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Within the basis light-front quantization framework, we systematically investigate the subleading-twist
(twist-3) generalized parton distributions (GPDs) of the proton’s valence quarks beyond the Wandzura-
Wilczek (WW) approximation. The twist-3 GPDs are not independent; through the equations of motion
they decompose into a nongenuine contribution and a genuine twist-3 term. The latter encodes quark—
quark—gluon correlations and involves interference between the light-front Fock sectors |gqq) and |gqqg),
which are typically neglected in the WW approximation. Using light-front wave functions obtained from
diagonalizing the proton light-front Hamiltonian for its |¢gq) and |gqqg) Fock components, we compute
these GPDs via their overlap representations. To further explore their physical implications, we also
evaluate several twist-3—related quantities, including the quark orbital angular momentum, the total quark
spin contribution, and the quark spin-orbit correlation. Our results provide new nonperturbative input on
higher-twist dynamics particularly multiparton interference effects relevant for future measurements at the

EicC and the EIC.

DOI: 10.1103/1yjm-sqck

I. INTRODUCTION

One of the most intriguing problems in modern physics
is the exploration of the proton’s internal structure and its
spin puzzle, both experimentally and theoretically (see
Refs. [1,2] and references therein). A powerful tool for
probing the proton structure is deeply virtual Compton
scattering (DVCS), in which a quark absorbs a virtual
photon emitted by an electron, promptly emits a real
photon, and then returns to the proton. This process has
been measured in numerous experiments, including JLab
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CLAS [3-6], JLab Hall A [7,8], HERA H1 [9-11], HERA
ZEUS [9,12], and HERA HERMES [13,14]. Further
measurements are anticipated at the future Electron—Ion
Collider (EIC) [15] and the Electron—Ion Collider in China
(EicC) [16].

A variety of distribution functions describe the proton’s
internal structure at the partonic level. For hard exclusive
processes (e.g., DVCS), generalized parton distributions
(GPDs) are employed, providing access to the proton’s
three-dimensional structure. GPDs have attracted signifi-
cant interest because they are related to conventional
observables while encoding much richer information. In
the forward limit (A — 0), one recovers the ordinary parton
distribution functions (PDFs), which describe the longi-
tudinal momentum distributions of quarks and gluons in the
proton. Conversely, integrating GPDs over the longitudinal
momentum fraction yields the electromagnetic form factors
(FFs), which characterize the proton’s charge and mag-
netization distributions.

Several theoretical studies of proton GPDs have been
carried out using a wide range of QCD-inspired models,
including the bag model [17,18], soliton models [19-21],
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constituent quark models (CQMs) [22-26], light-front (LF)
quark—diquark models [27-31], meson-cloud models
[32,33], and approaches based on AdS/QCD [34-39].
Additional progress has been made within LF quantization
frameworks [40-45]. At the same time, Euclidean lattice
QCD has emerged as a promising first-principles frame-
work for computing GPDs [46-57].

However, most of the studies mentioned above focus on
the leading-twist (twist-2) level. Twist-3 contributions are
often considered subleading because they are suppressed by
afactor of 1/Q in physical observables, where Q denotes the
four-momentum transfer of the process. In reality, twist-3
effects are non-negligible and play an important role in
revealing the proton’s internal structure [45,58—60]. First,
twist-3 distributions are directly connected to quark orbital
angular momentum (OAM) and quark spin-orbit correlations
[61-63]. Second, they are related to the average transverse
color Lorentz force experienced by quarks [64,65]. Third,
twist-3 GPDs at nonzero skewness enter the twist-3 DVCS
amplitude through the corresponding Compton form factors
(CFFs) [66].

In this work, we employ the theoretical framework of
basis light-front quantization (BLFQ) [67] and use light-
front wave functions (LFWFs), obtained by diagonalizing
the LFQCD Hamiltonian, to calculate all twist-3 GPDs in
the zero-skewness limit. In contrast to previous studies [45],
our approach extends the Fock-space truncation to include
) and |gqqg), thereby incorpo-
rating contributions from quark-gluon-quark correlations.
This goes beyond the Wandzura-Wilczek (WW) approxi-
mation [68-71]. We further explore the connections
between twist-3 GPDs, quark OAM, and quark spin-orbit
correlations.

