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We investigate the twist-3 generalized parton distributions (GPDs) for the valence quarks of the proton
within the basis light-front quantization (BLFQ) framework. We first solve for the mass spectra and light-
front waved functions (LFWFs) in the leading Fock sector using an effective Hamiltonian. Using the
LFWFs we then calculate the twist-3 GPDs via the overlap representation. By taking the forward limit, we
also get the twist-3 parton distribution functions (PDFs), and discuss their properties. Our prediction for the
twist-3 scalar PDF agrees well with the CLAS experimental extractions.
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I. INTRODUCTION

The structure of the proton constitutes one of the most
fundamental problems in hadronic physics today [1-6]. It is
well known that the deeply virtual Compton scattering
(DVCS) experiment provides one way to explore the inner
structure of the nucleon, and its scattering amplitude can be
expressed in terms of the generalized parton distributions
(GPDs) [6,7]. There are many measurements of DVCS
from Jefferson Lab (JLab) CLAS [8-11], JLab HALL
A [12,13], HERA H1 [14-16], HERA ZEUS [14,17] and
HERA HERMES [18,19], and more are anticipated in
future EIC [20] and EicC [21].

The GPDs are functions of the longitudinal momentum
fraction carried by the struck parton (x) [6,22-25], the
longitudinal momentum transfer, known as skewness (),

*zhangziqi @impcas.ac.cn
"huzhi0826 @ gmail.com
“xsq234@impcas.ac.cn
mondal @ impcas.ac.cn
Ixbzhao @ impcas.ac.cn
Yjvary @iastate.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2024/109(3)/034031(16)

034031-1

and the square of total momentum transfer to the hadrons
(—1), providing a three-dimensional picture of the hadron
structure. The information encoded in the GPDs is richer
than the ordinary parton distribution functions (PDFs) since
PDFs only contain one-dimensional information. In the
forward limit, the GPDs reduce to the ordinary PDFs. The
GPDs can also be connected with the form factors (FFs),
the orbital angular momentum (OAM), the charge distri-
butions, etc., [6,26-28].

Most of the GPD-related studies concentrate on the
leading twist [1,29,30]. The GPDs at subleading twist are
suppressed and less known, but in fact these are not
negligible. There are several reasons for the importance of
the twist-3 GPDs. First, there are relations between the quark
orbital angular momentum inside the nucleon and twist-3
GPDs [6,26,31]. Second, some studies show that from
twist-3 GPDs, we can obtain information about the average
transverse color Lorentz force acting on quarks [32,33].
Third, the twist-3 DVCS amplitude can be expressed in terms
of the twist-3 GPDs through the Compton form factors [34].

Basis light-front quantization (BLFQ) is a recently
developed nonperturbative method [35-43], designed for
solving relativistic bound state problems in quantum field
theory (QFT) and obtaining observables from the eigen-
vector of the Hamiltonian. It has been successfully applied
to compute many twist-2 observables [44-54].

In this work, we calculate the twist-3 GPDs of the proton
using the light-front wave functions (LFWFs) obtained by
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diagonalizing an effective Hamiltonian of the proton within
the BLFQ framework. The basis truncations and the Fock
sector truncations are adopted to enable practical numerical
calculations. We also present the twist-3 PDFs obtained by
taking the forward limit of the twist-3 GPDs.

The organization of this work is as follows. We briefly
introduce the BLFQ framework in Sec. II. Then we give a
simple introduction to the GPDs in Sec. III, where we also
show the overlap representation of the twist-3 GPDs. In
Sec. IV, we present all the numerical results including the
twist-3 GPDs and PDFs, and their properties including sum
rules. At the end, we summarize this work and elaborate on
future prospects in Sec. V.

II. BASIS LIGHT-FRONT QUANTIZATION

In this section, we will give a brief introduction to BLFQ.
As a nonperturbative approach, BLFQ is based on the
Hamiltonian formalism and exhibits the advantages of
light-front dynamics. It has been successfully applied
to many quantum electrodynamics (QED) and quantum
chromodynamics (QCD) systems [44,46,48,50,51,54-62].

The main idea of BLFQ is to obtain the mass spectrum
and bound state wave functions simultaneously by solving
the eigenvalue problem

Hly) = H,|y), (1)

where H is the light-front Hamiltonian of the system, H,,
is the eigenvalue that represents the light-front energy of
the system, and |y) is the eigenvector of the system that
encodes the structural information of the bound state. The
notation for an arbitrary four-vector in the light-cone
coordinate that we adopt is a = (a+ a',a’,a ) The +
and — components are defined by a* = ao + a3, and the
transverse directions are a* = (a', a?).
The invariant mass is related to the light-front energy
according to
M? = PP~ — (P12, (2)
where P' represents the longitudinal momentum, P~
represents the energy and P represents the transverse
momentum of the system. This leads to with H = P?

