.

The total amplitude is given by the sum of the three contri-
butions corresponding to the diagrams shown in Fig. 1:

iMsλ
χ = iMsλ

χ, DVCS + iMsλ
BH + iMsλ

BHX. (4)

In the following, we describe the calculation of each of these
contributions.

A. DVCS amplitude

The amplitude for the DVCS process, shown in the left
panel of Fig. 1, is given by

iMsλ
χ, DVCS = ie3χ

q2
ū(k′, s)γνu(k, s)T μνε′

μ(−λ), (5)
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FIG. 2. Target rest frame (TRF) and Trento frame.

where the Compton tensor T μν (q̄ = (q + q′)/2 and T repre-
sents the time ordering),

T μν = i
∫

d4z eiq̄z〈p′|T { jμ(z/2) jν (−z/2)}|p〉

= i
∫

d4z eiq′z〈p′|T { jμ(z) jν (0)}|p〉

=
∑

,
′

T μν

(

′ )A

′
, (6)

can be parametrized by means of photon-helicity-dependent
amplitudes A

′

[11,27]. For an incoming photon with polar-
ization 
 and an outgoing one with polarization 
′, these take

the form

A

′ = (−1)
−1(ε′
μ(
′))∗T μνεν (
), (7)

where the polarization vectors are defined in Eqs. (A25)
and (A26). After accounting for parity symmetry, the
sum over photon polarizations is limited to 

′ ∈
{++,+−, 0+}, where ± stand for transverse polariza-
tions while 0 for the longitudinal one. The corresponding
Lorentz structures, expressed by means of the polarization
vectors

T μν
(++) = εμ(+)εν (−) + εμ(−)εν (+), (8)

T μν
(+−) = εμ(+)εν (+) + εμ(−)εν (−), (9)

T μν
(0+) = εμ(+)εν (0) + εμ(−)εν (0), (10)

take the form

T μν
(++) = −gμν

⊥ = −
(

gμν − nμn′ν + nνn′μ

nn′

)
, (11)

T μν
(+−) = 1

| p̄⊥|2 [pμ

⊥ pν
⊥ − p̃μ

⊥ p̃ν
⊥], (12)

T μν
(0+) =

√
2

| p̄⊥| pμ

⊥

[
1

Q
qν − 2Q

Q2
q′ν
]
, (13)

where our choice of longitudinal vectors n and n′ is described
in Appendix A, as well as the exact parametrization of the
transverse momenta p⊥ and p̃⊥. We also introduced the hard
scale of the process given by Q2 = Q2 + t and the dual
transverse four-vector p̃μ

⊥ = ε
μν

⊥ pν by means of the transverse
Levi-Civita tensor: ε

μν

⊥ = εμναβnαn′
β/(nn′).

We can express our final result for the DVCS amplitude in
the following way:

iMsλ
χ, DVCS = −ie3χ

Q2

[
A++

( √
2

2| p̄⊥|

)⎛⎝ 3∑
j=1

Bjg(s, k′, Lj, k) − iλpμε
μν

⊥ jν (s, k′, k)

⎞⎠
+ A+−

( √
2

2| p̄⊥|

)⎛⎝ 3∑
j=1

Bjg(s, k′, Lj, k) + iλpμε
μν

⊥ jν (s, k′, k)

⎞⎠− A0+ 2Q

Q2
g(s, k′, q′, k)

]
, (14)

where Bj ∈ {1,−p−Q2,−α}, Lj ∈ {r2, q′, n′}, and the functions g and jμ are defined by Eqs. (B11) and (B12), respectively.
If the CFFs are kept to twist-4 accuracy, as it is the case of Eqs. (15)–(17), then in the last line we can approximate
2Q/Q2 ≈ 2/Q since Q2 = Q2 + t . Otherwise, the expression (14) is exact to any order in kinematic twist and power
of αs.

In our analysis, we take into account twist-3 and twist-4 corrections, as well as NLO corrections to the leading-twist
contribution. We write them schematically as

A++(ξ, t ) =
∫ 1

−1
dx

1

ξ

{[
C0(x/ξ ) + αSCF

4π
Cq

NLO(x/ξ ) + t

Q2
CHT(x, ξ )

]
H� (x, ξ , t ) + αSTF

4π

1

ξ
Cg

NLO(x/ξ )Hg(x, ξ , t )

}
, (15)

A+−(ξ, t ) =
∫ 1

−1
dx

1

ξ

{
t

Q2
C+−

HT (x, ξ )H� (x, ξ , t ) + αSTF

4π

1

ξ
C+−

NLO(x/ξ )Hg
T (x, ξ , t )

}
, (16)

A0+(ξ, t ) =
∫ 1

−1
dx

1

ξ

{√−t

Q
C0+

HT (x, ξ )H� (x, ξ , t )

}
, (17)
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where

H� (x, ξ , t ) =
∑

q∈{u,d,s}
e2

q Hq(x, ξ , t ). (18)

Our definitions of gluon Hg and quark Hq GPDs follow the re-
view [9] with the skewness variable as in Eq. (A28), and eq the
electric charge of quark q relative to the positron. The NLO
coefficient functions, as well as those at the HT are known
[11,18,19,27–29], and were, for completeness, gathered and
explained in detail in Appendix C.

B. Bethe-Heitler amplitudes

The detailed derivation of the expressions for BH ampli-
tudes is presented in Appendix B. Here, we shortly summarize
the results. For the Feynman diagram on the middle of Fig. 1,
the corresponding amplitude reads

iMsλ
BH = ie3F (t )

(k′ + q′)2t

( √
2

2| p̄⊥|

)
2∑

i=1

4∑
�=1

g(s, Ri, r̃�, k)

×
⎡⎣ 3∑

j=1

Bjg(s, k′, Lj, Ri ) − iλpνε
νρ

⊥ jρ (s, k′, Ri )

⎤⎦,

(19)

where Bj ∈ {1,−p−Q2,−α}, Lj ∈ {r2, q′, n′}, Ri ∈ {k′, q′},
and r̃� ∈ {r1, r2, r′

1, r′
2}.

