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Chiral-odd generalized parton distributions of sea quarks
at £=0 in the light-cone quark model
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We study the chiral-odd generalized parton distributions (GPDs) of the # and d 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 |¢gB) Fock

states, we provide expressions for the GPDs I:I?/P(x, 0,1), H?/P(x, 0,1), and E?/P(x, 0, ) where ¢ = iz and
d. 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, H, E and four
chiral-odd (helicity-flip) GPDs Hy, Er, Hy, E;. The GPDs
depend on three independent kinematic variables, the
longitudinal momentum faction x of the parton, the square
of the total momentum transferred ¢, and the longitudinal
momentum transferred skewness &. In the forward limit, H,
H, H; 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
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chiral-odd GPDs are sources of the correlation between the
spin and OAM carried by quarks inside the nucleon [20,21].
Thus, they contain a wealth of information about the partonic
structure of the hadron. Through Fourier transform with
respect to the transverse momentum transfer Ay, 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 p® muon production by

scattering muons off the transversely polarized proton
showed a nonzero single-spin asymmetry ASn?S, 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 Hy. Theoretical studies of hard exclusive

pseudoscalar meson electroproduction [10,44-47], like 0
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and 7 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 yp 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 Hy 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 a QED model of
adressed 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 the Mellin moments of chiral-odd GPDs 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 GPDs Hy, E7, Hy, and E of the &t

|
_l/di
2] 2%

Flo (6 1)

ixPtz <P Nl

and d quarks at zero skewness using the overlap repre-
sentation. Then we calculate the chiral-odd GPDs of the
sea quarks at & = 0 where E; does not contribute, since it
is an odd function of £. 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 meson M and a baryon B, and ¢g are components
of the pion meson; the LCWFs of the proton can be
derived in terms of the |¢gB) Fock states, which have been
calculated in Ref. [70]. In this framework, the chiral-odd
GPDs of # and d can be obtained using these LCWFs.
Fourier transforming with respect to Ay, the chiral-odd
GPDs HY/P| E4/P H9/? in impact parameter space are also
given. Using these results, we present numerical results
for specific combinations of the chiral-odd GPDs

Hr — 25 Hy, Er + 2Hy, and €;;b; 5 (Er + 2Hy).

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,
2 A>
Z+

()

: (1)

=0,z7=0

where I is the Dirac matrix chosen from y*, yTys, ic'Tys (i = 1, 2), and A, A’ denote the target helicities in the initial and

final states.

For the chiral-odd case where I" = io'*ys, Fy io! “ can be parametrized as [71]
al J— Aty +AJ +od
[i i+ S] N A A Y PTAJ . P Y =~
Fo = 2P+ U(p A/)[aﬂH +7 i E; + e Hp - 7 E;\U(p,N)
i€ A . AAT /- , i€ AV (AA! +iA?)
= { o (Br+207) + M(ET—fET)}ﬁNﬁ {(&sz&n)HT— ST rloxn @)

Here, €'/ is the antisymmetric tensor with !> =
the momentum transfer to the proton with t = A? =

201, p=
—AZ, and £ = —AT/2P" is the skewness parameter.

(p + p’)/2 is the average proton momentum, A = p’ — p is

We use 1 (]) to denote the positive (negative) helicity of the proton. For i = 1, we have

1 lAz A
Ay . .
F,]Ti = HT +ﬁ(—ZA2)(—A] + lAz),

1 lAz Al
Flo=ou (2H7 + Er) - 2M( i — EE7), (3)
Fl, = Hp+ 5 (=ify) (A +id,). (4)

2M
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And for i = 2, we have

—iA ~ Ay o
2= I(ZHT+ET)+_2(ET—§ET),

F2 —_ "1
oM 2M
2 Hy ;
3= zHT—i—2 5 (IA1) (=4 +i4,),

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

. 1 1 2 2
A8y o Py = Fyy i+ F) )
M T2 2 ’
A2 . FL +F!, i(F} -F%)
2HT+2A;2HT N 5 iT+ le 1 , (8)
1 (2 2
Btidy g g Fiy - Fu+l(FM‘Fu) 9)
2M ’ 2 2 ’
A +id, Fu+F), i(F +F)
2T 0h, L E .
(10)

According to Ref. [72], GPDs can be related to the
following matrix elements:
77=0,z7=0

dz~
AA/M’,A,M :/g
(11)

where i’ and p denote the helicities of the active parton.
The operators O , in the definitions of the quark distri-
butions have been given in Ref. [72].