P2ly) = M?|y). (3)

BLFQ uses a Fock-space expansion for hadronic states.
At fixed light-front time (x™ =x° +x* =0), one can
expand the proton state as

[Wproton) = alqqq) + blgqqg) + clqqqqq) +---. (4)

where - - - represents all other possible parton combinations
that can be found inside the proton. This work takes only
the leading Fock sector into consideration.

Within each Fock space, the proton eigensolution
lw(P,A)) can be expanded in terms of N-parton states

|pi’p1’/1>
N 2 N
dx‘l e R 16 (1-3
\/97167z -

N
2) <Zkzj_>l//N(xt7li_7/11)|pz ’pl ’/1>

(5)

where x; = p;"/P" is the longitudinal momentum fraction,
]_ézl = ﬁzl - xiﬁ - n
the light-cone helicity for the ith parton, and yy (x;, ki, )
is the LFWF of the corresponding N-parton state. Those
N-parton states are normalized as

is the transverse relative momentum, 4; is

(NP AN pis As)

H 167 pfs(pi* - pf)

i=1

=L o
x & (pi = Pi)Sua- (6)
In this work, the light-front effective Hamiltonian
designed for the proton in leading Fock sector is [44]

Hy = Zm + sz Zvconf 4= ZVoGE’ 7

i
where m; is the mass of ith constituent, the subscript i, j are
the indexes for particles in the Fock sector, fo’j“f is the
confining potential, and V{F is the one-gluon exchange

(OGE) interaction. The spemﬁc form of the confining
potential is [44,55]

K4

Vconf — K' lJ_ +
75 (my+my)?

ax, (xixjaxj)v (8)

where « defines the strength of the confining potential,
FijL = /XiX;(F;iy —7;1) is the relative coordinate. The
schematic form of the OGE potential [38,55] (see
Appendix C)

4nCra, _ _
VIR = =g w (e (Pt (Pprams (p)). - (9)
ij
where Cr = —2/3 is the color factor, «; is the coupling

constant, Q%j = —g* is the average momentum transfer
squared carried by the exchanged gluon, and u,(p)
represents the spinor which is the solution of free Dirac
equation with momentum p and spin s. The OGE inter-
action plays an important role in the dynamical spin
structure of LFWFs [43], which allows us to calculate
spin dependent observables.
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For the longitudinal component of the basis state, we
choose a plane-wave state confined in a longitudinal box as

-\ 1 iZkx~

Wy () = 5 et (10)
with antiperiodic boundary condition for fermions. 2L is
the length of the confining longitudinal box, and k is the
quantum number that represents the longitudinal degree of
freedom. The longitudinal momentum is given by p* =
2zk/2L, with k = {1/2,3/2,5/2,---}. Two-dimensional
harmonic oscillator (2D-HO) states are adopted for the
transverse components as

1 4zn! : m
P =30/ eimoplmle=r* /2L (p2)(11)

m| +n)!

where n, m are the radial and angular quantum numbers,
respectively, p = |p|/b is a dimensionless argument, b is

the basis scale parameter which has mass dimension, L‘,,m‘ is
the associated Laguerre polynomial, and ¢ = arg(p, ). The
last degree of freedom is the light-cone helicity state in the
spin space represented by A Then we have a complete set
of single-particle quantum numbers that represent a Fock-
particle state, {k, n, m, 1}. The basis states of a Fock sector
with multiple particles are expressed as the direct product
of each single-particle basis state in the Fock sector. These
single-particle states are orthonormal.

Within the BLFQ framework, we introduce a Fock-
sector truncation and two cutoffs for practical calculations.
Only the first Fock sector |gqq) is taken into consideration
in this work. The two cutoffs are represented by N .«
and K. N, is the cutoff in the total energy of the 2D-HO
basis states in the transverse direction, given by
>:(2n; + |my| + 1) < Npax, and K = Zjk; represents the
cutoff in the longitudinal direction.

This work uses single-particle states to construct the
BLFQ basis. It has an advantage for retaining the correct
fermion statistics for quarks. However, the many-particle
basis therefore incorporates the transverse center-of-mass
(CM) motion which is entangled with intrinsic motion. It is
then necessary to add a constraint term into the effective
Hamiltonian

H/ :/1L<HCM—2b21), (12)

to enforce factorization of LFWFs into a product of internal
motion and CM motion components. By removing the
transverse CM motion component, one obtains a boost-
invariant LFWF.

The CM motion is governed by

Hey = (Zﬁ})z + b (in?})z. (13)

Here A, is the Lagrange multiplier, 2b? is the zero-point
energy and / is a unity operator. By setting 4; sufficiently
large, it is possible to shift the excited states of CM motion
to higher energy and ensure that low-lying states are all in
the ground state of CM motion.

