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We study the chiral-odd generalized parton distributions (GPDs) of the ū and d̄ quarks inside the proton
at zero skewness using the overlap representation within the light-cone formalism. Utilizing the light-cone
wave functions of the proton obtained from the baryon-meson fluctuation model in terms of the jqq̄Bi Fock
states, we provide expressions for the GPDs H̃q̄=P

T ðx; 0; tÞ, Hq̄=P
T ðx; 0; tÞ, and Eq̄=P

T ðx; 0; tÞ where q̄ ¼ ū and
d̄. Numerical results for these GPDs in momentum space as well as in impact parameter space are
presented. Additionally, we investigate specific combinations of the chiral-odd GPDs in impact parameter
space, focusing on the spin-orbit correlation effect of the sea quarks.
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I. INTRODUCTION

Understanding the internal structure of hadrons in terms
of constituent quarks, gluon, and sea quarks is one of the
main goals of QCD and hadronic physics. Generalized
parton distributions (GPDs) [1–4], viewed as the extension
of the standard parton distribution functions (PDFs), are
crucial for describing the three-dimensional structure of
nucleons complementary to the transverse momentum-
dependent parton distributions. The GPDs correspond to
off-forward matrix elements of nonlocal operators, acces-
sible experimentally through deeply virtual Compton
scattering (DVCS) [2,5,6] or deeply virtual meson pro-
duction [7–10]. At leading twist, there are eight GPDs: four
chiral-even (helicity-nonflip) GPDs H, E, H̃, Ẽ and four
chiral-odd (helicity-flip) GPDsHT , ET , H̃T , ẼT . The GPDs
depend on three independent kinematic variables, the
longitudinal momentum faction x of the parton, the square
of the total momentum transferred t, and the longitudinal
momentum transferred skewness ξ. In the forward limit, H,
H̃, HT reduce to the usual unpolarized distribution, helicity
distribution, and transversity distribution, respectively. On
the one hand, the chiral-even GPDs encode richer knowl-
edge on the orbital angular momentum (OAM) of quarks
inside the nucleon [2,3,11,12], and electromagnetic and
gravitational form factors [13,14], as well as charge and
magnetization densities [15–19]. On the other hand, the

chiral-odd GPDs are sources of the correlation between the
spin and OAM carried by quarks inside the nucleon [20,21].
Thus, they contain awealth of information about the partonic
structure of the hadron. Through Fourier transform with
respect to the transverse momentum transfer ΔT, one can
obtain the distributions in the impact parameter space that
provide tomographic description of the nucleon structure.
Particularly, the impact-parameter-dependent GPDs have a
probabilistic interpretation and satisfy the positivity con-
dition [22,23].
In recent years, extensive experimental and theoretical

studies on GPDs have been conducted. Experimental data
from hard exclusive scattering have been collected by col-
laborations such as H1 [24–26], ZEUS [27,28], HERMES
[29–31], COMPASS [32], and JLab [33]. Chiral-even
GPDs are accessible in exclusive processes like DVCS
[2,5,6] and hard exclusive meson production [34,35]
through factorization theorems. In contrast, measuring
chiral-odd GPDs is challenging due to their helicity-flip
nature, requiring combination with another chiral-odd
object in the amplitude to avoid decoupling in most hard
processes. At present, it is proposed that they can be
accessed through deeply virtual pseudoscalar meson pro-
duction processes sensitive to chiral-odd GPDs [10,36,37],
such as photon production of vector meson [38] and diffrac-
tive double meson production [39–41]. Recent COMPASS
measurements [42] on exclusive ρ0 muon production by
scattering muons off the transversely polarized proton
showed a nonzero single-spin asymmetry AsinϕS

UT , well
described by a GPD-based model [43] using the hand-
bag approach, which is interpreted as the first evidence
for the existence of chiral-odd GPDs, especially the trans-
versity GPD HT . Theoretical studies of hard exclusive
pseudoscalar meson electroproduction [10,44–47], like π0
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and η electroproduction [10,36,37,44,48–51], indicate strong
contributions from transversely polarized virtual photons
necessitating the inclusion of transversity GPDs alongside
chiral-even GPDs. Notably, simulations for the leading-twist
contributions in the γρ photoproduction process from chiral-
odd GPDs [38,52–54] are underway at the kinematics of the
future Electron-Ion Collider.
Various model calculations have explored chiral-odd

GPDs. Early calculations in the bag model found HT is
nonzero [55]. In Refs. [56,57], the chiral-odd GPDs at
nonzero skewness have been studied in a constituent
quark model using the overlap representation in terms
of light-cone wave functions (LCWFs). In Ref. [58], the
authors investigated the chiral-odd GPDs for both zero
and nonzero skewness in the light-front quark-diquark
model motivated by the soft-wall anti–de Sitter QCD. The
general properties of the chiral-odd GPDs have been
investigated in transverse and longitudinal impact param-
eter spaces in Ref. [59]. The impact parameter represen-
tation of the GPDs also has been studied in aQEDmodel of
a dressed electron [60] and in a quark-diquark model [61] at
zero skewness. In Refs. [44,62], the chiral-odd GPDs were
studied through a physically motivated parametrization
based on the Reggenized diquark model. The information
about theMellinmoments of chiral-oddGPDs has also been
obtained through lattice QCD [63–68]. However, most of
those model calculations focus on valence quarks; the
knowledge of the sea quark Chiral-odd GPDs in a proton
is still limited.
In this paper, we apply the light-cone quark model to