Conversely, for the right plot in Fig. 1,

iMsλ
BHX = ie3F (t )

(k − q′)2t

( √
2

2| p̄⊥|

)
2∑

i=1

4∑
�=1

σ (R̃i )g(s, k′, r̃�, R̃i )

×
⎡⎣ 3∑

j=1

Bjg(s, R̃i, Lj, k) − iλpνε
νρ

⊥ jρ (s, R̃i, k)

⎤⎦,

(20)

where, again, Bj ∈ {1,−p−Q2,−α}, Lj ∈ {r2, q′, n′}, and
r̃� ∈ {r1, r2, r′

1, r′
2}, while R̃i ∈ {k, q′} carry the signature func-

tion σ (R̃i ) ∈ {+1,−1}, respectively.

III. MODEL FOR HELIUM-4 GPDS

Let us now model the helium-4 GPDs as rigorously as pos-
sible, while maintaining a sufficiently flexible parametrization
so that it reproduces existing data, has the potential to de-
scribe future data, and allows for the reliable extraction of
tomographic features. As in the case of modeling nucleon
GPDs (see, for instance, Ref. [30]), the fundamental property
of polynomiality is preserved by starting from double distri-
butions. The limits (ξ, t ) → (0, 0) of GPDs Hq,g are readily
enforced by using a Radyushkin-type ansatz [31] with nu-
clear PDFs extracted from experimental data [32]. For valence
quarks, we require that the measured dependence on the t
variable of the electromagnetic form factor is recovered as
the first x moment of the GPD. For sea quarks and gluons,
the dependence on t will be constrained by sparse coherent
DVCS experimental data. In all these cases, we rely on isospin

symmetry, assuming an exact symmetry between up and down
quarks. A somewhat different approach is adopted for mod-
eling the GPD Hg

T . Given the limited empirical constraints
currently available for this distribution, we primarily rely on
theory-driven constraints in this case.

Our models for helium-4 GPDs, Hi(x, ξ , t ; μ2), where
i = {uval, usea, dval, dsea, s, g} denotes the parton type explic-
itly distinguishing between valence and sea components, are
based on double distributions, F i(β, α, t ; μ2). Here, μ is the
energy scale at which these distributions are fitted. Both types
of objects are related by

Hi(x, ξ , t ; μ2) =
∫ 1

−1
dβ

∫ 1−|β|

−1+|β|
dα δ(β + ξα − x)

× F i(β, α, t ; μ2). (21)

In the current analysis, we do not include any D term [33],
as the available data lack sensitivity to the real parts of the
amplitudes. In the following equations, for brevity, we will
suppress the scale dependence.

The double distributions are expressed as products of gen-
eralized t-dependent PDFs, f A

i (β, t ), and a profile function,
hi(β, α), which generates the dependence on the skewness
variable ξ :

F i(β, α, t ) = f A
i (β, t ) hi(β, α). (22)

We stress that Hi(x, ξ , t ) denotes the total contribution
of i parton to helium-4. In particular, for x > 0 the
so-called forward limits of our models for quarks, q =
{uval, usea, dval, dsea, s}, are

Hq(x, 0, 0) = f A
q (x), (23)

which represents the parton distribution functions describing
the probability of finding a quark carrying a given fraction of
the helium-4 momentum (rather than a given fraction of the
proton-in-helium-4 momentum). The corresponding forward
limit for gluons is

Hg(x, 0, 0) = x f A
g (x). (24)

We also note that this work employs the full evolution equa-
tions for GPDs, rather than the so-called forward evolution
governed by PDFs that is often customary in phenomenologi-
cal analyses. For this purpose, we utilize the APFEL++ package
[34,35], which implements the evolution equations for GPDs
at LO.

The generalized PDF is

f A
i (β, t ) = f A

i (β )
ki(|β|, t )

ki(|β|, 0)
, (25)

where fi(β ) accounts for both partons (β > 0) and antipartons
(β < 0), and we have

(1) for A|β| � 1

f A
i (β ) = A2

⎧⎪⎪⎨⎪⎪⎩
�(β ) f p/A

i (A|β|), for i = uval, dval,

sgn(β ) f p/A
i (A|β|), for i = usea, dsea, s,

|β| f p/A
i (A|β|), for i = g,

(26)
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FIG. 3. Parametrizations of PDFs for helium-4 obtained by NNPDF group [32] for μ2 = 2 GeV2.

(2) otherwise

f A
i (β ) = 0. (27)

Here, �(·) and sgn(·) are the step and signum functions,
respectively, while f p/A

i (A|β|) are PDFs of valence and sea
quarks, and of gluons in the nucleon in helium-4. In this
analysis we have chosen to use nNNPDF30 parametrizations
[32]. Since these parametrizations are defined with respect to
proton momentum, we rescale |β| by A. Furthermore, since
they give parton densities per nucleon, in order to ensure the
correct number of valence quarks per helium-4 nucleus, i.e.,∫ 1

−1
dβ f A

uval
(β ) = 2Z + (A − Z ) = 6 (28)

and ∫ 1

−1
dβ f A

dval
(β ) = Z + 2(A − Z ) = 6, (29)

in Eq. (26) we include the prefactor A (another power of A
due to the rescaling of the arguments). To avoid probing the
PDFs in unknown domains, we explicitly set f A

i (β ) = 0 for
β > 1/A.

Figure 3 shows the nNNPDF30 parametrizations of the
helium-4 PDFs, while Fig. 4 shows the nuclear modification
ratio, defined as

Ri(x) = A f p/A
i (x)

Z f p
i (x) + (A − Z ) f n

i (x)
. (30)

Here, f p
i (x) and f n

i (x) denote the PDFs of the proton and
neutron, respectively, coming from the same set of phe-
nomenological solutions, and no distinction is made between
valence and sea contributions.

