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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 € {z*, 7% #,5'}. Compact analytical
expressions are obtained for the amplitudes involving quark generalized parton distributions, with the two-
gluon components of the 7 and 5’ distribution amplitudes included. The numerical analysis is performed in the
moderate-£ 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 yz* production and a non-negligible effect for neutral
mesons. We also observe a marked dependence of yx' 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 &, and
the momentum transfer z. 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
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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) # and E—while they lack sensitivity
to the quark transversity GPDs at leading twist.

Photon-meson photoproduction, yN — yMN’, 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 (*N — yN) and DVMP (y*N — MN’),
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 = £& 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

Published by the American Physical Society
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Compton scattering, where the presence of an additional
scale also makes the process sensitive to x # +¢£ 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, yp;
and yp7 [8], and the pseudoscalar channels, such as yz
[9,10], have been investigated at leading order. In particu-
lar, the sensitivity of yz photoproduction to the GPD
structure has been explored in detail in [10], together with
its crossed counterpart, zN — yyN’ [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 # and #’ 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 7 and ' mesons
can be straightforwardly incorporated within the factorized
framework for yN — yn(/)N’, unlike the case of gluon
GPDs in the nucleon sector discussed above.

In this work, we revisit the photoproduction of a photon-
meson pair, YN - yMN/, to systematize the results for
pseudoscalar mesons M € {z*, z°, 5,7/} and to include the
two-gluon contributions to the 7 and 7' 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-¢  kinematic region (£ > 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 £ 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 A GPDs based on the smallness of & [9,22] are
not applicable, and we therefore include the E and E GPDs
in our analysis as well. Moreover, for moderate &, 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 yM photoproduction. The shape of
pion DA, in addition to determining the internal structure of
the produced pion, also affects the pion-pole contribution.
For 17 and n’ 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 yn and yn' 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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FIG. 1.

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,

v(¢) +N(p1) = v(k) + M(pm) + N'(p2),  (2.1)

where M denotes a pseudoscalar meson, M € {7+, z°, 5,1’}
The relevant scalar Lorentz invariants for this process
include

Sn=(g+p)* t=(pa—p1)?> M= (pu+p2)*
S =My =(k+pw)?. =(q-k?> u'=(g-pu)*
(2.2)

Here, S,y denotes the invariant mass of the incoming photon-
nucleon pair, t = (p, — p;)? is the squared momentum
transfer between nucleons, Mlz\/IN’ represents the invariant
mass of the outgoing meson-nucleon system, and s’ = M %M
corresponds to the invariant mass of the outgoing yM pair.
The variables s, ¢, and u’ also serve as the Mandelstam
variables of the partonic subprocesses y(q,g,) = 7(¢1G>)
andy(qg) — 7(gg), which are discussed in more detail in the
next subsection. One easily verifies that

s+ +u =t+m. (2.3)

t/

Left: factorization of YN — yMN’ process. Right: Brodsky-Lepage factorization for yM’ — yM process.

The photoproduction of the (yM) pair, Eq. (2.1), is fully
specified by the meson and nucleon masses my; and my,
together with five independent Lorentz-invariant quantities.
These can be either taken from Eq. (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,
we use fourinvariants: s’ = M %M, u',t,and S, 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, ¢, is small compared to the large invariant mass of
the photon-meson pair, MJ%M, a kinematic configuration
arises that closely resembles timelike Compton scattering
[33], where the final-state virtual photon with Q> > 0 is
replaced by the yM system. The factorization conditions
require a large momentum transfer 7, corresponding to
large scattering angles, i.e., a large transverse momentum of
the outgoing photon. It follows that the factorization of the
yN — yMN’ process in terms of nucleon GPDs is analo-
gous to the large-angle Brodsky-Lepage factorization of the
yM' — yM process, with the GPD corresponding to the
meson M’ distribution amplitude.”

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

A* = ph — ph, (2.4)

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

*This analogy parallels DVCS (y*N — yN) and the meson
transition form factor (y*y - M’), as well as DVMP
(y*N — MN’) and the meson electromagnetic or meson-to-meson
transition form factor (y*M’ — M).
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t = A?, and the longitudinal momentum transfer (i.e., the
skewness), is defined in terms of light-cone variables as

At
E= where P* = p/f + pb.

—pr (2.5)

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, A |, and the hadron
masses are neglected, except for the nucleon mass retained
in the skewness parameter

s/

S 2(Sn—mE) = s

¢

(2.6)

derived in Eq. (AS).

A. Collinear kinematics of the
hard-scattering subprocess

When the factorization conditions are satisfied, the
amplitude for the process YN — yMN’ can be represented
as a convolution of the GPD, the meson DA, and the hard
subprocess amplitude yq; — y¢,(q,4,) or, equivalently,

7(9132) = 7(4132)- (2.7)
Effectively, we are considering the y(M’') — yM process,
where (M’) denotes a partonic state carrying meson
quantum numbers, but in our case described through
GPDs. For neutral C = +1 states, the quark (gg) 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 |x| = & 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 yq — yq(gg), i.e.,

r(aq) = v(99)- (2.8)
The subprocess momenta are given by
g" + (A =K + Pl (2.9)
with
(=A) = y(=Aa)y +y(=a)",
Phi = 2Py + 2P (2.10)

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 o =1 — v.
While the meson momentum fractions satisfy 0 < z < 1,
the variable y, in the case of photoproduction of yM pair,
serves as a convenient parametrization defined by

E+x E—x
YT e 2%

Here x denotes the usual “average” parton momentum
fraction, —1 < x < 1, and consequently (¢é—1)/(2¢) <
y < (E+1)/(22).

In the collinear limit, where t = A%? = 0 and p3; = 0, the
subprocess Mandelstam variables introduced in (2.2),
§' = (q+(=A)% 1 = (py— (—A))% and ' = (k= (=A))2,
satisfy

y = (2.11)

s+t +u =0. (2.12)
The dimensionless variable a, introduced in Appendix A,
takes the form

—u 7
a=—7,

(2.13)

and 0 < a < 1. The scattering angle € 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 ¢ — A system)
can then be expressed through a as

cosf =2a—1. (2.14)

Following (A3), the subprocess momenta are given by

g" = n*,

(A =2¢pH,

k= an* + a(28)p* + K|,

Py = an +a(2e)p — kL. (2.15)
with the corresponding Sudakov decomposition in terms of
the light-cone vectors p and n introduced in Appendix A.
The momentum &k, 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

-3 =aas’ =——/, (2.16)

and both s’ and the angle 0, or equivalently the transverse
momentum « | , 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,

g,-p=¢g-p=0. (2.17)
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The polarization vectors can then be written as

(2.18)

The 2 — 2 subprocess y(M') — yM is fully character-
ized by two scalar invariants, which we choose as s and a.
After accounting for the limit of small transverse momen-
tum A |, the full process yN — yMN’ is described by four
invariants: s’, a, t, and S,n- The skewness & is defined as
in (2.6).

B. Factorization and amplitude decomposition

The factorization of the yN — yMN’ 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:

y(P) = yP: bt = a(p,)y y u(p,) — H,
Aty -
- £
e ”(Pz) 2my “(Pl) - L,
y(S) = yP:h" = a(py)ytu(p,) = H,
i6+A
e" =i(py) pr. u(p,) = E, (2.19)

where (P) and (S) denote states with pseudoscalar and
scalar quantum numbers, respectively.” Specifically, the
parity is P = —1 for P and P = 41 for S, while for neutral
states the charge parity is C = +1. The total amplitude M
of the process can therefore be written as a sum:

M = MPP MSP

oLt ht et
:<HP++€ ) (HP++€ ) (2.20)

where, by analogy with DVCS, we define the Compton-
meson form factors (CMFFs) H, &, 'H, and &, named after
the corresponding GPDs. These form factors factorize into
a convolution of the relevant GPD, the meson DA, and the
subprocess amplitude 7 associated with subprocesses (2.7)
and (2.8):

*Besides providing compact notation, this convention clarifies
the relation between the subprocess amplitudes and those
obtained in the crossed process yy — M'M [34-39].

(50)~ (5ieg om0 damc
B < H(E(2y — 1), &)
E(2y-1).9)

SoUNgsl

) & Tor(y.2) & du2).

(2.21)

(HM> . (ZE;S) ® Tsp(x.£.2) ® pu(2)

<H(§(2y— 1).6)
E(Q2y-1).9)

) & Ten(y.2) ® dua(2).