eiXP+17 <pl’ AI|OI4’_I4 (Z)

p.A) ,

—iA - Ay -
Fi, = 2M1 (2H7 + E7) _ﬁ(ET —¢Eyp), (5)
F?, =iH Ay iA) (A + A 6
1= T+2M2 (iA))(A) +idy). (6)

Similarly, for antiquark there is

_ i_
=5 = —gwo (L=yshy, (12)

O, ==qwo (1 +75)F = o (1 +yshy. (13)
Here, +(—) denotes the positive (negative) helicity of the
antiquark, which is different from the case for the antiquark
in Ref. [20] where +(—) 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 i and y 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

Flp = —(Axpa- +Ax-ap), (14)
F,z\/A = i(Ay-ar —Ania-)- (15)
Here, the relation ¢/ = —e'/ic/*y5 is used.

Within the light-cone approach, the Fock-state expansion
for a proton is expressed as

dx;d?k] SN l. ,»
ZﬂjH Jier 167 *6( ;x,)y(Zkfl)wn(x,»,krﬂ»ln;xip*,xim+kl,z,->.

J=1

Similar to the case of chiral-even GPDs [73], there are also contributions from the n — n diagonal overlap in the
kinematical regions £ < x < l and £ — 1 < x < 0. Therefore, Eq. (2) can be expressed through the overlap representation in

terms of the LCWFs as follows [59]:

- 5)(1—%>Z/de L
T

|
Fyp=

167 35< - Ej:xj>52 (; ki)é(x —-x)

X (X K Ay (s KL 20)630 23, (8.4, (0 = 2..m), (16)

F?\IA:l

M/Hd);gfﬂ6 35<I—Zx)62<2k]) x—x))

x sign(An)yn (X0 KL 2w (xi, KL 20)85 -1, 18,4, (0 = 2..m)), (17)
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where 1; (1)) represents the helicity of the initial (final) struck antiquark, and 4;(4}) 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,

IAA dx d K
e 2HT(xcft) / J‘16 35( Zx>52<2kj> x—xi)
[wn(x KL Ak (i, KL 2) — wfi(ﬁd-,ki,ﬂﬁ)wln(xnki%)} [Op2,(i=2...n)],  (18)
A2 n dx;d*k!
2HT+2M Tr(x, &, 1) = 1_'2/1_[ );6 = 16x 35( Zx>52<2k’> X —x;)
x [wifl(x;,kz,ﬂ')wl,w )yt (e K win(xi,ki,zi)} S (i =2, (19)
Ay +iA) - dx;d? kL 5 )
T( gET)(.X 5 t) /H 16 5 I—Zx 5 Zkl .X' xl
x [wii;(x;-,k’i,ﬂ;win(xi,ki,m—w£2<x;,ki,znwin(xi,kw] [62.4,(i=2...n)]. (20)
Al + 1A2 ~ dx d kL 3
7(2HT+ET)(X,§,f):— / 16 6 1—2.7( Zk/ X Xl

[uﬁ*(,,kwmn(x,,w>+w£2<x;,k’Mé)wi,l(xi,ki,ﬂ,-)}m (i=2..n)]. (21)

III. CHIRAL-ODD GPDS OF THE SEA QUARKS

In this section, we present calculations of the chiral-odd
GPDs for the # and d 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 meson M and a baryon B, where the
meson is composed of ¢g,

\p) = IMB) — [93B). (22)
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 # and d quarks.

The LCWFs incorporating sea quark components
derived from the model in Ref. [69] take the form [70]

A A
Wi, 6 Y Kerorr) =y (vorr)yy g, (x. v ker.rp), - (23)

) . .
where " (v, ry) can be viewed as the wave function

of the nucleon in terms of the zB components, and

Wi, (x,y,kg,rr) is the wave function of the pion in terms

of the ¢g components. Here, x and y represent the light-
cone momentum fractions, while k; and r; denote the
transverse momenta of the antiquark and the meson.

