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We present the first systematic feasibility study of accessing generalized parton distributions of the pion
at an electron-ion collider through deeply virtual Compton scattering. Relying on state-of-the-art models
for pion GPDs, we show that quarks and gluons interfere destructively, modulating the expected event rate
and maximizing it when parton content is generated via radiation from valence dressed quarks. Moreover,
gluons are found to induce a sign inversion for the beam-spin asymmetry in every model studied, being a
clear signal for pinning down the regime of gluon superiority.
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Introduction.—Due to its double role of being both a
Goldstone boson of chiral symmetry breaking and a QCD
bound state, the pion has been widely investigated since
its discovery in 1947. Since the 1980s, many efforts were
performed to extract experimental information about its
internal structure, from its electromagnetic form factor
(EFF) through pion-electron scattering [1] to its parton
distribution functions (PDFs) through the Drell-Yan proc-
ess [2-4]. The latter triggered a controversy on the PDF
large-x behavior [5-9] enlightened by modern phenom-
enological and theoretical progresses [10], but also by
simulation efforts [11-13]. Using the available pion
sources, EFF measurements are limited to low-momentum
transfer, precluding any test of perturbative QCD (pQCD)
predictions [14,15]. However, exploiting the ideas of
Sullivan [16], hinging on the premise of an interaction
with the meson cloud of the proton, EFF data at signifi-
cantly larger values of the momentum transfer between the
incoming and outgoing pions have been obtained [17]. This
same principle is being seriously considered both to
improve the knowledge on the pion EFF and to extract
the pion PDFs in the context of the forthcoming U.S. and
Chinese electron ion colliders (EIC and EicC) [10,18,19].
The question has raised so much interest that the EIC
Yellow Report [20] mentions the study of the 3D structure
of the pion through the Sullivan process. The present paper
is a quantitative assessment of the latter.
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The 3D structure [21] of the pion can be accessed
through generalized parton distributions (GPDs) [22-26].
Throughout the years, many models for pion GPDs have
been developed [27-39], including in the crossed channel
[40]. They rely on various physics assumptions and if
feasible, deep virtual compton scattering (DVCS) [23] off
the pion would provide key constraints on these models
[41-43]. In this paper, relying on the implementation of the
state-of-the-art models for the pion’s GPDs, we compute
the Sullivan amplitude at next-to-leading order (NLO), the
minimal order required to treat the EIC kinematic region.
We then evaluate the associated counting rate and assess the
asymmetries, concluding that, provided that the one-pion
exchange is the dominant process, DVCS off a virtual pion
is measurable, triggering a clear signal for a glue-led
regime: a sign inversion of the beam-spin asymmetry.

Modeling GPDs.—Among all available pion GPD mod-
els, we choose the one presented in Ref. [43], a kinematic
completion of that featured in Ref. [39] owing to a long
effort developed over the last decade [28-31,34,35]. This
model is built on state-of-the-art continuum Schwinger
method (CSM) investigations [44-50], which have pro-
vided the community with PDFs in agreement with the
large-x behavior extracted from experimental data includ-
ing soft-gluon (threshold) resummation [7,8] and are
confirmed both in the quark and gluon sectors [51,52]
by lattice QCD computations.

The leap from quark PDFs ¢, to quark GPDs Hj is,
however, made difficult because their dependences on x,
the average momentum fraction of the active parton in the
pion; &, half of the exchanged longitudinal momentum
fraction; and ¢,, the square of the total momentum transfer,
are constrained by a set of properties [53,54]. To ensure
that all properties are satisfied by construction, we turn to

Published by the American Physical Society


https://orcid.org/0000-0002-9773-0266
https://orcid.org/0000-0003-0148-0272
https://orcid.org/0000-0001-6961-7824
https://orcid.org/0000-0001-8678-4085
https://orcid.org/0000-0003-3143-6213
https://orcid.org/0000-0002-1651-5717
https://orcid.org/0000-0001-5838-7103
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.128.202501&domain=pdf&date_stamp=2022-05-17
https://doi.org/10.1103/PhysRevLett.128.202501
https://doi.org/10.1103/PhysRevLett.128.202501
https://doi.org/10.1103/PhysRevLett.128.202501
https://doi.org/10.1103/PhysRevLett.128.202501
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PHYSICAL REVIEW LETTERS 128, 202501 (2022)

the light-front wave function formalism [55] (see also
Refs. [56-60] for details of the connection between CSM
and light-front physics) supplemented by the so-called GPD
covariant extension [34,35]. Our quark GPD in the DGLAP
(|x| = |&]) region reads [43]