(2.22)

Here we introduce the notation

1 11+ g 1
/ dx / : éz/ dz, (2.23)
! 0

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

M (A, A) =

My £4(2q) € (M) (2.24)

It is then convenient to introduce its general Lorentz
decomposition, which, when applied to the subprocess
amplitudes 7 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 yy — MM’ [34-39]. In this work, for the
photon polarizations, we adopt the axial gauge (2.17), for
which generally4

Mapf = (Sq
MR = (q-&;) 1=

er) MPPO) (g, k) (q- &) MPPD)
A)k A/SP(1) + (g, k) £5ia(=D)k p4SP(2)
(2.25)

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

g = SATA + SBTBa
E = EpsTys + EpsTps,
(2.26)

7:( - ﬂATA + ﬂBTBv
H = HasTss + HpsTps,

“The notation for the numbers in the round brackets is inspired
from [9].
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which employs the modified tensor structures’

TA ESqL'SzL, TBE(SqL'kL)(kL'SZL)’
To, = (ki €} )euks, Ty =(k e, )e" "

(2.27)

C. Nonperturbative inputs: DAs and GPDs

1. Meson distribution amplitudes

At leading twist, pseudoscalar mesons can be repre-
sented by their ¢;,q; Fock components, with the
|

7t ud(di)
a°:

- Cp

(I/Hjt—dt_i) d C”U = /13,

1
V2 V2

with 4; being the usual SU(3) Gell-Mann matrices and
ny = 3. Additionally, the two-gluon (gg) Fock component
contributes to the flavor-singlet pseudoscalar meson 7,
whose gluon distribution amplitude is defined as

(m (pw)|G™(-w) G (w)[0)

(p;/[)Z ld —i(z=2) pyyw™ 2.30
—ﬁfl A ze ¢171g(z>7 (2.30)

Grv = e/“’y‘sG ,5» with the convention that
=+1. The quark and gluon distribution amplitudes,
&y q = ¢y, and @, ,, mix under evolution.

Due to pseudoscalar nature and isospin invariance, the
pion® and quark eta DAs are symmetric in (z — Z), while
two-gluon DAs are antisymmetric:

where
0123

¢”('78s'71q) ()= ¢ﬂ(7/s,mq) (2), ¢mg(Z) = _¢mg(z)' (2.31)

The quark distribution amplitudes ¢, n,) are normalized
to unity, while the flavor-singlet gluon DA, ¢, 17 is, through
QCD evolution, closely linked to its quark counterpart ¢, i
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
Cy*(2z=1) and CY*(2z—1) for the quark (2.28) and
gluon (2.30) cases, respectively. The evolution of DA in

>Their relations to the four-vectors of the process are given by
Ty=e,- €, Ty =—aley-k)(e; - q), Ta, = 3218 (e} - q),
and Ty, = 5 ¢° WAk (e, k).

As usual, pion DA is taken the same for z+, 7~ and 7°.

=14 Fik), m
n: ﬁ(uu+dd+ss) - C,

corresponding distribution amplitudes defined through
hadronic matrix elements as

(M(pa)|7:(—=w)Ciir +75q,(w)[0)
— iptifu A e IR g (), (2.28)

for a generic meson momentum py; in the + light-cone

direction, with the gauge link suppressed in light-cone
gauge here and henceforth. The matrix Cyj encodes the

flavor structure of the meson:

 L(un+dd-2s35) > C =-1)a,
7! ) CRIRC (2.29)

— L
=1y,

[

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 a, being the most reliably determined.
Consequently, in this work we use the truncated expansions

dn(zur) = 62(1 = 2)[1 + ' (up) G222 - 1)), (2.32)

b, (Ze) = 3021 = 22ad(up) €7 (22 = 1), (2.33)
The leading-order evolution is described in Appendix B.
For M = {z",z~,z°} we compare two forms:

4™ =0,  ai(uy=2GeV)=0.11675, (2.34)
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:

_T(2+25)

F2(1 +5) Z(S(l _Z){s’ (235)

where the parameter & controls the end-point behavior:
smaller values correspond to broader DAs. We test several
values: § = 1/2 (as in [48]) and the broader § = 0.4 and
0 = 0.3 suggested by the lattice results. The corresponding
pion DAs are illustrated in Fig. 2.

For n and #' mesons, the octet state M = 75 is described
at leading twist by its gg component and quark DA (2.32),
while the singlet M = #; also includes a gluon Fock state
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1.4} ]
1.2} ]
_ 10} ]
N
S ool T A
O.4>l/l EE—— 1
0.2f — = ]
0.0 : : : :

0.4 0.6

V4

Gre (n1)(2)

0.0

FIG. 2. Left: pion DAs. Shown are the asymptotic DA (a, = 0), the lattice-motivated DA with a%(uy = 2 GeV) = 0.116 [44] in the
Gegenbauer representation (2.32), and the beta-function ansatz (2.35) for n = 0.5, 0.4, and 0.3. Right: g and 1; DAs obtained from the
Gegenbauer expansions (2.32) and (2.33), with coefficients evaluated at yy = 2 GeV: ag = —0.039, aé = —0.057, and ag = 0.38 [43].

described by qﬁmq (2.33). The two n7; DAs, ¢, and ¢mq’ 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 # and 7
transition form factors in Ref. [41]:

= —0.05 £ 0.02, al = -0.12 +0.01,

a3
a3 =0.63+0.17 atpu,=1GeV. (2.36)
The corresponding DAs, evolved to the scale p = 2 GeV,
are depicted in Fig. 2.

The physical 7 and 7’ mesons are described in the octet-
singlet basis as mixtures of #g and #;. 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
|

M, = cos s M, — sin ) M

m>

M,y = sindg M, +cosO M, ,

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):

(p(p2)la(=w)rtrsqw)lp(p1))
- /_ L e (R E (x, £, 1) + 5 B4 (x, 6, 1)),

1
(2.40)

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

8
n _f8C05987

ffl/ = fg sin 98’

fy=~Ffisin,

fy = ficosé,. (2.37)

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

fr=131MeV,
fs=(1.2640.06)f,.
f1=(1.174£0.04)f,.

Oy =—(212+£1.4)°,

0,=—(92+14)°.  (2.38)

The corresponding helicity amplitudes for #' and 7 pro-
duction read

with M, = (M, +M, ). (2.39)

[
(p(p2)la(=w)y*tq(w)|p(p1))

1 . —
- / dxe= P (1 H(x, E,1) + et B (x, &, 1)),
-1

(2.41)

which correspond to parity-odd (axial) and parity-even
(vector) GPDs, respectively. The proton GPDs of quark
flavor ¢ are denoted as 9 = I:If,, with analogous notation
for the remaining GPDs. Isospin symmetry relates proton
and neutron distributions according to H = HY,
HY = HY, and H5 = H}. In the case of yz* photopro-
duction, transition GPDs contribute, and isospin relations
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lead to [50] A% = H' = HY — HY. Quark GPDs do not,
in general, exhibit definite symmetry under the (x - —x)
transformation. We therefore introduce the standard sym-
metric and antisymmetric combinations, which possess the
required symmetry properties [50]

) (x,8) = H(x,&) £ HI(~x,£),
B(x,8) = HI(x. &) F HI(=x,¢),

and analogously for £ and E GPDs.”

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 ¢ 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 uy =2 GeV.

Additionally, we include the pion-pole contribution to E,

following [51]:
FP(t)d) x+¢
48 T\ 28 )0

(2.43)

(2.42)

O(|x[<¢)

pole(x é t) pole(x 5 t)

where Fp(t) 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

zfgnNNFnNN(t)
m2 — ¢

Fp(1) = myfy (2.44)

Here, g,nn = 13.1 denotes the pion-nucleon coupling
constant, and F,n(#) is the pion-nucleon vertex form
factor, parametrized as

A -

(SR

Fann (1) =
with Ay = 0.44 GeV and ¢ defined in (3.6). When the pion-

pole term is included, the replacement E — E + Epole (or,
equivalently, £ — & + Epole) is applied in our calculations.

"Note 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 (+41) for parity-even
GPDs, defines the signature o, for which the quark GPDs satisty
GPD(x) = —o6GPD(—x).

The pion-pole contribution to £ can be viewed as a
specific example of a resonance-exchange contribution to
GPDs. In particular, the pion exchange contributing to
the region —£ < x <& of E may become significant at
small ¢ because of the proximity of the pion pole at t = m?2.
This behavior is expected from chiral dynamics, where the
pion is the lightest z-channel state and couples strongly
through partially conserved axial-vector current and the
zNN interaction. The relative importance of the pion pole
increases with £ because it contributes only in the Efremov-
Radyushkin-Brodsky-Lepage (ERBL) region |x| < &. As
& grows, this region widens while the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) domains shrink, so a
larger fraction of the GPD is sensitive to z-channel
exchange.