For l//ﬁg (y, rr) in Eq. (23), they have the expressions

Mg—(1—y)M
+ _ "B
l//+(y7rT) /1_y ¢1’

r+ir
l//ir()”l‘T):ll 21151,

-y

_r]—irz
l//+(y’rT) m¢lv
_ 1l—yM-M
very) = I, (24
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Here, M and My are the masses of proton and baryon,
respectively. ¢, is the wave function of the baryon-meson
system in the momentum space with the form

r? -
hivrn) =SB )

where m,, is the mass of 7 meson, g(r?) is the form factor
for the coupling of the nucleon-pion meson-baryon vertex,
and
Li(mz) = yM% + (1 = y)mz — y(1 = y)M*. (26)
The pion LCWFs in Eq. (23) have the following
expressions:

Vo (x v, krrr) = bs,
x(y = x)
k ik X r
wo_(x,y.kp.rr) = ( 2) —x(n 2)4)2,
x(y—x
ki + iky) = x(ry +ir
(v y. kg rr) :)’( 1 2) (r1 2)452’
x(y — x)
—m
Wff(x, vy, kT,rT) = —y¢2’ (27)
x(y = x)

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

), A1 =2
9(k) /5 (1 =3) o8

"~ (kr —%r)? + L3(m?)

¢2(.X', y’kT’rT) =

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

e (B e (R LAY

Here, g(r*) and g(k?) are the form factors for the coupling
of the nucleon-pion and pion-quark-antiquark vertex,
respectively, adopting a the dipolar form

2 m2
6?) = =g (1 - ) [’% tLilm) )

rr+ LA

x\ (kr— ;_Vch)z + L3(m?)
o)== (1=3) i aor O

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

iA1A2 - d’k 42r e )
2 - /16JTT 167z 7; ’Wﬁ y’k/T’r/T)W’%Mq-(x’y’kT’rT) —W,%ng_(X,y,k/T,r’T)u/Ier(x,y,kT,rT)}, (32)
Aply
d*k d*r " .
2HT+ /16”T/ 167z 7;’ /13/1 + x y’kT’r/T)W}”qu_(x’y’kT’rT) +Wzgiq—(x’y’k%’r/T)l//},LBiqﬁ»(xs y?kT’rT)i| P
(33)
Ay +iA, B d’ky JZ,.T re )
7 - o /1671' /167; Wi, - (X yykT,'JT)WIB/LIJr(x,y,kT,rT) _‘/’igﬂq—(x7y9k/Tv"/T)1//,%B,1q+(X,y’kT,i‘T)},
(34)
Ay +iA, &Py [ d? ,.T "
2M (2HT+ET / 1671' / 167[ 131 _ x y’kT’r/T)wIB/qur(x’Yva’rT)
+ wﬁ;}q_(x,y,k;,r;)ij(x, y,kT,rT)}, (33)
where
kKl =k ! A
T= T_E(l - x)Ar,
1
k/T :kT+§(l —X)AT (36)

are the transverse momenta for the final- and initial-state struck antiquarks,

034021-5



XIAOYAN LUAN and ZHUN LU

PHYS. REV. D 110, 034021 (2024)

(rr —kg)' = (rr

—kr) =3 (= DA, (37)

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

odd GPDs of the sea quarks as follows:

EYP(x,0.1) =0, (38)
HY(x,0,1) =0, (39)
. dy Y1 =y (1 =3’M>m[Mp - (1 - y)M]
AV (x,0.1 9292/ /de /dzr , 40
00 = ! ! y,"T’AT)Dz(f,kT—;—C"T’AT) o)
9192

EY"(x,0.1)

¥(1 = ¥)2(1 =23 {Mm[[M;y —

/ dy / ks / dry (41)

(1= y)MP? + 17 — (1 - y)AF]

—2M*m(1 —y)[Mg — (1 —y)M]}

D, ()’,"T’AT)Dz( kT__rT’AT) '

where

(42)

Divrredn) = | (=3 -9ar) 4 2d] fr 430 vare + 3] @)

T (O T 0% [ R BT e

Our results show that two chiral-odd GPDs of the
antiquarks E"T/ P(x,.f, t) and H[}/ P(x, &, t) vanish at zero
skewness.

E; does not contribute at & = 0 because it is an odd
function of &, consistent with our model calculation result.
As for Hrp, it reduces to the transversity distribution £, in
the forward limit,

HY" (x,0,0) = h9/" (x). (45)

“/ P and h/ are zero in our model. The sea quark
transvers1ty dlstributions 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 e*e™ annihilation data [79],

|

it was found that the & quark favors a negative transversity
distribution while that of the d 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 # and d flavors in one
expression, providing less constraint. The chiral-odd GPD
H7 can be constrained from independent measurements on
the transverse distribution /;(x) and the tensor charge
8q = [ dxh;(x), which can be evaluated from the integral
of the transversity distribution. Since /; 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 H; with
the forward limit constraint imposed can be fitted by

034021-6
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TABLE 1. Values of the parameters taken from Ref. [70].
Parameters i d
g 9.33 5.79
9 4.46 4.46
A, (GeV) 0.223 0.223
A (GeV) 0.510 0.510

comparing it with the experimentally extracted ;. How-
ever, in our calculation Hg/ P _ 0, which is a model-

dependent result and means that our result on A g/ P 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 g, and A, are fixed
by adopting the Gluck-Reya-Vogt leading-order (LO) para-
metrizations [80] to perform the fit for f ?/ ™ [or f?/ 2 (x)].
The Martin-Stirling-Thorne-Watt 2008 LO parametrization
[81] is adopted for f lf/ Pand f ‘li/ ? to obtain the values of the
parameters g; and Ag.

