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The sinð2ϕÞ azimuthal angular correlation between the transverse momenta of the scattered electron and
the recoil proton in the ep → e0p0π0 process provides a probe for quark orbital angular momentum.
We numerically calculate this asymmetry for the future Electron-Ion Collider (EIC) in the U.S. and China
(EicC) kinematics using a light-front quark-scalar-diquark model, in which the light-front wave functions
are derived from the soft-wall AdS/QCD framework. We also investigate the properties of the valence quark
angular momentum expressed in terms of helicity-independent and helicity-dependent parton distributions.
This study aims to establish theoretical constraints on the asymmetry sensitive to the quark orbital angular
momentum prior to its first experimental measurement.
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I. INTRODUCTION

The exploration of the proton’s three-dimensional struc-
ture is intensifying, with the “proton spin crisis” [1]
remaining a critical challenge. A key objective is decom-
posing the proton spin into the spin and orbital angular
momentum (OAM) contributions of its constituent quarks
and gluons. Since the parton spin can be expressed as the
first x-moment of the corresponding helicity distribution,
significant progress has been made in understanding quark
and gluon spin contributions (except in the small-x region)
through global measurements of parton helicity
distributions [2–5], particularly for quarks. Consequently,
gluon spin in the small-x region and quark/gluon OAM
have become primary targets for future EIC and EicC
measurements [6–8].
In Ref. [1], the authors outline major proton spin

decomposition schemes, classified as kinetic (Ji type)
and canonical (Jaffe-Manohar type). The kinetic OAM
of partons can be expressed as sums of generalized parton
distribution (GPD) moments [9–12], formally equating to
the difference between total angular momentum and spin.
Hard exclusive reactions [13–17] provide access to these
GPDs. In contrast, to extract canonical OAM in high-
energy scattering, the general OAM definition is introduced
as the k⊥-moment of the generalized transverse momentum
dependent parton distribution (GTMD) F1;4 [18–22]. By
simply altering the shape of the Wilson line within the

correlation functions that define GTMDs [23], one can
derive either the kinetic OAM, linked to a straight Wilson
line, or the canonical OAM, associated with a staplelike
Wilson line [19,24,25]. This distinction arises from
assigning the gauge potential term to either the gluon
OAM or the quark OAM. Recent theoretical research has
focused on experimental signatures of the gluon GTMD
Fg
1;4 [26–30]. Meanwhile, the quark GTMD Fq

1;4 within the
Efremov-Radyushkin-Brodsky-Lepage (ERBL) region
[31,32] can be probed via the exclusive double Drell-
Yan process [33]. However, measuring OAM at the forward
limit remains a challenge.
Recently, a novel observable directly linked to the quark

OAM [34] was identified for experimental detection of
quark GTMD Fq

1;4 in the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) region [35–37]. This process
involves exclusive π0 production in collisions of unpolar-
ized electrons with longitudinally polarized protons. The
observable is the average value of the sin 2ðϕl⊥ − ϕΔ⊥Þ
azimuthal angular correlation between the transverse
momentum (l⊥) of the scattered electron and that of the
recoil proton (Δ⊥), arising from the longitudinal single
target-spin asymmetry. Given the clean background and the
twist-3 contribution unsuppressed by power counting [34],
this asymmetry is an ideal probe. Thus, prospective
theoretical calculations using phenomenological models
are valuable.
The AdS/CFT correspondence between gravity or string

theory in anti–de Sitter (AdS) space and conformal field
theories (CFTs) in physical space-time [38–41] leads to an
analytic, semiclassical model for strongly coupled quantum
chromodynamics (QCD), i.e., AdS/QCD, which has scale
invariance and dimensional counting at short distances and
color confinement at large distances. Although QCD is
not conformally invariant, one can use the mathematical
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representation of the conformal group in five-dimensional
AdS space to construct a first approximation to the theory.
The correspondence is holographic in the sense that it
determines a duality between theories with different num-
bers of space-time dimensions. In practice, the duality
provides an effective gravity description in a (dþ 1)-
dimensional AdS space-time in terms of a flat d-dimen-
sional conformally invariant quantum field theory defined
at the AdS asymptotic boundary [42,43]. Thus, in principle,
one can compute physical observables in a strongly
coupled gauge theory in terms of a classical gravity theory.
Light-front holography is a remarkable feature of the AdS/
CFT correspondence [44–46], and it allows hadronic
amplitudes in the AdS fifth dimension to be precisely
mapped to the frame-independent light-front wave func-
tions (LFWFs) of hadrons in physical space-time, thus
providing a relativistic description of hadrons at the
amplitude level.
Over the past two decades, the soft-wall AdS/QCD

approach [47–50], based on an effective action constructed
using a quadratic dilaton field that provides confinement in
the infrared (IR) region andbreaks both conformal and chiral
symmetry, has achieved significant progress in describing
and understanding hadron structure (mass spectrum, parton
distributions, form factors, thermal properties, etc.) [51].
The dilaton field ϕðzÞ has a quadratic dependence on the
holographic variable z and is multiplied by the dilaton scale
parameter κ (of the order of a few hundred MeV):
ϕðzÞ ¼ expð−κ2z2Þ. This scale parameter is a key phenom-
enological quantity that regulates the strength of the dilaton
field, modulates the IR softening of AdS space-time,
and fixes the hadron mass spectrum [41,52–55]. One of
the main advantages of the soft-wall AdS/QCD is the
analytical implementation of quark counting rules [56] in
describing hadronic form factors at large Q2 (power
scaling) [51,53–63]. Moreover, this formalism is useful
for constraining other approaches [64,65]. The quark-
diquark model commonly describes protons as composites
of an active valence quark and a spectator diquark composed
of the remaining two valence quarks, with various
parametrizations [66–69], which have been used to evaluate
quark distributions such as transversemomentumdependent
distributions (TMDs), GPDs, and Wigner distributions
[70,71], and investigate GPD-TMD relations [72].
In this work, we employ a light-front quark-scalar-

diquark model [65] with LFWFs from soft-wall AdS/
QCD, which predicts a general two-particle bound-state
wave function [55], incorporating valence structure and
nonperturbative proton ingredients. Key advantages
include LFWFs independent of quark/diquark mass param-
eters (lacking direct QCD connections), and partial
x-dependence encoded in unpolarized and helicity-
dependent valence quark distributions. This model provides
an excellent description of experimental data while auto-
matically satisfying fundamental QCD requirements.

