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Abstract

We review recent applications of nonlocal effective field theory, particularly focusing on
nonlocal chiral effective theory and nonlocal quantum electrodynamics (QED), as well
as an extension of nonlocal effective theory to curved spacetime. For the chiral effective
theory, we discuss the calculation of generalized parton distributions (GPDs) of the nucleon
at nonzero skewness, along with the corresponding gravitational (or mechanical) form
factors, within the convolution framework. In the QED application, we extend the nonlocal
formulation to construct the most general nonlocal QED interaction, in which both the
propagator and fundamental QED vertex are modified due to the nonlocal Lagrangian,
while preserving the Ward-Green-Takahashi identities. For consistency with the modified
propagator, a solid quantization is proposed, and the nonlocal QED is applied to explain
the lepton ¢ — 2 anomalies without the introduction of new particles beyond the standard
model. Finally, with an extension of the chiral effective action to curved spacetime, we
investigate the nonlocal energy-momentum tensor and gravitational form factors of the
nucleon with a nonlocal pion—nucleon interaction.

Keywords: chiral effective field theory; nonlocal quantum electrodynamics; generalized
parton distributions; gravitational form factors; ¢ — 2 anomaly

1. Introduction

Since the discovery of the finite size of the proton in the 1950s, extensive theoretical
and experimental work has greatly expanded our knowledge of the inner structure of
the nucleon. Examples that have challenged our understanding include the proton spin
puzzle [1-19], the flavor asymmetry in the proton sea [20-38], and, more recently, the proton
electric radius puzzle [39-48]. With the increased energies and luminosities available at new
facilities and upgrading of experimental equipment, considerable progress has been made
in recent years in extracting quantitative information about nucleon structure, characterized
in the form of nucleon form factors, parton distribution functions (PDFs), and generalized
parton distributions (GPDs).

GPDs, in particular, contain rich information about the 3-dimensional structure of
hadrons, in terms of their fundamental quark and gluon constituents. These describe
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the distributions of partons carrying a specific fraction x of the hadron’s light-front mo-
mentum, squared four-momentum transfer ¢, and skewness ¢. Information about GPDs
of the nucleon, or more specifically about their Compton form factors, can be obtained
through processes such as deeply-virtual Compton scattering (DVCS), deeply virtual meson
production (DVMP), and time-like Compton scattering (TCS). More recently, a new set
of processes, referred to as single diffractive hard exclusive photoproduction (SDHEP),
has been proposed as a way of accessing the x dependence of the GPDs directly from the
experiment [49,50].

The determination of GPDs has become one of the important scientific goals at acceler-
ator facilities around the world. Many measurements of observables sensitive to nucleon
GPDs or their moments have been performed over a wide range of kinematics through
unpolarized and polarized experiments at DESY (HERMES, H1, and ZEUS experiments)
and Jefferson Lab (CLAS) [51-62]. Future experiments are planned for Jefferson Lab’s
Halls A, B and C, at J-PARC in Japan, COMPASS at CERN, and the planned Electron-Ion
Collider (EIC) and Large Hadron—electron Collider (LHeC) [63-72].

The GPDs are closely related to the electromagnetic elastic and transition form factors.
Integrating over the momentum fraction x, one obtains the Mellin moments of the GPDs,
or generalized form factors (GFFs). For the lowest-order form factors, there has been
considerable theoretical and experimental study over the past few decades. Higher-order
generalized form factors, such as the gravitational (or mechanical) form factors, have
attracted growing interest recently [73]. The gravitational form factors are related to the
matrix elements of the energy—-momentum tensor, reflecting the bulk properties of hadrons,
such as mass, spin, and pressure, and can be extracted from DVCS and exclusive meson
production [74,75]. Rather than integrating over the GPDs, the gravitational form factors
can also be obtained directly from lattice QCD or chiral effective theory calculations [76-79].
The GPDs provide information about the distribution of partons inside the nucleon, while
the GFFs reflect information about the overall properties of the nucleon. These two types
of functions provide us with important insights into the structure of the nucleon from
different perspectives.

