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The sin(2¢) azimuthal angular correlation between the transverse momenta of the scattered electron and

the recoil proton in the ep — ¢'p’n® 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) F, [18-22]. By
simply altering the shape of the Wilson line within the
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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
F{, [26-30]. Meanwhile, the quark GTMD F7{ , 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 F{, in the Dokshitzer-Gribov-Lipatov-
Altarelli-Parisi (DGLAP) region [35-37]. This process
involves exclusive z° production in collisions of unpolar-
ized electrons with longitudinally polarized protons. The
observable is the average value of the sin2(¢; — ¢, )
azimuthal angular correlation between the transverse
momentum (/) of the scattered electron and that of the
recoil proton (A ), 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 (d + 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 and breaks 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 ¢(z) has a quadratic dependence on the
holographic variable z and is multiplied by the dilaton scale
parameter x (of the order of a few hundred MeV):
¢(z) = exp(—«?z?). 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 transverse momentum dependent
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 wunpolarized 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 (F{ ~ 1/Q% Fi~1/Q% at large 0?) 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 DE;), 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 uy = 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 z° 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
7' PRODUCTION

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

e(l) +p(p.2) = () +e(I') + p(p". 7). (1)

as shown in Fig. 1. Here p (p’) and A (1) denote the
momentum and helicity of the initial (final) proton,
respectively, [ (I') denotes the momentum of the initial
(final) electron, and [, the produced z° momentum.
Following the definition of the light-front vector compo-
nents, i.e., v = (v, 07, v,) = (70%”0% v, ), they can
be expressed as

Hadronic plane

s

Leptonic plane

FIG. 1. Kinematics of the exclusive z° production in electron-
proton collisions.
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Here we neglect the pion mass (I2~0) to simplify
calculations. P = (p’ + p)/2 denotes the average momen-
tum of the initial and final protons. The skewness variable
is defined as

E=(p =p")/(pT+p")=-A%/2P") =xp/(2—x3),

with xg = Q?/2p-q the Bjorken variable and Q? =
—q* = —(I = I'). The momentum transfer squared is

dz~ d Z1
(27)*

lkZ<

wiicekoA) = [

t=A=(p' - p)? =-(48M° + A7)/ (1 - &),

where A | 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) =—-A,/2 and p', = A, /2, respectively. Finally,
y=p-q/p-1=~Q?/xp- s, represents the lepton momen-
tum loss in the target rest frame.

The validity of the sin2(¢;,, — ¢, ) 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 |7|, we focus on
the valence quark region £ ~ 0.1, where six leading-twist
quark GTMDs contribute to the process. At fixed light-
front time z™ = 0, the quark GTMDs can be parametrized
by the off-forward quark-quark correlator [23].

AN (=2/2)TW 2w (2/2) | P, M+ o (5)

where W_. 5 . /5 is a Wilson line that ensures the color gauge invariance of the bilocal quark operator. I' represents one of

the leading twist Dirac y-matrices {y ™,y "ys, io/Tys}, which corresponds to the unpolarized, longitudinally polarized and

transversely polarized quarks, respectively.

In this work, the parametrizations of Eq. (5) for I' = y*,y"ys are relevant. In the notation of [23], they read

. 1 otk lGHAl ici ki Aj
W,[ly',l]_wu(l? ﬂ/)[Fm‘f' = Fio+ 5 Fi3 +#F1,4}M(‘Uﬂ1)
1 . .
N m{ [M‘SM ) (AA] + lAiﬁ-N} Fiy+ (1=8) (kY +ik3)5_y 1F 12
5 Lo lellkl A E 1
+ (1 =&)AAL +iA)6_y F 153 +———5— |AMb; ; - 5 (A +idA%)S_y )| Fraps (6)
+ 1 i€ ki, A 10”7/ ki ictysAl L |
Wi :W”(P’,/w{ LM2 LG Lt P+5 =Gia + Pi =G5+ it ysGra|u(p,2)

o AT
e k' A}

1 1
NN M?