It precisely reproduces the nucleon magnetic moments
and the electromagnetic radii, naturally obeys quark count-
ing rules (Fq

1 ∼ 1=Q4, Fq
2 ∼ 1=Q6 at large Q2) and Drell-

Yan-West duality, and yields the valence quark parton
distribution functions (PDFs) in agreement with global fits,
and the Dirac and Pauli form factors and the Sachs nucleon
form factors in excellent agreement with experimental
data [64,65,73]. Furthermore, the derived TMDs, inde-

pendently on the longitudinal functions DðiÞ
q , satisfy all

relations and inequalities found before in theoretical
approaches, including the Soffer inequalities and the
positivity conditions [72,74–77]. The PDFs are parame-
trized by fitting at an initial scale μ0 ¼ 2 GeV. We compute
the azimuthal asymmetry, quark form factors, and angular
momentum properties.
The paper is organized as follows. In Sec. II, the

kinematics of the exclusive π0 production process and
the parametrization of the quark GTMDs related to it are
introduced. In Sec. III, the valence quark form factors and
several angular momentum properties in terms of PDFs are
investigated. In Sec. IV, we analytically calculate the
transverse moment of GTMDs with nonzero skewness
and obtain the numerical results of the azimuthal asym-
metry for the EIC and EicC kinematics. In Sec. V, we
summarize this work.

II. QUARK GTMDS IN EXCLUSIVE
π0 PRODUCTION

The process we study is the exclusive π0 production
process in (unpolarized) electron-(longitudinally polarized)
proton collisions [34]

eðlÞ þ pðp; λÞ → π0ðlπÞ þ eðl0Þ þ pðp0; λ0Þ; ð1Þ

as shown in Fig. 1. Here p (p0) and λ (λ0) denote the
momentum and helicity of the initial (final) proton,
respectively, l (l0) denotes the momentum of the initial
(final) electron, and lπ the produced π0 momentum.
Following the definition of the light-front vector compo-
nents, i.e., v ¼ ðvþ; v−;v⊥Þ ¼ ðv0þvzffiffi

2
p ; v

0−vzffiffi
2

p ;v⊥Þ, they can

be expressed as

FIG. 1. Kinematics of the exclusive π0 production in electron-
proton collisions.
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p ¼
�ð1þ ξÞPþffiffiffi

2
p ;

M2 þ Δ2⊥=4ffiffiffi
2

p ð1þ ξÞPþ ;−
Δ⊥
2

�
; ð2Þ

p0 ¼
�ð1 − ξÞPþffiffiffi

2
p ;

M2 þ Δ2⊥=4ffiffiffi
2

p ð1 − ξÞPþ ;
Δ⊥
2

�
; ð3Þ

l ¼
�
Qð1 − yÞffiffiffi

2
p

y
;
Qffiffiffi
2

p
y
;
Q

ffiffiffiffiffiffiffiffiffiffiffi
1 − y

p
y

�
: ð4Þ

Here we neglect the pion mass (l2π ≈ 0) to simplify
calculations. P ¼ ðp0 þ pÞ=2 denotes the average momen-
tum of the initial and final protons. The skewness variable
is defined as

ξ¼ðpþ−p0þÞ=ðpþþp0þÞ¼−Δþ=ð2PþÞ¼ xB=ð2−xBÞ;

with xB ¼ Q2=2p · q the Bjorken variable and Q2 ¼
−q2 ¼ −ðl − l0Þ2. The momentum transfer squared is

t ¼ Δ2 ¼ ðp0 − pÞ2 ¼ −ð4ξ2M2 þ Δ2⊥Þ=ð1 − ξ2Þ;

where Δ⊥ denotes the transverse component and M is the
proton mass. Since we work in the symmetric frame, the
transverse momenta of the initial and final protons are given
by p⊥ ¼ −Δ⊥=2 and p0⊥ ¼ Δ⊥=2, respectively. Finally,
y ¼ p · q=p · l ≈Q2=xB · sep represents the lepton momen-
tum loss in the target rest frame.
The validity of the sin 2ðϕl⊥ − ϕΔ⊥Þ azimuthal asymme-

try as an ideal probe for the quark OAM and its twist-3
origin have been systematically explained In Ref. [34]. To
avoid the dominance of the Primakoff [78–83] and gluon-
initiated [84] processes at extremely small jtj, we focus on
the valence quark region ξ ∼ 0.1, where six leading-twist
quark GTMDs contribute to the process. At fixed light-
front time zþ ¼ 0, the quark GTMDs can be parametrized
by the off-forward quark-quark correlator [23].

W½Γ�
λ0λðx; ξ; k⊥;Δ⊥Þ ¼

1

2

Z
dz−d2z⊥
ð2πÞ3 eik·zhp0; λ0jψ̄ð−z=2ÞΓW ½−z=2;z=2�ψðz=2Þjp; λijzþ¼0; ð5Þ

whereW ½−z=2;z=2� is a Wilson line that ensures the color gauge invariance of the bilocal quark operator. Γ represents one of
the leading twist Dirac γ-matrices fγþ; γþγ5; iσjþγ5g, which corresponds to the unpolarized, longitudinally polarized and
transversely polarized quarks, respectively.
In this work, the parametrizations of Eq. (5) for Γ ¼ γþ; γþγ5 are relevant. In the notation of [23], they read

W½γþ�
λ0λ ¼ 1

2M
ūðp0; λ0Þ

�
F1;1 þ

iσiþki⊥
Pþ F1;2 þ

iσiþΔi⊥
Pþ F1;3 þ

iσijki⊥Δ
j
⊥

M2
F1;4

�
uðp; λÞ

¼ 1

M
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
��

Mδλ0;λ −
1

2
ðλΔ1⊥ þ iΔ2⊥Þδ−λ0;λ

�
F1;1 þ ð1 − ξ2Þðλk1⊥ þ ik2⊥Þδ−λ0;λF1;2

þ ð1 − ξ2ÞðλΔ1⊥ þ iΔ2⊥Þδ−λ0;λF1;3 þ
iϵij⊥ki⊥Δ

j
⊥

M2

�
λMδλ0;λ −

ξ

2
ðΔ1⊥ þ iλΔ2⊥Þδ−λ0;λ

�
F1;4

�
; ð6Þ

W½γþγ5�
λ0λ ¼ 1

2M
ūðp0; λ0Þ

�
−
iϵij⊥ki⊥Δ

j
⊥

M2
G1;1 þ

iσiþγ5ki⊥
Pþ G1;2 þ

iσiþγ5Δi⊥
Pþ G1;3 þ iσþ−γ5G1;4

�
uðp; λÞ

¼ 1

M
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
�
−
iϵij⊥ki⊥Δ

j
⊥

M2

�
Mδλ0;λ −

1

2
ðλΔ1⊥ þ iΔ2⊥Þδ−λ0;λ

�
G1;1 þ ð1 − ξ2Þðk1⊥ þ iλk2⊥Þδ−λ0;λG1;2

þ ð1 − ξ2ÞðΔ1⊥ þ iλΔ2⊥Þδ−λ0;λG1;3 þ
�
λMδλ0;λ −

ξ

2
ðΔ1⊥ þ iλΔ2⊥Þδ−λ0;λ

�
G1;4

�
; ð7Þ

GTMDs generally depend on ðx; ξ; k2⊥;Δ2⊥; k⊥ · Δ⊥Þ,
omitted here for brevity. They have been computed in
various models [18,20,21,85–94], Of particular importance
are F1;4 and G1;1, which characterize nucleon spin
structure. Besides defining canonical OAM via F1;4, both
F1;4 and G1;1 quantify the spin-orbit correlation
strength [18,94,95]: the former encodes the correlation

between the nucleon spin and the quark OAM, while the
latter the correlation between the quark spin and the quark
OAM. This is because ReF1;4 is closely related to the
distribution of unpolarized quarks in a longitudinally
polarized nucleon with ReG1;1 the distribution of
longitudinally polarized quarks in an unpolarized nucleon,
respectively.
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III. VALENCE QUARK PDFS, FORM FACTORS, AND PROPERTIES

