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Abstract: We assess the impact of measuring deeply virtual Compton scattering (DVCS) off protons using the
planned detector at the Electron-Ion Collider in China (EicC), which is proposed as an upgrade to the High Intensity
Heavy-lon Accelerator Facility (HIAF). We develop a neural-network architecture to flexibly parameterize Compton
form factors (CFFs), reliably extrapolate into unmeasured kinematic regions, and provide robust uncertainty estim-
ates using the replica method. The framework is fitted to available worldwide DVCS data using the Gepard soft-
ware. We find a significant reduction in the uncertainties of all CFFs after incorporating pseudo-data from single and

double polarization asymmetries at the EicC, with particularly strong improvements in the sea-quark region.
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I. INTRODUCTION

The three-dimensional distributions of quarks and
gluons inside hadrons, encoded in terms of generalized
parton distributions (GPDs), can be probed via hard ex-
clusive processes [1—4]. Among these, the cleanest chan-
nel is deeply virtual Compton scattering (DVCS) [5-9],
which is a central physics objective of future electron-ion
colliders, where it will be explored across complement-
ary kinematic regions with polarized beams.

The electron-ion collider (EIC) at Brookhaven Na-
tional Laboratory (BNL) provides a high-precision exper-
imental platform for studying gluons in nucleons and
nuclei [10, 11]. Fixed-target experiments at Jefferson Lab
(JLab), together with its potential upgrade [12], investig-
ate the valence-quark region and the onset of sea-quark
contributions in great detail. Strategically designed to
complement the EIC and JLab programs, the Electron-Ion
Collider in China (EicC) aims to survey the sea-quark re-
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gime with unprecedented precision [13—15]. Alongside
these efforts, the planned Large Hadron-Electron Col-
lider (LHeC) at CERN would extend coverage deep into
the small-x domain [16, 17]. Together, these facilities
form a global program spanning a remarkably broad kin-
ematic range. Such coverage will make it possible to re-
construct GPDs with controlled systematic uncertainties,
leading to a more precise understanding of nucleon tomo-
graphy [18—21], spin structure [7], and mechanical prop-
erties [22], which are aspects of the nucleon's internal
structure that remain insufficiently understood.

Although DVCS (and other exclusive processes in-
volving GPDs) is sensitive to GPDs, it does not probe
them directly. Instead, GPDs enter observables through
Compton form factors (CFFs), which are integrals of the
GPDs weighted by a hard-scattering kernel that is calcul-
able order by order in perturbative QCD. Therefore, ex-
tracting the GPDs themselves requires deconvoluting this
highly nontrivial relation, a challenge associated with the
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issue of "shadow GPDs" [23, 24]. The extraction and sep-
aration of individual CFFs from data are greatly facilit-
ated by measured angular distributions and spin asym-
metries and constitute the first step toward determining
GPDs from their associated form factors. After several
early attempts at local CFF extraction from single kin-
ematic points [25—27], global fits to the available data
from JLab Hall A, CLAS, COMPASS, and HERMES
collaborations have provided quantitative information on
leading-twist chiral-even CFFs. This procedure is inher-
ently complex owing to the large number of unknown
functions and the multiple independent kinematic vari-
ables on which they depend. Non-parametric neural net-
works (NNs) [28], Gaussian process regression [29], and
other flexible parameterization methods [30, 31] have
proved useful for one- and two-dimensional problems,
such as standard parton distribution functions (PDFs). To
minimize model dependencies and uncertainties arising
from extrapolation and interpolation in multidimensional
kinematic space, NN parameterizations of CFFs offer the
unique advantage of flexibility and hyperparameter
choice [32—34]. Such parameterizations have enabled
progress in the extraction of gravitational form factors
from DVCS data [35] and in the flavor separation of key
CFFs [36, 37].

Several categories of GPD models have been pro-
posed, including the double distribution ansatz [38], rep-
resentations in the conformal-moment space [39], string-
inspired parameterization in AdS space [40], basis light-
front quantization [41], and NN approaches [42, 43].
Some of these have already been used in global fits to
DVCS data [44—49]. However, systematic uncertainties
owing to model rigidity are not fully understood. Upcom-
ing efforts, aided by lattice-QCD calculations of GPDs
[50, 50—54], within either the large-momentum effective
theory [55, 56] or the pseudo-distribution approach [57],
are expected to yield more reliable uncertainty estimates.