calculate the chiral-odd GPDsHT , ET , H̃T , and ẼT of the ū

and d̄ quarks at zero skewness using the overlap repre-
sentation. Then we calculate the chiral-odd GPDs of the
sea quarks at ξ ¼ 0 where ẼT does not contribute, since it
is an odd function of ξ. To generate the sea quark degree of
freedom, we adopt the assumption proposed in Ref. [69]
that the proton can fluctuate to a composite state con-
taining a mesonM and a baryon B, and qq̄ are components
of the pion meson; the LCWFs of the proton can be
derived in terms of the jqq̄Bi Fock states, which have been
calculated in Ref. [70]. In this framework, the chiral-odd
GPDs of ū and d̄ can be obtained using these LCWFs.
Fourier transforming with respect to ΔT , the chiral-odd
GPDsHq̄=P, Eq̄=P, H̃q̄=P in impact parameter space are also
given. Using these results, we present numerical results
for specific combinations of the chiral-odd GPDs
HT − Δb

4m2 H̃T , ET þ 2H̃T , and ϵijbj
∂

∂B ðET þ 2H̃TÞ.
The paper is organized as follows. In Sec. II, we derive

the overlap representation in terms of LCWFs of the pion
and kaon mesons. In Sec. III, we apply LCWFs to calculate
the chiral-odd GPDs of sea quarks. In Sec. IV, we present
the numerical results of these GPDs in momentum as
well as impact parameter space. We summarize the paper
in Sec. V.

II. CHIRAL-ODD GPDS IN OVERLAP
REPRESENTATION

The GPDs can be defined as the off-forward matrix
elements of the quark-quark proton correlator function on
the light cone,

FΓ
Λ0;Λðx; ξ; tÞ ¼

1

2

Z
dz−

2π
eixP̄

þz−
�
p0;Λ0

����ψ̄
�
−
z
2

�
Γψ

�
z
2

�����p;Λ
�����

zþ¼0;zT¼0

; ð1Þ

where Γ is the Dirac matrix chosen from γþ; γþγ5; iσiþγ5 (i ¼ 1, 2), and Λ;Λ0 denote the target helicities in the initial and
final states.

For the chiral-odd case where Γ ¼ iσiþγ5, F
iσiþγ5
Λ0;Λ can be parametrized as [71]

F½iσiþγ5�
Λ0Λ ¼ iϵij

2Pþ Ūðp0;Λ0Þ
�
iσþjHT þ γþΔj − Δþγj

2M
ET þ PþΔj

M2
H̃T −

Pþγj

M
ẼT

�
Uðp;ΛÞ

¼
�
iϵijΔj

2M

	
ET þ 2H̃T



þ ΛΔi

2M

	
ẼT − ξET


�
δΛ0Λ þ

�
ðδi1 þ iΛδi2ÞHT −

iϵijΔjðΛΔ1 þ iΔ2Þ
2M2

H̃T

�
δ−Λ0Λ: ð2Þ

Here, ϵij is the antisymmetric tensor with ϵ12 ¼ −ϵ21 ¼ 1, P ¼ ðpþ p0Þ=2 is the average proton momentum,Δ ¼ p0 − p is
the momentum transfer to the proton with t ¼ Δ2 ¼ −Δ2

T , and ξ ¼ −Δþ=2Pþ is the skewness parameter.
We use ↑ (↓) to denote the positive (negative) helicity of the proton. For i ¼ 1, we have

F1
↑↑ ¼ iΔ2

2M
ð2H̃T þ ETÞ þ

Δ1

2M
ðẼT − ξETÞ; F1

↓↓ ¼ iΔ2

2M
ð2H̃T þ ETÞ −

Δ1

2M
ðẼT − ξETÞ; ð3Þ

F1
↑↓ ¼ HT þ H̃T

2M2
ð−iΔ2Þð−Δ1 þ iΔ2Þ; F1

↓↑ ¼ HT þ H̃T

2M2
ð−iΔ2ÞðΔ1 þ iΔ2Þ: ð4Þ
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And for i ¼ 2, we have

F2
↑↑ ¼ −iΔ1

2M
ð2H̃T þ ETÞ þ

Δ2

2M
ðẼT − ξETÞ; F2

↓↓ ¼ −iΔ1

2M
ð2H̃T þ ETÞ −

Δ2

2M
ðẼT − ξETÞ; ð5Þ

F2
↑↓ ¼ −iHT þ H̃T

2M2
ðiΔ1Þð−Δ1 þ iΔ2Þ; F2

↓↑ ¼ iHT þ H̃T

2M2
ðiΔ1ÞðΔ1 þ iΔ2Þ: ð6Þ

Using Eqs. (3)–(6), the chiral-odd GPDs can be obtained
from the following combinations:

iΔ1Δ2

M2
H̃T ¼ F1

↑↓ − F1
↓↑

2
−
iðF2

↑↓ þ F2
↓↑Þ

2
; ð7Þ

2HT þ Δ2
T

2M2
H̃T ¼ F1

↑↓ þ F1
↓↑

2
þ iðF2

↑↓ − F2
↓↑Þ

2
; ð8Þ

Δ1 þ iΔ2

2M
ðẼT − ξETÞ ¼

F1
↑↑ − F1

↓↓

2
þ iðF2

↑↑ − F2
↓↓Þ

2
; ð9Þ

Δ1 þ iΔ2

2M
ð2H̃T þ ETÞ ¼

F1
↑↑ þ F1

↓↓

2
þ iðF2

↑↑ þ F2
↓↓Þ

2
:

ð10Þ

According to Ref. [72], GPDs can be related to the
following matrix elements:

AΛ0μ0;Λμ ¼
Z

dz−

2π
eixP

þz−hp0;Λ0jOμ0;μðzÞjp;Λi
����
zþ¼0;zT¼0

;

ð11Þ

where μ0 and μ denote the helicities of the active parton.
The operators Oμ0;μ in the definitions of the quark distri-
butions have been given in Ref. [72].