A. Proton LFWFs

We begin with the light-front quark-scalar-diquark model for protons motivated by the soft-wall AdS/QCD [65,96]. The
two-particle Fock-state expansion for the proton with longitudinal spin Jz ¼ �1=2 and spin-0 diquark is [97–100]

jqSi� ¼
Z

dxd2k⊥
2ð2πÞ3 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xð1 − xÞp
�
ψ�þqðx; k⊥Þj þ

1

2
λS; xPþ; k⊥i þ ψ�

−qðx; k⊥Þj −
1

2
λS; xPþ; k⊥i

�
; ð8Þ

where jλqλS; xPþ; k⊥i represents the two-particle states
consisting of a struck quark with the helicity λq ¼ �1=2
and a scalar diquark with the helicity λS ¼ 0 (singlet). The
LFWFs ψλ

λqq
ðx; k⊥Þ defined at the initial scale μ0 with the

proton helicity λ ¼ �1=2 are given by [65,96]

ψþ
þqðx; k⊥Þ ¼ ϕð1Þ

q ðx; k⊥Þ;

ψþ
−qðx; k⊥Þ ¼ −

k1⊥ þ ik2⊥
M

ϕð2Þ
q ðx; k⊥Þ;

ψ−þqðx; k⊥Þ ¼
k1⊥ − ik2⊥

M
ϕð2Þ
q ðx; k⊥Þ;

ψ−
−qðx; k⊥Þ ¼ ϕð1Þ

q ðx; k⊥Þ; ð9Þ

where

ϕð1Þ
q ðx; k⊥Þ ¼

4π

κ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qvðxÞ þ ΔqvðxÞ

2

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dð1Þ

q ðxÞ
q

× exp

�
−
k2⊥
2κ2

Dð1Þ
q ðxÞ

�
; ð10Þ

1

M
ϕð2Þ
q ðx; k⊥Þ ¼ cq

4π

κ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qvðxÞ − ΔqvðxÞ

2

r
Dð2Þ

q ðxÞ

× exp

�
−
k2⊥
2κ2

Dð2Þ
q ðxÞ

�
: ð11Þ

Here, cu ¼ 1 and cd ¼ −1; qvðxÞ and ΔqvðxÞ are the
helicity-independent and helicity-dependent valence quark
PDFs, which can be taken from present world data analysis.

Thus, only the four longitudinal wave functionsDðiÞ
q ðxÞwith

q ¼ u, d and i ¼ 1, 2 need to be determined by the soft-wall

AdS/QCD. In general, the parametrizations for Dð1Þ
q ðxÞ and

Dð2Þ
q ðxÞ are different, since theLFWFsparametrized by them

have different combinations of the quark and proton
helicities. However, they explicitly appear in the flavor
contributions to the proton electromagnetic form factors, so
the parameters involved can be determined by fitting the data
of the flavor form factors [101,102]. The protonmassM and
the dilaton scale parameter κ are related in our model by
M ¼ 2

ffiffiffi
2

p
κ [52–54], where κ ¼ 350 MeV [57,58].

The wave functions ϕð1Þ
q ðx; k⊥Þ and ϕð2Þ

q ðx; k⊥Þ are
generalizations of the results derived by matching the
electromagnetic form factors of the proton in the soft-wall
AdS/QCD and light-front QCD [64,73]. They are normal-
ized in such a way that their moments combine to produce
the unpolarized and helicity PDFs, the number nq, and the
axial charge gqA of u and d valence quarks in the proton:

Z
d2k⊥
16π3

�
½ϕð1Þ

q ðx; k⊥Þ�2 þ
k2⊥
M2

½ϕð2Þ
q ðx; k⊥Þ�2

�
¼ qvðxÞ;

ð12Þ
Z

d2k⊥
16π3

�
½ϕð1Þ

q ðx; k⊥Þ�2 −
k2⊥
M2

½ϕð2Þ
q ðx; k⊥Þ�2

�
¼ ΔqvðxÞ;

ð13ÞZ
1

0

dx
Z

d2k⊥
16π3

�
½ϕð1Þ

q ðx; k⊥Þ�2 þ
k2⊥
M2

½ϕð2Þ
q ðx; k⊥Þ�2

�
¼ nq;

ð14ÞZ
1

0

dx
Z

d2k⊥
16π3

�
½ϕð1Þ

q ðx; k⊥Þ�2 −
k2⊥
M2

½ϕð2Þ
q ðx; k⊥Þ�2

�
¼ gqA;

ð15Þ
where nu ¼ 2 and nd ¼ 1.

B. PDFs and form factors

The valence quark PDFs are defined as the difference
between the quark and antiquark components [qvðxÞ ¼
qðxÞ − q̄ðxÞ]. In this work, at the initial scale μ0 ¼ 2 GeV,
we parametrize the unpolarized PDFs using a generic
template function [103–106]:

xuvðxÞ ¼ Auxαuð1 − xÞβuð1þ γu
ffiffiffi
x

p þ δuxÞ; ð16Þ

xdvðxÞ ¼ Adxαdð1 − xÞβdð1þ γd
ffiffiffi
x

p þ δdxÞ; ð17Þ

and parametrize the helicity PDFs using a function with as
few parameters as possible [107]:

xΔuvðxÞ ¼ BuxauxuvðxÞ; ð18Þ

xΔdvðxÞ ¼ BdxadxdvðxÞ; ð19Þ
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where the normalization constants Aq are given by the
valence number sum rules in Eq. (12). Therefore, there are
six free parameters (αq, βq, γq, δq, Bq, aq) for the u and d
valence quarks, respectively, which are fixed by simulta-
neously fitting Eqs. (16) and (18) [Eqs. (17) and (19)] to the
NNPDF4.0 parametrization [108] for uvðxÞ [dvðxÞ] and the
NNPDFpol1.1 parametrization [4] for ΔuvðxÞ [ΔdvðxÞ] at
μ0 ¼ 2 GeV. We select 999 data points in the interval
0.001 ≤ x ≤ 0.999 with a step size of 0.001. The best

results with uncertainties for the normalization constants
and the parameters from the two fits are listed in Table I.
In Fig. 2, we show the results of the simultaneous fits

of xqvðxÞ (left panel) and xΔqvðxÞ (right panel) at
μ0 ¼ 2 GeV, where the upper panel corresponds to the u
quark and the lower panel corresponds to the d quark. The
bands with dashed borders represent the NNPDF4.0 para-
metrization of xqvðxÞ [108] and the NNPDFpol1.1 para-
metrization of xΔqvðxÞ [4]. The bands with solid borders
represent the uncertainty bands of our fits. The solid lines
represent the results of the center values of parameters. In
any case, constraining the parameters of qvðxÞ and ΔqvðxÞ
separately is not enough to reliably describe the x-depend-
ence of the model, so it is necessary to perform a
simultaneous fit of both the unpolarized and helicity quark
PDFs.
The four longitudinal wave functions DðiÞ

q ðxÞ in
Eqs. (10)–(11), which encode part of the x-dependence

of LFWFs, can be modeled. In Ref. [96], Dð1Þ
q ðxÞ is related

to the profile function fqðxÞ as

TABLE I. Parameter values of valence quark PDFs.

