PHYSICAL REVIEW D 114, 054011 (2026)

Transverse force tomography inside a proton from basis
light-front quantization

Ziqi Zhang®, Chandan Mondal,” Sigi Xu,* and Xingbo Zhao®
Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China;
School of Nuclear Science and Technology, University of Chinese Academy of Sciences,
Beijing 100049, China and CAS Key Laboratory of High Precision Nuclear Spectroscopy,
Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China

James P. Vary||
Department of Physics and Astronomy, lowa State University, Ames, lowa 50011, USA

(BLFQ Collaboration)

® (Received 31 March 2026; accepted 31 July 2026; published 8 September 2026)

The twist-3 transverse spin-dependent nucleon structure function g, arises in high-energy processes
involving a transversely polarized nucleon. Its connection to quark-gluon correlations allows for an
interpretation in terms of the average transverse color Lorentz force acting on unpolarized quarks inside a
transversely polarized nucleon. In this work, we investigate this force using light-front wave functions
obtained by diagonalizing the light-front Hamiltonian with quantum chromodynamics inputs within the
basis light-front quantization approach. We evolve our results to a common scale of 5 GeV? and present the
corresponding form factors in momentum space as well as the transverse force components in impact-
parameter space. These distributions provide a complementary perspective on the Sivers asymmetry in
transversely polarized deep-inelastic scattering. In the forward limit, we extract the twist-3 reduced matrix
element d,, and our results are found to be comparable with those from other theoretical calculations and

experimental determinations.
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I. INTRODUCTION

In modern nuclear and particle physics, high-energy
scattering processes serve as a cornerstone for unraveling
the structure of hadrons, testing quantum chromodynamics
(QCD), and exploring the fundamental interactions of
matter. As an important process among them, deep inelastic
scattering (DIS) probes the internal structure of nucleons
and nuclei, enabling the extraction of parton distribution
functions (PDFs)—a set of fundamental quantities that
quantify the probability of finding a parton with a given
fraction of the nucleon’s momentum. To analyze the
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invariant matrix element of the scattering process, the
operator product expansion (OPE) and twist analysis are
employed [1], where twist is defined as the dimension of
the operator minus its spin.

The parton model captures only leading-order (twist-2)
contributions and neglects higher-twist effects. In certain
cases, however, partonic intuition can be extended to higher
twist, such as relating twist-three operators to quark-gluon
correlations [2], which admit a phenomenologically appeal-
ing interpretation in terms of a color-Lorentz force [3—6]. In
this work, we compute the transverse impact-parameter-
space distribution of this color-Lorentz force directly from
light-front wave functions (LFWFs) within the basic light-
front quantization (BLFQ) framework [7,8]. This requires
extending the twist-three forward matrix element d, to off-
forward kinematics and introducing three form factors
(FFs) that encode the force distributions [3,5,6]. We show
that these distributions provide a consistent and intuitive
framework for understanding single-spin asymmetries in
semi-inclusive deep-inelastic scattering (SIDIS).

The matrix element associated with the axial-vector
current is of particular interest, which is defined as [9]

Published by the American Physical Society
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/Z—ieiM<PS|l/_/(0)7”751//(/1n)|PS> = 2[g, (x) p*(S - n)
+ g (DS + Mgy (3)(S - mn], 1)

where p# and n* are lightlike vectors along the + and —
light cone directions with p-n =1, and S$# denotes the
proton polarization vector. These parton correlation func-
tions contribute to hard processes at the orders of g;(x),
gr(x)/Q, and g3(x)/Q?, and thus correspond to twist-2,
twist-3, and twist-4, respectively. Here, x is the Bjorken
scaling variable, and Q2 is the momentum transfer from the
virtual photon.

The presence of § implies that the twist-3 structure
function gr(x) can be cleanly accessed in transversely
polarized protons. This is particularly significant because
gr(x) is sensitive to quark-gluon correlations [10,11],
which are in turn connected to transverse spin asymmetries
and the transverse color Lorentz force [3,4]. However, it
should be noted that g;(x) does not admit a simple single-
particle density interpretation.

Experimental data exist for the chirally even spin-depen-
dent twist-3 parton distribution g,(x) = ¢%(x) — g¢f(x),
including results from polarized DIS experiments at SLAC
(E142 [12], E143 [13,14], E154 [15], E155 [16,17]),
HERMES [18], JLab (JAM [19], Hall A [20,21], RSS
[22]), and CERN (SMC [23]) (alongside virtual photon
asymmetries). Additionally, the reduced twist-3 matrix
element d, has been measured at HERMES [18], JLab
[21], SANE [24].

