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We investigate the hard exclusive photoproduction of photon-meson pairs at leading twist and leading
order in perturbative QCD and focus on pseudoscalar mesons M∈ fπ�; π0; η; η0g. Compact analytical
expressions are obtained for the amplitudes involving quark generalized parton distributions, with the two-
gluon components of the η and η0 distribution amplitudes included. The numerical analysis is performed in the
moderate-ξ region, where valence-quark generalized parton distributions are expected to be important. In this
region, we find a strong impact of the pion-pole term in γπ� production and a non-negligible effect for neutral
mesons. We also observe a marked dependence of γη0 photoproduction on two-gluon contributions. This
process offers enhanced sensitivity to the shape of the generalized parton distributions already at leading
order, while the tested dependence on the meson distribution amplitude and the renormalization scale
introduces further theoretical uncertainties, the latter emphasizing the need for next-to-leading-order
corrections. Our results provide a concise analytical framework and a numerical baseline for future studies.
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I. INTRODUCTION

In contrast to parton distribution functions, generalized
parton distributions (GPDs) probed in hard exclusive
processes encode the multidimensional structure of the
nucleon through three variables: the parton’s average
longitudinal momentum fraction x, the skewness ξ, and
the momentum transfer t. They enter the process amplitudes
through convolutions with the corresponding hard subpro-
cess amplitudes. Consequently, extracting detailed infor-
mation about GPDs, in particular their full dependence on
the longitudinal momentum fraction x, remains a difficult
task that requires combining input from several reactions.
Most of the present knowledge comes from deeply virtual
Compton scattering (DVCS) and deeply virtual meson
production (DVMP), for which factorization has been
rigorously proven [1–3]. These reactions are supported
by abundant experimental data, and their analyses have
been carried out up to next-to-leading order (NLO) and

beyond; for the phenomenological status see [4–7], and
references therein. These processes primarily access the
chiral-even GPDs—parity-even (vector) H and E and
parity-odd (axial) H̃ and Ẽ—while they lack sensitivity
to the quark transversity GPDs at leading twist.
Photon-meson photoproduction, γN → γMN0, has been

proposed as a promising alternative to DVCS and DVMP,
offering complementary access to GPDs [8,9]. Similar to
DVMP, this reaction probes quark flavors and includes
gluon contributions already at leading order. An additional
advantage is its sensitivity to transversity GPDs, which can
be accessed at leading twist in the production of trans-
versely polarized vector mesons.
Unlike DVCS (γ�N → γN) and DVMP (γ�N → MN0),

which are 2 → 2 processes involving essentially a single
large scale, namely the incoming photon virtuality, photon-
meson photoproduction is a 2 → 3 reaction that is char-
acterized by two large scales and features more complex
kinematics and a more elaborate leading-order (LO) hard-
scattering amplitude. While the former processes provide
mainly moment-type constraints, effectively probing GPDs
at x ¼ �ξ at LO, the additional kinematic degrees of
freedom in photon-meson photoproduction lead to a more
detailed sensitivity to the x dependence of GPDs [10]. A
similar mechanism appears in double deeply virtual
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Compton scattering, where the presence of an additional
scale also makes the process sensitive to x ≠ �ξ region
already at LO [11].
Several other 2 → 3 processes have also been proposed.

These include meson-meson photoproduction [12–15],
which provides access to transversity GPDs; two-photon
photoproduction [16–19], which has been studied at NLO;
and the pion-nucleon to photon-photon process [20,21],
which represents the crossed counterpart of photon-meson
photoproduction.
Photon-meson photoproduction has recently attracted

considerable attention. The vector-meson channels, γρL
and γρT [8], and the pseudoscalar channels, such as γπ
[9,10], have been investigated at leading order. In particu-
lar, the sensitivity of γπ photoproduction to the GPD
structure has been explored in detail in [10], together with
its crossed counterpart, πN → γγN0 [21]. The feasibility of
measuring these reactions at JLab, COMPASS, and EIC, as
well as in ultraperipheral collisions at the LHC, has also
been extensively studied [10,22,23]. Photoproduction of
photon–heavy-meson pairs has likewise been analyzed
[24], in which gluon contributions are leading and, due
to the large meson mass, remain theoretically well behaved.
The factorization of photon-meson photoproduction has

recently been established [25]. However, it was pointed out
in [26,27] that there are Glauber pinch singularities,
contributing at the leading power, which spoil the factori-
zation in cases where two-gluon exchanges with the
nucleon sector are allowed. There are potential remedies
to save the phenomenology, e.g., in a modified factorization
framework [28,29]. However, it is not the task of the
present paper to address this. In this paper, we restrict
ourselves to the contributions of quark GPDs at leading
order, where there are no divergences appearing from the
previously mentioned factorization-breaking effects.
One of the motivations for the present work was the

analysis of contributions involving the two-gluon distribu-
tion amplitude (DA). We show that, in contrast to the two-
gluon exchange contributions associated with gluon GPDs,
the two-gluon components of the η and η0 distribution
amplitudes do not lead to end-point or integration singu-
larities. This is expected to be the case, since the Glauber
pinch singularities that were identified in [26,27] only
affect cases where the Glauber exchange occurs between
partons that connect incoming and outgoing asymptotic
states. Therefore, the gluonic content of the η and η0 mesons
can be straightforwardly incorporated within the factorized
framework for γN → γηðη0ÞN0, unlike the case of gluon
GPDs in the nucleon sector discussed above.
In this work, we revisit the photoproduction of a photon-

meson pair, γN → γMN0, to systematize the results for
pseudoscalar mesons M∈ fπ�; π0; η; η0g and to include the
two-gluon contributions to the η and η0 channels. We obtain
compact analytical expressions for the quark GPD

contributions, which clarify the structure of the results
and allow efficient numerical implementation.
Our phenomenological analysis is performed in the

moderate-ξ kinematic region (ξ > 0.1). Only valence
quarks were taken into account, and the effects of sea
quarks and, in particular, gluons from the nucleon—
relevant only in the neutral meson channels—are not
considered. As discussed above, the latter would require
a modified framework, and we leave the inclusion of these
contributions for future work. Since valence quarks are
significant in this ξ region, we believe that the valence-
quark approximation in the neutral meson channel provides
a consistent picture and useful insight into the contribu-
tions. In the case of charged pions, the sea-quark contri-
butions cancel in the model used and gluons do not
contribute. This kinematic region is of interest for the
JLab and COMPASS/AMBER experiments in the near
future. In this regime, the arguments for the dominance of
the H and H̃ GPDs based on the smallness of ξ [9,22] are
not applicable, and we therefore include the E and Ẽ GPDs
in our analysis as well. Moreover, for moderate ξ, the pion-
pole contributions can be significant, and we perform a
dedicated study of the pion-pole contributions in all meson
channels.
Furthermore, we discuss the meson structure in terms of

DAs and its impact on γM photoproduction. The shape of
pion DA, in addition to determining the internal structure of
the produced pion, also affects the pion-pole contribution.
For η and η0 mesons, we analyze the role of the two-gluon
components. The evolution of DAs and the dependence on
the factorization scale are consistently taken into account,
while the impact of the renormalization scale is examined
and its implications for NLO calculations discussed. These
aspects are investigated within the GPD model proposed
in [30–32].
The aim of this work is to extend and systematize the

analytical results, to investigate the individual contributing
parts and the associated theoretical uncertainties within the
kinematical range of interest, and to provide a reference
numerical baseline for future experimental measurements,
whose data would in turn enable a more precise determi-
nation of GPDs.
The paper is organized as follows. Section II presents the

theoretical framework for evaluating photon-meson photo-
production amplitudes. We describe the collinear kinemat-
ics relevant for factorization and specify the perturbative
and nonperturbative components, in particular the DAs and
GPDs. Section II D contains the main analytical results of
this work, namely the compact analytical expressions for
the subprocess amplitudes, including the two-gluon con-
tributions to γη and γη0 photoproduction. Section III
summarizes the elements needed for the evaluation of
observables used in the numerical analysis. Section IV
then presents a detailed discussion of the numerical results
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and their phenomenological implications. Section V con-
cludes the paper with final remarks.
Additional material is provided in the Appendixes.

Appendixes A–C give further details on kinematics, meson
DAs and their evolution, as well as on the GPD parametriza-
tion. Appendixes D–F present selected technical and numeri-
cal results. In particular, Appendix D contains the general
unsymmetrized form of the quark subprocess amplitudes,
Appendix E explains the integration of the subprocess
building blocks, and Appendix F gathers, for convenience,
the figures illustrating the main numerical results.

II. PERTURBATIVE QCD FRAMEWORK FOR
PHOTON-MESON PHOTOPRODUCTION

In this work, we study the photoproduction of a photon-
meson pair,

γðqÞ þ Nðp1Þ → γðkÞ þMðpMÞ þ N0ðp2Þ; ð2:1Þ

whereM denotes a pseudoscalar meson,M∈ fπ�; π0; η; η0g.
The relevant scalar Lorentz invariants for this process
include

SγN¼ðqþp1Þ2; t¼ðp2−p1Þ2; M2
MN0 ¼ ðpMþp2Þ2;

s0 ¼M2
γM¼ðkþpMÞ2; t0 ¼ ðq−kÞ2; u0 ¼ ðq−pMÞ2:

ð2:2Þ

Here,SγN denotes the invariantmass of the incoming photon-
nucleon pair, t ¼ ðp2 − p1Þ2 is the squared momentum
transfer between nucleons, M2

MN0 represents the invariant
mass of the outgoing meson-nucleon system, and s0 ¼ M2

γM

corresponds to the invariant mass of the outgoing γM pair.
The variables s0, t0, and u0 also serve as the Mandelstam
variables of the partonic subprocesses γðq1q̄2Þ → γðq1q̄2Þ
and γðqq̄Þ → γðggÞ, which are discussed inmore detail in the
next subsection. One easily verifies that

s0 þ t0 þ u0 ¼ tþm2
M: ð2:3Þ

The photoproduction of the ðγMÞ pair, Eq. (2.1), is fully
specified by the meson and nucleon masses mM and mN,
together with five independent Lorentz-invariant quantities.1

These can be either taken fromEq. (2.2) or expressed in terms
of the dimensionless variables introduced in Appendix A.
The factorization constraints further reduce the number of
independent scalar quantities required. As explained below,
weuse four invariants: s0 ¼ M2

γM,u
0, t, andSγN, or equivalent

combinations of dimensionless variables.
The factorization of photon-meson photoproduction has

been proved in Ref. [25], up to the subtleties regarding two-
gluon exchanges with the nucleon sector mentioned in
Sec. I. Figure 1 illustrates the key ingredients of this
factorization. When the momentum transfer to the outgoing
nucleon, t, is small compared to the large invariant mass of
the photon-meson pair, M2

γM, a kinematic configuration
arises that closely resembles timelike Compton scattering
[33], where the final-state virtual photon with Q2 > 0 is
replaced by the γM system. The factorization conditions
require a large momentum transfer t0, corresponding to
large scattering angles, i.e., a large transverse momentum of
the outgoing photon. It follows that the factorization of the
γN → γMN0 process in terms of nucleon GPDs is analo-
gous to the large-angle Brodsky-Lepage factorization of the
γM0 → γM process, with the GPD corresponding to the
meson M0 distribution amplitude.2

We refer to Refs. [8,9,22] and Appendix A for a detailed
account of the general kinematics of the process
γN → γMN0. As usual, the momentum transfer between
nucleons is defined as

Δμ ¼ pμ
2 − pμ

1; ð2:4Þ

FIG. 1. Left: factorization of γN → γMN0 process. Right: Brodsky-Lepage factorization for γM0 → γM process.

1For fixed particle masses, a process with N external particles
(N ≥ 4) is characterized by 3N − 10 independent Lorentz-invari-
ant scalar products.

2This analogy parallels DVCS (γ�N → γN) and the meson
transition form factor (γ�γ → M0), as well as DVMP
(γ�N → MN0) and the meson electromagnetic or meson-to-meson
transition form factor (γ�M0 → M).
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t ¼ Δ2, and the longitudinal momentum transfer (i.e., the
skewness), is defined in terms of light-cone variables as

ξ ¼ −
Δþ

Pþ ; where Pμ ¼ pμ
1 þ pμ

2: ð2:5Þ

In what follows, we summarize the key ingredients required
for the calculation of the subprocess amplitudes within the
collinear approximation. For this purpose both the trans-
verse momentum between nucleons, Δ⊥, and the hadron
masses are neglected, except for the nucleon mass retained
in the skewness parameter

ξ ¼ s0

2ðSγN −m2
NÞ − s0

; ð2:6Þ

derived in Eq. (A5).

A. Collinear kinematics of the
hard-scattering subprocess

When the factorization conditions are satisfied, the
amplitude for the process γN → γMN0 can be represented
as a convolution of the GPD, the meson DA, and the hard
subprocess amplitude γq1 → γq2ðq1q̄2Þ or, equivalently,

γðq1q̄2Þ → γðq1q̄2Þ: ð2:7Þ

Effectively, we are considering the γðM0Þ → γM process,
where ðM0Þ denotes a partonic state carrying meson
quantum numbers, but in our case described through
GPDs. For neutral C ¼ þ1 states, the quark ðqq̄Þ Fock
components can be replaced by gluon Fock states gg. The
contributions of gluon GPDs to the photoproduction of
light neutral pseudoscalar mesons pose challenges due to
Glauber pinch singularities, and the distinct crossover
behavior of gluon GPDs at jxj ¼ ξ compared to the end-
point behavior of DAs [26,27]. In this work, we calculate
the quark GPD contributions, while the gg configurations
are included solely in the outgoing meson. The correspond-
ing subprocess amplitude then reads γq → γqðggÞ, i.e.,

γðqq̄Þ → γðggÞ: ð2:8Þ

The subprocess momenta are given by

qμ þ ð−ΔÞμ ¼ kμ þ pμ
M; ð2:9Þ

with

ð−ΔÞμ ¼ yð−ΔÞμ þ ȳð−ΔÞμ;
pμ
M ¼ zpμ

M þ z̄pμ
M; ð2:10Þ

decomposed in the collinear approximation in terms of the
longitudinal momentum fractions z and y carried by the

partons. Here we adopt the usual shorthand v̄ ¼ 1 − v.
While the meson momentum fractions satisfy 0 < z < 1,
the variable y, in the case of photoproduction of γM pair,
serves as a convenient parametrization defined by

y ¼ ξþ x
2ξ

; ȳ ¼ ξ − x
2ξ

: ð2:11Þ

Here x denotes the usual “average” parton momentum
fraction, −1 < x < 1, and consequently ðξ − 1Þ=ð2ξÞ <
y < ðξþ 1Þ=ð2ξÞ.
In the collinear limit, where t ¼ Δ2 ¼ 0 and p2

M ¼ 0, the
subprocess Mandelstam variables introduced in (2.2),
s0 ¼ ðqþð−ΔÞÞ2, t0 ¼ ðpM− ð−ΔÞÞ2, and u0 ¼ ðk− ð−ΔÞÞ2,
satisfy

s0 þ t0 þ u0 ¼ 0: ð2:12Þ

The dimensionless variable α, introduced in Appendix A,
takes the form

α ¼ −u0

s0
; ᾱ ¼ −t0

s0
; ð2:13Þ

and 0 < α < 1. The scattering angle θ of the outgoing
photon in the center-of-mass frame of the subprocess in
(2.7) or (2.8) (i.e., defined with respect to the q − Δ system)
can then be expressed through α as

cos θ ¼ 2α − 1: ð2:14Þ

Following (A3), the subprocess momenta are given by

qμ ¼ nμ; kμ ¼ αnμ þ ᾱð2ξÞpμ þ κμ⊥;
ð−ΔÞμ ¼ 2ξpμ; pμ

M ¼ ᾱnμ þ αð2ξÞpμ − κμ⊥; ð2:15Þ

with the corresponding Sudakov decomposition in terms of
the light-cone vectors p and n introduced in Appendix A.
The momentum κ⊥ represents the relative transverse
momentum between the outgoing photon and the meson,
as defined in (A3). According to (A6), the invariant mass of
the photon-meson pair and the relative transverse momen-
tum are related by

−κ2⊥ ¼ αᾱs0 ¼ sin2 θ
4

s0; ð2:16Þ

and both s0 and the angle θ, or equivalently the transverse
momentum κ⊥, must be sufficiently large to ensure that the
process lies in the hard-scattering regime.
Following Refs. [8,9,22,23], in this work we adopt the

axial gauge for photon polarizations,

εq · p ¼ εk · p ¼ 0: ð2:17Þ
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The polarization vectors can then be written as

εμq ¼ εμq⊥ ;

εμk ¼ −
εk⊥ · k⊥
p · k

pμ þ εμk⊥ : ð2:18Þ

The 2 → 2 subprocess γðM0Þ → γM is fully character-
ized by two scalar invariants, which we choose as s0 and α.
After accounting for the limit of small transverse momen-
tum Δ⊥, the full process γN → γMN0 is described by four
invariants: s0, α, t, and SγN. The skewness ξ is defined as
in (2.6).