In the case of yM photoproduction, it corresponds to the
right-hand diagram in Fig. 1 with M’ = 7, that is, to the
amplitude of the subprocess yz — yM. In DVCS, the pion
pole contributes via the transition form factor y*y — z° and
may become important for some observables at moderate &
[53]. In DVMP, the pion- pole term contributes for charged
pions but vanishes for z°, and it has been found to be
significant for & > 0.1 [32,54,55]. In that case, 1t corre-
sponds to the pion electromagnetic form factor y* 2+ — 7%,
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 yy — M'M 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 y(¢12) = 7(q1g2) (2.7) and y(qg) = r(99)
(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 #-channel
subprocesses (as opposed to the above s-channel case),
v = (9142)(9241) and yy — (gg)(gg), and thus to the
hadronic processes yy - MM’ and MN — yyN'. 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 yM photo-
production. The general 2 — 2 subprocess amplitudes

1(4192) = 7(¢192) and y(qg) — 7(gg) are identical across
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FIG. 4. Representative Feynman diagrams contributing to y(¢g) — y(gg9) (2.8).

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 of Mandelstam variables (for instance, s’ <>
' between s- and t-channel subprocesses)—differentiate
these cases. To illustrate this point, although the same
diagrams contribute, Compton scattering on a meson M
(yM — yM) contains cuts, i.e., imaginary parts, already at
LO, whereas the crossed meson-pair photoproduction
(yy > 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 7, 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 yy — MM’ from the literature—particularly the
gluon contributions from [36]—and found agreement up to
ie terms, which depend on kinematics.

Taking into account the decomposition introduced in
Sec. II B, we express the amplitudes corresponding to the
subprocess y(q1g,) = 7(¢1g») in the following form:

T = (@TV + TV + e, TVNT,

+ (e%Tg) + eng) + e,»ejng))TB (2.46)
and
T[U] _ ZT(i) 2/]'(/) ) ~T(U) T
sp = (67T 45+ €5l 45+ eiejl 45 )T a5
+ (e%ng + e?TgS) + eiejTgé))Tm, (2.47)

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 e?- and
e?—proportional terms, while the C-type (four) and D-type
(four) diagrams contribute to the e;e;-proportional terms.
These can be grouped into four gauge-invariant sets related
by symmetry relations:

V0.0 =T¢ 5.2,

T2 =-T5.2);
(2.48)

TV(y.2) =TY(5.2),
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that is, they are symmetric under (y,z) — (9,z) for PP
contributions and antisymmetric for SP ones. The complete
and systematized results, organized using the compact
(y,z) 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 work® [9].

In this work we focus on pseudoscalar mesons whose
quark distribution amplitudes are symmetric under (z — Z)
(2.31). Exploiting this property, and introducing the sym-
metric (F4%), E4+) H-) E4-)) and antisymmetric
(F90), E15) g9 E4H)) 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 (x - —x) symmetry corresponds to (y — ). To
this end, we reorganize the convolution of the 7!
amplitudes with the GPDs (the convolution with the
symmetric DA being understood) as

Topli) @ 14 e T & 1
e, —e;
oY ! J Y s
T sl @ HY T;g) ® H2< )
Y e
T(_> ® A1)
tef-ehy F
-) q(-)
T ® 1

y o~
Ve

+ e,‘@j (249)

Y s
Tl ® -

multiplied by corresponding tensor structures 7'y(s), where

X €{A, B}, while ng(;, Tg(_()s)’ and Tg)()s) are defined

through
L ) () (+)
E(TX(S) + ij(s)) - Tx(s)’
L) () (-)
5Txi5=Txs) = Txs)s
(i) () (i) (0)
T x5t T xj(s) +7T st) -7 X(5) (2.50)

By further exploiting the symmetry properties of the DA

and GPDs (hence the notation —), we simplify 7° g;%
Ty
sions are summarized in Table I.

The gluonic subprocess y(qg) — y(gg) 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

and 7 ;0()5). The resulting compact analytical expres-

¥Note that in this study we adopt the convention for 7 g5 which
is opposite both [8] and [9].

follow from (z—132), (y—=9), and (v,2) = (7.2)
exchanges. The total amplitude takes the form

T = {2(TUT, + TP} +{(y - 7)}

~{z= 2} {02 = (5.2)} (2.51)
and
TU = {(&(TWT s + TYTps)} — {(v = 3)}
(=2} + {2 = 3.2}, (2.52)
which leads to
Tl (v.2) =T (.2, T¥(.2) =T G.2).
(2.53)

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):

y o Y st
THH | - T ® 17T,

y Mg q . m,
T @ H B G 2T q
y o~
T(BQ) ® H”z(” TB .
+e2 .
q (g) y ) ®¢7’Ilg
TBS ® 75 Tps
(2.54)

Making further use of the DA and GPD symmetry relations,
we obtain a concise analytical forms for Tgf()s)’ which are
presented in Table I.

Relations analogous to (2.49) and (2.54) apply also to E4
and E?. While all terms from (2.49) contribute to yz*
photoproduction, only the 7% terms contribute to the
photoproduction of neutral mesons. In the flavor-singlet
channel, i.e., for yn, photoproduction, the 7° g(g()s) terms

contribute as well.

1. Structure of the subprocess amplitudes

As seen from Table I, the building blocks of the
subprocess amplitudes for y(q13,) = 7(¢13,) and
r(q¢g) — y(gg) reduce, after using the symmetry properties
of the GPD and DA, to

1 f(z)
, d . 2.55
y*ie an 7y —azy + ie ( )

I
z

The first two terms convey moment-type information on
DAs and GPDs, which also appear at LO in the meson
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TABLE 1. Functions 7 x(s) (X €{A, B}) contributing to the subprocess amplitudes y(q1g,) — 7(q13>) (2.49) and y(qgq) — r(g9)
(2.54).
A B
() 4 (a@a=1) | 1+(a=3)Q2a-1) -8 -2
TX saaz (ayzie + ayfie : ) s2ataz (yfis + aTze)
7 4 (M_M) -3 ( 1 _;>
X s'az \ y+ie  y—ie s2aaz \y+ie  y—ie
70 8 ( 20-1 _ 2a0-1-G _ _(zH+az)*+a -16 11
X Ta \az(y+ie)  az(y—ie)  zz(zy—azy+ie) s2taz \y+ie  y—ie
(9) 2a—1 (z+02) (z+az)? _1 1 1
TX saa (zz(;ldrte) + 2() —ie) 2222 (zy—azy+ie) S2atazr \y+ie  y—ie
A5 B5
Ty A P (3t +32)
76 16¢i 11 —166iQa=1) (1 _ 1
X5 sBaatz \y+ie  y—ie sBaatz ytie  y—ie
(0) 32¢i — 272 (0) 64
Txs .«353 (azz@lvﬂe) + al?(y—zie) - zz(zzz—az%ie)) —Tys(v:2) + TABS (.2), TABS ;”ai (y+lie - ﬁ)
(9) 32 Z -2z 64¢&i
Tys c’*ailzz (72()’1+is) - zz(y]—iE) B ffj??z\)gz;lﬂs))) _TAgS (v2) + TAgBS (. 2), T(Ag‘;s " 26“'2 (”1"5 B #>

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 + ie 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 7T 510()5) and T Ef()s), 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 7 x(s) from
Table I can be expressed in the principal-value and
o-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 §(y) terms vanish for the yM’ — yM
case, i.e., for pion-pole contributions, since Epole 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 = £¢,
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, Egs. (2.20)—(2.23). The
quark contribution to the Compton-meson form factor for
the process yN — yMN' (M € {n™*, 7%, 3,7, }) is generally
expressed as

,F(M;NN/<§’ Z, S/, Qs UR, /’lF)

= Nu(ur) (Z(C;\{lfNN’)Hk(x’ §. 1.t )

ijk
®T i (x..2:5, a)éfﬁm(z;ﬂp)) : (2.56)
with the normalization factor
B Crfwm
Nu(ug) = —n*aa(ug) N (2.57)

where Cf\jl is defined in Eq. (2.29), and the functions ng,
are process dependent and encode isospin symmetry:

fuk _ 5ku 5kd
f IIZCP = 5",

fdk — Sku _ gkd

np ’

fi¥, = 51t 4§15k 4 5568, (2.58)
The convolution A* ® Tg'l’;] 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
YN — yn; N reads
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TABLEIL  Principal-value and é-function representations of the functions 7 y(s) (X € {A, B}) listed in Table I, which contribute to the
subprocess amplitudes y(¢,g,) = 7(g:g2) (2.49) and y(qq) — y(gg) (2.54).