In this analysis, we refrain from using fully factorized
dependencies in x and t . Instead, for valence quarks, i =
{uval, dval}, we have

ki(|β|, t ) =
(

1

1 − p0(1 − |β|)2t

)p1

×
n∏

j=1

( |p2, j + t |
|p2, j + t | − p3, j (1 − |β|)2t

)p4, j

. (31)

FIG. 4. The nuclear modification ratio Rq(x), see Eq. (30), for up
quarks and μ2 = 2 GeV2.
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This ansatz consists of two distinct components. The first, a
dipole-like ansatz, captures the main trend in t for a given x.
The second, represented by the product, accounts for n diffrac-
tive minima occurring at −t = {p2,1, p2,2, . . .}. Our ansatz
ensures that

lim
|β|→1

ki(|β|, t ) = const., (32)

which reflects a theory-driven constraint arising from hadron
tomography. Specifically, in the limit x = 1, where the entire
momentum of the hadron is carried by a single parton, the po-
sition of this parton coincides with the origin of the coordinate
system in which the hadronic tomography is defined.

The free parameters of Eq. (31) are fixed by a fit to the
helium-4 elastic form factor data, as detailed in the Sec. IV,
using the relation

F (t ) = 1

Z

∫ 1

−1
dx
(
eu f A

uval
(x, t ) + ed f A

dval
(x, t )

)
. (33)

For sea quarks and gluons, i = {usea, dsea, s, g}, we use a
different ansatz, namely,

ki(|β|, t ) = exp(p(1 − |β|2)t ). (34)

The slope p will be fitted to CLAS data [21], as described in
the Sec. IV.

For the profile function in Eq. (22), we use the classic
Radyushkin’s ansatz,

hi(β, α) = �(2bi + 2)

22bi+1�2(bi + 1)

((1 − |β|)2 − α2)bi

(1 − |β|)2bi+1
, (35)

whose normalization∫ 1−|β|

−1+|β|
dα hi(β, α) = 1 (36)

ensures the desired reduction at ξ = 0, already expressed in
Eqs. (23) and (24).

The coefficients controlling the strength of the skewness
effect are bi = 1 for valence quarks and bi = 2 for sea quarks
and gluons, which are typical values adopted in GPD models
for the proton, for instance in Ref. [30].

For the purpose of our analysis, we also need a model for
Hg

T , which contributes at NLO to the A+− amplitude. Since
little is known about this GPD, we bound it by Hg(x, ξ , 0)
as t → 0, while for t � 0 we use theory-driven constraints,
namely, the positivity inequality [36] derived in Ref. [37] for
x > ξ :

|Hg
T (x, ξ , t )| <

1

ξ

√
x2 − ξ 2

1 − ξ 2

√
t

t − t0

√
t0

t − t0

×
√

g

(
x + ξ

1 + ξ

)
g

(
x − ξ

1 − ξ

)
, (37)

where

t0 = −4M2 ξ 2

1 − ξ 2
. (38)

We note that√
t

t − t0

√
t0

t − t0
= 2 M ξ

√
−1/t + O(ξ 3), (39)

so for ξ → 0

|Hg
T (x, ξ → 0, t )| < x g(x)

√
1

−t/(4M2)
. (40)

This suggests the following ansatz, which we adopt in this
analysis

Hg
T (x, ξ , t ) = Hg(x, ξ , 0)

√
1

1 − t/(4M2)
. (41)

The main feature of this solution is its conservativeness: at
t = 0, we find Hg

T (x, ξ , 0) = Hg(x, ξ , 0), whereas for |t | > 0,
Hg

T (x, ξ , t ) exhibits a much milder dependence on t than
Hg(x, ξ , t ).

It remains instructive to verify whether our model for Hg
T ,

now based on the double distribution representation, fulfills
the positivity constraint for ξ > 0.

The results are illustrated in Fig. 5, which displays our
model against the positivity bound. We observe that the
constraint is only violated in the large-x tail of the distri-
bution. This is expected, as in our analysis the gluon PDF
for helium-4 vanishes identically for x > 1/A, see Eq. (27).
Consequently, the right-hand side of Eq. (37) always vanishes
for x > (1 + ξ (1 − A))/A, whereas the left-hand side retains
a nonzero dependence due to the inherent properties of the
radon transform. We note that since our phenomenological
analysis focuses on the small-ξ region where these effects
are suppressed, this localized violation at large x does not
undermine the overall validity of our results.

As the positivity constraint does not fix the sign of the GPD
Hg

T , it would seem reasonable to vary it in the phenomeno-
logical analysis. We, however, refrain from doing so, as we
find the contribution from Hg

T , despite taking a conservative
estimate, to be negligible (see the next section).

IV. RESULTS

In this section, we collect the main results of our analysis
of helium-4 GPDs. We first determine the model parameters
from elastic form factor and beam-spin asymmetry data, and
then discuss the resulting tomographic picture. We also exam-
ine the impact of NLO and kinematic higher-twist effects on
the description of present data and on predictions for future
JLab12 observables.

Before turning to the results in detail, we briefly com-
ment on how the extraction framework used in this work is
related to the kinematics employed for tomography. In the
present work, the GPDs are extracted using the approach
of Refs. [11,38], which is particularly well suited for the
systematic organization of kinematic higher-twist corrections.
When discussing tomography, however, we employ the usual
symmetric frame [9], in which the ξ = 0 limit corresponds
to a purely transverse momentum transfer, t = −�T

2, thus
recovering the conventional impact-parameter representation

035203-6



COHERENT DEEPLY VIRTUAL COMPTON SCATTERING … PHYSICAL REVIEW C 114, 035203 (2026)

FIG. 5. Our model for the GPD Hg
T compared against the positivity bound, see Eq. (37), for ξ = 0.02 and t = −10 GeV2.

for densities:

f A
i (x, bT ) =

∫
d2�T

(2π )2
e−ibT ·�T Hi(x, 0,−�T

2). (42)

The impact parameter, bT = (bx, by), is defined in a coordi-
nate system whose origin is set at the center of momentum of
all proton constituents [12].