On the theory side, lattice QCD is the most rigorous approach that is based directly
on the fundamental QCD theory. Since PDFs are defined in Minkowski space, it has not
been possible to simulate PDFs directly on a Euclidean lattice. In recent years, however,
quasi-PDFs have been proposed as a means of indirectly accessing the light-front distri-
butions from lattice simulations within the large-momentum effective theory (LaMET)
approach [80]. Alternatively, pseudo-PDFs have also been suggested, involving ratios of
equal-time matrix elements of the Wilson line between quarks to the rest-frame density
matrix elements, and parametrized in terms of the Ioffe time [81-86]. A number of lattice
groups have computed unpolarized PDFs [87-89], helicity-dependent PDFs [34,90,91], and
transversity PDFs [90,92,93], using either the quasi-PDF or pseudo-PDF approach, although
the efforts are generally still in their early stages. In addition, the higher-order GFFs, such
as the gravitational form factors, have also been simulated on the lattice [76,77].

Another systematical approach used in hadronic physics applications has been chi-
ral effective field theory (EFT), a specific example of which is chiral perturbation theory
(XPT). This allows the description of low-energy properties and processes within a per-
turbative approach, emphasizing the chiral symmetry aspects of QCD. Historically, most
formulations of xPT have utilized dimensional or infrared regularization [94-97] and the
extended on-mass-shell renormalization scheme [98-100]. Although xPT has been a fairly
successful approach, it can only describe physical quantities at rather low momentum
transfers. For example, for the nucleon form factors, it is only valid at relatively small
Q? values, Q*> < 0.1 GeV? [101]. The range can be extended up to Q*> < 0.4 GeV? by
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explicitly including vector meson degrees of freedom into the theory [96,102]. An alterna-
tive regularization method, finite-range regularization (FRR), has been argued to achieve
better convergence than dimensional regularization in the calculation of many hadronic
observables [103-105]. EFT with FRR has been applied in the investigation of the vector
meson mass, nucleon magnetic moments, electric and magnetic radii, the Q? dependence of
electromagnetic and weak form factors, and moments of PDFs and GPDs [106-110]. Earlier
treatments with nonrelativistic regulators in the FRR EFT have also more recently been
generalized to relativistic versions by making the regulators four-dimensional functions or
using Pauli-Villars regularization [111,112].

In recent years, a nonlocal chiral effective theory has been proposed, which reflects
the non-point-like properties of hadrons. In the nonlocal theory, the local meson-baryon
interactions are replaced by nonlocal interactions, where the baryon field is defined at a
spacetime point x and the meson or photon field is displaced by a distance a to spacetime
point x + a [113]. A correlation function, F(a), parametrizes the nonlocal interaction.
To guarantee local gauge invariance, a gauge link is introduced, generating additional
Feynman diagrams that are essential for preserving charge conservation. The nonlocal
chiral effective theory has been successfully applied to the calculation of nucleon form
factors, strange form factors, unpolarized and polarized PDFs, and GPDs with zero and
nonzero skewness [36,114-122].

Beyond chiral effective theory, in Refs. [123,124] a nonlocal formulation of QED was
proposed and applied to the study of the lepton ¢ — 2 anomaly. The anomalous magnetic
moments of the electron and muon, 4, and a,, are some of the most precisely determined
quantities in particle physics [125]. Recent measurement of the muon anomalous magnetic
moment in the E989 experiment at Fermilab showed a 3.3¢ discrepancy from the standard
model (SM) prediction [126]. Combined with the previous E821 result from BNL [127], the
measurements revealed a 4.2¢0 deviation from the SM. For the electron, the most accurate
measurement of 2, was carried out by the Harvard group, and the discrepancy from the
SM with the fine structure constant « measured at Berkeley was 2.4 [128-130]. However, a
new determination of « from the Laboratoire Kastler Brossel (LKB) improves the accuracy
by a factor of 2.5 compared to the previous Berkeley measurement [131]. With this new «,
the SM prediction for the electron magnetic moment is 1.60 below the experiment. Possible
solutions to the discrepancy have been proposed, typically by introducing new particles,
symmetries, and interactions beyond the SM [132-161]. In contrast, Refs. [123,124] focused
on potential explanations of the lepton ¢ — 2 anomalies in terms of nonlocal QED, without
the introduction of new particles. Note that the quantization of nonlocal QED and the
weak interactions was also discussed some time ago in Refs. [162-168], and more recently,
attempts have been made to apply the nonlocal chiral quark model to the calculation of the
muon g — 2 [169-171].