Currently, the impact of new or proposed DVCS ex-
periments on CFF extractions can be efficiently quanti-
fied using suitable NN architectures with the Monte Carlo
(MC) replica method, possibly alongside the Bayesian re-

weighting procedure [33]. The relevance of the trans-
versely polarized proton beam-spin asymmetries at the
EicC and their sensitivity to the corresponding dominant
CFF have been demonstrated in Ref. [15] using such an
approach. For this purpose, the pseudo-data of DVCS
measurements at the EicC were generated without consid-
ering the detector efficiency [58]. In this study, we ex-
tend these previous investigations by incorporating real-
istic detector coverage and efficiency and by generating
all measurable spin asymmetries. Subsequently, NN para-
meterizations of CFFs are used to assess the impact of fu-
ture EicC DVCS measurements on determining all lead-
ing-order CFFs. Our analysis framework is constructed
on Gepard, a Python software package for the study of
GPDs [44, 47].

II. SIMULATION OF DVCS AND EXTRACTION
OF CFFS

The exclusive photon electroproduction process
ep — ¢'p’y is the coherent sum of the electromagnetic
Bethe-Heitler (BH) and DVCS amplitudes, facilitating
access to GPDs, as shown in Fig. 1. At leading twist, the
quark-helicity-conserving GPDs H, E, H, and E contrib-
ute to DVCS through the corresponding CFFs H, &, H,
and &. The five-fold differential cross section is

dger=er'y
dxpdQ?d|r|dpdes
+hh,Ar + S t(Aur + BALD)],

do(¢,¢s) = =doyy[l + KAy +hpAuL

(1

where h;/2 (h,/2) is the electron (proton) beam helicity,
and St is the component of the incoming proton spin that
is transverse to the virtual photon direction. The kinemat-
ic variables are explained in the caption of Fig. 1, and at
leading twist, the skewness ¢ is related to Bjorken-x via
&=xp/(2—xp). Here, ¢ is the azimuthal angle between
the lepton and real-photon production planes [59]. The
angle ¢s denotes the azimuthal orientation of the trans-

Fig. 1.

(color online) Deeply virtual Compton scattering (left) and the accompanying Bethe-Heitler process (middle and right).

Q% = —¢’ is the negative four-momentum squared of the virtual photon. Other kinematic variables are as follows: x is the average longit-
udinal momentum fraction of the active quark, ¢ is the half longitudinal momentum fraction transferred to the nucleon, and ¢ is the
squared four-momentum transferred to the nucleon. F,, are elastic form factors in the Dirac-Pauli representation.
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verse proton-spin component with respect to the lepton
scattering plane. Integrating over ¢s reduces the cross
section do(¢,ps) to the four-fold counterpart do(¢) =
doP=¢ P [dxzdQ?d|t|d¢, in which the cos¢ modulation of
the BH-DVCS interference term is sensitive to the real
part of the CFFs H in the case of proton DVCS:

vy o« Re [Fﬂﬂf(Fl + Fy)H - LFZS] )

4m?

The longitudinally polarized proton or electron beam
single-spin asymmetries are defined as

_ do(@)” —do(@)”
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where the arrows — («) or = (&) refer to the electron
or proton polarization parallel (anti-parallel) to the beam
momentum. The transverse proton beam-spin asymmetry
is
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where "Im" and "Re" project the imaginary and real parts
of the CFFs, respectively. These relations show that dif-
ferent observables have different sensitivities to a given
CFF. The imaginary parts of CFFs H and H remarkably
manifest themselves in the sing modulations of single
spin asymmetries Ay and Ay, respectively. The corres-
ponding real parts dominate the cos¢ modulations of the
unpolarized cross section of A;;. The CFF & is most ef-
fectively accessed in transverse proton-spin asymmetries
through the sin(¢ — ¢,)cos¢ modulation of Ayr and Ay,
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The double-spin asymmetries for a longitudinally polar-
ized electron beam are
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(6)

for longitudinally and transversely polarized proton
beams, respectively. Depending on whether the electron
beam helicity or proton spin is flipped, different CFF
combinations enter the cross section differences. The azi-
muthal modulations of asymmetries, which are domin-
ated by the interference term and thus mostly linear in the
CFFs, yield [2, 9, 60—63]

sing - !
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[
whereas the cos(¢—¢@;)cos¢ modulation of these asym-
metries shows some sensitivity to &. Because the BH pro-
cess dominates the total cross section, extracting the
CFFs with high precision requires extensive measure-
ments over a broad kinematic range, including accurate
cross sections and spin asymmetries and, importantly,
their azimuthal modulations.