As a first step of our fit procedure, we determine the
free parameters of Eq. (31) from the helium-4 elastic form
factor data. We model the first two diffractive minima
(n = 2). The fit, based on the data from Refs. [39–43],
is shown in Fig. 6, together with the corresponding spa-
tial charge distribution in helium-4, obtained by Fourier
transforming the fitted form factor to impact-parameter
space. No constraints are imposed on the fit parameters,
and we obtain p0 = (0.088 ± 0.016)/GeV2, p1 = 39.5 ± 6.4,
p2,1 = (0.3833 ± 0.0024) GeV2, p3,1 = 3.49 ± 0.16, p4,1 =
0.985 ± 0.027, p2,2 = (1.993 ± 0.018) GeV2, p3,2 = 2.38 ±
0.86, and p4,2 = 0.988 ± 0.099. Due to the isospin symmetry,
we use the same parameters for valence up and down quarks.

The last remaining parameter of the model, namely the
slope p, is fitted to the CLAS data [21], for the beam-spin
asymmetry, defined as

ALU (φ) = σ++
− + σ+−

− − σ−+
− − σ−−

−
σ++

− + σ+−
− + σ−+

− + σ−−
−

, (43)

where the differential cross section, σ sλ
χ , for a beam of charge

sign χ and helicity s, producing a real photon with polariza-
tion λ was defined in Eq. (2).

We perform three distinct fits, calculating asymmetries us-
ing LO/LT, NLO/LT, and NLO/HT coefficient functions. Each
calculation relies on specific types of GPDs, yields distinct
amplitudes, and leads to varying levels of agreement with the
experimental data, which we summarize in Table I. We note
that in the fit utilizing LO/LT coefficient functions, the χ2

function does not reach a minimum. Instead, it saturates for
large values of p. Therefore, we are only able to provide a
lower limit for this parameter. This indicates that when using
LO/LT coefficient functions, the CLAS data prefers to have
the sea contribution totally suppressed.

FIG. 6. (left) Fit to helium-4 elastic form factor data. (right) Fourier transform of fitted helium-4 elastic form factor, where
∫∞

0 db F (b) = 1.
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TABLE I. Comparison of our ALU asymmetry estimates with CLAS data [21]. The three rows represent fits using different coefficient
functions, corresponding to varying levels of precision in the αs and kinematic twist expansions. These fits utilize the specific GPD types and
amplitudes listed in the table. The agreement between constrained models and the experimental data is quantified by the global χ2/n value,
where n is the number of points measured.

Precision in

αs expansion Kinematic twist expansion GPDs involved Non-vanishing amplitudes Fitted value of p [GeV−2] Global χ 2/n

LO LT Hq A++ >70 1.31

NLO LT Hq, Hg, Hg
T A++, A+− 23.4+7.4

−3.9 1.28

NLO HT Hq, Hg, Hg
T A++, A+−, A0+ 22.0+5.5

−2.1 1.00

For our nominal fit utilizing the NLO/HT coefficient func-
tions we obtain p = 22.0+5.5

−2.1GeV−2. Such a value implies
a steeper dependence on t than in the valence sector and,
consequently, a broader spatial distribution of sea quarks and
gluons, as expected. More robust constraints on the tomog-
raphy of sea quarks and gluons should become possible with
upcoming JLab data and, in the longer term, with data from
the Electron Ion Collider .

Figure 7 compares the ALU asymmetries measured by
CLAS [21] with our predictions. For each (xB, t, Q2) kine-
matic bin, three curves are shown, obtained from the same
underlying GPD parametrization but using coefficient func-
tions evaluated at LO/LT, NLO/LT, and NLO/HT accuracy.

To illustrate the main properties of the fitted model, we
show its dependence on the relevant kinematic variables in
the following figures. The dependence of our model on the
variable x is shown in Fig. 8 for several values of ξ . For small
skewness, the support is similar to that of an ordinary PDF,
with the distributions vanishing for x � 0.25, while for larger
ξ it becomes broader, reflecting the support properties of the
underlying double-distribution representation. In Fig. 9, we
illustrate the dependence on the variable t at fixed x and ξ = 0,
including the corresponding hadron tomography images. The
figure clearly demonstrates the steep fitted slope of the sea-
quark and gluon contributions.

Figure 10 shows the unpolarized cross sections corre-
sponding to the kinematic bins used in the CLAS measure-
ment. The figure also includes the contribution from the BH
process, which has been scaled down by a factor of 20 for
visual clarity. These plots illustrate the impact of NLO and
HT corrections on both the shape and magnitude of the pure
DVCS cross section. Consequently, constraining the unpolar-
ized pure DVCS cross section would provide a stringent test
of these perturbative frameworks, which is a task that remains
challenging due to the BH dominance.

The three helicity amplitudes contributing to the DVCS
process, shown as functions of xB, t , and Q2 in Fig. 11, clearly
exhibit the dominance of the imaginary part of A++. The
figure also confirms the expected pattern of higher-twist (HT)
corrections, which become suppressed at large Q2 and small t .
It furthermore shows that the gluon-transversity contribution
to A+− remains small compared with the HT contribution.

Figure 12 presents three-dimensional (3D) tomographic
images of the 4He nucleus, shown separately for valence
quarks, sea quarks, and gluons. We see that the valence
quarks, on average, carry higher momenta (as expected from

PDF analyses) and are embedded within a broader spatial
distribution of softer sea quarks and gluons.2

Finally, Fig. 13 presents our predictions for the ALU asym-
metries and unpolarized cross sections at typical JLab12
kinematic settings. We select two values of Q2, namely
1.2 GeV2 and 3 GeV2, while keeping y fixed, demonstrating
the suppression of HT effects in the latter case.

V. CONCLUSIONS

Our phenomenological study of DVCS on the helium-4
nucleus has highlighted the importance of including both
higher-order corrections in αs and kinematical twist-3 and
twist-4 contributions to the QCD amplitude. This improved
level of accuracy allowed for a successful description of the
beam-spin asymmetry data and for constraining the gluon,
valence-quark, and sea-quark GPDs of the helium-4 nucleus.
It has also demonstrated that a first analysis of the impact-
parameter dependence of GPDs is already possible, thereby
opening the way to a first quark and gluon tomography of a
light nucleus. More generally, our results indicate that such an
extended treatment is likely to be fruitful, and perhaps even
necessary, also in phenomenological analyses of Compton
processes on the proton and neutron. At the same time, the
role of genuine twist-3 and twist-4 effects remains an open
theoretical issue that must be clarified before fully definitive
conclusions can be drawn from experimental data at relatively
low values of the hard scale Q2.

