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We investigate the nucleon’s chiral-odd generalized parton distribution functions (GPDs) in the large-
N, limit of quantum chromodynamics (QCD). Extending previous work [Phys. Rev. D 111, 074007
(2025)] on the leading-order contribution in the 1/N, expansion, we focus on the next-to-leading-order
contributions and provide a complete set of flavor-singlet and flavor-non-singlet chiral-odd GPDs. This
study includes the derivation of the spin-flavor structure of the baryon matrix element of the chiral-odd
operator, the proof of the polynomiality property and associated sum rules, and numerical estimates
based on the gradient expansion. The spin-flavor structure of the nucleon matrix element is interpreted
through a multipole expansion in the transverse momentum transfer, leading to the definition of
multipole mean-field GPDs. Using these GPDs as the basis of our analysis, we take their mth moments
and demonstrate the polynomiality property within the mean-field framework, making use of discrete
symmetries in the proof. In particular, the first moments (m = 1) of the GPDs are related to the nucleon
tensor form factors, as generally required. By performing a gradient expansion, we compute the chiral-
odd GPDs and present numerical estimates. Our results show reasonable agreement with lattice QCD

predictions.
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I. INTRODUCTION

Generalized parton distributions (GPDs) are a powerful
tool for investigating the internal structure of the nucleon,
unifying the concepts of parton distribution functions
and nucleon form factors (see Refs. [1-4] for reviews).
In particular, chiral-odd GPDs contain information about
the distribution of transversely polarized partons within the
nucleon. In the transverse coordinate representation, they
offer a spatial interpretation of how such partons are
distributed in impact parameter space [5,6]. Despite their
importance, chiral-odd GPDs remain less well understood
than their chiral-even counterparts, due to their suppression
in leading-twist hard exclusive processes and the relatively
limited theoretical understanding.

Although chiral-odd GPDs enter at subleading twist, they
can be accessed experimentally via the twist-3 mechanism in
exclusive pseudoscalar meson production, through their
coupling to chiral-odd meson distribution amplitudes [7-10].
This mechanism, though formally suppressed, yields sizable
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contributions at intermediate momentum transfers, consis-
tent with JLab 6 GeV data [11-13]. These findings have
motivated further studies at JLab 12 GeV [14], CERN
COMPASS [15], and the future Electron-Ion Collider
[16], highlighting the need for precise theoretical input to
support current and forthcoming experiments. Moreover,
feasible measurements probing chiral-odd GPDs have been
proposed in various contexts, including diffractive electro-
production of two vector mesons [17,18], photoproduction
of lepton pairs [19], exclusive neutrino production of a
charmed meson [20,21], and exclusive photoproduction of a
yp pair [22,23].

Spontaneous chiral symmetry breaking (SySB) is a
fundamental phenomenon underlying the nonperturbative
structure of the nucleon. One of the most plausible mech-
anisms responsible for SySB is the quantum chromodynam-
ics (QCD) instanton vacuum. At a low normalization scale,
the QCD vacuum is posited to be populated by an ensemble
of instantons, with an average instanton size of p ~ 1/3 fm
and an average inter-instanton distance of R ~ 1 fm. These
instantons induce localized zero modes of fermion fields with
definite chirality. The delocalization of these modes leads to
the spontaneous breaking of chiral symmetry, dynamically
generating a fermion mass (see Refs. [24,25] for a review).
Upon bosonization of the fermionic degrees of freedom, the
Goldstone boson—identified with the massless pion—
emerges as an effective degree of freedom. Consequently,
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an effective chiral action capturing the essential nonpertur-
bative dynamics of QCD emerges [26-28].

By employing the semiclassical approximation to the
effective chiral action—justified in the large-N, limit of
QCD—the internal dynamics of the nucleon can be sys-
tematically studied. In this limit, quantum fluctuations of
the pion field are suppressed, and the pion field is governed
by the solution to the classical equations of motion. This
framework is commonly referred to as the mean-field
picture. Within this framework, the nucleon is described
as a bound state of N valence quarks interacting with a self-
consistent pion mean field [29] (see also Refs. [30-32] for a
review). In particular, a key feature of the 1/N . expansion is
the emergence of spin-flavor symmetry [33,34], which is
naturally realized in the mean-field picture through the so-
called hedgehog symmetry [35,36]—a minimal generaliza-
tion of spherical symmetry that preserves simultaneous
rotations in ordinary space and isospin space. While treating
the mean-field solution as an abstract object, the spin-flavor
structure of QCD matrix elements has been investigated in
various contexts [1,37-41]. In addition, based on self-
consistent mean-field solutions, studies have explored
tensor form factors [42—45] and transversity parton distri-
butions [46,47]. Only very recently, a comprehensive study
[37] of chiral-odd GPDs at leading order in the 1/N,
expansion has been conducted, including the derivation
of their spin-flavor structure and proofs of polynomiality and
sum rules. However, the spin-flavor structure at leading-
order (LO) is not sufficient to account for the complete set of
chiral-odd GPDs in both the flavor-singlet and flavor-non-
singlet sectors.

In this work, we extend the analysis of the chiral-odd
GPDs to next-to-leading order (NLO) in the 1/N. expan-
sion, completing the spin-flavor structures that were miss-
ing at LO in both the flavor-singlet and flavor-nonsinglet
sectors. This study also includes the proof of the poly-
nomiality property and the corresponding sum rules in the
single-particle representation. In addition, we provide
numerical predictions for the chiral-odd GPDs using the
gradient expansion.

The nonperturbative aspects of the chiral-odd GPDs have
also been explored using various quark model approaches,
including light-front quark models [48-51], the bag model
[52], and the basis light-front quantization model [53,54].
The tensor form factors have been calculated within the
framework of light-cone QCD sum rules [55]. In lattice
QCD, the moments of GPDs have been computed in
Refs. [56-58], while the x-dependence of the chiral-odd
GPDs [59-61] has been extracted by computing quasi-
GPDs and performing perturbative matching.

This paper is organized as follows. In Sec. II, we define
the chiral-odd GPDs and discuss their polynomiality
properties, along with the sum rules that relate them to
tensor form factors in a general framework. Section III
introduces the pion mean-field picture. Based on this

approach, we derive the spin-flavor structure of the matrix
element of the chiral-odd operator. Through the multipole
expansion, we then obtain the corresponding mean-field
GPDs in the 1/N, expansion. In Sec. V, we compute the
mth moments of the mean-field GPDs. Using discrete
symmetries and these moment results, we demonstrate
their polynomiality and verify the associated sum rules. In
Sec. VI, the chiral-odd GPDs are analyzed using the
gradient expansion. In Sec. VII, we present numerical
estimates of the chiral-odd GPDs and compare them with
lattice QCD results. The final section, Sec. VIII, summa-
rizes our findings and draws conclusions.

II. GENERAL FORMALISM

The matrix element of the chiral-odd operator between
nucleon states is defined as

. dz= . .
Mappsliot] :p+/ie;xp+z
2n

_ Z
X <plﬂsl|l//<_§>
_2 it (2

w and w denote the quark field operators, o =
(i/2)[y*,7"], and the components of a light-cone four-
vector are defined as v* = (1 %) /v2 and v, = (v',0?).
The space-time separation z between the quark fields is
lightlike, satisfying z2 = 0 and [—z/2, z/2] represents the
gauge link that ensures gauge invariance. The initial and
final nucleon four-momenta are p and p’, with their average
and difference defined as P = (p’ 4+ p)/2and A= p’' — p,
respectively. The variables s and s’ denote the spin polar-
izations of the initial and final nucleon states.
The matrix element of Eq. (1) is parametrized as

(1)

zt ,ZLZO

PYAJ — ATP/
M3,
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Yy A — ATy y" Pl — Pyl .
E E
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Megppslic™] =i |ic™Hy + T

(2)

u=u(p,s)and &’ = a(p',s") are the Dirac spinors corre-
sponding to the initial and final nucleon states, respectively.
These spinors are normalized such that iy = @'v’ = 2My,
where My denotes the nucleon mass. The functions Hrp,
Hy, Er, and E; are chiral-odd GPDs. They depend on the
longitudinal momentum fraction x carried by partons, the
skewness & = —A1/2P*, and the squared four-momentum
transfer r = A% These GPDs also depend on the renorm-
alization scale of the QCD operator, although this depend-
ence is not shown explicitly. Moreover, both the QCD
operator in Eq. (1) and the chiral-odd GPDs in Eq. (2)

074032-2



CHIRAL-ODD GENERALIZED PARTON DISTRIBUTIONS IN ...

PHYS. REV. D 112, 074032 (2025)

depend on the quark flavor component f = (u, d). In what
follows, we will specify the flavor index only when
necessary.

The time-reversal symmetry of the matrix element (1)
imposes a constraint on the behavior of the chiral-odd
GPDs under the transformation & — —¢&

F(x,&t) = +F(x,—=&,1) for F = H; Hp Er, (3a)

F(x,&.t) = —F(x,=&,1) for F = Ey. (3b)
Most importantly, the partonic operator in Eq. (1) can be
expanded in powers of the lightlike separation, generating a
tower of local operators with increasing spin. Integrating
the x"~'-weighted partonic operator over x yields a local
operator of spin m, whose matrix elements are parame-
trized by generalized form factors. Consequently, the mth
moments of the GPDs can be expressed as polynomials in
&, with coefficients given by generalized form factors that
depend on ¢ [62]

m—1

/_i dxx"""Hy(x, &, 1) = Z(_zé)iATm,i([)’ (4a)

m—1
/_: dxx"VHy(x, 1) = Z(_zg)iATm,i(t>7 (4b)

i=0
even

[ ey = S -260 B0, )

1 i=0
even

/_: dxx"VEr(x,&,1) = mi(—zf)iérm,i(t)- (4d)

odd

The polynomials are either even or odd functions of £, as
dictated by Eq. (3). The degree of the polynomial repre-
senting the mth moment is at most m — 1, with the precise
degree depending on the parity of m — 1 and the specific
GPD under consideration. The coefficients of these poly-
nomials depend solely on ¢ and are referred to as gener-
alized tensor form factors. The polynomiality property
givenin Eq. (4) plays a fundamental role in determining the
structure of the GPDs.