Raw DVCS event samples at the EicC for a 3.5 GeV
electron beam colliding with a 20 GeV proton beam are
generated by the MC generator MILOU [64]. These are
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slightly modified from the original version [65, 66], and
the proton-dissociation background ep — eyX is tempor-
arily neglected. A previous study applied proper kinemat-
ic cuts to ensure DVCS dominance and removed reson-
ance contributions by selecting events with photon-pro-
ton invariant masses above 2.0 GeV [58]. In the present
analysis, realistic detector acceptance and efficiency are
included, assuming a 50 mrad beam crossing angle, fol-
lowing the EicC Conceptual Design Report (CDR) [67].
A fast simulation framework incorporating acceptance,
efficiency, and resolution is employed, which was previ-
ously established in EicC simulations of exclusive photo-
production of heavy quarkonium [29, 68, 69], exotic had-
ron production [70—73], the Sullivan process [74], and
various inclusive processes [75]. Experimentally demand-
ing yet essential recoil-proton detection is realized using
optimized Roman pots inside the beampipe. Two acceler-
ator operation modes are considered: high-luminosity
mode £ =4x10% ¢cm™ s with Roman pots optimized for
the detection of particles with scattering angles larger
than 10 mrad, and complementary small-angular-diver-
gence mode, allowing detection to 5 mrad, with the lu-
minosity reduced to 1.1x10% e¢m? s™'. Pseudo-data are
generated assuming 3/4 of the running time in high-lu-
minosity mode and 1/4 in small-angular-divergence
mode (see Refs. [67, 76] for details).

The projected DVCS cross sections do(¢), assuming
a year of data collection, along with their statistical un-

certainties are shown in Fig. 2. They are organized into
69 kinematic bins in (xz, Q% -t),each further sub-
divided into 18 ¢-bins. Owing to the good detection effi-
ciency, we can feasibly measure the sea quark region 0.01
< x5 < 0.1 and safely perturbative domain 2 GeV? < Q* <
30 GeV?. Although the detection efficiency decreases at
lower xp, it is compensated for by the extremely high
statistics achieved at xz ~0.004 when Q® approaches 1
GeV? The detector coverage also provides welcome
overlap with that of the JLab 12-GeV program in the
valence region but at generally higher Q* values at the
EicC. This safely perturbative domain without higher-
twist corrections extends the high Q* lever arm for
valence quark physics. Of particular interest is the largely
unexplored domain Q? € [30.0, 80.0] GeV? with an aver-
age —t = 0.51 GeV?, where sufficient statistics enable dif-
ferential cross section measurements. The uncorrelated
statistical uncertainties of the asymmetries in each bin are
computed using a likelihood-based estimator:

1 1-A

A —— ———
fdePe Nevents

: (11)

where f; denotes the dilution factor accounting for unpo-
larized background contributions, and the electron and
proton beam polarizations are taken as P, = 80% and
P, = T70%, respectively. Here, Neens is the number of
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Fig. 2.  (color online) Simulated four-fold unpolarized cross sections with statistical uncertainties in the bins of xz and Q*. In each

panel, different ¢ values in units of GeV? are explicitly labeled. The systematic uncertainties are not included. The central values of the
pseudo-data are generated using the GK GPD model [62, 77, 78] and smeared by the statistical uncertainties.
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events obtained by scaling the generated cross sections to
the assumed integrated luminosity of the EicC.

The absolute statistical uncertainties of the measured
asymmetries fall within approximately 1%—5% across all
considered kinematic bins. The main sources of systemat-
ic uncertainty for the proposed measurement are radiat-
ive corrections and contamination from 7° background
channels. Additional contributions to systematic uncer-
tainty include the beam-polarization uncertainties, accept-
ance corrections, and lepton identification. Detector op-
timization aims to control the total systematic uncer-
tainty such that it remains comparable to, or smaller than,
the statistical uncertainty.