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
FI‘;/ P(x,0, —AZ) (multiplied by a prefactor x) of & and d
quarks as functions of the momentum fraction x and
the momentum transfer Az, respectively. We observe that
xH ‘?T/ F (x,0, —A%) is substantial, peaking around x = 0.08,
with a maximum magnitude of 0.4. In both cases of # and
d, xI:IL_}/ P and xﬁ‘é/ P are positive in the entire x and Ay
region. The peak of the curves shifts toward smaller x
region as Ar decreases.

0.60.0 ’

In Fig. 2, xE’_’T/P(x,O, —A2) of the # and d quarks is
plotted as a function of x and A;. The magnitude of
xEY/* (x,0,—A2) is similar to that of xA% " (x,0, —A2), but

its sign is negative. Similar to xI:IE}/ P, in}/ P and xEdT/ r
peak at lower x (0 < x < 0.1). For a fixed Ay value, xE%/”
and xE‘;/ P decrease monotonically with increasing Ar.

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

PAT i

HT(X, 07 bT) = (271_)2 e T THT(x’ 0’ t)’ (46)
d’A ‘

Er(x,0,br) = / WeﬂAT'bTET(x, 0.1),  (47)

2
Hy(x,0,b7) = / d—ATe—iAr'erT(x, 0.1). (48)
(27)?

Here, b; denotes a measure of the transverse distance
between the struck parton and the center of momentum of
the hadron. In our study, we set £ = 0, which means that the
momentum transfer occurs entirely in the transverse direc-
tion. In the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi
region £ < x < 1 [82], the impact parameter by 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 by. We observe that xﬂ%/ P and xé’?/ i
for it and d quarks peak at b = 0. To be specific, for any
given x, the peak of these curves decrease with increasing
by. Moreover, we find that the position of the peak is
located at similar x region for any given bz. In addition,
xﬂ;/ " and x?jlaTl/ " are positive, while xé"}/ " and xé'?/ P are
negative in the entire x and by region. For any given x and
by, the chiral-odd GPDs in impact parameter space of the d
quark is larger than that of the # quark.

i, 9% 0.3

0.60.0 ’

FIG. 1. The chiral-odd GPDs in momentum space H ?/ P(x, 0,-A2) and I:Ii/ P(x, 0, —A2) in the light-cone quark model as functions of

x and Ar.
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0.60.0 '

0.6 0.0 '

FIG. 2. The chiral-odd GPDs in momentum space Er}/ P(x, 0,—A2) and E&[T/ P(x, 0,—A2) in the light-cone quark model as functions

of x and Ay.

X "7 0.60.0

X "7 0.60.0

FIG. 3. The chiral-odd GPDs in the impact parameter space 'Fl?/ P(x,0.b7) and 7:{‘;/ P(x,0.by) in the light-cone quark model as

functions of x and by.

Similar to the chiral-even GPDs, the chiral-odd GPDs
also have an interesting interpretation in impact parameter
space. At £ = 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 Hp +%I-1T reduces to the transversity distribution
hy(x) in the forward limit. The corresponding distribution
in the impact parameter space Hy — 4A—”§’27%T relates to the
correlation between the transverse spin of the quark and the
spin of transversely polarized proton [20], where A, f is
defined as

0.60.0

o 0 o [, 0
Bpf = rier _4ab2<b abz)f. (49)

Similarly, E; + 2H; describes the transverse deformation
in the center-of-momentum frame due to spin-orbit corre-
lations. In the impact parameter space, &y 4+ 2Hy repre-
sents a sideways shift in the distribution of transversely
polarized quarks in an unpolarized proton. Furthermore,
Eg + 2H; is related to the Boer-Mulders function, and its
first moment can be interpreted as the transverse anomalous
magnetic moment of the proton k7 [21,83]. Finally, the
combination ¢;;b j% (7 + 2Hy) reflects the spin-orbit
correlation of quarks within the proton, contributing to
the spin density.