Similarly, for antiquark there is

O−;þ ¼ i
4
ψσþ1ð1 − γ5Þψ̄ ¼ −

i
4
ψ̄σþ1ð1 − γ5Þψ ; ð12Þ

Oþ;− ¼ −
i
4
ψσþ1ð1þ γ5Þψ̄ ¼ i

4
ψ̄σþ1ð1þ γ5Þψ : ð13Þ

Here, þð−Þ denotes the positive (negative) helicity of the
antiquark, which is different from the case for the antiquark
in Ref. [20] where þð−Þ denotes the quark helicity.
Compared to the case of quarks, there is a global negative
sign in the case of antiquarks because the order of the
operators ψ̄ and ψ has to be reversed to obtain a density
operator for antiquarks. The correlation functions in Eq. (2)
thus can be written in terms of the antiquark-proton helicity
amplitudes as

F1
Λ0Λ ¼ −ðAΛ0þ;Λ− þ AΛ0−;ΛþÞ; ð14Þ

F2
Λ0Λ ¼ iðAΛ0−;Λþ − AΛ0þ;Λ−Þ: ð15Þ

Here, the relation σiþ ¼ −ϵijiσjþγ5 is used.
Within the light-cone approach, the Fock-state expansion

for a proton is expressed as

jp;Λi ¼
X
n

Yn
i¼1

dxid2ki⊥ffiffiffiffi
xi

p
16π3

16π3δ

�
1 −

X
j

xj

�
δ2
�Xn

j¼1

kj⊥
�
ψnðxi; ki⊥; λiÞjn; xipþ; xip⊥ þ ki⊥; λii:

Similar to the case of chiral-even GPDs [73], there are also contributions from the n → n diagonal overlap in the
kinematical regions ξ < x < 1 and ξ − 1 < x < 0. Therefore, Eq. (2) can be expressed through the overlap representation in
terms of the LCWFs as follows [59]:

F1
Λ0Λ ¼ −ð1 − ξÞð1−n

2
ÞX
λi;n

Z Yn
i¼1

dxid2ki⊥
16π3

16π3δ

�
1 −

X
j

xj

�
δ2
�Xn

j¼1

kj⊥
�
δðx − x1Þ

× ψΛ0�
n ðx0i; k0i⊥; λ0iÞψΛ

n ðxi; ki⊥; λiÞδλ01;−λ1 ½δλ0i;λiði ¼ 2…nÞ�; ð16Þ

F2
Λ0Λ ¼ ið1 − ξÞð1−n

2
ÞX
λi;n

Z Yn
i¼1

dxid2ki⊥
16π3

16π3δ

�
1 −

X
j

xj

�
δ2
�Xn

j¼1

kj⊥
�
δðx − x1Þ

× signðλ1ÞψΛ0�
n ðx0i; k0i⊥; λ0iÞψΛ

n ðxi; ki⊥; λiÞδλ01;−λ1 ½δλ0i;λiði ¼ 2…nÞ�; ð17Þ
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where λ1ðλ01Þ represents the helicity of the initial (final) struck antiquark, and λiðλ0iÞ denotes the helicity of the initial (final)
spectators.
We thus obtain the formulas for the chiral-odd GPDs within the overlap representation in terms of the proton LCWFs,