Parameters u quark (q ¼ u) d quark (q ¼ d)

Aq 2.120� 0.034 5.428� 0.105
αq 0.554� 0.004 0.744� 0.005
βq 4.159� 0.006 6.678� 0.018
γq −0.486� 0.053 −4� 0.018
δq 5.665� 0.076 7.938� 0.058
Bq 0.936� 0.004 −0.932� 0.013
aq 0.427� 0.003 0.555� 0.01

FIG. 2. The fitted results for u (upper panel) and d (lower panel) valence quark PDFs xqvðxÞ (left panel) and xΔqvðxÞ (right panel), as
parametrized in Eqs. (16)–(19).
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Dð1Þ
q ðxÞ ¼ −

log½1 − ðfqðxÞÞ1=2ð1 − xÞ2�
ð1 − xÞ2 ; ð20Þ

where fqðxÞ is determined from the quark PDFs qvðxÞ by solving the differential equations with respect to the x
variable [96]:

uvðxÞ ¼ ½−fuðxÞð1 − xÞ4ð1þ 2ηu þ ð1 − xÞ2ð1 − 4ηuÞ þ 2ηuð1 − xÞ4Þ�0; ð21Þ

dvðxÞ ¼
�
−fdðxÞð1 − xÞ4

�
1

2
þ 2ηd þ ð1 − xÞ2

�
1

2
− 4ηd

�
þ 2ηdð1 − xÞ4

��0
; ð22Þ

and Dð2Þ
q ðxÞ is defined as [65]

Dð2Þ
q ðxÞ ¼ σqðxÞDð1Þ

q ðxÞ; ð23Þ

where σqðxÞ is parametrized as

σq ¼ Nqe−γ̄qxxᾱqð1 − xÞβ̄q : ð24Þ

The differential equations (21)–(22) can be transformed into integral equations,

fuðxÞ ¼
R
x
0 dx̄uvðx̄Þ − 2

−ð1 − xÞ4½1þ 2ηu þ ð1 − xÞ2ð1 − 4ηuÞ þ 2ηuð1 − xÞ4� ; ð25Þ

fdðxÞ ¼
R
x
0 dx̄dvðx̄Þ − 1

−ð1 − xÞ4½1
2
þ 2ηd þ ð1 − xÞ2ð1

2
− 4ηdÞ þ 2ηdð1 − xÞ4� : ð26Þ

By utilizing the expressions of the quark unpolarized PDFs in Eqs. (16)–(17), we obtain the analytic results for the profile
functions,

fuðxÞ ¼
−1

ð1 − xÞ4½1þ ð1 − xÞ2ð1 − 4ηuÞ þ 2ηu þ 2ð1 − xÞ4ηu�
�

Au

1þ αu þ βu

�
−ð1 − xÞ1þβuxαuδu

þ ð1þ αu þ βu þ αuδuÞBðx; αu; 1þ βuÞ þ ð1þ αu þ βuÞγuB
�
x;
1

2
þ αu; 1þ βu

��
− 2

�
; ð27Þ

fdðxÞ ¼
−1

ð1 − xÞ4½1
2
þ ð1 − xÞ2ð1

2
− 4ηdÞ þ 2ηd þ 2ð1 − xÞ4ηd�

�
Ad

1þ αd þ βd

�
−ð1 − xÞ1þβdxαdδd

þ ð1þ αd þ βd þ αdδdÞBðx; αd; 1þ βdÞ þ ð1þ αd þ βdÞγdB
�
x;
1

2
þ αd; 1þ βd

��
− 1

�
; ð28Þ

where the complete gamma function and the incomplete beta function are defined as

ΓðzÞ ¼
Z

∞

0

dttz−1e−t; ReðzÞ > 0; ð29Þ

Bðx;p; qÞ ¼
Z

x

0

dttp−1ð1 − tÞq−1; 0 ≤ x ≤ 1: ð30Þ

The results for Dð1Þ
q ðxÞ and qvðxÞ in Eqs. (20)–(21) are obtained at leading twist τ ¼ 3. The parameters ηu ¼ 2ηp þ ηn and

ηd ¼ 2ηn þ ηp are the linear combinations of the nucleon couplings ηN with vector field related to the nucleon anomalous

magnetic moments kN , where ηN ¼ kNκ=ð2
ffiffiffi
2

p
MÞ [57,58]. Here we adopt the same values as in Ref. [96], i.e., ηu ¼ 0.211

and ηd ¼ −1=4.
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To obtain the values of the parameters in Eq. (24), we express the quark Dirac and Pauli form factors Fq
1;2ð−tÞ in terms of

LFWFs and fit the analytical results to the data at μ0 ¼ 2 GeV from Ref. [102]. In the quark-scalar-diquark model, the light-
front representation [109,110] and the corresponding analytic results can be written as

Fq
1ð−tÞ ¼

Z
1

0

dx
Z

d2k⊥
16π3

½ψþ�
þqðx; k0⊥Þψþ

þqðx; k⊥Þ þ ψþ�
−qðx; k0⊥Þψþ

−qðx; k⊥Þ�

¼ qþv ðxÞe−t
ð11Þ
q ðxÞ þ q−v ðxÞe−t

ð22Þ
q ðxÞ½1 − tð22Þq ðxÞ�; ð31Þ

Fq
2ð−tÞ ¼ −

2M
Δ1⊥ − iΔ2⊥

Z
1

0

dx
Z

d2k⊥
16π3

½ψþ�
þqðx; k0⊥Þψ−þqðx; k⊥Þ þ ψþ�

−qðx; k0⊥Þψ−
−qðx; k⊥Þ�

¼ 16
ffiffiffi
2

p
cq

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qþv ðxÞq−v ðxÞ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dð1Þ

q ðxÞ
q ð1 − xÞσqðxÞ

½1þ σqðxÞ�2
e−t

ð12Þ
q ðxÞ; ð32Þ

where

q�v ðxÞ ¼
qvðxÞ � ΔqvðxÞ

2
; ð33Þ

tðijÞq ðxÞ ¼ Δ2⊥
2κ2

DðiÞ
q ðxÞDðjÞ

q ðxÞ
DðiÞ

q ðxÞ þDðjÞ
q ðxÞ

ð1 − xÞ2; ð34Þ

and k0⊥ ¼ k⊥ þ Δ⊥ð1 − xÞ. We consider the reference
frame where t ¼ ð0; 0;Δ⊥Þ and −t ¼ Δ2⊥ > 0. Since con-
straining the parameters solely through Fq