The structure of this work is as follows: Sec. II provides a
brief introduction to the BLFQ framework; Sec. I1I outlines
GPDs and presents the twist decomposition of GPDs;
Sec. IV reports numerical results for twist-3 zero-skewness
GPDs within the first two Fock sectors, along with their
properties in the forward limit; Sec. V summarizes the work
and discusses future prospects.

II. BASIS LIGHT-FRONT QUANTIZATION

As a nonperturbative approach, BLFQ is grounded in the
Hamiltonian formalism and leverages the advantages of LF
dynamics. Its core idea is to simultaneously obtain the mass
spectrum and bound state wave functions by solving the
eigenvalue problem

PP*ly) = M2y), (1)
where P* and P~ denote the longitudinal momentum and
the LF Hamiltonian of the system, respectively, with the
‘4’ components being defined as P* = P° + P3. Here, M?
is the eigenvalue corresponding to the LF energy of the
system, and the eigenvector |y), representing the proton

state, is expanded as

W proton) = P49|qqq) + ®19|qqqg) +---,  (2)

where @ are the corresponding LFWFs, and the ---
represents all other possible partonic combinations that
can be found inside the proton.

At the initial scale, where the proton state is described
by the |gqq) and |ggqg) Fock components, we employ the
LF Hamiltonian P~ = Pycp + Pg, where P incorpo-
rates the relevant QCD interactions and P; models
confinement [72]. In the LF gauge A™ = 0, the LF QCD
Hamiltonian with one dynamical gluon is given by [72]

1_ . m+ (i0h)?
Pacp :/dzdex_{zllfﬁo ia<+ i 7

1 . .
+5Aalmg + (i07)2)AG + gy, T Aay

1 1
+§g§1/77+T“w(ia+)2 l/‘/)/*T“l//}, (3)
where the first and second terms' account for the kinetic
energies of the quark (with bare mass m) and gluon (with
bare mass m,), respectively, while the last two terms
represent the vertex and instantaneous interactions, char-
acterized by the strong coupling g,. A detailed description
and physical interpretation of these terms can be found in
Refs. [72-74].

Confinement in the leading Fock sector is implemented
following Ref. [75] as

PCP+_2Z|:UJ_

i#]

L (Xix;0x)

(mj +m; ) ' @)
where 7;;, = \/%;X;(F;, — 7;1) denotes the transverse sep-
aration between quarks i and j, while « is the confinement
strength. In the |gqqg) sector, we omit an explicit confine-
ment term, assuming that the restricted transverse basis
together with the inclusion of a massive gluon effectively
captures the essential confinement behavior.

The many-particle basis includes the transverse center-
of-mass (CM) motion that is entangled with the intrinsic
motion. Consequently, it is essential to introduce a con-
straint term [67] into the effective Hamiltonian

H' = ) (Hem — 2b%1), (5)
where A; denotes the Lagrange multiplier, 2b represents
the zero-point energy, and [ is the identity operator. By

choosing a sufficiently large 4;, one can shift the excited
states of the CM motion to higher energies and ensure that

"The sign of the second term of Eq. (2) in Ref. [72] should be +.
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all low-lying states correspond to the ground state of the
CM motion.

We solve the LF Hamiltonian eigenvalue problem within
the BLFQ framework [67], expanding the proton in a basis
of longitudinal plane waves (in a box of length 2L with
antiperiodic/periodic boundary conditions for quarks/
gluons), transverse two-dimensional harmonic oscillator
(2D-HO) functions ®,,,(p,;b) [76], and light-cone hel-
icity spinors. Single-particle states are labeled by
a = {k,n,m, A}, with k being the longitudinal quantum
number (half-integer for quarks, integer for gluons, exclud-
ing zero mode); (n, m) are the 2D-HO quantum numbers,
and A the helicity; states in sectors with multiple color-
singlets such as |gqqg) require an additional label to
distinguish their color singlet configuration.

