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Generalised Parton Distributions (GPDs) provide multidimensional in-
sight into hadron structure and are particularly relevant for the pion, whose
dynamics are intimately linked to chiral symmetry breaking. We introduce
a novel modelling strategy for pion GPDs that satisfies all QCD constraints
by construction: support, polynomiality, positivity, and the soft-pion the-
orem. The approach is illustrated with a simple algebraic model, which is
evolved and used to compute deeply virtual Compton scattering (DVCS)
Compton Form Factors at next-to-leading order. Our results indicate that
gluons dominate the pion response at the Electron Ion Collider kinematics.
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1. Introduction

Describing hadron structure in terms of quark and gluon degrees of free-
dom remains a central challenge in strong-interaction physics. Upcoming
experimental facilities dedicated to this goal [1] have stimulated extensive
theoretical developments [2].
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Among hadrons, the pion plays a special role as the Nambu—Goldstone
boson associated with dynamical chiral symmetry breaking in QCD [3]. Un-
derstanding how quarks and gluons generate its structure is therefore essen-
tial for clarifying the emergence of mass in the Standard Model.

We study whether future electron—ion colliders can access pion structure
via GPDs using the Sullivan process. After outlining the theoretical frame-
work, we introduce a modelling strategy that fulfills QCD constraints and
compute DVCS Compton Form Factors to assess the gluon contribution at
collider kinematics.

2. Sullivan process: one-pion-exchange approximation

Deep inelastic lepton—hadron scattering in the Bjorken limit provides
access to partonic degrees of freedom. While inclusive DIS constrains parton
distribution functions, some exclusive channels, e.g. DVCS, allow one to
probe Generalised Parton Distributions (GPDs).

Following Sullivan [4], we consider the one-pion-exchange contribution to
deep inelastic electron—proton scattering with a tagged neutron in the final
state. For small momentum transfer between the initial proton and final
neutron, the amplitude is dominated by pion exchange. In this kinematic
regime, the process can be interpreted as scattering off a nearly on-shell
virtual pion.

To suppress resonance contributions, one requires the invariant mass of
the hadronic system to satisfy W?2 > 4 GeV? [5]. Besides, one works at
low momentum transfer, |[t| < 0.6 GeV? [6], near the pion pole to ensure
dominance of the one-pion-exchange mechanism. And, finally, selecting lon-
gitudinal photon polarization further ensures the factorization scheme [7].

Under these conditions, two mechanisms contribute: (i) deeply virtual
Compton scattering (DVCS), sensitive to pion GPDs and thus to its three-
dimensional structure; (ii) the Bethe—Heitler process, which depends on the
pion electromagnetic form factor.

Since high-energy pion electro-production has already been used to ex-
tract the pion form factor at large Q? [8], it is natural to ask whether the
DVCS channel in the Sullivan process can provide access to pion GPDs.

3. Generalised Parton Distributions

GPDs are defined as matrix elements of non-local light-cone operators
between hadronic states with different momenta and helicities [9]. They
depend on three kinematic variables:

— x, the average light-cone momentum fraction of the active parton;
— ¢, the longitudinal momentum transfer (skewness);
— t, the invariant momentum transfer.
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GPDs interpolate between parton distribution functions and form factors
and evolve with the renormalization scale p. Two kinematic regions are dis-
tinguished: the DGLAP region (|z| > [¢]) and the ERBL region (|z| < [¢]).

In impact-parameter space, GPDs admit a probabilistic interpretation as
spatial distributions of partons in the transverse plane [10], providing access
to the multidimensional structure of hadrons.

Any realistic pion GPD model must satisfy fundamental constraints im-
posed by QCD [2]:

— Support: (z,§) € [—1,1] x [-1,1], as required by causality and ana-
lyticity.

— Polynomiality: the m'™ Mellin moment is a polynomial in ¢ of degree
m + 1, reflecting Lorentz invariance.