In the most general form of nonlocal QED, the propagators are modified due to
the free part of the nonlocal Lagrangian [124]. Since the propagators are related to the
canonical quantization, the modified propagator corresponds to the new quantization (solid
quantization) conditions [172,173]. Here, the fields of the non-point particles are expanded
with wave packets rather than with plane wave functions. The nonlocal Lagrangian, as
well as the solid quantization for the fundamental interaction, provide a gauge invariant
method to deal with ultraviolet divergences, and in fact there are no divergences appearing
in the loop integrals due to the correlators.

As a final application of nonlocal field theory, we consider an extension of the theory to
curved spacetime, and the investigation of the corresponding nonlocal energy—momentum
tensor. The curved spacetime formulation of the energy—momentum tensor can then be
applied to compute the gravitational form factors of the nucleon using a nonlocal interaction.
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In this article, we will review these nonlocal theories and their applications to both
hadronic and fundamental interactions. We begin in Section 2 with a general discussion
of nonlocal EFT, where we introduce both local and nonlocal EFT Lagrangians, and apply
them to the calculation of GPDs with zero and nonzero skewness. In Section 3, we present
nonlocal QED and its application to the possible explanation of the lepton ¢ — 2 anomaly.
We derive the most general nonlocal QED Lagrangian, and summarize the Feynman rules
for the propagators and vertices. The proof of the modified Ward-Green-Takahashi identity
will be discussed, along with the corresponding quantization conditions. In Section 4, we
discuss the nonlocal action in curved spacetime and nonlocal energy—-momentum tensor,
and investigate the gravitational form factors of the nucleon with a nonlocal interaction.
Finally, in Section 5 we summarize the main points discussed in this review.

2. Nonlocal Chiral Effective Theory
2.1. Local Chiral Effective Lagrangian

In this section, we introduce the basic chiral Lagrangian, which defines effective pion—
nucleon interactions at low energies. The nonlocal generalization of the chiral Lagrangian
naturally generates the ultraviolet regulator for loop integrals, which respects Lorentz
and gauge invariance. The nonlocal formulation relevant for PDFs was presented in
Refs. [36,118]; here, we discuss the application of the formalism to the case of nonforward
matrix elements needed to compute GPDs. To lowest order, the local Lagrangian for the
chiral SU(3); xSU(3)R effective theory that describes the interaction of pseudoscalar mesons
(¢) with octet (B) and decuplet (T),) baryons is given by [174,175],

. D _ F _
L = Tr[B(ip—M;p)B] — ETr[B'y”%{uy,B}] — ETr [By*ys[uy, B]]
+ T, (iy"*Dy — Mpy™) T — > (Tp) Ty s ()™ (TH) !
C . .
- 3 G T;fmG)’“’(uv)l]Bmk +H.c]

