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QCD collinear factorization allows coherent hard exclusive reactions to reveal the quark-gluon structure
of light nuclei, enabling their 3D tomography. In this Letter, we investigate elastic form factors and deeply
virtual Compton scattering on a helium-4 target. We achieve unprecedented theoretical precision for this
type of analysis by constraining generalized parton distributions at next-to-leading order in αs,
incorporating kinematic twist corrections, and utilizing full evolution equations. Ultimately, we present
the first tomography of a light nucleus, revealing distinct transverse spatial distributions of quarks and
gluons.
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Introduction—The coherent electroproduction of a pho-
ton off a nucleus A,

e−ðkÞþAðpÞ→ e−ðk0ÞþAðp0Þþ γðq0Þ; q02 ¼ 0; ð1Þ

where the symbols in parentheses denote the four-momenta
of the respective particles, is one of the most studied
exclusive reactions used to access the quark and gluon
structure of nucleons and nuclei. The importance of this
process stems from the factorization theorem [1], which
allows us to express the amplitude for the virtual Compton
scattering,

γ�ðqÞþAðpÞ→ γðq0ÞþAðp0Þ; q2<0; q02¼0; ð2Þ

where q ¼ k − k0, in terms of generalized parton distribu-
tions (GPDs) [2,3]. GPDs encode correlations between the
light-cone momentum sharing of the active parton and the
four-momentum transfer to the target, provided that it
remains intact. This enables access to the transverse
position distributions of quarks and gluons within nucleons
and nuclei, a technique referred to as hadron tomography
[4–8]. For the collinear factorization framework to apply,
one must consider the process in the generalized Bjorken
kinematical region. For reaction (1), this means the
virtuality Q2 ¼ −q2 is large and scales with the squared
center-of-mass energy s ¼ ðqþ pÞ2, while the squared

four-momentum transfer −t ¼ −ðp0 − pÞ2 remains rela-
tively small.
The helium-4 nucleus—the alpha particle—is a particu-

larly clean and fundamental system for nuclear GPD
studies. It is one of the lightest and most strongly bound
nuclei, making it a natural testing ground for extending
quark and gluon tomography from the nucleon to nuclei,
where nuclear modifications of partonic distributions may
become relevant. Its spin-0 and isospin-0 quantum numbers
reduce the amplitude for the process (1) to a small set of
GPDs. Furthermore, precise elastic form factor data [9–13]
and existing CLAS measurements of coherent beam-spin
asymmetries for this reaction [14] provide complementary
constraints on the valence, sea quark, and gluon sectors.
Consequently, helium-4 provides a unique target for the
first quark and gluon tomography of a light nucleus.
The scattering amplitude of the electroproduction reac-

tion (1) is the sum of two contributions depicted in Fig. 1.
The first one is the deeply virtual Compton scattering
(DVCS) amplitude, which describes the QCD subprocess

FIG. 1. Examples of Feynman diagrams contributing to ex-
clusive photon electroproduction on a nuclear target: an NLO
DVCS contribution (left panel) and the Bethe-Heitler (BH)
contribution (right panel).
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in which quarks and gluons actively participate in the
interaction. This amplitude can be parametrized in terms of
helicity amplitudes, given by convolution integrals of
GPDs. The second contribution is the Bethe-Heitler
(BH) amplitude, in which the final-state photon is emitted
from the lepton line through bremsstrahlung. In contrast to
the DVCS amplitude, the BH amplitude is purely electro-
magnetic and depends only on the elastic form factors of
the target.
GPDs are matrix elements of nonlocal light-cone quark-

quark or gluon-gluon operators, defined separately for each
quark flavor and for the gluons, as well as for specific spin
configurations. For helium-4, which is the object of interest
in our analysis, its spin-0 and isospin-0 nature means we
will only consider the following unpolarized GPDs:
Huðx; ξ; tÞ ¼ Hdðx; ξ; tÞ, Hsðx; ξ; tÞ, and Hgðx; ξ; tÞ, as
well as one GPD representing the distribution of linearly
polarized gluons: Hg