The basis is truncated by N, and K = > . k; with the
sum running over all i-partons from 1 to N, N ., imposes
>i(2n; + |m| + 1) < N, while K fixes the longitudinal
resolution, with x; = k;/K. These parameters set the IR/
UV scales [76]. Diagonalization yields the proton LFWFs
with helicity A,

N

{x, Pizfl} o Z l// {a Hq)n,-m,-(ﬁij_, b), (6)
{nim;} i=1
where V=3 and wV=* are the eigenvector components for

the |uud) and |uudg) sectors.

The Hamiltonian parameters, summarized in Table I with
{Npnax, K} = {9,16.5}, are set to reproduce the proton
mass and its electromagnetic properties [72]. Note that the
vertex quark mass m; is independent of the kinetic quark
mass m, and encodes nonperturbative effects associated
with chiral symmetry breaking in light-front dynamics [77].
With the inclusion of higher Fock sectors in future BLFQ
studies, m  is expected to approach m,, the effective gluon
mass m, to tend to zero, and b, sets the UV cutoff for the
transverse momentum of the instantaneous gluon. At the
model scale, the proton contains approximately 44%
probability in the |gqq) sector and 56% in the |gqqg)
sector. The resulting LFWFs, appropriate for a low-reso-
lution scale of u3 ~0.24 +0.01 GeV? [72], have been
successfully used to describe a broad range of proton
observables, including electromagnetic form factors,
radii, PDFs, GPDs, TMDs, and spin and orbital angular
momentum [43,44,72-74,78,79].

TABLE I. Summary of the model parameters [72]. All param-
eters have units of GeV except for g;.

my my mg K m_f Ys b binst

0.31 025 050 054 180 240 070  3.00

III. GENERALIZED PARTON DISTRIBUTION

In this section, we briefly introduce the definition of
twist-3 GPDs. One of the most common definitions is
formulated via a bilocal quark-quark correlator, which
depends on three variables: x, £, and —t. Here, x denotes
the longitudinal momentum fraction, & represents the
skewness, and —¢ stands for the squared momentum
transfer. The correlator takes the form

iy _ Ly ey (Y
FA,A(X,S,—I) —z/ﬁe P}<P/,A/\P<—§>

yy y
XW< s > T(2>|P,A>|y+0&10,

(7)

where |P, A) describes the momentum and helicity of the
initial proton state, while the primed bra vector ({(P’, A’|)
corresponds to the final proton state. The Wilson line is
defined as W(y,,y;) = Pexp(ig, [)* dz"A,(z)); under the
light-cone gauge (A" = 0), this Wilson line reduces to
unity. I' denotes one element of a complete set of Dirac
matrices, and W(x) represents the quark field. As we will
see, not all components of ¥(x) are independent dynamical
degrees of freedom.

By applying a projection operator P, the quark field can
be decomposed into dynamical and nondynamical compo-
nents [80], i.e., ¥ =¥ +¥~. Here, ¥* = P*¥ with
P+ = yTy* /4. The dynamical component ¥+ is expanded
in the form of a free fermion field, while the nondynamical
component ¥~ is constrained by the Dirac equation,

__

2i0*

(mg — iy oy + gy-AL)¥PT, (8)

where m,, is the quark mass, g, is the coupling constant, and
A, is the gluon field. Herein, summation over all repeated
indices is implied by default.

For the DVCS process (ep — ¢'p’y) associated with
GPDs, we adopt a symmetric frame for the initial and final
proton momenta. In this frame, the four-momenta of the
incoming and outgoing protons are given by

)*/4
T ) O

). o

— (A2
AzP’—Pz(—ZéP*,&{ﬂ), (11)

At M2 4 (AT

P = <(1 +§)P+,—7,

AN M2+ (A4
2

where P = (P + P')/2 is the average momentum of the
proton, A is the momentum transfer, & = —A*/(2P") is
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the skewness, M is the proton mass, and = —A? is the
squared momentum transfer.

Based on the definitions of twist and Dirac matrices, the
physical observables for the twist-3 case correspond to the
interference terms W'Y~ and ¥ T'W*'. By contrast,
the twist-2 case is characterized by W*T'P*, and the
twist-4 case by ¥"TW¥~.