A B
T\ £ (2Pi-iniz2s(y)) 18 (Pl indo(y)
- 1 (1wt a) e
7Y $EPy i i (P() + il —5i))| o
Ty B[EPL 4 in 2o+ SR (P( ) + imd(e - 29)) i

A5 B5
T S (2 PLtinksa(y)) 2 (2Pl in L))
Tg(_s) 325[ - ind(y) 32513252 Dins(y)
Ty =26 [ pl i Gt 5(y)+ e (P(e) + ind(a = 525) )] Ty, 2) + 52 is(y)
7—&’15) _2261 {m’ o)+ f;;%%f&é‘j; (P (z m) + ind(z — Hay))} —TX]S) (v, 2) + s,xfziflz ind(y)

ﬂnlq‘NN(f’ [,S/,(Z;//LR,/lF)

H ) (x, &1
_N ,"{R <Zf X—é/«l[:)® 27;@()@5,2;5’/,0)

St () ) (2.59)

The components of 79 corresponding to the decompo-
sition (2.54) are given in Table I. Analogous expressions
hold for & as well as for the vector CMFFs, H and &,
evaluated using 7 gp.

It is convenient to introduce combinations of GPDs that
naturally arise in the calculation of specific photoproduc-
tion channels of interest, namely yp — yz™n, yn — yn~p,

yp = yn’p, yp = ynp, and yp — yn'p:

- - - - 1 - -
H,. =H"-H", Hy= 7 (e2H" — e2HY),
- 1 - - -
n= 78 (e2H" + e2HY — 2¢2H"),
- 1 - - -
"= (e2H" + 3H + 2H"), (2.60)

and analogously for E, H, and E GPDs. The CMFFs for
yn" photoproduction then read

My =NoH - RT IR,
(2.61)

Ty =N QT R,

while for yz~ photoproduction, 7 “? is replaced by 7 4.
In both cases, the symmetrized expressions of (2.49) are

employed. For the neutral flavor-octet mesons z° and s,
the CMFFs take the form

7 (+ (+)
~ HﬂO X (0) Z Hﬂ_ X
HEO = N,[ 3 ®Tpp ®¢m Hﬂo = Nn ®TSP ®¢J‘L’
(2.62)
and
Fr(+) (+)
~ H X () 2 H X ) 2
H’?s = N’18 %®T£’P) ®¢'78 ’ H'?s = N’?s ;8 ®T(SP> ®¢’78 :
(2.63)

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

£7(+)
~ H] X z ¢1
=N Teiry T8, )

Nz
Té{?)@((ﬁ:l )

which mix under DA evolution. Finally, the CMFFs of the
physical states, i.e., the n and #' mesons, are obtained
through phenomenological mixing (2.37)—(2.39):

F7(+)

Hﬂl = N'?l é( Té%) (264)

2

7:{,7 = cos 987:(,78 —sin 917:[,71,

7:{,7/ = sin 987:(,78 + cos 017:[,7]. (2.65)

Analogous relations hold for the other CMFFs not shown
explicitly.
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ITII. 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 yN — yMN’
process is given by

do M (3.1)
ds'd(—t)da — 3252(27)*" '
where
IMJ? = [MPPP 4 |MPP P (3.2)

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,

D Mg AP = MM,
Ayt

Z|MSP(lq’ﬂk)|2 _ MSPWM}%E*.

At

(3.3)

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

PP =21 - P)CIRP
—25'aaRe(H, Hy) + '@ [Hg)?)
—2E2(2Re(H,E) — saaRe(H,Ey + E4Hp)

~ 2 ~
+ 2 RFRe(FpTY)) - f—i (218,
my

—25'aaRe(E,Ep) + s2d*a@?|Ep|?) (3.4)
and
W = S (1= @t + )

—2£ (RC(HASSZS + H355§5))

(e +#> (ewl +lewP)|.  (35)

Note that there is no interference between parity-odd (H, &)
and parity-even (H, £) 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 (-7, @), or equivalently (—7,—u’).
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):

482m3,

1_—52' (3.6)

(_t)min = <_t0) =

According to the factorization conditions, (—f) must remain
small, while, apart from s’, both (—u’) and (—¢") should be
large, i.e., —u/, =t > Aqcp. In the language of [20,25], this
corresponds to large |« |. As was demonstrated in [22], the
imposed cuts on the Mandelstam invariants ensure that this
is the case. We therefore adopt the choice

(_[)max =0.5GeV?, (_u/>min = (_t/)min =1GeV>.

(3.7)

These values guarantee M3y, > 1.5 GeV? and ensure that
the kinematics stay well outside the resonance region in the
collinear limit [22]. From (2.3) one obtains (—u’) as a
function of (—1):

(=)= = (=) + 5" = (= )pin =3y~ (3.8)
The corresponding maximum value is
(_”/)max =5+ (_t)max - (_t/)min - mlz\/[ (39)

Consequently, the allowed kinematical domain for (—u’) is
(=t ) pin < (—t') < (—u'),0x» While the corresponding o
limits are derived from (2.13).

The single-differential cross section can be written in
the form

do  2(S,y —mg)
E-TE (@<s’Mm <5 < S'roms)

(=) max al~]
X / d(-t) / da
(=1)[etmin] in

+ ®(S/Trans < S/ < slMax)/

(_t>min
al-1] do
da | ————.
) \Amin a) ds/d(_t) da

Here we introduce a[—1], which follows from (3.8), and its
inverse, (—7)[a]. This representation is more compact than
the corresponding expression in Refs. [8,9], as in our case
both the @ 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

<_t)max

d(-1)

(3.10)

slMin = (_ul)min + (_tl)min + ml%/[ - (_t)ma)w (311)
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which, combined with (2.6), defines the lower kinematic
limit fMin(SyN,mlzvl). The transition point §'p.,, follows
from the condition (=), = (—u’)[(=1) ), resulting in a
lengthy analytical expression that depends on S, my;, My,
and the parameter choices given in (3.7). The upper limit,

5"Max» 18 obtained for (=1) i, = (=) max:
/ Spn—my 2 2
S Max :2—2 _(_t)max + \/(_t)max +4mN(_t)max s
my
(3.12)
which corresponds to
—t
SMax = ( )max — (313)

4'leN + (_t)max

and for the parameter choice of (3.7) gives &y, = 0.3526.
The lower limit (S,y),,, is fixed by the condition sy, =
§'vax and depends on the nucleon and meson masses and on
the same parameter set.

Integrating (3.10) over ¢ yields the total cross section as a
function of S,y:

(3.14)

IV. ANALYSIS OF NUMERICAL RESULTS

This section presents the numerical analysis of photon-
meson pair photoproduction, yN — yMN', for selected
pseudoscalar mesons M€ {z", 7=, 7% n,1'}. The proton
is taken as the target nucleon, except for z~ 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-¢ region (¢ > 0.1). We
use the GK model [31,32,51], summarized in Appendix C,
and the valence-quark approximation.” In addition, the

|

() (s, S,x) = (4,20) GeV2, &=0.117,

() (s, Sn) = (4,12) GeV2, £=10219, (IV)

z-pole contribution governed by Epole (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 ¢, .,

$rjo.116) (2.34), and the broader parametrizations qﬁ,(,O'S),

(/),(,0'4), and (/5,(,0'3) (2.35). The n and 1’ mesons are described
in the octet-singlet basis using ¢,,,, ¢m=mq’ and the gluon

DA ¢mq (2.33). Their Gegenbauer coefficients follow

(2.36), and the decay-constant mixing (2.37) is imple-
mented. DA evolution is performed according to
Egs. (B4)-(B10), and the strong coupling constant is
evaluated at LO:

ag(u) = p

_ . 4.1
Bolog(u?/ Adep) 1)

2
ﬁOZ ll—gl’lf

We take 71, = 4 and Agcp = 0.22 GeV," corresponding to
four active flavors at the relevant scales. The observables
analyzed in this section—defined previously in Sec. I1I—
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 A, E, H, and E
GPDs, i.e., of H, &, H, and £ Compton-meson form
factors, and in particular the role of Epole, i.e., the

z-pole contribution épole.