|:M6)/,ﬂ - 5

(AL + iAi)é—/l’,ﬂ:| Giy+ (1-&) (kY +i2k)6_y ,G1»

(1= &)(AL + i182)5 G + {zml - (AL +i2a1)s }G} )

GTMDs generally depend on (x,& k%, A% k, -A)),
omitted here for brevity. They have been computed in
various models [18,20,21,85-94], Of particular importance
are F;, and G;;, which characterize nucleon spin
structure. Besides defining canonical OAM via F'| 4, both
Fi, and G;; 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 ReF, is closely related to the
distribution of unpolarized quarks in a longitudinally
polarized nucleon with ReG;; 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 J* = 4+1/2 and spin-0 diquark is [97-100]

S)E = dxd’ky = (0 k L xPtk k)| = sag Ptk 8
lgS)™ = SN EMES J_>|+§ s XPT k) +yZ,(x, J_)|_§ s;xPT k)|, (8)

where [1,45;xP" .k, ) represents the two-particle states
consisting of a struck quark with the helicity 4, = £1/2
and a scalar diquark with the helicity 1¢ = O (singlet). The
LFWFs wﬁq ,(x.k ) defined at the initial scale y, with the

proton helicity 4 = 4+1/2 are given by [65,96]

i k) = o) (v k),
kb +ik3
l//irq(kai) T¢ (x k).
k' —ik?
Vigleky) = S (k)
vy (nky) = ¢y (k). 9)
where
4z /q,(x) + Ag,(x
0 () = 22 [T RGL, [y
k2
X exXp [—T’?Dgl)(x)}, (10)
1 4n qy (x) - Aqy (x)
Mr/)(f) (xky) = ¢ fdj) (x)
k2
X exp {—2—;21);” (x)] . (11)

Here, ¢, =1 and ¢; = —1; ¢,(x) and Ag,(x) 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 functions D(qi) (x) with
q = u,dandi = 1, 2 need to be determined by the soft-wall

AdS/QCD. In general, the parametrizations for D<q1) (x) and

DSIZ) (x) are different, since the LFWFs parametrized 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 proton mass M and
the dilaton scale parameter x are related in our model by

M = 2+/2k [52-54], where k = 350 MeV [57,58].

The wave functions ¢>£,1>(x,k 1) and gbfiz) (x,k,) 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 n,, and the

axial charge g4 of u and d valence quarks in the proton:

» 2
[ o { e S 7 k)2 = 00,

(12)
[ W S )
(13)
» 2
/ dx/dkl{ ,kL)]2+%[¢(qz)(x’kL)]2}—nq’
(14)
> 2
/ /dkl{ ,kj_)]z—%[(]ﬁg)(x’kj-)]z}:gg”
(15)

where n, =2 and n,; = 1.

B. PDFs and form factors

The valence quark PDFs are defined as the difference
between the quark and antiquark components [g,(x) =
q(x) — @(x)]. In this work, at the initial scale uq = 2 GeV,
we parametrize the unpolarized PDFs using a generic
template function [103-106]:

xit, (x)
xd,(x)

= A x%(1 = x)P(1 +y,v/x+6,x), (16)
=A% (1 = x)Pi(1 +y,/x+8,x),  (17)

and parametrize the helicity PDFs using a function with as
few parameters as possible [107]:
xAu,(x) = B,x"xu,(x), (18)

xAd,(x) = Byx%xd,(x), (19)
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TABLE 1. Parameter values of valence quark PDFs.
Parameters u quark (g = u) d quark (¢ = d)
A, 2.120 £ 0.034 5.428 £0.105
a, 0.554 4+ 0.004 0.744 4+ 0.005
By 4.159 + 0.006 6.678 £ 0.018
Yq —0.486 £ 0.053 —-440.018
d4 5.665 +0.076 7.938 +0.058
B, 0.936 £+ 0.004 -0.932 £0.013
a 0.427 + 0.003 0.555 +£0.01