The first moments of the chiral-odd GPDs are related to
the nucleon tensor form factors. The nucleon matrix
element of the local tensor operator is parametrized as

Migs[io™] = (p'. ' (0)ic"y (0)[ p. 5)
PHAY — AFPY

=u {ia’“’HT(t) + i, H(1)
rMAT — Ay
———F .
o, Er(ju (5)

By comparing Egs. (1) and (5), one obtains the relations

/_1 dxHT(x, é:, l‘) = ATIO(I) = HT(t)v (63)

1

/_ dxHy(x.£.1) = Apo(t) = Hp (1), (6b)

/_1 dxEr(x,&,t) = Bro(t) = Ex(1), (6¢)

1

/“mfﬂman_o. (6d)

1

In the forward limit, where £ — 0 and |¢| — 0, the chiral-
odd GPD H reduces to the transversity parton distribution
function:

Hrp(x,&=0.1=0) = h(x). (7)

Its first moment corresponds to the nucleon’s tensor charge

/1 dxHy(x,£=0,t=0)

1

= /_1 dxh,(x) = H(0) = g7. (8)

In the context of exclusive pseudoscalar meson production,
it is convenient to consider the linear combination of chiral-
odd GPDs defined as

ET = ET + ZﬁT (9)

The first moment of E; in the forward limit yields the
nucleon’s anomalous tensor magnetic moment

/1 dxE;(x,E=0,t=0)

= Ex(0) + 2H(0) = k7. (10)

These results show that chiral-odd GPDs encode informa-
tion about fundamental nucleon properties as probed by
local tensor operators. Further discussions on the second
moments of chiral-odd GPDs and their mechanical inter-
pretations can be found in Refs. [5,63,64].

II1. PION MEAN-FIELD APPROACH
A. Effective chiral theory

Nonperturbative dynamics of baryon structure can be
studied using a mean-field approach based on an effective
chiral theory. This effective theory emerges from the QCD
instanton vacuum (see Refs. [24,30]), where the QCD
vacuum is dominated by an ensemble of instantons with
a dilute density proportional to (p/R)*~ 0.01. Here,
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p~1/3 fmand R ~ 1 fm denote the average instanton size
and the average interdistance between instantons, respec-
tively. Within this instanton ensemble, light quarks interact
with the instantons and acquire a momentum-dependent
dynamical mass MF?(p?), which drops to zero for
momenta p > p~!. After bosonization, the pion—identi-
fied as the massless Goldstone boson—emerges as an
effective degree of freedom. This framework thus explains
the mechanism of chiral symmetry breaking in QCD.

At low momenta below the scale set by p~!, the
dynamics of the effective theory are described by the
partition function

Zr = / PU / Dy Dy expliSerlU.inwl). (1)

with the semibosonized effective action given by

P

S U] = [ @i = MP@)U™F ),

(12)

where %, g and a denote the spin-flavor and color indices,
respectively. The dynamical quark mass M has a character-
istic scale of ~R~! and exhibits momentum dependence
governed by the quark zero-mode form factor F, derived
from the QCD instanton vacuum at a low renormalization
scale. The SU(2) bosonized chiral field is defined as

1 +7s 1—7s
U
2 + 2
with U = expliz(x) - 7], (13)

Urs = explin(x) - Tys] = U,

where 7(x) represents the Goldstone boson field depending
on spacetime coordinates, and 7z are the SU(2) flavor

matrices. Here, we use the convention y5 = iy%y!y?y3.

B. Mean-field picture

First, we freeze the momentum dependence of the
dynamical quark mass as F(p?) ~ F(0) = 1, and regularize
the effective theory by introducing an explicit cutoff

~p~'. Note that in Ref. [65], the mean-field picture
was studied while retaining the explicit quark zero-mode
form factors derived from the QCD instanton vacuum. The
results of that work are generally in close agreement with
the present treatment.

Next, by performing the functional integral of the
semibosonized effective action (12) over the quark fields
w and y, we obtain the fully bosonized effective action
Setr[U] and the Dirac operator D(U)

Seit[U] = =N.Tr In[D(U)], (14a)

D(U) = idy — H(U), (14b)

where Tr... denotes a functional trace, and H(U) is the
one-particle Dirac Hamiltonian

H(U) = —iy®%*o, + My°U"s. (15)

which describes the orbital motion of single particles in the
chiral field.

To proceed, we assume that the chiral field exhibits
hedgehog symmetry and is static. This configuration real-
izes the contracted spin-flavor symmetry characteristic of
baryons in the large-N, limit. Under hedgehog symmetry,
the chiral field takes a specific spatial form in which the
isospin direction 7 is aligned with the spatial direction x

U(x) = explin(x) - 7],

(%) E’fp(r), with 7= |x]. (16)

The radial component of the pion field z(x) is characterized
by the profile function P(r), which satisfies the boundary
conditions P(0) = z and P(o0) = 0. This field configura-
tion preserves invariance under simultaneous spatial and
isospin rotations, and thereby embodies the emergent spin-
flavor symmetry of baryons in the large-N . limit.

The single-particle wave functions ®,(x) and their
corresponding energy eigenvalues E, are determined by
diagonalizing the Hamiltonian (15)

H®,(x) = E,®,(x). (17)

Each single-particle wave function ®,, is therefore char-
acterized by its energy eigenvalue. In addition, the
Hamiltonian commutes with both the grand spin operator
G =X/2+ T + L and the relativistic parity operator I1

[H,G] =0, [H,T1] =0, (18)
where X = yoyys, T = 7/2, and L = x X p denote the spin,
isospin, and orbital angular momentum operators, respec-
tively. Given Egs. (17) and (18), the single-particle wave
function can be labeled by the corresponding quantum
numbers

|I’l> = ‘I’l = {Eva Gs, Pn}>7
with @,(x) = (x|n). (19)

where P, = +£1 is the eigenvalue of the parity operator.

The energy spectrum includes both the upper and lower
Dirac continua, which are distorted due to the presence of
the chiral field. As the strength of the chiral field increases,
the lowest single-particle level,

llev) = |n = {Eey.G = 0.G3 = 0.Piey = +}).  (20)

is pulled down from the upper Dirac continuum and enters
the mass gap, such that —-M < E., < M. This leads to the
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formation of exactly one bound state level and acquires the
unity baryon number B = 1.

The large-N,. limit of QCD allows us to apply the mean-
field approximation to determine the nucleon mass. In this
framework, the energy of the system is given by the sum of
the discrete level energy (20) and the contribution from the
negative-energy continuum (19), with the vacuum energy
subtracted

E[U} = NcEjy + NeEcones

=N _E,. (21)

n,occ

where “occ” denotes the occupied quark states, which
include the discrete level and the negative-energy con-
tinuum. The energy of the system (21) is a functional of the
chiral field configuration. The realistic/physical configura-
tion of the chiral field is obtained by minimizing the energy
functional, which corresponds to solving the saddle-point
equation (i.e., the equation of motion) in a self-consistent
manner

SEU)|
W U:UC] —_— 0. (22)

This approach is therefore referred to as the mean-field (or
semiclassical) picture in the quantum field theory. The
minimized energy from Eq. (22) is identified with the
classical nucleon mass

My = E[Ucl] (23)

The sum over the eigenenergies of the Dirac continuum
(19) contains a logarithmic ultraviolet (UV) divergence,
which must be regularized. For further details, see
Refs. [66,67].

C. Zero-mode quantization

The classical nucleon is in fact degenerate in its spin/
isospin quantum numbers and momentum. This degeneracy
is lifted only after performing zero-mode quantization—
specifically, flavor rotations and translations—of the mean
field, which endows the baryon with definite quantum
numbers. Moreover, the subleading spin-flavor structures
in the 1/N_ expansion, essential for studying NLO chiral-
odd GPDs, emerge as rotational and translational correc-
tions to the mean field. Therefore, these zero modes must
be treated explicitly. In this work, we consider translational
modes to zeroth order and rotational modes to first order.
While rotational corrections generate new spin-flavor
structures, translational corrections provide only kinemati-
cal corrections. Consequently, we focus on the rotational
zero mode.

The time-dependent pion field fluctuations around the
mean-field solution involve rotational (and translational)

zero modes. The rotational mode can be incorporated by
introducing a unitary flavor rotation matrix R(7) that rotates
the mean field as

Ucl - R(I)UclRT([)’ (24)
which induces a shift in the Dirac operator,
D(Uq) = R(1)[iog — H(Ua) — QJR*(1),  (25)

where the angular velocity matrix € is defined as

Q=-Qu = —%tr[R*(t)R(ma]ra,

with  R(t) = —R(1). (26)
The trace tr runs over flavor space. Having quantized these
modes, corresponding to the canonical quantization rule

Q% — J*/I, one arrives at the Hamiltonian of a spherical
top [321],

J2

H.  =—, 27
rot 2 I ( )
which serves as a correction to the classical nucleon mass.
Here, I denotes the moment of inertia (under rigid rotation),

expressed as

N 1
[==¢ i) - (ilz|n). 2
&> g )l (8)

This result is given by double sums over single-particle
levels, describing particle-hole excitations of the fermionic
states (n| — |j) by AG = 1 and their recurrence to the states
|n) (see Sec. V A for details). This quantity (28) is logarithmi-
cally divergent and must be regularized; “non” denotes the
nonoccupied single-particle states with E; > Ej,.

Since the Wigner finite-rotation matrices are eigenfunc-
tions of the Hamiltonian (27) of spherical rigid rotors, the
rotational wave functions for a baryon, which obey the
“hedgehog” constraint, can be defined by these Wigner
rotation matrices

$5(R) = ¢57.(R)
= (-1)™V2T + 1D755% (R).  (29)

where the collective representation B of the baryon quan-
tum numbers indicates

B={S=T.S;.Ts}. (30)

Here, S5 and T represent the projections of the spin and
isospin quantum numbers. The normalization of Eq. (29) is
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chosen so that the matrix element of the rotational wave
functions is normalized to the identity, with the integration
measure normalized as f dR =1

/ dRGY (R)y(R) = Sy, (31a)

Opp = 55'S5T’T5$gs3 5T3T3- (31b)
The lowest-lying baryons corresponding to the representa-
tions with S=T7=1/2 and S =T = 3/2 appear as the
nucleon and the A baryon, respectively. The mass splitting
between them is computed by taking the matrix element of
the rotational Hamiltonian (27) between the rotational wave
functions (29)

21

The N, scaling of this mass splitting is two powers lower
than that of the classical nucleon mass (21), and thus
appears as a mere kinematical correction to the observables.
Therefore, in the following, we consider only the rotational
corrections that generate nontrivial spin-flavor structures
(i.e., those carrying new dynamical information), while
neglecting the kinematical corrections (32).