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

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

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 =ty (3.6) for selected combinations of (s’,S,y) and the
corresponding & values determined from (2.6):

(M) (s, SN) = (4,9) GeV2, &=10.327,

42
(s',S,n) = (7,20) GeV2, &=0.224. (4.2)

°In 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 £ region, as well as the

need for a modified framework when gluons are included.

"“Here, 7 ¢ differs from n; = 3, which counts the fixed quark flavors entering the ;#-meson system.
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Similarly, for the single-differential cross section, we
compare predictions at S, = 6, 10, 20, and 30 GeV2,
Unless stated otherwise, as a default choice we use
pr=pp =5 and ¢, = bz j0.116)> (4.3)
the latter corresponding to Eqgs. (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

W = aas', (4.4)

for u% and u2, 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. 2022 integrated cross sections
and selected ratios.

A. GPD contributions and the role of the z pole

In this work, we include not only the contributions of H
and H GPDs, as in [9,22], but also those of the remaining
twist-2 chiral-even GPDs, namely E and E. Since the value
of & 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 z-dependent factors in front of Eand €
in Egs. (3.4) and (3.5) enhance the impact of E and E in
both single-differential and integrated cross sections, par-
ticularly for GPD E. In the fully differential cross section,
the role of E is more pronounced than that of E. Still, H and
H remain the dominant contributions, with the notable
exception of Spole, which is included in our analysis
through E-E+ S’pole. Note that the cross section defined
in Sec. III A contains interference terms between H and & ,
as well as between ‘H and £. However, it is obtained as the
sum of the partial cross sections, originating from the axial
GPDs H and E + E, [i.e., [Mpp|?, (3.4)], and from the
vector GPDs H and E [i.e., |[Mgp|?, (3.5)].

1. Pion pole in fully differential cross sections

Figure 5 presents the fully differential cross section as a
function of a for the pion, 7, and #' mesons, and with the
individual GPD contributions clearly identified. The results
are evaluated at t = #; (3.6) and £ = 0.117. The parameter
a is related to the photon scattering angle through o =
cos?(0/2) (2.14). Values a < 0.5 and a > 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 yz™ 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 o range. Thick solid lines represent the full
predictions including Epole' As seen in Fig. 5, the impact
of Epole is significant, especially for the z+ and z~ channels.
Unlike DVMP, and analogously to DVCS, the neutral
mesons 7°, #, and 7 also receive a contribution from the
pion pole. The neutral channels correspond to the yz° —
yM? process, while the charged ones refer to yz* — yz*. In
both cases, 7° and 7+ are described by Epole ~ ¢, (2.43),
which contributes only within the ERBL region.

As already noted in [9], electromagnetic interactions
do not preserve isospin symmetry; consequently, yz™
and yz~ photoproduction differ. At the level of calcu-
lation, this difference arises from the lack of definite
(x > —x) symmetry in the contributing GPDs, i.e., from
the (e7 — e7) proportional term in (2.49). The pion-pole
contributions, however, correspond to charge-conjugated
processes yr* — yx* and involve the symmetric E.
GPD. They are therefore equal in magnitude, except for
interference with the nonsymmetric H.

The z-pole contributions, and consequently the total
differential cross section, are enhanced in the yz* channel
at backward angles [a < 0.5 in Fig. 5, i.e., cos(f) < 0]. A
similar backward enhancement is observed in wide-angle
Compton scattering on the pion [57-60] and is attributed to
angular momentum conservation'' [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 observes'” that the terms proportional to (e; — e i)?

2

and (e? — e7) are predominantly controlled by 1/a =

1/cos?(0/2) and 1/a = 1/sin?(0/2), respectively. For
the pion-pole contribution in the yz* channel, the
(e —e3) proportional term in (2.49) vanishes, since
Epo]e’ expressed through the pion DA, is symmetric under
x — —x. Note that the §(y) terms from Table II vanish for
Epole because the pion DA is zero at the end points. As a
result, the (e; — ¢;)* proportional term in (2.49) enhances
the backward-angle region (@ — #) in the pion-pole con-
tribution to yz* production. When the terms in Table II are
convoluted with other GPDs, the (ef — e7) proportional
term in (2.49) also contributes, enhancing the forward-
angle region (@ — 0) and making the total result more
uniform across the «a (i.e., 0) range.

Only the third term in (2.49), proportional to e;e;,
contributes to the photoproduction of neutral mesons.
Consequently, the pion-pole contribution in neutral-meson

"For a spin-0 meson with helicity-conserving quarks, photon-
helicity-flip amplitudes require two units of orbital angular
momentum, which are kinematically enhanced near 6 — .

20ne should also keep in mind Eqgs. (3.4) and (3.5) with the
aa 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 yy — zM, with the
o(7°7°) /o (nt ™) cross-section ratio being ~0.1 theoreti-
cally and =~0.3-0.5 experimentally [61,62].

Next, we examine the ¢ dependence of the pion-pole
contributions. Figure 6 illustrates that the pion-pole con-
tribution to yz" photoproduction is very small (and,
interestingly, destructive) for &=0.01 at (s, S,N) =
(4,200) GeV? and becomes entirely negligible for & =
0.002 at (s', S,n) = (7.2000) GeV2. This shows that the
pion-pole contribution is indeed small at low £ and that the
small-¢ predictions given in [9,22] would not be affected
by it.

Figure 7 compares the fully differential cross sections for
yx*, ya~, and yz° final states at four kinematical settings
(4.2) with £€{0.117,0.219,0.224,0.327}. Thin lines re-
present the results obtained without the z-pole contribution,
while thick lines show the full results, allowing us to assess
the relative importance of the z-pole term under these
conditions. The overall behavior is similar across all
kinematical cases. The yz~ cross sections are slightly
higher than those for yz™, whereas yz° dominates at
forward angles. In all cases, the z-pole contribution is
very significant for charged pions and remains relevant for
7%, increasing with & Although ¢ is comparable, the
predictions for case (IV) are smaller than those for case
(IlT) because of the suppression with S,y in (3.1).
Analogously, Figs. 8 and 9 compare the fully differential
cross sections for yn and y#’ final states at four kinematical
settings and for two different choices of pp and pr. Here,
too, the pion-pole contributions are sizable and increase
with &.

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 Epole for four kinematical
settings (4.2) with £€{0.117,0.219,0.224,0.327} and
for all pseudoscalar mesons considered: z™, 7™, 7°, n, and
n'. Since the dependence on S,y and s’ cancels, the ratio
depends only on &£ and a. The ratio increases with £ and is
large for z™ and z~, reaching values between 10 and 60 in the
backward region. It is smaller and more symmetric in « for
neutral mesons. The ratios for z° and 7 exhibit similar
behavior, with a maximum of around 3 and 1.9, respectively,
while the ratio for #' is slightly modified by gg contributions,
reaching values up to 2.4. The results for & = 0.219 (III) and
& = 0.224 (IV) are nearly identical, except for 77/, 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 yz* and yz° photoproduction
evaluated at SyN =30, 20, 10, and 6 GeV?Z, 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 yz~ channel exhibits a similar pattern to yz™, but with
systematically higher values, and is therefore not shown.
Similarly, Figs. 15 and 16 present the results for yz and y#’
at S, = 10 and 6 GeV?, 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 £. This is evident from the
results at lower S,N, where &, is already large. Our
analysis is not complete at small £, and predictions for & <
0.1 should therefore be viewed only as indicative. One
observes a pronounced decrease in the total cross section
with increasing &. Still, the single-differential results con-
firm that the pion-pole contributions are more important for
charged pions, less pronounced but still present for 7°, 7,
and 7. To illustrate this effect more clearly, Fig. 19 presents
the ratio of the single-differential cross section obtained
with and without the z-pole contribution, for yz* and yn
photoproduction. The ratio increases with ¢&; for
£€10.2,0.3] it grows from 3 (1.2) to 8 (1.5) for z* (),
at S,y = 20 GeV>.

Finally, we discuss the integrated cross section.
Figure 20 presents the cross sections for the photoproduc-
tion of yz*, yn~, ya°, yn, and yn' pairs as functions of the
center of mass energy of the incoming photon-nucleon
system, S,y, 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 Sy, 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 S,y € [6,30] GeV?, the ratio
decreases from about 2-2.5 to 1.4 for charged pions and
from 1.3-1.6 to 1.06 for z°, 5, and #'.