Using this general expression, the GPDs can be com-
puted through the parametrization of Ref. [81]. Several
parametrization schemes for GPDs have been developed
[82—-87], among which the scheme of Ref. [88] is the
most extensively studied and is directly related to the
present work [82] (see Appendix. B). The full overlap
expressions for all twist-3 GPDs are provided in
Appendix A. For the corresponding overlap formulas
truncated to the lowest Fock sector, we refer the reader
to our earlier study [45].

IV. NUMERICAL RESULTS AND DISCUSSION

In this section, we present numerical results for zero-
skewness twist-3 GPDs calculated via the BLFQ method.
The key distinction between this work and previous
studies [45] lies in the inclusion of two Fock sectors,
|99q) + |gqqg), which incorporates gluon contributions
specifically, the g-g-g interaction. We further analyze the
properties of these twist-3 GPDs, including sum rules, spin-
orbit correlations, and OAM. Note that properties such as
time-reversal symmetry have been discussed in prior work
and are not revisited herein.

The inclusion of two Fock sectors substantially increases
the complexity of the overlap representation, primarily due
to the emergence of the ¢g-g-g correlator. Each twist-3 GPD
consists of three distinct components: the ggg component,
which arises from the overlap between the states (ggqg| and
lgqq); the ggqg component, which originates from the
overlap between (gqqg| and |gqqg); and the “genuine”
(abbreviated as “gen”) component, which accounts for
cross-overlap contributions, i.e., between (ggg| and

lgqq9), and between (gqqg| and |qqq).

A. Twist-3 GPDs

For all results presented here, the rotational symmetry
between y; and y, is preserved—not only for each
individual component but also for their sum. For simplicity,
y; is used for calculations. Given that £ = 0 is fixed in this
work, the GPDs are presented as functions of x and —¢. In
the zero-skewness limit, eight of the twist-3 GPDs—H,r,
Eyr, Hyp, By H,, HS, ES, and E)—are found to be
consistent with zero within our numerical uncertainty.

Using the overlap representation and the LFWFs
obtained by solving the BLFQ framework, we calculate
all the twist-3 GPDs. For brevity, we present only the four
most extensively studied chiral-even GPDs: these are
parametrized from the vector current (y-) and pseudovector

current (y1ys), namely E,; (from vector current) and
H'yp, Ebp, H)yy (from pseudovector current). These GPDs
have been shown to relate to G; and G’ (where i = 1, 4)
[82]. Each two-dimensional subplot distinguishes contri-
butions from the gqq sector (blue solid circles), ggqg sector
(red solid squares), genuine (gen) contribution (purple solid
diamonds), and total GPD (black solid triangles); since the
magnitudes of these curves are excessively large, we
multiply by x to suppress their values.

In Fig. 1, we present the three-dimensional structure of
the twist-3 GPDs in the zero-skewness limit. The results are
plotted up to —¢ = 1.0 GeV?, which focuses on the region
with meaningful structural features. Beyond the upper limit
of the depicted range, the magnitude maintains the depicted
trends. That is, for —¢ > 1.0 GeV? (not shown in the
figures), the relevant quantities exhibit a featureless falloff
to zero.

For xE,r, the region of small x and small —¢ shows a
modest peak with a sign opposite to that in the rest of the
kinematic domain; moreover, the u and d quark contribu-
tions carry opposite signs throughout the full region. In the
case of xH);, the distribution is smooth across all kin-
ematics. This behavior arises because its overlap represen-
tation does not contain A in the denominator, a feature that
also makes it the only GPD that remains finite in the A — 0
limit [corresponding to the twist-3 parton distribution
function gr(x)].

For xE, and xH;, the two distributions exhibit similar
shapes but opposite signs—both between u and d quarks
and between the two GPDs for a given quark flavor. Both
GPDs also display fluctuations in the small x and small —¢
region, with signs consistent with their behavior in the rest
of the domain. The peak observed at small x and small —¢
for all of the above GPDs originate from the inclusion of
the nonvalence Fock sector with a dynamical gluon.
Furthermore, owing to discretization and truncation effects
in the longitudinal direction, we are not able to obtain
reliable distributions at even smaller values of x.