On the theoretical side, the twist-3 matrix element d, has
been computed directly in lattice QCD [25-27]. Significant
attention has also been devoted to the transverse color
Lorentz force, which provides an intuitive physical inter-
pretation of twist-3 effects in terms of quark-gluon inter-
actions. In particular, the QCDSF collaboration [26] and
studies based on the instanton liquid model [27] have
computed the spatial distribution of this force in impact-
parameter space. These developments are highly relevant
for future precision studies at the planned Electron-Ion
Collider (EIC) in the United States [28] and the proposed
Electron-Ion Collider in China (EicC) [29].

The structure of this work is as follows. In Sec. II, we
briefly introduce the BLFQ framework and present the
parameters employed in this calculation. In Sec. III, we
elaborate on the definition of the transverse color Lorentz
force, its connection to the twist-3 spin-dependent structure
function g,, as well as their overlap representations adopted
for the numerical calculations. In Sec. IV, we present our
numerical results, and discussions are provided in Sec. V.

II. BASIS LIGHT FRONT QUANTIZATION

BLFQ is a nonperturbative method for solving the
eigenvalue problem of light-front (LF) QCD, which incor-
porates LF QCD interactions via an effective LF

Hamiltonian. The core eigenvalue equation in BLFQ is
PP*ly) = M), 2)

where P* = P+ P3. Here, PT denotes the total longi-
tudinal momentum of the system, P~ is the light-front
Hamiltonian, M? is the invariant mass squared of the
eigenstate, and |y) is the corresponding light-front eigen-
state. For the proton state, the light-front eigenstate |y) is
expanded as a superposition of Fock states,

|l//proton> = q)qqq|qqq> + q)qqqg|qqqg> + e (3)

where ©999 and ®799 are the LFWFs corresponding to the
|uud) and |uudg) Fock sectors, respectively, and the
ellipsis (---) denotes higher Fock components of the
proton. In this work, the Fock space is truncated to these
two lowest sectors.

The LF Hamiltonian adopted in this work is
P~ = Pyep + Pg, where Py contains  the relevant
QCD interaction terms, and P¢ is the confinement term
that models the nonperturbative confinement effect [8]. In
the LF gauge A" = 0, the LF QCD Hamiltonian including
one dynamical gluon is given by [8]

1_  mZ+ (io+)?
P(_QCD:/dZXde_{EWYJF 0 la<+ ) W

1 . .
+5Aalmg + (i0°)2)AG + gy, T Aaw

LPry L
- ¢ +Tay ¢, 4
+5 9597 ViR l//} 4)

where: y is the quark field operator, m is the bare quark
mass, m, is the bare gluon mass, and g, is the strong
coupling constant. Specifically, the first/second term in the
Hamiltonian accounts for the kinetic energy of quarks/
gluons, and the last two terms represent the vertex and
instantaneous interaction. In the present BLFQ framework,
an effective gluon mass m, is introduced as a phenom-
enological parameter. It serves to regulate infrared singu-
larities arising from the truncated basis and to effectively
mimic confinement-scale gluonic dynamics, in analogy
with functional and Hamiltonian approaches [30].

The confinement term in the |ggq) sector is implemented
following Ref. [31] as

oy, (xixjaxj)

K* {
PoPt =— 7 - (5)
c 2 ; ijL (mi + mj)z

where 7;;, is the transverse separation, and k is the
confinement strength parameter. For the |gqqg) sector,
no explicit confinement term is introduced; instead, the
essential confinement behavior is captured by the restricted
transverse basis and the inclusion of a massive gluon.
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The additional confinement term is introduced to com-
pensate for the incomplete dynamics arising from the
truncation of the Fock space. Since the interaction in
Eq. (4) represents only a subset of the full QCD
Hamiltonian, this term effectively simulates missing non-
perturbative gluonic dynamics and leads to a realistic
description of hadronic bound states [7,8,31]. Recent
studies indicate that, as higher Fock sectors are added,
such an explicit confinement term can be omitted [32-34].