The LFWF of the proton state is obtained in terms of
BLFQ LFWEF as

Wi pay = {p5 P Aidlw (P A))

- Z W/{\x[,n,-,m,-,ﬂ,-} Hqsnm,l (ﬁi)v (14)
{n;.m;}

where the completeness > |[{x,n,m,A})({x,n,m,A}| =1
is used, and the l//?xi.n,-.m,-.lf} = ({x;,n;,m;, A;}lw(P,A\)) are
the wave functions in BLFQ which can be obtained from
diagonalizing the light-front Hamiltonian.

All the calculations below are performed with the
following set of parameters: the basis truncation N, =
10 and K = 16.5, the model parameters m,, xg = 0.3 GeV,
myo6e = 0.2 GeV, coupling constant a; = 0.55, confin-
ing potential k = 0.34 GeV and 2D-HO scale parameter
b =0.6 GeV. The proton LFWFs resulting with this
parameter set have been successfully applied to compute
a wide class of different and related proton observables,
e.g., the electromagnetic and axial form factors, radii,
leading twist PDFs, GPDs, helicity asymmetries, TMDs,
etc, with remarkable overall success [44-54,63].

III. GENERALIZED PARTON DISTRIBUTION

In this section, we will present the definition of twist-3
GPDs, and their overlap representations using LFWFs. The
GPDs are functions of three variables, x representing the
longitudinal fraction, £ for the skewness, and —¢ signifying
the momentum transfer squared. The GPDs are defined as
off-forward matrix elements of a bilocal operator as

1 [dy” . -
P = [ e (mafe(-3)w(-33)

, (15)

< T <X> 'P, A>
2 y+=0,)7L=0

where P, P’ represent the momenta of the initial and final
proton respectively, A, A’ represent the light-front helicities
of the initial and final proton respectively, and W(y,x) =
Pexp(ig [¥ dz#A,(z)) is the gauge link that ensures that
the bilocal operator remains gauge invariant. Since we
are working in the light-cone gauge (where A™ = 0), the
gauge link is then unity. I" is one of the sixteen Dirac
gamma matrices. We choose a symmetric frame throughout
this work:

& aerE

P= (0P i
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LAt M2 AN)?2/4

ﬂ>’ (18)

t
A=P —pP=(-26P" A"
( : 2P

where P = (P + P')/2 is the average momentum, A is the
momentum transfer, & = —AT /2P is the skewness, M is
the proton mass, and ¢ = —A? is the momentum transfer
squared. Usually there are two &-dependent regions in the
DVCS process for quarks, one is —¢ < x < &, called

|

the Efremov-Radyushkin-Brodsky-Lepage (ERBL) region,
the other is & < |x| < 1, called the Dokshitzer-Gribov-
Lipatov-Altarelli-Parisi (DGLAP) region. This work
focuses on the zero-skewness limit, i.e. £ = 0, so only the
DGLAP region applies. The DGLAP region describes a
quark scattered off the proton, absorbing the virtual photon
and immediately radiating a real photon, then returning to
form a recoiled proton. This is a n — n diagonal (parton-
number conserved) process.

With the parametrization taken from Ref. [64], which
includes both chiral-even and chiral-odd GPDs, one finds
that the sixteen subleading twist GPDs are defined as

p M - yt A - Aty
Fip = 2(P7) u(P',\') [WﬂHzT(x’ & —t) +L27ME2T(X,5, —1)
PrAl — ATP +p _ Pty
P e+ T B )|, (19)
bivsl _ el - ytAL — Aty
F‘/]\/,/};5 — _Z(Pi)z M(P/’A/) |:l6Jr H/ZT(X’ 5, —[) +TE/2T()C, 5, —[>
PHAL — AP . T
+%H/2T(x’ f’ —t +ME/2T(X’§1 _t) M(P’A)’ (20)
M M
M ioct? A
Pl = 5 e (P ol 1) + 5 2 B0 (P ), e1)
Fil = Y ap &) [y oyt & =) + 2L By (x, . =0) [u(P, A) (22)
ANA 2(1‘)+)2 u ’ Y Vsiis\X, 6, M 2(X, ulr, B
. ij N
oy __ i€ ic*’4,
Fy\ _2(P+)2 u(P',N) [}/*H’z(x, E—1)+ M E,(x, &, —t)} u(P,A), (23)
F[i(;+-}’5] —LQ(P/ A/) U (x £ — P V5 % (x £ —t) M(P A) (24)
NA (13+)2 ) vV Vsith\X, 6, 2(X, &, s \),

where o'/ = i[y',y/]/2, and €' = ¢~ with the antisymmetric Levi-Civita tensor ¢~*'2 = 1. Here i, j can only be

transverse indices 1, 2.

