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Potential experimental signatures of gluon generalized transverse momentum-dependent distributions
(GTMDs) are proposed via exclusive heavy (axial-)vector meson production in lepton-proton collisions.
Within the framework of collinear twist-3 factorization, we show that specific azimuthal-angle-dependent
observables can provide sensitivity to the gluon GTMDs Fg

1;4 and G
g
1;1, which are related to partonic orbital

angular momentum and spin-orbit correlations, respectively. These functions represent a unique sector of
nucleon structure with no counterparts in the generalized parton distribution or transverse-momentum-
dependent frameworks. We show that interference between different virtual-photon polarizations leads to
distinct azimuthal modulations, including the polarization-independent cos 2ϕ and polarization-dependent
sin 2ϕ terms, with ϕ defined as the angle between the lepton scattering plane and the hadron production
plane. These observables provide signatures of the elusive gluon GTMDs Fg

1;4 and Gg
1;1, opening a new

channel to access the spin structure of the nucleon at the future Electron-Ion Collider.

DOI: 10.1103/2qjg-mlxl

I. INTRODUCTION

The quest to map the multidimensional structure of the
nucleon has evolved from the initial discovery of the “spin
crisis” to a sophisticated program aimed at understanding the
transverse motion and spatial distribution of partons. While
the longitudinal spin structure, encoded in quark and gluon
helicity distributions, has been extensively studied through
polarized deep inelastic scattering (DIS) and proton-proton
collision data [1–4], the orbital angular momentum (OAM)
remains one of the least constrained components of the Jaffe-
Manohar spin sum rule [5]. Accessing OAM is challenging
because it inherently involves correlations between partonic
transverse momentum and spatial position (impact param-
eter). Capturing such correlations requires going beyond

traditional collinear or transverse-momentum-dependent
(TMD) frameworks to the more general Wigner distribution
formalism [6,7].
Within this context, generalized transverse momentum-

dependent distributions (GTMDs) [8] serve as the “mother
distributions” of the nucleon, providing a unified mapping
that reduces to generalized parton distributions (GPDs) and
TMDs in appropriate kinematic limits. A pivotal discovery
was the direct correspondence between the GTMD F1;4 and
the partonic orbital angular momentum [6,9]. Subsequent
investigations have extended this reach to spin-orbit corre-
lations, parametrized by functions such as G1;1 [10,11],
which, in the small-x regime, have been shown to encode a
significant antialignment between partonic helicity and
OAM [12]. Importantly, these functions represent a unique
domain of nucleon structure; unlike GPDs or TMDs, they
capture the nontrivial correlations between partonic transverse
momentum and the nucleon’s recoil, and consequently vanish
upon integration over either transverse degree of freedom.
Experimental access to these elusive GTMDs requires

processes sensitive to both the parton’s transverse momen-
tum and the momentum transfer to the nucleon. Over the
past decade, several measurement strategies have emerged.
Initial theoretical interest focused on diffractive dijet
production in ep and eA collisions [13,14], which pri-
marily probes gluon GTMDs in the small-x regime but
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faces significant challenges from soft gluon bremsstrahlung
backgrounds. In 2017, the exclusive double Drell-Yan proc-
ess, πN → ðl−

1 l
þ
1 Þðl−

2l
þ
2 ÞN0, was identified as the first

physical channel providing access to quark GTMDs across
the entire x range [15]. However, the cross section for this
process is severely suppressed by the electromagnetic cou-
pling associated with two dilepton pairs, rendering exper-
imental extraction extremely challenging. More recently,
exclusive π0 production [16,17] and refined dijet analyses
[12,18,19] have been proposed to target specific sectors of the
Wigner distributions. These limitations—whether due to low
rates or restricted kinematic sensitivity—underscore the need
for high-rate observables capable of directly isolating
gluon GTMDs.
In this work, we demonstrate that exclusive vector (V)

and axial-vector (AV) meson production in electron-proton
collisions,

eþ p → e0 þ p0 þm

ðm ¼ V=AV; V ¼ J=ψ ;ϒ;…; AV ¼ χc1; χb1;…Þ; ð1Þ

provides a robust, high-rate channel for isolating the gluon
GTMDs Fg

1;4 and Gg
1;1. For clarity, in the main body of the

paper we present results for vector mesons, while the more
complex axial-vector results are provided in a dedicated
Appendix. Within the framework of collinear factorization,
we find that, for vector mesons, interference between
different virtual-photon polarizations leads to distinct azi-
muthal modulations, including the polarization-independent
cos 2ϕ and polarization-dependent sin 2ϕ terms, with ϕ
defined as the angle between the lepton scattering plane and
the hadron production plane. These modulations provide
clear signatures of the gluon GTMDs Fg

1;4 and Gg
1;1. Our

calculation focuses on the kinematic twist-3 contributions
arising from the k⊥ and Δ⊥ expansions of the hard kernel,
where k⊥ denotes the intrinsic transverse momentum of the
parton inside the proton, and Δ⊥ represents the transverse
momentum transfer to the recoiling proton. The azimuthal
modulations we propose result entirely from interference
between these twist-3 contributions. Our results provide a
potential roadmap for the upcoming Electron-Ion Collider
(EIC), where high-luminosity measurements will enable a
systematic study of canonical orbital angular momentum
and spin-orbit correlations. Further extensions of this work,
including genuine twist-3 effects from three-gluon correla-
tion functions, a more complete treatment of meson-side
transverse-momentum and relativistic effects, and a dedi-
cated numerical study based on a systematic comparison of
different GTMD modeling strategies, are left for future
investigation.
The remainder of this paper is organized as follows.

Section II defines the relevant GTMDs and their relation
to OAM. Section III outlines the theoretical framework

for exclusive vector meson production and presents the
derivation of azimuthal-angle-dependent observables.
Finally, Sec. IV summarizes our findings and discusses
the experimental implications.

II. GENERALIZED TMDS OF GLUONS

The gluonic structure of the nucleon is parametrized by
GTMDs. A systematic classification of gluon GTMDs for a
spin-1

2
target was established in Ref. [20]. These distribu-

tions are defined through the off-forward gluon-gluon
correlator,

Wg½ij�
λ;λ0 ðP;Δ; x; k⊥Þ

¼ 1

Pþ

Z
dz−d2z⊥
ð2πÞ3 eik·zhp0; λ0jFþi

a

�
−
z
2

�

×Wab

�
−
z
2
;
z
2

�
Fþj
b

�
z
2

�
jp; λi

����
zþ¼0

; ð2Þ

where the gluon fields are represented by the field-strength
tensor Fμν

a with color index a. Gauge invariance of this
nonlocal operator is ensured by the Wilson lineWab, which
connects the field operators along a path determined by the
specific process (e.g., future-pointing for SIDIS, past-
pointing for Drell-Yan). In the context of exclusive heavy
meson production, the Wilson lines takes the future-
pointing staplelike shape.
We restrict ourselves to the leading-twist sector, for

which the indices i, j are transverse and the plus component
refers to the light-cone direction. Throughout, light-cone
coordinates are defined as a� ¼ ða0 � a3Þ= ffiffiffi

2
p

and
a⊥ ¼ ða1; a2Þ. The initial and final nucleon states are
characterized by momenta p and p0 and helicities λ and
λ0, respectively. It is convenient to introduce the average
nucleon momentum P ¼ ðpþ p0Þ=2 and the momentum
transfer Δ ¼ p0 − p. The gluon’s longitudinal momentum
fraction and transverse momentum are denoted by x ¼
kþ=Pþ and k⊥, respectively. The skewness parameter
ξ ¼ −Δþ=ð2PþÞ characterizes the longitudinal momentum
transfer between the initial and final nucleon states.
At leading twist, the correlator admits a decomposition

in terms of 16 independent gluon GTMDs [20]. In the
present work we focus on the projections

Wg
λ;λ0 ¼ δij⊥ Wg½ij�

λ;λ0 ; W̃g
λ;λ0 ¼ −i εij⊥W

g½ij�
λ;λ0 ; ð3Þ

which correspond to unpolarized and helicity-dependent
gluon configurations, respectively. The tensors δij⊥ ¼ −gij⊥
and εij⊥ ¼ ε−þij are defined with ε0123 ¼ 1. The correlator
Wg

λ;λ0 can be parametrized in close analogy to the unpo-
larized quark case [21],
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Wg
λ;λ0 ¼

1

2M
ūðp0; λ0Þ

�
Fg
1;1 þ

iσiþki⊥
Pþ Fg

1;2 þ
iσiþΔi⊥
Pþ Fg

1;3 þ
iσijki⊥Δ

j
⊥

M2
Fg
1;4

�
uðp; λÞ

¼ 1

M
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p ��
Mδλ;λ0 −

1

2
ðλΔ1⊥ þ iΔ2⊥Þδλ;−λ0

�
Fg
1;1 þ ð1 − ξ2Þðλk1⊥ þ ik2⊥Þδλ;−λ0 Fg

1;2

þ ð1 − ξ2ÞðλΔ1⊥ þ iΔ2⊥Þδλ;−λ0Fg
1;3 þ

iεij⊥ki⊥Δ
j
⊥

M2

�
λMδλ;λ0 −

ξ

2
ðΔ1⊥ þ iλΔ2⊥Þδλ;−λ0

�
Fg
1;4

	
; ð4Þ

while W̃g
λ;λ0 admits a decomposition analogous to that of longitudinally polarized quarks [21],