Within the BLFQ framework [7], the proton state is
expanded in a basis consisting of quarks and a gluon that
reside in: (i) longitudinal plane waves (defined in a box of
length 2L with antiperiodic boundary conditions for quarks
and periodic boundary conditions for gluons), (ii) two-
dimensional harmonic oscillator (2D-HO) functions
®,,.(p.;b) (with p, being the transverse momentum, b
the 2D-HO scale parameter, and n, m the 2D-HO quantum
numbers) [35], and (iii) light-cone helicity spinors. As a
result of these choices, the single-parton states in the basis
are labeled by «; = {k;, n;, m;,1;}, where k is the longi-
tudinal momentum quantum number (half-integer for
quarks, integer for gluons, excluding the zero mode),
and A is the helicity. For multiparton sectors with more
than one color-singlet configuration (e.g., |¢gqg)), an
additional color label is required.

The longitudinal box of length 2L is a standard element
in the BLFQ basis construction that is adopted from DLCQ
[36]. It enables a discrete plane-wave expansion and
momentum quantization in the longitudinal direction,
providing a well-defined box normalization. This is purely
a computational device for constructing the basis and does
not affect the underlying QCD dynamics or its symmetries
in the continuum limit. An alternative choice for the
longitudinal basis is the Jacobi polynomial basis, which
has also been employed within the BLFQ framework for
the leading Fock sector of mesons [31,37-40]. However,
for multiparticle systems this basis becomes computation-
ally less efficient and increasingly challenging to
implement.

The basis expansion is truncated by two parameters:
Npax and K. N, imposes the transverse truncation
condition > ;(2n; + |m;| + 1) < Npa, and K fixes the
longitudinal ~ resolution  with  x; = k;/K,  where
K = >, k;. The parameters b, N,, and K determine the
IR and UV scales of the calculation [35]. Diagonalizing the
LF Hamiltonian yields the proton LFWFs with helicity A,
which can be expressed as

N

lpl{i;fi,’li’gi} = Z l//N({ai}) Hq)n[m,v(ﬁij_’ b)’ (6)

{n;.m;} i=1

where N is the number of partons in the Fock sector
(N = 3/4 for |uud)/|uudg)), and y" ({@;}) are the eigen-
vector components corresponding to the N-parton Fock
sectors.

TABLE I. Summary of the model parameters [8]. All param-
eters have units of GeV except for g,.

my my my K myg Is b binsl

031 025 050 054 180 240 070 3.00

The Hamiltonian parameters employed in this work are
summarized in Table I, with the truncation parameters fixed
as {Npax. K} = {9,16.5}. These parameters are calibrated
to reproduce the proton mass (M = 0.956 GeV) and its key
electromagnetic properties [8]. At the model scale, the
proton state has a probability of approximately 44% in the
lgqq) sector and 56% in the |gqqg) sector. The resulting
LFWFs correspond to a low-resolution scale of ,u% ~0.24 £+
0.01 GeV? [8] and have been successfully applied to
describe a wide range of proton observables, including
electromagnetic and gravitational FFs, charge and
mechanical radii, PDFs, generalized parton distributions
(GPDs), transverse momentum-dependent PDFs (TMDs),
as well as spin and orbital angular momentum distributions
[8,30,41-47].

III. TRANSVERSE COLOR LORENTZ FORCE AND
OVERLAP REPRESENTATION

We start with the general matrix element containing the
qGq correlator, defined as [3]

WX (P P) = (P', N[y (0)y*igG* (0)y(0)

P,A), (7)

where y(x) is the quark field operator, G*” is the gluon field
strength tensor, and |P, A) denotes the proton state with
four-momentum P and helicity A. This matrix element can
be parametrized into eight FFs. To extract a physical
quantity, we take {u,v,p} = {+,+,j}, leading to the
reduced twist-3 matrix element [3,4]

g (PAF(0)y"gG(0)y(0)[P, A)
B == 2M(P*)2S* - ®

where M is the proton mass and S* is the x-component of
the proton polarization vector. This implies considering a
proton transversely polarized along the x-direction, which
is a superposition of opposite helicity states [48]

_ b
V2

The quantity d7 is of particular interest because it does
not only measure the response of the color electric and
magnetic field to the polarization of the nucleon through
the gluon field strength tensor [4,49]

|P) (1P, 1) + 1P, ). ©)

G ~ (EY —B*) = (E + ¥ x B, (10)
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but also rigorously related to the nucleon’s second spin-
dependent structure function g, via [3]

ldxxz'q —d—g
7 =2, (1)
-1

with ¢4 (x) defined as [50]

() = 1) - 1) = ™ () + ().
A () = —gi(x) + / | %gm (12)

where g (x) is the twist-2 helicity PDF and g;(x) is the
twist-3 spin-dependent PDF.