+ ﬁTr[D u(pru)t] +fZBOTr[M ut 4+ umy] (1)
4 ! 2 1 a3

where Mp and M7 are the octet and decuplet masses, D, F, C and H are the baryon—

meson coupling constants, f = 93 MeV is the pseudoscalar decay constant, By is related

to the quark condensate, and M, = diag{m,, my,ms} is the quark-mass matrix. The

octet—decuplet transition operator ®"" is given by

1
WY — oMV _ Z ) AHAaV

where Z is the decuplet off-shell parameter, usually chosen to be 1/2 [176], and the tensors
are given by "' = %[’y”,’y”] = —ighV, y#v* = %{’)/7“’, 7%}, with €% the antisymmetric
tensor in flavor space. The SU(3) baryon octet fields B/ with spin 1/2 are represented by
the matrix

d1s0, 1 +

v Tt 1 % 1 ’

B = z —ﬁZ (;i— ﬁA 721 , 3)
i = — %A
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and the decuplet Rarita-Schwinger fields T;,j ¥ with spin 3/2 are represented by symmetric
tensors with components

1 1
TUL A+ pli2 & A+ 122 _ 2 A0 7222 _ A-
7 \/g 7 \/é 7 7
1 1 1
V3o ve VA
1 1
T133 — 73*0’ T233 — 3*71
V3 V3

=

The operator U is defined in terms of the matrix of pseudoscalar meson fields ¢,

u=u? = exp (i\/?>, (5)
where
¢ = T —%no + ﬁn K° (6)
_ -0 2
K K v

represents the 7, K, and 77 mesons. The covariant derivatives of the octet and decuplet
baryon fields in Equation (1) are given by [177,178]

/40y ,0
DyB = 0yB+[I'y,B] —i(A")v, B, (7a)
DT = 8, T/ + (T, T,)" — (A%} T, (7b)
respectively. Here, vg is an external singlet vector field, A° is the unit matrix in flavor space,
and the notation (- - - ) denotes a trace over flavor indices. For the covariant derivatives for

the decuplet field, T,, one has
(T, Ty) 7 = (T} T/ + (rﬂ){ T + (T, T/, ®)
while for the meson fields, U, the covariant derivative is written as
DU = 9o,U+ (iUA" —iA"U) vy, 9)

The coupling between mesons and baryons is mediated by the vector (I';) and axial vector
(1) combinations
1

r, = 3 (uaqur + u+8ﬂu> — é(w\”u* + qu“u) UZ, (10)

u, = i(quayu — uaqur) + (u+)\”u — u/\“qu) Vs (11)

a
H

matrices. Combination of vf,, v
(g=wu,d,s).

While the unpolarized twist-two GPD H receives contributions from all quark flavors

where v% is an external octet vector field and A? (a = 1,...,8) denotes the Gell-Mann

8

u» and the flavor singlet field 02 will turn the fields into UZ

at the lowest order, the calculation of meson loop effects on the magnetic GPD E requires,
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in addition, a higher-order magnetic interaction term. The O(g?) magnetic Lagrangian for
the octet, decuplet, and octet-decuplet transition is given by [116,117,119,179,180],

1 _ i ]
Lmas = T30 (erTe[Bo (o, BY] + coTe [Bot [Fyf, B] | + csTe [Bo B Te [ ])
i o
+ M%Fyv (ez‘jk()\q);Bln’Yy')’S(Tv)klm + el]k()\q)f'(Ty)klm’YV’)’SB]r'Q
FZT - \ab b
e (T oo (A (T (12)

The notation ¢y, ¢, and c3 is adopted for the octet baryon interactions from Ref. [119],
and cy4 for the octet-decuplet transition (equivalent to y in Refs. [116,117]). The decuplet
interaction coupling is denoted FJ, following Refs. [116,117]. The electromagnetic coupling
to individual quark flavors in Equation (12) is introduced via the field strength tensor

1
Bh=> (u*FZVAqu + uPZVAqLﬁ), (13)
where F;jv = ayuZ - E)VUZ is the field strength tensor for an external field vZ coupling
to a quark flavor g = u,d,s, and the matrix A; is the diagonal quark flavor projector,
Ag = diag{équ,éqd,éqs}. At tree level, the quark flavor decomposition of the proton’s
anomalous magnetic moment, or the Pauli form factor sz (t) att = 0, is derived from the
Lagrangian Lmag in Equation (12) as