IV. CHIRAL-ODD GPDS IN
MEAN-FIELD PICTURE

A. Matrix element of QCD operator

The study of nucleon matrix elements of QCD operators
can be carried out using a method based on the mean-field
picture of baryons in the large-N . limit. To this end, we first
need to find an effective operator corresponding to the
QCD operator of interest. The nonlocal leading-twist QCD
operators (I' =y, y*ys, ic™/) we consider are defined as

0/ (z) =/ (=z/2)[~2/2.2/2]Tw/ (z/2).  (33)

where f denotes the flavor components, f = (u, d). This
QCD operator should be matched to the scale of the
effective theory at u~p~! and rewritten in terms of the
effective degrees of freedom. For higher-twist operators,
gluon contributions ~(Mp)? are not parametrically sup-
pressed and must be represented through suitable effective
operators (see Refs. [27,68-74]). On the other hand,
Ref. [68] demonstrated that the gluon contribution to the
leading-twist nonlocal operator (33) is suppressed at the
low normalization point due to the diluteness ~(Mp)? of
instantons, so that only the pure derivative terms—
originating from the nonlocality between quark fields—
survive. As a result, the contribution of the gauge con-
nection [...] can be safely neglected within the parametric
accuracy of the present work, and the corresponding

effective operator in Euclidean space ( — —iy') is
given by

Oli(z) = =iyl (—z/2) (D )iy ™9(z/2).  (34)

where the SU(2) flavor matrix 7/ denotes either isoscalar or
isovector components
(f=u+d) }

H:{; (f = u—d)

Next, the baryon states in the momentum representation
are defined by the Fourier transform of the loffe-type
baryon current

B.p) = lim 2y [ @yt ()]0)
Yoo

(35)

(B9 = Jim 2y [ @5 0. (36)
yW—o—-00

where the initial and final nucleon states are at the infinite
Euclidean time separation, and the normalization of the
baryon states in the large-N . limit is \/2M . Jp is the loffe-
type baryon current, defined as

Lo by,
w0 =t
X l//alhl (y/) : 'll/aN(th. (y/)’ (373)
J”i‘( ) _ 1 (Agl‘“gM‘)*eﬁl'”ﬁNv
B\ N8
X (=i (V)ra)pg, - (=" 1a)py, g - (37D)

The baryon current (37) consists of N. quark fields in a
totally antisymmetric color-singlet configuration. The color
indices are denoted by «, . The spin-flavor indices 4, g of
the quarks are contracted with the baryon spin-flavor
matrix Ap, which carries the quantum numbers of a given
baryon. Furthermore, in the 1/N, expansion of the matrix
element between baryon states, the three-momentum and
energies of the baryon states B’ and B have the following
N, scalings

'l Ip] = O(N°),
pP.p° =My + O(N') = O(N,). (38)

Under the Wick rotation —ip4 = p,, the Euclidean momen-
tum is understood as the nucleon mass

—iply = —ipy = My + O(N7"). (39)

Having performed all the contractions of the quark fields
between the initial and final baryon states (37), considered
both the rotational and translational zero modes of the pion
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mean field, and taken into account the N, scalings of the
4-momentum (38), we find that the overlap of the baryon
states (36) yields the correct normalization of the baryon
states in the large-N, limit

(B'.p'|B.p) = 2My(22)*6) (p" = p)épp.  (40)

Similarly, by sandwiching the effective operator (34)
between the baryon states (36), we compute the matrix
element using functional integrals

(B'.p'|0/(z)|B.p)

J
Y47 Leff
y4——co

8 / DUDy Dyl (¥, ¥;) 0L (2)T (3. v4)

X eimme—iyﬁlpg/d3yd3y/eiy~pe—iy’-p’

X exp [/ d*xyrl, (x)(id + iMUYS)Zl//“-"(x)] . (41)

We first perform the contractions between the quark fields
in the baryon currents, including those in the effective
operator Oy There are two distinct contributions (see
Fig. 1). One arises from contractions between the initial/
final baryon currents and the effective operator Oy
(connected diagram). The other involves contractions
performed solely between the initial and final baryon
currents, with the bilinear operator contracting with itself
(disconnected diagram). In both cases, N.+ 1 quark
propagators appear, implying that the preexponential part
in Eq. (41) becomes independent of the quark fields. Thus,
the functional integrals over the quark fields [cf. (14)] can
be performed exactly, leaving only the functional integral
over U. All N, + 1 quark propagators are then expressed in
terms of the single-particle wave functions (19) using the
spectral representation (refer to [32]).

B. Spin-flavor structure

Having performed the functional integral over U and
taken into account the zero modes of the pion mean-field in

FIG. 1. Connected (left panel) and disconnected (right panel)
diagrams in the background of the pion mean-field.

Eq. (41), we finally obtain the results for the baryon matrix
element of the effective operator and for the corresponding
spin-flavor structure for both the LO and NLO contribu-
tions in the 1/N. expansion.

Leading order. Considering the zeroth order in rotational
and translational corrections, we derive the leading-order
contributions in the 1/N_. expansion (see Ref. [37] for
details)

MESI 1o, (1)
M [T } - ZM”NC{ (D% }

d7z° .
XZ/%el(XMN_E")ZO

n,occ

3 o1 33
< et )

To facilitate comparison with the standard representation of
the matrix element, we now express the present results in
Minkowski space. The constraints z© =0 and z; = 0 in
Eq. (1) imply

2, = 0. (43)
The operator function ed ¥ in Eq. (42) originates from the
quantization of the translational motion of the mean field.
Here, p and X denote the single-particle momentum and

displacement operators, respectively, and satisfy the
canonical commutation relation

[pi, X7) = —is. (44)

The notation (...) denotes the integration over collective
flavor rotations, evaluated with the spin-flavor wave
functions (29), and is defined as

()= / AREST(R).. S (R). (49)

The explicit expressions for the diagonal matrix elements
(8 = S and T" = T) of the spin-flavor operator are written
in terms of multipole spin operators

(1) = g (46a)

i
JSgS3

() == SS+ 1)

(TT5, 10|TTS).  (46b)

where the matrix element of the spin operator can be
expressed in terms of SU(2) Clebsch-Gordan coefficients in
the spherical basis as
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s = /S(S+1)(8S5,14[SS}),

with (a=0,£1;85,5,=0,...,£9). (47)
As shown in Eqs. (42) and (46), each flavor component of
the LO matrix element contains only a specific spin
multipole structure. For instance, the flavor-singlet (non-
singlet) component involves exclusively the monopole
(dipole) spin structure. This indicates that NLO contribu-
tions are required to account for the dipole (monopole) spin
structure in the flavor-singlet (nonsinglet) matrix element.

Next-to-leading order. The NLO contribution in the 1/N .
expansion is obtained by expanding the matrix element (41)
with respect to the angular velocity (26), including the
effects of the time nonlocality of the effective operator, and
by taking the subleading terms (see Ref. [75—77] for details)

M, [T NLOME N, (Jk)
Mg 1 | L{IRDYY)

/dzo e~ e~iER

| e | 2EE

27 o En_EJ nall En_E]
Jall Jj.occ

e—iEn | pixMy2°

- dxM y 4=

Jall

< (nlet ) lyore-nd enk L1 L gty
4+ (48)

where the ellipsis indicates new dynamical contributions
containing the same spin-flavor structures as those in the LO
matrix element (42), which provide corrections to Eq. (42)
but will not be considered in this work. Due to the rotational
correction, new spin-flavor operators emerge in Eq. (48). In
particular, the collective spin operator J in the NLO matrix
element accompanies the dynamical parameter / = O(N,.)
[see Eq. (27)], leading to a reduction in the N_. scaling.
Therefore, the N, scaling of the NLO matrix element is
suppressed by one power compared to that of the LO matrix
element.

The diagonal matrix elements of the spin-flavor operator
are expressed in terms of multipole spin operators

(o = J]§/3535T;T3, (49a)
K 272 skl
({J%, D3 = — 5,5, 73755,
VS5 1)
x (TT5. 10|TTY). (49b)

By inserting Eq. (49) into Eq. (48), one clearly sees that
at NLO the flavor-singlet and flavor-nonsinglet matrix

elements contain, respectively, the dipole spin operator
and the monopole and quadrupole spin operators. These
contributions complement the missing spin structures in the
LO matrix element.

Furthermore, the symmetrized and traceless higher-
multipole (quadrupole) spin operator, defined as

1 2
4 = 3 <Jle + JUk - 3505+ 1)5“) " (50)
393

emerges from the NLO spin-flavor operator (49). Since the
nucleon matrix element can produce only up to a dipole
spin structure, the quadrupole projection of this operator
vanishes and is therefore irrelevant to this work. However,
this spin structure becomes essential in the study of higher-
spin particles, such as the A baryon [78,79] and the N — A
transition matrix element [80-82].

C. Large-N, kinematics

Before discussing how the chiral-odd GPDs are derived
from Eq. (48), we first discuss the kinematic variables
within the framework of the 1/N, expansion. In the large-
N, limit, the N, scaling of the kinematic variables can be
straightforwardly determined from Eq. (38). Specifically,
the N, scalings of the average and difference of the initial
and final momenta are

Pi = O(N?),
Al = O(NY),

P’ =My + O(N;'),
A — O(NZ1). 51)

By choosing the 3-axis as the direction of the light-cone
spatial axis, the components of the four-momentum can be
related to the light-cone variables in the large-N, limit as
follows:

M A3

pt=p ="K At=-A"="2. (32

7 7 (52)

Using Eq. (52), the longitudinal momentum transfer &

(skewness) between the baryon states is defined by the
z-component of the momentum transfer A’

A3

fz—m:

O(NY). (53)

Another kinematic variable relevant to the GPDs is the
squared momentum transfer ¢, which can be expressed in
terms of the squared transverse momentum transfer |A | |?
and the skewness variable (53)

t=—[A,]> = (26My)* = O(N?). (54)

Lastly, the partonic variable x is taken to be of order
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x=O(N"). (55)

which corresponds to the standard regime considered in the
1/N, expansion of nucleon parton distributions [66].

Consequently, using the relations (53) and (54), the
matrix elements in Egs. (42) and (48) can be reexpressed in
terms of three independent GPD variables

Mpps[I'] = function(x, A; B, B)
— function(x, &, 1,0,; B', B), (56)

where 6, denotes the angular orientation of the transverse
momentum transfer A | . This angular dependence gives rise
to the two-dimensional (2D) multipole structure of the
matrix element. In the following section, we will discuss
this 2D multipole expansion.