Considering the above constraints, the matrix element
W (p', p) reduces to five FFs. The parametrization
reads [3]

. 1. A )
WX;/J\FJ(P/’P) = ﬁ(P/,A/) {W[P+Aﬂ_ _PLA+]]/+(I)1 (l)

Pt . 1 L
+ﬁl‘0'+jq)2<t)+Wl.0'+A[P+AJLq)3(l‘)

p+ A+

P MA3 iafA(DS(t)}u(P,A),
(13)

where P# = (P* 4+ P'*)/2 is the average four-momentum
of the proton, and —t = A? = (P — P)? is the momentum
transfer between the initial and final proton states. Since we
are working under a symmetric frame, P+ = 0. For a
impact parameter space interpretation [48], we take the
limit ¢ = —A*/(2P*) =0 (i.e., AT = 0), in which only
three terms in the above equation survive.
The transverse color Lorentz force is defined as

— PEAT D, (1)) +

Fl, () = whH (P, P), (14)

\/§+

and its transverse-plane distribution is obtained via the
Fourier transform of Eq. (14)

N
Flab) = / Ssehr,

We present the overlap representations of all relevant FFs
below. For brevity, we adopt the following notations

[dx], = gé’;‘ﬂ;‘ 167 35(1 -y ,.)
x 52(2 /?,.)5(x—xl), (16)

where the subscript 1 labels the struck quark. We will now
employ y’ to denote the LFWF w2,  (x;, p;,4;) with

(Ap). (15

proton helicity A and parton helicities 4;; [lPﬁ."A] =
epd *wh —ery *wd; and [yt] = a(P', A)ytu(P, A) to
encapsulate the helicity combinations of the struck quark,
with g, representing the gluon polarization vector. Here, the

constraint 5%52 52 for spectator partons will be implicitly
assumed, and A = A; + iA, will refer to the two-dimen-
sional complex representation.

The momentum-space overlap representations of the FFs
can then be written

M3y

VAN ™M
@) = [ avl, Aepa ™D

e [ VEMIT gty ae gt
@)= [l Z e (s)

; 20 M3y " ‘
o)1)= [ g2 L (et ). )
where eli] is the transverse Levi-Civita symbol, and j takes
values 1 or 2 [the choice of j does not affect ®;()]. The
repeated index j is not summed over. The impact parameter
space components of the transverse color Lorentz force
distribution are derived as

i /JZAL —ib, A,
V2Pt ) (2m)?

_ P+AJ
e
Pt 0 &

=~ 3iap, 210 (20)

Ry
V2Pt ) (2z)?

x a(P', \) {% iaﬂ'cpz(t)] (P, A)

Flni(br) =

Lo, (1 >] u(P.A)

Flhpa(by)

2Pt ;
= =B, (07)3l, (1)

s | e

— (Dl / PJrAﬁ_ s _+A

M(P,A) WIU ¢)3(I) M(P,A)
B 4P+ 0% N 0%
N obyob, ' ob3 2

/\'/\3(bL)

6’) ®;(b%), (22)

where ®; are the Fourier transforms of the corresponding
momentum-space FFs.

Notably, ®, and ®5 do not contribute due to A* = 0.
From Eq. (17), ®; contributes only for identical initial and
final nucleon helicities, implying that the first force
component, .% |, is insensitive to the nucleon polarization.
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In contrast, Egs. (18)—(19) show that @, and ®; require a
nucleon helicity flip, and consequently %, and .%; are
polarization dependent. It has been shown that .%, corre-
sponds to the spatial distribution of the Sivers force [51].