W̃g
λ;λ0 ¼

1

2M
ūðp0; λ0Þ

�
−
iεij⊥ki⊥Δ

j
⊥

M2
Gg

1;1 þ
iσiþγ5ki⊥

Pþ Gg
1;2 þ

iσiþγ5Δi⊥
Pþ Gg

1;3 þ iσþ−γ5G
g
1;4

�
uðp; λÞ

¼ 1

M
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p �
−
iεij⊥ki⊥Δ

j
⊥

M2

�
Mδλ;λ0 −

1

2
ðλΔ1⊥ þ iΔ2⊥Þδλ;−λ0

�
Gg

1;1 þ ð1 − ξ2Þðk1⊥ þ iλk2⊥Þδλ;−λ0Gg
1;2

þ ð1 − ξ2ÞðΔ1⊥ þ iλΔ2⊥Þδλ;−λ0Gg
1;3 þ

�
λMδλ;λ0 −

ξ

2
ðΔ1⊥ þ iλΔ2⊥Þδλ;−λ0

�
Gg

1;4

	
: ð5Þ

(An additional set of eight GTMDs is required to describe
linearly polarized gluons [20]; we do not consider them here,
as they give rise to angular structures different from those of
interest in this work.) The parametrizations above closely
parallel those used for quark GTMDs, and our notation
follows the conventions introduced in Ref. [8]. The nucleon
spinors uðp; λÞ and uðp0; λ0Þ are taken to be light-cone
helicity spinors [22,23], and the nucleon mass is denoted by
M. A generic gluon GTMD Xg ¼ Xgðx; ξ; k2⊥;Δ2⊥; k⊥ · Δ⊥Þ
combines the dependence on intrinsic transverse momentum
familiar from TMDs with the off-forward kinematics char-
acteristic of GPDs. In general, these distributions are
complex-valued functions of their arguments [8,24]. For
simplicity, we do not display their scale dependence explic-
itly; see Ref. [25] for a detailed discussion. More studies
related to GTMDs can be found in Refs. [26–39].
Among the various GTMDs, Fg

1;4 and G
g
1;1 are unique as

they represent genuine Wigner-type correlations that do not
reduce to any conventional GPDs or TMDs. These func-
tions occupy a distinct sector of nucleon structure, vanish-
ing upon integration over either the partonic transverse
momentum k⊥ or the nucleon recoil Δ⊥. Despite their
elusive nature, they play a central role in probing the
proton’s orbital and spin-orbit structure. The function Fg

1;4

encodes the distortion of the unpolarized gluon distribution
in a longitudinally polarized nucleon; importantly, its
transverse-momentum integral directly yields the canonical
gluon orbital angular momentum density LgðxÞ [6,9]:

xLgðx; ξÞ ¼ −
Z

d2k⊥
k2⊥
M2

Fg
1;4ðx; k⊥; ξ;Δ⊥ ¼ 0Þ: ð6Þ

This relation enables a direct determination of the Jaffe-
Manohar Lg ≡ R

1
0 dxLgðx; ξ ¼ 0Þ from experimental data,

provided that the k⊥-weighted moment of Fg
1;4 can be

measured.
The distribution Gg

1;1, by contrast, describes the distor-
tion of the longitudinally polarized gluon distribution in an
unpolarized nucleon, arising from the coupling between the
gluon’s helicity and its orbital motion. Its transverse-
momentum moment is given by [11,18]

xCgðx; ξÞ ¼
Z

d2k⊥
k2⊥
M2

Gg
1;1ðx; k⊥; ξ;Δ⊥ ¼ 0Þ: ð7Þ

This relation enables a direct determination of the strength
of the gluon spin–orbit correlation, which we identify with
Cgðx; ξ ¼ 0Þ. A nonzero value for this indicates that the
gluon helicity is correlated with its transverse motion, a
quantum-mechanical effect with no classical analogue.
Recent studies in the small-x regime suggest that this
correlation is maximal in the saturation limit, hinting at a
universal feature of QCD matter at high energies [11].
Finally, we emphasize that in our exclusive heavy-

meson production process, the observables we derive
are directly proportional to the transverse moments of
these GTMDs. Specifically, subleading twist-3 corrections
to the scattering amplitude generate terms linear in k⊥,
which, upon integration over the phase space, select
exactly the moments required to access Lg and Cg

according to Eqs. (6) and (7).

III. THEORETICAL FRAMEWORK AND RESULTS

A. Kinematics

We consider exclusive meson electroproduction in elec-
tron-proton scattering. In the one-photon exchange approxi-
mation, the relevant subprocess is
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γ�ðqÞ þ pðp; λÞ → mðq0Þ þ p0ðp0; λ0Þ; m ¼ V=AV

ð8Þ

where q is the virtual photon momentum, pðp; λÞ and
p0ðp0; λ0Þ denote the initial and final nucleon states, respec-
tively, and q0 is the momentum of the mesonm, which can be
either a vector (V) or an axial-vector (AV) meson. The
standard invariants are Q2 ¼ −q2; p2 ¼ p02 ¼ M2; q02 ¼
m2

m; t ¼ ðp − p0Þ2;W2 ¼ ðpþ qÞ2. The skewness param-
eter ξ is defined as

ξ ¼ Q2 þm2
m

2W2 − 2M2 þQ2 −m2
m þ t

≈
Q2 þm2

m

2W2 þQ2 −m2
m
; ð9Þ

where the approximation neglects jtj ≪ Q2 and nucleon-
mass corrections.1 It is convenient to introduce ξ ¼ x̃B

2−x̃B
,

x̃B ¼ Q2þm2
m

W2þQ2, which illustrates the relation between the

skewness parameter ξ and the generalized Bjorken variable.
In the light-meson limit, x̃B → xB (where xB is the usual
Bjorken variable), recovering the familiar expression,
whereas for heavy quarkonium production, the threshold
for the hard subprocess is shifted by the meson mass mm.
The momenta of the virtual photon and the pro-

duced meson are parametrized as q ¼ ð− Q2

2q− ; q
−; 0⊥Þ,

q0 ¼ ðm2
mþΔ2⊥
2q− ; q−;−Δ⊥Þ, We now turn to the polarization

vectors of the photon and meson. For longitudinal polar-
izations, we choose

ϵγ
�;L ¼ 1

Q

�
Q2

2q−
; q−; 0⊥

�
; ð10Þ

ϵm;L ¼ 1

mm

�
−m2

m þ Δ2⊥
2q−

; q−;−Δ⊥
�
; ð11Þ

satisfying the transversality conditions ϵγ
�;L · q ¼ 0 and

ϵm;L ·q0 ¼0, as well as the normalizations, ϵγ
�;L · ϵγ

�;L¼þ1

and ϵm;L · ϵm;L ¼ −1. For transverse polarizations we
choose

ϵγ
�;T ¼ ð0; 0; ϵγ�⊥ Þ; ð12Þ

ϵm;T ¼
�
−
ϵm⊥ · Δ⊥
q−

; 0; ϵm⊥
�
; ð13Þ

which satisfy the transversality conditions and standard
normalizations, ϵγ

�;T · ϵγ
�;T ¼ −ðϵγ�⊥ Þ2 and ϵm;T · ϵm;T ¼

−ðϵm⊥Þ2. Here, the label T denotes transverse polarization,
while the additional subscript ⊥ is reserved to indicate the
transverse components of the corresponding vectors.

Although alternative parametrizations of ϵm;T with a
nonzero minus component are possible, we adopt the
above form for definiteness.

B. Scattering amplitude

Since we consider heavy-meson production, the heavy
quark-antiquark pair is not sourced from the nucleon wave
function but is generated perturbatively. The hard scattering
therefore proceeds dominantly through gluon exchange at
leading order (LO). At this order, the production ampli-
tudes can be constructed straightforwardly from the six
Feynman diagrams. In this section, we show Fig. 1, which
provides a schematic illustration of the overall scattering
process, while Fig. 2 collects the detailed Feynman dia-
grams entering the LO calculation. The nonperturbative
nucleon matrix element is parametrized in terms of the
k⊥ moment of the gluon GTMD or a gluon GPD through
the application of the collinear twist expansion, as dis-
cussed below. On the other hand, the hadronization of the
heavy quark-antiquark pair into the final-state meson is
described by the corresponding meson distribution ampli-
tude, whose explicit vertex structure depends on whether
the produced meson is a vector or an axial-vector state and
is specified below.
The scattering amplitude M can be represented sche-

matically in the following factorized form2

FIG. 1. Schematic illustration of the exclusive heavy-meson
production process. The figure is intended to provide an intuitive
overview of the process. The J=ψ has been labeled as a
representative case of a vector meson.

1Throughout this work, we neglect nucleon-mass effects of
order M2=Q2.

2A fully transverse-momentum-dependent treatment of the
meson side would more naturally be formulated in terms of a
meson light-front wave function rather than a purely collinear
distribution amplitude. In particular, for light vector meson
production, phenomenological approaches often retain the quark
transverse momentum in the meson wave function and in the hard
subprocess, together with Sudakov suppression [40–42]. In the
present work, however, our primary aim is to isolate the nucleon-
side kinematic twist-3 mechanism that gives access to the relevant
gluon GTMD moments. For the heavy-quarkonium channel
emphasized in the main text, we therefore restrict ourselves to
the standard leading approximation consistent with collinear
factorization combined with NRQCD [43–46]. A more complete
treatment of meson-side transverse-momentum and relativistic
corrections is left for future work [47].
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M ∝
Z

dx
Z

dz
Z

d2k⊥Hðx; ξ; z; k⊥;Δ⊥Þ

× fgðx; ξ; k⊥;Δ⊥ÞϕmðzÞ; ð14Þ
where H denotes the perturbatively calculable hard-scatter-
ing kernel, fg represents the nonperturbative proton matrix
element, parametrized in terms of either the k⊥ moment of
GTMDs or GPDs, and ϕm denotes the leading meson-side
nonperturbative input (the collinear distribution amplitude
describing the longitudinal momentum-fraction distribution
of the quark-antiquark pair inside the meson, with z denoting
the fraction carried by the quark) in the present approxima-
tion. We stress that Eq. (14) is intended here as a schematic
representation adapted to our nucleon-side collinear twist
expansion, rather than as the most general transverse-
momentum-dependent factorization formula for the full
process. (See, for instance, Refs. [48–50] in the context
of gluon TMD studies.) To systematically separate contri-
butions of different twist, the hard kernel H is expanded in
powers of the transverse momentum k⊥ and Δ⊥ relative to
the hard momentum scale Q, which is set by the photon
virtuality Q2. This procedure constitutes the collinear twist
expansion, originally developed in Refs. [51,52]. Truncating
the expansion at twist 3, one finds