B. Meson structure

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

1. Pion distribution amplitudes

For yz 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 yz™ 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 o range, taking
values of about 1.25 for the default DA ¢y ;¢ and up to a

factor of 3 for the broadest investigated DA ¢(*3). When
the pion-pole contribution is included, the ratios increase
markedly for broader DAs. For ¢(°3), the ratio ranges from
7.1 to 3.85 across the a interval under consideration. Since
the form of Epole (2.43) depends on the pion DA, the
resulting backward enhancement is fully consistent with
the behavior described in the preceding subsection. The
yr~ 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 yzzo 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 yz~ channel
follows a similar pattern, while for yﬂo the ratios are
somewhat smaller and symmetric in a, as are the corre-
sponding cross sections themselves.

In the remainder of this work, we use ¢ 16 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 z 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 yz photoproduction cross sections
would increase accordingly, as discussed above.

2. Quark and gluon components of n and n'

In describing the yn and yx' channels, two types of
mixing must be taken into account. The phenomenological
mixing between the flavor-octet g and flavor-singlet #;
states is taken into account through (2.37)-(2.39). The
flavor-singlet state #, itself contains quark (77,,) and gluon
(1114) components that mix under evolution. Including the
gluonic contributions and exploring their impact on the
structure of the  and 5 mesons was one of the main
motivations for this study. Figure 12 displays the fully
differential cross sections for y# (thin lines) and y#’ (thick
lines) photoproduction as functions of a, 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 yn cross
sections are higher than those for y#/, reflecting the relative
size of the decay constants. The inclusion of gluons
modifies the yn results destructively at backward
(¢ < 0.5) and constructively at forward (o > 0.5) angles.
The effect is even stronger for ys;’, where constructive
interference lifts the y#’ predictions above the y7 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 S, = 20 and 10 GeV? and for two
choices of the renormalization and factorization scales pp
and up, 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 yn, the gluon effect is
relatively small, reducing the prediction at low & and
increasing it at large & For yz/, in contrast, the gluon
contribution is sizable and increases the result across the
entire £ range. The integrated cross section shown in Fig. 22
confirms the same trend: the gluon effect on y7 is moderate
and reduces the quark-only prediction, while for y#’ it is
large and enhances it. These findings demonstrate that
v photoproduction is highly sensitive to the gluonic
component of the 7/ 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 u 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 pp scale’”—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 # and 1/ mesons, where it mixes the quark and gluon
components of 17; (B7), while 5g 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 y; and y;’ photoproduction for renormalization
and factorization scales chosen as y2 = s’ (4.3) and p% =
s'aax (4.4). The renormalization scale, discussed in
Sec. IVC, mainly affects the overall normalization,
whereas the change in the shape of the predictions, i.e.,
their dependence on a, originates from the DA evolution to
different factorization scales. For yz, which is mainly
governed by the flavor-octet component #g, the shape
remains almost unchanged, whereas for y;' photoproduc-
tion, driven by the flavor-singlet component 7, the differ-
ence becomes clearly visible. In particular, one observes a

BThe hard-scattering subamplitude 7 develops an explicit
dependence on yy only at NLO.
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pronounced backward dominance of the yx’ predictions at
the lower renormalization scale (4.4). This feature is only
partly an artifact of the dependence of a,,,, on the meson
mass (3.9), which restricts the available a 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 7 55 contribu-
tion listed in Tables I and II and convoluted by vector
GPDs. Consequently, the lower up 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 yn photoproduction for the two scale
choices considered, whereas they are significantly modified
in the case of y/ photoproduction. Figure 17 clearly
illustrates that the corresponding curves for yn photo-
production (except at very low S,y) 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 yy
predictions, whereas for y#/, 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 a (k) and exhibit a strong
dependence on the choice of the renormalization scale. To
stabilize this dependence, one must include the NLO
corrections," a technically demanding task. Similarly,
the dependence on the factorization scale yu enters the
subprocess amplitudes only at NLO. We have already
discussed the dependence of the meson DAs on py and its
implications, while the evolution of the GPDs with uy 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 y% = s’ (4.3) and with y% = s'a(1 — a) (4.4).

The ratio of the fully differential cross sections obtained
with (4.4) and (4.3) follows the expected o2 (s'aa)/a?(s")
scaling, which in itself explains most of the observed

“NLO corrections contain both constant and log(ug)-
dependent terms, which reduce the sensitivity to pp.

enhancement by a factor of 2.2—4.5 for pions at s’ =4 GeV?
across the allowed o range. Assuming pp = up, 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 # and increases to
3.6-10 for #/. Similarly, the ratios of the single-differential
cross sections evaluated at (4.4) and (4.3) are 2.5-3 for z*
and 2.5-3.5 for z°. The single-differential cross sections
shown in Figs. 15-18 indicate ratios of 2.2-2.7 for # and
4-6.5 for 1. Finally, the integrated cross sections presented
in Figs. 20 and 22 yield approximately constant ratios
across the relevant S,y range: 2.6-2.7 for pions, 2.1-2.5 for
n, and 5.1-5.2 for /. The systematically larger enhance-
ment observed for 7’ 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 & and
does not include the contributions relevant at small &, 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,
0, > 0.+ > 0,0, is entirely determined by the meson
flavor structure, i.e., the charge factors. The cross sections
for 7 and #' are somewhat smaller, with ¢, > 6,/ for the
default scale choice (4.3), whereas for (4.4) the i’ cross
section exceeds that of 7 at higher values of S,y. Similarly,
Appendix F2 shows that the single-differential cross
sections do/dé for £ > 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~™. 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 yM photoproduction, valid in the moderate-¢ region
(& > 0.1). We want to stress the following findings regard-
ing the key aspects of this analysis stated at the beginning
of this section.

(1) Our results show that in the moderate-£ region the
pion-pole term Spole plays a particularly significant
role, most notably in yz* 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
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GPD contributions, in particular H, dominate the
observable. See, e.g., Fig. 5.

(i1) Photoproduction of yz pairs is particularly sensitive
to the shape of the pion DAs, and in the moderate-£
region this sensitivity is further enhanced by the pion-
pole contributions (2.43). The results obtained with
the default moment-based lattice DA ¢y 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 ¢£{0.3) and the asymptotic DA is about 5.5
for 7T, 4.5 for z—, and 3 for 7. See, e.g., Fig. 11.
(iii) The study of y» and y#’' channels provides valuable
insight into the gluon content of these mesons. In
particular, the yn channel shows sizable gluon
contributions in 7/ 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 yM 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 ur dependence, with the latter choice pro-
ducing an enhancement of about 2—4 times. In the
7’ 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, yN — yMN’, 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 € {z*, 7", 5,7}, including
only the quark GPD contributions while also taking into
account the two-gluon components of the # and 7' 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-¢ region (£ > 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

yx* production and has a visible impact in the neutral
channels as well. Including the pion-pole term is therefore
essential in the moderate-¢ region relevant for JLab and
COMPASS/AMBER measurements [22,63], whereas for
small &, 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 yz 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 yn and yy/
channels probe the gluon content of the mesons, with
gluons contributing already at LO in this process. This is in
contrast to the y*y — n(') 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 # and #
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 7 and 7’ mesons. In this case, the yr/
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, yy — MM’, 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

e

pH nt = (1 0,0,—1), (Al)
which satisfy p?> = n?> = 0and p - n = s,/2, while s, is the
auxiliary scale. A generic four-momentum »* can then be
decomposed in the Sudakov basis as

v =an*+bp* +1/|, with /| =(0,0%,0,0), (A2)
so that v> = absy + 3.

With this convention, and adopting the usual definition

A = p, — p; given in Eq. (2.4), the particle momenta for
the process (2.1) can be expressed as
1%
H—(1+ "o nt,
mz, A2
ph=(1-¢p"+ N( ; + A
—-A,/2)? A
qﬂ:n/‘, k/‘:an/‘_—<KJ‘ J‘/ ) pﬂ‘l’Kji——l,
Sox 2
—(kL+ A1 /2> +m} A
Pl = aynt + (ko 1/2) Mpﬂ_K;i_il.
S00M 2
(A3)

Here, my =~ my and my; denote the nucleon and meson

masses, respectively, while k| represents the relative trans-

verse momentum between the outgoing photon and the

meson. We introduce the dimensionless variables a, ay;,

and &. The latter, as usual, denotes the skewness (2.5).
From (A3) follows that scalars (2.2) amount to

42m +
SYN:(l—i—é)so—i—mzN, t=A2= ¢ 2N —5
1-¢ -¢
—A, /2
s'= My =2s0+1, ﬂ:%,

U = (k1 4+ A1 /2)? = (1 —ay)myy

am

, (A4)

while a similar lengthy expression for M3, can be found
in [8,9]. Skewness then takes the general form
s =t

T
- ith t=— .
STo W Ty T

(AS)

According to factorization, illustrated in Fig. 1, x| needs to
be large, implying large s = M?M and ¢ and one neglects
A in front of k. 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

K2 K2
s’:MﬁMz——{:Zfso, —~——Et=ay,
aa a
2
K
U ~——L=qy, (A6)
a

with aqyy ~# 1 —a = a, while t = 0.