Hi(x,&1,) = \/qﬂ <)1C 1 g) 4 ()16 — g) Qi(x.&ty). (1)

with

Gz (x) = N2 (1 = xP[1 + yx(1 = x) + py/x(1 = x)]. (2)

¢
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where ¢ = —1,(1 —x)?/[4M*(1 = &)]. Tt is modeled

at a low reference scale ur.s = 331 MeV, defined in
Refs. [49,50]. The PDF parameters obtained in Ref. [47]
are N, =213, y =229, and p = —2.93. The covariant
extension provides us with the corresponding ERBL
(|x| £ 1€) region. Evolution equations from pug. up to
experimental scales are applied in the scheme introduced
in Refs. [39,47,49], generating accordingly the gluon
GPD. The latter yields a gluon PDF in excellent agree-
ment with the one computed on the lattice [51,52]. This
theoretical framework is reinforced by information com-
ing from experimental extractions of EFF [17], fixing
M =318 MeV.

For comparison, we introduce a second pion GPD model
based on phenomenology. Following Ref. [61], it is built on
the basis of GRS PDFs [62], Radyushkin’s double dis-
tribution Ansatz [63], and a “Reggeized” ¢, parametrization
[64]. It is labeled as the GRS model in the following.

In the case of the Sullivan process, one should consider a
transition GPD between a virtual and a real pion. However,
for low enough virtuality, it has been shown [65,66] that
extrapolations from the standard GPD are possible.
Therefore, virtuality effects are neglected in the chosen
GPD model. This relies on a previous work on the pion EFF
[65], indicating that neglecting virtualities does not under-
mine our conclusion on the feasibility of the measurement.

DVCS through the Sullivan process.—The DVCS ampli-
tude is parametrized by a complex function H called the
Compton form factor (CFF), a convolution of the pion
GPDs and a hard kernel C computable within pQCD:

1dxc(x 0?

H(é,t,Qz)z/_lz—é E,?,as>H(x,é,t,u2). 4)

At leading order (LO), C)g selects only quark GPDs,
while at NLO, an exchange of a gluon pair in the # channel

is allowed [67-70]. Another competing process, called
Bethe-Heitler (BH), leads to the same final state as DVCS,
except that the real photon is emitted by either the incoming
or outgoing lepton. As a consequence, the cross section for
photon electroproduction off a pion ex — exy is the
coherent sum of both processes’ amplitudes:

diaeﬂ—wyn:(l’ :I:e) B JZO'O |TBH|2 + |TDVCS|2 F I(ﬂ)
dydxkdt,dpdp,  dQ*dx% eb ’
(5)
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with €2 = 4m2(x%)?/Q? (in the following we take € = 0)
and Z () = Ly + ALpo. TPH/PVES stands for the BH
and DVCS amplitudes, respectively, and Z /1 stands for
the unpolarized and polarized interference terms. A is the
electron helicity, —e its charge, aggp the electromagnetic
coupling, ¢, the azimuthal angle of the scattered lepton, m1,
the mass of the pion, and ¢ the angle between the leptonic
and hadronic planes, defined according to the Trento
convention [71]. 7PV5 depends on |H|?, while Z /01
gives access to N (H) and I(H) independently. In order to
compute CFFs from the GPD model introduced above, we
took advantage of PARTONS [72], where the formulas of
Refs. [69,70,73] are implemented, together with APFEL++
[74-76], providing us with a LO evolution routine
for GPDs.

Two additional variables are required to characterize the
virtual pion in the initial state: x, = (p, - [/p - [) being the
fraction of the proton energy carried by the virtual pion in
the ep center-of-mass frame and ¢ = p2. Following
Ref. [61], the cross section of the Sullivan process (see
Fig. 1) reads

e (D)

FIG. 1. DVCS off a virtual pion through the Sullivan
process. Kinematic variables: Q% = —¢°, y = (p-q/p-1),y, =

(Pz-q/px-1), and x§ = (Q*/2p, - q).
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with J% being the Jacobian between Q% and x%, ¢, as the

azimuthal angle of the spectator neutron, and g,yy = 13.05
being the pion-nucleon coupling constant. The factor
F(r; A) with A =800 MeV is introduced to reduce the
pion-nucleon vertex as |¢| increases [61].