Progress in global fitting techniques, particularly
those representing CFFs as NNs, has made it feasible to
assess the impact of the above all-asymmetry pseudo-data
on CFF extraction. The connection between DVCS asym-
metries and CFFs is constructed using the Gepard frame-
work [32, 35, 36]. Because current world data provide es-
sentially no constraints on the real parts of & and H,
these are assumed to vanish in our analysis (following
Ref. [36]). The NN architecture shown in Fig. 3 is imple-
mented using the PyTorch machine-learning library, with
the hyperparameters chosen for optimal extrapolation in-
to unmeasured kinematic regimes. To ensure the com-
plete independence of the real and imaginary parts of
CFFs, a modular NN composed of independent sub-net-
works is constructed. The activation function for neurons
in the hidden layers is

0 for x <O,
f(x)={ _ (12)

e*—1 for x>0,

which provides the necessary non-linearity. Training is
performed via a back-propagation algorithm using the
Adam (adaptive moment estimation) optimizer [79], min-
imizing the uncertainty-weighted Huber loss function
[80—84]. The training data in the valence region include
measurements from the JLab collaborations [63, 85—89],
COMPASS [90], and HERMES [91], whereas the small-
xp region (107 < x3 < 1073) is constrained by ZEUS and
H1 data [92—94]. All datasets are truncated with the kin-
ematic cuts Q%> 1.5GeV?, —1/Q* <0.2 to suppress the
higher-twist contribution. The combined world dataset is
randomly split into a 90% training set and 10% test set
and data leakage and overfitting are controlled using the
standard early-stopping technique. Linearization and nor-
malization of the input variables enable fast, high preci-
sion convergence, facilitating practical generation of a
large number of MC replica datasets via bootstrapping to
propagate statistical uncertainties from the data to the ex-
tracted CFFs. The network depth and width and the
choice of loss function are optimized based on fitting and
validation performance.

The actual x* per data point is in the range 1.0 ~ 2.0
for each dataset (see Table 1). The skewness ¢-depend-
ence of the CFFs extracted from existing world data at
Q%= 4.0 GeV? and -7 = 0.4 GeV? is shown by the blue
band in Fig. 4. Similarly, the —¢ dependence at Q> = 4.0
GeV? and ¢ = 0.01 GeV? is illustrated in Fig. 5, whereas
the 0? dependence at £ =0.01 and —7 = 0.4 GeV? is dis-
played in Fig. 6. The results in the valence region agree
with the conclusions of previous analyses. The extrapola-
tion behavior is consistent with that obtained using PAR-
TONS [33]; however, our uncertainties are relatively
smaller, likely owing to the assumption of the vanishing
real part of & and H.

Fig. 3.

(color online) Single neural network parameterizes the imaginary part of one of the CFFs, and a similar net represents the real

part. The input values (¢, ¢, 0?) after linearization and normalization are fed into three input neurons and then propagated through four
hidden layers with ninety neurons each. Therefore, the architecture is (3 — 90 — 90 — 90 — 90 — 1).
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The central values of the CFFs and the predicted cross
sections and asymmetries beyond the valence region are
approximately zero within large uncertainties, reflecting
the marginal impact of current data in the sea-quark and
gluon domains. Therefore, the pseudo-data for unpolar-
ized cross sections are not included in the present impact
study because their relative statistical uncertainties are in-
versely proportional to Nevens. Consequently, a substan-
tial reduction in the uncertainty of Re?H should not be ex-
pected after including the EicC pseudo-data, as sugges-
ted by Eq. (2). Within the NN framework, the predicted
asymmetry magnitudes are smeared by randomly res-
ampling the central values according to the generated
statistical uncertainties of Eq. (11). The networks are then
retrained on the full set of measured and simulated exper-
imental data to assess the genuine impact of the EicC ma-
chine. Although realistic systematic uncertainties would
enlarge the final error bands, the global analysis clearly
demonstrates that the EicC can prominently improve the
precision of all relevant CFFs to & ~ 107*. In particular,
the uncertainties of CFFs in the sea-quark region are sig-

Table 1. Fitted x? per data point before and after including

the EicC pseudo-data for asymmetries.