1ð−tÞ is not
enough to reliably describe the Δ2⊥-behavior of the model,
we obtain the best results with uncertainties for the
parameters by performing a simultaneous fit of the ex-
pressions in Eqs. (31) and (32) to the data [102] on the
flavor decomposition of the nucleon form factors:

Nu ¼ 50.440� 22.035; γ̄u ¼ 38.557� 3.263;

ᾱu ¼ 0; β̄u ¼ −3.891� 0.329;

Nd ¼ 0.081� 0.045; γ̄d ¼ 0;

ᾱd ¼ −0.820� 0.174; β̄d ¼ 0.485� 1.153: ð35Þ

Additionally, if any of the four parameters in Eq. (24) is set
to 0 before performing simultaneous fits, the fitted results
will not be as good as those shown in Fig. 3.
In Fig. 3, we show the results of the simultaneous fits of

Fq
1ð−tÞ (left panel) and Fq

2ð−tÞ (right panel), where the
upper panel corresponds to the u quark and the lower panel
corresponds to the d quark. The circles with error bars
represent the data at μ0 ¼ 2 GeV taken from Ref. [102].
The bands with red dashed borders represent the uncer-
tainty bands of our fits. The black solid lines represent the
results of the center values of parameters. At t ¼ 0, the
quark anomalous magnetic moments: κu ¼ Fu

2ð0Þ ¼
1.979� 0.179 and κd ¼ Fd

2ð0Þ ¼ −2.274� 0.219 are
10%–20% larger than the results in Refs. [57,58] in

absolute terms, where the latter is based on isospin
symmetry.

C. Valence quark angular momentum properties

Based on the above results, we investigate several
angular momentum properties of valence quarks. The quark
total angular momentum contributing to the proton spin in
the Ji decomposition [10] is given by

Jqz ¼ 1

2

Z
1

0

dxx½Hq
vðx; 0; 0Þ þ Eq

vðx; 0; 0Þ�

¼ 1

2

Z
1

0

dxx½qvðxÞ þ Eq
vðxÞ�; ð36Þ

and the quark internal spin Sqz is given by

Sqz ¼ 1

2

Z
1

0

dxH̃q
vðx; 0; 0Þ ¼ 1

2

Z
1

0

dxΔqvðxÞ: ð37Þ

Thus, we obtain the quark kinetic OAM

Lq
z ¼ Jqz − Sqz

¼ 1

2

Z
1

0

dxfx½Hq
vðx; 0; 0Þ þ Eq

vðx; 0; 0Þ� − H̃q
vðx; 0; 0Þg

¼ 1

2

Z
1

0

dxfx½qvðxÞ þ Eq
vðxÞ� − ΔqvðxÞg: ð38Þ

In addition, the quark canonical OAM is defined by
the Wigner distribution ρLUðb⊥; k⊥; xÞ (or k⊥-moment of
the GTMD F1;4ðx; 0; k2⊥; 0; 0Þ) [20], which represents the
distribution of an unpolarized quark in a longitudinally
polarized proton:
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lqz ¼
Z

1

0

dx
Z

d2k⊥d2b⊥ðb⊥ × k⊥ÞzρLUðb⊥; k⊥; xÞ

¼ −
Z

1

0

dx
Z

d2k⊥
k2⊥
M2

F1;4ðx; 0; k2⊥; 0; 0Þ

¼ 1

2

Z
1

0

dxð1 − xÞðqvðxÞ − ΔqvðxÞÞ: ð39Þ

Another relevant property is the quark spin-orbit corre-
lation, which is defined by the Wigner distribution
ρULðb⊥; k⊥; xÞ [or the k⊥-moment of the GTMD
G1;1ðx; 0; k2⊥; 0; 0Þ] representing the distribution of a lon-
gitudinally polarized quark in an unpolarized proton [18]:

Cq
z ¼

Z
1

0

dx
Z

d2k⊥d2b⊥ðb⊥ × k⊥ÞzρULðb⊥; k⊥; xÞ

¼
Z

1

0

dx
Z

d2k⊥
k2⊥
M2

G1;1ðx; 0; k2⊥; 0; 0Þ

¼ −
1

2

Z
1

0

dxð1 − xÞðqvðxÞ − ΔqvðxÞÞ: ð40Þ

We find that it is opposite to the canonical OAM lqz :

Cq
z ¼ −lqz ; ð41Þ

due to ρULðb⊥; k⊥; xÞ ¼ −ρLUðb⊥; k⊥; xÞ (or G1;1ðx; 0;
k2⊥; 0; 0Þ ¼ F1;4ðx; 0; k2⊥; 0; 0Þ), a general feature of the
quark-scalar-diquark model [94]. The relation between
GTMDs will be confirmed in Sec. IV.
Finally, the valence quark number nq and axial charge g

q
A

can also be expressed in terms of the Wigner distributions
(or k⊥-integrated GTMDs) as follows [18]:

nq ¼
Z

1

0

dx
Z

d2b⊥d2k⊥ρUUðx; b⊥; k⊥Þ

¼
Z

1

0

dx
Z

d2k⊥F1;1ðx; 0; k2⊥; 0; 0Þ; ð42Þ

gqA ¼
Z

1

0

dx
Z

d2b⊥d2k⊥ρLLðx; b⊥; k⊥Þ

¼
Z

1

0

dx
Z

d2k⊥G1;4ðx; 0; k2⊥; 0; 0Þ; ð43Þ

FIG. 3. The fitted results for u (upper panel) and d (lower panel) valence quark form factors Fq
1ð−tÞ (left panel) and Fq

2ð−tÞ (right
panel) in the light-front quark-scalar-diquark model.
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where ρUUðb⊥; k⊥; xÞ represents the distribution of
an unpolarized quark in an unpolarized proton, and
ρLLðb⊥; k⊥; xÞ represents the distribution of a longitudi-
nally polarized quark in a longitudinally polarized proton.

In Table II, we list the numerical results of the valence
quark angular momentum properties (Jqz , L

q
z , S

q
z , l

q
z , C

q
z ) and

compare them with those from the light cone constituent
quark model (LCCQM) and the light cone version of the
chiral quark-soliton model (LCXQSM) [18]. We find that
most of the results show significant differences, which arise
from the differences in themagnetization PDFsEq

vðxÞ related
to the quark anomalous magnetic moments κq and the
helicity PDFs ΔqvðxÞ related to the quark internal spin Sqz
among different models. It is worth noting that in our model,
ΔqvðxÞ are obtained from fitting to the NNPDFpol1.1
parametrization, and the parameters ofEq

vðxÞ are determined
through the fitting of flavor form factors.