Hðk⊥;Δ⊥Þ ≈Hðk⊥ ¼ 0;Δ⊥ ¼ 0Þ

þ ∂Hðk⊥;Δ⊥ ¼ 0Þ
∂kμ⊥

����
k⊥¼0

kμ⊥

þ ∂Hðk⊥ ¼ 0;Δ⊥Þ
∂Δμ

⊥

����
Δ⊥¼0

Δμ
⊥: ð15Þ

In terms of twist counting, the first term corresponds to the
leading-twist (twist-2) contribution, while the second and
third terms represent subleading twist-3 corrections.
Substituting Eq. (15) into Eq. (14) and performing the k⊥
integration, the term linear in k⊥ gives access to transverse-
momentum-weighted moments of GTMDs, whereas the
term linear in Δ⊥ probes GPDs. It is the former contribution
that encodes sensitivity to partonic orbital angular momen-
tum and spin-orbit correlations, as explicitly demonstrated in
Eqs. (6) and (7).
Returning to the effective vertex rules for vector and

axial-vector mesons, we summarize the corresponding
replacements of the quark spinors. For a vector quarkonium
state, the quark-antiquark spinor bilinear can be replaced as

[44,53] viðq2Þūjðq1Þ → δij
4Nc

ðhO1iV
mq

Þ1=2=ϵ�ð=q0 þmVÞ, where

q1 ¼ q2 ¼ q0=2, with q0 denoting the four-momentum of
the quarkonium state, and ϵμ the polarization vector of the
vector meson. The indices i and j label color in the
fundamental representation, Nc is the number of colors,
and the factor δij projects the heavy quark–antiquark pair
onto a color-singlet state. The quantity hO1iV (and similarly
hO1iA for the axial-vector case discussed below) denotes
the leading nonrelativistic QCD (NRQCD) long-distance

matrix element governing quarkonium formation. We also
employ the nonrelativistic approximation mm ¼ 2mq. This
choice is consistent with the standard heavy-quarkonium
treatment in which the meson side is described at leading
order in the velocity expansion by the appropriate NRQCD
long-distance matrix element. In this sense, the meson-side
structure retained in the present analysis corresponds to the
leading heavy-quarkonium approximation, while more
refined light-front wave functions and relativistic correc-
tions lie beyond the scope of this work [44–46]. For
an axial-vector meson, the corresponding replacement

takes the form viðq2Þūjðq1Þ → δij
4Nc

ðhO1iA
mq

Þ1=2ð=q2 − 1
2
mAVÞ×

=ϵ�γ5ð=q1 þ 1
2
mAVÞ, where q1 ¼ zq0 and q2 ¼ ð1 − zÞq0. We

find that the axial-vector contribution vanishes at the
symmetric point z ¼ 1=2, which motivates presenting
the corresponding vertex rule for z ≠ 1=2. The resulting
expressions for the amplitude at generic values of z are,
however, rather lengthy and cumbersome. For this reason,
we focus primarily on the vector-meson case in the main
text, while providing representative results for axial-vector
meson production at general z in Appendix A.
We now present the scattering amplitudes for specific

polarization configurations of the virtual photon and the
vector meson. We adopt the notation Mγ�;M for ampli-
tudes associated with GTMDs (GPDs) that conserve the
proton helicity, and M̃γ�;M for amplitudes associated with
GTMDs (GPDs) that do not conserve the proton helicity.
The results are

(a) (b)

(c) (d)

(e) (f)

FIG. 2. The six leading-order subprocesses contributing to the
amplitude.
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MLL ¼ Cδλ;λ0 fHLL
eff g; ð16Þ

MTT ¼ Cδλ;λ0 ðϵV⊥ · ϵγ�⊥ ÞfHTT
eff g; ð17Þ

MTL ¼ Cδλ;λ0 fðϵγ�⊥ ·Δ⊥ÞðHTL
eff þF TL

1;1Þ þ λðϵγ�⊥ ×Δ⊥ÞF TL
1;4

þ ðϵγ�⊥ ·Δ⊥ÞGTL
1;1 − λðϵγ�⊥ ×Δ⊥ÞðH0TL

eff þ GTL
1;4g;

ð18Þ

MLT ¼ 0; ð19Þ

and

fMLL ¼ Cδλ;−λ0fðΔ⊥ × S⊥ÞẼLLg; ð20Þ

fMTT ¼ Cδλ;−λ0 ðϵV⊥ · ϵγ�⊥ ÞfðΔ⊥ × S⊥ÞẼTTg; ð21Þ

fMTL ¼ Cδλ;−λ0 fðϵγ�⊥ × S⊥ÞF̃ TL
1;2 − ðϵγ�⊥ × S⊥ÞG̃TL

1;2g; ð22Þ

fMLT ¼ 0; ð23Þ

where

C ¼ 16 i π e eq αsfV mV

Ncðm2
V þQ2Þ ; fV ≡

�
2hO1iV
mV

�
1=2

: ð24Þ

In the above equations, we have defined the Compton
form factors of the GTMDs (GPDs) as detailed below. As
before, we adopt the convention that Compton form factors

associated with helicity-conserving transitions carry no
tilde, whereas those associated with helicity-nonconserving
transitions are denoted with a tilde:

HLL
eff ¼ −

Z
1

−1

dx
ðx − ξþ iεÞðxþ ξ − iεÞ

Q
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
mV

Hg
eff ;

ð25Þ

ẼLL ¼ −
Z

1

−1

dx
ðx − ξþ iεÞðxþ ξ − iεÞ

Q
mV

1

2M
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p Eg;

ð26Þ

HTT
eff ¼

Z
1

−1

dx
ðx − ξþ iεÞðxþ ξ − iεÞ

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
Hg

eff ; ð27Þ

ẼTT ¼
Z

1

−1

dx
ðx − ξþ iεÞðxþ ξ − iεÞ

1

2M
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p Eg; ð28Þ

HTL
eff ¼

Z
1

−1

dx
ðx − ξþ iεÞ2ðxþ ξ − iεÞ2

ξ2
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
mV

Hg
eff ;

ð29Þ

H0TL
eff ¼

Z
1

−1

dx
ðx − ξþ iεÞ2ðxþ ξ − iεÞ2

ixξ
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
mV

H0g
eff ;

ð30Þ

F TL
1;1 ¼

Z
1

−1

dx
ðx − ξ − iεÞ2ðxþ ξþ iεÞ2

2xξ
mV

1ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p Z
d2k⊥

�
k⊥ · Δ⊥
Δ2⊥

�
Fg
1;1; ð31Þ

GTL
1;1 ¼ −

1ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p Z
1

−1
dx

ξ2

mVðxþ ξ − iεÞ2ðx − ξþ iεÞ2
Z

d2k⊥
�
k2⊥
M2

�
Gg

1;1; ð32Þ

F̃ TL
1;2 ¼ M

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p Z
1

−1
dx

xξ
mVðxþ ξ − iεÞ2ðx − ξþ iεÞ2

Z
d2k⊥

�
k2⊥
M2

�
Fg
1;2; ð33Þ

G̃TL
1;2 ¼ −M

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p Z
1

−1
dx

ξ2

mVðxþ ξ − iεÞ2ðx − ξþ iεÞ2
Z

d2k⊥
�
k2⊥
M2

�
Gg

1;2; ð34Þ

F TL
1;4 ¼

1ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p Z
1

−1
dx

ixξ
mVðxþ ξ − iεÞ2ðx − ξþ iεÞ2

Z
d2k⊥

�
k2⊥
M2

�
Fg
1;4; ð35Þ

GTL
1;4 ¼

Z
1

−1

dx
ðx − ξþ iεÞ2ðxþ ξ − iεÞ2

2iξ2

mV

1ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p Z
d2k⊥

�
k⊥ · Δ⊥
Δ2⊥

�
Gg

1;4: ð36Þ

As is evident, the amplitudes can be expressed as linear combinations of k⊥ moments of GTMDs and GPDs themselves. In
particular, contributions involving GPDs arise when the hard kernel is of twist 2 or of twist 3 and linear in Δ⊥, whereas
contributions involving k⊥ moments of GTMDs are entirely of twist 3, as discussed around Eq. (15). Here we use the
shorthand notation (see Appendix B for the explicit GPD parametrization):
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Hg
eff ≡Hg −

ξ2

1 − ξ2
Eg; H0g

eff ≡ H̃g −
ξ2

1 − ξ2
Ẽg: ð37Þ

It should be noted that, to ensure QED gauge invariance,
one must parametrize the transverse polarization of the
meson very carefully: we find that neglecting the þ or −
components [see Eq. (13)] leads to a violation of the QED
Ward identity. This subtlety emphasizes the importance of
correctly treating the meson polarization in such calcula-
tions.

C. Cross section

In this section, we derive the explicit dependence of the
differential cross section on the azimuthal angle ϕ, defined
as the angle between the lepton scattering plane and the
hadron production plane. The differential cross section for
the process eþ p → e0 þ p0 þ V can be expressed in terms
of the contraction of the leptonic tensor Lμν with the
hadronic tensor MμM�ν:

dσ ¼ C
2s

LμνMμM�ν; ð38Þ

where C includes the flux and phase-space factors. The
leptonic tensor is given by

Lμν ¼ 2ðlμl0ν þ lνl0μÞ − gμνQ2; ð39Þ

which follows from a straightforward calculation and is
valid for unpolarized leptons, to which we restrict our
analysis.
For the explicit evaluation of the cross section, it is

convenient to work in the hadron frame. In order to isolate
the azimuthal (ϕ) dependence, we expand the bilinear
MμM�ν in a complete basis of independent tensors. To this
end, we introduce three mutually orthogonal four-vectors
defined in the hadron frame,

Tμ ¼ ð1; 0; 0; 0Þ; Xμ ¼ ð0; 1; 0; 0Þ;
Yμ ¼ ð0; 0; 1; 0Þ; ð40Þ

where we follow the Cartesian index convention (0, 1, 2, 3),
rather than light-cone coordinates, which simplifies the cal-
culations presented below. Current conservation implies,

qμðMμM�νÞ ¼ qνðMμM�νÞ ¼ 0: ð41Þ

This relation, which is analogous to qμWμν ¼ qνWμν in
semi-inclusive processes (where Wμν is the hadronic
tensor), implies that the bilinear MμM�ν can be decom-
posed into nine independent tensor structures. We choose
the following basis:

Vμν
1 ¼ XμXν þ YμYν; ð42Þ

Vμν
2 ¼ TμTν; ð43Þ

Vμν
3 ¼ TμXν þ XμTν; ð44Þ

Vμν
4 ¼ XμXν − YμYν; ð45Þ

Vμν
5 ¼ iðTμXν − XμTνÞ; ð46Þ

Vμν
6 ¼ iðXμYν − YμXνÞ; ð47Þ

Vμν
7 ¼ iðTμYν − YμTνÞ; ð48Þ

Vμν
8 ¼ TμYν þ YμTν; ð49Þ

Vμν
9 ¼ XμYν þ YμXν: ð50Þ

The spirit of this decomposition follows Ref. [54], where a
systematic classification was introduced for a semi-inclusive
process. In the present work, we adopt the same approach
and apply it to our exclusive process. The linear independ-
ence of the tensors fVμν

i g was explicitly verified by
demonstrating that a vanishing linear combination,P

9
i¼1 ciV

μν
i ¼ 0, implies that all coefficients must vanish,

ci ¼ 0 for all i. Since we restrict ourselves to unpolarized
electrons, the leptonic tensor contains only a symmetric
part, as shown in Eq. (39). Consequently, only the
symmetric components of the bilinear MμM�ν can con-
tribute to the cross section. This immediately restricts the
relevant tensor structures to Vμν

1 , Vμν
2 , Vμν

3 , Vμν
4 , Vμν

8 , and
Vμν
9 , while the remaining antisymmetric tensors do not

contribute. The expansion coefficients of MμM�ν in the
basis fVμν

i g are then obtained by introducing the corre-
sponding inverse tensors Ṽμν

i (i ¼ 1;…; 9), leading to

MμM�ν ¼
X9
k¼1

Vμν
k ½Ṽρσ

k MρM�
σ�: ð51Þ

The explicit forms of the inverse tensors are given by

Ṽμν
1 ¼ 1

2
ðXμXν þ YμYνÞ; ð52Þ

Ṽμν
2 ¼ TμTν; ð53Þ

Ṽμν
3 ¼ −

1

2
ðTμXν þ XμTνÞ; ð54Þ

Ṽμν
4 ¼ 1

2
ðXμXν − YμYνÞ; ð55Þ

Ṽμν
5 ¼ i

2
ðTμXν − XμTνÞ; ð56Þ

Ṽμν
6 ¼ −

i
2
ðXμYν − YμXνÞ; ð57Þ
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Ṽμν
7 ¼ i

2
ðTμYν − YμTνÞ; ð58Þ

Ṽμν
8 ¼ −

1

2
ðTμYν þ YμTνÞ; ð59Þ

Ṽμν
9 ¼ 1

2
ðXμYν þ YμXνÞ: ð60Þ

Since only symmetric tensor structures contribute to the
cross section for unpolarized electrons, the same restriction
applies to the inverse basis. Consequently, the nonvanish-
ing inverse tensors associated with symmetric structures are
Ṽμν
1 , Ṽμν

2 , Ṽμν
3 , Ṽμν

4 , Ṽμν
8 , and Ṽμν

9 .
We now have all the ingredients necessary to decompose

the cross section into the following two components:

dσ ¼ C
2s

X9
k¼1

ðLμνV
μν
k ÞðṼρσ

k MρM�
σÞ: ð61Þ

Here, we first explain the essence of this equation and
outline our calculation strategy, before presenting the
explicit results in the following paragraphs. In Eq. (61),
the first factor captures the azimuthal-angle dependence of
the cross section, while the second factor corresponds to
different tensor structures contracted with the scattering
amplitudes. To relate the latter to the amplitudes for differ-
ently polarized virtual photons, we express the basis vectors
in Vμν

i in light-cone coordinates using virtual photon
polarization vectors,3

ϵμ0 ¼
1ffiffiffi
2

p ð1; 1; 0; 0Þ; ϵμþ ¼ 1ffiffiffi
2

p ð0; 0;−1; iÞ;

ϵμ− ¼ 1ffiffiffi
2

p ð0; 0; 1; iÞ: ð62Þ

Here, the index “0” denotes the longitudinal polarization of
the virtual photon, while “þ” and “−” label the transverse
polarization states with positive- and negative-helicity,
respectively. Using these polarization vectors as building
blocks, we redefine the three mutually orthogonal four-
vectors introduced in Eq. (40):

Tμ ¼ ϵμ0; Xμ ¼ −
1ffiffiffi
2

p ðϵμþ − ϵμ−Þ;

Yμ ¼ −
iffiffiffi
2

p ðϵμþ þ ϵμ−Þ: ð63Þ

This allows us to express the content of the second set of
parentheses in Eq. (61) in terms of the γ�p amplitude. For
completeness, we have explicitly verified that the resulting
tensor basis in Eq. (63) remains linearly independent when

expressed in terms of these photon polarization vectors.
The same checks were performed for the inverse tensors,
yielding similar results.
Let us now explicitly present the results of Eq. (61)

following the strategies outlined above. To this end, we
consider a reference frame in which the virtual-photon four-
momentum, written in the light-cone basis, is parametrized as

qμ ¼
�
−

Qffiffiffi
2

p ;
Qffiffiffi
2

p ; 0⊥
�
: ð64Þ

In this frame, the incoming lepton momentum can be
written as

lμ ¼
�
Qð1− yÞffiffiffi

2
p

y
;
Qffiffiffi
2

p
y
;
Q

ffiffiffiffiffiffiffiffiffiffi
1− y

p
y

cosϕl⊥ ;
Q

ffiffiffiffiffiffiffiffiffiffi
1− y

p
y

sinϕl⊥

�
;

ð65Þ
where y≡ p·q

p·l is the usual lepton energy fraction and ϕl⊥ is
the azimuthal angle of the lepton transverse momentum in
the lepton plane. The outgoing lepton momentum follows
from momentum conservation. Upon contracting the
resulting leptonic tensor with the tensor structures of the
basis constructed from the photon polarization vectors, as
described above, we obtain the following distinct angular
modulations:

LμνV
μν
3 ∝ cosϕ; LμνV

μν
4 ∝ cos 2ϕ;

LμνV
μν
8 ∝ sinϕ; LμνV

μν
9 ∝ sin 2ϕ: ð66Þ

Here, ϕ may equivalently be identified as the angle between
the lepton scattering plane and the hadron production plane
providedwechooseΔ⊥ ¼ ðjΔ⃗⊥j; 0Þ, whichweadopt to keep
the expressions simple (and for this reason we henceforth
drop the subscript l⊥ from the angle). These angular
modulations are well known in the literature [54–56] and
originate from specific interference patterns: the cosϕ and
sinϕ terms arise from the interference between twist-2
and twist-3 amplitudes, while the cos 2ϕ and sin 2ϕ terms
arise from the interference between twist-3 amplitudes.
Next, we work, without loss of generality, with an initial

proton of positive helicity and proceed to calculate the
second term in parentheses of Eq. (61). Below, the photon-
helicity amplitudes will be denoted by MVp0;γ�p. It then
follows straightforwardly that the differential cross section
for exclusive vector–meson electroproduction can be
written as

dσ
dydQ2dtdϕ

¼ αem
2π2

ð1− yþ y2

2
Þ

yQ2

�
dσT
dt

þ ϵ
dσL
dt

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ϵð1þ ϵÞ

p
×cosϕ

dσLT
dt

þ ϵcos2ϕ
dσTT
dt

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ϵð1þ ϵÞ

p
×sinϕ

dσsinϕ
dt

þ ϵ sin2ϕ
dσsin 2ϕ

dt

�
ð67Þ3For notational simplicity, we drop the γ� index from the

polarization tensors from this point onward.
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where the individual structure functions are expressed as

dσT
dt

¼ x2B
32πQ4

ðjMVp0;þþj2 þ jMVp0;−þj2Þ; ð68Þ

dσL
dt

¼ x2B
16πQ4

jMVp0;0þj2; ð69Þ

dσLT
dt

¼
ffiffiffi
2

p
x2B

32πQ4
Re½MVp0;0þðM�

Vp0;−þ −M�
Vp0;þþÞ�;

ð70Þ

dσTT
dt

¼ −
x2B

16πQ4
Re½MVp0;þþM�

Vp0;−þ�; ð71Þ

dσsinϕ
dt

¼
ffiffiffi
2

p
x2B

32πQ4
Im ½M�

Vp0;0þðMVp0;−þ þMVp0;þþÞ�;

ð72Þ

dσsin 2ϕ

dt
¼ x2B

16πQ4
Im ½MVp0;þþM�

Vp0;−þ�: ð73Þ

Here we have expressed our results in terms of the virtual-
photon flux parameter ϵ, defined as, ϵ ¼ 1−y

1−yþ1
2
y2
. The first

four terms in Eq. (67) represent the standard parity-even
structure functions, which have been extensively studied in
the context of leading-twist GPD phenomenology [23,57].
Specifically, dσT and dσL denote the cross sections for
transversely and longitudinally polarized virtual photons,

respectively. The modulations ðcosϕ; sinϕÞ and
ðcos 2ϕ; sin 2ϕÞ arise from the interference between longi-
tudinal and transverse photon helicity amplitudes, and
between transverse photon helicity amplitudes of opposite
helicity, respectively. The cos-type terms correspond to the
real part of the interference, while the sin-type terms
correspond to the imaginary part. Our results for these
terms are in full agreement with the existing literature; see
also Appendix B, where we explicitly take the GPD limit
of our results and recover the known results.
We now present explicit results for the structure func-

tions for each meson polarization. In the case of a vector
meson with positive circular polarization (V ¼ þ), the
results read

dσþT
dt

¼ x2B
32πQ4

C2fδλ;λ0 jHTT
eff j2 þ δλ;−λ0 jΔ⃗⊥j2jẼTT j2g; ð74Þ

and vanishing in all other cases. Similarly, in the case of a
vector meson with negative circular polarization (V ¼ −),
the results read

dσ−T
dt

¼ x2B
32πQ4

C2fδλ;λ0 jHTT
eff j2 þ δλ;−λ0 jΔ⃗⊥j2jẼTT j2g; ð75Þ

and vanishing in all other cases. Both of the above results
arise from the interference between twist-2 contributions.
Thus, we find that for circularly polarized vector mesons,
the cross section is sensitive only to GPDs.
Finally, for longitudinally polarized vector meson