F;(u)(O) = c1+c+cg, (14a)
BP0 = o (14b)
FO0) = -+t (14c)

The vanishing of the strange quark contribution to the proton Pauli form factor at tree
level leads to the condition c¢3 = ¢ — ¢;. Additionally, SU(3) symmetry provides relations
between the octet and decuplet coupling constants [116,117],

¢y = 4c, (15a)
Ef c1 + 3ca. (15b)

In the flavor SU(3) framework, the magnetic moments of both octet and decuplet baryons, as
well as the octet-decuplet transition moments, can be expressed in terms of the constituent
quark magnetic moments, y,;. For instance, the magnetic moments of proton and neutron
are given by p, = % Uy — % pgand p, = %yd - % pu, respectively, while for AT isobar, one
has pp++ = 3py.

To maintain consistent power counting after the introduction of the higher-order
magnetic Lagrangian Lmag in Equation (12), the next-to-leading order baryon-meson
interaction must also be included. Following the notation of Ref. [96], we generalize
Equation (1) by incorporating the additional two-derivative baryon contribution,

By = %0’“’ (bg Tr[Buy | Tr[uy B] + byo Tr[B{ [uy,, uy], B}| + b1y Te[B[[uy, uy], B]]), (16)
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where the coefficients are taken to be by = 1.36 GeV~!, bjg = 1.24 GeV~!, and by; =
0.46 GeV~! [96]. An expansion of the Lagrangians £ and L ¢ in Equations (1) and (16)
leads to the lowest-order baryon-meson interaction for a proton initial state given by

(D + F) (D — 3F)

. = g M 0 5 yH +) — 7 yH
Lint 2f (m 5P O + V2 pytysndum ) N T V5P Oull
(D=F)( 5 0., - 0 (D +3F) _
+ V2P ysEt 9, KO + pytyssl 9,KT ) — ———2p " 15A 9, K
C 5 + 0 > 0 + 5 ++ -
+ﬁf(—2p®vmy 9,7’ — V2p @AY d, it +VepOrA T a1

—pOE09, KT + V2perEt 9, K0 + H.c.)
+ 4;2;7 Yp [(7‘[*8,47'(’ — 7 oumt) +2(KT9,K™ — K 9,K")
+ (K%, K° — KoayKO)} + fiz;a " p [2(b10 + b)) 9o,
+ (4b11 + o) K9, K™ +2(bro — b11)2,k9,K°). (17)

From the Lagrangian £ in Equation (1) one can derive the vector current coupling to
the external field vy, as

JE = %Tr [ByH [u/\”bﬁ +utA%y, B} + gTr [By”w{u)\“zﬁ —utA%, B}]

F_ ..
+ ETr [Byt s [u/\“uJr —ut A%, BM
1= vau a,t tya Crs v a,t tha
+ ETV'y (u/\ u +u'A u,Ta> —|—E{TV® (uA"u" —u'A M)B—Q—H.C.}
2
+ fZTr [rU(UtiA® —iA"UT) + (UiA® —iA*U)orU]. (18)

For the SU(3) flavor singlet case, the current coupling to the external field 02 can be
written as

Iy = (A% Tr[By*B] + (A%) Ty ™ T,. (19)

The magnetic current coupling to the external field UZ can be obtained from the magnetic
Lagrangian in Equation (12) as

d _ _
Jhmag = m (clTrBU’“’{quAqu +urgu’, B} + ¢ TrBo™Y [uJ‘Aqu +urgu’, B]
+ 3 TeBo BTr(u' Agu + udqu'))

ic o y _
— (817 —gM7dY) <€ijk()‘q)§ Bluvoys Ty + (M)} Ta,klm%%B}")

ag((Tv)achyU(Aq)Z(TV)ehc), (20)
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and satisfies current conservation, 9y, ]5‘, mag = 0. The quark flavor currents can be written in
terms of the SU(3) singlet (2 = 0) and octet (a = 3, 8) as well as quark magnetic currents as