IV. THE sinð2ϕÞ AZIMUTHAL ASYMMETRY

In Ref. [34], the cross section for the exclusive π0

production process in (unpolarized) electron-(longitudi-
nally polarized) proton collisions has been derived as

dσT
dtdQ2dxBdϕ

¼ ðN2
c − 1Þ2α2emα2sf2πξ3Δ2⊥

2N4
cð1 − ξ2ÞQ10ð1þ ξÞ ½1þ ð1 − yÞ2�

×

��
jF 1;1 þ G1;1j2 þ jF 1;4 þ G1;4j2 þ 2

M2

Δ2⊥
jF 1;2 þ G1;2j2

�

þ cosð2ϕÞa½−jF 1;1 þ G1;1j2 þ jF 1;4 þ G1;4j2� þ λ sinð2ϕÞ2aRe½ðiF 1;4 þ iG1;4ÞðF �
1;1 þ G�

1;1Þ�
�
; ð44Þ

whereNc ¼ 3 is the number of quark colors, αem ¼ 1=137 is
the running coupling constant of electromagnetic interaction,
αs is the running coupling constant of strong interaction and
is set to 0.3, fπ ¼ 131 MeV is the π0 decay constant,
ϕ ¼ ϕl⊥ − ϕΔ⊥ , and a ¼ 2ð1 − yÞ=½1þ ð1 − yÞ2�. The no-
tations F 1;m and G1;m with m ¼ 1, 2, 4 represent the
convolutions involving the GTMDs F1;m, G1;m and the π0

distribution amplitude (DA) ϕπðzÞ, which are specified as

F 1;1¼
Z

1

−1
dx

Z
1

0

dzF̃ð0Þ
1;1ðx;ξ;Δ⊥Þx2

1þz2−z
z2ð1−zÞ2ϕπðzÞ; ð45Þ

F 1;2¼
Z

1

−1
dx

Z
1

0

dzF̃ð1Þ
1;2ðx;ξ;Δ⊥Þxξð1−ξ2Þ 1þz2−z

z2ð1−zÞ2ϕπðzÞ;

ð46Þ

F 1;4 ¼
Z

1

−1
dx

Z
1

0

dzF̃ð1Þ
1;4ðx; ξ;Δ⊥Þxξ

1þ z2 − z
z2ð1 − zÞ2 ϕπðzÞ;

ð47Þ

G1;1 ¼
Z

1

−1
dx

Z
1

0

dzG̃ð1Þ
1;1ðx; ξ;Δ⊥Þ

x2 þ 2x2zþ ξ2

z2
ϕπðzÞ;

ð48Þ

G1;2 ¼
Z

1

−1
dx

Z
1

0

dzG̃ð1Þ
1;2ðx; ξ;Δ⊥Þð1 − ξ2Þ x

2 þ 2x2zþ ξ2

z2

× ϕπðzÞ; ð49Þ

G1;4 ¼
Z

1

−1
dx

Z
1

0

dzG̃ð0Þ
1;4ðx; ξ;Δ⊥Þ

x
ξ

4ξ2zþ ξ2 − 2x2zþ x2

z2

× ϕπðzÞ; ð50Þ

where

f̃ðnÞ1;mðx;ξ;Δ⊥Þ¼
Z

d2k⊥
�
k2⊥
M2

�
n 1ffiffi

2
p ð2

3
fu1;mþ 1

3
fd1;mÞ

ðxþξ− iϵÞ2ðx−ξþ iϵÞ2 ;

ð51Þ

with n ¼ 0, 1. fu1;m and fd1;m denote the GTMDs of u and d
quarks, respectively. To ensure direct comparability between
our numerical results and the theoretical predictions in
Ref. [34], facilitate verification of the feasibility of this
observable channel, and validate the physical interpretation
of the asymmetry signal, the pion DA ϕπðzÞ is taken as the
asymptotic form 6zð1 − zÞ, where z denotes the longitudinal
momentum fraction of π0 carried by the outgoing quark. This
choice allows our calculations to clearly demonstrate the

TABLE II. Valence quark angular momentum properties.

Properties LCCQM [18] LCXQSM [18] This work

Juz 0.569 0.566 0.232� 0.008
Jdz −0.069 −0.066 −0.029� 0.018
Suz 0.498 0.574 0.348� 0.003
Sdz −0.124 −0.143 −0.117� 0.003
Lu
z 0.071 −0.008 −0.116� 0.009

Ld
z 0.055 0.077 0.088� 0.018

luz 0.131 0.073 0.584� 0.003
ldz −0.005 −0.004 0.539� 0.002
Cu
z 0.227 0.130 −0.584� 0.003

Cd
z 0.187 0.109 −0.539� 0.002
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contributions of the soft-wall AdS/QCD proton wave func-
tions to the asymmetry without being confounded by model
differences in the pionDA. Furthermore,most of the existing
experimental measurements and the theoretical calculations
of the exclusive π0 production use the asymptotic pionDA as
the standard input. Adopting this widely accepted form
enables our predictions to be directly comparedwith existing
experimental data and other theoretical results, which is
crucial for future experimental tests of this signal at the EIC
and EicC.
For the quadruple integrals in Eqs. (45)–(50), both the

integrals over x and z may diverge. On the one hand, the
singularities in the z-integrated hard parts occur at the end
points, i.e., z approaches 0 and 1. They can be regularized
by introducing the transverse momentum dependence of
the pion DA [111–113] to adjust the integration limits fromR
1
0 dz to

R 1−hp2⊥i=Q2

hp2⊥i=Q2 dz [114], where hp2⊥i represents the

mean-squared transverse momentum of the quark inside the
pion and is fixed as 0.04 GeV2 [34]. On the other hand, the
interplay between the singularities of quark GTMDs at x ¼
�ξ and the double poles at x ¼ �ξ in Eq. (51) also leads to
divergence, which can be addressed by shifting the double
poles from 1=ðx ∓ ξ� iϵÞ2 to 1=ðx ∓ ξ ∓ hp2⊥i=Q2 �
iϵÞ2 [115]. The integration range ½−1; 1� for x can be
divided into three regions [85,116,117]: (i) the DGLAP
region −1 ≤ x < −ξ for the distributions of antiquarks,
(ii) the ERBL region −ξ ≤ x ≤ ξ for the distributions of
quark-antiquark pairs, and (iii) the DGLAP region ξ < x ≤
1 for the distributions of quarks. Since this process is
sensitive to the GTMD F1;4 in the DGLAP region and our
model is restricted to the three-(valence) quark Fock sector,
we only need to consider the region (iii) corresponding to
the quark distributions. Then we can perform the integra-
tions over x using the relation [118,119]

Z
1

ξ
dx

fðxÞ
ðx − ξ − hp2⊥i=Q2 þ iϵÞ2 ¼ P:V:

Z
1

ξ
dx

fðxÞ
ðx − ξ − hp2⊥i=Q2Þ2 − iπ

Z
1

ξ
dxfðxÞδ0ðx − ξ − hp2⊥i=Q2Þ

¼ lim
ϵ→0

�Z
ξþhp2⊥i

Q2 −ϵ

ξ
dx

fðxÞ − fðξþ hp2⊥i=Q2Þ
ðx − ξ − hp2⊥i=Q2Þ2 þ

Z
1

ξþhp2⊥i
Q2 þϵ

dx
fðxÞ − fðξþ hp2⊥i=Q2Þ
ðx − ξ − hp2⊥i=Q2Þ2

�

þ fðξþ hp2⊥i=Q2Þ ξ − 1

ð1 − ξ − hp2⊥i=Q2Þhp2⊥i=Q2
þ iπf0ðxÞjx¼ξþhp2⊥i=Q2 ; ð52Þ

where P:V. represents the (Cauchy) principal value pre-
scription. The numerical results of the asymmetry in
Ref. [34] were derived by neglecting contributions from
the GTMD G1;1 and the real parts of the F 1;2, F 1;4 and G1;4

terms. In this work, we will include both the real and
imaginary parts of all convolution terms in numerical
calculations.