Tðx; ξ; tÞ. Here, x and ξ denote the
average light-cone momentum fraction carried by the active
parton and the change in this fraction, respectively, while t
is the previously defined Mandelstam variable. GPDs also
depend on the factorization scale, μ2, which will be omitted
here and thereafter for brevity.
In the following sections, we first establish the link

between GPDs and the DVCS cross section, while also
commenting on the BH process. We then construct helium-
4 GPD models and constrain them using elastic form factor
data and DVCS beam-spin asymmetries. The analysis is
performed at an extended theoretical precision, including
NLO corrections in αS, power-suppressed kinematical
corrections, and full GPD evolution. We show that this
accuracy is needed for a quantitative description of the
available data, and we use the constrained GPDs to perform
the first quark and gluon tomography of helium-4.
Cross section—The scattering cross section for the

process (1) takes the following form:

d4σsλχ
dxAdQ2dtdϕ

¼ α3em
8π

xAy2

Q4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ω2

p
����Msλ

χ

e3

����2; ð3Þ

where χ and s denote the charge sign and helicity of the
beam, respectively, while λ denotes the polarization of the
photon. In addition, αem is the fine-structure constant, e the
elementary charge, y ¼ ðp · qÞ=ðp · kÞ the inelasticity var-
iable, ω ¼ 2xAM=Q, M the target mass, and the nuclear
Bjorken variable xA ¼ Q2=ð2p · qÞ. The cross section also
depends on a single angle, ϕ, which in the general case is
defined as the angle between the plane spanned by the
leptons and the plane spanned by the nuclei [15].
The amplitude appearing in Eq. (3) is given by

Msλ
χ ¼ Msλ

χ;DVCSðAþþ;Aþ−;A0þÞ þMsλ
BHðFÞ; ð4Þ

where the contributions from the DVCS and BH subpro-
cesses are explicitly separated. While the BH amplitude is

straightforward to evaluate and depends solely on the
elastic form factors [with only a single form factor, FðtÞ,
required for helium-4], the calculation of the DVCS
amplitude is considerably more involved. Using the
Kleiss-Stirling (KS) spinor techniques [16,17], we express
it in terms of three helicity amplitudes: Aþþ, Aþ−, and
A0þ, where AΛΛ0

describes the photon helicity transition
Λ → Λ0. Full expressions for Msλ

χ;DVCS and Msλ
BH can be

found in the companion paper [18].
The helicity amplitudes encode the GPD-dependent part

of the process and are evaluated perturbatively through two
distinct expansions. The first is the expansion in powers of
the strong coupling constant αS, associated with the hard
scattering kernel of the interaction; see Fig. 1. The second is
the twist expansion in powers of

ffiffiffiffiffi
−t

p
=Q. The latter

contains two types of contributions: genuine higher-twist
terms, involving new GPDs, and kinematic higher-twist
terms, which depend only on leading-twist GPDs and
reflect finite-kinematics effects, i.e., deviations from the
Bjorken limitQ2 → ∞ at fixed xA. In the present Letter, we
restrict ourselves to the kinematic higher-twist sector,
which is completely determined by leading-twist GPDs;
genuine higher-twist contributions, involving additional
nonperturbative functions, are left for future work.
In this Letter, we employ next-to-leading order (NLO)

corrections in αS [19] and kinematical twist-3 and twist-4
corrections, suppressed by powers of

ffiffiffiffiffi
−t

p
=Q and t=Q2

[20]. Previous phenomenological analyses have shown that
NLO and kinematical higher-twist corrections can have a
sizable impact on Compton observables, especially at
fixed-target kinematics [21,22]. At this accuracy, the
helicity amplitudes take the following form:

Aþþðξ; tÞ ¼ Aþþ
LO;LTðHΣÞ þ αS

4π
Aþþ

NLO;LTðHΣ; HgÞ

þ t
Q2

Aþþ
LO;HTðHΣÞ; ð5Þ

Aþ−ðξ; tÞ ¼ t
Q2

Aþ−
LO;HTðHΣÞ þ αS

4π
Aþ−

NLO;LTðHg
TÞ; ð6Þ

A0þðξ; tÞ ¼
ffiffiffiffiffi
−t

p
Q

A0þ
LO;HTðHΣÞ; ð7Þ

where HΣðx; ξ; tÞ ¼ P
q e

2
qHqðx; ξ; tÞ is the charge-

weighted quark combination, with eu ¼ 2=3 and
ed ¼ es ¼ −1=3. The explicit expressions for the building
blocks entering the helicity amplitudes are given in the
companion paper, Ref. [18]. At leading order and leading
twist, only the helicity-conserving amplitude Aþþ is non-
vanishing, and it depends solely on the quark GPD
combination HΣ. Gluon GPDs enter first at NLO in αS:
the unpolarized gluon GPD Hg contributes to Aþþ, while
the gluon transversity GPD Hg