In order to ensure a proper interpretation of the event as a
Sullivan DVCS process, the pion virtuality |z| must be small
enough and will be taken such that |¢| < |#],,.x = 0.6 GeV?
and s, = (p, + q)* > s™" = 4 GeV? [61]. In addition, to
reduce the contribution from nucleon resonances N*
through the process ep — eN*y — enny, the invariant
mass of the nz system is required to be larger than
2 GeV. For the sake of completeness, let us mention that
there are also contributions which cannot be easily
restricted by cutting on kinematic variables. For instance,
virtual p’s may contribute through y*p — yz and can only
be assessed with a model of transition form factors and
GPDs. We neglect them in the present study.

Evaluation of observables.—Both EIC and EicC facili-
ties will deliver highly polarized lepton and hadron beams.
Their characteristics can be found in Refs. [19,20], and the
coverage they offer is illustrated in Fig. 2.

Regarding the EIC’s design [20], a central barrel detector
with two end caps, sitting in a 3 T solenoidal magnetic
field, will be in charge of spotting the scattered lepton, the
photon, and the recoil pion with pseudorapidity between
—4 and 4. A far-forward spectrometer will detect the recoil
pion with a polar angle between 6 and 20 mrad. A zero-
degree calorimeter will detect the neutron with polar angles
from O to 5.5 mrad. EicC is analogously designed, with
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FIG. 2. Phase space considered in the present study: facilities
and configurations (electron x proton beam energies in GeV)
contributing the most to the statistics in the colored areas are
specified.

central and forward detectors [19]. However, as it is still at a
conceptual stage, key parameters for our study are not
provided, such as the acceptance for the neutron. Hence, we
assume ideal geometry for the EicC spectator neutron
tagger.

To guarantee exclusivity, a reliable detection and iden-
tification of the electron, the photon, and the neutron is
assumed. Momentum conservation will be required, and
therefore pion identification is not considered to be
mandatory.

The number of events is then estimated by Monte Carlo
simulation. From Eq. (7), five kinematic variables and three
angles are necessary to fully determine the final state. They
are all uniformly generated. After cuts guaranteeing the
validity of the Sullivan process [61], the number of
expected events N is obtained by

N=CL

SJi e i
5 A3 (1, +e) N

et dydQ*dt,dpde,didx,dp, Ny
where @ is the phase space of events passing kinematic cuts
with all final-state particles detected, A®' is the hyper-
volume in which the kinematic variables have been
generated for event i, Ny, is the number of generated
events, and L is the integrated luminosity over a year.

In the CSM approach, two scenarios are compared: CFFs
computed at NLO with (H™) and without (Hg™) the
contribution of gluon GPDs. Full NLO results from the
GRS model are also evaluated. From Fig. 3, presenting
expected count rates and beam-spin asymmetries (BSA) for
x% € [1073;1072] and four different Q? bins, several con-
clusions can be drawn.

Event rates: First, both CSM and GRS computations
predict event rates clearly not compatible with solely a BH
signal, highlighting the possibility of accessing DVCS on a
pion target at future electron ion colliders. Their behavior is
consistent, suggesting both thousands of events a year and
an important increase of the event rate at low Q7.

However, in the lower bin in Q?, the central value of the
predictions regarding the strength of the signal significantly
differs between the two models, although the results still
remain fully consistent within the uncertainties. The differ-
ence is much larger than the expected experimental
uncertainties, highlighting the major discriminating power
of the DVCS cross section measurements. Note again that
the two models’ predictions can be reconciled if one
considers a +10% uncertainty in the original scale,
stressing the sensibility of the model at very low Q2
which nonetheless decreases quickly as Q7 rises.

To understand this behavior, we provide computations
with (H®M) and without (HS;M) gluon contributions for
the CSM model. Thus, we emphasize the major contri-
bution of gluons to the process amplitude. Since quark
and gluon contributions to CFFs show opposite signs,
“destructive interferences” reduce the counting rates for
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FIG. 3. Number of DVCS events (upper chart) and expected beam-spin asymmetries (lower chart) as functions of Q2 for

x% € [1073; 1072]. Black squares represent the full NLO calculation in the model of Ref. [43], while empty squares show the NLO
evaluation without taking the gluon contribution into account. Red circles display NLO results from the GRS model, and blue crosses
denote the BH event rate. The shaded gray area shows the evolution-induced uncertainty.