iΔ1Δ2

M2
H̃Tðx; ξ; tÞ ¼ −ð1 − ξÞð1−n

2
ÞX
λi;n

Z Yn
i¼1

dxid2ki⊥
16π3

16π3δ

�
1 −

X
j

xj

�
δ2
�Xn

j¼1

kj⊥
�
δðx − x1Þ

×

�
ψ↑�
þnðx0i; k0i⊥; λ0iÞψ↓

−nðxi; ki⊥; λiÞ − ψ↓�
−nðx0i; k0i⊥; λ0iÞψ↑

þnðxi; ki⊥; λiÞ
�
½δλ0i;λiði ¼ 2…nÞ�; ð18Þ

2HT þ Δ2
T

2M2
H̃Tðx; ξ; tÞ ¼ −ð1 − ξÞð1−n

2
ÞX
λi;n

Z Yn
i¼1

dxid2ki⊥
16π3

16π3δ

�
1 −

X
j

xj

�
δ2
�Xn

j¼1

kj⊥
�
δðx − x1Þ

×

�
ψ↑�
−nðx0i; k0i⊥; λ0iÞψ↓

þnðxi; ki⊥; λiÞ þ ψ↓�
þnðx0i; k0i⊥; λ0iÞψ↑

−nðxi; ki⊥; λiÞ
�
½δλ0i;λiði ¼ 2…nÞ�; ð19Þ

Δ1þ iΔ2

2M
ðẼT − ξETÞðx;ξ; tÞ ¼−ð1− ξÞð1−n

2
ÞX
λi;n

Z Yn
i¼1

dxid2ki⊥
16π3

16π3δ

�
1−

X
j

xj

�
δ2
�Xn

j¼1

kj⊥
�
δðx− x1Þ

×

�
ψ↑�
−nðx0i; k0i⊥;λ0iÞψ↑

þnðxi;ki⊥;λiÞ−ψ↓�
−nðx0i; k0i⊥;λ0iÞψ↓

þnðxi;ki⊥;λiÞ
�
½δλ0i;λiði¼ 2…nÞ�; ð20Þ

Δ1þ iΔ2

2M
ð2H̃T þETÞðx;ξ; tÞ ¼−ð1− ξÞð1−n

2
ÞX
λi;n

Z Yn
i¼1

dxid2ki⊥
16π3

16π3δ

�
1−

X
j

xj

�
δ2
�Xn

j¼1

kj⊥
�
δðx− x1Þ

×

�
ψ↑�
−nðx0i; k0i⊥;λ0iÞψ↑

þnðxi;ki⊥;λiÞþψ↓�
−nðx0i; k0i⊥;λ0iÞψ↓

þnðxi;ki⊥;λiÞ
�
½δλ0i;λiði¼ 2…nÞ�: ð21Þ

III. CHIRAL-ODD GPDS OF THE SEA QUARKS

In this section, we present calculations of the chiral-odd
GPDs for the ū and d̄ quarks within the proton at zero
skewness using the light-cone quark model. The light-cone
formalism has been widely applied for computing the PDFs
of nucleons and mesons [74]. Within this approach, the
wave functions for a hadronic composite state can be
expressed as LCWFs in Fock-state basis. Additionally, the
overlap representation has been used to study various form
factors of the nucleon [13] and the pion [75], the nucleon
anomalous magnetic moment [13], as well as GPDs [73].
Here we extend light-cone formalism to calculate the
chiral-odd GPDs of the sea quarks.
In the light-cone approach, the wave functions of the

hadron describing a composite state at a particular light-
cone time are expanded in terms of LCWFs in the Fock-
state basis. In order to generate the sea quark degrees of
freedom, we employ the baryon-meson fluctuation model
[69,76], in which the proton can fluctuate into a composite
system consisting of a mesonM and a baryon B, where the
meson is composed of qq̄,

jpi → jMBi → jqq̄Bi: ð22Þ
This model has been previously applied to calculate the
chiral-even GPDs [76] as well as the collinear PDFs [77] of

the nucleon [78] improved by the virtual pion cloud. Here,
our focus is specifically on the ū and d̄ quarks.
The LCWFs incorporating sea quark components

derived from the model in Ref. [69] take the form [70]

ψλN
λBλqλq̄

ðx; y; kT; rTÞ ¼ ψλN
λB
ðy; rTÞψλqλq̄ðx; y; kT; rTÞ; ð23Þ

where ψλN
λB
ðy; rTÞ can be viewed as the wave function

of the nucleon in terms of the πB components, and
ψλqλq̄ðx; y; kT; rTÞ is the wave function of the pion in terms
of the qq̄ components. Here, x and y represent the light-
cone momentum fractions, while kT and rT denote the
transverse momenta of the antiquark and the meson.
For ψλN

λB
ðy; rTÞ in Eq. (23), they have the expressions

ψþ
þðy; rTÞ ¼

MB − ð1 − yÞMffiffiffiffiffiffiffiffiffiffiffi
1 − y

p ϕ1;

ψþ
−ðy; rTÞ ¼

r1 þ ir2ffiffiffiffiffiffiffiffiffiffiffi
1 − y

p ϕ1;

ψ−þðy; rTÞ ¼
r1 − ir2ffiffiffiffiffiffiffiffiffiffiffi
1 − y

p ϕ1;

ψ−
−ðy; rTÞ ¼

ð1 − yÞM −MBffiffiffiffiffiffiffiffiffiffiffi
1 − y

p ϕ1: ð24Þ
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Here, M and MB are the masses of proton and baryon,
respectively. ϕ1 is the wave function of the baryon-meson
system in the momentum space with the form

ϕ1ðy; rTÞ ¼ −
gðr2Þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

yð1 − yÞp
r2T þ L2

1ðm2
πÞ

; ð25Þ

where mπ is the mass of π meson, gðr2Þ is the form factor
for the coupling of the nucleon-pion meson-baryon vertex,
and

L2
1ðm2

πÞ ¼ yM2
B þ ð1 − yÞm2

π − yð1 − yÞM2: ð26Þ

The pion LCWFs in Eq. (23) have the following
expressions:

ψþþðx; y; kT; rTÞ ¼
myffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xðy − xÞp ϕ2;

ψþ−ðx; y; kT; rTÞ ¼
yðk1 − ik2Þ − xðr1 − ir2Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xðy − xÞp ϕ2;

ψ−þðx; y; kT; rTÞ ¼
yðk1 þ ik2Þ − xðr1 þ ir2Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

xðy − xÞp ϕ2;