B. Factorization and amplitude decomposition

The factorization of the γN → γMN0 process proceeds
similarly to DVCS and DVMP, with the amplitude being
decomposed using Dirac spinor bilinears associated to the
corresponding GPDs. In this work, we focus on the
photoproduction of pseudoscalar mesons P, and consider-
ing allowed quantum numbers, two possible contributing
configurations arise:

γðPÞ → γP∶ h̃þ ¼ ūðp2Þγþγ5uðp1Þ → H̃;

ẽþ ¼ ūðp2Þ
Δþγ5

2mN
uðp1Þ → Ẽ;

γðSÞ → γP∶hþ ¼ ūðp2Þγþuðp1Þ → H;

eþ ¼ ūðp2Þ
iσþΔ

2mN
uðp1Þ → E; ð2:19Þ

where (P) and (S) denote states with pseudoscalar and
scalar quantum numbers, respectively.3 Specifically, the
parity is P ¼ −1 for P and P ¼ þ1 for S, while for neutral
states the charge parity is C ¼ þ1. The total amplitude M
of the process can therefore be written as a sum:

M ¼ MPP þMSP

¼
�
H̃

h̃þ

Pþ þ Ẽ
ẽþ

Pþ

�
þ
�
H

hþ

Pþ þ E
eþ

Pþ

�
; ð2:20Þ

where, by analogy with DVCS, we define the Compton-
meson form factors (CMFFs) H̃, Ẽ, H, and E, named after
the corresponding GPDs. These form factors factorize into
a convolution of the relevant GPD, the meson DA, and the
subprocess amplitude T associated with subprocesses (2.7)
and (2.8):

�
H̃M

ẼM

�
∼
�
H̃ðx; ξÞ
Ẽðx; ξÞ

�
⊗
x
T PPðx; ξ; zÞ⊗

z
ϕMðzÞ

¼
�
H̃ðξð2y − 1Þ; ξÞ
Ẽðξð2y − 1Þ; ξÞ

�
⊗
y
T PPðy; zÞ⊗

z
ϕMðzÞ;

ð2:21Þ

�
HM

EM

�
∼
�
Hðx; ξÞ
Eðx; ξÞ

�
⊗
x
T SPðx; ξ; zÞ⊗

z
ϕMðzÞ

¼
�
Hðξð2y − 1Þ; ξÞ
Eðξð2y − 1Þ; ξÞ

�
⊗
y
T SPðy; zÞ⊗

z
ϕMðzÞ:

ð2:22Þ

Here we introduce the notation

⊗
x ≡

Z
1

−1

dx
2ξ

¼
Z

1
2
ð1þ1

ξÞ
1
2
ð1−1

ξÞ
dy≡⊗

y
; ⊗

z ≡
Z

1

0

dz; ð2:23Þ

where (2.11) has been taken into account.
We define the tensor amplitude Mμν through

Mðλq; λkÞ ¼ Mμν ε
μ
qðλqÞε�νk ðλkÞ: ð2:24Þ

It is then convenient to introduce its general Lorentz
decomposition, which, when applied to the subprocess
amplitudes T and with gauge invariance properly
accounted for, facilitates the translation between different
photon gauges [9] and enables a direct comparison with
established results in the literature, particularly for the
crossed process γγ → MM0 [34–39]. In this work, for the
photon polarizations, we adopt the axial gauge (2.17), for
which generally4

MPP
ax ¼ðεq ·ε�kÞMPPð0Þ þðεq ·kÞðq · ε�kÞMPPð1Þ;

MSP
ax ¼ðq · ε�kÞεεqqð−ΔÞkMSPð1Þ þðεq ·kÞεε�kqð−ΔÞkMSPð2Þ:

ð2:25Þ

Following Refs. [8,9,22,23] and using (2.18), we express
the Compton-meson form factors through the tensor
decomposition

H̃ ¼ H̃ATA þ H̃BTB; Ẽ ¼ ẼATA þ ẼBTB;

H ¼ HA5TA5 þHB5TB5; E ¼ EA5TA5 þ EB5TB5;

ð2:26Þ
3Besides providing compact notation, this convention clarifies

the relation between the subprocess amplitudes and those
obtained in the crossed process γγ → M0M [34–39].

4The notation for the numbers in the round brackets is inspired
from [9].
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which employs the modified tensor structures5

TA≡ εq⊥ · ε
�
k⊥ ; TB≡ ðεq⊥ ·k⊥Þðk⊥ · ε�k⊥Þ;

TA5
≡ ðk⊥ · ε�k⊥Þεnpεq⊥k⊥ ; TB5

≡ ðk⊥ · εq⊥Þεnpε
�
k⊥k⊥ :

ð2:27Þ

C. Nonperturbative inputs: DAs and GPDs

1. Meson distribution amplitudes

At leading twist, pseudoscalar mesons can be repre-
sented by their qiq̄j Fock components, with the

corresponding distribution amplitudes defined through
hadronic matrix elements as

hMðpMÞjq̄ið−wÞCijMγþγ5qjðwÞj0i

¼ ipþ
MfM

Z
1

0

dze−iðz−z̄Þp
þ
Mw

−
ϕMðzÞ; ð2:28Þ

for a generic meson momentum pM in the þ light-cone
direction, with the gauge link suppressed in light-cone
gauge here and henceforth. The matrix CijM encodes the
flavor structure of the meson:

π�∶ ud̄ðdūÞ → Cπ� ¼ 1
2
ðλ1∓ iλ2Þ; η8∶ 1ffiffi

6
p ðuūþdd̄−2ss̄Þ → Cη8 ¼ 1ffiffi

2
p λ8;

π0∶ 1ffiffi
2

p ðuū−dd̄Þ → Cπ0 ¼ 1ffiffi
2

p λ3; η1∶ 1ffiffi
3

p ðuūþdd̄þ ss̄Þ → Cη1 ¼ 1ffiffiffiffinfp 1f;
ð2:29Þ

with λi being the usual SU(3) Gell-Mann matrices and
nf ¼ 3. Additionally, the two-gluon (gg) Fock component
contributes to the flavor-singlet pseudoscalar meson η1,
whose gluon distribution amplitude is defined as

hη1ðpMÞjGþνð−wÞG̃þ
ν ðwÞj0i

¼ ðpþ
MÞ2

2
ffiffiffiffiffinf

p f1

Z
1

0

dze−iðz−z̄Þp
þ
Mw

−
ϕη1gðzÞ; ð2:30Þ

where G̃μν ¼ 1
2
ϵμνγδGγδ, with the convention that

ϵ0123 ¼ þ1. The quark and gluon distribution amplitudes,
ϕη1q ≡ ϕη1 and ϕη1g, mix under evolution.
Due to pseudoscalar nature and isospin invariance, the

pion6 and quark eta DAs are symmetric in ðz → z̄Þ, while
two-gluon DAs are antisymmetric:

ϕπðη8;η1qÞðzÞ¼ϕπðη8;η1qÞðz̄Þ; ϕη1gðzÞ¼−ϕη1gðz̄Þ: ð2:31Þ

The quark distribution amplitudes ϕπðη8;η1qÞ are normalized
to unity, while the flavor-singlet gluon DA, ϕη1g , is, through
QCD evolution, closely linked to its quark counterpart ϕη1q .
The convention for the gluon DA adopted here follows
Refs. [40–43].
It is often convenient to express the meson distribution

amplitude as an expansion in the eigenfunctions of the LO
evolution kernel—namely, the Gegenbauer polynomials
C3=2
n ð2z − 1Þ and C5=2

n ð2z − 1Þ for the quark (2.28) and
gluon (2.30) cases, respectively. The evolution of DA in

this representation is available in a closed analytical form at
both LO and NLO accuracy. Experimentally and on the
lattice, however, only the first few expansion coefficients
are accessible, with a2 being the most reliably determined.
Consequently, in this work we use the truncated expansions

ϕMðz; μFÞ ¼ 6zð1 − zÞ½1þ aM2 ðμFÞC3=2
2 ð2z − 1Þ�; ð2:32Þ

ϕη1gðz; μFÞ ¼ 30z2ð1 − zÞ2ag2ðμFÞC5=2
1 ð2z − 1Þ: ð2:33Þ

The leading-order evolution is described in Appendix B.
For M ¼ fπþ; π−; π0g we compare two forms:

aπ;as2 ¼ 0; aπ2ðμ0 ¼ 2 GeVÞ ¼ 0.116þ16
−17 ; ð2:34Þ

corresponding, respectively, to the asymptotic DA and the
lattice moment-based result [44]. Recent studies suggest
that the pion DA may in fact be broader, as indicated by
momentum-fraction-dependent lattice approaches that can,
in principle, reconstruct the full DA shape [45,46] and by
various phenomenological analyses [47]. To explore this
possibility, we also consider a symmetric beta-function
ansatz:

ϕðδÞ
π ðzÞ ¼ Γð2þ 2δÞ

Γ2ð1þ δÞ z
δð1 − zÞδ; ð2:35Þ

where the parameter δ controls the end-point behavior:
smaller values correspond to broader DAs. We test several
values: δ ¼ 1=2 (as in [48]) and the broader δ ¼ 0.4 and
δ ¼ 0.3 suggested by the lattice results. The corresponding
pion DAs are illustrated in Fig. 2.
For η and η0 mesons, the octet state M ¼ η8 is described

at leading twist by its qq̄ component and quark DA (2.32),
while the singlet M ¼ η1 also includes a gluon Fock state

5Their relations to the four-vectors of the process are given by
TA ¼ εq · ε�k, TB ¼ −αðεq · kÞðε�k · qÞ, TA5

¼ −α
2ξ ε

εqqð−ΔÞkðε�k · qÞ,
and TB5

¼ 1
2ξ ε

ε�kqð−ΔÞkðεq · kÞ.
6As usual, pion DA is taken the same for πþ, π− and π0.
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described by ϕη1g (2.33). The two η1 DAs, ϕη1 and ϕη1g , mix
under QCD evolution. The definition of the gluon DA and
the associated flavor-singlet evolution is convention de-
pendent. In this work, we follow the convention of
Ref. [42], outlined in Appendix B. The Gegenbauer
coefficients are taken from the analysis of η and η0
transition form factors in Ref. [41]:

a82 ¼ −0.05� 0.02; a12 ¼ −0.12� 0.01;

ag2 ¼ 0.63� 0.17 at μ0 ¼ 1 GeV: ð2:36Þ

The corresponding DAs, evolved to the scale μ ¼ 2 GeV,
are depicted in Fig. 2.
The physical η and η0 mesons are described in the octet-

singlet basis as mixtures of η8 and η1. This basis provides a
natural framework for incorporating the two-gluon flavor-
singlet components. Moreover, given the quality of the
available data, the particle dependence and the mixing

behavior are incorporated solely through the decay con-
stants. Within the two-angle mixing scheme, the decay
constants are given by

f8η ¼ f8 cos θ8; f1η ¼ −f1 sin θ1;

f8η0 ¼ f8 sin θ8; f1η0 ¼ f1 cos θ1: ð2:37Þ

The phenomenological values of these parameters, taken
from Ref. [49], are

fπ ¼ 131MeV;

f8 ¼ð1.26�0.06Þfπ; θ8¼−ð21.2�1.4Þ∘ ;
f1 ¼ð1.17�0.04Þfπ; θ1¼−ð9.2�1.4Þ∘ : ð2:38Þ

The corresponding helicity amplitudes for η0 and η pro-
duction read

Mη ¼ cos θ8Mη8 − sin θ1Mη1 ;

Mη0 ¼ sin θ8Mη8 þ cos θ1Mη1 ; with Mη1 ¼ ðMη1q þMη1gÞ: ð2:39Þ

2. Generalized parton distributions

Similarly to the meson distribution amplitudes discussed
in the preceding section, the leading-twist generalized
parton distributions are conventionally defined through
hadronic matrix elements in terms of Dirac spinor bilinears
(2.19):

hpðp2Þjq̄ð−wÞγþγ5qðwÞjpðp1Þi

¼
Z

1

−1
dxe−ixP

þw−ðh̃þH̃qðx; ξ; tÞ þ ẽþẼqðx; ξ; tÞÞ;

ð2:40Þ

hpðp2Þjq̄ð−wÞγþqðwÞjpðp1Þi

¼
Z

1

−1
dxe−ixP

þw−ðhþHqðx; ξ; tÞ þ eþEqðx; ξ; tÞÞ;

ð2:41Þ
which correspond to parity-odd (axial) and parity-even
(vector) GPDs, respectively. The proton GPDs of quark
flavor q are denoted as H̃q ≡ H̃q

p, with analogous notation
for the remaining GPDs. Isospin symmetry relates proton
and neutron distributions according to H̃u

p ¼ H̃d
n,

H̃d
p ¼ H̃u

n, and H̃s
p ¼ H̃s

n. In the case of γπ� photopro-
duction, transition GPDs contribute, and isospin relations

FIG. 2. Left: pion DAs. Shown are the asymptotic DA (a2 ¼ 0), the lattice-motivated DAwith aπ2ðμ0 ¼ 2 GeVÞ ¼ 0.116 [44] in the
Gegenbauer representation (2.32), and the beta-function ansatz (2.35) for η ¼ 0.5, 0.4, and 0.3. Right: η8 and η1 DAs obtained from the
Gegenbauer expansions (2.32) and (2.33), with coefficients evaluated at μ0 ¼ 2 GeV: a82 ¼ −0.039, a12 ¼ −0.057, and ag2 ¼ 0.38 [43].