1
o= ]0 + ]3 + 2[ 3 Tl mags (21a)
Irl; = 7](])4 - 7I§£+ 2\/’]8 +]dmag (21b)
]5 = *]() \@ +]s ,mag- (21C)

From Equations (18), (19) and (21) the quark flavor currents can be written more explicitly
in the form

I =2py"p + iyt + AP A+ 25T et 4 00 — 21? pyt'p (T +2K7KT)

+ 3R, MPEALY 4 2@7“@%[; + AP AY + 222;*7“#‘”2? + i:%“ﬁﬂz;go

+ i(n o't — ot aT) +i(K oMKt — KTo'K™)

(D+ ) ;4 + (D+3F) + i(D_F)- 0+

- pytysn ™ + prtysAKT — yHysE K
WU A ++ uv A0+ uvy 0 g+

+\Ff(\[p®A T+ V2per )t + pOM K'Y + He)

1 _ 1 _ c1+c ,
+ mav(pcf’”p) {402(1—?K+K )—(1f722)71+71 }

C) — (1 3 2C1 C1 — 0
+ =——0,(fic"'n +78 A A) + oy (Act'E

2Mjp (Ac™n) 6Mp @ ) 2v/3Mg v )

sz st _pvy+ 2 <0 ny0
+ MBSV(Z U4y )+—2MBB.,(Z¢7 =)

1C. =
+ 4@3\/{ 4 [F’(VWSA“’ — AT ) + (s A% — pysAl) — B (yysEE
B
V3o 10
=) = AT = sT) 4 ST (s = )
6M av [3A oA ZK;U;H/A-HX + KS‘U.]JVAOD(
+zf;+o.yuz*+a +EZO(TWZ*O“ , (22a)

Ji = pyt'p + 2iyin + 257 4F T + 509150 4 AqFA 4+ f2 py'p (ntn—K KO)
+ By YPIAS + 2B UAY + 3R, AL + T T 4 om0
—i(mr ot — tar ) +i(RO9FKY — K%9MK)
i(D+F) _

i(D—F) 0
+ pytysnnt — == =2y 5=t K
V2f V2f
iC
_ S@OHVATFT = 1 s @QHVAD + | 5 @MYy *+ 10
\/gf(ﬁp(a AT+ pOMAY T+ pOMESt KO 4 He)
1 _ (c1+¢2) _
oy _ _ 0 1 2 +
+47MBaV(P‘7 P){(CZ C1)<2 fzK K) 72 T }
—2 _ —
+—a (ac*'n )+3C26T3618V(A0"VA)+C—238.,(Z o"ET)
CZ uvs0 uvs0
+ 34 3, (Z om0 — \[MBaV(AU 20)
1Cq | = = Ou ! 0 5 *—p
- " ATH — s AF) + A% A0 — 8 P
VMg pyvs YysAy) +a(rvys Yrsdy) (Yvrs
*— \/g’ * *l 170 * *
—ET) = S AT = ) = SE (1T — s
FZT AT UV A —® A0 v A O At A +a
o [3Aaa% A~ 4 2RY A f AT oA

NI SN0 S E:OUWZ*O'X} , (22b)
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_ ] 1
=Tt + TR0 4 AgEA + 2P py'p (2KTK™ 4+ K°KO)
T AT C A
— i(KToKt — KoK ) — i(R29MKO — K09rK")

i(D—F) 40 i(D—F)_ 0kt
S et KO 22 T il s OK
var ! of P

iC
\/lﬁf (POME0 KT~ V2p@mEt K+ He)

1 _ , =0
+ W&,(pcﬂ”p) [2C2K+K + (c2 — 1)K KO}

(c1+ 3c2)
6Mp

(c2—c1), =- v, (a—c1)y =0 oo
AR Y WO V4 (s
* 2Mpg vz o )+ 2Mp V(e )