T contributes to the photon-
helicity-flip amplitude Aþ−. The kinematical higher-twist
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corrections considered here generate additional power-
suppressed contributions controlled by t=Q2 andffiffiffiffiffi
−t

p
=Q, including the longitudinal-transverse amplitude

A0þ. Terms that simultaneously combine NLO corrections
in αS with kinematical higher-twist effects are beyond the
accuracy adopted in this Letter and are, therefore, not
included.
GPD model—From Eqs. (5)–(7), we conclude that the

cross section (3) is sensitive to the unpolarized GPDsH for
quarks and gluons, and to the transversity GPD HT for
gluons only. Our model for helium-4 GPDs, Hi (where
i ¼ fuval; usea; dval; dsea; s; gg denotes the parton type,
explicitly distinguishing between valence and sea compo-
nents), is based on double distributions (DDs) Fi. The
GPDs are related to these DDs via a Radon transform [23]:

Hiðx;ξ; tÞ ¼
Z

1

−1
dβ

Z
1−jβj

−1þjβj
dαδðβþ ξα− xÞFiðβ;α; tÞ; ð8Þ

where we have neglected the so-called D term [24] as it is
not relevant for the data analyzed in this Letter. Modeling
based on DDs helps fulfill polynomiality, a fundamental
property of GPDs that follows from Lorentz covariance and
is otherwise nontrivial to implement.
The construction of DDs is as follows:

Fiðβ; α; tÞ ¼ fAi ðβ; tÞhiðβ; αÞ; ð9Þ

where fAi ðβ; tÞ is a t-dependent generalization of the parton
distribution function (PDF) and hiðβ; αÞ is the profile
function,

hiðβ;αÞ ¼
Γð2bi þ 2Þ

22biþ1Γ2ðbi þ 1Þ
ðð1 − jβjÞ2 − α2Þbi
ð1 − jβjÞ2biþ1

; ð10Þ

with bi ¼ 1 for valence quarks and bi ¼ 2 for sea quarks
and gluons. The profile function is responsible for gen-
erating the ξ dependence of the final model, and its
normalization ensures that Hiðx; 0; tÞ ¼ fAi ðx; tÞ.
The t-dependent PDF is

fAi ðβ; tÞ ¼ fAi ðβÞ
kiðjβj; tÞ
kiðjβj; 0Þ

; ð11Þ

where fAi ðβÞ accounts for both partons (β > 0) and anti-
partons (β < 0). For Ajβj ≤ 1, we have

fAi ðβÞ ¼ A2

8>><
>>:

ΘðβÞfp=Ai ðAjβjÞ; for i ¼ uval; dval;

sgnðβÞfp=Ai ðAjβjÞ; for i ¼ usea; dsea; s;

jβjfp=Ai ðAjβjÞ; for i ¼ g;

ð12Þ
where Θð·Þ and sgnð·Þ are the step and signum functions,
respectively, while fp=Ai ðAjβjÞ are the PDFs taken from the

nNNPDF30 parameterizations [25]. Since these parameter-
izations are defined with respect to the proton momentum
and are normalized per nucleon, we rescale jβj by A (since
xA ≈ xB=A) and include an overall prefactor of A. To avoid
probing the PDFs in unknown domains, we explicitly set
fAi ðβÞ ¼ 0 for β > 1=A.
We now focus on kiðjβj; tÞ, which is responsible for the

dependence on the variable t and is crucial for the hadron
tomography. For valence quarks, we use the following
novel ansatz:

kiðjβj; tÞ ¼
�

1

1 − p0ð1 − jβjÞ2t
�

p1

×
Yn
j¼1

� jp2;j þ tj
jp2;j þ tj − p3;jð1 − jβjÞ2t

�
p4;j

: ð13Þ

The free parameters pj are fixed in a fit to elastic form
factor data [9–13], utilizing the following relation:

FðtÞ ¼ 1

Z

Z
1

−1
dxðeufAuvalðx; tÞ þ edfAdvalðx; tÞÞ; ð14Þ

where Z is the atomic number of helium-4. We capture the
first two diffractive minima, n ¼ 2. The result of our fit is
shown in Fig. 2.
For sea quarks and gluons, on the other hand, we adopt a

simple exponential form:

kiðjβj; tÞ ¼ expðpð1 − jβj2ÞtÞ; ð15Þ

containing only a single parameter p. We make the standard
assumption that the spatial transverse profiles of sea quarks
and gluons are identical. Challenging this assumption
would require a multichannel analysis of exclusive scatter-
ing off helium-4, while adopting a more complex ansatz
than Eq. (15), which demands more DVCS data probing
lower values of xA and t than are currently available. The
parameter p is determined by fitting to JLab DVCS data for
the beam-spin asymmetry [14], as illustrated for a single
kinematic bin in Fig. 3. Our nominal fit is performed at
NLOþ HT precision, calculating the amplitudes via
Eqs. (5)–(7). The elastic form factor required to evaluate

FIG. 2. Fit to helium-4 elastic form factor data.
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the BH contribution is calculated directly from the GPDs
using Eq. (14). We employ the full evolution equations for
GPDs [26], allowing us to accurately match our predictions
to the various Q2 kinematics of the measured data. The
impact of the extended theoretical accuracy is quantified in
Table I. Fits performed at lower precision, LO/LT or NLO/
LT, lead to a poorer description of the data, whereas the
NLO/HT setup reaches χ2=d:o:f: ≃ 1.1. The values and
uncertainties of all constrained model parameters are
detailed in the companion paper [18].
Finally, we address the modeling of the GPD Hg

T . Since
little is known about this GPD, we approximate it by the
unpolarized GPD Hgðx; ξ; 0Þ as t → 0, while for t ≪ 0 we
use the positivity inequality [27,28]. This results in a
conservative model,

Hg
Tðx; ξ; tÞ ¼ Hgðx; ξ; 0Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

1 − t=ð4M2Þ

s
; ð16Þ

where at t ¼ 0 one has Hg
Tðx; ξ; 0Þ ¼ Hgðx; ξ; 0Þ, whereas

for jtj > 0 the model exhibits a much milder dependence on
t than Hgðx; ξ; tÞ. Under these conditions, we find that the
contribution of Hg

Tðx; ξ; tÞ to the Aþ− helicity-flip ampli-
tude is negligible compared to the kinematical higher twist
contribution.

Results—Hadron tomography reveals the spatial distri-
bution of partons carrying a specific fraction of the hadron’s
longitudinal momentum in the transverse plane. It is
obtained by Fourier transforming the unpolarized GPDs
at ξ ¼ 0 with respect to the transverse momentum transfer
(t ¼ −ΔT

2):

fAi ðx; bTÞ ¼
Z

d2ΔT

ð2πÞ2 e
−ibT ·ΔTHiðx; 0;−ΔT

2Þ: ð17Þ

Here, bT ¼ ðbx; byÞ is the transverse impact parameter,
defined in a coordinate system whose origin coincides with
the center of momentum of the hadron’s constituents [29].
The tomographic profiles obtained using our constrained

GPD model are shown in Fig. 4, separated into contribu-
tions from valence quarks, sea quarks, and gluons. At a
given x, the transverse extension of partons can be
quantified by the second normalized moment of the trans-
verse distribution,

hb2TiiðxÞ ¼
R
d2bTbT2fAi ðx; bTÞR
d2bTfAi ðx; bTÞ

: ð18Þ

This quantity is shown in Fig. 5, including uncertainties
obtained by mixing replicas of PDF, elastic, and DVCS

FIG. 3. Fit to the beam-spin asymmetry for DVCS, ALU ,
measured on a helium-4 target by CLAS [14]. Only one
kinematic bin is shown here: xB ¼ 0.172, t ¼ −0.099 GeV2,
and Q2 ¼ 1.42 GeV2.

TABLE I. Comparison of our ALU fits to CLAS data [14] at
increasing theoretical precision in the αs (LO, NLO) and
kinematical twist (LT, HT) expansions. The listed GPDs and
helicity amplitudes specify the ingredients of each setup, while
the last two columns show the usual χ2 per number of degrees of
freedom (d.o.f.), and the corresponding p value.

Precision GPDs Amplitudes χ2=d:o:f: p value

LO=LT Hq Aþþ 1.33 0.027
NLO=LT Hq;Hg;Hg

T Aþþ;Aþ− 1.30 0.039
NLO=HT Hq;Hg;Hg

T Aþþ;Aþ−;A0þ 1.01 0.45

FIG. 4. Spatial distributions of quarks, xqðx; bx; by ¼ 0Þ (sep-
arately for valence and sea contributions), and gluons,
xgðx; bx; by ¼ 0Þ, in helium-4 nuclei at the scale μ2 ¼ 2 GeV2.
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data. The result is identical for sea quarks and gluons,
which is a consequence of using the same profile function
(15) in both cases.
The extracted transverse profiles reveal a clear hierarchy.