The experimental data used in our analysis originate from
an early Jefferson Lab measurement with a 6 GeV electron
beam. More precise data at higher beam energy and larger Q2

are expected from an ongoing experiment [44], for which the
present study already provides phenomenological predictions.
A similar analysis for the higher-energy regime of future
electron-ion colliders [45,46] lies beyond the scope of the
present work. In parallel, several complementary exclusive
reactions may provide important additional information on
the tomography of helium-4. The crossed process, namely
timelike Compton scattering in exclusive lepton-pair photo-
production [47], is known [48] to be a valuable complement
to DVCS, in particular because gluon contributions enter the
NLO amplitudes of the two processes in quite different ways

2A complementary representation is included in the companion
paper [20].
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FIG. 7. Experimental data for the ALU asymmetry [21] compared with our model. See the legend at the top of the figure for more
information.

[18,49,50]. The more challenging process of double DVCS
[51], i.e., the electroproduction of a lepton pair, for which
higher-twist calculations are already available [11], may also
offer new insight into the tomography of helium-4. Because
of the charge-conjugation symmetry properties of DVCS and
TCS, these reactions probe only the charge-even part of quark
GPDs. Access to the charge-odd sector requires considering
other exclusive channels, such as diphoton production at large
invariant mass [52–54] or photon-plus-vector-meson produc-
tion [55,56]. The theoretical and experimental study of such
processes on helium-4 will be necessary to complete the quark
tomographic picture of this nucleus.
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APPENDIX A: KINEMATICS

In this appendix, we describe the kinematics of the process
(1). The core of our calculation is performed in the “target rest
frame” (TRF) that is related to the usual Trento frame [26] by
a 180° rotation around the y axis. This TRF frame coincides
with TRF-I of the DDVCS studies in Refs. [51,57] and it is
depicted in Fig. 2, allowing us to stay consistent with previous
literature on exclusive processes.
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FIG. 8. Dependence of our GPD models for helium-4 on the variable x for ξ = {0.04, 0.2, 0.4, x} at |t | = 0.2 GeV2 and μ2 = 2 GeV2. In
the plot for ξ = x the gluon GPD is divided by x.

FIG. 9. Dependence of our GPD models for helium-4 on the variable t for ξ = 0, μ2 = 2 GeV2 and x = {0.001, 0.01, 0.05}, and
corresponding tomographic pictures, where

∫∞
0 db q(x, b) = q(x) and similar for gluons. In the lower plots, the gluon curves are scaled by a

factor of 0.1.
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FIG. 10. Differential cross section, d4σ/(dxBdtdQ2dφ), for the BH and DVCS subprocesses. For better visibility, the BH curves have
been scaled down by a factor of 20.

1. Momenta parametrization

In TRF, the target is at rest so that the initial-state momen-
tum is given by

pμ = (M, 0, 0, 0), (A1)

while the z axis is opposite to the incoming photon momen-
tum,

qμ = (q0, 0, 0,−|q3|). (A2)

Accounting for its spacelike virtuality, q2 = −Q2 < 0, as
well as the nuclear Bjorken variable, xA = Q2/(2pq) =

TRF

Q2/(2Mq0), we find

qμ = Q

ω
(1, 0, 0,−

√
1 + ω2), ω = 2xAM

Q
. (A3)

The final-state nucleus has a momentum

p′μ = (p′0, | �p ′|sN cϕ, | �p ′|sN sϕ, | �p ′|cN ), (A4)

where sN = sin θN , cN = cos θN for θN the polar angle with
respect to TRF, and equivalently sϕ = sin ϕ, cϕ = cos ϕ for its
azimuth ϕ. With the definition of the Mandelstam t = (p′ −
p)2 and the above parametrization of the initial- and final-state
momenta, we find

p′0 = M − t

2M
, | �p ′| =

√
−t

(
1 − t

4M2

)
. (A5)

Momentum conservation fixes the angle θN . Indeed, the mo-
mentum of the the real outgoing photon is related to the
momentum of incoming photon and the momentum transfer
(� = p′ − p) by

q′ = q − � ⇒ q′2 = 0 = −Q2 + t − 2q�, (A6)
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FIG. 11. Amplitudes as a function of xB (top row) for t = −0.1 GeV2 and Q2 = 1.5 GeV2; −t (middle row) for xB = 0.18 and Q2 =
1.5 GeV2; and Q2 (bottom row) for xB = 0.18 and t = −0.1 GeV2.
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FIG. 12. Tomographic pictures of 4He nuclei, x q(x, bx, by ) and
x g(x, bx, by ). The valence distribution indicates contributions com-
ing from both up and down quarks, while the sea distribution includes
contributions from up, down and strange quarks and antiquarks.

where

�μ = (p′ − p)μ =
(

− t

2M
, �p ′
)

⇒ q�

= Q

ω

(
− t

2M
+
√

1 + ω2| �p ′|cN

)
. (A7)

Introducing this product into Eq. (A6), we can solve cN to be

cN = −ω2(Q2 − t ) − 2xAt

4MxA

√
1 + ω2| �p ′| . (A8)

Thanks to the null virtuality of the outgoing photon, q′μ =
(q′0, �q ′) such that (q′0)2 = |�q ′|2. Again, due to momentum
conservation

t = (p′ − p)(q − q′) = p′� − pq + pq′. (A9)

With the above parametrization,

p′� = p̄�︸︷︷︸
0

−p� = −M�0 = t

2
,

pq = p0q0 = MQ

ω
,

pq′ = p0q′0 = Mq′0,

⎫⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎭
⇒ q′0 = t

2M
+ Q

ω
,

(A10)
which leads us to

q′μ =
(

t

2M
+ Q

ω
,−�p ′ + �q

)
. (A11)

In TRF and for a massless lepton beam,

kμ = E (1, sin θe, 0, cos θe), E = Q

yω
, (A12)

where the inelasticity variable has been defined as y =
pq/(pk) =

TRF
Q/(ωE ).