In Fig. 2, we fix —t = 0.25 GeV? and plot the four GPDs
as functions of x. All GPDs show the same trend, with one
prominent peak. The gen contribution is much smaller than
the other components but remains non-negligible. Most
GPDs fluctuate in the small x region: the gggg sector
contribution is particularly notable here, dominating in the
small x region and nearly equal to the total GPD (except for
H';). This behavior can be attributed to their overlap
expressions, where division by A amplifies contributions at
small —¢. For the remaining x range, the ggqq and gqqg
sector contributions are nearly equal, while the gen con-
tribution is minimal. The peaks of all GPDs cluster in the
range 0.2 < x < 0.4, and all tend to zero in the large x
regime.

In Fig. 3, we fix x = 2.5/16.5 and plot the four GPDs as
functions of —¢. In subplots (a) and (b), the gqq sector
contribution is slightly larger than that of the ggqg sector,
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FIG. 1. 3D Plots of the twist-3 quark GPDs xE,, xH),, xE}y;, and xH); in the proton, evaluated with Ny, = 9 and K = 16.5. The

left column panels {(a), (c), (e), (g)} correspond to the u quark and the right column panels {(b), (d), (), (h)} correspond to the d quark

on the flavor level. The flavor level distributions are given by Xg, . = 2X{ ., and X or = Xguark, where X stands for all the GPDs.
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FIG. 2. 2D Plots of the twist-3 quark GPDs xEZT,xH’ZT,xE/ZT, and xI:I’zT in the proton at fixed —t = 0.25 GeV?, evaluated with
Npax = 9 and K = 16.5. The left column panels {(a), (c), (e), (g)} correspond to the u quark and the right column panels {(b), (d), (f),

(h)} correspond to the d quark on the flavor level. The flavor level distributions are given by Xj. .. = 2X a’umk and X4 =X guark, where

flavor
X stands for all the GPDs.
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while the gen contribution remains small. In subplots (c)
and (d), the ggqq and g¢ggg sector contributions are
comparable. In subplot (e), the ggqgg sector contribution
is nearly twice that of the ggq sector, while in subplot (f),
the two are nearly equal. In subplots (g) and (h), the ggqg
sector contribution is larger than that of the ggqg sector. All
curves show a decreasing trend as —¢ increases.

Note that the sign reversal between the u and d
distributions naturally reflects the spin-flavor structure of
the nucleon in our model, analogous to the expectations
from SU(6) symmetry and our previous light-front studies
of quark helicities [45,72,89]. Twist-3 GPDs, however, lack
a simple parton interpretation, and the origin of their sign
reversal is not yet fully understood. It can nevertheless be
interpreted as arising from the interplay between quark
OAM and spin correlations.

B. Spin-orbit correlation

The parity-odd partner of the quark energy-momentum
tensor operator, qu, is closely related to quark spin-orbit
correlations and has been investigated in Ref. [90]. This
operator is defined as

w _ 1 Y
™= S P7"7siD v, (12)

where l(_)w = D' — DV denotes the symmetric covariant
derivative (with DY = ¢ — igA” as the covariant deriva-
tive). To characterize the matrix elements of T’;g in nucleon
states, it is parametrized in terms of five FFs

(p.s'|Thp.s) = u(p', " \Thsu(p.s),  (13)
with
Pluyttys PHAys o
wo_
s = 5 Aq(—l) —I—TB(I(—Z)
Plytlys PHAYys
Y5 Cq _ 75 Dq(—t)
2 aM
+ Mic"ysF,(-1). (14)
The FFs Aq(—t) and B, (—1) are associated with the

twist-2 contribution obtained by selecting the uv = ++
component of the energy-momentum tensor. In this case,
one finds

/dxxH (x, &, —1) :Aq(—t), (15)

/ duxE, (x.£.~1) = B,(~1). (16)

Taking the twist-3 component uv = j+ with j =1, 2,
the following relations are obtained [90]

/dxxc;qxg = —%(Bq(—t)—l—bq(—t)), (17)

/dxqu x, & —1) = —%(Aq(—t) +C,(-1))

+ (1= &)F,(-1), (18)
/dxqu x, & —t1) = —gi’q(—t), (19)
/ dxxGA(x, &, —1) = —%Fq(—t), (20)

where G; are related to HYy,, E)y, Hb;, and ) [45,82] (see
Appendix B).