where the normalization constants A, are given by the
valence number sum rules in Eq. (12). Therefore, there are
six free parameters (a,, By, ¥4> 04 By» a,) for the u and d
valence quarks, respectively, which are fixed by simulta-
neously fitting Egs. (16) and (18) [Eqgs. (17) and (19)] to the
NNPDF4.0 parametrization [108] for u,(x) [d,(x)] and the
NNPDFpoll.1 parametrization [4] for Au,(x) [Ad,(x)] at
1o =2 GeV. We select 999 data points in the interval
0.001 £x <£0.999 with a step size of 0.001. The best

0.8 T T

NNPDF4. 0 NNLO
—— this work
uncertainty band

0.35 T T
NNPDF4. 0 NNLO
0.30 F [—— this work
uncertainty band
0. 25
—~ 0.20
Z
_o>
< 0.15

0. 00

0.001

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 xg,(x) (left panel) and xAgq,(x) (right panel) at
o = 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 xg,(x) [108] and the NNPDFpoll.l para-
metrization of xAg,(x) [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 ¢, (x) and Ag,(x)
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 Dgl)(x) in
Egs. (10)—(11), which encode part of the x-dependence

of LFWFs, can be modeled. In Ref. [96], DE,I) (x) is related
to the profile function f,(x) as

0. 40 T T

NNPDFpoll. 1 < i
0.35F | this work SA

uncertainty band

0.03 T T
0.00 — o
-0.03F .
C)
~ - L i
3 0. 06
=
-0.09 i
NNPDFpoll. 1
0121 |—— this work NP .
uncertainty band N~
-0. 15 L 1
0.001 0.01 0.1 1

X

FIG. 2. The fitted results for u (upper panel) and d (lower panel) valence quark PDFs xq, (x) (left panel) and xAgq, (x) (right panel), as

parametrized in Egs. (16)—(19).
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_log1 = (£,(x) (1 = v

(D —
Dq (x)_ (1—x)2 s

(20)

where f,(x) is determined from the quark PDFs ¢,(x) by solving the differential equations with respect to the x
variable [96]:

1, (1) = [, () (1= 2)*(1 + 2, + (1= x)2(1 = 4n,) + 20,(1 = x)*)]". (21)
@) = |<£al)1 =0 (54 200 (=27 (5= 4na) + 20400 =04 22)
and D\ (x) is defined as [65]
D (x) = o, (x)D} (x), (23)
where o, (x) is parametrized as
0, = NyeTrx% (1 = x)Pa. (24)

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

J&dxu,(x) -2
2

F®) = T T 2m, + (1 =021 —dmy) + 2m (1 =27

(25)

falx) = : (26)
—(1 = x)* 3+ 214 + (1 = x)*(5 = 4na) + 2n4(1 — x)*]

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

functions,

-1 A
_ u (1 — Pu 1
f“(x)‘<1—x>4[1+<1—x>2<1—4nu>+2nu+2<1—x>4nu]{1+au+ﬂu{ (1 =) Pected,
+ (Ut ay+ b+ ad)B(xay 1+ 4,) + (1 +a+B.)r.B (x,%wu, 1 +ﬂu>] —2}, (27)
_ -1 A4 (1 — NPy vay
f"(x)<1—x>4%+<1—x>2<%—4nd>+znd+2<1—x>4nd1{1+ad+ﬂd{ (L= x) et
+ (14 ay+fa+ aiby)B(x, a5, 14+ B4) + (1 +ay +ﬂd)7dB<xv%+adv 1 +/3d>] - 1}’ (28)

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

@) = A " gl Re(2) > 0, (29)

B(x; p, q) :Axdtﬂ"l(l el 0<x<l. (30)