D. Multipole expansion

Using the chiral-odd operator I' = ic*/ and taking the
proton quantum numbers S =7 = 1/2 for the baryon
states B and B’ in Eq. (48), we derive the proton matrix
element of the chiral-odd operator. We then expand this
matrix element (56) in terms of multipoles with respect to
the 2D momentum transfer angle €, and the multipole spin
(49). Since the LO results in the 1/N . expansion have been
thoroughly studied in Ref. [37], we focus here on the NLO
contributions. The NLO results for the multipole expansion
are obtained as follows:

1X] |AL|

2M
MGPDS[U] N[ 12M

NG Zot, 1} . (37a)

u . j N | . 3im m
MGJ}ggs[lo- = {w}’ 6" XoZmt o
Al
2M
AP

4M3,

+ ie¥ma3 X

3jl ~mylm
+ ie’'o™ X5

me,z} , (57b)

where the irreducible rank-n tensors in 2D space are

defined as

Al i _
k) 2 —

AL

ALAT 1
o o

Xo=1, Xi\=

with i,j=1,2. We also use the following shorthand
notation for the spin structure
c

1= 5sgs3, ) = Jsgs3- (59)

The quantities Z,, represent the multipole (mean-field)

GPDs and emerges at NLO in the 1/N_. expansion. The
subscript n denotes the multipole rank corresponding to the

2D momentum transfer. Similar to the standard chiral-odd
GPDs, the mean-field GPDs are functions of the partonic
variables

Z ¢ = function(N.x, N &, ). (60)

Their explicit expressions are presented in Sec. IV E.

In the present large-N,. analysis, we find that the
NLO mean-field GPDs exhibit the following N, scalings
[cf. (65)]

{Zuwt0 Zuntts Zunts Zng 2 (%, 6, 1)
~{NL, N2, N2,N3} x function(Nx, N & 1), (61)

which is consistent with the results of Ref. [37]. By
combining the known N, scalings of the LO mean-field
GPDs [37] with the present NLO analysis (61), we
conclude that the large-N, behavior of the individual
chiral-odd GPDs is given by

{Hy By, By By (v, 6.1)

~{N2, N¥ N! N3} x function(N_.x, N &, 1), (62a)
{H%ﬂi’ Flgﬂi, E?~+d,E?~+d}(x, \f, l‘)
~{N., N3 N3 N2} x function(N.x, N & 1), (62b)
along with the nontrivial large-N,. relation
2HE(x.8,1) = —Ef ™ (x.&.1). (63)

Taking Eqgs. (61)—(63), along with the large-N . kinemat-
ics discussed in Sec. IV C, into consideration, the mean-
field GPDs (57) can be related to the standard chiral-odd
GPDs (2) (see Ref. [37] for details) as follows:

t 2 =

SM3 2
HY 4+ 2H4 4 + B4 =7, 1,  (64b)
—EEXT B =750, (64¢)
ESt =Z 0. (64d)

These relations are homogeneous in N. and offer a more
transparent physical interpretation than the covariant expres-
sions of the chiral-odd GPDs. A similar set of combinations,
optimized for the SO(3) partial wave expansion in the cross
channel, was constructed in Ref. [§3]. It would be interesting
to investigate the connection between those combinations
and the present multipole structures given in Eq. (64). In
what follows, we adopt the mean-field (multipole) GPDs as
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the basis of our analysis, including the proof of polyno-
miality and the derivation of associated sum rules.

E. Mean-field GPDs

The proton mean-field GPDs defined in Eqs. (57) and
(60) are derived in the single-particle representation

0
. MNNC dZ
f=— _
" 81 2n
e~ iE2 e~ iEi
X —
n.occ En - E] n.all E}’l - E]
Jall Jj.oce
+ e—iE,,z0 eixMNzO
dXMN n,0cc

Jall

Po oo P
x (n|z?]j)(j|OPe = AKX e= 5 ), (65)

where the single-particle spin-isospin operators O” corre-
sponding to each mean-field GPD are defined as

0" = ie3® (1 + y%%3)y* (for Zne o),

(
4 A¢ Zoi
_7 1+ /O3)yazh < Ly
3|AJ_|2( )y M,

A Z
= 4jglac L 5301 0,,3\,,a mf, 1 .
AP (1 +77)y M,
, 1
== 16l€3ac |A |4 (AliAi - 5 |AL|25bC>
Z
< (1477 ( m§'2>- (66)
MN

The single-particle operators O reflect the characteristics
of the multipole structure of each mean-field GPD. As
discussed in Egs. (53) and (54), the three-momentum
transfer A appearing in Eqs. (65) and (66) can be related
to the GPD variables.

V. MOMENTS IN MEAN-FIELD PICTURE

The moments of the chiral-odd GPDs exhibit polyno-
miality in £ and are related to generalized tensor form
factors. We investigate these features using the mean-field/
multipole GPD basis defined in Eq. (64). The mth moments
of the chiral-odd GPDs can be obtained from Eq. (65) as

M, ) = / dxx" 17, (67)

which leads to

M(m)(f,[)
G MIE
8IMy~! ,; k ; i)2

where A =A(&,t) and B = B(&,t) represent matrix ele-
ments involving single and double sums over single-
particle levels, respectively. They are defined as

AM(E 1) = (n|2]) (JlOP (PP =Te X (p3) ),

BY(&.1) = (n[e" O ()¢ X (p?)|n).

(69a)

(69b)

where the indices k and i denote powers of the momentum
operator p* in the single-particle operator, and the defi-
nition of the single-particle operator O” is given in Eq. (66).
For brevity, the indices denoting the multipole order are
suppressed in Egs. (67)—(69) until they become necessary.

To derive Eq. (68) from Eq. (67), we apply integration by
parts and discard the boundary contributions. This pro-
cedure transforms the weight factor x”~! in the integrand of
Eq. (67) into derivatives acting on Z ;. The distributive
property of differentiation leads to the appearance of
binomial coefficients in Eq. (68), defined as

A J— for 0 < k < 70
k) “Rmogy r0sksm 00

It is important to note that, in the large-N, limit, when
considering the partonic structure in the domain x = O(N;!),
the range of x is not limited to [—1, 1] but is extended to
x = [—o0, 0|; see Refs. [66,67]. As a result, the boundary
contributions vanish at infinity, rather than at x = £1. For
further details on the derivation of Eq. (68), we refer the reader
to Refs. [77,84-86].

A. Symmetries

In general, the polynomiality of GPDs is dictated by the
constraints imposed by discrete symmetries—time reversal,
Hermiticity, and parity—on the matrix element (2).
Likewise, the mean-field approach respects these sym-
metries at the level of the single-particle representation. In
this section, we examine how these discrete symmetries
manifest in the mean-field framework and provide a proof
of polynomiality for the chiral-odd GPDs using the mean-
field GPD basis.
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Time reversal (Gs symmetry). In the mean-field frame-
work, a combination of ordinary time-reversal symmetry
and an isospin rotation is referred to as the Gs trans-
formation [85]. This transformation is implemented by the
unitary matrix

Gs = y'y’z%. (71)

The Dirac and isospin matrices, as well as the single-

particle Hamiltonian and wave functions, obey the follow-

ing transformation rules:
Gsy'Gs' = ()",

Gs1'Gs' = —(¢9)T,  (72a)

GsHGS' = (H)T, Gs®,(X) = ®;(X).  (72b)
Using these relations, along with the identity p = —(p)7,
we can analyze the symmetry properties of the matrix
elements involving the single-particle operators defined in
Eq. (69). For a general nondiagonal matrix element, we

obtain the relation

(IT(p*) F(X)(p)"|n)
= (=D (n|(GsTGSHT () F(X)(p*)]j).  (73)

where I is a generic spin-flavor matrix and F (X) is an
arbitrary function of the displacement operator.

Parity (I1 symmetry). Parity symmetry constrains the
structure of chiral-odd GPDs by restricting the allowed
angular momentum components in the partial-wave expan-
sion of single-particle operators. The relativistic parity
transformation operator IT is defined as

A A

1=1"=,P, PFX)P™ = F(-X), (74)

where P denotes the spatial inversion operator acting on
position-dependent functions. As discussed in Eq. (18), the
single-particle Hamiltonian commutes with the parity
operator, implying that the eigenstates introduced in
Eq. (19) are also eigenstates of parity

fl|n) = P,|n), (75)

with eigenvalues P, = 1. Under parity, the general
matrix element in Eq. (73) transforms as

(T (p*) F &) (p*)"|n)
= (=1)!""P, P,
x (T (PP (PFR)P)(p*)"|n).  (76)
Partial wave expansion. The dependence of the

moments of the mean-field GPDs in Eq. (68) on the
momentum transfer A is encoded in the operator function

8% which arises from the quantization of the translational
motion of the mean field. The variable £ enters through its
identification with A3 in the large-N . kinematics, as stated

in Eq. (53). To make this dependence explicit, we perform a

partial-wave expansion of the operator function eidX (see
Refs. [85,87] and Appendix F of Ref. [86])

5]

% =321+ 1),(X|V=1)

l

n(Ee(s) o

Here, j; denotes the spherical Bessel functions, and P; are
the Legendre polynomials. In particular, when taking the
limit + - 0 while keeping & # 0 fixed, the expansion
reduces to

Lk _ N (F2iMy X)) ;
t_}(l)?#oe = ; T P](COS 9), (78)

where cos @ = X°/|X]|.

Grand spin selection rule. The mean-field GPDs in
Eq. (65) and their moments in Eq. (69) involve single and
double summations over single-particle states.

The single-sum contribution, corresponding to Eq. (69a),
is given by

> (6. G3]0,,/G.Gy), (79)

other G,G3

where “other” denotes the sum over the remaining quantum
numbers, such as the radial quantum number. Here, the bra
and ket states share the same grand spin quantum numbers
G and G5, which are summed over. In this setup, a selection
rule emerges for the matrix elements of the single-particle
operator Oﬂb, which is treated as a spherical tensor operator
with rank y and projection b in grand spin space. Using the
Wigner-Eckart theorem, the sum over G5 in Eq. (79) can be
evaluated as

Z <G’ G3|Oﬂb |G7 G3>
G.G;

(GG3.ub|GG3) , .. »
=) () ——=""(G||0,l|G)
&5 V2G + 1

= " V2G +1(G||0,[|G)8,0650- (80)
G

where (G||0,||G) denotes the reduced matrix element.
This result shows that only the scalar component of the
operator—i.e., with 4 = 0 and b = O—contributes to the
matrix element. This is a consequence of the generalized
rotational invariance of the mean field.
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The double-sum contribution in Eq. (69b) can be
expressed as

> Y (GGG Gy

other G,G3,G’,G;
x (G',G5]0|G, G5). (81)

In this expression, the initial state undergoes a transition to
a different state through the action of the isospin operator z,
inducing a grand spin change AG = 1. Subsequently, the
system returns to the original state via the action of the
single-particle operator O. This process imposes specific
selection rules on the matrix elements appearing in the
“double-sum” structure. For the case where Oﬂb is a
spherical tensor operator in grand spin space, the summa-
tion over G; and G} in Eq. (81) can be evaluated using the
Wigner-Eckart theorem

Y. {G.G3]r1,|G'. G5)(G', G4|0,|G. Gs)
G.G3.G'.G,

LY (1)ud08 16l0G)) (GGyubGGy
2G' +1 V2G + 1

G.G3,G .G,
x (G||711|G')(G']|0,,/|G)

SN

GG’

)Gl |G )G0,|G)61,8,-p.  (82)

where the identity for the contraction of two Clebsch-
Gordan coefficients is applied

Y (GGs.1aG'GL)(G'

G,Gs

5 ub|GG3)

V2G +1v2G + 1
2u+1

= (_I)G_G/_a 51;4511—17' (83)

This result shows that only the tensor component with rank
1 =1 and projection a + b = O contributes to the matrix
element.