Observable Collaboration Ref. X X2 /EicC
ALy CLAS [95] 1.30 1.47
ALy HERMES [96] 0.95 0.81
Aur HERMES [97] 1.50 1.01
ALL CLAS [95] 2.09 2.12
AuL CLAS [95] 3.54 1.13
Tuu HI [98] 0.69 0.63
Ty Hl [99] 0.90 0.64
Tuy ZEUS [100] 0.98 1.05
ALy CLAS [101] 0.43 0.42
ALy HALL A [102] 1.05 1.14
Tyy CLAS [101] 0.95 0.88
Ty HALL A [102] 1.64 1.80
Tyy HALL A [85] 1.21 0.90
Total 1.1 0.9
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(color online) Extraction of CFFs versus skewness ¢ at 0% = 4.0 GeV? and —r = 0.4 GeV>. The blue and red error bands are un-

certainties before and after including the pseudodata of asymmetries at the EicC, respectively.
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Fig. 5. (color online) Extraction of CFFs versus — at Q% = 4.0 GeV? and & =0.01 GeV>.

nificantly reduced, as indicated by the light-red bands in
Fig. 4. The —t dependence of CFFs in the sea regime is
also extracted with good precision up to 1.0 GeV?* (Fig.
5). Thus, the EicC will provide an accurate spatial tomo-
graphy of the sea quarks inside the nucleon through Four-
ier transform, albeit by relying on assumptions or models
to extrapolate beyond the experimentally accessible kin-
ematic region. Likewise, the influence of EicC data on
the Q* dependence of CFFs is evident up to 20 GeV? in
the sea domain (Fig. 6), revealing the possibility of GPD
deconvolution from DVCS data via QCD scale evolution
across a broad Q? range.

On the methodological side, the EicC pseudo-data
provide important validation of the extraction strategy
over a wide kinematic range. As expected, the error bands
of CFFs obtained after including the EicC pseudo-data re-
main consistent with those derived solely from existing
measurements, serving as a non-trivial closure test of the
NN procedure. However, noticeable deviations exceed-
ing lo appear in the leading CFFs ReH and Re& in cer-
tain regions, reflecting the strong clustering of current
data in a limited portion of phase space. With further ex-

perimental input, improved lattice-QCD constraints, and
refined theoretical guidance, NN methods offer a prom-
ising solution to balancing bias minimization and flexibil-
ity of the model.

III. SUMMARY AND CONCLUSION

The EicC is designed to probe the sea-quark region,
providing kinematic coverage between JLab and the EIC
at the BNL. The DVCS data of unprecedented accuracy
at the EicC are expected to considerably improve our un-
derstanding of proton tomography in terms of the GPD. A
previous Bayesian reweighting study [58] showed that
even a single day of data collection with a transversely
polarized proton beam at the EicC would surpass the con-
straining power of existing HERMES fixed-target meas-
urements in the sea-quark regime [97].

NN parameterizations of CFFs enable a precise ex-
traction and disentanglement of the CFFs with a true
global fit over all observables. In this study, we construct
a flexible NN architecture to simultaneously extract the
CFFs from existing data and assess the constraining
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Fig. 6. (color online) Extraction of CFFs versus Q? at £ = 0.01 and —r= 0.4 GeV>.

power of future EicC asymmetry measurements. A signi-
ficant reduction in the uncertainties of all relevant CFFs
is observed when including the projected EicC data. This
also constitutes a valuable closure test of the NN method-
ology, suggesting the need for additional theoretical in-
put to further stabilize extrapolations. The framework is
readily extendable to incorporate forthcoming datasets,
including those expected from JLab [103] and the EIC
[15, 104]. Higher-twist contributions can feasibly be in-
corporated into our global fit in the near future [105].
Only then would the importance of the extension to high
Q* domain become clear for valence quark physics
through a more direct comparison between the EicC and
JLab.

This study represents a step toward the reliable ex-
traction of GPDs at leading order by means of flexible
GPD parameterizations in the same manner as PDFs be-
ing extracted from multi-dimensional structure functions.
However, achieving global fits using next-to-leading
[105-106] and next-to-next-to-leading order [107—110]
frameworks remains a major challenge [47].
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