0. 000
-0.003
x€1 7" 9. 006
-0. 009

-0.012
0.

0.60.0

FIG. 4. The chiral-odd GPDs in impact parameter space SL_T‘/ P(x,0,b;) and E‘;/ P(x,0,b) in the light-cone quark model as functions

of x and by.
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Here we write these combinations in the b7 space as [60]

A, -
fr(x,0,b7) = Hy(x,0,b7) — 4—A;2HT(?C7 0,b7)

A, A .
= /ﬁe_lAT'bT |:HT(.X,O, t) +4—A;2HT(X, O, t>:|, (50)
FT()C, O, bT) = 5T(x, 0, bT) -+ ZﬂT(X, 0, bT)
d’A; _iArb -
= 2n) e A1 | Er(x,0,¢) + 2H7(x,0,1) |, (51)
and the spin-orbit correlation
i ij, 9 ¥
FT(X, O,bT) = _ejbja_B ET(x, O,bT) + ZHT(X, O,bT>
[ dPA ‘ -
= je'/ / (2;:)2 Aje_’A""bT [ET(x, 0,1) +2H7(x,0, t)}
ip; A)dA -
= —i%/( ;n' [ET(x,O, t) +2H7(x,0, I)} Ji(bA), (52)
where
0 0 .
B ZW’ b, = by cos ¢, by = bysing, (53)
and
1 [~
J,(bA) = ﬂ/) dO cos(nf — bAsin 9). (54)

In Fig. 5, we depict the x dependence of f(x,0,b;) for
the & (left figure) and d (right figure) quarks at fixed impact
parameter b7 = 0.5, 1.0, and 2.0 GeV~!, respectively. We
find that xf7(x, 0,by) of the & and d quarks exhibit positive
tendency, and the large contribution is concentrated in

0. 0020 T T T T T T T
— xf; "P(x,0,by), by=0.5GeV!

0. 0016 | = = xfy (%, 0,by) by=1. 0GeV "]
---- xfp VP (x,0,bp), b=2.0GeV!

0.0012 |

0. 0008

0.0004 ' _

0. 0000 | e -

0.0 0.1 0.2 03 04 05 06 07 0.8

|

the region x < 0.4. As

xfr(x,0,b7) decreases,

toward smaller x region.
In Fig. 6, we present xF(x,0,b;) as a function of x

by increases, the magnitude of
shifting the peak of the curve

at different values of by. Here, xF L_}/ " and xF ‘;/ ” remain

0. 0020 e e
—— xf; ¥ (x,0,by) . by=0. 5GeV!
0.0016 | — = xf; "(x,0,by), br=L. 0GeV!
- xfp Y7 (x,0,bp), by=2. 0GeV !

0.0012
0.0008 |
0.0004 .

0. 0000 [

0.0 0.1

FIG. 5. xfl_}/P(x, 0,b7) and xfi/P(x, 0,by) in the light-cone quark model as a function of x at b; = 0.5, 1.0, and 2.0 GeV~!.
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0. 005 T T T T T T T
— xF; “P(x,0,bp), by=0.56GeV!
— — xF; “P(x,0,by), by=1.0GeV"
0.004 T ( v by 1
- xF; YP(x,0,by), b=2.06eV!

0. 003
0.002 .

0.001

0. 000

0.0 0.1 0.2 0.3

0. 005 T T T T T T T

xF; YP(x,0,by), by=0.56eV"
— — xF; 7 (x,0,b) . b=1.06eV""]
- xPp YP(x,0,by), by=2. 0GeV

0.004

0. 003
0. 002

0. 001

0.000

0.0 0.1 0.2 0.3

FIG. 6. xFL;/P(x, 0,b7) and xF‘;/P(x, 0,b7) in the light-cone quark model as a function of x at by = 0.5, 1.0, and 2.0 GeV~'.

positive and decrease in magnitude with increasing by,
similar to behavior observed in xf7(x,0,b7). Another
i/P
T

observation is that the sizes and shapes of xF; "~ and

d/P . ..
xF;" are quite similar.

Figure 7 displays xF%(x,0,b7) as a function of x for
different by values, where we neglect the constant phase
factor (i) and take €/ = €'?. The distributions for both the &
and d quarks are negative. This observation highlights the
interplay between quark spin and orbital angular momen-
tum, as described by the term eijb; % (ET + 27:(T).