(V ¼ 0), the results read

dσ0T
dt

¼ x2B
32πQ4

C2fδλ;λ0 ½jΔ⃗⊥j2jHTL
eff þ F TL

1;1 þ GTL
1;1j2 þ jΔ⃗⊥j2jF TL

1;4 −H0TL
eff − GTL

1;4j2� þ 2δλ;−λ0 jF̃ TL
1;2 − G̃TL

1;2j2g; ð76Þ

dσ0L
dt

¼ x2B
16πQ4

C2fδλ;λ0 jHLL
eff j2 þ δλ;−λ0 jΔ⃗⊥j2jẼLLj2g; ð77Þ

dσ0LT
dt

¼
ffiffiffi
2

p
x2B

32πQ4
C2fδλ;λ0

ffiffiffi
2

p
jΔ⃗⊥jRe½HLL

eff ðHTL�
eff þ F TL�

1;1 þ GTL�
1;1 Þ� þ δλ;−λ0

ffiffiffi
2

p
jΔ⃗⊥jRe½ẼLLðF̃ TL�

1;2 − G̃TL�
1;2 Þ�g; ð78Þ

dσ0TT
dt

¼ −
x2B

16πQ4
C2

�
δλ;λ0

�
−
1

2
jΔ⃗⊥j2jHTL

eff þ F TL
1;1 þ GTL

1;1j2 þ
1

2
jΔ⃗⊥j2jF TL

1;4 −H0TL
eff − GTL

1;4j2
�	

; ð79Þ

dσ0sinϕ
dt

¼
ffiffiffi
2

p
x2B

32πQ4
C2f−δλ;λ0λjΔ⃗⊥jRe½

ffiffiffi
2

p
HLL�

eff ðF TL
1;4 −H0TL

eff − GTL
1;4Þ� − λδλ;−λ0 jΔ⃗⊥j Im½

ffiffiffi
2

p
ẼLL�ðF̃ TL

1;2 − G̃TL
1;2Þ�g; ð80Þ

dσ0sin 2ϕ
dt

¼ x2B
16πQ4

C2f−δλ;λ0λjΔ⃗⊥j2Re½ðHTL
eff þ F TL

1;1 þ GTL
1;1ÞðF TL�

1;4 −H0TL�
eff − GTL�

1;4 Þ�g: ð81Þ
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Here, dσ0L=dt arises from twist-2 × twist-2 contributions,
while the dσ0LT=dt and dσ0sinϕ=dt terms result from the
interference between twist-2 and twist-3 contributions. All
remaining terms involve purely twist-3 × twist-3 contribu-
tions. From these expressions, we conclude that the polari-
zation-independent cos 2ϕ and polarization-dependent
sin 2ϕ terms provide exceptionally clean signatures of the
gluon GTMDs F1;4 andG1;1. While other observables, such
as dσT=dt and dσsinϕ=dt, are also sensitive to these
GTMDs, they receive contributions from multiple distribu-
tions and are thus less selective. Furthermore, the cos 2ϕ
modulation stands out as a particularly striking signal: it can
be measured with an unpolarized proton, and unlike in
processes such as diffractive dijet production, it carries no
information about linear gluon polarization in this exclusive
color-singlet channel. Consequently, this signal provides a
clean and well-isolated laboratory signal for probing the
canonical gluon orbital angular momentum and gluon spin-
orbit correlations. Note that for the sine-type terms, our
results show that these contributions are always accompa-
nied by a helicity factor λ, which is required to ensure parity
conservation in the strong interaction.
The above results present the cross sections and their

polarization-dependent contributions for the vector meson.
In principle, the total cross section summed over all vector
meson polarizations can be obtained by adding the con-
tributions from each polarization state. For a generic cross
section labeled by X∈ fT; L; LT; TT; sinϕ; sin 2ϕg, one
may write

dσX
dt

¼ dσþX
dt

þ dσ−X
dt

þ dσ0X
dt

: ð82Þ

This provides a straightforward way to combine the
contributions from different meson polarizations, which
may be useful in experimental analyses where one sums
over the polarization states.
For the reasons outlined above, the experimental iso-

lation of these twist-3 observables at the EIC appears
promising. Although twist-3 effects are formally sup-
pressed by factors of Oðhk⊥i=QÞ or OðhΔ⊥i=QÞ relative
to the leading-twist cross section, they offer a significantly
higher-rate channel compared to other proposed processes,
such as diffractive dijet production or double Drell-Yan.
We expect that the high luminosity of the EIC, together
with the large acceptance of next-generation detectors like
ePIC and the use of forward Roman Pots for recoil proton
tagging, will enable the precise multidimensional binning
necessary to extract these observables. We conclude
by noting that a meaningful numerical analysis of the
proposed asymmetries requires nonperturbative inputs for
gluon GTMDs, which are not yet uniquely constrained by
data. At present, one mainly has exploratory modeling
strategies, including double-distribution-inspired construc-
tions and related Radon-transform-based representations,

as well as light-front spectator-model approaches with
explicit gluonic degrees of freedom [26,33,58–63].
Existing studies also indicate that the resulting phenom-
enology can be quite sensitive to the modeling assump-
tions [16,64]. We therefore defer a dedicated numerical
study to future work, where different modeling strategies
can be systematically compared and theoretical uncertain-
ties assessed in a controlled manner.

IV. CONCLUSIONS

In this work, we have presented a systematic derivation of
the azimuthal-angle-dependent cross section for exclusive
(axial-)vector meson electroproduction within the frame-
work of collinear twist-3 factorization. By analyzing the
interference between different virtual-photon polarization
states, we identified distinctive angular modulations in the
cross section that provide direct sensitivity to specific gluon
GTMDs. For clarity, the main body of the paper focuses on
vector meson production. Owing to the increased complex-
ity of the axial-vector case, the corresponding results are
presented in a dedicated Appendix.
For vector mesons, we demonstrated that the polarization-

independent cos 2ϕ and polarization-dependent sin 2ϕ mod-
ulations, which arise from twist-3–twist-3 interference con-
tributions, are sensitive to specific k⊥ moments of the gluon
GTMDs Fg

1;4 and Gg
1;1. These distributions encode funda-

mental information on canonical gluon orbital angular
momentum and partonic spin-orbit correlations. This sector
of nucleon structure has no counterpart in the conventional
generalized parton distribution or transverse-momentum-
dependent frameworks, rendering the observables proposed
here uniquely valuable probes of gluonic dynamics.
A notable advantage of the exclusive (axial-)vector

meson channel is its comparatively high production rate
relative to other proposed probes of gluon GTMDs, such as
diffractive dijet production or exclusive double Drell-Yan
processes. Although the observables identified here are of
twist-3 origin, they remain experimentally promising due to
the high luminosity and large acceptance anticipated at
future facilities. In particular, the EIC, combined with
forward proton tagging via Roman Pots and next-generation
detectors such as ePIC, will enable the multidimensional
binning required to extract these azimuthal asymmetries
with precision.
Looking ahead, several important extensions of the

present work are warranted. These include the incorpo-
ration of genuine twist-3 effects arising from tri-gluon
correlation functions, as well as a more complete treatment
of meson-side transverse-momentum and relativistic
effects, which will be necessary for a fully comprehensive
and quantitatively precise description of the process. In
addition, we plan to carry out detailed numerical calcu-
lations and phenomenological studies tailored to the kin-
ematics of both the EIC and the Electron-Ion Collider
in China (EicC). A comprehensive phenomenological
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analysis, however, requires a systematic comparison of
different GTMD modeling approaches together with a
controlled assessment of the associated theoretical uncer-
tainties, since gluon GTMDs currently remain largely
unconstrained and are described primarily through explor-
atory modeling strategies [16,26,58–64]. We therefore
leave such a dedicated numerical study to future work.
While J=ψ production provides a particularly clean and
compelling signature at the EIC, its yield at the lower
center-of-mass energies of the EicC is expected to be more
limited. Nevertheless, the formalism developed here can be
straightforwardly extended to light vector meson produc-
tion, such as ρ0, where a sufficiently large photon virtuality
Q2 can provide the hard scale required for the applicability
of perturbative QCD. Such studies, together with system-
atic model comparisons and possible refinements on the
meson/heavy-quarkonium side, will further clarify the
experimental feasibility of mapping gluonic orbital angular
momentum and spin–orbit correlations through exclusive
processes.
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APPENDIX A: AMPLITUDE FOR
AXIAL-VECTOR MESON PRODUCTION

UP TO TWIST-3 ACCURACY

In the following, we present the scattering amplitudes for
axial-vector meson production, evaluated diagram by dia-
gram (see Fig. 2), including both twist-2 and twist-3
contributions. The resulting expressions are, in general, rather

involved. However, both the twist-2 and twist-3 contributions
vanish at the symmetric point z ¼ 1

2
. Consequently, obtaining

a nonvanishing result requires working away from this point,
i.e., for z ≠ 1

2
.

The amplitudes admit a common schematic structure.
For the F-type GTMDs, involving Wg, we write

M ¼ CAV

Z
1

−1
dx

1

ðx − ξþ iεÞðxþ ξ − iεÞ
×
Z

1

0

dz
Z

d2k⊥Hðx; ξ; z; k⊥;Δ⊥Þ

×Wgðx; ξ; k⊥;Δ⊥ÞϕAVðzÞ; ðA1Þ

whereH denotes the hard-scattering kernel. For the G-type
GTMDs, involving W̃g, the corresponding amplitudes are
obtained by placing tildes on the hard kernel,H → H̃. The
overall normalization factor CAV and the axial-vector
meson decay constant fAV are given by

CAV ¼ i π e eq αsfAV
2Nc

; fAV ≡
�
2hO1iAV
mAV

�
1=2

: ðA2Þ

We now briefly describe how the results are organized
below. For each diagram and for each of the F- and G-type
GTMDs, we explicitly quote the corresponding hard-
scattering kernels H or H̃. These kernels are classified
according to the polarization configurations of the virtual
photon and the meson, as well as the twist order, which we
denote schematically by Hγ�;M

twist or H̃
γ�;M
twist . The superscripts

specify the photon and meson polarizations, while the
subscripts indicate the twist order, with the twist-2 (t2) and
twist-3 contributions arising from k⊥ (t3; k⊥) and Δ⊥
(t3;Δ⊥) expansions presented separately.