APPENDIX B: DISTRIBUTION AMPLITUDE
FORMALISM: CONVENTION AND EVOLUTION

The definition (2.28) of meson DAs describes the
projection of a collinear gg state onto a pseudoscalar
meson M. It is applied to evaluation of Feynman diagrams,
as in Fig. 3, by replacing the quark and antiquark spinors]5
with the projector

0
ij, kl Cl] kl
Py M4N,

(B1)

where (i, k) and (j, ) 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 x4 and v, and

Splnors are normalized as u'(p, /1) (p. V) =2 2p .
"*The complex-conjugated expression apphes for an incoming
pseudoscalar meson.
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momentum fractions z and Z, is projected onto the flavor-
singlet pseudoscalar state 7, as

wv.ab 1 5ab . v 1 v v k}/pg/[
Pl —2\/@41\/6’5/1 =z 1L —gl;ék'va (B2)
with k taking the role of the reference vector in the
projection.'” The factor 1/(zZ) arises from converting
the field-strength tensor matrix element (2.30) to the
gauge-field representation  (17;(pm)|AY(—w)A*(w)|0),
which appears in the amplitude evaluation. Throughout
this work for the Levi-Civita tensor we adopt the con-
vention

12 = +1. (B3)
The projectors (B1) and (B2) are then used in the
calculation of the hard-scattering subprocess amplitudes,
which are subsequently convoluted with fy¢y and
Sn, @y, g TESPECtively.

For completeness, we note that in the case of scalar
mesons, the definitions are modified as follows: ys5 is
omitted in (2.28) and (B1); the dual field-strength tensor
is replaced by G** — G, and ie" — ¢}' = ¢" — W
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:

Itz =6:0-2) (14 3 alu)C(2z-1))

n=24,...
(B4)
by, (up) =302(1=2)2 D ah(up)CA (22— 1),
n=24,...
(BS)

"The condition necessary and sufficient for this projection is
that, in a frame where py; carries only a plus component, k; = 0
and k= # 0, while k™ need not vanish, as the Levi-Civita con-
traction does not require a purely minus-directed reference vector.

"8A 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 7 and # 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.

where the flavor-octet pseudoscalar mesons M =
{z*, 7=, 7% ng} evolve according to
q a
up) = o)L, L= DU (g
as(/"F)

For the flavor-singlet 7, the evolution mixes the quark
¢y, = ¢y, and gluon DAs ¢, -

1 + -
abur) = ey [ 100 = o L 1) al )
L—pnp
+ (L751_>/ﬁo - Uff)/ﬁo);;f;hg (2)),
1 - o,
ah(ur) = —— g (L 100 = pl L 10y ()
L—pnp
+ (Lyff)/ﬁo — Ly’(’—)/ﬂo)p,(1+)a’11 (”(2))]’ (B7)
with
99 q9
) _ L ) G
Pn =z 0 > Pn :5_7, (B8)
Sy = rh) =i

and eigenvalues of the anomalous-dimension matrix

:t 1
y 5 [yzq +rd \/ (ra’ = ri)* + 4#5’7%‘1} - (BY)

The LO anomalous dimensions used in this convention
read

» 2 n+11
= Cp (34> |
7/ F (n+1)(n+2) ;1
79 n(n+3) S
n - —’ —27
i Dnt2) "
12
'Zq:n ——, n2>2,
M D) (n+2)
» 8 I’H-ll
n — +NC _4 N E ”lzz, Blo
(R ey Ty ;l (B10)
where Cp= (N2-1)/(2N.) and p,= (11/3)N, -

(2/3)n. One should distinguish between n; = 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 7y, the num-
ber of active flavors at a given scale, which enters the
p functions and governs the running of «;.

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
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TABLE 1III. Parameters of the GK model defined in (Cl1) with N = 1. Additionally, for E": [c‘f = 1.454, cgk = 4c‘21k_l,
Cgk+1 =—(4.65—-2k+1))/k cgk] and for E?: [c‘f = —1.844, cgk =0, c‘ZIkJrl =—(525-(2k+ 1))/kc§k].

Hu i_’ld Eu Ed H Hd Eu Ed
N4 1 1 1 1 1 1 1 1
b4 0.59 0.59 0.9 0.9 0 0 —0.05 —0.635
o1 0.32 0.32 0.48 0.48 0.48 0.48 0.603 —0.603
a'l 0.45 0.45 0.45 0.45 0.9 0.9 0.861 0.861
c‘f 0.213 —-0.204 14 4 1.52 0.76
cg 0.929 —-0.940 0 0 2.88 3.11
cg 12.59 -0.314 -28 -8 —0.095 -3.99
cf{ —12.57 1.524 0 0 0 0
cg 0 0 14 4 0 0

GPDs in this model can be generically written as

s g 3 (E=0XHE1-0L )Y
H9(x.E.1) = NP 21253 HOBHOIHOED)

(Cla)
forx<—¢é: X=Y=0,
£\ [ (0)
for x < &: X:Y:(ﬁ) ,
4 q
forx>¢:  X= (%rg)l/(’) _ (%)lj(t),

_ [(xtE l;'l(t) x=¢ l;-l(t)
v+ (=) o

and analogously for the other twist-2 quark GPDs E9, HY,
and E?, with the sum for E9 running up to j = 16. Here

- |
z;!(z)zzﬂT—kq(t), with k9(f) =87 +a9t.  (C2)

We take N¢ = 1, while b9, ch, 89, and @’? denote the model
parameters listed in Table III, specified at the initial
scale py =2 GeV.

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

19Th1s form is also supported by holographic QCD [66].

“There 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 |¢] to the power-law regime at large |¢|. Since the
present analysis is restricted to small #, only the soft regime is
probed.

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

APPENDIX D: HARD-SCATTERING
AMPLITUDES FOR MESONS WITH
NONSYMMETRIC DAS

For completeness, this section provides the hard-scatter-
ing amplitudes for the yq; — (¢;g;)q; [or, equivalently,
v(9:q;) = (4:@;)] 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
y(P) — yP subprocess, which couples to the parity-odd
(axial) GPD, reads

T = (T4 + T + eie; V)T,
+ (elzTB + e?Tg) + eiejng))TB, (D1)

where
; 4 a—z l—-az a* —2az

T(l) 7)) =

A 3)= s'a <zz(y+z€) azZ(y—ie)+azz( —le))

i 4 a—z 1-az
T(U) —_ —

A (:2) sa <zZ(y—|—ie) zz(y —ie)

_ (1-az)’+a

>) {2 = (.2} (D2)

2Z2(Zy —azy +ie

j 8 1 1
T(l) , — _
5 0-7) s”a < az(y + ie) i aaZ(y — i€)

1
+ .
az(y — ie))
(i) _ 8 1
Ty (n2) = s”%a? <_Z(y + ie)

+{(y.2) =

G 1— i€))

(3.2)} (D3)
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while
T(j) _ T(i) S = T(j) _ T(i) S = D4
i 32) =T, (3.2), (0.2 =Ty (5.2). (D4)

The amplitude for the y(S) — yP subprocess couples to the
parity-even (vector) GPD and is given by

T<silg) = (6’127% + 612‘7,(4]2 + eiejTX§))TAs

+ (6%71(92 + e?ng + eiejng))TBSv (Ds)
with
T<i>(y ) :—1651' alz—7)—z 1 —az
ASV sPaa \ azz(y +ie) aazz(y — ie)
_lta(z- Z)>
azz(y —ie) )’
' _168i fa(z—7) -z 1—az
T(U) , —
45 022) sBa? (&zz(y + ie) + azz(y — ie)
a2 -2

)%m@+@@L
(D6)

72(Zy — azy + ie)

Z—Z—az
aazz(y — ie)

_ —16&i -z
~ sPaa \azz(y + ie)

a—2z )
azz(y —ie) )’

y ’ 32¢i 1 1
T(U) , — _T(ll) , _
Bs (¥:2) as (0,2) + B2 \z(y + i) z(y — ie)

-%mmﬁ@@Q

= -TW(y.2) + Tihs(3.2), (D7)

while
T(i) :_T(i) S = T(j) :_T(i) S = DS
is(.2) 45(3,2), 35 (3,2) 35(5.2).  (D8)