B. Polynomiality

Making use of the symmetries discussed in Sec. VA, we
now demonstrate the polynomiality property of the chiral-
odd GPDs within the basis of the mean-field GPDs. For the
monopole mean-field GPD, the single- and double-sum
matrix elements in Eq. (69) of the single-particle operator
take the form

AB (1) = i (n]2 /) (GI(1 +7°7%)p

x ()X (p3)i|n), (84a)
BE(&,1) = i€ (n]z? (1 4 %)y

x (pP)<-e X (p3)|n). (84b)

Using the Gs-symmetry (73), the matrix elements trans-
form as

A&, 1) = (D)3 ab (nl2? | ) (I(1 = 707%)ye

x (PPl X (p3)i[n), (85a)
BSI(£,1) = (=1)kHie3® (n|cb (1 — yO%%)y

x (P21 X (3 |n). (85b)

By comparing Eqs. (84) and (85), we observe that the
contribution from the identity matrix 1 or the Dirac matrix
y7? in the combination (1 + y%7*) depends on the parity of
the index k. Specifically, only the term 1 survives for odd %,
and 7%/ survives for even k. As a result, the matrix
elements simplify to

AB(E,1) = e (nl 1) (1 (77 e

) In).
(86a)

BY(£.1) = ic® {n|z? (107 2K (53 ).

Next, we examine the effect of the parity transformation.
To this end, we first perform a partial-wave expansion.
Applying the identity (77) to Eq. (85), we obtain

2EM N>

Akig )=y il(21+1) (
2 VA

x i€ (|2 | j) (10O e (1)

(86b)

x ji(|X[v/=1)P)(cos ) (p*)|n), (87a)
; % 28M y
Bk(ng; (21 +1 ( \/__t)
163“b<n|r (y0y3)k+1y (p3>k—i
x ji(|X|v/=1)Py(cos 0)(p*)'|n). (87b)

Now, applying the identity (76) for the parity transforma-
tion to Eq. (87), we find that the matrix elements vanish for
odd values of /. This implies that the moment of the
monopole mean-field GPD forms a polynomial in an
infinite series of even powers of £, leading to a modification
of the sum over [ as

f:[...] N i [...]. (88)

=0 1=024,...

Here, we encounter an infinite series in £ due to the
unbounded extent of /. However, the grand spin selection
rules discussed in Sec. VA impose an upper limit on the
allowed values of . To see this, we must first examine the
rank of the single-particle operator.
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For the spin-isospin part of the single-particle operator in
Eq. (87), we simplify the 2D operator representation to its
three-dimensional (3D) form in order to more easily
identify its rank in the grand spin basis

ie3ab (y0y3)ktlya — y05b

(k even),  (89a)

= iebya (k odd). (89Db)
From Eq. (89), we find that the maximal rank of the spin-
isospin operator is rank-1. We then couple this operator to
the position-space operator (orbital angular momentum) in
Eq. (87). The maximal rank of the orbital angular momen-
tum operator is k + / for both even and odd k. Combining
the maximal rank of the spin-isospin operator in Eq. (89)
with that of the orbital angular momentum part, we
determine that the maximal rank of the single-particle
operator in Eq. (87a) is k 4+ [ + 1 in the grand spin quantum
number. Making use of the selection rule (82) for the
“double sum,” this maximal rank must be equal to rank-1.
This condition determines the maximal value of /,,. The
same analysis can also be applied to the single-sum matrix
element (87b) (cf. [37]), and we finally derive the upper
bounds of the partial waves, /4, and (2, for Egs. (87a)
and (87b), respectively

(k) = k+2, (90a)
1B« (k) = k + 2(k even), (90b)
— k+ 1(k odd). (90c)

In the expression for the mth moment given in Eq. (68), the
summation over k runs from O to m — 1 for Eq. (87a), and
from O to m — 2 for Eq. (87b). For a fixed m, the highest
partial wave [ that appears in the expansions of Egs. (87a)
and (87b) corresponds to the cases k=m—1 and
k = m — 2, respectively. Based on Eq. (90), these maximal
partial waves are given by

lnax(m) = m + 1, (1)

for Eqgs. (87) and

lgdx(m) =m

(m even), (92a)

=m-1 (m odd), (92b)
for Eq. (87b). Note that the nonvanishing contribution to By,
starts from m > 2 due to the overall factor of m —1
in Eq. (68).

Taking into account the highest partial waves determined
above, we finally arrive at the results dictated by the

discrete symmetries

Ihax ()
) i 2EM
A=Y @I+ 1)P <— >
’ [=even : VI

x €3 (n|t?|7) (j| (yp )< H1ye

x (P2 ji(1X|V=1)P(cos 8)(p*)i[n),  (93a)
} [fax (m) 2§M
ki _ l'l _ N
BYi(&1) = 1:2 21+ 1)P1< \/__t>
X i€3ab<n|7b(y0y3)k+lya
x (P (X IV=1)P)(cos 0)(p*)'[n).  (93b)

We observe that the polynomial properties of the moments
are governed by the Legendre polynomials associated with
the angular momentum /. The moments of the GPDs
become even functions of £, and the maximal power of
£ in the polynomial is m + 1. This is two powers higher
than the m — 1 bound in Eq. (4), reflecting the fact that the
monopole mean-field GPD includes an additional &2
dependence, i.e., Z;r E2E;. We have thus proven the
polynomiality of the monopole mean-field GPD. The
polynomiality of higher-multipole mean-field GPD is
discussed in Appendix B.

C. Sum rules

We now establish a direct correspondence between the
moments of the mean-field GPDs and the tensor form
factors, which is consistent with the standard sum rules (6).
Explicit expressions for the mean-field tensor form factors
and their relations to the standard tensor form factors are
presented in Appendix A.

The first moment of the monopole GPD is given by
Eq. (93) with m = 1,

N 1
[ dxZusolont) = =5 S aPEn. (94
n J

n,non
Jj.occ

where the single-sum contribution vanishes. The double-
sum contribution AJ’(&, ), in which the allowed partial
waves run over [ = 0, 2, is derived as

AP (&.1) = {nlz . |j) - (I Ljo(XIv=1)In)

15  45M%¢&? . .
+ (G EE el - e

x Y3 (Q)jo (IX|V=1)|n). (95)

by using the relations for the Dirac matrices (89) and the
Legendre polynomial of degree [ =2, ie., P,(x)=
(3x* = 1)/2. Here, Y, denotes the 3D irreducible rank-2
tensor, defined as
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Xext 1
Y (Qq) = P —géab. (96)

The results in Eq. (95) are expressed in a mixed repre-
sentation involving both 2D and 3D irreducible tensors.
However, the grand spin selection rule governing the
double sum allows us to reexpress them in a 3D rotationally
invariant form. Using Eq. (82), the first and second terms in
Eq. (95) can respectively be rewritten as

(nlz.1j) - Gl Lo (1XIv/=1)In)
=2 {nleli) - G B RIVDIn). (97)
and
(el G203 Q)2 (IXIV=1)In)

n|z]j) ("= Y82 (Q4) j2 (X [vV/=1)[n).  (98)

_E<

With these relations, we can express the first moment of the
monopole GPD in terms of the mean-field form factors
(A2) derived from the local operator. This leads to

LI 52) Npgao  (99)
Y mf,2-
24M%, 2

/dxsz,o(xv §.t) = N — <

Using the relation (A3), we replace the mean-field form
factors with the standard tensor form factors

4:2
8M2, 2

/ dx Zo(x, &, 1) = H4 + ( >E‘;+d. (100)

This expression matches the first moment of the monopole
GPD defined in Eq. (64a), where the first moment of E;
vanishes. We thus confirm the validity of the sum rule
within the mean-field framework. A detailed derivation of
the sum rules for the higher-multipole mean-field GPDs is
presented in Appendix C.

VI. GRADIENT EXPANSION

In the previous section, we demonstrated that all general
constraints—such as polynomiality and sum rules—on the
chiral-odd GPDs are satisfied within the mean-field frame-
work. This enhances the reliability of the mean-field picture
for making numerical predictions. In this context, we are
now prepared to perform numerical estimations of the
mean-field chiral-odd GPDs.

Although a complete prediction requires summing over
all single-particle wave functions, we instead employ the
gradient expansion to simplify the computation and gain a
clearer physical understanding for the Dirac sea contribu-
tions (or chiral dynamics). Rather than expressing the quark
propagator in terms of a single-particle basis for the

disconnected diagram (see Fig. 1), we expand it in powers
of derivatives, oU <« M, in what is known as the chiral
expansion. We then retain the nonvanishing leading con-
tributions to the matrix elements. This technique is also
used in deriving the fully bosonized effective chiral action,
where both the Gasser-Leutwyler terms with four deriva-
tives and the Wess-Zumino-Witten terms with correct
coefficients naturally emerge. This approach yields analytic
expressions for the matrix elements in terms of the chiral
(pion) field and enables the investigation of dominant chiral
contributions. As such, it serves as a valuable complement
to the predictions of chiral perturbation theory.

Maintaining the representation of the quark propagator
(14), we derive the Dirac sea contribution to the NLO
matrix element of the effective chiral-odd operator (34)
between baryon states in the 1/N,. expansion. The LO
matrix element was derived in Refs. [88], and here we focus
solely on the NLO contributions. The spin-flavor structure
discussed in the single-particle representation in Sec. IV B
is clearly preserved in the current representation. Focusing
on proton states, we obtain

d4p Hu+d,jk

where I1=TI(x, &, p, A) is a correlator transformed into
momentum space in the background of the mean field, and
is defined as

(R |
—imp -l {o(y(x =)= -0

(1 1 1
xctr| (14 y0p3)yd k
r{( +M)y{fk}p°—HT S H

SMy(x—=&)—p-v)

_|_

dxMN

x tr{(l + y°y3)7/j{ i" }pol_HTk] }ll’%

with »# = (1,0,0,—1) the light-cone vector. The trace is
taken over both flavor and Dirac spaces. After performing
zero-mode quantization and considering the contribution
linear in the angular velocity, the resulting expression
involves two quark propagators with a flavor matrix
inserted between them.