1. Diagram ðaÞ
For diagram (a), we find that, for the F-type GTMDs, the

case of a longitudinally polarized virtual photon and a
longitudinally polarized meson yields a vanishing contri-
bution at both twist-2 and twist-3,

HLL
t2 ¼ 0; HLL

t3;k⊥ ¼ 0; HLL
t3;Δ⊥ ¼ 0: ðA3Þ

We next present the remaining (nonzero) results:

HTL
t3;k⊥ ¼−

8imAVðm2
AV −Q2Þξ2ð1− 2zÞ2ϵij⊥ðϵγ�i⊥ kj⊥Þ

ðm2
AVð2xðz− 1Þþ ξð4z2− 6zþ 1ÞÞþ 2Q2ðz− 1Þðξþ xÞÞðm2

AVð2xzþ ξð4z2− 2z− 1ÞÞþ 2Q2zðx− ξÞÞ ðA4Þ

HTL
t3;Δ⊥ ¼ 4imAVðm2

AV −Q2Þξ2ð2z − 1Þ3ϵij⊥ðϵγ�i⊥ Δj
⊥Þ

ðm2
AVð2xðz − 1Þ þ ξð4z2 − 6zþ 1ÞÞ þ 2Q2ðz − 1Þðξþ xÞÞðm2

AVð2xzþ ξð4z2 − 2z − 1ÞÞ þ 2Q2zðx − ξÞÞ ðA5Þ
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HLT
t3;Δ⊥ ¼ 16im2

AVξ
2Qð2z − 1Þϵij⊥ðϵAVi⊥ Δj

⊥Þ
ðm2

AVð2xðz − 1Þ þ ξð4z2 − 6zþ 1ÞÞ þ 2Q2ðz − 1Þðξþ xÞÞðm2
AVð2xzþ ξð4z2 − 2z − 1ÞÞ þ 2Q2zðx − ξÞÞ ðA6Þ

We find that, in the case of F-type GTMDs, the transversely polarized photon-meson channel gives no contribution at both
twist-2 and twist-3:

HTT
t2 ¼ 0; HTT

t3;k⊥ ¼ 0; HTT
t3;Δ⊥ ¼ 0: ðA7Þ

We now turn to the results for the G-type GTMDs. The results that are nonzero are

H̃LL
t2 ¼ −

2mAVð2z− 1Þðm2
AV þQ2Þðm2

AVðx2ð2z− 1Þþ 2ξxð4z2 − 4z− 1Þþ 2ξ2ð4z3 − 6z2 þ 1ÞÞþQ2ð2z− 1Þðx2 − ξ2ÞÞ
Qðm2

AVðξ− 2xz− 4ξz2 þ 2ξzÞþ 2Q2zðξ− xÞÞðm2
AVð2xðz− 1Þþ ξð4z2 − 6zþ 1ÞÞþ 2Q2ðz− 1Þðξþ xÞÞ ;

ðA8Þ

H̃TL
t3;k⊥ ¼ −

8mAVξð2z − 1Þðm2
AVðxð2z − 1Þ þ 2ξð4z2 − 4z − 1ÞÞ þQ2xð2z − 1ÞÞδij⊥ðϵγ�i⊥ kj⊥Þ

ðm2
AVð2xðz − 1Þ þ ξð4z2 − 6zþ 1ÞÞ þ 2Q2ðz − 1Þðξþ xÞÞðm2

AVð2xzþ ξð4z2 − 2z − 1ÞÞ þ 2Q2zðx − ξÞÞ ;

ðA9Þ

H̃TL
t3;Δ⊥ ¼ 4mAVξð1 − 2zÞ2ðm2

AVðxð2z − 1Þ þ 2ξð4z2 − 4z − 1ÞÞ þQ2xð2z − 1ÞÞδij⊥ðϵγ�i⊥ Δj
⊥Þ

ðm2
AVð2xðz − 1Þ þ ξð4z2 − 6zþ 1ÞÞ þ 2Q2ðz − 1Þðξþ xÞÞðm2

AVð2xzþ ξð4z2 − 2z − 1ÞÞ þ 2Q2zðx − ξÞÞ ;

ðA10Þ

H̃LT
t3;Δ⊥ ¼ 4m2

AVξð2z − 1Þðm2
AVð2xþ ξð2z − 1ÞÞ þ 2Q2ðxþ ξð−4z3 þ 6z2 − 1ÞÞÞδij⊥ðϵAVi⊥ Δj

⊥Þ
Qðm2

AVðξ − 2xz − 4ξz2 þ 2ξzÞ þ 2Q2zðξ − xÞÞðm2
AVð2xðz − 1Þ þ ξð4z2 − 6zþ 1ÞÞ þ 2Q2ðz − 1Þðξþ xÞÞ :

ðA11Þ

We find that, in the case of G-type GTMDs, the transversely polarized photon-meson channel gives no contribution at both
twist-2 and twist-3:

H̃TT
t2 ¼ 0; H̃TT

t3;k⊥ ¼ 0; H̃TT
t3;Δ⊥ ¼ 0: ðA12Þ

2. Diagram ðbÞ
For diagram (b), we find that, for the F-type GTMDs, the case of a longitudinally polarized virtual photon and a

longitudinally polarized meson yields a vanishing contribution at both twist-2 and twist-3,

HLL
t2 ¼ 0; HLL

t3;k⊥ ¼ 0; HLL
t3;Δ⊥ ¼ 0: ðA13Þ

We next present the remaining (nonzero) results:

HTL
t3;k⊥ ¼ 8imAVðm2

AV −Q2Þξ2ð1 − 2zÞ2ϵij⊥ðϵγ�i⊥ kj⊥Þ
ðm2

AVðξþ 2xz − 4ξz2 þ 2ξzÞ þ 2Q2zðξþ xÞÞðm2
AVð2xðz − 1Þ þ ξð−4z2 þ 6z − 1ÞÞ þ 2Q2ðz − 1Þðx − ξÞÞ ;

ðA14Þ

HTL
t3;Δ⊥ ¼ 4imAVξ

2ð2z − 1Þ3ðmAV −QÞðmAV þQÞϵij⊥ðϵγ�i⊥ Δj
⊥Þ

ðm2
AVðξþ 2xz − 4ξz2 þ 2ξzÞ þ 2Q2zðξþ xÞÞðm2

AVð2xðz − 1Þ þ ξð−4z2 þ 6z − 1ÞÞ þ 2Q2ðz − 1Þðx − ξÞÞ ;

ðA15Þ
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HLT
t3;Δ⊥ ¼ 16im2

AVξ
2Qð2z − 1Þϵij⊥ðϵAVi⊥ Δj

⊥Þ
ðm2

AVðξþ 2xz − 4ξz2 þ 2ξzÞ þ 2Q2zðξþ xÞÞðm2
AVð2xðz − 1Þ þ ξð−4z2 þ 6z − 1ÞÞ þ 2Q2ðz − 1Þðx − ξÞÞ :

ðA16Þ

We find that, in the case of F-type GTMDs, the transversely polarized photon-meson channel gives no contribution at both
twist-2 and twist-3:

HTT
t2 ¼ 0; HTT

t3;k⊥ ¼ 0; HTT
t3;Δ⊥ ¼ 0: ðA17Þ

We now turn to the results for the G-type GTMDs. The results that are non-zero are

H̃LL
t2 ¼ 2mAVð2z− 1Þðm2

AV þQ2Þðm2
AVðx2ð2z− 1Þþ 2ξxð−4z2þ 4zþ 1Þþ 2ξ2ð4z3 − 6z2þ 1ÞÞþQ2ð2z− 1Þðx2 − ξ2ÞÞ

Qðm2
AVðξþ 2xz− 4ξz2þ 2ξzÞþ 2Q2zðξþ xÞÞðm2

AVðξ− 2xzþ 2xþ 4ξz2 − 6ξzÞ− 2Q2ðz− 1Þðx− ξÞÞ ;

ðA18Þ

H̃TL
t3;k⊥ ¼ −

8mAVξð2z − 1Þðm2
AVð−2xzþ xþ 2ξð4z2 − 4z − 1ÞÞ þQ2xð1 − 2zÞÞδij⊥ðϵγ�i⊥ kj⊥Þ

ðm2
AVðξþ 2xz − 4ξz2 þ 2ξzÞ þ 2Q2zðξþ xÞÞðm2

AVð2xðz − 1Þ þ ξð−4z2 þ 6z − 1ÞÞ þ 2Q2ðz − 1Þðx − ξÞÞ ;

ðA19Þ

H̃TL
t3;Δ⊥ ¼ −

4mAVξð1 − 2zÞ2ðm2
AVð−2xzþ xþ 2ξð4z2 − 4z − 1ÞÞ þQ2xð1 − 2zÞÞδij⊥ðϵγ�i⊥ Δj

⊥Þ
ðm2

AVðξþ 2xz − 4ξz2 þ 2ξzÞ þ 2Q2zðξþ xÞÞðm2
AVð2xðz − 1Þ þ ξð−4z2 þ 6z − 1ÞÞ þ 2Q2ðz − 1Þðx − ξÞÞ ;

ðA20Þ

H̃LT
t3;Δ⊥ ¼ −

4m2
AVξð2z − 1Þð−ðm2

AVðξþ 2x − 2ξzÞÞ − 2Q2ðξþ xþ 4ξz3 − 6ξz2ÞÞδij⊥ðϵAVi⊥ Δj
⊥Þ

Qðm2
AVðξþ 2xz − 4ξz2 þ 2ξzÞ þ 2Q2zðξþ xÞÞðm2

AVðξ − 2xzþ 2xþ 4ξz2 − 6ξzÞ − 2Q2ðz − 1Þðx − ξÞÞ :

ðA21Þ

We find that, in the case of G-type GTMDs, the transversely polarized photon-meson channel gives no contribution at both
twist-2 and twist-3:

H̃TT
t2 ¼ 0; H̃TT

t3;k⊥ ¼ 0; H̃TT
t3;Δ⊥ ¼ 0: ðA22Þ

3. Diagram ðcÞ
For diagram (c), we find that, for the F-type GTMDs, the case of a longitudinally polarized virtual photon and a

longitudinally polarized meson yields a vanishing contribution at both twist-2 and twist-3,

HLL
t2 ¼ 0; HLL

t3;k⊥ ¼ 0; HLL
t3;Δ⊥ ¼ 0: ðA23Þ

We next present the remaining (nonzero) results:

HTL
t3;Δ⊥ ¼ −

4imAVð2z − 1Þðm2
AVð−2xzþ xþ ξð8z3 − 8z2 − 4zþ 1ÞÞ −Q2ð2z − 1Þðξþ x − 2ξzÞÞϵij⊥ðϵγ�i⊥ Δj

⊥Þ
ðm2

AVð4z2 − 4z − 1Þ þ 4Q2ðz − 1ÞÞðm2
AVðξ − 2xzþ 2xþ 4ξz2 − 6ξzÞ − 2Q2ðz − 1Þðx − ξÞÞ ; ðA24Þ

HLT
t3;Δ⊥ ¼ −

4im2
AVð2z − 1ÞðQ2ðxð−2z2 þ zþ 1Þ − ξð4z3 − 8z2 þ z − 1ÞÞ −m2

AVð2z2 − z − 1Þðξþ x − 2ξzÞÞϵij⊥ðϵAVi⊥ Δj
⊥Þ

Qðm2
AVð4z2 − 4z − 1Þ þ 4Q2ðz − 1ÞÞðm2

AVð2xðz − 1Þ þ ξð−4z2 þ 6z − 1ÞÞ þ 2Q2ðz − 1Þðx − ξÞÞ ;

ðA25Þ

HTT
t2 ¼ −

4im2
AVzð2z − 3Þð2z − 1Þðm2

AV þQ2Þðξþ xÞϵij⊥ðϵAVi⊥ ϵγ�j⊥ Þ
ðm2

AVð4z2 − 4z − 1Þ þ 4Q2ðz − 1ÞÞðm2
AVðξ − 2xzþ 2xþ 4ξz2 − 6ξzÞ − 2Q2ðz − 1Þðx − ξÞÞ : ðA26Þ
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We now turn to the results for the G-type GTMDs. The results that are nonzero are

H̃LL
t2 ¼ 2mAVð2z − 1Þðm2

AV þQ2Þð−ðm2
AVð2xþ ξð−8z3 þ 12z2 − 2zþ 1ÞÞÞ − 2Q2ð2z2 − 3zþ 1Þðx − ξÞÞ

Qðm2
AVð4z2 − 4z − 1Þ þ 4Q2ðz − 1ÞÞðm2

AVð2xðz − 1Þ þ ξð−4z2 þ 6z − 1ÞÞ þ 2Q2ðz − 1Þðx − ξÞÞ ; ðA27Þ

H̃TL
t3;Δ⊥ ¼ −

4mAVð2z − 1Þð−ðm2
AVðxð1 − 2zÞ2 þ ξð−8z3 þ 12z2 − 2zþ 1ÞÞÞ −Q2ðξþ xð1 − 2zÞ2 − 2ξzÞÞδij⊥ðϵγ�i⊥ Δj

⊥Þ
ðm2

AVð4z2 − 4z − 1Þ þ 4Q2ðz − 1ÞÞðm2
AVðξ − 2xzþ 2xþ 4ξz2 − 6ξzÞ − 2Q2ðz − 1Þðx − ξÞÞ ;

ðA28Þ

H̃LT
t3;Δ⊥ ¼ −

4m2
AVð2z− 1Þðm2

AVðxð2z2 − z− 1Þ þ ξzð4z2 − 8zþ 3ÞÞ þQ2ðxð2z2 − z− 1Þ þ ξð4z3 − 11zþ 3ÞÞÞδij⊥ðϵAVi⊥ Δj
⊥Þ

Qðm2
AVð4z2 − 4z− 1Þ þ 4Q2ðz− 1ÞÞðm2

AVðξ− 2xzþ 2xþ 4ξz2 − 6ξzÞ− 2Q2ðz− 1Þðx− ξÞÞ ;

ðA29Þ

H̃TT
t2 ¼ −

4m2
AVzð4z2 − 8zþ 3Þðm2

AV þQ2Þðξþ xÞδij⊥ðϵAVi⊥ ϵγ�j⊥ Þ
ðm2

AVð4z2 − 4z − 1Þ þ 4Q2ðz − 1ÞÞðm2
AVðξ − 2xzþ 2xþ 4ξz2 − 6ξzÞ − 2Q2ðz − 1Þðx − ξÞÞ : ðA30Þ

4. Diagram ðdÞ
For diagram (d), we find that, for the F-type GTMDs, the case of a longitudinally polarized virtual photon and a

longitudinally polarized meson yields a vanishing contribution at both twist-2 and twist-3,

HLL
t2 ¼ 0; HLL

t3;k⊥ ¼ 0; HLL
t3;Δ⊥ ¼ 0: ðA31Þ

We next present the remaining results:

HTL
t3;Δ⊥ ¼ 4imAVð2z − 1Þðm2

AVð−2xzþ xþ ξð8z3 − 16z2 þ 4zþ 3ÞÞ −Q2ð2z − 1Þðxþ ξð2z − 1ÞÞÞϵij⊥ðϵγ�i⊥ Δj
⊥Þ

ðm2
AVð4z2 − 4z − 1Þ − 4Q2zÞðm2

AVð2xzþ ξð4z2 − 2z − 1ÞÞ þ 2Q2zðx − ξÞÞ ; ðA32Þ

HLT
t3;Δ⊥ ¼ 4im2

AVð2z − 1Þðm2
AVzð2z − 3Þðxþ ξð2z − 1ÞÞ þQ2ðxzð2z − 3Þ þ ξð−4z3 þ 4z2 þ 3z − 4ÞÞÞϵij⊥ðϵAVi⊥ Δj

⊥Þ
Qðm2

AVð−4z2 þ 4zþ 1Þ þ 4Q2zÞðm2
AVð2xzþ ξð4z2 − 2z − 1ÞÞ þ 2Q2zðx − ξÞÞ ;

ðA33Þ

HTT
t2 ¼ −

4im2
AVð2z − 1Þð2z2 − z − 1Þðm2

AV þQ2Þðξþ xÞϵij⊥ðϵAVi⊥ ϵγ�j⊥ Þ
ðm2

AVð4z2 − 4z − 1Þ − 4Q2zÞðm2
AVð2xzþ ξð4z2 − 2z − 1ÞÞ þ 2Q2zðx − ξÞÞ : ðA34Þ

We now turn to the results for the G-type GTMDs. The results that are nonzero are

H̃LL
t2 ¼ 2mAVð2z − 1Þðm2

AV þQ2Þðm2
AVð2xþ ξð8z3 − 12z2 þ 2zþ 3ÞÞ þ 2Q2zð2z − 1Þðx − ξÞÞ

Qðm2
AVð−4z2 þ 4zþ 1Þ þ 4Q2zÞðm2

AVðξ − 2xz − 4ξz2 þ 2ξzÞ þ 2Q2zðξ − xÞÞ ; ðA35Þ

H̃TL
t3;Δ⊥ ¼ 4mAVð2z − 1Þðm2

AVðxð1 − 2zÞ2 þ ξð8z3 − 12z2 þ 2zþ 3ÞÞ þQ2ð2z − 1Þðξþ xð2z − 1ÞÞÞδij⊥ðϵγ�i⊥ Δj
⊥Þ

ðm2
AVð4z2 − 4z − 1Þ − 4Q2zÞðm2

AVð2xzþ ξð4z2 − 2z − 1ÞÞ þ 2Q2zðx − ξÞÞ ; ðA36Þ

H̃LT
t3;Δ⊥ ¼−

4m2
AVð2z−1Þðm2

AVðxð3−2zÞzþξð4z3−4z2−zþ1ÞÞþQ2ðxð3−2zÞzþξð4z3−12z2þzþ4ÞÞÞδij⊥ðϵAVi⊥ Δj
⊥Þ

Qðm2
AVð−4z2þ4zþ1Þþ4Q2zÞðm2

AVð2xzþξð4z2−2z−1ÞÞþ2Q2zðx−ξÞÞ ;

ðA37Þ

H̃TT
t2 ¼ −

4m2
AVð4z3 − 4z2 − zþ 1Þðm2

AV þQ2Þðξþ xÞδij⊥ðϵAVi⊥ ϵγ�j⊥ Þ
ðm2

AVð4z2 − 4z − 1Þ − 4Q2zÞðm2
AVð2xzþ ξð4z2 − 2z − 1ÞÞ þ 2Q2zðx − ξÞÞ : ðA38Þ
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5. Diagram ðeÞ
For diagram (e), we find that, for the F-type GTMDs, the case of a longitudinally polarized virtual photon and a

longitudinally polarized meson yields a vanishing contribution at both twist-2 and twist-3,

HLL
t2 ¼ 0; HLL

t3;k⊥ ¼ 0; HLL
t3;Δ⊥ ¼ 0: ðA39Þ

We next present the remaining results:

HTL
t3;Δ⊥ ¼ −

4imAVð2z − 1Þðm2
AVðxð2z − 1Þ þ ξð8z3 − 8z2 − 4zþ 1ÞÞ þQ2ð2z − 1Þðxþ ξð2z − 1ÞÞÞϵij⊥ðϵγ�i⊥ Δj

⊥Þ
ðm2

AVð4z2 − 4z − 1Þ þ 4Q2ðz − 1ÞÞðm2
AVð2xðz − 1Þ þ ξð4z2 − 6zþ 1ÞÞ þ 2Q2ðz − 1Þðξþ xÞÞ ; ðA40Þ

HLT
t3;Δ⊥ ¼ 4im2

AVð2z − 1Þðm2
AVð2z2 − z − 1Þðxþ ξð2z − 1ÞÞ þQ2ðxð2z2 − z − 1Þ − ξð4z3 − 8z2 þ z − 1ÞÞÞϵij⊥ðϵAVi⊥ Δj

⊥Þ
Qðm2

AVð4z2 − 4z − 1Þ þ 4Q2ðz − 1ÞÞðm2
AVð2xðz − 1Þ þ ξð4z2 − 6zþ 1ÞÞ þ 2Q2ðz − 1Þðξþ xÞÞ ;

ðA41Þ

HTT
t2 ¼ 4im2

AVzð2z − 3Þð2z − 1Þðm2
AV þQ2Þðx − ξÞϵij⊥ðϵAVi⊥ ϵγ�j⊥ Þ

ðm2
AVð4z2 − 4z − 1Þ þ 4Q2ðz − 1ÞÞðm2

AVð2xðz − 1Þ þ ξð4z2 − 6zþ 1ÞÞ þ 2Q2ðz − 1Þðξþ xÞÞ : ðA42Þ

We now turn to the results for the G-type GTMDs. The results that are nonzero are