We present the FFs A,(—t), C,(—1), and F (1) in
Fig. 4. We observe that Aq(—t) and C,(—t) exhibit similar
shapes but have opposite signs—both between u- and
d-quarks and between the two form factors for a given
quark flavor. Moreover, the u-quark contribution is sig-
nificantly larger than that of the d-quark. In contrast,
F ,(=1) is negative for both flavors and displays a similar
overall behavior.

Since we focus on extracting the GPDs at £ =0, the
distributions £ and G, lie beyond the scope of this work.
Consequently, the corresponding form factors Bq(—t) and
Dq(—t) are not determined in the present analysis. For
clarity, these form factors could, in principle, be obtained
by performing calculations at nonzero &, where their
contributions can be isolated through the full GPD
parametrization.

Several well-established relations involving twist-3
GPDs in the forward limit are worth highlighting. The
quark OAM in the nucleon is defined, in the limit A — 0,
as [88]

L!= —iir%/dxng(x,O, A7), (21)

where the explicit expression for G? is provided in
Appendix B. This physical quantity can also be calculated
directly from twist-2 GPDs, as defined in Refs. [61-63].
Within our BLFQ approach at the model scale, we obtain

=0.107 (L¢ = 0.0752) from twist-3 distributions and
L” =0.0817 (Ld 0.0264) from twist-2 GPDs. This
dlfference may arise from the violation of the Burkhardt-
Cottingham (BC) sum rule [91] [ [ dxg,(x) = [ dxgr(x)]
in our results. A similar deviation has also been reported in
Ref. [58]. In our calculation, the BC sum rule may appear
violated due to the Fock sector truncation and the use of
separate confining potentials in the longitudinal and trans-
verse directions, which explicitly break rotational invari-
ance. The BC sum rule reflects the equivalence of different
spin projections and, more generally, the rotational
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symmetry of the nucleon spin. As higher Fock sectors are
included and the essential QCD interactions are system-
atically incorporated, rotational invariance is expected to be
restored, and the BC sum rule should hold more accurately,
fully capturing the genuine twist-3 contribution.

The total quark spin contribution J? can also be related to
twist-3 GPDs via [83]

Ji = / dx(xcqs(x,o,O)-%g'{(x)), (22)

where g is the twist-2 helicity PDF, and G5 (defined in
Ref. [83]) can be converted to G, 3 = —EZT. Using this
relation, at the model scale, we find J¥ = 0.443
(J¢=-0.0801) from twist-3 distributions and J“
0.468 (Jf —0.0312) from twist-2 distributions.

For the quark spin-orbit correlation, it is expressed
as [90]

TABLE II. Comparison of C% and C¢ values from different
theoretical approaches.

Theoretical approach cy (o4
BLFQ (model scale, this work) -0.761 —-0.515
NQM, LFCQM, LEyQSM [92] ~—0.8 ~—0.55
LSS (> = 1 GeV?) [93] ~—0.9 ~—0.53
Spectator Diquark Model [58] -0.775 —0.586

Cc!=- / dxx(G4(x,0,0) +2G4(x,0,0)). (23)

We list our results in Table II for comparison with other
theoretical approaches, including the naive quark model
(NQM), the light-front constituent quark model (LFCQM),
and the light-front chiral quark-soliton model (LFyQSM)
[92], the Leader-Sidorov-Stamenov (LSS) analysis [93],
and the spectator diquark model [58]. The negative signs of
the results indicate that the quark spin and Ji OAM are
anticorrelated on average [90].