The spatial distribution of sea quarks and gluons is broader
than that of valence quarks, a trend also observed in the
proton (see, e.g., Ref. [30]). Because the employed nuclear
PDFs are defined only in the region x ≤ 1=A, the tomo-
graphic plots are not populated above x ¼ 1=4.
Furthermore, we observe that the spatial distribution
becomes narrower as x grows. This effect is an inherent
consequence of the reference system in which the tomog-
raphy is defined: in the x → 1 limit, the entire momentum is
carried by a single parton located at the origin of the
coordinate system. Our ansatz correctly reproduces this
theoretical constraint. Finally, the overall distribution is
naturally wider than that of the proton.
The overall radii can be quantified by

hb2Tiq ¼
R
dx

R
d2bTbT2fAqðx; bTÞR

dx
R
d2bTfAqðx; bTÞ

; ð19Þ

hb2Tig ¼
R

dx
x

R
d2bTbT2fAg ðx; bTÞR

dx
x

R
d2bTfAg ðx; bTÞ

: ð20Þ

Because of isospin symmetry, for helium-4, the quantities
hb2TiqvalðxÞ and hb2Tiqval yield the same values regardless of
whether they are evaluated using the unweighted combi-
nation, fAuvalðx; bTÞ þ fAdvalðx; bTÞ, or the charge-weighted
combination, eufAuvalðx; bTÞ þ edfAdvalðx; bTÞ. We obtain
hb2Tiqval ¼ 1.943ð28Þ fm2 for valence quarks, hb2Tiqsea ¼
3.51ð63Þ fm2 for sea quarks, and hb2Tig ¼ 3.50ð62Þ fm2

for gluons. The value for valence quarks can be compared
to the mean electric charge radius of helium-4 nuclei, re4He,
extracted from elastic form factor analyses. This compari-
son must account for the fact that the charge radius
integrates over three spatial dimensions, whereas our
evaluation is restricted to the transverse plane:

re4He ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

2
hb2Tiqval

r
; ð21Þ

which holds under the natural assumption of spherical
symmetry. We obtain 1.71(21) fm, which can be compared
to the value of 1.6785(21) fm reported in Ref. [31]. The
larger uncertainty reflects a different approach, in which the
radius is evaluated by analyzing the partonic content of the
helium-4 nucleus. For context, the corresponding value for
the proton is rep ¼ 0.84075ð64Þ fm [31].
Conclusions—Using elastic form factor and coherent

DVCS data, we have performed the first quark and gluon
tomographic study of the helium-4 nucleus. The analysis
combines NLO corrections in αS, kinematic twist-3 and
twist-4 corrections, and full GPD evolution, which are
required for a quantitative description of the existing fixed-
target data. The resulting images reveal a broader transverse
distribution of sea quarks and gluons than of valence
quarks. We demonstrate that GPD-based analyses provide
unique insights into the partonic structure of the target
compared to traditional elastic form factors.
Our Letter provides, for the first time in such an analysis,

a combined treatment of NLO corrections in αs, kinematic
twist-3 and twist-4 corrections. These effects are not merely
small refinements: at fixed-target kinematics, they can
readily reach the level of several tens of percent and can
significantly modify both the magnitude and the kinematic
dependence of DVCS observables. Their inclusion is
especially important for tomography, which relies precisely
on the t dependence of GPDs and ultimately involves a
Fourier transform over the momentum transfer.
Consequently, tomographic and mechanical interpretations
based exclusively on the LO and LTapproximations should
be regarded as preliminary until the stability of the
extracted distributions against these corrections has been
established. We expect that this improved theoretical
accuracy is also necessary for a quantitative description
of the available nucleon data.
In the near future, data will be collected at slightly higher

energies with the 12 GeVelectron beam at JLab [32], which
should allow for more precise data over a broader Q2 and t
range. This will constitute a stringent test of the validity of
our approach. In the longer term, even more data should be
available at Electron-Ion Colliders (EIC and EIcC) [33,34],
allowing for better constraints on the intermediate and low
xA kinematic domains.
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FIG. 5. Normalized second moments of spatial distributions
[see Eq. (18)] for quarks and gluons in helium-4 nuclei at the
scale μ2 ¼ 2 GeV2.
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