HARD EXCLUSIVE PHOTOPRODUCTION OF PHOTON-MESON … PHYS. REV. D 113, 034001 (2026)

034001-7



lead to [50] H̃du
pn ¼ H̃ud

np ¼ H̃u
p − H̃d

p. Quark GPDs do not,
in general, exhibit definite symmetry under the ðx → −xÞ
transformation. We therefore introduce the standard sym-
metric and antisymmetric combinations, which possess the
required symmetry properties [50]

H̃qð�Þðx; ξÞ≡ H̃qðx; ξÞ � H̃qð−x; ξÞ;
Hqð�Þðx; ξÞ≡Hqðx; ξÞ ∓ Hqð−x; ξÞ; ð2:42Þ

and analogously for Ẽ and E GPDs.7

In this work, we employ the GPDs proposed in [30–32]
and summarized in [51], often referred to as the
Goloskokov-Kroll (GK) model. In this framework, the
GPDs are constructed from their zero-skewness forms,
whose products with suitable weight functions are inter-
preted as double distributions generating the skewness
dependence of the GPDs [52]. For the adopted parametri-
zation of the zero-skewness GPDs, together with the chosen
weight function, the corresponding double-distribution
integral can be evaluated analytically and the Regge-
inspired t dependence added [31]. Appendix C provides
additional details and summarizes the relevant elements in a
form suitable for numerical implementation. The paramet-
rization of GPDs used in this work corresponds to initial
scale μ0 ¼ 2 GeV.
Additionally, we include the pion-pole contribution to Ẽ,

following [51]:

Ẽu
poleðx;ξ; tÞ¼−Ẽd

poleðx;ξ; tÞ¼Θðjxj≤ ξÞFPðtÞ
4ξ

ϕπ

�
xþξ

2ξ

�
;

ð2:43Þ
where FPðtÞ represents the pseudoscalar form factor of the
nucleon. Chiral symmetry constraints and low-energy
theorems imply that the pole part of this form factor can
be written as

FPðtÞ ¼ mNfπ
2

ffiffiffi
2

p
gπNNFπNNðtÞ
m2

π − t
: ð2:44Þ

Here, gπNN ¼ 13.1 denotes the pion-nucleon coupling
constant, and FπNNðtÞ is the pion-nucleon vertex form
factor, parametrized as

FπNNðtÞ ¼
Λ2
N −m2

π

Λ2
N − ðt − t0Þ

; ð2:45Þ

withΛN ¼ 0.44 GeV and t0 defined in (3.6). When the pion-
pole term is included, the replacement Ẽ → Ẽþ Ẽpole (or,
equivalently, Ẽ → Ẽ þ Ẽpole) is applied in our calculations.

The pion-pole contribution to Ẽ can be viewed as a
specific example of a resonance-exchange contribution to
GPDs. In particular, the pion exchange contributing to
the region −ξ ≤ x ≤ ξ of Ẽ may become significant at
small t because of the proximity of the pion pole at t ¼ m2

π .
This behavior is expected from chiral dynamics, where the
pion is the lightest t-channel state and couples strongly
through partially conserved axial-vector current and the
πNN interaction. The relative importance of the pion pole
increases with ξ because it contributes only in the Efremov-
Radyushkin-Brodsky-Lepage (ERBL) region jxj ≤ ξ. As
ξ grows, this region widens while the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) domains shrink, so a
larger fraction of the GPD is sensitive to t-channel
exchange.
In the case of γM photoproduction, it corresponds to the

right-hand diagram in Fig. 1 with M0 ¼ π, that is, to the
amplitude of the subprocess γπ → γM. In DVCS, the pion
pole contributes via the transition form factor γ�γ → π0 and
may become important for some observables at moderate ξ
[53]. In DVMP, the pion-pole term contributes for charged
pions but vanishes for π0, and it has been found to be
significant for ξ > 0.1 [32,54,55]. In that case, it corre-
sponds to the pion electromagnetic form factor γ�π� → π�,
and since perturbative QCD predictions lie below the
experimental measurements, the phenomenological analy-
ses for DVMP used the parametrization of the experimental
data for the pion form factor [32]. In the present study, such
an approach is not possible, as there are no data available
for Compton scattering on a pion in the kinematical region
of interest. The crossed process γγ → M0M has also been
measured, and there as well, the theoretical predictions lie
below the data. Hence, our estimate of the pion-pole
contribution based on the pion DA may underestimate
its actual impact.

D. Analytical expressions for subprocess amplitudes

One of the main results of this work is the completion
and systematization of the expressions for the subprocess
amplitudes γðq1q̄2Þ → γðq1q̄2Þ (2.7) and γðqq̄Þ → γðggÞ
(2.8). The latter are calculated here for the first time
in the context of photon-light-meson photoproduction.
Representative Feynman diagrams are shown in Figs. 3
and 4, while the contributions are evaluated using the
projectors given in Appendix B.
The same diagrams also contribute to the t-channel

subprocesses (as opposed to the above s-channel case),
γγ → ðq1q̄2Þðq2q̄1Þ and γγ → ðqq̄ÞðggÞ, and thus to the
hadronic processes γγ → MM0 and MN → γγN0. The
former has been extensively studied in the past [34–39],
even at NLO [56], while the latter has more recently
attracted interest in the framework of GPD-based descrip-
tions [20,21], being the crossed process of γM photo-
production. The general 2 → 2 subprocess amplitudes
γðq1q̄2Þ → γðq1q̄2Þ and γðqq̄Þ → γðggÞ are identical across

7Note that the (�) superscript convention corresponds to the
t-channel C parity of the two partons. Multiplying it by the
intrinsic parity, (−1) for parity-odd and (þ1) for parity-even
GPDs, defines the signature σ, for which the quark GPDs satisfy
GPDðxÞ ¼ −σGPDð−xÞ.
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these applications and can be, as in (2.24), expressed in terms
of Mandelstam variables and photon polarization vectors.
The specific choices of photon gauge, reference frame, and
kinematical setup—in particular, the range of momentum
fractions (whether linked to DAs or GPDs) and the defi-
nitions and signs ofMandelstamvariables (for instance, s0 ↔
t0 between s- and t-channel subprocesses)—differentiate
these cases. To illustrate this point, although the same
diagrams contribute, Compton scattering on a meson M
(γM → γM) contains cuts, i.e., imaginary parts, already at
LO, whereas the crossed meson-pair photoproduction
(γγ → MM) is real at LO. In the literature, the fully general
forms of these amplitudes are not usually presented; how-
ever, as outlined in [9], using the general Lorentz decom-
position of T μν and imposing gauge invariance constraints,
one can derive relations between the amplitudes in different
gauges. We applied this method to compare our results with
those for γγ → MM0 from the literature—particularly the
gluon contributions from [36]—and found agreement up to
iϵ terms, which depend on kinematics.
Taking into account the decomposition introduced in

Sec. II B, we express the amplitudes corresponding to the
subprocess γðq1q̄2Þ → γðq1q̄2Þ in the following form:

T ½ij�
PP ¼ ðe2i T ðiÞ

A þ e2jT
ðjÞ
A þ eiejT

ðijÞ
A ÞTA

þ ðe2i T ðiÞ
B þ e2jT

ðjÞ
B þ eiejT

ðijÞ
B ÞTB ð2:46Þ

and

T ½ij�
SP ¼ ðe2i T ðiÞ

A5 þ e2jT
ðjÞ
A5 þ eiejT

ðijÞ
A5 ÞTA5

þ ðe2i T ðiÞ
B5 þ e2jT

ðjÞ
B5 þ eiejT

ðijÞ
B5 ÞTB5; ð2:47Þ

where the definitions in (2.28) apply. A total of 20 diagrams
contribute, with representative ones shown in Fig. 3: the
A-type (four) and B-type (eight) diagrams enter the e2i - and
e2j -proportional terms, while the C-type (four) and D-type
(four) diagrams contribute to the eiej-proportional terms.
These can be grouped into four gauge-invariant sets related
by symmetry relations:

T ðiÞ
X ðy; zÞ ¼ T ðjÞ

X ðȳ; z̄Þ; T ðijÞ
X ðy; zÞ ¼ T ðijÞ

X ðȳ; z̄Þ;
T ðiÞ

X5ðy; zÞ ¼ −T ðjÞ
X5ðȳ; z̄Þ; T ðijÞ

X5 ðy; zÞ ¼ −T ðijÞ
X5 ðȳ; z̄Þ;

ð2:48Þ

FIG. 4. Representative Feynman diagrams contributing to γðqq̄Þ → γðggÞ (2.8).

FIG. 3. Representative Feynman diagrams contributing to γðq1q̄2Þ → γðq1q̄2Þ (2.7).
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that is, they are symmetric under ðy; zÞ → ðȳ; z̄Þ for PP
contributions and antisymmetric for SP ones. The complete
and systematized results, organized using the compact
ðy; zÞ notation and applicable to the photoproduction of
any light pseudoscalar meson—including kaons described
by nonsymmetric DAs—are provided for completeness in
Appendix D. Our concise analytical forms are consistent
with previous work8 [9].
In this work we focus on pseudoscalar mesons whose

quark distribution amplitudes are symmetric under ðz → z̄Þ
(2.31). Exploiting this property, and introducing the sym-
metric (H̃qðþÞ, ẼqðþÞ, Hqð−Þ, Eqð−Þ) and antisymmetric
(H̃qð−Þ, Ẽqð−Þ, HqðþÞ, EqðþÞ) GPD combinations (2.42),
we can write the results in a compact analytical form. We
recall that, according to the definition of the variable y
(2.11), the ðx → −xÞ symmetry corresponds to ðy → ȳÞ. To
this end, we reorganize the convolution of the T ½ij�
amplitudes with the GPDs (the convolution with the
symmetric DA being understood) as

8<
: T PP

½ij� ⊗
y
H̃q

T SP
½ij� ⊗

y
Hq

9=
;∶ðei − ejÞ2

8<
: T ðþÞ

X ⊗
y

H̃qðþÞ
2

T ðþÞ
X5 ⊗

y
HqðþÞ
2

9=
;

þ ðe2i − e2jÞ
8<
: T ð−Þ

X ⊗
y

H̃qð−Þ
2

T ð−Þ
X5 ⊗

y
Hqð−Þ
2

9=
;

þ eiej

8<
: T ð0Þ

X ⊗
y

H̃qðþÞ
2

T ð0Þ
X5 ⊗

y
HqðþÞ
2

9=
; ð2:49Þ

multiplied by corresponding tensor structures TXð5Þ, where

X∈ fA;Bg, while T ðþÞ
Xð5Þ, T ð−Þ

Xð5Þ, and T ð0Þ
Xð5Þ are defined

through

1

2
ðT ðiÞ

Xð5Þ þT ðjÞ
Xð5ÞÞ→ T ðþÞ

Xð5Þ;

1

2
ðT ðiÞ

Xð5Þ−T ðjÞ
Xð5ÞÞ→ T ð−Þ

Xð5Þ;

T ðiÞ
Xð5Þ þT ðjÞ

Xð5Þ þT ðijÞ
Xð5Þ→ T ð0Þ

Xð5Þ: ð2:50Þ

By further exploiting the symmetry properties of the DA

and GPDs (hence the notation →), we simplify T ðþÞ
Xð5Þ,

T ð−Þ
Xð5Þ, and T ð0Þ

Xð5Þ. The resulting compact analytical expres-

sions are summarized in Table I.
The gluonic subprocess γðqq̄Þ → γðggÞ contributes to

photon-meson photoproduction via the flavor-singlet chan-
nel. Its amplitude is obtained from 24 Feynman diagrams,
six of which are displayed in Fig. 4, and the remaining ones

follow from ðz → z̄Þ, ðy → ȳÞ, and ðy; zÞ → ðȳ; z̄Þ
exchanges. The total amplitude takes the form

T ½gg�
PP ¼ fe2qðT ½gg�

A TA þ T ½gg�
B TBÞg þ fðy → ȳÞg

− fðz → z̄Þg − fðy; zÞ → ðȳ; z̄Þg ð2:51Þ

and

T ½gg�
SP ¼ fe2qðT ½gg�

A5 TA5 þ T ½gg�
B5 TB5Þg − fðy → ȳÞg

− fðz → z̄Þg þ fðy; zÞ → ðȳ; z̄Þg; ð2:52Þ

which leads to

T ½gg�
PP ðy;zÞ¼−T ½gg�

PP ðȳ; z̄Þ; T ½gg�
SP ðy;zÞ¼ T ½gg�

SP ðȳ; z̄Þ:
ð2:53Þ

These symmetry relations, together with the antisymmetric
nature of the gluon distribution amplitude (2.31), select in
the convolution only those GPDs with definite symmetry
properties (2.42):

8<
:T ½gg�

PP ⊗
y
H̃q

T ½gg�
SP ⊗

y
Hq

9=
;⊗

z
ϕη1g ¼ e2q

8<
:T ðgÞ

A ⊗
y

H̃qðþÞ
2

TA

T ðgÞ
A5 ⊗

y
HqðþÞ
2

TA5

9=
;⊗

z
ϕη1g

þ e2q

8<
:T ðgÞ

B ⊗
y

H̃qðþÞ
2

TB

T ðgÞ
B5 ⊗

y
HqðþÞ
2

TB5

9=
;⊗

z
ϕη1g :

ð2:54Þ

Making further use of the DA and GPD symmetry relations,

we obtain a concise analytical forms for T ðgÞ
Xð5Þ, which are

presented in Table I.
Relations analogous to (2.49) and (2.54) apply also to Ẽq

and Eq. While all terms from (2.49) contribute to γπ�

photoproduction, only the T ð0Þ
Xð5Þ terms contribute to the

photoproduction of neutral mesons. In the flavor-singlet

channel, i.e., for γη1 photoproduction, the T ðgÞ
Xð5Þ terms

contribute as well.

1. Structure of the subprocess amplitudes

As seen from Table I, the building blocks of the
subprocess amplitudes for γðq1q̄2Þ → γðq1q̄2Þ and
γðqq̄Þ → γðggÞ reduce, after using the symmetry properties
of the GPD and DA, to

1

z
;

1

y� iϵ
; and

fðzÞ
z̄y − αzȳþ iϵ

: ð2:55Þ

The first two terms convey moment-type information on
DAs and GPDs, which also appear at LO in the meson

8Note that in this study we adopt the convention for TB5 which
is opposite both [8] and [9].
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transition form factor and in DVCS, as well as in the meson
electromagnetic form factor and in DVMP. Note that the
NLO corrections to these processes provide additional
insight into the behavior of GPDs and DAs beyond
the moment-type approximation. The� iϵ designations
appearing in our results reflect the presence of timelike
and spacelike scales. The third term in (2.55), i.e., the

“mixed” contributions appearing in T ð0Þ
Að5Þ and T ðgÞ

Að5Þ, in
principle already at LO, reveals further information on DAs
and GPDs, as it introduces an external scale into the
propagators. The same building blocks also appear in
the analytical expressions for amplitudes evaluated in
different photon gauges.