ψ−−ðx; y; kT; rTÞ ¼
−myffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xðy − xÞp ϕ2; ð27Þ

where m is the mass of quarks and sea quarks, and

ϕ2ðx; y; kT; rTÞ ¼ −
gðk2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x
y ð1 − x

yÞ
q

ðkT − x
y rTÞ2 þ L2

2ðm2Þ ð28Þ

is the wave function of the pion meson in momentum space,
with

L2
2ðm2Þ ¼ x

y
m2 þ

�
1 −

x
y

�
m2 −

x
y

�
1 −

x
y

�
mπ

2: ð29Þ

Here, gðr2Þ and gðk2Þ are the form factors for the coupling
of the nucleon-pion and pion-quark-antiquark vertex,
respectively, adopting a the dipolar form

gðr2Þ ¼ −g1ð1 − yÞ r2T þ L2
1ðm2

πÞ
½r2T þ L2

1ðΛ2
πÞ�2

; ð30Þ

gðk2Þ ¼ −g2
�
1 −

x
y

� ðkT − x
y rTÞ2 þ L2

2ðm2Þ
½ðkT − x

y rTÞ2 þ L2
2ðΛ2

q̄Þ�2
: ð31Þ

Using the overlap representation in Eqs. (18)–(21), the
chiral-odd GPDs for sea quarks can be calculated from

iΔ1Δ2

M2
H̃T ¼−

X
λBλq

Z
d2kT
16π3

Z
d2rT
16π3

h
ψ↑�
λBλqþðx;y;k0T; r0TÞψ

↓
λBλq−ðx;y;kT; rTÞ−ψ↓�

λBλq−ðx;y;k0T; r0TÞψ
↑
λBλqþðx;y;kT; rTÞ

i
; ð32Þ

2HT þ
Δ2

T

2M2
H̃T ¼−

X
λBλq

Z
d2kT
16π3

Z
d2rT
16π3

h
ψ↓�
λBλqþðx;y;k0T; r0TÞψ

↑
λBλq−ðx;y;kT; rTÞþψ↑�

λBλq−ðx;y;k0T;r0TÞψ
↓
λBλqþðx;y;kT; rTÞ

i
;

ð33Þ

Δ1 þ iΔ2

2M
ẼT ¼ −

X
λBλq

Z
d2kT
16π3

Z
d2rT
16π3

h
ψ↑�
λBλq−ðx; y; k0T; r0TÞψ

↑
λBλqþðx; y; kT; rTÞ − ψ↓�

λBλq−ðx; y; k0T; r0TÞψ
↓
λBλqþðx; y; kT; rTÞ

i
;

ð34Þ

Δ1 þ iΔ2

2M
ð2H̃T þ ETÞ ¼ −

X
λBλq

Z
d2kT
16π3

Z
d2rT
16π3

h
ψ↑�
λBλq−ðx; y; k0T; r0TÞψ

↑
λBλqþðx; y; kT; rTÞ

þ ψ↓�
λBλq−ðx; y; k0T; r0TÞψ

↓
λBλqþðx; y; kT; rTÞ

i
; ð35Þ

where

k00T ¼ kT −
1

2
ð1 − xÞΔT;

k0T ¼ kT þ 1

2
ð1 − xÞΔT ð36Þ

are the transverse momenta for the final- and initial-state struck antiquarks,
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−r00T ¼ −rT þ 1

2
ð1 − yÞΔT;

−r0T ¼ −rT −
1

2
ð1 − yÞΔT;

ðrT − kTÞ00 ¼ ðrT − kTÞ þ
1

2
ðy − xÞΔT;

ðrT − kTÞ0 ¼ ðrT − kTÞ −
1

2
ðy − xÞΔT ð37Þ

are the transverse momenta for the final and initial spectators B and q, respectively.
Substituting the light-cone wave functions of the proton in Eqs. (24) and (27), we obtain the expressions for the chiral-

odd GPDs of the sea quarks as follows:

Ẽq̄=P
T ðx; 0; tÞ ¼ 0; ð38Þ

Hq̄=P
T ðx; 0; tÞ ¼ 0; ð39Þ

H̃q̄=P
T ðx; 0; tÞ ¼ g21g

2
2

ð2πÞ6
Z

1

x

dy
y

Z
d2kT

Z
d2rT

yð1 − yÞ3ð1 − x
yÞ3M2m½MB − ð1 − yÞM�

D1ðy; rT;ΔTÞD2ðxy ; kT − x
y rT;ΔTÞ

; ð40Þ

Eq̄=P
T ðx; 0; tÞ ¼ g21g

2
2

ð2πÞ6
Z

1

x

dy
y

Z
d2kT

Z
d2rT ð41Þ

yð1 − yÞ2ð1 − x
yÞ3fMm½½MB − ð1 − yÞM�2 þ r2T − 1

4
ð1 − yÞΔ2

T � − 2M2mð1 − yÞ½MB − ð1 − yÞM�g
D1ðy; rT;ΔTÞD2ðxy ; kT − x

y rT;ΔTÞ
; ð42Þ

where

D1ðy; rT;ΔTÞ ¼
��

rT −
1

2
ð1 − yÞΔT

�
2

þ L2
1

�
2
�
ðrT þ 1

2
ð1 − yÞΔTÞ2 þ L2

1

�
2

; ð43Þ

D2

�
x
y
; kT −

x
y
rT;ΔT

�
¼

���
kT −

x
y
rT

�
−
1

2

�
1 −

x
y

�
ΔT

�
2

þ L2
2

�
2
���

kT −
x
y
rT

�
þ 1

2

�
1 −

x
y

�
ΔT

�
2

þ L2
2

�
2

: ð44Þ

Our results show that two chiral-odd GPDs of the
antiquarks Ẽq̄=P

T ðx; ξ; tÞ and Hq̄=P
T ðx; ξ; tÞ vanish at zero

skewness.
ẼT does not contribute at ξ ¼ 0 because it is an odd

function of ξ, consistent with our model calculation result.
As for HT, it reduces to the transversity distribution h1 in
the forward limit,