The results for DSII) (x) and g, (x) in Eqgs. (20)~(21) are obtained at leading twist z = 3. The parameters 7, = 21, + 17, and
Na = 21, + n, are the linear combinations of the nucleon couplings 7,y with vector field related to the nucleon anomalous

magnetic moments ky, where 7y = kyk/ (2\/§M) [57,58]. Here we adopt the same values as in Ref. [96], i.e., 7, = 0.211
and n, = —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 F{ ,(—

t) in terms of

LFWFs and fit the analytical results to the data at yy = 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

/ /16 SUAHEN JBI7aMEN THERAMEN P]7as

g(x. kL))

(22
gt (x)e™" @ 4 gz (x)e= W1 = 47 (x)], (31)

Fy(-1) =

A‘ —1A2 16 3

_ 16\/§cq\/'613(x)q;(x)\/l)gzl)(x) e

where

q,(x) + Agq,(x)

i) = 2B )
téij)(x) _ A_ﬁ_ DSP(x)DS]j)(x) —x)2, (34)

2 D) (x) + DY (x)

and k) =k, +A; (1 —x). We consider the reference
frame where 7 = (0,0,A ) and —t = A3 > 0. Since con-
straining the parameters solely through F?(—t) is not
enough to reliably describe the A% -behavior of the model,
we obtain the best results with uncertainties for the
parameters by performing a simultaneous fit of the ex-
pressions in Egs. (31) and (32) to the data [102] on the
flavor decomposition of the nucleon form factors:

N, = 50.440 £22.035, 7, = 38.557 +3.263,
a,=0, B, =—3.891%0.329;

N, = 0.081 == 0.045,
a, = —0.820 £ 0.174,

Ya= 0,
ps=0485+£1.153.  (35)

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
Fi(—t) (left panel) and Fi(—7) (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 py = 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 = 0, the
quark anomalous magnetic moments: k, = F5(0) =
1.979 £0.179 and «,; = F§(0) = —2.274 £ 0.219 are
10%—-20% larger than the results in Refs. [57,58] in

g (e K g (ke ) 4wy (x K yr”

(x, k)]

), (32)

[
absolute terms,
symmetry.

where the latter is based on isospin

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

1 1
=2 / dxx[HY(x,0,0) + E4(x,0,0)]
0

= ;Al dxx(q,(x) + E¥(x)]. (36)

and the quark internal spin S7 is given by

1 /1 . I [l
S(ZI = _/ dng(X, 07 O) = _/ dquv(X). (37)
2 0 2 0

Thus, we obtain the quark kinetic OAM

Lf{=Ji-5!
- %[ dx{x[H%(x,0,0) + E¥(x,0,0)] — H%(x,0,0)}
1 [ ,
=5 /0 dx{x[q,(x) + E4(x)] = Ag,(x)}. (38)

In addition, the quark canonical OAM is defined by
the Wigner distribution p; (b, .k, ,x) (or k,-moment of
the GTMD F 4(x, O,ki,0,0)) [20], which represents the
distribution of an unpolarized quark in a longitudinally
polarized proton:
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2.0 T T T T T T T
3 o Diehl 13
this work
1.6 uncertainty band| -

Fl(=t)

1.0 T T T T T T T

E o Diehl 13
0.8 this work |
. uncertainty band

FIG. 3.
panel) in the light-front quark-scalar-diquark model.

1
I —A dx/dszdsz(bL xky)pruby.k,,x)

1 k2
—A dx/dszA/IleM(x,O,ki,O,O)

— %/1 dx(1 = x)(q,(x) = Ag,(x)).

0

(39)

Another relevant property is the quark spin-orbit corre-
lation, which is defined by the Wigner distribution
pur(by .,k ,x) [or the k,-moment of the GTMD
G1(x,0,k%,0,0)] representing the distribution of a lon-
gitudinally polarized quark in an unpolarized proton [18]:

1
Cg:/ dX/dszdzbl(bl Xkl)szL(bl,kLyx)
0

1 k2
:/0 dx/dszﬁlzGl,l(x,O,ki,0,0)

1

1
- _EA dx(1 - x)(q,(x) = Ag,(x)). (40)

The fitted results for u (upper panel) and d (lower panel) valence quark form factors F{(—

2.4 T T T T T T T
o Diehl 13
2.0k this work 4
uncertainty band

2.1 o Diehl 13 1
this work
2.4 uncertainty band| T
72- 7 1 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
-t [GeV?]