2. Principal value (PV) representation

Using Eqs. (E1) and (E4), the functions T Xð5Þ from
Table I can be expressed in the principal-value and
δ-function representations, as listed in Table II. This form
is convenient for numerical implementation and subsequent
integration, as detailed in Appendix E. In this representa-
tion, one clearly separates real and imaginary parts,
allowing for a more transparent analysis of the relative
contribution sizes. The δðyÞ terms vanish for the γM0 → γM
case, i.e., for pion-pole contributions, since Ẽpole is
expressed in terms of pion DA which vanishes at the
end points. When convoluted with other GPDs, these terms
can be sizable and correspond to the GPD values at x ¼ �ξ,
thus carrying the same crossover line information as
obtained in LO DVCS and DVMP. The mixed terms are
those that make a difference, although their numerical
impact is less pronounced.

E. Compton-meson form factors in selected channels

In the preceding sections we have introduced all the
necessary elements for determining the Compton-meson
form factors defined in Sec. II B, Eqs. (2.20)–(2.23). The
quark contribution to the Compton-meson form factor for
the process γN → γMN0 (M∈ fπ�; π0; η8; η1g) is generally
expressed as

H̃M;NN0 ðξ; t; s0;α; μR; μFÞ

¼ NMðμRÞ
�X

i;j;k

ðCijMfikNN0 ÞH̃kðx; ξ; t; μFÞ

⊗
x
T ½ij�

PP ðx; ξ; z; s0; αÞ⊗
z
ϕMðz; μFÞ

�
; ð2:56Þ

with the normalization factor

NMðμRÞ ¼ −π2ααsðμRÞ
CFfM
Nc

; ð2:57Þ

where CijM is defined in Eq. (2.29), and the functions fijNN0

are process dependent and encode isospin symmetry:

fukpn ¼ δku − δkd; fdknp ¼ δku − δkd;

fikpp ¼ δik; fiknn ¼ δiuδkd þ δidδku þ δisδks: ð2:58Þ

The convolution H̃k ⊗ T ½ij�
PP is to be replaced by the

symmetrized forms defined in (2.49), employing the
building blocks summarized in Table I. The gluon con-
tribution to the Compton-meson form factor for the process
γN → γη1gN reads

TABLE I. Functions T Xð5Þ (X∈ fA; Bg) contributing to the subprocess amplitudes γðq1q̄2Þ → γðq1q̄2Þ (2.49) and γðqq̄Þ → γðggÞ
(2.54).

A B

T ðþÞ
X

4
s0αᾱz

�
αð2α−1Þ
yþiϵ þ 1þðα−3Þð2α−1Þ

y−iϵ

�
−8

s02α2ᾱz

�
α

yþiϵ þ α−2
y−iϵ

�
T ð−Þ

X
4

s0ᾱz

�
2α−1
yþiϵ −

2α−5
y−iϵ

�
−8

s02αᾱz

�
1

yþiϵ −
1

y−iϵ

�
T ð0Þ

X
8
s0α

�
2α−1

ᾱzðyþiϵÞ −
2α−1−ᾱ2
ᾱzðy−iϵÞ −

ðz̄þαzÞ2þα
zz̄ðz̄y−αzȳþiϵÞ

�
−16

s02α2ᾱz

�
1

yþiϵ −
1

y−iϵ

�
T ðgÞ

X
8

s0αᾱ

�
2α−1

z2ðyþiϵÞ þ 1
z2ðy−iϵÞ −

ðzþαz̄Þðz̄þαzÞ2
z2 z̄2ðz̄y−αzȳþiϵÞ

�
−16

s02α2ᾱz2

�
1

yþiϵ −
1

y−iϵ

�
A5 B5

T ðþÞ
X5

16ξi
s03α2ᾱ2z

�
α

yþiϵ þ 3α−4
y−iϵ

�
−16ξi
s03αᾱ2z

�
2α−1
yþiϵ þ 2α−3

y−iϵ

�
T ð−Þ

X5
16ξi

s03αᾱ2z

�
1

yþiϵ −
1

y−iϵ

�
−16ξið2α−1Þ

s03αᾱ2z

�
1

yþiϵ −
1

y−iϵ

�
T ð0Þ

X5
32ξi
s03α2

�
1

ᾱ2zðyþiϵÞ þ α2−2
ᾱ2zðy−iϵÞ −

αz2−z̄2
zz̄ðz̄y−αzȳþiϵÞ

�
−T ð0Þ

A5 ðy; zÞ þ T ð0Þ
ΔB5ðy; zÞ, T ð0Þ

ΔB5 ¼ 64ξi
s03α2ᾱz

�
1

yþiϵ −
1

y−iϵ

�
T ðgÞ

X5
32ξi

s03α2ᾱ2

�
1

z2ðyþiϵÞ −
1

z2ðy−iϵÞ −
ðz̄þαzÞðα−ᾱ2zz̄Þ
z2 z̄2ðz̄y−αzȳþiϵÞ

�
−T ðgÞ

A5 ðy; zÞ þ T ðgÞ
ΔB5ðy; zÞ, T ðgÞ

ΔB5 ¼ 64ξi
s03α2ᾱz2

�
1

yþiϵ −
1

y−iϵ

�
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H̃η1g;NNðξ; t;s0;α;μR;μFÞ

¼Nη1ðμRÞ
�X

k

fikNN
H̃kðþÞðx;ξ; t;μFÞ

2
⊗
x
e2i T

ðgÞ
PP ðx;ξ;z;s0;αÞ

⊗
z
ϕη1gðz;μFÞ

�
: ð2:59Þ

The components of T ðgÞ corresponding to the decompo-
sition (2.54) are given in Table I. Analogous expressions
hold for Ẽ as well as for the vector CMFFs, H and E,
evaluated using T SP.
It is convenient to introduce combinations of GPDs that

naturally arise in the calculation of specific photoproduc-
tion channels of interest, namely γp → γπþn, γn → γπ−p,
γp → γπ0p, γp → γηp, and γp → γη0p:

H̃π� ¼ H̃u − H̃d; H̃π0 ¼
1ffiffiffi
2

p ðe2uH̃u − e2dH̃
dÞ;

H̃η8 ¼
1ffiffiffi
6

p ðe2uH̃u þ e2dH̃
d − 2e2sH̃sÞ;

H̃η1 ¼
1ffiffiffi
3

p ðe2uH̃u þ e2dH̃
d þ e2sH̃sÞ; ð2:60Þ

and analogously for Ẽ, H, and E GPDs. The CMFFs for
γπþ photoproduction then read

H̃πþ ¼NπH̃π�⊗
x
T ½ud�

PP ⊗
z
ϕπ; Hπþ ¼NπHπ�⊗

x
T ½ud�

SP ⊗
z
ϕπ;

ð2:61Þ

while for γπ− photoproduction, T ½ud� is replaced by T ½du�.
In both cases, the symmetrized expressions of (2.49) are

employed. For the neutral flavor-octet mesons π0 and η8,
the CMFFs take the form

H̃π0 ¼Nπ

H̃ðþÞ
π0

2
⊗
x
T ð0Þ

PP⊗
z
ϕπ; Hπ0 ¼Nπ

HðþÞ
π0

2
⊗
x
T ð0Þ

SP⊗
z
ϕπ

ð2:62Þ

and

H̃η8 ¼Nη8

H̃ðþÞ
η8

2
⊗
x
T ð0Þ

PP⊗
z
ϕη8 ; Hη8 ¼Nη8

HðþÞ
η8

2
⊗
x
T ð0Þ

SP⊗
z
ϕη8 :

ð2:63Þ

The CMFFs for the flavor-singlet η1 meson consist of both
quark and gluon contributions:

H̃η1 ¼ Nη1

H̃ðþÞ
η1

2
⊗
x ð T ð0Þ

PP T ðgÞ
PP

Þ⊗z
�

ϕη1

ϕη1g

�
;

Hη1 ¼ Nη1

H̃ðþÞ
η1

2
⊗
x ð T ð0Þ

SP T ðgÞ
SP

Þ⊗z
�

ϕη1

ϕη1g

�
; ð2:64Þ

which mix under DA evolution. Finally, the CMFFs of the
physical states, i.e., the η and η0 mesons, are obtained
through phenomenological mixing (2.37)–(2.39):

H̃η ¼ cos θ8H̃η8 − sin θ1H̃η1 ;

H̃η0 ¼ sin θ8H̃η8 þ cos θ1H̃η1 : ð2:65Þ

Analogous relations hold for the other CMFFs not shown
explicitly.

TABLE II. Principal-value and δ-function representations of the functions T Xð5Þ (X∈ fA; Bg) listed in Table I, which contribute to the
subprocess amplitudes γðq1q̄2Þ → γðq1q̄2Þ (2.49) and γðqq̄Þ → γðggÞ (2.54).

A B

T ðþÞ
X

8
s0z

�
2ᾱ
α P 1

y − iπ 3α−2
αᾱ δðyÞ

�
16
s02z

�
1
α2
P 1

y þ iπ 1
α2ᾱ

δðyÞ
�

T ð−Þ
X

8
s0z

�
2
ᾱP

1
y − iπ 2α−3

ᾱ δðyÞ
�

16iπδðyÞ
s02αᾱz

T ð0Þ
X

8
s0

h
ᾱ
αzP

1
y þ iπ ᾱ2−2ð2α−1Þ

αᾱz δðyÞþ αþðz̄þαzÞ2
αzz̄ðyþαȳÞ

�
P
�

1
z− y

yþαȳ

�
þ iπδ

�
z − y

yþαȳ

��i 32iπδðyÞ
s02α2ᾱz

T ðgÞ
X

8
s0

h
2
ᾱz2 P

1
y þ iπ 2

αz2 δðyÞþ
ðzþαz̄Þðz̄þαzÞ2
αᾱz2 z̄2ðyþαȳÞ

�
P
�

1
z− y

yþαȳ

�
þ iπδ

�
z − y

yþαȳ

��i 32iπδðyÞ
s02α2ᾱz2

A5 B5

T ðþÞ
X5

−32ξi
s03z

�
2

α2ᾱ
P 1

y þ iπ 2−α
α2ᾱ2

δðyÞ
�

32ξi
s03z

�
2
αᾱP

1
y þ iπ 1

αᾱ2
δðyÞ

�
T ð−Þ

X5
−32ξi
s03αᾱ2z iπδðyÞ 32ξið2α−1Þ

s03αᾱ2z iπδðyÞ
T ð0Þ

X5
−32ξi
s03

h
1þα
α2ᾱzP

1
y þ iπ ð3−α2Þ

α2ᾱ2z δðyÞþ z̄2−αz2
α2zz̄ðyþαȳÞ

�
P
�

1
z− y

yþαȳ

�
þ iπδ

�
z − y

yþαȳ

��i
−T ð0Þ

A5 ðy; zÞ þ −128ξi
s03α2ᾱz iπδðyÞ

T ðgÞ
X5

−32ξi
s03

h
iπ 2

α2ᾱ2z2 δðyÞþ
ðz̄þαzÞðᾱ2zz̄−αÞ
α2ᾱ2z2 z̄2ðyþαȳÞ

�
P
�

1
z− y

yþαȳ

�
þ iπδ

�
z − y

yþαȳ

��i
−T ðgÞ

A5 ðy; zÞ þ −128ξi
s03α2ᾱz2 iπδðyÞ
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III. OBSERVABLES

In the numerical analysis presented in this work, we
examine the cross sections, focusing on their fully differ-
ential, single-differential, and integrated forms.

A. Fully differential cross section

The fully differential cross section for the γN → γMN0
process is given by

dσ
ds0dð−tÞdα ¼ jMj2

32S2γNð2πÞ3
; ð3:1Þ

where

jMj2 ¼ jMPPj2 þ jMSPj2 ð3:2Þ
denotes the squared amplitude M (2.20), summed over
nucleon helicities and photon polarizations, and averaged
over the polarizations of the incoming particles. Due to the
QED Ward identities,X

λq;λk

jMPPðλq; λkÞj2 ¼ MPP μνMPP�
μν ;

X
λq;λk

jMSPðλq; λkÞj2 ¼ MSP μνMSP�
μν : ð3:3Þ

Using the standard spinor-sum identities with bilinears
(2.19), and taking into account (2.24)–(2.28), one obtains

jMPPj2 ¼ 2

	
ð1 − ξ2Þð2jH̃Aj2

− 2s0αᾱReðH̃AH̃
�
BÞ þ s0α2ᾱ2jH̃Bj2Þ

− 2ξ2ð2ReðH̃AẼ
�
AÞ − s0αᾱReðH̃AẼ

�
B þ ẼAH̃

�
BÞ

þ s02α2ᾱ2ReðH̃BẼ
�
BÞÞ −

ξ2t
4m2

N
ð2jẼAj2

− 2s0αᾱReðẼAẼ
�
BÞ þ s02α2ᾱ2jẼBj2Þ



ð3:4Þ

and

jMSPj2 ¼ s04α2ᾱ2

8ξ2

	
ð1 − ξ2ÞðjHA5j2 þ jHB5j2Þ

− 2ξ2ðReðHA5E�
A5 þHB5E�

B5ÞÞ

−
�
ξ2 þ t

4m2
N

�
ðjEA5j2 þ jEB5j2Þ



: ð3:5Þ

Note that there is no interference between parity-odd (H̃, Ẽ)
and parity-even (H, E) CMFFs.