A different parametrization of GPDs with vector and axial vector is introduced in Ref. [65]

Y io" A, Af Ayt i’ Aty
Fﬂ—u(P’){PﬂP H+ P+ M E+ G1+y”(H+E+G2)+ I’i* G; + l]_ﬁ 2 Gy |u(P), (25)
ey - rys - A Ays ANytys ie Ayt
F”:“(P/){P” 2 M M 2(E+Gy) +r'ys(H+ Gy) + BT Gs + B+ Os u(P). (26)

By using relations based on the Dirac equation [23,65-67], the two types of GPDs above can actually be related to each
other according to the equations in Appendix A. In addition, there is also another parametrization defined in Ref. [68],

AL

A
Fq,}/l = ﬁGq’l(x,f

io

(=) + AUG o (x, & 1) +

Lp

T L Gys3(x. &, 1) + MiaL”nl,GqA(x, £ 1), (27)
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and their relations to the GPDs in this work can also be
found in Appendix A. There are also some other para-
metrizations of GPDs [33,69-71], but we will not illustrate
them here.

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

:Hd’l‘: K |6 *5(1—2 i)
x 82 (Z lii)é(x —x), (28)

and [ =a(p’,A)Tu(p,)
helicity combinations. Also u/ﬁ‘l

[dx][d?k]

encodes struck quark
signifies the LFWF
wﬁ‘] oy (Xis Pis4;), where A represents the proton helicity,
and 4, represents the struck quark helicity. The constraint of
spectators 525% is implied. In the overlap expressions, the
symbol A will refer to the 2D complex representation,
A = A, + iA,. By taking I' = y*, one finds the following
expressions

J/’ 2 _ (=) )/2i
HY(x,0, - Z/ [d?k] [T 2MA+()’A*
X (Aw}*y/ﬁ] + A*l//i/*llll ) (29)
EZT x,0,— Z/ [dx][d®k]
2pP° R
* (m (viivh+viivl)
(=)/2(i )’MP+( . I T)
Re(A)Im(A) l/’,{’ Wﬂ] ( ) l//j,’ Wﬂl
(30)
IMP*
Hy 0,—- [dx][d*K|[T )
2%, Z / | Re(A)Im( )
x (WII vl = (i), (31)
},/ 2 >]2ZP+
E(x,0,— Z/dxd AT A
x (’/’4: v - l//j/*wt) (32)
With I' = ylys, the expressions are
17'rs 2 p* 2
H 5 (x,0,=1) = Y [ [dx][d k}mwm
Ai
X (Aw}*wi —+ A*wj,*wg ) (33)

E'5F (x,0.~ Z / [dx][K][T
(Z)2iPT (g 4Lk
" (m (wivl +uitvi)
=2(=i)/MP" 1 4. | Lx, 1
Re(A)Im(A) ("’” vi, + (Vs "’M)
(34)
—i)/MP*
- 2 M
25 (x,0, - ;/dx J[d?K] [T RG(A)Im(A)
(v + oy wm @9
vy P
! 5
ET(x,0,— %:/dxfk ()/A*
X <l///yl W}T] W}%’*W/t) (36)
For I' = 1, they are
Z/ [dx] d2 _U/y U/L (37)
Z / [dx][d2p] A* w v (38)
For I' = ys,
- . 0 Pt tx 1
Hz(.x,(), —[) - z [dx] [d p][r]ﬁwﬂq Wﬂ]’ (39)
P
0.0 = [laseplin =il @0
ForI' = iaijys,
H)(x,0,—1) = Z/ [dx][d? p] W v, (41)
2 P
E,(x,0,— Z / [d[dp] l ‘/’Il*‘/’i" (42)
For I' = ic*ys,
0.0 = [yl @)
- M A 1
= . 2 2P x| 44
Ey(x.0.—1) =) [ lax|[d*p|[l]——w} vy, (44)

i
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IV. NUMERICAL RESULTS AND DISCUSSION

In this section, we will present the numerical results of
zero-skewness twist-3 GPDs calculated by the BLFQ
method, and discuss their properties including sum rules,
time-reversal symmetry, and PDF limits.

A. Twist-3 GPDs

With overlap representation and the LFWFs obtained
from solving BLFQ with the specific implementations
described above, we calculate all the twist-3 GPDs and
display the results in Figs. 1-5. These overlap expressions
in Egs. (29)-(36) are slightly different between i = 1 and
i = 2, but we find that the numerical results are the same,
which demonstrates rotational symmetry in the transverse
plane within our approach. Thus we only show one of the
two choices for both u and d quarks for simplicity. Since &
is fixed at zero in this work, we plot the GPDs as functions
of x and —1. In this zero-skewness limit, eight of the twist-3
GPDS, HZT’ EZT’ IzlzT, ElzT, 1:12, le, EIZ’ and El , are
consistent with zero in our calculations to within our
numerical uncertainty. This conclusion is consistent with
their properties that we will discuss later.

E,r is the only y* structure GPD that survives in the
zero-skewness limit, and its 3D structures are shown in
Fig. 1. The distributions for both d and u quarks have peaks
at small x and small —7 region with opposite sign. This is
due to the appearance of x and A in the denominator of the
expression of E,7. The distribution of E, falls very fast in
the small x region at small —¢ followed by the appearance of
a rounded peak moving to higher x with increasing —t.