Finally, the momentum of the scattered electron reads

k′ = −� + k − q′ ⇒ k′μ =
(

(1 − y)Q

yω
, �k − �q

)
. (A13)

Note that only the momenta p′, q′ have a dependence on
the azimuthal angle ϕ whose relation to its Trento counterpart
φ is

ϕ =
{

π − φ, if φ ∈ [0, π ],

3π − φ, if φ ∈ (π, 2π ).
(A14)

2. Longitudinal vs transverse plane

The collinear factorization that gives rise to GPDs
and CFFs requires a separation of dominant longitudinal
kinematics (characterized by lightlike vectors) and sub-
leading transverse components that are orthogonal to the
former. In such a framework, any four-vector can be
written as

vμ = v+n′μ + v−nμ + v
μ

⊥, (A15)

where n2 = n′2 = 0, v⊥n = v⊥n′ = 0, and nn′ �= 0. Following
the procedure of Refs. [11,27] and to obtain a leading-twist
limit for the Compton tensor that is compatible with charge
conservation (qνT μν

LT = T μν
LT q′

μ = 0), we choose purely longi-
tudinal photon momenta

nμ = αqμ + βq′μ, n′μ = α′qμ + β ′q′μ, (A16)

where α, β, α′, β ′ are real parameters constrained by n2 =
n′2 = 0, together with the normalization

nn′ = −�q′ = t + Q2

2
�= 0. (A17)

The solution after rescaling Q2n → n and n′/Q2 → n′ is

nμ = Q2q′μ, (A18)

n′μ = − 1

Q2
qμ + 1

Q2 + t
q′μ. (A19)
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FIG. 13. Predictions for JLab12: differential cross sections (upper row) and ALU asymmetries (lower row) for Q2 = 1.2 GeV2 (left) and
Q2 = 3 GeV2 (right), at y = 0.75, t = −0.1 GeV2, and an electron beam energy of 10.06 GeV.

Alternatively,

qμ = 1

Q2 + t
nμ − Q2n′μ, (A20)

q′μ = 1

Q2
nμ. (A21)

An immediate consequence is the vanishing of the trans-
verse component of the momentum transfer, this is �⊥ =
(q − q′)⊥ = 0, while p⊥ = p′

⊥ = p̄⊥ is the only momentum
with transverse components. Taking into account that � p̄ = 0,
the definition of the skewness ξ = −�n/(2 p̄n) and the square
p̄2 = M2 − t/4, we find

p̄μ = (p + p′)μ

2
= −t

2ξQ2(t + Q2)
nμ + Q2

2ξ
n′μ + p̄μ

⊥,

(A22)

where

p̄2
⊥ = M2 − t

4

(
1 − 1

ξ 2

)
. (A23)

Taking into account that −p̄2
⊥ = | p̄⊥|2 � 0, one can get the

value of t for which its modulus is minimal, namely t0, for a
fixed value of the skewness:

t0 = −4M2ξ 2

1 − ξ 2
(|t | � |t0|). (A24)

This way, the vector p̄μ

⊥ together with its dual ˜̄pμ

⊥ = ε
μν

⊥ p̄ν

span the transverse plane, allowing to define transverse-
polarization vectors as [11]

ε′μ(λ) = − 1√
2| p̄⊥| ( p̄μ

⊥ − iλ̃ p̄
μ

⊥), λ = ±. (A25)

The “prime” notation indicates that this vector corresponds to
the outgoing photon with momentum q′ such that q′ε′(±) = 0.
For the incoming photon, the same polarization vectors apply,
this is ε′(±) = ε(±) with qε(±) = 0. In terms of q and q′ we
can introduce the following longitudinal-polarization vector
for the incoming photon [11]

εμ(0) = 1

Q

[
2Q2

Q2
q′μ − qμ

]
. (A26)
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Here, we denoted the hard scale of the process as

Q2 = Q2 + t . (A27)

Finally, the skewness, which accounts for the fractional longi-
tudinal kick to the target, takes the form

ξ = −�n

2 p̄n
= Q2 + t

2Q2/xA − Q2 + t
(A28)

= xA

2 − xA
+ O

( |t |
Q2

)
(A29)

Eq.
(3)≈ xB

2A − xB
+ O

( |t |
Q2

)
. (A30)

APPENDIX B: BH AMPLITUDE

1. First Bethe-Heitler amplitude, middle diagram in Fig. 1

For a configuration of beam and outgoing-photon polariza-
tions given by s and λ, respectively, the amplitude of BH reads

iMsλ
BH = −ie3

(k − �)2t
ε′
ρ (−λ)Jα ū(k′, s)γ ρ (/k − /�)γ αu(k, s)︸ ︷︷ ︸

T ρα

,

(B1)

where e is the proton electric charge, J is the nonelementary
hadron current

Jμ = 〈p′| jμ(0)|p〉 = 2 p̄μF (t ),

jμ(0) =
∑

f

e f q̄ f (0)γ μq f (0) (B2)

with F (t ) the electromagnetic form factor (33), and ε′(λ)
is the polarization vector of the real outgoing-photon with
momentum q′ and polarization λ = ±, vid. Eq. (A25). Note
that we employed the relation (ε′(λ))∗ = ε′(−λ).

In order to use the KS techniques, we need to write down
the quark propagator as a superposition of lightlike vectors.
Considering a massless lepton beam

/k − /� = /k′ + /q′ =
∑
h=±

[u(k′, h)ū(k′, h) + u(q′, h)ū(q′, h)].