A. The transverse moments of GTMDs with nonzero
skewness in the light-front model

In this light-front quark-scalar-diquark model, the over-
lap representations for the correlator in Eq. (5) can be
expressed in terms of the proton LFWFs constructed from
the soft-wall AdS/QCD prediction in Eq. (9) as [98]

W½γþ�
λ0λ ¼ 1

16π3
X
λq

ψλ0†
λqq

ðx00; k00⊥Þψλ
λqq

ðx0; k0⊥Þ; ð53Þ

W½γþγ5�
λ0λ ¼ 1

16π3
X
λq

ð2λqÞψλ0†
λqq

ðx00; k00⊥Þψλ
λqq

ðx0; k0⊥Þ: ð54Þ

The initial and final momenta (k0⊥ and k00⊥) and longitudinal
momentum fractions (x0 and x00) carried by the struck quark
in the DGLAP region ξ < x ≤ 1 are given by

k0⊥ ¼ k⊥ − ð1 − x0ÞΔ⊥
2

; with x0 ¼ xþ ξ

1þ ξ
; ð55Þ

and k00⊥ ¼ k⊥ þ ð1 − x00ÞΔ⊥
2

; with x00 ¼ x − ξ

1 − ξ
; ð56Þ

respectively.
Using the parametrizations in Eqs. (6)–(7) and the proper

helicity combinations of quarks and protons, we can
express the quark GTMDs in terms of the correlators

W½Γ�
λ0λ. Here we further calculate the transverse moments

of these GTMDs in Eqs. (45)–(50), and the corresponding
explicit expressions are
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Fqð0Þ
1;1 ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p 8<
:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dð1Þ

q ðx0Þ
q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Dð1Þ
q ðx00Þ

q

Dð1Þ
q ðx0Þ þDð1Þ

q ðx00Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
qþv ðx0Þ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qþv ðx00Þ

p
e−t

ð11Þ
q ðx0;x00Þ

þ 2Dð2Þ
q ðx0ÞDð2Þ

q ðx00Þ
½Dð2Þ

q ðx0Þ þDð2Þ
q ðx00Þ�2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
q−v ðx0Þ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q−v ðx00Þ

p
e−t

ð22Þ
q ðx0;x00Þ½1 − tð22Þq ðx0; x00Þ�

9=
;; ð57Þ

Fqð1Þ
1;2 ¼ ξ

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
8ð1 − xÞ

4Dð2Þ
q ðx0ÞDð2Þ

q ðx00Þ þ ½Dð2Þ
q ðx0Þð−1þ ξÞ þDð2Þ

q ðx00Þð1þ ξÞ�2
Dð2Þ

q ðx0ÞDð2Þ
q ðx00Þ½Dð2Þ

q ðx0Þ þDð2Þ
q ðx00Þ�

ffiffiffiffiffiffiffiffiffiffiffiffiffi
q−v ðx0Þ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q−v ðx00Þ

p
tð22Þq ðx0; x00Þe−tð22Þq ðx0;x00Þ

þ cq
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð1 − ξ2Þ

p

×

�
4Dð1Þ

q ðx0ÞDð2Þ
q ðx00Þ þ ½Dð1Þ

q ðx0Þð−1þ ξÞ þDð2Þ
q ðx00Þð1þ ξÞ�2tð12Þq ðx0; x00Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Dð1Þ
q ðx0Þ

q
½Dð1Þ

q ðx0Þ þDð2Þ
q ðx00Þ�2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
qþv ðx0Þ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q−v ðx00Þ

p
e−t

ð12Þ
q ðx0;x00Þ

−
4Dð2Þ

q ðx0ÞDð1Þ
q ðx00Þ þ ½Dð2Þ

q ðx0Þð−1þ ξÞ þDð1Þ
q ðx00Þð1þ ξÞ�2tð21Þq ðx0; x00Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Dð1Þ
q ðx00Þ

q
½Dð2Þ

q ðx0Þ þDð1Þ
q ðx00Þ�2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
q−v ðx0Þ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qþv ðx00Þ

p
e−t

ð21Þ
q ðx0;x00Þ

�
; ð58Þ

Fqð1Þ
1;4 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
q−v ðx0Þ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q−v ðx00Þ

p ð−1þ xÞe−tð22Þq ðx0;x00Þ

½Dð2Þ
q ðx0Þ þDð2Þ

q ðx00Þ�2
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p
× f½Dð2Þ

q ðx0Þð−1þ ξÞ þDð2Þ
q ðx00Þð1þ ξÞ�2tð22Þq ðx0; x00Þ þ 4Dð2Þ

q ðx0ÞDð2Þ
q ðx00Þg; ð59Þ

for the unpolarized quark, and

Gqð1Þ
1;1 ¼ Fqð1Þ

1;4 ; ð60Þ

Gqð1Þ
1;2 ¼

ffiffiffiffiffiffiffiffiffiffiffi
1−ξ2

p
8ð−1þxÞ

4Dð2Þ
q ðx0ÞDð2Þ

q ðx00Þþ ½Dð2Þ
q ðx0Þð−1þξÞþDð2Þ

q ðx00Þð1þξÞ�2
Dð2Þ

q ðx0ÞDð2Þ
q ðx00Þ½Dð2Þ

q ðx0ÞþDð2Þ
q ðx00Þ�

ffiffiffiffiffiffiffiffiffiffiffiffiffi
q−v ðx0Þ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q−v ðx00Þ

p
tð22Þq ðx0;x00Þe−tð22Þq ðx0;x00Þ

þ cq
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð1−ξ2Þ

p
�
4Dð1Þ

q ðx0ÞDð2Þ
q ðx00Þþ ½Dð1Þ

q ðx0Þð−1þξÞþDð2Þ
q ðx00Þð1þξÞ�2tð12Þq ðx0;x00Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Dð1Þ
q ðx0Þ

q
½Dð1Þ

q ðx0ÞþDð2Þ
q ðx00Þ�2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
qþv ðx0Þ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q−v ðx00Þ