Having projected Eq. (101) onto the multipole structures
in Eq. (57), we derive the mean-field GPDs as

(102)
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MyN,. [ d*p
Zog = — < | —=C, 103
mf 8IM | (2x)* (103)
with
C= l'€3iju+d,jk (me,())’
:i Ai [1e—d.j <me.l),
31ALf? My
. -
— 43/l g3k Ay [Tu+d-jk Znt,1
AP My )
= 16ie%/?
At
1 . Z
x (AﬁA’i—§5Pk|AL|2)H“+d~J" (MLQZ> (104)
N

As in Egs. (65) and (66), the multipole characteristics
manifest in the multipole correlator C.

To proceed, we perform the operator expansion': the
quark propagators in Eq. (102) are expanded in powers of
the pion momentum, yielding a bosonized representation of
the correlator and generating an infinite tower of pion-
momentum contributions

L _oem 1
O—u P 22— M%— My -VU"
1
_ (0
=(P"+H)—=
P )
1 1
+ (p°+ H)—— (iMy - VU5 ) ——+ - -,
P b5 'b3)

(106)
where the 4-momentum operator is defined as p = (p°,p),
and the free propagator 1/D(p) is given by

1 1
= , 107
D(p) p>—M?*+i0 (107)

with the standard i0 prescription. Inserting the symmetrized
propagator (106) into Eq. (102), we present the correlator I'T
as a sum over an infinite series of bosonized correlators I1,,
in momentum space

"In the first line of Eq. (106), the numerator and denominator
are evidently commutable and symmetric. However, after per-
forming the gradient expansion and truncating it, the Hermiticity
of these operators is no longer manifest (see Ref. [77]). To
address this, we symmetrize the expression as follows:

LYo 1
O —H 2P P2 —M? — iMy - VU

}, (105)

and then expand it in powers of iMyVU?"s.

utd utd
Oeff Oeff
Q Q
T,0 4 T, 0%
n

FIG. 2. In the NLO contributions to the chiral-odd GPDs in the

1/N, expansion, the quark loop involves the effective chiral-odd

operator O"“=? and the angular velocity Q (26), which induces an

isovector operator under rigid rotation. This mechanism gives rise
to single-pion (x) and single-scalar-meson (o) exchange contri-
butions to the chiral-odd GPDs.

()

T = 5(My(x = &) = p-v) Y TIEH

a

+ (&> -6 A > —A), (108)

where a denotes the order of derivatives acting on the chiral
field (0*U) included in the bosonized correlators.

A. Leading contributions

Having expanded the correlator (108) and taken the
nonvanishing leading contribution with @ = 0, we obtain

etk — MZF(P —A)F(p)
=0 2D(p — A)D(p)
x A [ T(=A) — UT(=A)}],

3M?F(p — A)F(p)
2D(p — A)D(p)

x iA[(=A) + UT(=A)] = (U = 1), (109)

u—d,j __
Ha:() -

where the trace runs over flavor space. Here, the momen-
tum-space representation of the chiral field is defined as the
Fourier transform of its position-space counterpart and is
denoted with a tilde

0(k) = / Pre kU (x). (110)

The leading contribution (109) originates from a single
chiral field (see Fig. 2) and depends solely on the 3D
momentum transfer A, being independent of the quark loop
momentum p. Importantly, the quark loop integral is UV
divergent, but this divergence is naturally regulated by the
momentum-dependent dynamical quark mass functions
F(p) appearing in the numerator. The leading contribution
to the mean-field GPDs in the gradient expansion is
obtained by contracting the expression from Eq. (109)
with each of the multipole structures in Eq. (104).
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B. Subleading contributions

The UV divergent contribution arises not only from
a = 0 but also from a = 1. For completeness of our study
for the UV divergence contributions, we also examine
the subleading contribution in the gradient expansion.
Expanding to @ = 1, we obtain

utd,jk _ _MzF(P —A)F(p)
o« D(p—A)D*(p)

X[ + 20 +92) +- S (4 = 80)
_ (5ab€3jc _5bc€3ja +5ac€3jb)(pb _ Ab)pc]
x i {0,U(~A) — 9, Ut (-A)}]

+ O(UV finite), (111)

for the flavor singlet, and
e 3M*F(p — A)F(p)
“ D(p—A)D*(p)
x [67(2(p°)* +2M° +p?)
+ (53c5ju _ 63u5jc)(4pc _ Ac)po
— (8h5%¢ — siaghe 4 §icsba)(pb — AP)pe]

x tr[0,U(~A) +0,U"(~A)] - (U — 1)

+ O(UV finite), (112)
for the flavor nonsinglet. Unlike the case of a =0, the
subleading contribution includes UV-finite terms, such as
the mass term M2 in Egs. (111) and (112). In addition,
contributions from more than one chiral field appear, all of
which are UV finite. Since UV divergences arise only from
terms involving a single chiral field, we retain only those
contributions in this work. The subleading contribution to
the mean-field GPDs in the gradient expansion is computed
by contracting the expressions in Eqgs. (111) and (112) with
each of the multipole structures in Eq. (104).

VII. NUMERICAL RESULTS

Now, we estimate the chiral-odd GPDs within the mean-
field picture. Before presenting the numerical results, we
first describe the numerical setup. The self-consistent
mean-field solution is well approximated by the arctangent
profile function, which reproduces the correct long-dis-
tance behavior [30,66,89]. Accordingly, we adopt the
following form for the profile function

RZ
P(r)=-2 arctan(r—g>, MRy =1, (113)
where R, is the spatial size of the mean-field and is of order

~M~". The value of the dynamical quark mass is adopted to

be M = 350 MeV, which is determined by solving the gap
equation within the configuration of the instanton ensemble
(p~1/3 fm, R~ 1 fm). Using these parameter sets, the
nucleon mass is determined to be [66]

My = 1170 MeV, I~1.1 fm. (114)
In addition, instead of employing the PV regularization
scheme, we take into account the momentum-dependent
dynamical quark mass in this work. This is characterized by
the quark zero-mode form factor at a low normalization
point, which is predicted by the QCD instanton vacuum.
This form factor is well approximated by the following
simple form [90,91] in Minkowski space:

-A? 1

F(p?) = ———5——, with A=2p"" 115
(r) p>—=A2+i0 P (115)

The UV-divergent contributions in the gradient expan-
sion to the mean-field GPDs affect only the ERBL regime,
where —¢ < x < &. Therefore, we will focus solely on the
nonforward limit of the GPDs. In addition to the leading
contribution in the gradient expansion, there is an addi-
tional UV-divergent contribution at subleading order
(a = 1). In the numerical calculations, we include all these
contributions.

We first compute the mean-field GPDs and, using
Eq. (64), extract the corresponding chiral-odd GPDs.” In
Figs. 3-5, we present the numerical results for the chiral-
odd GPDs H7, ET, and E7, respectively. All of these GPDs
exhibit a convex, peaklike shape with a pronounced
maximum at x = 0, which becomes sharper as £ decreases.
The crossover from the ERBL to the DGLAP regime is
smooth and continuous. The shape of this transition is
mainly governed by the momentum-dependent dynamical
quark mass at large quark virtuality, as given in Eq. (115)
(see Refs. [92,93] for details).

In accordance with the N, scaling behavior of the chiral-
odd GPDs, the typical magnitudes obtained in the numeri-
cal estimation follow the hierarchy

In relating Z,,¢  to the standard chiral-odd GPD E, a careful
matching is required within the accuracy of the present work. In
the chiral expansion, the leading contribution to the GPD H4¢
arises from UV-finite terms [45,88]. Thus, the UV-divergent
contribution appears only in the combination E%¢ = 2H4 4 +
E4~?. Therefore, the result for the mean-field GPD Z,,;; should
be interpreted as

Zug, = Hi~ + 20} + Ef

= E4~? + O(UV-finite). (116)
On the other hand, when considering both the UV-finite and UV-
divergent contributions in the analysis, the contribution from
H% ¢ must be taken into account.
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FIG. 3. Numerical results for the chiral-odd GPD H4" at fixed
t =—0.5 GeV? with varying & (upper panel), and at fixed
¢ = 0.25 with varying ¢ (lower panel).

HY ' <« Ei-d <« U, (117)
This hierarchy can also be understood in terms of multipole
order. The magnitudes of H4™, E49 and E4™ are
primarily determined by the monopole Z, dipole
Z..1> and quadrupole Z ¢ , mean-field GPDs, respectively.
This implies that the strength of each GPD can be predicted
from its underlying multipole structure.

Lastly, it is important to note that we observe a vanishing
E; GPD, even when including the subleading contribution
in the chiral expansion with @ = 1. The result for £, can be
extracted from the relation E; = me,l + &Z.¢» by solving
Egs. (64c) and (64d). Numerically, we find that the mean-
field GPDs me,l and Z,, satisfy the relation

Zntn = =EZnias (118)
which leads to a vanishing E; GPD at the level of UV-

divergent accuracy. To obtain a nonzero Ej, one must
include contributions beyond the UV-divergent order.
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FIG. 4. Numerical results for the chiral-odd GPD E4~¢ at fixed
t =—0.5 GeV? with varying & (upper panel), and at fixed
¢ = 0.25 with varying ¢ (lower panel).

Recently, nonforward chiral-odd GPDs have been com-
puted exclusively in lattice QCD [59,61], providing
insights into their behavior in the ERBL regime. In
particular, Ref. [59] has calculated the “light-cone” chi-
ral-odd GPDs with nonzero skewness using quasi-GPDs
through a perturbative matching procedure. Due to the
challenges associated with disconnected diagrams, the
study focuses on the flavor nonsinglet component of
the chiral-odd GPDs. Among these, the nonvanishing
contribution to £%~¢ appears at NLO in the 1/ N expansion.