Now referring to Fig. 2, we first note that for the y*ys
related GPDs, only E); is zero. H), behaves like Eyr. Eb;y
possesses a dipole structure in the x direction and,
accordingly, has a peak in the small —¢ region at around
x = 0.2 for both the u and the d quark as seen in Fig. 2.
Similar structures appear in the Hb,, where a dip is
observed near the origin. We tested their structures with

Ez T\‘?(x, 0,-t1)

FIG. 1.
respectively. The flavor level distributions are given by Xg . .
GPDs are evaluated with N, = 10 and K = 16.5.

different parameter sets, and similar behavior persists. We
suspect that this is a model-dependent feature related to the
BLFQ calculations.

As depicted in Fig. 3, the behaviors of H, closely
coincide for # and d quarks. However, for E,, a distinct
pattern emerges, exhibiting a peak near the origin for the d
quark and a distinct valley at around x = 0.2 for the
u quark.

For E, and i) in Figs. 4 and 5, they exhibit comparable
trends with varying magnitudes. This alignment can be
readily confirmed by examining the expressions for E, and
H, in Egs. (22) and (24).

Key features of the GPDs pictured above are highlighted
through 2D forms in Figs. 6 and 7. From Fig. 6, where —¢ is
fixed at 0.25 GeV? and 1.44 GeV?, one finds that the peaks
are moving toward higher x as —¢ increases. The 2D plots
with fixed x at 2.5/16.5 as shown in Fig. 7, display the
smooth trend toward zero as —¢ increases.

As mentioned before, the transverse symmetry between
y' and y? has been verified in our calculations to within
numerical precision. We choose —t = 1.44 GeV? for E,y,
H', E)y and H', in Fig. 8 to illustrate this conclusion.
Clearly, y' related distributions (solid lines) and y? related
distributions (dashed lines) coincide with each other
very well.

B. Sum rules

Sum rules for the twist-3 GPDs G; and G, have been
derived in Ref. [72]. For x°-moments,

/ 1 dxG;(x, &, —1) =0, (45)

1

/ L dxGi(x, & —1) = 0, (46)
1

where i = 1, 2, 3, 4. For x'-moments,

0'5—t[GeV2]

Twist-3 quark GPDs in the proton associated with I' = y*; (a) and (b) are for the down and up quarks on the quark level,
=2X"

- x4

quark» Where X stands for all the GPDs. The

. and X4

quarl flavor
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Hé TM(X, 0,-1)

Hj9(x,0,~t)

0.8

@ ®)

E5r"(x,0,-)

FIG. 2. Twist-3 quark GPDs in the proton associated with ' = y1ys; {(a) (c) (e)} and {(b) (d) (f)} are for the down and up quarks on

the quark level, respectively. The flavor level distributions are given by Xf, . = 2X{ . and X4 o = Xguark, where X stands for all the
GPDs. The GPDs are evaluated with N, = 10 and K = 16.5.
1 ~
I 1 / dxxGy(x, &, —t)
/ dx'XGl (xv 6’ _t) =33z dx'XE(x’ év _t)’ (47) -1
-1 208 ) 1 0 1 -
3 |mn+ (eg-1) [Lanee-n]. 6
1
dxxG,(x, &, —t L &
/_1 xxG,(x, &, 1) / dxxGy(x, &, —1)
-1
1 1
== |Gus(—t) — dxx(H+ E)(x,&,—1) |, 48 1 —t 1 -
5 { a(=1) /_1 xx(H + E)(x.¢ )] (48) — | &G p(~1) = —5 Fy(—1) —/ dxxH(x, &, —1) |,
2 4aM -1
(52)
1
/ dxxGs(x, &, —1) =0, (49) 1 . 1
-1 / dxxG3 (x, 5, _t) = Z&GE(_t)’ (53)
-1
1 1 > 1
/ dxxGy(x,&,—t) =0, (50) / dxxGy(x. &, —1) = ZGE(_t)’ (54)
—1 -1
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Hy'(x,0,-1)

0.8
(b)

E5"(x,0,t)

FIG. 3. Twist-3 quark GPDs in the proton associated with ' = 1; {(a) (c)} and {(b) (d)} are for the down and up quarks on the quark
level, respectively. The flavor level distributions are given by Xj, ., = 2X¢,, and X' 4 or =X guark, where X stands for all the GPDs. The

GPDs are evaluated with N, = 10 and K = 16.5.

ES'(x,0,-0)

E;“(x, 0,-1)

FIG. 4. Twist-3 quark GPDs in the proton associated with I' = ys; (a) and (b) are for the down and up quarks on the quark level,

respectively. The flavor level distributions are given by X, . = 2X( 4 and X

GPDs are evaluated with N, = 10 and K = 16.5.

where F|(—t) and F,(—t) are the Dirac and the Pauli form
factors, Gp(—t) and G,(—t) are the pseudoscalar and the
axial-vector form factors, Gy(—7) and Gg(—t) are the
magnetic and the electric form factors, respectively. From
definitions, we have

/ L dxH(x,E = 0,—1) = Fy (=), (55)

1

/ AE(x, & = 0,—1) = Fy(—1), (56)

1
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d = x4  where X stands for all the GPDs. The

flavor quark?