Hq̄=P
T ðx; 0; 0Þ ¼ hq̄=P1 ðxÞ: ð45Þ

hū=P1 and h=P1 are zero in our model. The sea quark
transversity distributions are usually assumed to be zero
in many analyses due to the fact that quark transversity
distributions do not mix with gluons in the evolution. In a
recent phenomenological extraction of transversity distri-
bution functions by simultaneously fitting to semi-inclusive
deep inelastic scattering and eþe− annihilation data [79],

it was found that the ū quark favors a negative transversity
distribution while that of the d̄ quark is consistent with zero
with current accuracy. In Ref. [77], the calculations of the
antiquark transversity distributions within the meson-cloud
approach were presented for the first time, showing both
the up antiquark and the down antiquark have negative
results, albeit very small.
The differences in these results may arise because

our model calculation includes ū and d̄ flavors in one
expression, providing less constraint. The chiral-odd GPD
HT can be constrained from independent measurements on
the transverse distribution h1ðxÞ and the tensor charge
δq ¼ R

dxh1ðxÞ, which can be evaluated from the integral
of the transversity distribution. Since h1 is the observable
that we aim to determine from GPDs, the constraint in
the forward limit is not quantitatively useful but just
serves as an indication [44]. The chiral-odd GPD HT with
the forward limit constraint imposed can be fitted by
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comparing it with the experimentally extracted h1. How-
ever, in our calculation Hq̄=P

T ¼ 0, which is a model-
dependent result and means that our result on Hq̄=P

T is less
constrained.

IV. NUMERICAL RESULTS FOR CHIRAL-ODD
GPDS OF SEA QUARKS

In this section, we present the numerical results for the
chiral-odd GPDs of the sea quarks in momentum as well as
impact parameter space. To do this, we need to specify the
values of the parameters in our model. We choose the
values from Ref. [70], shown in Table I.
As shown in Ref. [70], the values of g2 and Λπ are fixed

by adopting the Gluck-Reya-Vogt leading-order (LO) para-

metrizations [80] to perform the fit for fū=π
−

1 [or fd̄=π
þ

1 ðxÞ].
The Martin-Stirling-Thorne-Watt 2008 LO parametrization

[81] is adopted for fū=P1 and fd̄=P1 to obtain the values of the
parameters g1 and Λq̄.
Using parameter values from Table I, we numerically

calculate the sea quark chiral-odd GPDs at the model scale.
In the left and right panels of Fig. 1, we depict the
H̃q̄=P

T ðx; 0;−Δ2
TÞ (multiplied by a prefactor x) of ū and d̄

quarks as functions of the momentum fraction x and
the momentum transfer ΔT, respectively. We observe that
xH̃q̄=P

T ðx; 0;−Δ2
TÞ is substantial, peaking around x ¼ 0.08,

with a maximum magnitude of 0.4. In both cases of ū and

d̄, xH̃ū=P
T and xH̃d̄=P

T are positive in the entire x and ΔT
region. The peak of the curves shifts toward smaller x
region as ΔT decreases.

In Fig. 2, xEq̄=P
T ðx; 0;−Δ2

TÞ of the ū and d̄ quarks is
plotted as a function of x and ΔT . The magnitude of
xEq̄=P

T ðx; 0;−Δ2
TÞ is similar to that of xH̃q̄=P

T ðx; 0;−Δ2
TÞ, but

its sign is negative. Similar to xH̃q̄=P
T , xEū=P

T , and xEd̄=P
T

peak at lower x ð0 < x < 0.1Þ. For a fixed ΔT value, xEū=P
T

and xEd̄=P
T decrease monotonically with increasing ΔT .

Next, we examine the chiral-odd GPDs in transverse
position space. The GPDs in transverse position space are
defined by introducing the Fourier conjugate bT (impact
parameter) of the transverse momentum transfer ΔT as
follows [23]:

HTðx; 0; bTÞ ¼
Z

d2ΔT

ð2πÞ2 e
−iΔT ·bTHTðx; 0; tÞ; ð46Þ

ETðx; 0; bTÞ ¼
Z

d2ΔT

ð2πÞ2 e
−iΔT ·bTETðx; 0; tÞ; ð47Þ

H̃Tðx; 0; bTÞ ¼
Z

d2ΔT

ð2πÞ2 e
−iΔT ·bT H̃Tðx; 0; tÞ: ð48Þ

Here, bT denotes a measure of the transverse distance
between the struck parton and the center of momentum of
the hadron. In our study, we set ξ ¼ 0, which means that the
momentum transfer occurs entirely in the transverse direc-
tion. In the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
region ξ < x < 1 [82], the impact parameter bT provides
the transverse location of the parton where it is pulled out
and put back to the nucleon, as well as the relative distance
between the struck parton and the spectators.
In Figs. 3 and 4, we present the numerical results of the

chiral-odd GPDs of sea quarks in impact parameter space
as functions of x and bT . We observe that xH̃q̄=P

T and xEq̄=P
T

for ū and d̄ quarks peak at bT ¼ 0. To be specific, for any
given x, the peak of these curves decrease with increasing
bT . Moreover, we find that the position of the peak is
located at similar x region for any given bT . In addition,

xH̃ū=P
T and xH̃d̄=P

T are positive, while xEū=P
T and xEd̄=P

T are
negative in the entire x and bT region. For any given x and
bT , the chiral-odd GPDs in impact parameter space of the d̄
quark is larger than that of the ū quark.

FIG. 1. The chiral-odd GPDs in momentum space H̃ū=P
T ðx; 0;−Δ2

TÞ and H̃d̄=P
T ðx; 0;−Δ2

TÞ in the light-cone quark model as functions of
x and ΔT .