1C4 <0 Ou *0 5 *— *—
vz 2O ot 330y LT DI (NPT )
1V3M, [ (7rvrs YysLy) (15 sz, ™)

i(D + 3F)

pytys A KT

_ ch —C _
ay (AT A) + (éMBl)av(z*aWzﬂ

s+
— T (s — v”vszﬁ)},

EI e - -

B ﬁav [Z; A0 Y Z::OU,;[UZ*Oa + Z:{+0'MU2*+’X} , (22C)
for the u, d, and s quark flavors, respectively. As in Ref. [118], terms involving the doubly
strange ¥~ and E*%~ hyperons and the triply strange )~ baryon do not couple directly
to the proton, and are therefore not included here.

2.2. Nonlocal Chiral Lagrangian

In this section, we outline the generalization of the effective local chiral Lagrangian
to the case of nonlocal interactions. In the nonlocal baryon-meson theory, the baryon
and anti-baryon fields are defined at spacetime point x, while the meson field is defined
at a displaced point x +a. A correlation function F(a) is introduced, which reduces to
the delta function é(a) in the local limit, giving rise to a momentum dependence at each
interaction vertex. The nonlocal interaction reflects the finite extent of particles, meaning
that the interaction does not occur at a single mathematical point but over a region where
the particle wave functions overlap.

Although the Lagrangian retains the same global chiral symmetry, the displacement of
the meson field to x + a breaks the local gauge symmetry. To restore local gauge invariance,
a gauge link is introduced, and the path integral within this gauge link, connecting x to x +a,
ensures that the combination of the meson field at x + 2 and the gauge link transforms as if
it were located at x. Crucially, this gauge link generates additional Feynman diagrams that
are essential for maintaining current conservation. Consequently, the nonlocal Lagrangian
serves two key purposes: first, it renders the loop integrals convergent; second, it extends
the model’s applicability to physical processes at larger momentum transfers, beyond the
reach of traditional yPT. This same nonlocal construction can also be applied to other
interactions, such as NN+ and NN 7.

Evaluating the flavor traces in the Lagrangians in Equations (1), (12) and (16) of
Section 2.1, the local Lagrangian density can be written as
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00 (x) = B(x) (i7" Py — Mp)B(x) [P(x)7"Y5B(x) Zup(x) + Hee]
+ Tu(x)(iv""* Do — Mry* )Tv(x)Jrwa[ﬁ( JOM T, (x) Zu¢(x) + H.c.
iCppt
+ 229" (3) + 5 E P pl) [#0)(249)" () — 29 (1) ()|
iC:PfPJr - u t
+ 5 PR P 2,9(0) (7))
C‘r;;g uv E t CrBjnagB "B E
£ e PO P F ()7 (1) + 3BT B(x)F (1
icmag mag
+ T B(x)9 5T (1)Fu(3) — T Ta X T () Fus) 4+ @

where the spacetime coordinate x is shown explicitly for all fields, and only the interac-
tion terms contributing to the proton GPDs are retained. The corresponding covariant
derivatives in Equation (23) are given by

PuB(x) = [ay—zeBJz%(x)} (x), (24a)
2TV (x) = [ay zeTgf(x)}TV(x), (24b)
Dup(x) = [ay—iegﬂ(x)}gb(x), (24¢)

where <7 is the electromagnetic gauge field, and the charges e%,, el, and eZ) represent the
quark flavor charges for the octet baryon B, decuplet baryon T, and meson ¢, respectively.
For the proton, the charges are ez =2, e‘; =1, e“;; = 0; for the ¥ hyperon one has ey =2,

edZ+ = 0, e5,. = 1; this similarly applies for other baryons. For pions, the charges are

e‘;[+ =1, e‘fT . =-1, ejt + =0, e‘zro = 0 for all quarks g, while for kaons, e}é+ =1, e% =0,
ex+ = —1. The charges for other mesons follow from charge conjugation. Finally, the
coefficients Cpgp, Crg, C¢¢+, c’ Py Cmag Cg?g, Cmag, and C fP 5 in Equation (23) are given

in Table 1 for the relevant processes discussed here. Note that the fields B(x) and ¢(x) in
Equation (23) represent individual baryon and meson fields as elements of the matrices in
Equations (3) and (6), respectively.