H̃LL
t2 ¼ 2mAVð2z − 1Þðm2

AV þQ2Þðm2
AVð2xþ ξð8z3 − 12z2 þ 2z − 1ÞÞ þ 2Q2ð2z2 − 3zþ 1Þðξþ xÞÞ

Qðm2
AVð4z2 − 4z − 1Þ þ 4Q2ðz − 1ÞÞðm2

AVð2xðz − 1Þ þ ξð4z2 − 6zþ 1ÞÞ þ 2Q2ðz − 1Þðξþ xÞÞ ; ðA43Þ

H̃TL
t3;Δ⊥ ¼

4mAVð2z−1Þðm2
AVðxð1−2zÞ2þξð8z3−12z2þ2z−1ÞÞþQ2ð2z−1Þðξþxð2z−1ÞÞÞδij⊥ðϵγ�i⊥ Δj

⊥Þ
ðm2

AVð4z2−4z−1Þþ4Q2ðz−1ÞÞðm2
AVð2xðz−1Þþξð4z2−6zþ1ÞÞþ2Q2ðz−1ÞðξþxÞÞ ;

H̃LT
t3;Δ⊥ ¼

4m2
AVð2z−1Þðm2

AVðxð−2z2þ zþ1Þþ ξzð4z2−8zþ3ÞÞþQ2ðxð−2z2þ zþ1Þþξð4z3−11zþ3ÞÞÞδij⊥ðϵAVi⊥ Δj
⊥Þ

Qðm2
AVð4z2−4z−1Þþ4Q2ðz−1ÞÞðm2

AVð2xðz−1Þþξð4z2−6zþ1ÞÞþ2Q2ðz−1ÞðξþxÞÞ ;

ðA44Þ

H̃TT
t2 ¼ −

4m2
AVzð−3þ 2zÞð−1þ 2zÞðm2

AV þQ2Þðx − ξÞδij⊥ðϵAVi⊥ ϵγ�j⊥ Þ
ðm2

AVð4z2 − 4z − 1Þ þ 4Q2ðz − 1ÞÞðm2
AVð2xðz − 1Þ þ ξð4z2 − 6zþ 1ÞÞ þ 2Q2ðz − 1Þðξþ xÞÞ : ðA45Þ

6. Diagram ðf Þ
For diagram (f), we find that, for the F-type GTMDs, the case of a longitudinally polarized virtual photon and a

longitudinally polarized meson yields a vanishing contribution at both twist-2 and twist-3,

HLL
t2 ¼ 0; HLL

t3;k⊥ ¼ 0; HLL
t3;Δ⊥ ¼ 0: ðA46Þ

We next present the remaining results:

HTL
t3;Δ⊥ ¼ −

4imAVð2z − 1Þðm2
AVðxð2z − 1Þ þ ξð8z3 − 16z2 þ 4zþ 3ÞÞ þQ2ð2z − 1Þðξþ x − 2ξzÞÞϵij⊥ðϵγ�i⊥ Δj

⊥Þ
ðm2

AVð4z2 − 4z − 1Þ − 4Q2zÞðm2
AVðξþ 2xz − 4ξz2 þ 2ξzÞ þ 2Q2zðξþ xÞÞ ; ðA47Þ

HLT
t3;Δ⊥ ¼ −

4im2
AVð2z − 1ÞðQ2ðxð3 − 2zÞzþ ξð−4z3 þ 4z2 þ 3z − 4ÞÞ −m2

AVzð2z − 3Þðξþ x − 2ξzÞÞϵij⊥ðϵAVi⊥ Δj
⊥Þ

Qðm2
AVð−4z2 þ 4zþ 1Þ þ 4Q2zÞðm2

AVðξþ 2xz − 4ξz2 þ 2ξzÞ þ 2Q2zðξþ xÞÞ ;

ðA48Þ
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HTT
t2 ¼ −

4im2
AVð−1 − zþ 2z2Þð2z − 1Þðm2

AV þQ2Þðx − ξÞϵij⊥ðϵAVi⊥ ϵγ�j⊥ Þ
ðm2

AVð4z2 − 4z − 1Þ − 4Q2zÞðm2
AVðξþ 2xz − 4ξz2 þ 2ξzÞ þ 2Q2zðξþ xÞÞ : ðA49Þ

We now turn to the results for the G-type GTMDs. The results that are nonzero are

H̃LL
t2 ¼ 2mAVð2z − 1Þðm2

AV þQ2Þðm2
AVð2x − ξð8z3 − 12z2 þ 2zþ 3ÞÞ þ 2Q2zð2z − 1Þðξþ xÞÞ

Qðm2
AVð−4z2 þ 4zþ 1Þ þ 4Q2zÞðm2

AVðξþ 2xz − 4ξz2 þ 2ξzÞ þ 2Q2zðξþ xÞÞ ; ðA50Þ

H̃TL
t3;Δ⊥ ¼ 4mAVð2z − 1Þðm2

AVðξð8z3 − 12z2 þ 2zþ 3Þ − xð1 − 2zÞ2Þ −Q2ðξþ xð1 − 2zÞ2 − 2ξzÞÞδij⊥ðϵγ�i⊥ Δj
⊥Þ

ðm2
AVð4z2 − 4z − 1Þ − 4Q2zÞðm2

AVðξþ 2xz − 4ξz2 þ 2ξzÞ þ 2Q2zðξþ xÞÞ ; ðA51Þ

H̃LT
t3;Δ⊥ ¼−

4m2
AVð2z− 1Þðm2

AVðxzð2z− 3Þþ ξð4z3 − 4z2− zþ 1ÞÞþQ2ðxzð2z− 3Þþ ξð4z3− 12z2þ zþ 4ÞÞÞδij⊥ðϵAVi⊥ Δj
⊥Þ

Qðm2
AVð−4z2þ 4zþ 1Þþ 4Q2zÞðm2

AVðξþ 2xz− 4ξz2þ 2ξzÞþ 2Q2zðξþ xÞÞ ;

ðA52Þ

H̃TT
t2 ¼ 4m2

AVð−1þ zÞð−1þ 2zÞð1þ 2zÞðm2
AV þQ2Þðx − ξÞδij⊥ðϵAVi⊥ ϵγ�j⊥ Þ

ðm2
AVð4z2 − 4z − 1Þ − 4Q2zÞðm2

AVðξþ 2xz − 4ξz2 þ 2ξzÞ þ 2Q2zðξþ xÞÞ : ðA53Þ

We close this section by noting two points. First, as
discussed in the main text and as is evident from the results
above, all contributions vanish at the symmetric point
z ¼ 1=2. Second, concerning the Ward identity, we empha-
size that it is satisfied either at z ¼ 1=2 or when the meson
mass is neglected. If both z ≠ 1=2 and a finite meson mass
are retained, the Ward identity is no longer satisfied. For
completeness, we have presented here the corresponding
results for the axial-vector meson obtained when both
effects are retained (i.e. z ≠ 1=2 and mAV ≠ 0); these
expressions do not satisfy the Ward identity. We will
continue to investigate in future work how to construct
results that preserve the Ward identity while simultaneously
retaining z ≠ 1=2 and a finite meson mass.

APPENDIX B: GPD LIMIT OF VECTOR MESON
RESULTS: COMPARISON WITH

THE LITERATURE

In this Appendix, we begin by explicitly displaying the
GPD parametrization equations. Using our hard-kernel
results, we then present the amplitudes at twist-2 accuracy
written directly in terms of GPDs. This formulation enables
a transparent comparison with the existing literature, where
GPD-based analyses have been studied extensively. We
restrict our discussion to vector meson production only.

Throughout the presentation below, we follow the notation
introduced in the previous Appendix.
The unpolarized gluon GPDs are defined as [65]

Z
d2k⊥Wg ¼ 1

2Pþ ūðp0; λ0Þ
�
γþHg þ iσþμΔμ

2M
Eg

�
uðp; λÞ;

ðB1Þ

while the polarized (helicity-dependent) gluon GPDs are
given by

Z
d2k⊥W̃g ¼ 1

2Pþ ūðp0; λ0Þ
�
γþγ5H̃g þ Δþγ5

2M
Ẽg

�
uðp; λÞ:

ðB2Þ

At twist-2 accuracy, contributions arise only from longi-
tudinally polarized photon-meson transitions and from
transversely polarized photon-meson transitions. A direct
inspection shows that, at this level, only theHg andEg GPDs
contribute. The GPDs H̃g and Ẽg enter first at twist-3, where
the hard kernel is proportional to Δ⊥ and contributes to
crossed photon-meson polarization transitions, as shown in
the main text. The corresponding results are

MLL
t2 ¼ −C

Z
1

−1

dx
ðx − ξþ iεÞðxþ ξ − iεÞ

Q
mV

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p �
Hg −

ξ2

1 − ξ2
Eg

�
; ðB3Þ

M̃LL
t2 ¼ −C

Z
1

−1

dx
ðx − ξþ iεÞðxþ ξ − iεÞ

Q
mV

ffiffiffiffiffiffi
−t0

p

2M
λEg; ðB4Þ
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MTT
t2 ¼ C

Z
1

−1

dx
ðx − ξþ iεÞðxþ ξ − iεÞ

× ðδij⊥ϵVi⊥ ϵγ�j⊥ Þ
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p �
Hg −

ξ2

1 − ξ2
Eg

�
; ðB5Þ

M̃TT
t2 ¼ C

Z
1

−1

dx
ðx − ξþ iεÞðxþ ξ − iεÞ

ffiffiffiffiffiffi
−t0

p

2M
λEg; ðB6Þ

where

ffiffiffiffiffiffi
−t0

p ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−ðt − t0Þ

p
¼ jΔ⃗⊥jffiffiffiffiffiffiffiffiffiffiffiffi

1 − ξ2
p ; ðB7Þ

where t0 denotes the minimal kinematically allowed value
of t, and C is given in Eq. (24). As in the main text, we fix
the transverse momentum transfer to Δ⊥ ¼ ðjΔ⃗⊥j; 0Þ. Our
results are in agreement with Ref. [66], up to an overall sign
difference in the terms involving the GPD E, which can be
traced to different sign conventions associated with the
choice of light-cone momentum direction for the proton.
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