[ asfiteg =0 =G0, (57)
[ asee=0.-0 =Gol-r). (59

Gu(=1) = Fy(=1) + F(=1), (59)
G(=t) = Fi(=0) + L5 Fa(=). (60)
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(a) test

FIG. 5.
respectively. The flavor level distributions are given by X
GPDs are evaluated with N, = 10 and K = 16.5.
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FIG. 6. The left and right figures represent four twist-3 GPDs each for u and d quarks. The upper part corresponds to—¢ = 0.25 GeV?,

while the lower part corresponds to —t = 1.44 GeV?2. The flavor level distributions are given by X4

= 2X{ o and x4 = ngk.

flavor flavor

We use the same color to represent the same GPD for each figure, and the solid lines with fill markers and the dashed lines with open

markers to represent the down and up quarks respectively.

Note that opposite sign of the right-hand side (rhs) of
Eq. (48) after taking forward limit is exactly the so-called
kinetic OAM defined in Ref. [6]. This implies that twist-3
GPDs also have physical relevance that is not negligible.

Using the inversion relations, Eqs. (A9)-(A16), one can
express the sum rules, Egs. (45)—(54) in terms of GPDs in
Egs. (19) and (20). This work mainly focuses on the zero-
skewness limit, £ = 0, so some of the sum rules above,
which contain 1/& or 9/0& will not be discussed here. The
twist-2 GPDs used here have been calculated with the same

parameter set and truncation [44,53]. Note that one has to
consider nonzero skewness, £ # 0 to compute the GPD E.
Using the properties of GPDs under discrete symmetries
(see Appendix B), some of the GPDs are already zero at
both the theoretical and the numerical level, making the
sum rules (45) (i = 1, 3), (46) (i = 3), and (53) automati-
cally satisfied. The differences between the left-hand side
(Ihs) and the ths of Egs. (46) (i = 2, 4), (52), and (54) are
not small enough to be treated as the numerical error.
However, they all exhibit a common trend that they

034031-9
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FIG. 7. The left figure and the right figure are the twist-3 GPDs with fixed x = 2.5/16.5 on the quark level. The flavor level

distributions are given by X4~ =2X" . and X = Xguark.

flavor quark

We use one color to represent the same GPD for each figure, and the

solid lines with fill markers and the dashed lines with open markers to represent the down and up quarks respectively.
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FIG. 8. The transverse symmetry of the twist-3 GPDs with y*,
where we use colorful fill markers and black open markers to
represent y' and y? related structure, respectively.

decrease as —t increases. We suspect that the deviation is
due to the fact that we have only retained the leading Fock-
sector and will discuss those results in more details later
when we extend to the higher Fock-sectors to include
contributions arising from a dynamical gluon.

In Ref. [68], the authors investigate the relation between
the GPDs in Eq. (27) and the gravitational form factors
(GFFs) as the parametrization of the matrix elements of
the energy momentum tensor (EMT). Following some
constraints of the GFFs, the following sum rules are
obtained

/ dxxlim Gy (x,¢, ~t) =0, (61)

with j =1, 2, 4. With the replacement of Egs. (A17),
(A18), and (A20), we find Eq. (61) is satisfied each time to
within numerical precision.

C. PDF limit

The PDF was originally introduced by Feynman to
describe the deep inelastic lepton scattering process,
providing information on the hadron structure in the
longitudinal direction. The PDFs can be interpreted as
parton densities corresponding to a specified longitudinal
momentum fraction x. The PDFs are also defined by a
quark-quark density matrix [73],

Flx) = / %ew‘mp,/\hp(— %)n,/ <§) P, A), (62)

By taking different I" structures, we could get the PDFs
for all twist. This work only focuses on twist-3 PDFs,
which are given by

/ %_ eV (P, A|v7<— %)w@) [P, A) = 2Me(x),

(63)

/dzyﬂ_ eV (P, Alv‘/(— ;) yi}@l//@) [P.A) = 2gr(x),
(64)
/ %e"y’wP,AIv‘/ <—%> io"ysy (%) [P.A) =2h, (x)M.
(65)

where the index 7 in Eq. (64) can only be 1 or 2.

It can be immediately found that some pairs of the GPDs
and the PDFs are connected to each other by taking the
forward limit

e(x) = iirr(l)Hz (x,0,-1), (66)
1 (x) = limHy (1.0, -0) (67)
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FIG. 9. Twist-3 PDFs in the proton on the flavor level with
different color curves; the fill markers and the open markers are
for the down and up quarks, respectively. The PDFs are evaluated
with N, = 10 and K = 16.5.

hy(x) = Ei%ﬁlz(x’o’ —1). (68)

Since A appears in the denominator of the expressions
of H),, we try to perform the limit numerically to obtain
the twist-3 PDFs. Fortunately, we find that our results
are numerically converging when —¢ is smaller than
1077 GeV?. So we choose —t = 1072 GeV? as the numeri-
cal point representing the forward limit, and the results are
shown in Fig. 9.
Our results satisfy the sum rule [73]

/xe(x)dx = %Nq, (69)

where m, is the quark mass and N, is the number of
valence quarks of flavor g.