2 < 0% < 12 GeV?. Below, a, is large enough for the
gluon contribution to dominate the process, strongly
increasing the counting rate. The large uncertainty in this
region can be related to gluon GPDs.

In summary, from the analysis of the upper panels in
Fig. 3, two general features can be highlighted: (i) gluon
content plays a major role driving the response of pions
subjected to deeply virtual Compton scattering, and
(i1) gluon and quark distributions “interfere,” modulating
the expected count rates. This picture explains the discrep-
ancy between CSM and GRS predictions: following the
CSM approach, in the Q% <2 GeV? domain, the gluon
contribution to the CFFs largely dominates the quark one;
for the GRS model, gluon contributions are still stronger
than quark contributions, but comparatively weaker than in
the CSM case.

Beam-spin asymmetries: We now turn to the study of
BSAs, whose amplitudes’ sign directly depends on that of
the imaginary part of the CFFs. We note that being a ratio,
BSAs are much more resilient to the uncertainties pre-
viously highlighted (but also carry less discriminating
power between models). As shown by the lower panels
in Fig. 3, every model explored here predicts compatible
results regarding a sign inversion for the beam-spin
asymmetry in the low-Q? regime. Such a sign change
highlights that the gluon contribution to the imaginary part
of the CFF is larger (in absolute value) than the quark one.
Pinning down a zero crossing would emphasize the
transition between a quark- and a gluon-driven under-
standing of DVCS. Both models predict that a sign change
in the BSA will take place at EIC kinematics.

Valence region (EicC): Remarkably, the gluon contri-
bution remains sizeable in the valence region accessible

through EicC (see Fig. 2) with high statistical accuracy, as
shown in Fig. 4. At NLO and without the gluon contribu-
tion in the valence region, the BSA’s amplitude does not
change much as a function of Q? and reaches about 0.2.
Contrarily, when the gluon GPD is considered, it almost
vanishes at low Q2 then rapidly increases with Q? but
remains smaller by a factor of 2 compared to the gluonless
case. The important role of gluons, even for EicC kine-
matics close to the valence region, was to be expected both
from theoretical studies on the nucleon (see Ref. [70]) and
from experimental studies [77] close to or within the
valence region.
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FIG. 4. Expected beam-spin asymmetries as functions of ¢ with

HM (top) and HGSM (bottom) from EicC for xf, € [0.1;0.5] and

three different Q? bins: black circles for Q2 between 1 and
2 GeV2, blue squares between 2 and 4 GeV2, and red triangles
between 4 and 12 GeV2.
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Conclusions.—We have studied the possibility to probe
experimentally the pion’s 3D structure through the Sullivan
process. Using a state-of-the-art model based on continuum
Schwinger methods yielding predictions in agreement with
lattice QCD calculations for the gluon PDF [51,52] and
extractions of DVCS amplitudes through dispersion rela-
tions with one subtraction constant [78], we obtained for one
year of integrated luminosity at EIC and EicC a significant
number of events. This shows that DVCS off a virtual pion
will be measurable, provided that the one-pion exchange is
the dominant process. Through the present analysis on the
Q?/x% dependence, it is shown that even if gluons were
overestimated by their generation through the splitting of
dressed valence quarks, optimism about accessing the pion’s
3D structure at forthcoming electron-ion colliders may be
raised in the low-x region, a prediction which remains
compatible with phenomenological analyses. In addition,
the expected statistics should be high enough to also study
the 7 dependence of the DVCS amplitude. We also high-
lighted a signal for gluon dominance of the DVCS cross
section—namely, that the beam-spin asymmetry undergoes
a sign inversion induced by the gluon contribution to the
DVCS amplitude. Remarkably, this behavior has been
verified to show up through different modeling approaches
and within the expected evolution-induced uncertainty. The
wide kinematic coverage coupled with the high luminosity
of EIC and EicC should allow us to see this effect. Since the
role of the two-gluon exchange in the ¢ channel becomes
dominant, next-to-next-to-leading-order corrections to the
DVCS kernel [79] are certainly desirable, and may confirm
the behavior highlighted here at NLO.
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