In Fig. 8, we plot xF%(x, 0,b7) as a function of x at fixed
by = 1.0 GeV~!, varying ¢ values (20°, 30° and 60°).
Among f7, Fr, and F’., Fy exhibits the largest magnitude,
reaching up to 0.004. In contrast, F. is notably smaller
compared to Fy.

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

0. 0000
0. 0002 1
-0. 0004 F :
-0. 0006 |

-0. 0008 |

-0.0010 F - XFi¥P(x,0,b;), by=0.56eV ]

— — xFi “"(x,0,b;), b=1.06eV"

-0.0012 F T
xF} P (x,0,b;) ) by=2. 0GeV™"
~0.0014 L L L L L L L
0.0 0.1 0.2 0.3 0.4 05 06 07 0.8
X
FIG. 7.

calculations show that the chiral-odd GPDs for sea

ii/P d/P P
quarks HY" and H%" are zero. On the contrary, HY/
d/P .

and HT/ 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 H ?/ P and E‘%/ Pin
our model differ from those of A%" and E¥/" in Ref. [57],
where H; or E; for u and d quarks have opposite signs,
while the signs of these GPDs for & and d quarks are the
same in our model. In addition, it is found that the sizes
of I:I?/ P and E;/ P can reach to 2.6 and 9.0, respectively,

which are larger than the sizes of I:I;/ ? and I:I‘;/ (1.7 in
maximum) and Ei/ P (1.2 in maximum). In contrast, the

magnitude of EGTI/ " for the @ quark are smaller than those for
the d quark in our model.

Furthermore, we find that the x shapes of H ?/ P and Eq}/ i
for sea quarks in our model are similar to those of the
two chiral-odd GPDs for valence quarks in Ref. [57].
The LFCQM was also employed to calculate the chiral-odd

0.0000 |
-0.0002 F\,
—0. 0004 |
—0. 0006
—-0. 0008 _
- xFl ¥ (x,0,b;), by=0.56eV
-0. 0010 | — — xFlL 77 (x,0,by), by=1.0GeV"
XFE Y7 (x,0,by) . by=2. 0GeV™!
_0. 0012 1 1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 05 06 07 0.8

X

xFiTu/P(x, 0,b7) and xFiT‘}/P(x, 0,by) in the light-cone quark model as a function of x at by = 0.5, 1.0, and 2.0 GeV~!.
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- XFE VP (x,0,by), $=20°]
— = xFlVP(x,0,by), ¢=30°

-0.0012 | T 1
— xFi P (x,0,b,), ¢=60°
~0.0014 L L L L L L L
0.0 0.1 0.2 0.3 0.4 05 06 07 0.8

X

0. 0000

-0.0002 [

-0. 0004

—0. 0006 | b
- xFL 9P (x,0,b,), ¢=20°
—-0. 0008 | — — XF{- da/p (x, 0, bT) , $=30° N
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X

FIG. 8. xF™"(x,0,b;) and xFi¥/"(x,0,b;) in the light-cone quark model as a function of x at ¢ = 20°, 30°, and 60°.

GPDs for valence quarks in Ref. [56], where opposite signs
were found for H of the u and d quarks and same signs for
EY" and E¥/" . 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 I:I?/ P or
Eg/ P of the u and d quarks as in Ref. [57]. Particularly, the x
dependence and A; 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
u/P d/P
7 and EY
positive, while our results for E”_}/ P and E‘;/ P are negative.
In this model, A4/°
comparison, H L_}/ " and I:IGTI/ P 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 by dependence compared to our results.

diquark model. It was found that E are

. .. ~d/P .
is positive and HT/ vanishes. As a

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 ¢g. Using the overlap representation
of LCWFs, we obtained the analytic results of the chiral-odd
GPDs of sea quarks at £ = 0. Itis found that H%/” (x, 0, —A2)
vanishes in our model. Numerical calculations for
AP (x,0, —A7) and EY"(x,0,-A2) are performed for
g = u and d, showing that these two GPDs are sizable,
and HY/"(x,0,—A3) is positive while EY/"(x,0,-A3) is
negative. We also calculated H%” (x,0,b7), E¥/F(x,0.by),
and ﬂ‘_’T/ P(x,0,b;), which are the distributions in the
impact parameter space. The numerical results demonstrate
that these distributions decrease with increasing by. To
quantitatively examine the spin-orbit correlation effect
of sea quarks, we evaluated the combinations such as
Hyr — fﬁﬂr, ~5T +2Hy, and eijbja%(é’r+2ﬂ7). Among
them, &7 + 2Hy, 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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