V. CONCLUSION

In this work, we have computed all twist-3 GPDs of the
proton in the zero-skewness limit within the BLFQ frame-
work, presenting the four nonvanishing chiral-even distri-
butions for both u# and d quarks. Building upon our
previous study, we have extended the Fock-space trunca-
tion to include a dynamical gluon, thereby incorporating
contributions from the ¢ — g — g correlator—i.e., the genu-
ine twist-3 component. The light-front wave functions used
in the overlap representation are obtained by diagonalizing
the proton light-front Hamiltonian constructed for the
lgqq) and |gqqg) Fock sectors, supplemented with a
three-dimensional confinement potential.

Our calculations indicate that the genuine twist-3
contribution, while relatively small, is nevertheless
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non-negligible; in certain cases, it even induces a sign oppo-
site to that of the nongenuine component. Qualitatively, our
results show good overall consistency with those of
Ref. [59], except for the xEY, distribution and in the
region of small x and small —z. In addition, we have
examined several key twist-3
the quark OAM, the total quark contribution to the nucleon
spin, and the quark spin—orbit correlation—and many of
these are in reasonable agreement with predictions from
other model studies [58,90,93,94].

In future work, we plan to extend our analysis to twist-
3 GPDs at nonzero skewness and, more broadly, to the
twist-3 distributions of gluons and sea quarks. The
nonzero-skewness sector is particularly important, as
these twist-3 GPDs enter the twist-3 DVCS amplitudes
[66] and will be probed in forthcoming measurements at
the EIC and EicC [95]. With continued development
of the BLFQ framework, we expect to improve the
precision of our calculations, address remaining discrep-
ancies in sum-rule relations, and provide more reliable
predictions relevant to understanding the proton spin
puzzle.

ACKNOWLEDGMENTS

We thank Jiangshan Lan, Zhi Hu, Zhimin Zhu and
Jiatong Wu for many helpful discussions and useful
advises. C. M. is supported by new faculty start up funding
the Institute of Modern Physics, Chinese Academy of
Sciences, Grant No. E129952YRO0. X.Z. is supported by
the National Natural Science Foundation of China under
Grant No. 12375143, by new faculty startup funding by the
Institute of Modern Physics, Chinese Academy of
Sciences, by Key Research Program of Frontier
Sciences, Chinese Academy of Sciences, Grant
No. ZDBS-LY-7020, by the Natural Science Foundation
of Gansu Province, China, Grant No. 20JR10RA067, by
the Foundation for Key Talents of Gansu Province, by the
Central Funds Guiding the Local Science and Technology
Development of Gansu Province, Grant No. 22ZY 1QA006,
by international partnership program of the Chinese
Academy of Sciences, Grant No. 016GJHZ2022103FN,
by the Strategic Priority Research Program of the Chinese
Academy of Sciences, Grant No. XDB34000000,
and by National Key R&D Program of China, Grant
No. 2023YFA1606903. J.P.V. is supported by the
Department of Energy under Grant No. DE-SC0023692.
A portion of the computational resources were also
provided by Dongjiang Yuan Intelligent Computing Center.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available. The data are available from the authors
upon reasonable request.

APPENDIX A: OVERLAP REPRESENTATIONS
FOR TWIST-3 GPDS

We will present the overlap representations of all zero-
skewness twist-3 GPDs in the following. For convenience,
the following notations are adopted,

[dx],, = Héxf;( 167 35(1 Zx,»)
x52<21?[>5(x—x1),

where the subscript 1 denotes the struck quark, and [I['] =
a(p',V)Tu(p,A) encapsulates the helicity combinations
of the struck quark. Additionally, w’ signifies the LFWF
Wity (% pi4;), with A representing the proton helicity
and 4; represents the quark helicity. The constraint for

(A1)

spectators 52(3251‘4‘ is implicitly assumed. In the overlap
expressions, the symbol A refers to the two-dimensional
complex representation, i.e., A = Ay + iA,.