IV. NUMERICAL RESULTS

In Fig. 1, we present the FFs @, ®,, and @5 for u and d
quarks in the proton as functions of the momentum transfer
—t, ranging from 0 to 2.25 GeV?2. To facilitate comparison
at a common scale, we use the SNOWFLAKE package [52] to
evolve our results to 5 GeV2. We adopt an approximate
evolution scheme since a fully rigorous treatment of off-
forward twist-3 quark-gluon-quark matrix elements is not
available in the current release of the SNOWFLAKE package.
Specifically, for each fixed value of 7, we evolve the
underlying twist-3x-dependent distributions from the initial
scale 3 to 5 GeV? using SNOWFLAKE in the forward
(diagonal) approximation, and then reconstruct the force
form factors via the same x-integration as in the original
definition. This omits genuine off-diagonal contributions to

the evolution kernel, but analogous approximation strat-
egies have been adopted for related quantities such as the
gravitational form factor D-term [46,53,54]. Since these
form factors correspond to Mellin moments of zero-
skewness GPDs (local operator matrix elements), their
scale dependence is governed by the same anomalous
dimensions as PDF moments. The associated uncertainty
bands arise from the variation of the initial scale, yj =
0.24 +0.01 GeV?2.

For @, [panel (a)], both quark flavors exhibit negative
distributions, characterized by a rapid increase in magnitude
at small —¢, followed by a gradual saturation at larger —1.
The magnitudes of the u- and d-quark contributions are
similar. In contrast, ®, [panel (b)] and ®; [panel (c)]
display markedly different behaviors: the u- and d-quark
contributions have opposite signs, not only between the two
quark flavors but also between the two FFs. The magnitude
of @, for the u quark is slightly larger than that for the
d quark, whereas in ®, the wu-quark contribution is
approximately twice as large as that of the d quark, and
in ®@; the two magnitudes are comparable. The evolved

0.000 F 0.010 p—
0.008f e
— =0.005f - T e,
T, ) 0.000
E s E v i
= -0.010} et d quark at g2 X =0.005 |- et et
& S _..-==22"0 d quark at pg?
= S u quark at p,? = -0.010f o
£ -0.015} . ] s IO u quark at g2
e c s —— d quark at 5 GeV? g -0.015} . ) ot 5 GoV
. » — uark at 5 Ge
-0.020 | u quark at 5 GeV? | -0.020 | g ;
N ; , , . 0.025 L . ; u quark at 5 peVZ
0.0 0.5 1.0 1.5 2.0 T %0.0 0.5 1.0 1.5 2.0
-t [GeV?] -t [GeV?]
(a) (b)
0.004
— 0.002}
£ o000
>
© -0.002}
% -0.004} "
o : )
0.006 — dquark atSGeV_
0.008 b . . u quark at 5 GeV?
0.0 0.5 1.0 1.5 2.0
-t [GeV?]

FIG. 1.

()

Plots of the FFs @, ®,, and ®5 as a function of —¢ for quarks inside a proton. The blue dash-dotted line stands for d quark at

the initial scale and purple solid line stands at 5 GeV?. The red dashed line represents results for u quark at the initial scale and the green

solid line at 5 GeV2.
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TABLE II. The results contain dé’ (for proton) and d5 (for neutron) compared here are at 5 GeV? except for ILM and QCDSF which
are evaluated at 4 GeV2. The Hall A [21] gives —0.00035(83)(69)(7) for neutron at 4.3 GeV?.

BLFQ  RQCD [25] LQCD [55] HERMES [18] c.m. bag [56] Global fit [57] ILM [27] QCDSF [26]
0*(GeV?) 5.0 5.0 5.0 5.0 5.0 5.0 4.0 4.0

v 0.00319  0.010568)  0.004(5) 0.0148(96)d8)  0.0174  0.00347(137)  0.00550  0.046(7)(16)
4 ~0.000906 —0.0009(70)  —0.001(3) ~0.00253  —0.00217(63) 0.000198  0.023(5)(8)

results preserve the qualitative features of the unevolved
distributions.

Taking the forward limit A — 0, one obtains the closely
related twist-3 quantity d,

dg:_i‘?:_%(f). (23)
M M

Using the light-front wave functions obtained within our
BLFQ framework, we find d§ = —0.00996 (d4 = 0.0200) at
the initial scale, and d4 = —0.00409 (d% = 0.00820) at
5 GeV?. The corresponding nucleon results are dy =
0.00778 (dy = —0.00221) at the initial scale, and dg =
0.00319 (d5 = —0.000906) at 5 GeV?. Similar values have
been obtained in various other model calculations, as
summarized in Table II. Using the extracted d, values and
M? = 4.643 GeV/fm (equivalently M?> = 0.914 GeV?), the
magnitude of the color-Lorentz force is estimated to be F,, &
—0.04 GeV/fm and F,; ~0.02 GeV/fm at 5 GeV?.