B. Single-differential and integrated cross sections

To determine the single-differential and integrated cross
sections, special care must be taken regarding the cuts in

the phase-space plane ð−t; αÞ, or equivalently ð−t;−u0Þ.
This procedure was discussed in detail in [8,9]; here we
summarize the main points. The common lower limit for
t is obtained from (A4):

ð−tÞmin ≡ ð−t0Þ ¼
4ξ2m2

N

1 − ξ2
: ð3:6Þ

According to the factorization conditions, (−t) must remain
small, while, apart from s0, both ð−u0Þ and ð−t0Þ should be
large, i.e.,−u0,−t0 ≫ ΛQCD. In the language of [20,25], this
corresponds to large jκ⊥j. As was demonstrated in [22], the
imposed cuts on the Mandelstam invariants ensure that this
is the case. We therefore adopt the choice

ð−tÞmax ¼ 0.5GeV2; ð−u0Þmin¼ð−t0Þmin¼ 1GeV2:

ð3:7Þ

These values guarantee M2
γM > 1.5 GeV2 and ensure that

the kinematics stay well outside the resonance region in the
collinear limit [22]. From (2.3) one obtains ð−u0Þ as a
function of (−t):

ð−u0Þ½−t� ¼ ð−tÞ þ s0 − ð−t0Þmin −m2
M: ð3:8Þ

The corresponding maximum value is

ð−u0Þmax ¼ s0 þ ð−tÞmax − ð−t0Þmin −m2
M: ð3:9Þ

Consequently, the allowed kinematical domain for ð−u0Þ is
ð−u0Þmin < ð−u0Þ < ð−u0Þmax, while the corresponding α
limits are derived from (2.13).
The single-differential cross section can be written in

the form

dσ
dξ

¼ 2ðSγN −m2
NÞ

ð1þ ξÞ2
�
Θðs0Min ≤ s0 ≤ s0TransÞ

×
Z ð−tÞmax

ð−tÞ½αmin�
dð−tÞ

Z
α½−t�

αmin

dα

þ Θðs0Trans ≤ s0 ≤ s0MaxÞ
Z ð−tÞmax

ð−tÞmin

dð−tÞ

×
Z

α½−t�

αmin

dα

�
dσ

ds0dð−tÞdα : ð3:10Þ

Here we introduce α½−t�, which follows from (3.8), and its
inverse, ð−tÞ½α�. This representation is more compact than
the corresponding expression in Refs. [8,9], as in our case
both the α and t integrations are performed numerically.
The integration order was selected to yield a concise and
computationally convenient form for numerical evaluation.
From (2.3) one finds

s0Min ¼ ð−u0Þmin þ ð−t0Þmin þm2
M − ð−tÞmax; ð3:11Þ
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which, combined with (2.6), defines the lower kinematic
limit ξMinðSγN; m2

MÞ. The transition point s0Trans follows
from the condition ð−u0Þmin ¼ ð−u0Þ½ð−tÞmin�, resulting in a
lengthy analytical expression that depends on SγN,mN,mM,
and the parameter choices given in (3.7). The upper limit,
s0Max, is obtained for ð−tÞmin ¼ ð−tÞmax:

s0Max ¼
SγN−m2

N

2m2
N

�
−ð−tÞmaxþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð−tÞ2maxþ4m2

Nð−tÞmax

q �
;

ð3:12Þ

which corresponds to

ξMax ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð−tÞmax

4m2
N þ ð−tÞmax

s
ð3:13Þ

and for the parameter choice of (3.7) gives ξMax ¼ 0.3526.
The lower limit ðSγNÞmin is fixed by the condition s0Min ¼
s0Max and depends on the nucleon and meson masses and on
the same parameter set.
Integrating (3.10) over ξ yields the total cross section as a

function of SγN:

σ ¼
Z

ξMax

ξMin

dξ
dσ
dξ

: ð3:14Þ

IV. ANALYSIS OF NUMERICAL RESULTS

This section presents the numerical analysis of photon-
meson pair photoproduction, γN → γMN0, for selected
pseudoscalar mesons M∈ fπþ; π−; π0; η; η0g. The proton
is taken as the target nucleon, except for π− photoproduc-
tion, where the target nucleon is a neutron. The perturbative
framework is summarized in Sec. II, where only the quark
GPD contributions are considered. In particular, we make
use of our analytical results for the subprocess amplitudes,
Table II, and the integration procedure described in
Appendix E. The nonperturbative inputs, namely the
GPDs and DAs, are discussed in Sec. II C. Our numerical
analysis focuses on the moderate-ξ region (ξ > 0.1). We
use the GK model [31,32,51], summarized in Appendix C,
and the valence-quark approximation.9 In addition, the

π-pole contribution governed by Ẽpole (2.43) is included, as
it is expected to play an important role in this kinematic
domain. For pions, several DA shapes are tested, defined
either via the truncated Gegenbauer expansion (2.32) or via
the beta-function ansatz: the asymptotic form ϕπ; as ,

ϕπ;½0.116� (2.34), and the broader parametrizations ϕð0.5Þ
π ,

ϕð0.4Þ
π , and ϕð0.3Þ

π (2.35). The η and η0 mesons are described
in the octet-singlet basis using ϕη8 , ϕη1¼η1q , and the gluon
DA ϕη1g (2.33). Their Gegenbauer coefficients follow
(2.36), and the decay-constant mixing (2.37) is imple-
mented. DA evolution is performed according to
Eqs. (B4)–(B10), and the strong coupling constant is
evaluated at LO:

αsðμÞ ¼
4π

β0 logðμ2=Λ2
QCDÞ

; β0 ¼ 11 −
2

3
ñf: ð4:1Þ

We take ñf ¼ 4 and ΛQCD ¼ 0.22 GeV,10 corresponding to
four active flavors at the relevant scales. The observables
analyzed in this section—defined previously in Sec. III—
are the fully differential cross section (3.1), the single-
differential cross section (3.10), and the total cross
section (3.14).
There are several key aspects of the analysis that we aim

to address in this section.
(i) We assess the relative importance of H̃, Ẽ, H, and E

GPDs, i.e., of H̃, Ẽ,H, and E Compton-meson form
factors, and in particular the role of Ẽpole, i.e., the
π-pole contribution Ẽpole.

(ii) We investigate the dependence of our predictions on
the meson structure. For pions, several DA shapes
are tested. For η and η0 mesons, we put special
emphasis on highlighting the role of two-gluon
contributions. We also examine the sensitivity on
the choice of factorization scale μF.

(iii) We study the dependence of our LO predictions on
the choice of the renormalization scale μR.

To illustrate the dependence on the kinematical con-
ditions relevant for JLab kinematics, we present a com-
parison of the fully differential cross section evaluated at
t ¼ t0 (3.6) for selected combinations of ðs0; SγNÞ and the
corresponding ξ values determined from (2.6):

ðIÞ ðs0; SγNÞ ¼ ð4; 20Þ GeV2; ξ ¼ 0.117; ðIIÞ ðs0; SγNÞ ¼ ð4; 9Þ GeV2; ξ ¼ 0.327;

ðIIIÞ ðs0; SγNÞ ¼ ð4; 12Þ GeV2; ξ ¼ 0.219; ðIVÞ ðs0; SγNÞ ¼ ð7; 20Þ GeV2; ξ ¼ 0.224:
ð4:2Þ

9In this model, only the valence quarks contribute to charged-pion photoproduction, and in the case of neutral mesons we consistently
omit both sea-quark and gluon contributions due to the relative importance of valence-quark contributions in this ξ region, as well as the
need for a modified framework when gluons are included.

10Here, ñf differs from nf ¼ 3, which counts the fixed quark flavors entering the η-meson system.
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Similarly, for the single-differential cross section, we
compare predictions at SγN ¼ 6, 10, 20, and 30 GeV2.
Unless stated otherwise, as a default choice we use

μ2R ¼ μ2F ¼ s0 and ϕπ ¼ ϕπ;½0.116�; ð4:3Þ

the latter corresponding to Eqs. (2.32) and (2.34).
Following common practice in large-angle analyses, and
taking into account the size of the momentum transfer
between the photon and meson (2.16), we also consider the
alternative scale

μ2 ¼ αᾱs0; ð4:4Þ

for μ2R and μ2F, taken either separately or combined.
For clarity and compactness of presentation, Appendix F

collects all figures: Figs. 5–12 fully differential, Figs. 13–19
single-differential, and Figs. 20–22 integrated cross sections
and selected ratios.

A. GPD contributions and the role of the π pole

In this work, we include not only the contributions of H̃
and H GPDs, as in [9,22], but also those of the remaining
twist-2 chiral-even GPDs, namely Ẽ and E. Since the value
of ξ relevant for our analysis is not small, there is no
a priori justification for neglecting these terms in (3.4) and
(3.5). Moreover, the t-dependent factors in front of Ẽ and E
in Eqs. (3.4) and (3.5) enhance the impact of Ẽ and E in
both single-differential and integrated cross sections, par-
ticularly for GPD E. In the fully differential cross section,
the role of Ẽ is more pronounced than that of E. Still,H and
H̃ remain the dominant contributions, with the notable
exception of Ẽpole, which is included in our analysis
through Ẽ → Ẽ þ Ẽpole. Note that the cross section defined
in Sec. III A contains interference terms between H̃ and Ẽ,
as well as between H and E. However, it is obtained as the
sum of the partial cross sections, originating from the axial
GPDs H̃ and Ẽþ Ẽpole [i.e., jMPPj2, (3.4)], and from the
vector GPDs H and E [i.e., jMSPj2, (3.5)].

1. Pion pole in fully differential cross sections

Figure 5 presents the fully differential cross section as a
function of α for the pion, η, and η0 mesons, and with the
individual GPD contributions clearly identified. The results
are evaluated at t ¼ t0 (3.6) and ξ ¼ 0.117. The parameter
α is related to the photon scattering angle through α ¼
cos2ðθ=2Þ (2.14). Values α < 0.5 and α > 0.5 correspond
to backward and forward kinematics, respectively. Thin
lines represent the axial GPD contributions and the total
results calculated without including the pion-pole term. In
this case, for the γπþ channel, the vector GPDs dominate at
backward angles, whereas the axial ones dominate at
forward angles. For the other channels, the vector

contributions, mainly driven by H, dominate throughout
the entire α range. Thick solid lines represent the full
predictions including Ẽpole. As seen in Fig. 5, the impact
of Ẽpole is significant, especially for the πþ and π− channels.
Unlike DVMP, and analogously to DVCS, the neutral
mesons π0, η, and η0 also receive a contribution from the
pion pole. The neutral channels correspond to the γπ0 →
γM0 process, while the charged ones refer to γπ� → γπ�. In
both cases, π0 and π� are described by Ẽpole ∼ ϕπ (2.43),
which contributes only within the ERBL region.
As already noted in [9], electromagnetic interactions

do not preserve isospin symmetry; consequently, γπþ
and γπ− photoproduction differ. At the level of calcu-
lation, this difference arises from the lack of definite
ðx → −xÞ symmetry in the contributing GPDs, i.e., from
the ðe2i − e2jÞ proportional term in (2.49). The pion-pole
contributions, however, correspond to charge-conjugated
processes γπ� → γπ� and involve the symmetric Ẽpole

GPD. They are therefore equal in magnitude, except for
interference with the nonsymmetric H̃.
The π-pole contributions, and consequently the total

differential cross section, are enhanced in the γπ� channel
at backward angles [α < 0.5 in Fig. 5, i.e., cosðθÞ < 0]. A
similar backward enhancement is observed in wide-angle
Compton scattering on the pion [57–60] and is attributed to
angular momentum conservation11 [57]. The origin of
backward dominance in our results can be sketched at a
qualitative level. Reexamining the subprocess amplitude
decomposition (2.49) together with the results of Table II,
one observes12 that the terms proportional to ðei − ejÞ2
and ðe2i − e2jÞ are predominantly controlled by 1=α ¼
1= cos2ðθ=2Þ and 1=ᾱ ¼ 1= sin2ðθ=2Þ, respectively. For
the pion-pole contribution in the γπ� channel, the
ðe2i − e2jÞ proportional term in (2.49) vanishes, since
Ẽpole, expressed through the pion DA, is symmetric under
x → −x. Note that the δðyÞ terms from Table II vanish for
Ẽpole because the pion DA is zero at the end points. As a
result, the ðei − ejÞ2 proportional term in (2.49) enhances
the backward-angle region (θ → π) in the pion-pole con-
tribution to γπ� production. When the terms in Table II are
convoluted with other GPDs, the ðe2i − e2jÞ proportional
term in (2.49) also contributes, enhancing the forward-
angle region (θ → 0) and making the total result more
uniform across the α (i.e., θ) range.
Only the third term in (2.49), proportional to eiej,

contributes to the photoproduction of neutral mesons.
Consequently, the pion-pole contribution in neutral-meson

11For a spin-0 meson with helicity-conserving quarks, photon-
helicity-flip amplitudes require two units of orbital angular
momentum, which are kinematically enhanced near θ → π.

12One should also keep in mind Eqs. (3.4) and (3.5) with the
αᾱ factors appearing in the relevant terms.
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production is less pronounced than for charged pions. This
observation agrees qualitatively with theoretical and exper-
imental results for the crossed process γγ → πM, with the
σðπ0π0Þ=σðπþπ−Þ cross-section ratio being ≈0.1 theoreti-
cally and ≈0.3–0.5 experimentally [61,62].
Next, we examine the ξ dependence of the pion-pole

contributions. Figure 6 illustrates that the pion-pole con-
tribution to γπþ photoproduction is very small (and,
interestingly, destructive) for ξ ¼ 0.01 at ðs0; SγNÞ ¼
ð4; 200Þ GeV2 and becomes entirely negligible for ξ ¼
0.002 at ðs0; SγNÞ ¼ ð7; 2000Þ GeV2. This shows that the
pion-pole contribution is indeed small at low ξ and that the
small-ξ predictions given in [9,22] would not be affected
by it.
Figure 7 compares the fully differential cross sections for

γπþ, γπ−, and γπ0 final states at four kinematical settings
(4.2) with ξ∈ f0.117; 0.219; 0.224; 0.327g. Thin lines re-
present the results obtained without the π-pole contribution,
while thick lines show the full results, allowing us to assess
the relative importance of the π-pole term under these
conditions. The overall behavior is similar across all
kinematical cases. The γπ− cross sections are slightly
higher than those for γπþ, whereas γπ0 dominates at
forward angles. In all cases, the π-pole contribution is
very significant for charged pions and remains relevant for
π0, increasing with ξ. Although ξ is comparable, the
predictions for case (IV) are smaller than those for case
(III) because of the suppression with SγN in (3.1).
Analogously, Figs. 8 and 9 compare the fully differential
cross sections for γη and γη0 final states at four kinematical
settings and for two different choices of μR and μF. Here,
too, the pion-pole contributions are sizable and increase
with ξ.
Figure 10 illustrates the impact of the pion-pole contri-

butions via the ratio of the fully differential cross section (3.1)
calculated with and without Ẽpole for four kinematical
settings (4.2) with ξ∈ f0.117; 0.219; 0.224; 0.327g and
for all pseudoscalar mesons considered: πþ, π−, π0, η, and
η0. Since the dependence on SγN and s0 cancels, the ratio
depends only on ξ and α. The ratio increases with ξ and is
large for πþ and π−, reaching values between 10 and 60 in the
backward region. It is smaller and more symmetric in α for
neutral mesons. The ratios for π0 and η exhibit similar
behavior, with a maximum of around 3 and 1.9, respectively,
while the ratio for η0 is slightly modified by gg contributions,
reaching values up to 2.4. The results for ξ ¼ 0.219 (III) and
ξ ¼ 0.224 (IV) are nearly identical, except for η0, where the
gg contribution leads to a small deviation.