More interesting things happen to g7 (x). At twist-2 level,
the similar gamma structure parametrized as g;(x) is the
so-called helicity PDF that measures the quark helicity
distribution in a longitudinally polarized nucleon. At the
twist-3 level, Egs. (67) and (33) show that g;(x) measures
the transverse spin distribution for quarks. Here there is
also a well-known sum rule called the Burkhardt-
Cottingham sum rule [74],

/ g (x)dx =0, (70)

where g,(x) = gr(x) — g;(x). This sum rule means that the
contributions of quark spin to the proton spin with different
polarizations are the same. But this sum rule is derived from
three-dimensional rotational symmetry, which is broken by
the truncation of Fock sector and is therefore not satisfied in
this work. We hope that with the inclusion of higher Fock

8 s T : -
o LFM at Q2=1.0 GeV?

ol | Tt — — LFCQM at Q?=1.5 GeV? |]
—— BLFQat Q%=1.5 GeV?
------ BLFQ at Q?=1.0 GeV?
—~ 4} g
et B CLAS12 (outer ban)
) N M CLAS12 (inner bar)
ok x\:;\ m CLAS (outer bar) |
b I CLAS (inner bar)
0 == =
0.1 0.2 0.3 0.4 0.5

FIG. 10. BLFQ calculations for proton-flavor combination e, at
0% = 1.0 GeV? (red line) and Q% = 1.5 GeV? (black line) in
comparison with other results. The blue line is extracted from
Ref. [76], the green line is extracted from Ref. [77], the purple
and brown error bars are the extraction of CLAS data, and the red
and yellow error bars are the extraction of CLAS12 data. Here the
inner bars represent the contribution from the Oth approximation,
corrected by the twist-3 contributions for the fragmentation sector
for the outer bars as explained in [75].

sectors in the future this will be improved. As for Ay (x), it
contributes to a polarized Drell-Yan process. Both g7 (x)
and h; (x) are sensitive to quark-gluon interaction [73].
Recently, the point-by-point extraction of the twist-3
scalar PDF e(x) through the analysis of both CLAS and
CLASI12 data for dihadron production in semi-inclusive
DIS off of a proton target has been reported in Ref. [75]. We
also notice that there are many model calculations of e(x)
for which we provide a comparison below. The proton
flavor combination quantity e, is defined by [75-77]

1
—ey) — =

slea—e). ()

4
€y = §(€u

In Fig. 10, we present the e, for both theoretical model
calculations and experimental extractions. We utilize the
higher order perturbative parton evolution toolkit
(HOPPET) to numerically solve the NNLO DGLAP
equations [78], and evolve BLFQ results from the initial
scale 3 = 0.195 £ 0.02 GeV? [44] to the scale at Q? =
1.0 GeV? and Q? = 1.5 GeV2. The error bands in our
evolved distributions are due to the 10% uncertainties in the
initial scale. We find that our results show good agreement
with other model calculations and the experimental data in
most regions. In the small x region the experimental data
rise sharply, whereas our results rise more slowly. It should
also be noted that there is large uncertainty in the
experimental data in the low x region. Despite that, our
preliminary results are generally consistent with most of the
model calculations and the experimental data.
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V. CONCLUSION

In this paper, we present all the twist-3 GPDs in the zero-
skewness limit of the proton within the theoretical frame-
work of basis light-front quantization (BLFQ). The LFWFs
are obtained by diagonalizing the proton light-front
Hamiltonian using BLFQ. Then the LFWFs are used to
calculate twist-3 GPDs via the overlap representation. We
have calculated all well-defined twist-3 GPDs, both chiral-
odd and chiral-even, with a truncation to leading Fock
sector and numerical cut offs. We also calculate twist-3
PDFs and evolve the spin-independent PDF e(x) to a
higher scale that we then compare with other theoretical
model calculations and with experimental data. We find
there is general agreement among the selected models and
rough agreement between models and experiment consid-
ering the large experimental uncertainties.