— Positivity: in the DGLAP region, GPDs are bounded by PDFs through
the Cauchy—Schwarz inequality

|H, (z,& t;p)| < \/qﬁ (ﬁw) et (f_?ﬂ) ; lz| > €] .
(1)

— Soft-pion theorem: axial Ward—Takahashi identities and PCAC con-
strain the isoscalar and isovector combinations of pion GPDs [11].

These requirements severely restrict model building and must be imple-
mented consistently for reliable phenomenology.

4. GPD modelling

Constructing pion GPDs that simultaneously satisfy support, polyno-
miality, positivity, and the soft-pion theorem remains a non-trivial task.
We introduce a modelling strategy that enforces these constraints by con-
struction and relies on a single dynamical input: the pion light-front wave
function (LFWF).

The procedure consists of three steps:

1. Light-front input. Start from a factorised pion LFWEF at a reference
scale fiyef

lI/;iJr (.Z', ki; Mref) = NLP ¢(x7 ,U'ref) W(kb Mref) ) (2)

separating longitudinal and transverse dynamics.
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2. DGLAP GPD from overlap. Using the overlap representation [12],
construct the GPD in the DGLAP region

Hq t: ‘e — L—Fg re> <$—§ re)
7r+(x7§7 Y f) o[> ¢ NH\/q’Tl'+ <1_’_§7M f | dr+ 1_57/// {
XD (,&,t; tref) - (3)

Canonical normalisation implies ®(x,£,0) = 1, so positivity is satu-
rated in the DGLAP region.

3. ERBL completion. The ERBL region is obtained via the covariant
extension [13], which guarantees polynomiality. The soft-pion theo-
rem then fixes the chiral limit, ensuring consistency with axial Ward-—
Takahashi identities.

This yields pion GPDs that fulfill all QCD constraints and are fully
determined once the pion parton distribution function is specified |14, 15].

The assumption of z—k | factorization can be justified using perturbation-
theory integral representations of pion Bethe-Salpeter amplitudes [16]. In
the isospin-symmetric limit, the transverse component acquires a simple
dipole form, leading to an intrinsic and controlled t-dependence. Con-
sequently, the only remaining modelling freedom resides in the choice of
the pion PDF. As an illustration, consider the simple ansatz for the pion
PDF [13]

Ar+ (x;uref) = 3027 (1 - l‘)2 : (4)

Note that more sophisticated PDFs derived using continuum Schwinger
methods have been employed in Refs. [14, 15].

5. DVCS Compton Form Factors (CFFs)

Deeply virtual Compton scattering (DVCS) amplitudes are parametrised
in terms of Compton Form Factors (CFFs), obtained as convolutions of
GPDs with perturbatively calculable kernels [9]

1

d 2
Hﬂ'+ (gatv Qz) = Z /;’Cp <Z> 22%7058 (M%‘)) H7I:+ (x1§7t; M%‘) : (5)

p={a},9°1

To confront experimental kinematics, the GPDs must be evolved from
the reference scale pof = 0.331 [27] to the relevant factorisation scale using
QCD evolution equations. This is implemented with Apfel++ [17], while
NLO CFFs are computed within the PARTONS framework [18].
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The resulting NLO CFFs (Fig. 1) show a clear dominance of gluon con-
tributions at collider scales. Setting the gluon distribution to zero leads to
a substantial suppression of both real and imaginary parts of the CFFs.
Hence, gluons control the pion response in DVCS within the one-pion-
exchange regime, indicating that future EIC measurements will primarily
probe gluonic structure.
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Fig.1. (Colour on-line) NLO DVCS Compton form factors yield by the algebraic
model of Eq. (4). Yellow/light grey plots correspond to the NLO calculation with
the input gluon distribution set to zero.

6. Conclusions

The Sullivan process provides a promising avenue to access pion Gen-
eralised Parton Distributions at future electron—ion colliders. We have pre-
sented a modelling strategy that enforces all QCD constraints by construc-
tion, relying solely on the pion light-front wave function, and its associated
PDF. Our analysis shows that gluons dominate the pion contribution to
DVCS Compton Form Factors at collider scales, highlighting the central role
of gluonic dynamics in high-energy pion structure and the strong sensitivity
of future measurements to this sector.
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