2. Pion pole in single-differential
and integrated cross sections

We now turn to the predictions for the single-differential
cross section. Figures 13 and 14 show the single-

differential cross section for γπþ and γπ0 photoproduction
evaluated at SγN ¼ 30, 20, 10, and 6 GeV2, with the vector
and axial-vector GPD contributions indicated as in Fig. 5.
A comparison between our results with the pion pole
included (thick lines) and those obtained without the pion-
pole term (thin lines for axial and total contributions)
illustrates the impact of the pion pole on this observable.
The γπ− channel exhibits a similar pattern to γπþ, but with
systematically higher values, and is therefore not shown.
Similarly, Figs. 15 and 16 present the results for γη and γη0

at SγN ¼ 10 and 6 GeV2, for two choices of renormaliza-
tion and factorization scales, (4.3) and (4.4). As discussed
for the fully differential cross section, the pion-pole
contributions increase with ξ. This is evident from the
results at lower SγN, where ξmin is already large. Our
analysis is not complete at small ξ, and predictions for ξ≲
0.1 should therefore be viewed only as indicative. One
observes a pronounced decrease in the total cross section
with increasing ξ. Still, the single-differential results con-
firm that the pion-pole contributions are more important for
charged pions, less pronounced but still present for π0, η,
and η0. To illustrate this effect more clearly, Fig. 19 presents
the ratio of the single-differential cross section obtained
with and without the π-pole contribution, for γπþ and γη
photoproduction. The ratio increases with ξ; for
ξ∈ ½0.2; 0.3� it grows from 3 (1.2) to 8 (1.5) for πþ (η),
at SγN ¼ 20 GeV2.
Finally, we discuss the integrated cross section.

Figure 20 presents the cross sections for the photoproduc-
tion of γπþ, γπ−, γπ0, γη, and γη0 pairs as functions of the
center of mass energy of the incoming photon-nucleon
system, SγN, for two choices of the renormalization and
factorization scales. Thin lines denote the results obtained
without the pion-pole contribution. The ratio of the total
cross section with and without the pion-pole contribution,
as a function of SγN, is displayed in Fig. 21. While the pion-
pole effects enhance the integrated cross section less
strongly than the differential ones, their impact remains
significant for charged pions and still noticeable for light
neutral pseudoscalars. For SγN ∈ ½6; 30� GeV2, the ratio
decreases from about 2–2.5 to 1.4 for charged pions and
from 1.3–1.6 to 1.06 for π0, η, and η0.

B. Meson structure

Photon-meson photoproduction is sensitive to both the
nucleon and meson internal structure.

1. Pion distribution amplitudes

For γπ photoproduction, we present predictions based on
five pion DAs shown in Fig. 2. Their impact on the fully
differential cross section is illustrated on the left panel of
Fig. 11, where we show the ratio of the fully differential
cross section for the γπþ channel, calculated with a given
pion DA and normalized to the result obtained with the
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asymptotic DA. Thin lines indicate the results obtained
without the pion-pole contribution. Corresponding ratios
remain nearly constant across the entire α range, taking
values of about 1.25 for the default DA ϕ½0.116� and up to a

factor of 3 for the broadest investigated DA ϕð0.3Þ. When
the pion-pole contribution is included, the ratios increase
markedly for broader DAs. For ϕð0.3Þ, the ratio ranges from
7.1 to 3.85 across the α interval under consideration. Since
the form of Ẽpole (2.43) depends on the pion DA, the
resulting backward enhancement is fully consistent with
the behavior described in the preceding subsection. The
γπ− channel shows the same sensitivity to the DA shape
(not shown for brevity), with the broadest DA yielding
ratios between 6 and 4, whereas in the γπ0 channel the
ratios are flatter and somewhat lower, around 3–3.5.
The right panel of Fig. 11 shows the ratio of the full

differential cross sections calculated with and without the
pion pole for each DA. This confirms the backward-angle
dominance of the charged-pion predictions, which becomes
even more pronounced for broader DAs. The γπ− channel
follows a similar pattern, while for γπ0 the ratios are
somewhat smaller and symmetric in α, as are the corre-
sponding cross sections themselves.
In the remainder of this work, we use ϕ½0.116� as the

default DA, whose shape is supported by moment-based
lattice results. The numerical predictions obtained with this
DA are relatively close to those for the asymptotic DA (the
ratio for all π channels lies in the range 1.2–1.4). We note
that, if a broader pion DA were to be confirmed and
quantified, the predicted γπ photoproduction cross sections
would increase accordingly, as discussed above.

2. Quark and gluon components of η and η0

In describing the γη and γη0 channels, two types of
mixing must be taken into account. The phenomenological
mixing between the flavor-octet η8 and flavor-singlet η1
states is taken into account through (2.37)–(2.39). The
flavor-singlet state η1 itself contains quark (η1q) and gluon
(η1g) components that mix under evolution. Including the
gluonic contributions and exploring their impact on the
structure of the η and η0 mesons was one of the main
motivations for this study. Figure 12 displays the fully
differential cross sections for γη (thin lines) and γη0 (thick
lines) photoproduction as functions of α, for two choices of
renormalization and factorization scales. Predictions that
include only quark contributions are shown as dot-dashed
lines, while solid lines represent the complete results with
gluons included. For the quark-only case, the γη cross
sections are higher than those for γη0, reflecting the relative
size of the decay constants. The inclusion of gluons
modifies the γη results destructively at backward
(α < 0.5) and constructively at forward (α > 0.5) angles.
The effect is even stronger for γη0, where constructive
interference lifts the γη0 predictions above the γη ones in the

forward region for the default scale choice (4.3) and
entirely above for (4.4).
An analogous behavior is shown in Figs. 17 and 18,

where the single-differential cross sections are presented
for selected values of SγN ¼ 20 and 10 GeV2 and for two
choices of the renormalization and factorization scales μR
and μF, respectively. In addition to the quark-only pre-
dictions (dot-dashed lines) and the full results including
gluons (solid lines), we also display the gluon-only con-
tributions (dotted lines). A comparison of the quark-only
and total results shows that for γη, the gluon effect is
relatively small, reducing the prediction at low ξ and
increasing it at large ξ. For γη0, in contrast, the gluon
contribution is sizable and increases the result across the
entire ξ range. The integrated cross section shown in Fig. 22
confirms the same trend: the gluon effect on γη is moderate
and reduces the quark-only prediction, while for γη0 it is
large and enhances it. These findings demonstrate that
γη0 photoproduction is highly sensitive to the gluonic
component of the η0 meson.

3. Evolution and dependence on factorization scale

In this work, we have examined the impact of the
evolution of meson distribution amplitudes and the sensi-
tivity of the predictions to the choice of factorization scale.
Two representative choices of μF are singled out: (4.3) and
(4.4). The effect of DA evolution (B6)—and consequently
the dependence of the leading-order (LO) photoproduction
prediction on the μF scale13—is found to be small for the
default pion DA choice [second equation in (4.3)], even
when using (4.4). The influence of evolution for the broader
DAs is expected to be more pronounced, but including the
full evolution requires either an approximation of the infinite
Gegenbauer expansion or a numerical solution of the
evolution equation. We leave its implementation for future
work.
The DA evolution plays a crucial role in the description

of η and η0 mesons, where it mixes the quark and gluon
components of η1 (B7), while η8 obeys the same evolution
as pions. Figures 8 and 9, together with the left and right
panels of Fig. 12, compare the fully differential cross
sections for γη and γη0 photoproduction for renormalization
and factorization scales chosen as μ2F ¼ s0 (4.3) and μ2F ¼
s0αᾱ (4.4). The renormalization scale, discussed in
Sec. IV C, mainly affects the overall normalization,
whereas the change in the shape of the predictions, i.e.,
their dependence on α, originates from the DA evolution to
different factorization scales. For γη, which is mainly
governed by the flavor-octet component η8, the shape
remains almost unchanged, whereas for γη0 photoproduc-
tion, driven by the flavor-singlet component η1, the differ-
ence becomes clearly visible. In particular, one observes a

13The hard-scattering subamplitude T develops an explicit
dependence on μF only at NLO.
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pronounced backward dominance of the γη0 predictions at
the lower renormalization scale (4.4). This feature is only
partly an artifact of the dependence of αmax on the meson
mass (3.9), which restricts the available α range in the
forward region. A more detailed inspection of individual
contributions shows that the gluon terms themselves are
backward dominated, due to the dominant T ΔB5 contribu-
tion listed in Tables I and II and convoluted by vector
GPDs. Consequently, the lower μF scale exposes the
dominant gluon contributions both in shape and magnitude
(as seen from the comparison of the quark-only and total
predictions). As expected from the evolution equation, the
gluon contributions decrease with increasing scale.
Figures 15 and 16 show that the individual GPD

contributions to the single-differential cross sections retain
the same shape for γη photoproduction for the two scale
choices considered, whereas they are significantly modified
in the case of γη0 photoproduction. Figure 17 clearly
illustrates that the corresponding curves for γη photo-
production (except at very low SγN) remain nearly identical
when evaluated at different factorization scales. Figure 18,
by contrast, shows a distinct change in both the shape and
the magnitude of the gluon contributions, which become
larger at smaller factorization scales and thereby modify
the interplay between the quark and gluon components.
Finally, the integrated cross section shown in Fig. 22
exhibits essentially the same pattern: a change in the
factorization scale does not affect the shape of the γη
predictions, whereas for γη0, the relation between the quark-
only and total results differs markedly between scales, once
again emphasizing the enhanced role of the gluon con-
tributions at lower scales.

C. Normalization and scale dependence

In this work, the amplitudes are calculated at LO in the
strong coupling constant. Consequently, the resulting
predictions are proportional to αsðμRÞ and exhibit a strong
dependence on the choice of the renormalization scale. To
stabilize this dependence, one must include the NLO
corrections,14 a technically demanding task. Similarly,
the dependence on the factorization scale μF enters the
subprocess amplitudes only at NLO. We have already
discussed the dependence of the meson DAs on μF and its
implications, while the evolution of the GPDs with μF is
left for a future extension of this work. To illustrate the
sensitivity of our predictions to the choice of renormaliza-
tion scale, we show the results obtained with the default
setting μ2R ¼ s0 (4.3) and with μ2R ¼ s0αð1 − αÞ (4.4).
The ratio of the fully differential cross sections obtained

with (4.4) and (4.3) follows the expected α2sðs0αᾱÞ=α2sðs0Þ
scaling, which in itself explains most of the observed

enhancement by a factor of 2.2–4.5 for pions at s0 ¼4GeV2

across the allowed α range. Assuming μR ¼ μF, the
remaining discrepancy arises from the mild factorization-
scale dependence discussed above. By comparing Figs. 8
and 9, as well as the panels in Fig. 12, one finds that
the corresponding ratio is about 2–3 for η and increases to
3.6–10 for η0. Similarly, the ratios of the single-differential
cross sections evaluated at (4.4) and (4.3) are 2.5–3 for π�

and 2.5–3.5 for π0. The single-differential cross sections
shown in Figs. 15–18 indicate ratios of 2.2–2.7 for η and
4–6.5 for η0. Finally, the integrated cross sections presented
in Figs. 20 and 22 yield approximately constant ratios
across the relevant SγN range: 2.6–2.7 for pions, 2.1–2.5 for
η, and 5.1–5.2 for η0. The systematically larger enhance-
ment observed for η0 across all considered observables
arises from the factorization-scale dependence of the gluon
contributions and their interference with the quark
contributions.
Figures 20 and 22 show that the integrated cross

sections, obtained for our chosen set of parameters,
DAs, and GPDs, reach values of a few tens of picobarns.
These absolute values should not be interpreted too strictly,
as our approach is applicable only at moderate ξ and
does not include the contributions relevant at small ξ, such
as those from sea quarks and gluons in the nucleon. Since
the subprocess amplitudes, GPDs, and DAs are identical,
the observed ordering of the pion cross sections,
σπ− > σπþ > σπ0 , is entirely determined by the meson
flavor structure, i.e., the charge factors. The cross sections
for η and η0 are somewhat smaller, with ση > ση0 for the
default scale choice (4.3), whereas for (4.4) the η0 cross
section exceeds that of η at higher values of SγN. Similarly,
Appendix F 2 shows that the single-differential cross
sections dσ=dξ for ξ > 0.1 reach values of a few hundred
picobarns, while the fully differential cross sections pre-
sented in Appendix F 1 are of the order of a few tens of pb
GeV−4. Both vary strongly depending on the specific
kinematical conditions.

D. Numerical summary

We have carried out a detailed analysis of the fully
differential, single-differential and integrated cross sections
for γM photoproduction, valid in the moderate-ξ region
(ξ > 0.1). We want to stress the following findings regard-
ing the key aspects of this analysis stated at the beginning
of this section.

(i) Our results show that in the moderate-ξ region the
pion-pole term Ẽpole plays a particularly significant
role, most notably in γπ� photoproduction, where its
contribution becomes especially pronounced at
backward scattering angles. Pion-pole effects are
also present in the photoproduction of neutral
mesons. Apart from the pion-pole term, the vector

14NLO corrections contain both constant and logðμRÞ-
dependent terms, which reduce the sensitivity to μR.

NIKOLA CRNKOVIĆ et al. PHYS. REV. D 113, 034001 (2026)

034001-18



GPD contributions, in particular H, dominate the
observable. See, e.g., Fig. 5.

(ii) Photoproduction of γπ pairs is particularly sensitive
to the shape of the pion DAs, and in the moderate-ξ
region this sensitivity is further enhanced by the pion-
pole contributions (2.43). The results obtained with
the default moment-based lattice DA ϕ½0.116� (2.34)
are close to those obtained with the commonly used
asymptotic DA, whereas the predictions obtained
with the broader DAs (2.35) can be significantly
larger. For the fully differential cross section, the
average ratio of the predictions obtained with the

broad DA ϕð0.3Þ
π and the asymptotic DA is about 5.5

for πþ, 4.5 for π−, and 3 for π0. See, e.g., Fig. 11.
(iii) The study of γη and γη0 channels provides valuable

insight into the gluon content of these mesons. In
particular, the γη0 channel shows sizable gluon
contributions in η0 meson and a strong sensitivity
to the factorization-scale choice. See, e.g., Fig. 12.

(iv) The variation of the LO predictions with the renorm-
alization scale introduces potentially large theoretical
uncertainties, highlighting the importance of NLO
corrections. We have compared the results at two
physically motivated large-scale choices for the
renormalization scale: the γM invariant mass (4.3)
and the square of relative momentum transfer be-
tween the photon and meson (4.4). For our kinematic
settings, the corresponding predictions exhibit a
sizable μR dependence, with the latter choice pro-
ducing an enhancement of about 2–4 times. In the
η0 channel, the strong dependence on the factorization
scale amplifies this effect. See, e.g., Figs. 18 and 20.