In the future, we shall calculate twist-3 GPDs with higher
Fock sectors, and study the relation between twist-3 GPDs
and orbital angular momentum distribution. The study of
nonzero-skewness is also of interest because it can be
connected to DVCS twist-3 cross section [34] and can be
measured through the experiments at the EIC and
EicC [79]. Results at twist-3 and non-zero skewness will
deepen our understanding of the proton structure, and
further, help to solve the proton spin puzzle.
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APPENDIX A: RELATIONS BETWEEN
DIFFERENT GPDs

The relations between GPDs defined in Ref. [65] and
those in Eqgs. (19)—(24) are

Hop = 26G,, (A1)
Eyr =2(G;3 — $Gy), (A2)
- 1
Hyr =G, (A3)
Eyy = —(H + E+ G,) +2(¢G3 — Gy), (Ad)
-t - ~ ~ ~ ~

Hy = (E+G) + (H+Go) =265, (AS)
Ebyy = —(E+Gy) = (H+ Gy) +2(6G5 = Gy),  (A6)
N I
H2T:§(E+G1)a (A7)
Ey =2(G; - ¢Gy) (A8)
The inversion of above equations are

Gl = 2H2T7 (A9)

1 -
Gy =—-(H+E)- : (1 =&)Har + EEyr — By, (A10)
1
G —§(H2T+E2T)v (All)
1
Gy zféHzry (A12)
G, = —-E +2H),, (A13)

2

- - Ac - -
G, = —H+ (1 - &)Hb — EEy — —= HYyp + EEY;

2M?
(A14)
. £ EM? 1.
G; = —§(H§T+E'2T) _WH/ZTJ’_EE/ZT’ (A15)
- 1 ! ! MZ ry!
Gy = ~5 (Hyp + Eyp) — WHva (Al6)

where M? = M? +t/4.
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The relations between GPDs defined in Eq. (27) and this
work are

Eyr(x. & —1) = 2G5 (x. & —1), (A17)
Hyr(x,&,—t) = Gy4(x. & —1), (A18)
Eyp(x,&,=1) = 28G5 (x. &, ~1) = Gy3(x.8.~1).  (Al9)
Hyp(x.8,—1) = Gy (x.&.—1). (A20)

APPENDIX B: DISCRETE SYMMETRY

We address the properties of GPDs under discrete
symmetries. Refs. [23,64,80] have shown that time-reversal
and Hermitian conjugation together provide some interest-
ing results. Here we only give a brief discussion. The time-
reversal operator 7 is defined in the Hilbert space is an
antiunitary operator, and it has the following properties for
any c-function f

Tf=f*T, (Bl)
T(fi+f2)=Tfi+Tf>. (B2)

and for the inner product of quantum states
WilT T lys) = (w1 lwa)* = (walwr).  (B3)

If we act with them on Egs. (19)—(24) then some
symmetries are obtained

Fi(x, & A?) = Fi(x,—&, A?), (B4)
for F = Eyp, Hyy, Eyy, Hyp Ey Hy, Ey, HY, and
Fi(x, & A%) = —F(x, —£, A?). (BS)

for F = HZT’ E2T7 f{z’r, E/ZT’ Hz, H/Z’ Elz, EIZ
Taking the Hermitian conjugation on Egs. (14)—(19)
gives
Fo*(x, &, A%) = F9(x,—&, A?), (B6)

for F = Eyp, Hyp, Eby, Hyy  Ey Hy, Eo, HY, and

Fa*(x, & A%) = —F9(x, =&, A?). (B7)
for F = Hyr, Eyp, Hor, By Hy HYy, ES, E).

From Eq. (B4) one finds that E,, Hp, Ebyp, I:I’ZT, E,,
H,, E,, I:I’2 are even functions of £, while those in Eq. (BS)
are odd functions. This means that in the zero-skewness
(& = 0) limit, Hyp, Eyp, Hop, Eby, Hy, HYy, E), E) are 0.
Combining Egs. (B4) and (B6) one concludes that, Err,
Hp, Eyp, I:Ilzrs E,, Hy, E,, I:I’2 are real-valued. The same
analysis holds for Egs. (B5) and (B7). Thus we know that
all twist-3 GPDs are real-valued functions.

APPENDIX C: THE OGE POTENTIAL

In this appendix, we present the explicit expression for
the effective OGE potential [38],

Cra Ktk .
OGE F%s itk F g
Vi’j =3 E 5,{; +k}ba§ ba}bajba,-

RS
[P d*pyd*p AP
(27)*(27)*(27)*(2x)?
o (2m)%8* (l_”u + P —Di— ﬁl])
(xi — x;)szj
. m: ! m’x
X él%'(Pu)qﬁ:jj(Plj)ﬁl":;'*(l?u’)qﬁn;/ (P'L;)

< (P21 (P))y s, (pi) iy (P)) 1z, (p))-

(C1)

We follow the convention of Ref. [81], where the spinors,
u,(p) and @,(p), are dimensionless. K is the longitudinal
truncation. b}, and b, are the creation and annihilation
operators in the BLFQ basis [81]. The relations between the
normal creation and annihilation operators and the BLFQ
ones are given by

bi(p) = big*(py) (C2)
bi(p) =Y bady(p1), (C3)

nm

where the quantum number set, @, includes the longitudinal
momentum quantum number k, the radial quantum number
n, the orbital quantum number m, and the light-front
helicity A.
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