TABLE I. Values of the parameters taken from Ref. [70].

Parameters ū d̄

g1 9.33 5.79
g2 4.46 4.46
Λπ (GeV) 0.223 0.223
Λq̄ (GeV) 0.510 0.510
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Similar to the chiral-even GPDs, the chiral-odd GPDs
also have an interesting interpretation in impact parameter
space. At ξ ¼ 0, the chiral-odd GPDs can be interpreted in
terms of parton density, depending on the polarization of
both the active quark and the nucleon [58]. Moreover,
specific combinations of the chiral-odd GPDs in impact
parameter space affect the quark and nucleon spin corre-
lations in different ways [20]. For example, the combina-

tion HT þ Δ2
T

4M2 H̃T reduces to the transversity distribution
h1ðxÞ in the forward limit. The corresponding distribution
in the impact parameter space HT − Δb

4m2 H̃T relates to the
correlation between the transverse spin of the quark and the
spin of transversely polarized proton [20], where Δbf is
defined as

Δbf ¼ ∂

∂bi
∂

∂bi
f ¼ 4

∂

∂b2

�
b2

∂

∂b2

�
f: ð49Þ

Similarly, ET þ 2H̃T describes the transverse deformation
in the center-of-momentum frame due to spin-orbit corre-
lations. In the impact parameter space, ET þ 2H̃T repre-
sents a sideways shift in the distribution of transversely
polarized quarks in an unpolarized proton. Furthermore,
ET þ 2H̃T is related to the Boer-Mulders function, and its
first moment can be interpreted as the transverse anomalous
magnetic moment of the proton κT [21,83]. Finally, the
combination ϵijbj

∂

∂B ðET þ 2H̃TÞ reflects the spin-orbit
correlation of quarks within the proton, contributing to
the spin density.

FIG. 2. The chiral-odd GPDs in momentum space Eū=P
T ðx; 0;−Δ2

TÞ and Ed̄=P
T ðx; 0;−Δ2

TÞ in the light-cone quark model as functions
of x and ΔT .

FIG. 3. The chiral-odd GPDs in the impact parameter space H̃ū=P
T ðx; 0; bTÞ and H̃d̄=P

T ðx; 0; bTÞ in the light-cone quark model as
functions of x and bT .

FIG. 4. The chiral-odd GPDs in impact parameter space Eū=P
T ðx; 0; bTÞ and Ed̄=P

T ðx; 0; bTÞ in the light-cone quark model as functions
of x and bT .
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Here we write these combinations in the bT space as [60]

fTðx; 0; bTÞ ¼ HTðx; 0; bTÞ −
Δb

4M2
H̃Tðx; 0; bTÞ

¼
Z

d2ΔT

ð2πÞ2 e
−iΔT ·bT

�
HTðx; 0; tÞ þ

Δ2
T

4M2
H̃Tðx; 0; tÞ

�
; ð50Þ

FTðx; 0; bTÞ ¼ ETðx; 0; bTÞ þ 2H̃Tðx; 0; bTÞ

¼
Z

d2ΔT

ð2πÞ2 e
−iΔT ·bT

�
ETðx; 0; tÞ þ 2H̃Tðx; 0; tÞ

�
; ð51Þ

and the spin-orbit correlation

Fi
Tðx; 0; bTÞ ¼ −ϵijbj

∂

∂B

�
ETðx; 0; bTÞ þ 2H̃Tðx; 0; bTÞ

�

¼ iϵij
Z

d2ΔT

ð2πÞ2Δje−iΔT ·bT

�
ETðx; 0; tÞ þ 2H̃Tðx; 0; tÞ

�

¼ −i
ϵijbj
b

Z ðΔÞ2dΔ
2π

�
ETðx; 0; tÞ þ 2H̃Tðx; 0; tÞ

�
J1ðbΔÞ; ð52Þ

where

∂

∂B
¼ 2

∂

∂b2
; b1 ¼ bT cosϕ; b2 ¼ bT sinϕ; ð53Þ

and

JnðbΔÞ ¼
1

π

Z
π

0

dθ cosðnθ − bΔ sin θÞ: ð54Þ

In Fig. 5, we depict the x dependence of fTðx; 0; bTÞ for
the ū (left figure) and d̄ (right figure) quarks at fixed impact
parameter bT ¼ 0.5, 1.0, and 2.0 GeV−1, respectively. We
find that xfTðx; 0; bTÞ of the ū and d̄ quarks exhibit positive
tendency, and the large contribution is concentrated in

the region x < 0.4. As bT increases, the magnitude of
xfTðx; 0; bTÞ decreases, shifting the peak of the curve
toward smaller x region.
In Fig. 6, we present xFTðx; 0; bTÞ as a function of x

at different values of bT . Here, xF
ū=P
T and xFd̄=P

T remain

FIG. 5. xfū=PT ðx; 0; bTÞ and xfd̄=PT ðx; 0; bTÞ in the light-cone quark model as a function of x at bT ¼ 0.5, 1.0, and 2.0 GeV−1.
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positive and decrease in magnitude with increasing bT ,
similar to behavior observed in xfTðx; 0; bTÞ. Another
observation is that the sizes and shapes of xFū=P

T and

xFd̄=P
T are quite similar.
Figure 7 displays xFi

Tðx; 0; bTÞ as a function of x for
different bT values, where we neglect the constant phase
factor (i) and take ϵij ¼ ϵ12. The distributions for both the ū
and d̄ quarks are negative. This observation highlights the
interplay between quark spin and orbital angular momen-
tum, as described by the term ϵijbj ∂