We compare our result with the lattice QCD prediction in
Fig. 6. In order to compare our results with lattice QCD, we
must first specify the renormalization scale. Lattice-QCD
results for light-cone GPDs [59] are obtained in the MS
scheme at 4 = 2 GeV. By contrast, as discussed in Sec. III,
the characteristic scale of the present calculation is
u=p'~0.6 GeV. Importantly, the chiral-odd quark
operator do not mix with gluon operator under the scale
evolution [94]; their scale dependence is therefore weak,
which makes the present comparison legitimate. In the
negative-x region, we observe reasonable agreement with
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FIG. 5. Numerical results for the chiral-odd GPD E4™ at fixed
t =—0.5 GeV? with varying & (upper panel), and at fixed
¢ = 0.25 with varying ¢ (lower panel).
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FIG. 6. The result for the nonforward chiral-odd GPD E% ¢ at
&=1/3 and t = —1.02 GeV? is shown in comparison with the
lattice QCD result. Our result is depicted as a solid (blue) curve,
while the lattice QCD result from Ref. [59] is shown as a dot-
dashed (red) curve.

the lattice data, given the accuracy of the present work. In
the positive-x region, the slight discrepancy may be
attributed to the absence of the discrete-level contribution
(corresponding to the connected diagram in Fig. 1), which
requires a more complete analysis involving the full sum
over single-particle wave functions.

VIII. SUMMARY AND CONCLUSIONS

In this work, we conducted a comprehensive study of
chiral-odd GPDs within the mean-field framework, focus-
ing on the first nonvanishing contributions that appear at
next-to-leading order (NLO) in the 1/N, expansion. This
extends the leading-order (LO) results [37] and provides a
complete set of predictions for both flavor-singlet and
flavor-nonsinglet chiral-odd GPDs.

In the mean-field framework, we performed zero-mode
quantization (accounting for rotation and translation) and
included the first-order rotational correction, thereby ena-
bling the study of NLO contributions in the 1/N,. expan-
sion. At NLO, we evaluated the baryon matrix element of
the chiral-odd QCD operator and derived the corresponding
spin-flavor structures. Projecting these structures onto
proton states and performing a multipole expansion, we
obtained the associated multipole structure, where the
mean-field/multipole GPDs encode the relevant dynamical
information. We also determined their N, scaling behavior
and, based on this, established the relation between the
mean-field GPDs and the standard chiral-odd GPDs in the
1/N,. expansion.

The expressions for the mean-field GPDs were formu-
lated in terms of matrix elements in the single-particle
representation. By exploiting the symmetries of this rep-
resentation—namely, parity and G5 symmetry—within the
mean-field framework, we computed the moments of the
mean-field GPDs. Furthermore, leveraging the direct con-
nection between the mean-field and standard chiral-odd
GPDs, we demonstrated the polynomiality property and
derived the associated sum rules for the chiral-odd GPDs by
analyzing their mean-field counterparts. These results laid
the groundwork for the subsequent numerical evaluation of
the chiral-odd GPDs.

Using the gradient expansion and taking the nonvanish-
ing UV-divergent contribution to the matrix element, we
estimated the Dirac sea contribution to the chiral-odd
GPDs. These contributions appear exclusively in the
ERBL regime and are found to be smooth and continuous
at the crossover points x = +&. Moreover, all of the chiral-
odd GPDs exhibit a convex, peaklike shape with a
pronounced maximum at x = 0, which becomes sharper
as & decreases. We numerically confirmed the large-N,
hierarchy (117) among the chiral-odd GPDs. In particular,
we observed that £ does not receive a UV-divergent
contribution, indicating the need for further investigation of
its UV-finite part. Finally, a comparison with available
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lattice QCD data shows reasonable agreement with our
results.

Our study was limited to the UV-divergent contributions
to the chiral-odd GPDs obtained via the gradient expansion,
which affect only the nonforward GPDs. To achieve more
accurate and complete predictions, it is necessary to sum
over all single-particle wave functions, including contri-
butions from discrete levels. Alternatively, one could
compute the moments of the chiral-odd GPDs and use
them to reconstruct the full distributions.

Finally, the spin-flavor operators generate not only the
monopole operator but also the quadrupole spin operator
(49), which provides additional dynamical information
relevant for the A - A and N — A transition matrix
elements [95,96]. This will be important for analyzing
exclusive scattering amplitudes involving higher-spin par-
ticles [80,97].
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APPENDIX A: TENSOR FORM FACTORS

In this section, we discuss the tensor form factors in the
mean-field picture. By considering the NLO matrix element
(41) of the “local” chiral-odd operator (34) between proton
states, we derive the following multipole structure:

; Vel
Mgl lic”] = 2M 1Y} £Nmf.u (Ala)
2M)y
Mféf:rsd licV] =2My [ieijmf’mYonf,o
. i t
- 161]16’” lem MNmf'2:| s (Alb)

in the 3D Breit frame, where N,; = N,;(¢) denotes the
mean-field (multipole) form factors appearing as rotational
corrections. The explicit expressions for these are given by

N, 1
61 & E, — E;

Npmeo = (n]z™]j)

n,non
J.occ

x (jlro="jo (1 X|V/=1)In),

iMyN, 1
31\/ —t n.non EH - Ej

J.occ

(A2a)

mf,1 — i
N (n|"|})

Xvk

|X|j1(|f(|x/—_t)\n>» (A2b)

x (jlre”

(nl7'|j)

Nmf,2 =~

3M3N, 3 1
It n,non En - E]

Jj.occ

x (jlroZ" Y ( Q) j2 (1K [V=1)|n).  (A2c)
By performing the 3D multipole expansion of the covariant
matrix element in Eq. (5) and comparing the result with
Eq. (A2), we obtain the following relations between the
mean-field form factors and the tensor form factors

t

Hi b g EE = Moo (A%)
Hu—d Eu—d Zgu—d =N A3b
R = i 2 mf. 1> (A3b)
Eft = Ninga- (A3c)

These combinations serve as the basis for proving poly-
nomiality and sum rules, as well as for implementing
numerical estimations.

APPENDIX B: POLYNOMIALITY

Using the results (68) for the mth moments of the mean-
field GPDs in the single-particle representation (69), we
have established the polynomiality of the monopole mean-
field GPD in the large-N, limit. In this Appendix, we
extend the analysis to the higher-multipole chiral-odd
GPDs and demonstrate their polynomiality properties.
For simplicity, the proof is carried out in the limit # — 0
with £ # 0.

1. é-even dipole GPD

The single-particle matrix element A; for the mth
moment of the dipole GPD Z ;; is given by

4 A

A¥(E,1) STV (nlz*1))

 (jl2 (1 +722)r* (pP) 12X (p)i[n),  (Bla)
B(&1) =4W

< (n|(1+7°7)r(p*) e s X (p*)i|n).  (BIb)
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Considering the G5 symmetry (73), Eq. (B1) becomes

A1) =S 0l
x (il (07 or (7)1 X (p7)i[m).  (B2a)
B =470
X (nl () () K () ). (B2b)

The operator ¢idX in Eq. (B2) is now expanded in terms of

partial waves. In the limit  — 0, the combination A%eisX
takes the form [cf. (78)]

% i ®_(—2iMyé|X|)! N
AdpidX f:() — Ve [ZMPZ (COS 0) ,

(B3)
— I

where the lowest value of [ that contributes nontrivially to
Eq. (B2) is [ =2. Using the relation (54), the squared
transverse momentum transfer |A | |? in the denominator of
Eq. (B2) becomes

AL 22— (2eMy)2. (B4)

Substituting Egs. (B3) and (B4) into Eq. (B2), we obtain

4 S (-2iM
A¥I(£,0) = gzz ’N‘f n|7b|j>

I=

x (jl? () (YL'VL)(p3)k_i
x |X|'Py(cos 0)(p*)! |n>, (B5a)
BYI(£.0) = —4i Z Z’MN‘S
x (n](Y°7*)*(yL - VL)(}*)’”
x |R|'P,(cos 8) (p%)i |n). (B5b)

Next, taking into account the parity invariance (76), we find
that the allowed partial waves in Eq. (B5) are restricted to
even values, [ = 2,4, .... This leads to the modification of
the summation in Eq. (BS) as

i L] - i (B6)
= =24

The part of the single-particle operator in Eq. (B5) can be
rewritten as

)L V) =(rL- VL)

=iy’(Zx V)?

(k even), (B7a)

(k odd). (B7b)

Note that z”|j)(j|z* is invariant under hedgehog rotations.
Therefore, it effectively behaves as a rank-zero 3D

irreducible tensor operator with respect to simultaneous
isospin and space rotations (cf. [77]). Utilizing this prop-
erty, along with the grand spin selection rule (80) for a
single sum, we determine the maximum value of / for the
summation in Eq. (BS), following the same logic used in
the derivation of Eq. (90)

B (k) =k +2

(k even), (B8a)

=k+1  (kodd). (B8b)

In terms of m, the maximum value is given by
I4.x(k = m — 1). Furthermore, it is convenient to change
the summation variable in Eq. (B5) from / to / — 2, so that
the actual powers of & appear in the polynomial. The
maximum value of the new variable is then given by

lA

max( )_m_] (m 0dd)?

(B9a)

=m-=2 (m even). (B9b)

The results for 18, (m) can also be simply obtained by
replacing k = m — 2. Shifting the summation variable /
accordingly, Eq. (B5) becomes

l(’}\ax(m) . 1
A 4 (=2iM &)
Ak 0)=—2i Yy D

1 1=0,2,4... (l + 2)'

3
< (nle 1) Gl () (o - V)
x (p7) X[ 2P (cos B)(p°) ). (B10a)

l

tnax (1) ; !
. , —2iM &
BY(£,0) = —4i (C2iMye)

b3 ((+2)!
X (n|(y°r*) (rL - V1)
x () |X|2 Py (cos 0) (P

*)iln).
We find that the dipole GPD Z_;; is a polynomial in
even powers of & with its highest power bounded as
required by Eq. (4). This prove the polynomiality of the
&-even dipole GPD.