APPENDIX E: CALCULATION OF
PV INTEGRALS

Here, as deﬁned in (2.11), we adopt the compact notation
y = % y = 25, and use ® = ®* =®’ and ®* 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 +ie

= P% F ind(y), (E1)

the convolution with a GPD yields

1 1 1
P§®H@f%i[d%+ (H(x.£) — H(=£.8)]
1+¢
+1In ligH( £¢), (E2)
5(y) ® H(x.&) = H(~E.2). (E3)

For mixed denominators of the form Zy — azy, with
a,z €10, 1], we rewrite the propagator in a form suitable
for PV decomposition and using (E1) get

+iﬂ5<z— Y _>>
y+ay

(E4)

1 -1
— _(77 y
y+ay I Via

Zy—azy+ie

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

7 ® H(x.¢)

)’+00

HBF(7.2)P-
/ dzg(z )f(yvz)z_iy

IR =
.ﬁL%Hu@A [amwn—¢gj@)
x f<y’y ja&)] z —ly+yay
[ gmnomze( 25 o5 2)

while the imaginary part resides in ERBL region

¢@émmwe— )

y+ay
_ [fax y y
a /—5 2¢ Hx. é)d)(y + ai>f(y’y + a&)’ (E6)

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

)@H@@

*'Note that from x = &(2y — 1) follows [*,% = [ dy, and it
is easy to see from (E4) that the LO contribution to the s-channel
process yM; — yM, (0 < y < 1) develops an imaginary part. In
contrast, for the corresponding t-channel process yy — M| M,,
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 zN — yyN'. This
parallels the observations given in [10,21], namely the enhanced
GPD sensitivity in the ERBL region for yN — yMN’ and in the
DGLAP region for zN — yyN'.
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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

T T

_ —— . —
<."> 120F ’}/p—>(’yﬂ')l’l 5 150+ 7"*(7”)!’ q
> ] £-0.117
€ 100} —— EE ]
= ’ ] s' = 4 GeV?
< 80 LB 1 100 S,x = 20 GeV? ]
2 60} 1B E 1
0l —— (H,E, Epole) [
N— b
S g0f i 50t 1
) 1 L
N ] I
< 20f 11
3 - » z
oL~ 1 h a T r 0 L b —r i —
0.2 0.4 0.6 0.8 0.2 0.4 0.6 0.8
a a
F oof 30k ypoMp ' ]
L 70f 130 yp->Mp :
2] £ 1 — ]
O 60 i 25} M=y ]
g E ] 1
— 50F 1 20f ]
< a0t : 5
S | 15) ]
L 30F ] )
s ‘ 1 10f M=y 1
3 20 E 4
S St v 3
”% 10? M=:7:7=:=:=:=:=:—_--—-—— M=y
ot O ===y e . B!
0.2 0.4 0.6 0.8
a a

FIG. 5. Fully differential cross section for yN — yMN’, with M = z*, z~, z°, , /. 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 z-pole contribution. The kinematics are specified by S,x = 20 GeV?, s’ = 4 GeV?, yielding & = 0.117,

while (—1) = (=) (3.6).

z 0.10 yp->yn)n ]
& 2.0f ] £=0.002 ]
2 0.08 ' =7 GeV? ]
5 15} 1 o006 S,n = 2000 GeV? ]
5 1.0 :
5 ! 1 004

g

= 05 1 0.02

S

0.0 0.00 e
0.2 0.4 0.6 0.8
[07 a

FIG. 6. Tllustration of the size of the pion-pole contribution to fully differential cross section for yp — yz'n at small £ values. Line

designations as in Fig. 5, and (—1) = (—t).
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T 150} \ YN> (M N £=0117 | 150] \ YN-(yMN £-0327 |
- ] 191
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& 3 _ 2
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I 50t 1 s50b
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» [
] 20}
B b
< [

0 0
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FIG. 7. Fully differential cross section for yN — yzN’ at (—1) = (—t,) and four different kinematics: (s' = 4, S,y = 20) GeV? with
E=0.117; (s =4, S,y =12) GeV? with £ =0.219; (s’ = 7.5,x = 20) GeV? with & =0.224; and (s’ = 4, S,;n=09) GeV? with
& =0.327. Here z*, 7™, and #° are represented by solid, dashed, and dot-dashed lines, respectively. Thin lines denote results obtained
without the z-pole contribution.
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FIG. 8. Fully differential cross section foryp — yn(n')p at (—t) = (—t,) and four different kinematics: (s’ = 4, S,y = 20) GeV?* with
E=0.117; (s =4,S,n = 12) GeV? with £ =0.219; (s' =7, S,n = 20) GeV? with & =0.224; and (s’ = 4, S,n=09) GeV? with
£ =0.327. Here 5, and #’ are represented by dot-dashed and solid lines, respectively. Thin lines denote results obtained without
the z-pole contribution. The scales are set to ux = s = s'.
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FIG. 9. Fully differential cross section yp — yn(n')p at (—t) = (—t,) and four different kinematics. Line designations as in Fig. 8.

Here the scales are set to p% = p% = s'a(l — ).
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FIG. 10. Ratio of the fully differential cross section (3.1) for the process yN — yMN' (M = 7", 7", z°,.5') obtained with and
without the z-pole contribution. Different kinematics are compared, specified by &= 0.117, 0.219, 0.224, and 0.327, while
(—t) = (—ty). Thin lines in the bottom-right panel correspond to 7, while thick lines represent the 7’ results.

034001-26



HARD EXCLUSIVE PHOTOPRODUCTION OF PHOTON-MESON ...

PHYS. REV. D 113, 034001 (2026)

1t yp-@aHn T das ]

r #10.116) B
9r — — - 405 | §
£ 7_ —_—— 0 i ]
[ —— 03 «
.\g | —— _ $0d ] bg
: TT~<_ 1 %
b ~ —
o [ —— . —_ — 3
Tl ity R

e
03 04 05 06 07 08
a
FIG. 11.

25

FNypo(ynn N ]
L \ $10.116)
N \ —-— 405
SN \\ —_—— 0
SN ., (03)
\\'\\ [

Left: ratio of the fully differential cross section (3.1) for yp — yz'n, 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 z-pole contribution, respectively. Right: ratio of
the full differential cross section for the same process, comparing different pion DAs, obtained with and without the z-pole contribution.
Both figures are evaluated at s’ =4 GeV? and S,y = 20 GeV?, yielding & = 0.117, and at (—t) = (—to).
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FIG. 12. Fully differential cross section for yp — yn(n') p’, with  and " 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 # and #’. In the left figure the
renormalization and factorization scales are set to u% = p% = s, whereas in the right figure p% = p% = s'a(l — a). Both figures are
evaluated at s’ = 4 GeV? and S,y = 20 GeV?, yielding & = 0.117, and at (—1) = (—1).
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FIG. 13. Single-differential cross section for yp — yz™n at S,n = 30, 20, 10, and 6 GeV?. 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 7-pole contribution.
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FIG. 15. Single-differential cross section for yp — (yn)p at S,y = 10 and 6 GeV?, compared for the scale choices p% = u% = s" and
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FIG. 16.  Single-differential cross section for yp — (yn')p at S, = 10 and 6 GeV?, compared for the scale choices ,u%e = /4% = 5" and
u% = u% = s'a(l — a). Line designations as in Fig. 13.
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FIG. 17. Single-differential cross section foryp — (y#)p at S,y = 20, and 10 GeV?, compared for the scale choices % = p2 = s’ and
u% = p2 = s'a(1 — a). Dot-dashed lines represent quark-only contributions, while the total contributions, denoted by solid lines, also
include the two-gluon contributions to #. For comparison, dotted lines correspond to gluon-only contributions. Thin lines represent
results obtained without the z-pole contribution.
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FIG. 18. Single-differential cross section foryp — (yi')p at S,x =20and 10 GeV?, compared for the scale choices ﬂ% = ,u% = s and
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FIG. 19. Ratio of the single-differential cross section (3.10) calculated with and without the z-pole contribution. Results at different
kinematical settings are compared, specified by S, = 30, 20, and 10 GeV2. Left: yp — ya*n. Right: yp — ynp.
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FIG.20. Cross section for yN — yMN’, with M = 7", n~, 70, n, and 77'. Thick and thin lines denote results with and without the z-pole
contribution, respectively. In the left figure the renormalization and factorization scales are set to u% = u% = s, while in the right figure
U3 = u% = s'a(l — a). Line designations as in Fig. 21.
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