∂B ðET þ 2H̃TÞ.
In Fig. 8, we plot xFi

Tðx; 0; bTÞ as a function of x at fixed
bT ¼ 1.0 GeV−1, varying ϕ values (20°, 30°, and 60°).
Among fT , FT , and Fi

T , FT exhibits the largest magnitude,
reaching up to 0.004. In contrast, Fi

T is notably smaller
compared to FT .
As there have been no calculations for the chiral-odd

GPDs of sea quarks using other models, nor for the chiral-
odd GPDs of valence quarks using the baryon-meson
fluctuation model so far, we compare our results to
those for the valence quark with other model calculations
for qualitative and quantitative discussion. Our model

calculations show that the chiral-odd GPDs for sea

quarks Hū=P
T and Hd̄=P

T are zero. On the contrary, Hu=P
T

and Hd=P
T are nonzero for valence quarks, as shown in

Refs. [44,56–58].
In Ref. [57], the chiral-odd GPDs of valence quarks

were calculated in the light-front constituent quark model
(LFCQM). We observe that the signs of H̃q̄=P

T and Eq̄=P
T in

our model differ from those of H̃q=P
T and Eq=P

T in Ref. [57],
where H̃T or ET for u and d quarks have opposite signs,
while the signs of these GPDs for ū and d̄ quarks are the
same in our model. In addition, it is found that the sizes
of H̃d=P

T and Eu=P
T can reach to 2.6 and 9.0, respectively,

which are larger than the sizes of H̃u=P
T and H̃d=P

T (1.7 in
maximum) and Ed=P

T (1.2 in maximum). In contrast, the

magnitude of Ed̄=P
T for the ū quark are smaller than those for

the d̄ quark in our model.
Furthermore, we find that the x shapes of H̃q̄=P

T and Eq̄=P
T

for sea quarks in our model are similar to those of the
two chiral-odd GPDs for valence quarks in Ref. [57].
The LFCQMwas also employed to calculate the chiral-odd

FIG. 7. xFiū=P
T ðx; 0; bTÞ and xFid̄=P

T ðx; 0; bTÞ in the light-cone quark model as a function of x at bT ¼ 0.5, 1.0, and 2.0 GeV−1.

FIG. 6. xFū=P
T ðx; 0; bTÞ and xFd̄=P

T ðx; 0; bTÞ in the light-cone quark model as a function of x at bT ¼ 0.5, 1.0, and 2.0 GeV−1.
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GPDs for valence quarks in Ref. [56], where opposite signs
were found for H̃T of the u and d quarks and same signs for
Eu=P
T and Ed=P

T . In Ref. [58], the chiral-odd GPDs of valence
quarks were calculated using the light-front quark-diquark
model, showing agreement in sign and size for H̃q=P

T or
Eq=P
T of the u and d quarks as in Ref. [57]. Particularly, the x

dependence and ΔT dependence of these two chiral-odd
GPDs are similar to our results for sea quarks.
In Ref. [44], chiral-odd GPDs of u and d quarks were

explored using a parametrization based on the Reggeized
diquark model. It was found that Eu=P

T and Ed=P
T are

positive, while our results for Eū=P
T and Ed=P

T are negative.
In this model, H̃u=P

T is positive and H̃d=P
T vanishes. As a

comparison, H̃ū=P
T and H̃d̄=P

T are both positive in our model.
Finally, the chiral-odd GPDs in transverse impact param-
eter space were also calculated in Ref. [58], which showed
a similar bT dependence compared to our results.

V. CONCLUSION

In this work, we studied the chiral-odd GPDs of the sea
quarks within the proton using a light-cone quark model.
We utilized the overlap representation to express the chiral-
odd GPDs in term of the LCWF of the proton. The sea
quark degrees of freedom are generated by considering the
Fock states of the proton as a composite system consist
of a pion meson and a baryon, where the pion meson is

composed in terms of qq̄. Using the overlap representation
of LCWFs, we obtained the analytic results of the chiral-odd
GPDsof sea quarks at ξ ¼ 0. It is found thatHq̄=P

T ðx; 0;−Δ2
TÞ

vanishes in our model. Numerical calculations for
H̃q̄=P

T ðx; 0;−Δ2
TÞ and Eq̄=P

T ðx; 0;−Δ2
TÞ are performed for

q̄ ¼ ū and d̄, showing that these two GPDs are sizable,
and H̃q̄=P

T ðx;0;−Δ2
TÞ is positive while Eq̄=P

T ðx; 0;−Δ2
TÞ is

negative. We also calculated Hq̄=P
T ðx;0;bTÞ, Eq̄=P

T ðx; 0; bTÞ,
and H̃q̄=P

T ðx; 0; bTÞ, which are the distributions in the
impact parameter space. The numerical results demonstrate
that these distributions decrease with increasing bT . To
quantitatively examine the spin-orbit correlation effect
of sea quarks, we evaluated the combinations such as
HT −

Δb
4M2 H̃T , ET þ 2H̃T , and ϵijbj ∂

∂BðETþ2H̃TÞ. Among

them, ET þ 2H̃T , which describes the sideways shift of the
transversely polarized quarks in an unpolarized proton,
exhibits a maximum size of 0.004, showing that the spin-
orbital correlation of the sea quarks may not be neglected.
This study may provide valuable insights into the sea quark
distribution within the proton in both transverse momentum
and impact parameter space.
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