Each overlap representation is divided into three parts.
For the |gqq) sector, we have

— [l (Pt + Bt

A A

949
Fraa

m m !
0] T o, (A2)
X X1
A similar expression applies to the |ggqg) sector,
PiL Pl
quq,g:/d _F+L _l+1—'
TLAA [X]4Z xl[r7]+xl[77]
Y
m m )
#2000 2 e (A3)

Regarding the interference term gen, which incorporates
the ¢ — g — ¢ interaction, we have

= [lan, Y {( 7y

XAy
€j . N j*
+X—I[VJV+F]>W3 *W4 + ( [J’] iy

gen
Fr aa

e/ i1 ), A A
+x—,l[Fy Y] Jws rwh

(A4)

where ¢ is the gluon polarization vector.
The total contribution is the sum of these three
components,
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otal 494 99499 gen
Fran =Fran T Fran T Fraa- (AS)

Using the expressions derived above, we can explicitly
formulate the overlap representations for all twist-3 GPDs

Pt |
Hy = ﬁ}—tﬁaﬁ’ (A6)
2Pt
E, = AF ftlo?i (A7)
. Pt !
A= 7 (A8)
- 2Pt
By =20, (49)
. U= pt
J ( l) ( total * Ttotal )
Hyp = Mi(A + (<Va%) .7-"M + A Fy, I (A10)
. Pt
J total total
Bar =71 (Fw . u)
2MP* total j Ttotal
UMD, (j:y/ il )’fym)’ (ALT)
. MP*
jo_ tal _ total
Al = =3 5 (P - V). (A1)
. 2iU-1) p+
J total __ rtotal
B = A oA (fyf M qu) (A13)
H/j Pt (Aftotal +A*]:tota.l ) (A14)
2r — 2MA rrstl st
) 2;(-1) p+
o/ total total
Eyr = A+ (=) A* (‘7:7% ™ ‘7:7’1/ ll)
2MP*
total total
+ iZDAA, (( )j}—w M +‘7:7~/75-¢T)’ (A15)
. \-Dpy pt

7] _< ) total J Ttotal )

Hyr = i2=DA A, (‘Fy"ys-,N (=) F st (Al6)
oy otal otal
Br=g(rp - ). a0

iPt
H), = 7.7—";‘{’7‘1"121%“, (A18)
2iPt
By = T (A19)
) = —Ff‘;‘flk e (A20)

2P+
i (A21)

B = -
where M denotes the proton mass. All the numerical results
presented in this work are calculated using these overlap
representations, and the LFWF obtained from the BLFQ
framework.

APPENDIX B: RELATIONS BETWEEN
DIFFERENT GPDS

The relations between GPDs defined in Ref. [82] and
in [81] are

H2T == 2§G4, (Bl)
Eyr = 2(G3 = §Gy), (B2)
- 1
Hyr = EGI’ (B3)
Eyr = —(H + E+ G,) 4+ 2(£G3 — Gy), (B4)
-t ~ ~ ~ -
HETZW(E+G1)+(H+G2)—2§G3, (B5)
Ey =—(E+G,)— (H+ G,y) +2(¢G; — Gy).  (B6)
S (S
HZTZE(E_FGI)’ (B7)
By =2(G5 - €Gy). (B8)
The inversion of above equations is

Gl = 21:12]"5 (B9)

1 -
G, :_(H+E)_E(1 —E)Hyr + EEyr — Eyr,  (B10)

1
G _§(H2T+E2T)v (B11)
1
Gy 2—§Hzry (B12)
G, = -E +2H),, (B13)
G, =-H+ (1-&)H)y, — EEy, - AL H,,
2 2T 2T 2M2

+ fEZT, (B14)

. 3 EM? 1.
G3:_§(H/2T+E/2T)_W /2T+2E/2T’ (B15)
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1 ! ! Mz ry/
G4:_E(H2T+E2T)_WH2T’ (B16)
where M? = M? + t/4.

The relations between GPDs defined in Ref. [83] and this
work are

Eyr(x,&,—t) =2G,5(x, &, —1), (B17)

Hyp(x, &, —t) = Gya(x, &, —1), (B18)
E2T(x’ 57 _t) = 2§Gq,2(x’ 57 _t) - Gq.3 (X, 57 _t)’ (B19)
FIZT(X’ 57 _[) = Gq,l(x’ fv _t)' (BZO)
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