V. CONCLUSIONS

In this work, we revisit the hard exclusive photopro-
duction of photon-meson pairs, γN → γMN0, and evaluate
the corresponding cross sections at leading twist and
leading order in perturbative QCD. The core of the
analytical calculation, summarized in Sec. II D, consists
of compact expressions for the subprocess amplitudes in
the pseudoscalar channels M∈ fπ�; π0; η; η0g, including
only the quark GPD contributions while also taking into
account the two-gluon components of the η and η0 dis-
tribution amplitudes. These results provide a transparent
structure of the amplitudes and a practical basis for efficient
numerical implementation.
The phenomenological analysis is performed in the

moderate-ξ region (ξ > 0.1), with the adopted valence-
quark approximation, in which the valence contributions
are numerically sizable, while the sea-quark and gluon
contributions are consistently omitted. The latter would
require a modified factorization framework for their reliable
inclusion. The pion-pole contribution plays a central role in
this kinematic domain. It provides the main contribution in

γπ� production and has a visible impact in the neutral
channels as well. Including the pion-pole term is therefore
essential in the moderate-ξ region relevant for JLab and
COMPASS/AMBER measurements [22,63], whereas for
small ξ, its effect becomes negligible. All leading-twist
chiral-even GPDs are included in our analysis, and the
vector contributions, in particular H, generally dominate
once the pion-pole term is absent.
Our analysis shows a strong sensitivity of γπ production

to the shape of the pion distribution amplitude, with broad
DAs possibly enhancing the predictions several times in
comparison with the asymptotic DA. The γη and γη0

channels probe the gluon content of the mesons, with
gluons contributing already at LO in this process. This is in
contrast to the γ�γ → ηðη0Þ transition form factors, which
are used to constrain the meson DAs from experiment,
where gluon contributions appear only at NLO.
Interestingly, in deeply virtual production of η and η0

mesons, the two-gluon contributions vanish at LO for
kinematic reasons [64]. The presence of gluon contribu-
tions already at LO therefore makes photon-meson photo-
production particularly suited for studying the gluonic
components of the η and η0 mesons. In this case, the γη0

channel shows sizable two-gluon contributions and a strong
dependence on the factorization scale.
Being a LO QCD prediction, the numerical results are

strongly dependent on the choice of the renormalization
scale, indicating that the inclusion of NLO corrections is
essential for stabilizing this dependence and achieving a
quantitatively reliable description. At the subprocess level,
photon-meson photoproduction is closely related to wide-
angle meson-pair production, γγ → MM0, and valuable
insights can be gained by comparing the two processes. In
particular, the pseudoscalar-pseudoscalar (PP) channel has
been analyzed at NLO [56], and extending this analysis,
involving a few hundred diagrams, to photoproduction
kinematics as well as to the scalar-pseudoscalar (SP) channel
remains an ambitious task. Nevertheless, taking lessons from
DVCS and DVMP, for which a consistent description based
on universal GPDs emerges only at NLO [7], we view this as
a well-motivated and natural extension. In the absence of
NLO corrections, we therefore compare our predictions at
two physically motivated scale choices and find markedly
different results, differing by a factor of a few.
The present study establishes a consistent and trans-

parent leading-order framework for photon-meson photo-
production, with the quark GPD contributions included.
This process is complementary to DVCS and DVMP in
providing information on GPDs but is more sensitive to
their x dependence due to the additional kinematic varia-
bles and the mixing of x with external scales in the
propagators [10]. The analytical and numerical results
presented here provide a reference baseline for forthcoming
experimental studies at JLab, COMPASS/AMBER, and
future facilities, which will ultimately enable a more
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precise determination of GPDs and improve our under-
standing of nucleon structure.
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APPENDIX A: KINEMATICS

We choose the light-cone vectors p and n as

pμ ¼
ffiffiffiffiffi
s0

p
2

ð1; 0; 0; 1Þ; nμ ¼
ffiffiffiffiffi
s0

p
2

ð1; 0; 0;−1Þ; ðA1Þ

which satisfy p2 ¼ n2 ¼ 0 and p · n ¼ s0=2, while s0 is the
auxiliary scale. A generic four-momentum vμ can then be
decomposed in the Sudakov basis as

vμ ¼ anμþbpμþvμ⊥; with vμ⊥ ¼ð0;vx;vy;0Þ; ðA2Þ

so that v2 ¼ abs0 þ v2⊥.
With this convention, and adopting the usual definition

Δ ¼ p2 − p1 given in Eq. (2.4), the particle momenta for
the process (2.1) can be expressed as

pμ
1 ¼ ð1þ ξÞpμ þ m2

N

s0ð1þ ξÞ n
μ;

pμ
2 ¼ ð1 − ξÞpμ þm2

N0 − Δ2⊥
s0ð1 − ξÞ n

μ þ Δμ
⊥;

qμ ¼ nμ; kμ ¼ αnμ −
ðκ⊥ − Δ⊥=2Þ2

s0α
pμ þ κμ⊥ −

Δμ
⊥
2

;

pμ
M ¼ αMnμ þ

−ðκ⊥ þ Δ⊥=2Þ2 þm2
M

s0αM
pμ − κμ⊥ −

Δμ
⊥
2

:

ðA3Þ

Here, mN ≈mN0 and mM denote the nucleon and meson
masses, respectively, while κ⊥ represents the relative trans-
verse momentum between the outgoing photon and the
meson. We introduce the dimensionless variables α, αM,
and ξ. The latter, as usual, denotes the skewness (2.5).
From (A3) follows that scalars (2.2) amount to

SγN¼ð1þξÞs0þm2
N; t¼Δ2¼−

4ξ2m2
N

1−ξ2
þ1þξ

1−ξ
Δ2⊥;

s0 ¼M2
γM¼ 2ξs0þ t; t0 ¼ ðκ⊥−Δ⊥=2Þ2

α
;

u0 ¼ ðκ⊥þΔ⊥=2Þ2− ð1−αMÞm2
M

αM
; ðA4Þ

while a similar lengthy expression for M2
MN0 can be found

in [8,9]. Skewness then takes the general form

ξ ¼ τ

2 − τ
with τ ¼ s0 − t

SγN −m2
N
: ðA5Þ

According to factorization, illustrated in Fig. 1, κ⊥ needs to
be large, implying large s0 ¼ M2

γM and t0 and one neglects
Δ⊥ in front of κ⊥. In the collinear approximation, or so-
called generalized Bjorken limit, needed for the determi-
nation of subprocess amplitudes (2.7) and (2.8), one also
neglects the hadronic masses. Thus

s0 ¼M2
γM≈−

κ2⊥
αᾱ

¼ 2ξs0; −t0≈−
κ2⊥
α
¼ ᾱs0;

−u0≈−
κ2⊥
ᾱ
¼ αs0; ðA6Þ

with αM ≈ 1 − α≡ ᾱ, while t ¼ 0.

APPENDIX B: DISTRIBUTION AMPLITUDE
FORMALISM: CONVENTION AND EVOLUTION

The definition (2.28) of meson DAs describes the
projection of a collinear qq̄ state onto a pseudoscalar
meson M. It is applied to evaluation of Feynman diagrams,
as in Fig. 3, by replacing the quark and antiquark spinors15

with the projector

Pij;kl
M;q ¼ CijM

δkl
4Nc

γ5=pM; ðB1Þ

where ði; kÞ and ðj; lÞ denote the (flavor, color) indices of
the quark and antiquark, respectively. For the diagrams in
Fig. 4, a collinear gg state of two outgoing gluons,16 with
color indices a and b, Lorentz indices μ and ν, and

15Spinors are normalized as u†ðp; λÞuðp; λ0Þ ¼ ffiffiffi
2

p
pþδλλ0 .16The complex-conjugated expression applies for an incoming

pseudoscalar meson.
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momentum fractions z and z̄, is projected onto the flavor-
singlet pseudoscalar state η1 as

Pμν;ab
η1;g ¼ 1

2
ffiffiffiffiffinf

p δab
4Nc

iεμν⊥
1

zz̄
; εμν⊥ ¼ εμνγδ

kγpδ
M

k · pM
; ðB2Þ

with k taking the role of the reference vector in the
projection.17 The factor 1=ðzz̄Þ arises from converting
the field-strength tensor matrix element (2.30) to the
gauge-field representation hη1ðpMÞjAνð−wÞAμðwÞj0i,
which appears in the amplitude evaluation. Throughout
this work for the Levi-Civita tensor we adopt the con-
vention

ϵ0123 ¼ þ1: ðB3Þ

The projectors (B1) and (B2) are then used in the
calculation of the hard-scattering subprocess amplitudes,
which are subsequently convoluted with fMϕM and
fη1ϕη1;g, respectively.
For completeness, we note that in the case of scalar

mesons, the definitions are modified as follows: γ5 is
omitted in (2.28) and (B1); the dual field-strength tensor
is replaced by G̃μν → Gμν, and iεμν⊥ → gμν⊥ ¼ gμν − kμpνþkνpμ

k·pM

in (2.30) and (B2), respectively. The symmetry properties
given in (2.31) change sign for scalar mesons.
The definition of the gluon DA and the corresponding

flavor-singlet evolution is convention dependent.18 In
this work we adopt the convention of Ref. [42], devel-
oped and employed in Refs. [40,41,43]. For complete-
ness, we summarize the LO evolution equations for
quark and gluon DAs of pseudoscalar mesons repre-
sented as Gegenbauer expansions:

ϕMðz;μFÞ¼ 6zð1− zÞ
�
1þ

X
n¼2;4;…

aMn ðμFÞC3=2
n ð2z−1Þ

�
;

ðB4Þ

ϕη1gðz; μFÞ ¼ 30z2ð1 − zÞ2
X

n¼2;4;…

agnðμFÞC5=2
n−1ð2z − 1Þ;

ðB5Þ

where the flavor-octet pseudoscalar mesons M ¼
fπþ; π−; π0; η8g evolve according to

aMn ðμFÞ ¼ aMn ðμ0ÞLγqqn =β0 ; L ¼ αsðμ0Þ
αsðμFÞ

: ðB6Þ

For the flavor-singlet η1, the evolution mixes the quark
ϕη1q ≡ ϕη1 and gluon DAs ϕη1g :

a1nðμFÞ ¼
1

1 − ρðþÞ
n ρð−Þn

½ðLγðþÞ
n =β0 − ρðþÞ

n ρð−Þn Lγð−Þn =β0Þa1nðμ20Þ

þ ðLγð−Þn =β0 − LγðþÞ
n =β0Þρð−Þn agnðμ20Þ�;

agnðμFÞ ¼
1

1 − ρðþÞ
n ρð−Þn

½ðLγð−Þn =β0 − ρðþÞ
n ρð−Þn LγðþÞ

n =β0Þagnðμ20Þ

þ ðLγðþÞ
n =β0 − Lγð−Þn =β0ÞρðþÞ

n a1nðμ20Þ�; ðB7Þ
with

ρðþÞ
n ¼ 1

5

γgqn

γðþÞ
n − γggn

; ρð−Þn ¼ 5
γqgn

γð−Þn − γqqn
; ðB8Þ

and eigenvalues of the anomalous-dimension matrix

γð�Þ
n ¼ 1

2

	
γqqn þ γggn �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðγqqn − γggn Þ2 þ 4γqgn γgqn

q 

: ðB9Þ

The LO anomalous dimensions used in this convention
read

γqqn ¼CF

"
3þ 2

ðnþ1Þðnþ2Þ−4
Xnþ1

i¼1

1

i

#
;

γqgn ¼CF
nðnþ3Þ

3ðnþ1Þðnþ2Þ ; n≥ 2;

γgqn ¼ nf
12

ðnþ1Þðnþ2Þ ; n≥ 2;

γggn ¼ β0þNc

"
8

ðnþ1Þðnþ2Þ−4
Xnþ1

i¼1

1

i

#
; n≥ 2; ðB10Þ

where CF ¼ ðN2
c − 1Þ=ð2NcÞ and β0 ¼ ð11=3ÞNc −

ð2=3Þnf. One should distinguish between nf ¼ 3, used
in (B10) and in the DA definitions (2.28) and (2.30),
which counts the fixed valence-quark content in the
meson’s flavor-singlet combination, and ñf, the num-
ber of active flavors at a given scale, which enters the
β functions and governs the running of αs.

APPENDIX C: GPD PARAMETRIZATION

The analysis in this work is based on the GPD frame-
work developed in [30–32] and summarized in [51],
commonly referred to as the GK model. The valence-quark

17The condition necessary and sufficient for this projection is
that, in a frame where pM carries only a plus component, k⊥ ¼ 0
and k− ≠ 0, while kþ need not vanish, as the Levi-Civita con-
traction does not require a purely minus-directed reference vector.

18A detailed discussion of the various conventions found in the
literature is provided in Ref. [40]. The evolution kernels corre-
sponding to the present convention were summarized in Ref. [41],
where η and η0 transition form factors were also employed to
update the numerical values of the DA coefficients. The same
formalism and DAs were later applied to other processes in
Refs. [42,43], where a slightly modified normalization—affect-
ing the DA coefficients but not the evolution kernels—was
introduced for convenience.
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GPDs in this model can be generically written as

H̃qðx;ξ; tÞ¼Nqeb
qt
X5
j¼1

cqj
3

2ξ3
ðξ2−xÞXþξð1−xÞlqj ðtÞY
ðlqj ðtÞ−1Þlqj ðtÞðlqj ðtÞþ1Þ ;

ðC1aÞ

for x < −ξ∶ X ¼ Y ¼ 0;

for x < ξ∶ X ¼ Y ¼
�
xþξ
1þξ

�
lqj ðtÞ;

for x > ξ∶ X ¼
�
xþξ
1þξ

�
lqj ðtÞ −

�
x−ξ
1−ξ

�
lqj ðtÞ;

Y ¼
�
xþξ
1þξ

�
lqj ðtÞ þ

�
x−ξ
1−ξ

�
lqj ðtÞ; ðC1bÞ

and analogously for the other twist-2 quark GPDs Ẽq, Hq,
and Eq, with the sum for Eq running up to j ¼ 16. Here

lqj ðtÞ¼2þj−1

2
−kqðtÞ; with kqðtÞ¼δqþα0qt: ðC2Þ

We take Nq ¼ 1, while bq, cqj , δ
q, and α0q denote the model

parameters listed in Table III, specified at the initial
scale μ0 ¼ 2 GeV.
The GK parametrization used here is designed for the

small-t region relevant to our analysis. The ansatz
employed—see Eq. (8) in Ref. [51]—develops an expo-
nential falloff at larger t and therefore cannot reproduce the
power-law behavior of the nucleon form factors. A modi-
fication suitable for the large-t domain was proposed in
Ref. [65] and is summarized in Eq. (9) of Ref. [51],19 which
we mention here for completeness.20 We recall that such

extensions are conceptually similar to going beyond a
purely linear Regge-type behavior at small t.