(B3)

Then,

T ρα =
∑
h=±

2∑
i=1

ū(k′, s)γ ρu(Ri, h)ū(Ri, h)γ αu(k, s), (B4)

where Ri ∈ {k′, q′} and contracting with ε′ and J ,

ε′
ρ (−λ)JαT ρα =

2∑
i=1

ε′
ρ (−λ)Jα ū(k′, s)γ ρu(Ri, s)ū(Ri, s)γ α

× u(k, s)

= −F1

√
2

| p̄⊥|
2∑

i=1

(p⊥, ρ + iλ p̃⊥, ρ ) p̄α ū(k′, s)γ ρ

× u(Ri, s)ū(Ri, s)γ αu(k, s). (B5)

As ε′ and J are given by means of p⊥, p̃⊥, and p̄, we need
to write these momenta in terms of lightlike vectors in order
to apply the KS techniques. To this purpose,

pμ = p+n′μ + p−nμ + pμ

⊥
= (p+ − α)n′μ︸ ︷︷ ︸

rμ
1

+ (αn′μ + p−nμ + pμ

⊥)︸ ︷︷ ︸
rμ

2

, r2
i = 0. (B6)

With p2 = M2 and r2
1 = r2

2 = 0, the parameter α takes the
form

α = p+ − M2

2p−(nn′)
. (B7)

Consequently, the transverse component of p reads

pμ

⊥ = rμ
2 − p−Q2q′μ − αn′μ ⇒ /̄p⊥ =

3∑
j=1

Bj /L j, (B8)

where Bj ∈ {1,−p−Q2,−α} and Lj ∈ {r2, q′, n′}.
In a similar fashion, for the momentum of the final-state

target

p′μ = p′+n′μ + p′−nμ + pμ

⊥
= (p′+ − α′)n′μ︸ ︷︷ ︸

r′μ
1

+ (α′n′μ + p′−nμ + pμ

⊥)︸ ︷︷ ︸
r′μ

2

,

r′2
i = 0 and α′ = p′+ − M2

2p′−(nn′)
, (B9)

so that

2 p̄ = p + p′ = r1 + r2 + r′
1 + r′

2. (B10)

Let us recover from Ref. [51] the function g(s, �, a, k) and
the current jμ(s, k′, k) given for any lightlike vectors �, a, k, k′
and helicity s = ±,

g(s, �, a, k) = ū(�, s)/au(k, s)

= δs+s(�, a)t (a, k) + δs−t (�, a)s(a, k), (B11)

jμ(s, k′, k) = ū(k′, s)γμu(k, s)

= 1

Nk′k

{
k′
μ(kκ0) + kμ(k′κ0) − κ0, μ(k′k)

+ isεμαβγ k′αkβκ
γ

0

}
, (B12)

where Nk′k = √
(k′κ0)(kκ0) with the auxiliary vector κ

μ
0 =

(1, 1, 0, 0). The KS functions s(k, k′), t (k, k′) represent the
bilinears

s(k, k′) = ū(k,+)u(k′,−) = −s(k′, k), (B13)

t (k, k′) = ū(k,−)u(k′,+) = [s(k′, k)
]∗

, (B14)

that with the aid of κ0, and as long as kκ0 �= 0 and k′κ0 �= 0,
acquire the simple form

s(k, k′) = (k2 + ik3)

√
k′0 − k′1

k0 − k1
− (k ↔ k′). (B15)
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Making use of these expressions in Eq. (B5), we can fully
remove the Dirac spinors

ε′
ρ (−λ)JαT ρα = − F (t )

√
2

2| p̄⊥|
2∑

i=1

4∑
�=1

×
[ 3∑

j=1

Bjg(s, k′, Lj, Ri )g(s, Ri, r̃�, k)

− iλpνε
νρ

⊥ jρ (s, k′, Ri )g(s, Ri, r̃�, k)

]
,

(B16)

and write the amplitude à la KS:

iMsλ
BH = ie3F (t )

(k′ + q′)2t

( √
2

2| p̄⊥|

)
2∑

i=1

4∑
�=1

g(s, Ri, r̃�, k)

×
⎡⎣ 3∑

j=1

Bjg(s, k′, Lj, Ri ) − iλpνε
νρ

⊥ jρ (s, k′, Ri )

⎤⎦,

(B17)

where Bj ∈ {1,−p−Q2,−α}, Lj ∈ {r2, q′, n′}, Ri ∈ {k′, q′}
and r̃� ∈ {r1, r2, r′

1, r′
2}.

2. Second Bethe-Heitler amplitude, right diagram in Fig. 1

As for the case before, for a configuration of beam and
outgoing-photon polarizations given by s and λ, respectively,

the amplitude of the BHX subprocess reads

iMsλ
BHX = −ie3

(k − q′)2t
Jαε′

ρ (−λ) ū(k′, s)γ α
(
/k − /q′)γ ρu(k, s)︸ ︷︷ ︸
T αρ

X

(B18)
Following the same steps as for BH, we find

Jαε′
ρ (−λ)T αρ

X = − F (t )
√

2

2| p̄⊥|
2∑

i=1

4∑
�=1

σ (R̃i )g(s, k′, r̃�, R̃i )

×
[ 3∑

j=1

Bjg(s, R̃i, Lj, k)

− iλpνε
νρ

⊥ jρ (s, R̃i, k)

]
. (B19)

So that the amplitude à la KS takes the form

iMsλ
BHX = ie3F (t )

(k − q′)2t

( √
2

2| p̄⊥|

)
2∑

i=1

4∑
�=1

σ (R̃i )g(s, k′, r̃�, R̃i )

×
⎡⎣ 3∑

j=1

Bjg(s, R̃i, Lj, k) − iλpνε
νρ

⊥ jρ (s, R̃i, k)

⎤⎦,

(B20)

where, again Bj ∈ {1,−p−Q2,−α}, Lj ∈ {r2, q′, n′}, and r̃� ∈
{r1, r2, r′

1, r′
2}, but R̃i ∈ {k, q′} with the signature function

σ (R̃i ) ∈ {+1,−1}, respectively.