1) (left panel) and F1(—1) (right

We find that it is opposite to the canonical OAM [7:

c?=-1, (41)
due to pyr (b ki, x)=—prylbr.ky,x) (or Gyp;(x,0,
k%,0,0) = F| 4(x,0,k%,0,0)), 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 n, and axial charge g
can also be expressed in terms of the Wigner distributions
(or k | -integrated GTMDs) as follows [18]:

!
ng :/ dx/dzblaakj_/)UU(xabJJkJ_)
0o .

1
_ / dx / Lk Fy(x,0.62.,0,0),  (42)
0
1
_ / dx / b, &k py (x.b k)
0
1
= ()/‘ LiXTJ/ﬁ Ci (;1 4(X, () }k_Ls () ()) (113)
0
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TABLE II. Valence quark angular momentum properties.
Properties LCCQM [18] LCXQSM [18] This work
JY 0.569 0.566 0.232 £ 0.008
Je —0.069 —0.066 —-0.029 £ 0.018
Sy 0.498 0.574 0.348 £ 0.003
s¢ -0.124 —0.143 —0.117 £ 0.003
L? 0.071 —0.008 —0.116 £+ 0.009
L? 0.055 0.077 0.088 £0.018
I 0.131 0.073 0.584 + 0.003
I —0.005 —0.004 0.539 +0.002
Cc 0.227 0.130 —0.584 +0.003
c? 0.187 0.109 -0.539 £ 0.002

where pyy(b .k, ,x) represents the distribution of
an unpolarized quark in an unpolarized proton, and
pri(by, k|, x) represents the distribution of a longitudi-
nally polarized quark in a longitudinally polarized proton.
|

dor _ (N e
dtdQ*dxgddp  2N*(1

1 atmar f26° A1
&)1 +¢)

=1+ (1-y)?

In Table II, we list the numerical results of the valence
quark angular momentum properties (J7, LZ, S?, [Z, C?) and
compare them with those from the light cone constituent
quark model (LCCQM) and the light cone version of the
chiral quark-soliton model (LCAXQSM) [18]. We find that
most of the results show significant differences, which arise
from the differences in the magnetization PDFs E? (x) related
to the quark anomalous magnetic moments «, and the
helicity PDFs Ag,(x) related to the quark internal spin S7
among different models. It is worth noting that in our model,
Agq,(x) are obtained from fitting to the NNPDFpoll.l
parametrization, and the parameters of E7 (x) are determined
through the fitting of flavor form factors.

IV. THE sin(2¢) AZIMUTHAL ASYMMETRY

In Ref. [34], the cross section for the exclusive 7°

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

{[|711+911|2+|f14+g14|2+2 |712+912|}

+cos(2g)al—|F i1+ Gia* + [ Fra+ Gial*l + Asin(2¢)2aRe[(iF | 4 + iGy 4)(F} | + gT.l)]}’ (44)

where N. = 3 is the number of quark colors, a., = 1/137 is
the running coupling constant of electromagnetic interaction,
a; is the running coupling constant of strong interaction and
is set to 0.3, f, = 131 MeV is the z° decay constant,
¢ =1, —pa,, and a =2(1 = y)/[1 + (1 = y)?]. The no-
tations F,, and G, with m =1, 2, 4 represent the
convolutions involving the GTMDs F, ,,, G, and the z°
distribution amplitude (DA) ¢, (z), which are specified as

1 I )1
Fui= [ [ aeF e A ;f PRGN

1+22
Fro= [ ax [ Feean)-) o)
(46)
1 - 1+
.7:1_4 _/_1 dXA dZFEL)‘(xvéa Al)x‘}; 2( & )2 ¢7[( )
(47)
1 1L 2 4 9,2 2
g1 = /_] dxA deﬂ(x, g, AL)MQ%(Z)’
(48)