(B10b)

2. é-odd dipole GPD

The single-particle matrix elements A; and B, for the
mth moment of the dipole GPD me,l are given by

Abi(e, ) =died 2 inj)))
a.r
< G+ ) (5Pt K ()i, (B11a)
Bl 1) = 4l€3ab|AAf|2
x (n]2? (1+7%72)y (9P) <~ e X (pP)|m),
(B11b)
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Applying the G5 symmetry (73), Eq. (B11) simplifies to

a

. A
360 = 4 2 i)
x (10t (pP)e X (p)i ), (B12a)
L L A
BYi(g, 1) = 4ie’ T™E
x (n|e? (7 e (P2 Te X (p2) ).
(B12b)

We now perform the partial wave expansion of the operator
A%e™X a5 outlined in Eq. (B3). Substituting Eqs. (B3) and
(B4) into Eq. (B12), we obtain

[Se]

Ati(e,0) 4§j 2ME e il

) n),
(B13a)

x (r x V)3 (p? )"' |X|'Py(cos 0)(p

Bkl 6 O _4i ZIMNé 0 3)k+l

nIT "y

x (y x V)}(p )""IX|’P1(COS 0)(p*)'|n).
(B13b)

Next, the parity transformation (76) determines the allowed
parity of the partial waves /. Under this transformation,
only odd values of / contribute to Eq. (B13), modifying the
summation as follows:

=2 =35

(B14)

Lastly, the maximal power of [ is constrained by the
selection rules given in Eqgs. (80) and (82). Using the
relations in Eq. (89), the grand spin selection rules, and the
same reasoning applied in deriving Eq. (90), we determine
the maximal value of / to be

LB (k) = k+3

(k even), (B15a)

—k+2  (kodd). (BI5b)

This result can also be expressed in terms of the variable m
(with k = m —1 for [4,,). Furthermore, by shifting the
summation variable as [ — [ — 3, we obtain

lA

tax(m) =m—1 (m odd), (B16a)

=m-2 (m even). (B16b)

Similarly, the result for /2, follows by setting k = m — 2 in
Eq. (B15). Shifting the summation variable / accordingly,
Eq. (B13) becomes

1A (m)

—2iM &)1
A oy—a S CHMNOT 1600
I ; l—l— 3)'
X (7 % V) (p) = R[2P 4 (cos D) (57 ).
(B17a)
Iasm)(_oipg (—2iM )"
Bi(£,0) =4 (n|73 (y03)k+!
[=02.4.. l+3
X (7 V)5 R Pras(cos D) ).

(B17b)

The mth moment of the dipole mean-field GPD Z,;,
consists of contributions from EE; and E7. As shown in
Eq. (B17), the dipole mean-field GPD is clearly an odd
function of &, with maximal powers reaching m, as
generally required by polynomiality from £E; and Er.
Thus, we have demonstrated the polynomiality of the £&-odd
dipole GPD me,l- Notably, the first moment of Z,, is
nonzero due to the presence of the £E; term.

3. Quadrupole GPD

The single-particle matrix elements A, and B, for the
mth moment of the quadrupole GPD Z ¢, are given by

A0 = ST (s - 1ovia.r )
s (2= 1J) 10+ PP PR E (7Y ),
(B18a)
B = i (atat - Joap)
1
(<1 + AP (B () ),
(B18b)

Applying the G5 symmetry (73), Eq. (B18) simplifies to

. 16ie37® 1
Akz _ AbAC—— bcA 2
2(55 ) |AJ_|4 < 26 | J_|>
< (nl7é ) (1O (97 Te X (53 ).
(B19a)
16ie39?
By =0 (a8 - SoIaP)
n
x (e (072 )1y (P28 X (p3) ).
(B19b)
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In the limit ¢ — 0, the projection of the partial waves eidX

onto the quadrupole structure is given by [cf. (78)]

1 s
<AbAc _ E5bc|AJ_|2> ezA~X

=20 _ <5bﬂ5cq ! 517q5hc'>
2

< VIV liwﬂ(cos 9)1 . (B20)

!
— I

where the minimal value of [ for a nonvanishing contri-
bution to Eq. (B19) is [ = 4. Inserting Egs. (B20) and (B4)
into Eq. (B19), we obtain

STl (O s
Ak’ 0)=-16 71\’ sbrsea — Z gpagbe
£0)=-163 (s Joveo)

163“b<nlf GOy

x (p*) VIV IX|'Pi(cos®) (P |n).  (B2la)

21M &)=+ 1
BKi(£,0)=~16 N 8PP 54 — — §pa ghe
(& Z 5

X l€3ab<l’l|’[ (y0y3)k+1y

x (p*) VIV IX|'Pi(cos®)(p)|n).  (B21b)

Next, applying the parity transformation discussed in
Eq. (76) to (B21), we find that only even powers of [
survive

Sl >

=4 [=4.6,...

(B22)

To determine the upper bound of I, we examine the
maximal rank of the single-particle operator. To see this,
we first express the 2D irreducible tensor operator in terms
of its 3D counterpart. For A, with even k, we have a
irreducible rank-3 tensor

’%aby0y3}, <vb Vc _15bcv2>
0s b b \7c 1 begy2
=Pz VAV -5V

(B23)

1 1
+ 5}/025}_ (v3v3 _ gV2> 517(‘.

Similarly, for odd k, we also obtain a irreducible rank-3
tensor

<vaC_ 5bcv2)
a b \Jc 1 beg2
=7 VLVL—§5LV

(v*v* V2> sbe. (B24)

2

By coupling either Egs. (B23) or (B24) with the momen-
tum/displacement operators in Eq. (B21), we determine the
maximal rank of the single-particle operator. Following the
reasoning used in the derivation of Eq. (90), we obtain the
maximal value of /4,
Do (k) =k +4, (B25)
which holds for all k. The corresponding results for 12, (k)
can be derived in a similar way by considering Eqgs. (B23)
and (B24) along with the selection rule for the single sum
Imax (k) = k + 4

(k even), (B26a)

—k+3  (kodd). (B26b)

Rewriting Egs. (B25) and (B26) in terms of m and shifting
the summation variable [ — [ — 4, we obtain

ZA

Aa(m) =m—1 (k even/odd). (B27)

The result for /3, (m) can be obtained analogously to
Eq. (B27). Under the change of summation variable,
Eq. (B21) finally becomes

2M
AB(£,0) = 16 Z ! N‘f
1=0,2,4..

1
« (atese —26M6b0)< UGG
< (57 IDLRI P o8 D) (7)),
(B28a)

max(’n
2 M
BKI(£,0) = —16 ! N‘S

1=0,24..
1
X <5bp5cq _ Eépq5b6> <I’l|T (y0y3)k+1y
x (PP VIV K| TPa(cos 0) (57 |n).
(B28b)

The mth moment of the quadrupole mean-field GPD Z,; ,
coincides with those of E7 in the large-N,. limit. As shown
in Eq. (B28), the result is manifestly an even function of &,
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and the maximal power of & reaches m — 1, consistent with
the polynomiality property of Ez. This confirms the
polynomiality of Z . ».

APPENDIX C: SUM RULES

In this Appendix, using the results from the polyno-
miality proof of the higher-multipole GPDs and taking their
first moments (m = 1), we demonstrate that the mean-field
GPDs are connected to the tensor form factors, in accor-
dance with the standard sum rule for chiral-odd GPDs. As
in Appendix B, we verify the sum rules in the limit = 0
with & # 0.

1. é-even dipole GPD

By taking the first moment m = 1 of the &-even dipole
GPD in Eq. (68), we obtain

MyN, 1

[ &xZaga.0) = =TS ave0)
n—Ej

n.non
J.occ

(C1)

where the single-particle matrix element A%(&,0) is
given by

AR(E,0) = 2ilnfelj) - (e, - X)) (€2)

where X| = (X,,X,). In the derivation of Eq. (C2), we
used the relation

V4 [|X|?P;(cos 8)] = —X4. (C3)
Owing to the minimal generalization of spherical symmetry
induced by the hedgehog symmetry, along with the grand
spin selection rule (82) for the double sum, the matrix

element (C2) in the 2D representation can be related to a
rotationally invariant form

(nlzlj)- Gile(y X 1)In) =§<nlflj> {jle(r-X)ln).  (C4)

Using the relation above, we can express the first moment
of the &-even dipole GPD (C1) in terms of the mean-field
tensor form factors (A2), derived from the local operator.
We then obtain

/ 371 (x.£.0) = N1 0). (C5)

Using the relation (A3) between the mean-field and tensor
form factors, we arrive at

/ dx Zg 1 (3, £,0) = HI=(0) + E4=(0) + 261-4(0).

(Co)

This result coincides with the first moment of the mean-
field GPD defined in Eq. (64b). Thus, we have proven the
sum rule for the £-even dipole mean-field GPD.

2. é-odd dipole GPD

By taking the first moment m = 1 of the £-odd dipole
GPD in Eq. (68), we obtain

MyN, [
= L E g ATE0),

n,non n J
J.oce

/ dx Zog 1 (x.£,0) =
(C7)

where the single-particle matrix element A%(£,0) is
given by

AP(£,0) = 4MyE(n|Tj) - (ilr"Z |1 X|YS (Q)

n) (C8)

In deriving Eq. (C8), we used the relations for the Dirac
matrices (89) and

V|XPPy(cosB)] = 3IXPYS(Qy).  (C9)

Using the grand spin selection rule (82) for the double sum,
we rewrite Eq. (C8) in a 3D rotationally invariant form

(|77 GlOZR IXPYS ()

n)

L iy 0w 12 v
=5 (nl=1)) (122X P Y s (Q4)

n). (C10)

Using this relation, we express the first moment of the
£-odd mean-field GPD (C7) in terms of the mean-field
tensor form factors (A2). After that, taking into account the
relation (A3), we find

/ dxsz,l (x’ g? O) = _§E¥+d(0) (Cl 1)

This result coincides with the first moment of the mean-
field GPD defined in Eq. (64c), where the first moment of
E is zero. We have thus proven the sum rule for the &-odd
dipole mean-field GPD.

3. Quadrupole GPD

By taking the first moment m = 1 of the £-odd dipole
GPD in Eq. (68), we derive
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_ MyN. 1

/demf.z(xvgao) = 4] E _EA20(§90)’
n J

n.non
Jj.oce

(C12)

where the single-particle matrix element A (&, 1) is found
to be

2 1
AP(£.0) = -3 (51’1’564 - Eamalw)

x (nlz[j) (721 VI V] X|*Py(cos ) |n).
(C13)

In deriving Eq. (C13), we used the relations for the Dirac
matrices (89). Using the identity

1 . N
<5bP5“1 - 55‘”‘16}’0) VIVL{|X[*P4(cos )]
opoe 1o
=3 (xixg - 55’“ |XL|2> : (C14)

and reducing the 2D irreducible tensor to its 3D counterpart
[cf. (96)], we arrive at

AP(£,0) = =2(n|z | j) (72 X PYS Q) n)
= |z ) Gl ZLXPYR Q). (C15)

Considering the grand spin selection rule (82), we obtain
the following identities:

(2 1) (I ZLIXPYS (Qy)

n)
n|z? ) (Gl 2P IX PSP (Qg)

= 5 n),  (Cléa)

(24 1) (122 IXPY3 (9g)

n)

2 e oepion o
= — S DR P (2y)

n).  (Cléb)

These relations allow us to restore the 3D rotationally
invariant expression in Eq. (C15). Thus, the first moment
of the quadrupole GPD (C12) is related to the mean-field
form factors (A2). Employing the relation (A3), we finally
obtain

/ dx Zogo(x.£,0) = EX4(0).  (C17)

This relation coincides with the first moment of the mean-
field GPD defined in Eq. (64d). We have thus proven the
sum rule for the quadrupole mean-field GPD.
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