APPENDIX D: HARD-SCATTERING
AMPLITUDES FOR MESONS WITH

NONSYMMETRIC DAS

For completeness, this section provides the hard-scatter-
ing amplitudes for the γqi → ðqiq̄jÞqj [or, equivalently,
γðqiq̄jÞ → ðqiq̄jÞ] subprocess, without taking into account
the symmetry properties of the meson DA. Unlike the
symmetrized expressions in Sec. II D, these results apply
to pseudoscalar mesons with nonsymmetric DAs, such
as kaons. The full hard-scattering amplitude for the
γðPÞ → γP subprocess, which couples to the parity-odd
(axial) GPD, reads

T ðijÞ
PP ¼ ðe2i T ðiÞ

A þ e2jT
ðjÞ
A þ eiejT

ðijÞ
A ÞTA

þ ðe2i T ðiÞ
B þ e2jT

ðjÞ
B þ eiejT

ðijÞ
B ÞTB; ðD1Þ

where

T ðiÞ
A ðy;zÞ¼ 4

s0ᾱ

�
α− z

zz̄ðyþ iϵÞþ
1−αz

αzz̄ðy− iϵÞþ
ᾱ2−2αz

αzz̄ðȳ− iϵÞ
�
;

T ðijÞ
A ðy;zÞ¼ 4

s0α

�
α− z

zz̄ðyþ iϵÞ−
1−αz̄

zz̄ðȳ− iϵÞ

−
ð1− ᾱzÞ2þα

zz̄ðz̄y−αzȳþ iϵÞ
�
þfðy;zÞ→ ðȳ; z̄Þg; ðD2Þ

T ðiÞ
B ðy; zÞ ¼ 8

s02α

�
−

1

ᾱ z̄ðyþ iϵÞ þ
1

αᾱ z̄ðy − iϵÞ

þ 1

αzðȳ − iϵÞ
�
;

T ðijÞ
B ðy; zÞ ¼ 8

s02α2

�
−

1

z̄ðyþ iϵÞ −
1

zðȳ − iϵÞ
�

þ fðy; zÞ → ðȳ; z̄Þg; ðD3Þ

TABLE III. Parameters of the GK model defined in (C1) with Nq ¼ 1. Additionally, for Eu: [cq1 ¼ 1.454, cq2k ¼ 4cq2k−1,
cq2kþ1 ¼ −ð4.65 − ð2kþ 1ÞÞ=k cq2k] and for Ed: [cq1 ¼ −1.844, cq2k ¼ 0, cq2kþ1 ¼ −ð5.25 − ð2kþ 1ÞÞ=k cq2k].

H̃u H̃d Ẽu Ẽd Hu Hd Eu Ed

Nq 1 1 1 1 1 1 1 1
bq 0.59 0.59 0.9 0.9 0 0 −0.05 −0.635
δq 0.32 0.32 0.48 0.48 0.48 0.48 0.603 −0.603
α0q 0.45 0.45 0.45 0.45 0.9 0.9 0.861 0.861

cq1 0.213 −0.204 14 4 1.52 0.76 � � � � � �
cq2 0.929 −0.940 0 0 2.88 3.11 � � � � � �
cq3 12.59 −0.314 −28 −8 −0.095 −3.99 � � � � � �
cq4 −12.57 1.524 0 0 0 0 � � � � � �
cq5 0 0 14 4 0 0 � � � � � �

19This form is also supported by holographic QCD [66].
20There is an analogy with Regge-type models, where soft-

hard transitions may arise from the interplay of different
trajectories, as discussed in Refs. [67,68]. In the GPD context
a similar transition appears when going from the soft exponential
regime at small jtj to the power-law regime at large jtj. Since the
present analysis is restricted to small t, only the soft regime is
probed.
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while

T ðjÞ
A ðy; zÞ ¼ T ðiÞ

A ðȳ; z̄Þ; T ðjÞ
B ðy; zÞ ¼ T ðiÞ

B ðȳ; z̄Þ: ðD4Þ

The amplitude for the γðSÞ → γP subprocess couples to the
parity-even (vector) GPD and is given by

T ðijÞ
SP ¼ ðe2i T ðiÞ

A5 þ e2jT
ðjÞ
A5 þ eiejT

ðijÞ
A5 ÞTA5

þ ðe2i T ðiÞ
B5 þ e2jT

ðjÞ
B5 þ eiejT

ðijÞ
B5 ÞTB5; ðD5Þ

with

T ðiÞ
A5ðy; zÞ ¼

−16ξi
s03αᾱ

�
αðz − z̄Þ − z
ᾱzz̄ðyþ iϵÞ þ

1 − αz
αᾱzz̄ðy − iϵÞ

−
1þ αðz − z̄Þ
αzz̄ðȳ − iϵÞ

�
;

T ðijÞ
A5 ðy; zÞ ¼

−16ξi
s03α2

�
αðz − z̄Þ − z
ᾱzz̄ðyþ iϵÞ þ

1 − αz̄
ᾱzz̄ðȳ − iϵÞ

þ αz2 − z̄2

zz̄ðz̄y − αzȳþ iϵÞ
�
− fðy; zÞ → ðȳ; z̄Þg;

ðD6Þ

T ðiÞ
B5ðy; zÞ ¼

−16ξi
s03αᾱ

�
α − z

ᾱzz̄ðyþ iϵÞ þ
z − z̄ − αz

αᾱzz̄ðy − iϵÞ

−
ᾱ − 2z

αzz̄ðȳ − iϵÞ
�
;

T ðijÞ
B5 ðy; zÞ ¼ −T ðijÞ

A5 ðy; zÞ þ
32ξi
s03α2

�
1

z̄ðyþ iϵÞ −
1

zðȳ − iϵÞ

− fðy; zÞ → ðȳ; z̄Þg
�

¼ −T ðijÞ
A5 ðy; zÞ þ T ðijÞ

ΔB5ðy; zÞ; ðD7Þ

while

T ðjÞ
A5ðy;zÞ¼−T ðiÞ

A5ðȳ; z̄Þ; T ðjÞ
B5ðy;zÞ¼−T ðiÞ

B5ðȳ; z̄Þ: ðD8Þ

APPENDIX E: CALCULATION OF
PV INTEGRALS

Here, as defined in (2.11), we adopt the compact notation
y ¼ ξþx

2ξ , ȳ ¼ ξ−x
2ξ , and use ⊗ ≡ ⊗x¼⊗y and ⊗z to denote

the convolution integrals defined in (2.23). We explain here
the PV treatment of the elementary contributions (2.55).
Using the standard distribution identity

1

y� iϵ
¼ P

1

y
∓ iπδðyÞ; ðE1Þ

the convolution with a GPD yields

P
1

y
⊗ Hðx; ξÞ ¼

Z
1

−1
dx

1

ξþ x
½Hðx; ξÞ −Hð−ξ; ξÞ�

þ ln
1þ ξ

1 − ξ
Hð−ξ; ξÞ; ðE2Þ

δðyÞ ⊗ Hðx; ξÞ ¼ Hð−ξ; ξÞ: ðE3Þ

For mixed denominators of the form z̄y − αzȳ, with
α; z∈ ½0; 1�, we rewrite the propagator in a form suitable
for PV decomposition and using (E1) get

1

z̄y−αzȳþ iϵ
→

−1
yþαȳ

�
P

1

z− y
yþαȳ

þ iπδ
�
z−

y
yþαȳ

��
:

ðE4Þ

The PV contribution in this case leads to a combined
convolution over x and z, naturally split into the DGLAP
and ERBL regions:

ϕðzÞ⊗z fðy; zÞP 1

z − y
yþαȳ

⊗ Hðx; ξÞ

¼
	Z

−ξ

−1
þ
Z

1

ξ



dx
2ξ

Hðx; ξÞ
Z

1

0

dzϕðzÞfðy; zÞ 1

z − y
yþαȳ

þ
Z

ξ

−ξ

dx
2ξ

Hðx; ξÞ
Z

1

0

dz

	
ϕðzÞfðy; zÞ − ϕ

�
y

yþ αȳ

�

× f

�
y;

y
yþ αȳ

�

1

z − y
yþαȳ

−
Z

ξ

−ξ

dx
2ξ

Hðx; ξÞ ln y
αȳ

ϕ

�
y

yþ αȳ

�
f

�
y;

y
yþ αȳ

�
; ðE5Þ

while the imaginary part resides in ERBL region

ϕðzÞ⊗z fðy; zÞδ
�
z −

y
yþ αȳ

�
⊗ Hðx; ξÞ

¼
Z

ξ

−ξ

dx
2ξ

Hðx; ξÞϕ
�

y
yþ αȳ

�
f

�
y;

y
yþ αȳ

�
: ðE6Þ

In order to keep the expressions above as compact as
possible, we use both y and x notation whenever conven-
ient21 interchangeably.

21Note that from x ¼ ξð2y − 1Þ follows R ξ
−ξ

dx
2ξ ¼

R
1
0 dy, and it

is easy to see from (E4) that the LO contribution to the s-channel
process γM1 → γM2 (0 < y < 1) develops an imaginary part. In
contrast, for the corresponding t-channel process γγ → M1M2,
the LO contribution is real within the physical region, while
imaginary parts arise only for values of y outside [0, 1] (i.e.,
y < 0 or y > 1), as in the subprocess of πN → γγN0. This
parallels the observations given in [10,21], namely the enhanced
GPD sensitivity in the ERBL region for γN → γMN0 and in the
DGLAP region for πN → γγN0.
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APPENDIX F: COMPENDIUM OF NUMERICAL RESULTS

In this section, we collect the figures showing the numerical results discussed in Sec. IV.

1. Fully differential cross section

FIG. 5. Fully differential cross section for γN → γMN0, with M ¼ πþ; π−; π0; η; η0. Dashed and dash-dotted lines correspond to the
vector and axial-vector GPD contributions, respectively, while solid lines show their sum, i.e., the total result. Thin lines represent axial
and total results without the π-pole contribution. The kinematics are specified by SγN ¼ 20 GeV2, s0 ¼ 4 GeV2, yielding ξ ¼ 0.117,
while ð−tÞ ¼ ð−t0Þ (3.6).

FIG. 6. Illustration of the size of the pion-pole contribution to fully differential cross section for γp → γπþn at small ξ values. Line
designations as in Fig. 5, and ð−tÞ ¼ ð−t0Þ.
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FIG. 7. Fully differential cross section for γN → γπN0 at ð−tÞ ¼ ð−t0Þ and four different kinematics: ðs0 ¼ 4; SγN ¼ 20Þ GeV2 with
ξ ¼ 0.117; (s0 ¼ 4, SγN ¼ 12) GeV2 with ξ ¼ 0.219; ðs0 ¼ 7; SγN ¼ 20Þ GeV2 with ξ ¼ 0.224; and ðs0 ¼ 4; SγN ¼ 9Þ GeV2 with
ξ ¼ 0.327. Here πþ; π−, and π0 are represented by solid, dashed, and dot-dashed lines, respectively. Thin lines denote results obtained
without the π-pole contribution.

FIG. 8. Fully differential cross section for γp → γηðη0Þp at ð−tÞ ¼ ð−t0Þ and four different kinematics: ðs0 ¼ 4; SγN ¼ 20Þ GeV2 with
ξ ¼ 0.117; ðs0 ¼ 4; SγN ¼ 12Þ GeV2 with ξ ¼ 0.219; (s0 ¼ 7, SγN ¼ 20) GeV2 with ξ ¼ 0.224; and ðs0 ¼ 4; SγN ¼ 9Þ GeV2 with
ξ ¼ 0.327. Here η, and η0 are represented by dot-dashed and solid lines, respectively. Thin lines denote results obtained without
the π-pole contribution. The scales are set to μ2R ¼ μ2F ¼ s0.
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FIG. 9. Fully differential cross section γp → γηðη0Þp at ð−tÞ ¼ ð−t0Þ and four different kinematics. Line designations as in Fig. 8.
Here the scales are set to μ2R ¼ μ2F ¼ s0αð1 − αÞ.

FIG. 10. Ratio of the fully differential cross section (3.1) for the process γN → γMN0 (M ¼ πþ; π−; π0; η; η0) obtained with and
without the π-pole contribution. Different kinematics are compared, specified by ξ ¼ 0.117, 0.219, 0.224, and 0.327, while
ð−tÞ ¼ ð−t0Þ. Thin lines in the bottom-right panel correspond to η, while thick lines represent the η0 results.
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FIG. 11. Left: ratio of the fully differential cross section (3.1) for γp → γπþn, obtained with a given pion DA and normalized to the
result with the asymptotic DA. Thick and thin lines denote results with and without the π-pole contribution, respectively. Right: ratio of
the full differential cross section for the same process, comparing different pion DAs, obtained with and without the π-pole contribution.
Both figures are evaluated at s0 ¼ 4 GeV2 and SγN ¼ 20 GeV2, yielding ξ ¼ 0.117, and at ð−tÞ ¼ ð−t0Þ.

FIG. 12. Fully differential cross section for γp → γηðη0Þp0, with η and η0 shown by thin and thick lines, respectively. Dot-dashed lines
represent quark-only contributions, while the solid lines also include the two-gluon contributions to η and η0. In the left figure the
renormalization and factorization scales are set to μ2R ¼ μ2F ¼ s0, whereas in the right figure μ2R ¼ μ2F ¼ s0αð1 − αÞ. Both figures are
evaluated at s0 ¼ 4 GeV2 and SγN ¼ 20 GeV2, yielding ξ ¼ 0.117, and at ð−tÞ ¼ ð−t0Þ.
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2. Single-differential cross section

FIG. 13. Single-differential cross section for γp → γπþn at SγN ¼ 30, 20, 10, and 6 GeV2. Dashed and dash-dotted lines correspond
to the vector and axial-vector GPD contributions, respectively, while solid lines show their sum, i.e., the total result. Thin lines denote
axial and total results obtained without the π-pole contribution.

FIG. 14. Single-differential cross section for γp → γπ0p at SγN ¼ 30, 20, 10, and 6 GeV2. Line designations as in Fig. 13.
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FIG. 15. Single-differential cross section for γp → ðγηÞp at SγN ¼ 10 and 6 GeV2, compared for the scale choices μ2R ¼ μ2F ¼ s0 and
μ2R ¼ μ2F ¼ s0αð1 − αÞ. Line designations as in Fig. 13.

FIG. 16. Single-differential cross section for γp → ðγη0Þp at SγN ¼ 10 and 6 GeV2, compared for the scale choices μ2R ¼ μ2F ¼ s0 and
μ2R ¼ μ2F ¼ s0αð1 − αÞ. Line designations as in Fig. 13.
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FIG. 17. Single-differential cross section for γp → ðγηÞp at SγN ¼ 20, and 10 GeV2, compared for the scale choices μ2R ¼ μ2F ¼ s0 and
μ2R ¼ μ2F ¼ s0αð1 − αÞ. Dot-dashed lines represent quark-only contributions, while the total contributions, denoted by solid lines, also
include the two-gluon contributions to η. For comparison, dotted lines correspond to gluon-only contributions. Thin lines represent
results obtained without the π-pole contribution.

FIG. 18. Single-differential cross section for γp → ðγη0Þp at SγN ¼ 20 and 10 GeV2, compared for the scale choices μ2R ¼ μ2F ¼ s0 and
μ2R ¼ μ2F ¼ s0αð1 − αÞ. Line designations as in Fig. 17.
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3. Integrated cross section

FIG. 19. Ratio of the single-differential cross section (3.10) calculated with and without the π-pole contribution. Results at different
kinematical settings are compared, specified by SγN ¼ 30, 20, and 10 GeV2. Left: γp → γπþn. Right: γp → γηp.

FIG. 20. Cross section for γN → γMN0, withM ¼ πþ; π−; π0; η, and η0. Thick and thin lines denote results with and without the π-pole
contribution, respectively. In the left figure the renormalization and factorization scales are set to μ2R ¼ μ2F ¼ s0, while in the right figure
μ2R ¼ μ2F ¼ s0αð1 − αÞ. Line designations as in Fig. 21.

FIG. 21. Ratio of the cross sections (3.14) for γN → γMN0, with M ¼ πþ; π−; π0; η, and η0, calculated with and without the π-pole
contribution.
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