p
e−t

ð12Þ
q ðx0;x00Þ

þ4Dð2Þ
q ðx0ÞDð1Þ

q ðx00Þþ ½Dð2Þ
q ðx0Þð−1þξÞþDð1Þ

q ðx00Þð1þξÞ�2tð21Þq ðx0;x00Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dð1Þ

q ðx00Þ
q

½Dð2Þ
q ðx0ÞþDð1Þ

q ðx00Þ�2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
q−v ðx0Þ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qþv ðx00Þ

p
e−t

ð21Þ
q ðx0;x00Þ

�
; ð61Þ

Gqð0Þ
1;4 ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ξ2

p � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dð1Þ

q ðx0Þ
q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Dð1Þ
q ðx00Þ

q

Dð1Þ
q ðx0Þ þDð1Þ

q ðx00Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
qþv ðx0Þ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
qþv ðx00Þ

p
e−t

ð11Þ
q ðx0;x00Þ

−
2Dð2Þ

q ðx0ÞDð2Þ
q ðx00Þ

½Dð2Þ
q ðx0Þ þDð2Þ

q ðx00Þ�2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
q−v ðx0Þ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q−v ðx00Þ

p
e−t

ð22Þ
q ðx0;x00Þ½1þ tð22Þq ðx0; x00Þ�

�
; ð62Þ

for the longitudinally polarized quark, where

fqðnÞ1;m ðx; ξ;Δ⊥Þ ¼
Z

d2k⊥
�
k2⊥
M2

�
n

fq1;mðx; ξ; k2⊥;Δ2⊥; k⊥ · Δ⊥Þ; ð63Þ
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tðijÞq ðx0; x00Þ ¼ Δ2⊥
2κ2

DðiÞ
q ðx0ÞDðjÞ

q ðx00Þ
DðiÞ

q ðx0Þ þDðjÞ
q ðx00Þ

ð1 − xÞ2
ð1 − ξ2Þ2 ; ð64Þ

Fqð0Þ
1;1 ðx; ξ;Δ⊥Þ ¼ Hq

vðx; ξ; tÞ; ð65Þ

Gqð0Þ
1;4 ðx; ξ;Δ⊥Þ ¼ H̃q

vðx; ξ; tÞ: ð66Þ

B. Numerical results for hsinð2ϕÞi
We now calculate the numerical results of the asymmetry

for the EIC and EicC kinematics, which is defined as
the average value of the sinð2ϕÞ azimuthal angular
correlation [34]:

hsinð2ϕÞi ¼
R

dΔσ
dP:S: sinð2ϕÞdP:S:R

dσ
dP:S: dP:S:

; ð67Þ

where dΔσ ¼ σðλ ¼ 1Þ − σðλ ¼ −1Þ, and dP:S: ¼ dϕdt.
The EIC and EicC kinematic correspond to ffiffiffiffiffiffiffisep

p ∼
20–140 GeV, Q2 ∼ 1 − 104 GeV2, x ∼ 10−4 − 1, y ∼
0.01–0.95 [6,7] and ffiffiffiffiffiffiffisep

p ∼15–20GeV, Q2∼1−102GeV2,
x ∼ 10−3 − 0.7, y ∼ 0.01–0.95 [8], respectively.We find that
the real part of the quark GTMD F1;4 in the DGLAP region
associated with the canonical OAM indeed leaves a distinct
signal in the above expression. After considering the kin-
ematic regions corresponding to the highest luminosity of the
two respective detectors and integrating ϕ over ½0; 2π� and t
over ½−0.5;−4ξ2M2=ð1 − ξ2Þ�, we show the dependence of
the asymmetry on ξ in Fig. 4. The left panel is the result for
EIC kinematics withQ2 ¼ 10 GeV2 and ffiffiffiffiffiffiffisep

p ¼ 100 GeV,
and the right panel is the result for EicC kinematics with
Q2 ¼ 3 GeV2 and ffiffiffiffiffiffiffisep

p ¼ 16 GeV, where the bands with
red dashed borders represent the uncertainty bands of our
model results, and the black solid lines represent the results
of the center values of parameters. We observe that the

asymmetries are sizable and exhibit similar shapes for the
EIC and EicC kinematics. When ξ is not very small, both
asymmetries are negative with the amplitude for EicC
kinematics larger than that for EIC kinematics, and the most
significant contributions are concentrated in the region of
0.025 < ξ < 0.15. our numerical results further confirm that
ξ ∼ 0.1 is a necessary prerequisite for the sinð2ϕÞ azimuthal
asymmetry in exclusive π0 production as an ideal probe for
detecting the quark canonical OAM in the proton.
Finally, the expected event yield for this reaction is

given by

N ¼ Lσ; ð68Þ

where L denotes the integrated luminosity and σ the total
production cross section. For electron-proton collisions at
the EIC, a total integrated luminosity of 10 fb−1 is
anticipated, corresponding to approximately 30 weeks of
accelerator operation [6]. By contrast, the EicC is projected
to accumulate 50.5 fb−1 under an 80% annual beam-on-
target duty cycle [8]. Using these luminosity values, we
estimate roughly 2.68 × 107 total generated events for this
process at the EIC and 6.74 × 107 at the EicC. These event
counts correspond to yields integrated over the full phase
space. The actual usable physics events will be significantly
reduced due to limited detector acceptance (typically 0.2–
0.5) and reconstruction efficiencies for scattered electrons,
protons, and π0 (which decays to two photons with a
reconstruction efficiency of ∼0.6–0.8).

V. SUMMARY

In this paper, we studied the asymmetry associated with
the sinð2ϕÞ azimuthal angular correlation in the exclusive
π0 production from electron-proton collisions, where the
proton target is longitudinally polarized. This process is the
clean and sensitive probe providing access to the quark

FIG. 4. The average value of the azimuthal angular correlation sinð2ϕÞ as a function of ξ for the EIC (left panel) and EicC (right panel)
kinematics after integrating over ϕ and t.
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GTMD F1;4 in the DGLAP region, which establishes a
direct link to the quark canonical OAM.We adopted a light-
front quark-scalar-diquark model in which the proton
LFWFs derived from the soft-wall AdS/QCD framework.
The x-dependence of LFWFs is encoded in the helicity-
independent and helicity-dependent valence quark PDFs,
as well as the four longitudinal wave functions. The former
was determined by simultaneously fitting the parametrized
quark PDFs qvðxÞ and ΔqvðxÞ at the initial scale
μ0 ¼ 2 GeV, and the latter was determined by simulta-
neously fitting the quark Dirac and Pauli form factors. Then
we calculated several angular momentum properties of
valence quarks and compared them with the results from
LCCQM and LCXQSM. Finally, we numerically analyzed
the azimuthal asymmetries hsinð2ϕÞi for the EIC and EicC
kinematics and found that they are both sizable. Our

numerical results indicated that this asymmetry indeed
stands out as a promising signal for probing the quark
canonical OAM in the proton and is expected to be
precisely measured in future EIC and EicC.
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[94] K. Kanazawa, C. Lorcé, A. Metz, B. Pasquini, and M.

Schlegel, Phys. Rev. D 90, 014028 (2014).
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