2 2 2 2
glz—/ dx/ e an(-g)t 2
X $a(2). (49)

X487+ E - 2x% 7 + x?
o= [ ax [ a6l RS
¢ z
X ¢(2), (50)
where
2\ G
Z(n) _ 7 k V2\3 3/ 1m
’ ’A - dk ’
Fimx8. A1) / l<M2> (x+(§—te) (x—E+ie)?
(51)
withn =0, 1. f%, and f¢, 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 ¢,(z) is taken as the
asymptotic form 6z(1 — z), where z denotes the longitudinal
momentum fraction of z° carried by the outgoing quark. This
choice allows our calculations to clearly demonstrate the
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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 pion DA. Furthermore, most of the existing
experimental measurements and the theoretical calculations
of the exclusive 7° production use the asymptotic pion DA as
the standard input. Adopting this widely accepted form
enables our predictions to be directly compared with 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 Egs. (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 from

Jodz to [, ]2<I;iQZ/ o dz [114], where (p%) represents the
|

f(x) f(x)

mean-squared transverse momentum of the quark inside the
pion and is fixed as 0.04 GeV? [34]. On the other hand, the
interplay between the singularities of quark GTMDs at x =
+¢ and the double poles at x = £ in Eq. (51) also leads to
divergence, which can be addressed by shifting the double
poles from 1/(x F&+ie)? to 1/(x FEF (P3)/0* +
ie)? [115]. The integration range [—1,1] for x can be
divided into three regions [85,116,117]: (i) the DGLAP
region —1 < x < —¢ for the distributions of antiquarks,
(i1) the ERBL region —¢ < x < & for the distributions of
quark-antiquark pairs, and (iii) the DGLAP region & < x <
1 for the distributions of quarks. Since this process is
sensitive to the GTMD F 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]

/""<x YT e

/ P YT

_in /f e f(x)8 (v — & (p2)/0Y)
— f(E+ (p2)/0)

§+——e
= lim |:/ o dx
e—0 £

- FE+ @YD [ f)
=& (p1)/0°) +L &

®%)
+—+e

(x=&-(p1)/0%)
£-1

+ f(E+ (p1)/0%)

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 G ; and the real parts of the ' 5, 7 4 and G 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]

/V/l e — Zl//i X k// (x’,kl),

(53)

/1}’/175] 16 — Z 21 X’ k”) (x/,ki). (54)

(T—e= /0o T Wlesares

(52)

I

The initial and final momenta (k’, and k') and longitudinal
momentum fractions (x” and x”) carried by the struck quark
in the DGLAP region £ < x < 1 are given by

AL . x+§
/ — _ 1_ AN h /:
K =k, —(1-X) 5 with  x e (55)
A -
and k’i:kl—f—(l—x”)%, with  x )lc zz (56)

respectively.

Using the parametrizations in Egs. (6)—(7) and the proper
helicity combinations of quarks and protons, we can
express the quark GTMDs in terms of the correlators

W% Here we further calculate the transverse moments
of these GTMDs in Eqgs. (45)—(50), and the corresponding
explicit expressions are
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F;nzﬂ{m VD Ve

(x)+D
2D (x') Dy e _ 2
on VOV e — ] (57)
[Dg (X’)+D
1— 24D(2) /D<2) /" D(2 ! 1 D(z) L
F?g)_gs(l—j) ) q<§>x ),+£2>q,,(X)(<z ,ﬁ) +(2>q,EX) \/—\/—" (e
Dy (X>Dq X [Dq (x >+Dq (x")]
+#
2,/2(1- &)

y {4Dﬁ,”<x'>D£f><x">+[Dé”(x’)( 1+:>+D @A+ QPG s

DY ()PP (x') + DY (x")?
2)