In Fig. 2, we present the results of the force component
distributions in impact parameter space, overlaid on the
quark density plots. From top to bottom, the panels
correspond to %, #,, and .%3, with d-quark distributions
on the left and u-quark distributions on the right. For the
first component (%), both u and d quarks exhibit radially
inward attractive forces toward the center. Notably, this is
not a smooth increase; instead, the force reaches a maxi-
mum value at around |b | ~ 0.25 fm and tends to O near the
central (|b | = 0). For the second component (.%5), both u
and d quarks exhibit pronounced alignment along the b,
axis, with their maximum magnitudes concentrated in the
central region and opposite signs between the two quark
flavors. For the third component (.%3), a dipole structure is
observed with maximum values gathered at the center: for
d-quark, there is a repulsive pole at (b,, by) ~ (0,0.27) and
an attractive pole at (b, b,) ~ (0, -0.27), leading to a force
direction from the upper region to the lower region; the
u-quark exhibits the opposite sign.

The two-dimensional Fourier transforms of these FFs
@, ©,, and D5 reveal strong, localized forces acting on the
struck quark. For an unpolarized proton, the force distri-
bution exhibits a central restoring force, whereas for a
transversely polarized proton it shows a pronounced down-
ward force in the region of highest quark density. From a
phenomenological perspective, these results offer a

complementary interpretation of the Sivers asymmetry
observed in transversely polarized SIDIS experiments.
Overall, the two-dimensional force distributions provide
an intuitive and transparent visualization of the underlying
mechanisms responsible for single-spin asymmetries.

The background in these plots represents the quark
density, in units of fm=2, obtained by integrating over
the longitudinal momentum fraction of the Fourier trans-
forms of the twist-2 GPDs H(x,b) and E(x,b), or equiv-
alently of the Dirac and Pauli form factors [58—61]. These
densities correspond to a proton polarized along the x
direction. By normalizing the force density with respect to
the quark density, one obtains the average local force
strength in a given region. The force distributions shown in
Fig. 2 are in good agreement with the results reported
in Ref. [3].

V. SUMMARY AND CONCLUSIONS

This study systematically investigates the transverse
color Lorentz force and its intrinsic connection to the
nucleon twist-3 spin-dependent structure function g, within
the BLFQ framework. First, we compute the momentum-
space force form factors ®@;, ®,, and @5 for # and d quarks
in a transversely polarized proton. The results reveal clear
flavor-dependent features: ®; is negative for both quark
flavors, with its magnitude saturating at large —¢, while @,
and @5 exhibit opposite sign patterns for u and d quarks.
Moreover, the magnitudes of @, ®@,, and @5 for u quarks
are approximately 1.5, 2, and 1 times larger, respectively,
than those for d quarks.

Second, we extract the twist-3 matrix element dj from
the forward limit and obtain numerical estimates for both
quark flavors. Since d, is predicted to be intrinsically small,
its experimental determination will likely be subject to
sizable uncertainties. Nevertheless, our theoretical predic-
tions are consistent with existing lattice QCD results and
phenomenological extractions.

Third, the force distributions in impact-parameter space
exhibit distinct spatial structures for each component. The
component .%; corresponds to a radially attractive force
that increases from the periphery toward intermediate
distances and then decreases to zero near the center. The
component .%, is oriented along the b, direction, with its
sign depending on the quark flavor, while .7 displays a
dipolelike pattern characterized by repulsive and attractive
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FIG. 2. Plots of the force components F, F,, and F; distributions in coordinate space for quarks together with quark density
distributions. Left panel for down quark and right panel for up quark. From top to down they are |, F,, and F3, respectively. The gray
sphere at lower left is the proton, and the black arrow marks its polarization direction. In two-letter labels, the first character describes
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unpolarized quark.

054011-7



ZHANG, MONDAL, XU, ZHAO, and VARY

PHYS. REV. D 114, 054011 (2026)

poles and also shows flavor dependence. Accordingly, .7,
and %5 require a proton helicity flip, whereas %, is
insensitive to nucleon polarization.

Future work will focus on expanding the number of
Fock-sectors and increasing the basis truncation parameters
(Nmax and K) to achieve higher numerical precision. We
also plan to extend this framework to other hadron and
nuclear systems and to investigate the color Lorentz force
acting on transversely polarized quarks [4]. It should be
noted, however, that experimental access to this latter
observable is expected to be more challenging compared
to twist-3 spin-dependent structure functions.
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