APPENDIX C: COEFFICIENT FUNCTIONS

In this appendix, we collect the expressions for the helicity amplitudes employed in the main text to parametrize the Compton
tensor and compute cross sections and asymmetries. These formulas were published in earlier works [11,19,38]:

A++(ξ, t ) =
∫ 1

−1

dx

ξ

{[
C0(x/ξ ) + αsCF

4π
Cq

NLO(x/ξ ) + t

Q2
(C++

0, HT(x/ξ ) − ξ∂ξC++
1, HT(x/ξ )) + 2ξ 2 p̄2

⊥
Q2

ξ 2∂2
ξ C++

1, HT(x/ξ )

]

× H� (x, ξ , t ) + αsTF

4π

1

ξ
Cg

NLO(x/ξ )Hg(x, ξ , t )

}
, (C1)

A+−(ξ, t ) =
∫ 1

−1

dx

ξ

{
2ξ 2 p̄2

⊥
Q2

ξ 2∂2
ξ C+−

0, HT(x/ξ )H� (x, ξ , t ) + αsTF

4π

2ξ 2 p̄2
⊥

M2

1

ξ
C+−

NLO(x/ξ )Hg
T (x, ξ , t )

}
, (C2)

A0+(ξ, t ) = −Q
√

2ξ | p̄⊥|
Q2

∫ 1

−1

dx

ξ
(1 − ξ∂ξ )C0+

0, HT(x/ξ )H� (x, ξ , t ), (C3)

where the derivatives with respect to the skewness (∂ξ , ∂
2
ξ ) act on everything to the right, including the GPDs. Note that the

higher twists proportional to p̄⊥ contain Natchman-like mass corrections and vanish as t → t0: 2ξ 2 p̄2
⊥ = (1 − ξ 2)(t − t0)/2.

The leading-twist coefficient functions (μF stands for the factorization scale) read

C0(u) = −1

u − 1 + i0
− (u → −u), (C4)

Cq/g
NLO(u) = Cq/g

1 (u) + ln

(
Q2

μ2
F

)
Cq/g

coll (u) ∓ (u → −u) (− for q, + for g), (C5)

Cq
1 (u) = 1

u + 1 − i0

[
9 − 3

u + 1

u − 1
ln

(
u + 1

2
− i0

)
− ln2

(
u + 1

2
− i0

)]
, (C6)
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Cq
coll(u) = 1

u + 1 − i0

[
− 3 − 2 ln

(
u + 1

2
− i0

)]
, (C7)

Cg
1 (u) =

(∑
f

e2
f

)
1

(u + 1 − i0)(u − 1 + i0)

[
2

u + 3

u − 1
ln

(
u + 1

2
− i0

)
− u + 1

u − 1
ln2

(
u + 1

2
− i0

)]
, (C8)

Cg
coll(u) =

(∑
f

e2
f

)
2

(u + 1 − i0)(u − 1 + i0)

[
− u + 1

u − 1
ln

(
u + 1

2
− i0

)]
, (C9)

C+−
NLO(u) =

(∑
f

e2
f

)
4

(u − 1 + i0)(u + 1 − i0)
, (C10)

while the higher-twist kernels are given by

C++
0, HT(u) = P̃(iii)(u) − L(u)

2
− (u → −u), (C11)

C++
1, HT(u) = P̃(iii)(u) − L(u)

2
− (u → −u), (C12)

C+−
0, HT(u) = uP̃(iii)(u) − (u → −u), (C13)

C0+
0, HT(u) = P̃(iii)(u) − (u → −u), (C14)

P̃(iii)(u) = −2

u + 1
ln

(
u − 1 + i0

−2 + i0

)
, (C15)

L(u) = 4

u − 1

[
Li2

(
u + 1

2 − i0

)
− Li2(1)

]
. (C16)
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L. Szymanowski, and S. Wallon, Probing chiral-even and chiral-
odd leading twist quark generalized parton distributions through
the exclusive photoproduction of a γ ρ pair, Phys. Rev. D 107,
094023 (2023).

[57] A. V. Belitsky and D. Mueller, Exclusive electroproduction of
lepton pairs as a probe of nucleon structure, Phys. Rev. Lett. 90,
022001 (2003).

035203-18

https://doi.org/10.1103/PhysRevC.104.025203
https://doi.org/10.1103/PhysRevC.98.015203
https://doi.org/10.1016/0550-3213(84)90197-4
https://doi.org/10.1016/0550-3213(85)90285-8
https://doi.org/10.1103/PhysRevD.70.117504
https://doi.org/10.1103/PhysRevD.86.014003
https://doi.org/10.1103/PhysRevD.58.094018
https://doi.org/10.1103/PhysRevD.89.074022
https://doi.org/10.1140/epjc/s10052-007-0228-4
https://doi.org/10.1103/PhysRevD.59.014030
https://doi.org/10.1140/epjc/s10052-022-10417-7
https://doi.org/10.1103/PhysRevD.60.114017
https://doi.org/10.1140/epjc/s10052-022-10793-0
https://arxiv.org/abs/1708.00911
https://doi.org/10.1007/s100529901063
https://doi.org/10.1103/PhysRevD.72.054019
https://doi.org/10.1007/JHEP01(2023)078
https://doi.org/10.1016/0031-9163(65)90172-1
https://doi.org/10.1103/PhysRev.160.874
https://doi.org/10.1103/PhysRevLett.40.1429
https://doi.org/10.1016/0375-9474(85)90554-8
https://doi.org/10.1103/PhysRevLett.112.132503
https://arxiv.org/abs/1708.00888
https://doi.org/10.1016/j.nuclphysa.2022.122447
https://doi.org/10.1007/s11467-021-1062-0
https://doi.org/10.1007/s100520200917
https://doi.org/10.1140/epjc/s10052-020-7700-9
https://doi.org/10.1103/PhysRevD.86.031502
https://doi.org/10.1103/PhysRevD.87.054029
https://doi.org/10.1103/PhysRevD.107.094035
https://doi.org/10.1103/PhysRevD.96.074008
https://doi.org/10.1103/PhysRevD.100.039901
https://doi.org/10.1103/PhysRevD.101.114027
https://doi.org/10.1103/PhysRevD.105.094025
https://doi.org/10.1007/JHEP02(2017)054
https://doi.org/10.1007/JHEP10(2018)029
https://doi.org/10.1103/PhysRevD.107.094023
https://doi.org/10.1103/PhysRevLett.90.022001