4D ()DY) (&) + DY (¥) (=1 + &) + DY (&)1 + P4V (o, ) S e
7 g (et . (58)
DY (DY (¥) + DY () }

0 _ VGOV G (1 + e

T P+ DT
x {[DP () (=1 + &) + DY (x")(1 + OP47? (¢, 2") + 4DP (¢ )DY (x")}, (59)

for the unpolarized quark, and

iy = i, (60)
@) (@) (o ) "
g1y _ V1-8 4D (X')Dy’ (x") +[Dyg () (=1+8) +DP (") (1+¢)? AN )
Gl’2 _8(—1—|—x) D(2> /D(z) " D(z) / D(Z) 7)
¢ (X)Dg" (¥")[Dg"(x') + Dy (x")]

< {4Dél’<x’>D£f’<x”>+[Dé”(x/)(—l+§>+D£f><x"><1+§>12r2 XoA) o S e )
2(1_52) D;l)(x’)[D(l)(x’)—l—D(z)(x”)]z ! ¢

). ra !
+4Df ()DL (x") + D 1 D) (= 1+§) SN OPT (X /—% far e } (61)
DY ("D () + DY ()]

G?4—2\/—52{\/D VD Ve

(+') +
ZD(Z) D(Z) o)
oo (,g )D (,, Ve )V (e +r<;2><x',x">}}, (62)
+
for the longitudinally polarized quark, where
" k2 n
?(m)(x’f?A_L)_/dsz_ <ﬁl2> T SR AT K - A ), (63)
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uncertainty band
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FIG.4. The average value of the azimuthal angular correlation sin(2¢) as a function of & for the EIC (left panel) and EicC (right panel)

kinematics after integrating over ¢ and t.

(i) < x" (x) 51 ( ) (1—)6)2

tg (X, x") = 2KD )+ D0 ) 1B (64)
FIV (x.£.A1) = Hi(x.&.1). (65)
G (x.e.A)) = Hi(x.£.1). (66)

B. Numerical results for (sin(2¢))

We now calculate the numerical results of the asymmetry
for the EIC and EicC kinematics, which is defined as
the average value of the sin(2¢) azimuthal angular
correlation [34]:

[ 425 sin(2¢)dP.S.
[FesdP.S.

(sin(2¢)) =

(67)

where dAc = o6(A=1) —o6(A = —1), and dP.S. = dedt.
The EIC and EicC kinematic correspond to /5., ~
20-140 GeV, Q*~1-10*GeV?, x~10* -1, y ~
0.01-0.95 [6,7] and /5, ~15-20GeV, 0*~1-10*>GeV?,
x~1073 - 0.7,y ~ 0.01-0.95 [8], respectively. We find that
the real part of the quark GTMD F; 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 ¢ over [0, 27 and ¢
over [-0.5, —4&2M? /(1 — £*)], we show the dependence of
the asymmetry on ¢ in Fig. 4. The left panel is the result for
EIC kinematics with 0> = 10 GeV? and , /5, = 100 GeV,
and the right panel is the result for EicC kinematics with
0% =3 GeV? and Sep = 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 ¢ 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 < £ < 0.15. our numerical results further confirm that
&~ 0.1 is a necessary prerequisite for the sin(2¢) azimuthal
asymmetry in exclusive z° 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 = Lo, (68)

where L denotes the integrated luminosity and o the total
production cross section. For electron-proton collisions at
the EIC, a total integrated luminosity of 10 fb=! is
anticipated, corresponding to approximately 30 weeks of
accelerator operation [6]. By contrast, the EicC is projected
to accumulate 50.5 fb~! under an 80% annual beam-on-
target duty cycle [8]. Using these luminosity values, we
estimate roughly 2.68 x 107 total generated events for this
process at the EIC and 6.74 x 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 z° (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 sin(2¢)) azimuthal angular correlation in the exclusive
7° 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
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GTMD F,, 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 ¢,(x) and Ag,(x) at the initial scale
1o =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 (sin(2¢)) 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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