Following the approach of Salamu et al. [118], we outline the derivation of the non-
local Lagrangian from its local counterpart in Equation (23) (full details are available in
Refs. [116,117,181-184]). The nonlocal version of the local Lagrangian (23) is given by

£omod (x) = B(x) (i7" P — Mp)B(x) + Ty (%) (iv""* Zo = MryH*) T, (x)
+ ﬁ(x){%w%]g(x) C}cP@;wT } ;,/d ag4, x,x +a)F(a)p(x+a) +H.c.

iCppt

+ o8 P p(x) [ tta G+ ) F(@)glx-+)

x @#/ @40 G) (x + b, x) F(0)¢' (x + b)

+ ot (x)e"p(x) 2, /d4agq(x x+a)F(a)p(x +a)

2f2 p p l“ P\ ‘P

X Dy /d4bgg(x+b,x)P(b)¢*(x+b)

G VEu + B B g T () Fae — ST T (1) 0™ T (1),

4MB v 4M X)Y"rs nv 4MT 13 nv

Cmag
+ 41\2"”/[2 (x)o™ p(x) /d%/d‘*bpw GI (x-+b,x+a)F(a)F(b) p(x + a)¢* (x-+b)
T+ 29 D) (1) + - (25)
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where the gauge link gj, is introduced to ensure local gauge invariance,

gq)(x y) =exp {—ze(p/ dz”/d4lF 2y (z+1) (26)

and F(a) is the correlation function in coordinate space. For different baryon-meson
interactions, the correlation functions F(a) could be different. For simplicity, here, these
have been chosen to be the same. The Fourier transform of F(a) gives the regulator function
F(k) in momentum space, with k being the meson momentum. Typically, in numerical
calculations, a dipole function has been used,

~ A2 —m2\?
Fk) = (Az_ké” ) : @)

where A is the cutoff parameter and m, is the meson mass. Both the local Lagrangian in
Equation (23) and its nonlocal counterpart in Equation (25) remain invariant under the
gauge transformations

B(x) — B'(x) = B(x)exp [ie} 0(x)], (28a)
Tu(x) — Ty(x) = Tu(x)exp [ie] 6(x)], (28b)
p(x) — ¢ (x) = ¢(x)exp [zeq (x)], (28¢)
Sx) = M (x) = A (x) +9M0(x), (28d)

where 6(x) is an auxiliary function.

Table 1. Coupling constants Cpy and Cry for the pBp and pT¢ interactions, respectively; Cy g+ and

¢ ot for the ppp¢t coupling; and the tree-level magnetic moments Cmag Cmag Cgl; , and Crr:;g,
respectively, for all the allowed flavor channels.
B p n =t x0 - A AX?
Cg‘ag %cl +c —%cl %cl +c2 %cl %cl -0 f%cl %cl
T ATt At A° A- z*t x0 -
mag 2pT 1pT 1pT 1pT 1pT
Cr 56 3b 0 —35 3b 0 35
BT pAT A° rtE*t 0x*0 AZ*0 )2 Ve
mag 1 1 1 1 1
Cgr /5% — /54 364 735 2C4 0
B¢ pr® nrt tK° oK+ AKt
C D+F D+F D-F D_F _ D43F
B¢ 2 V2 V2 2 V12
T¢ ASct At Attt r*+ KO K+
1 1 1 1 1
Cry -Lc -e e e ~JsC
oot mta— KK" KtK~
1 1
Copt 3 2 1
C;,w 4(bwo +b11)  4(bu —bo) 8b11 + 2bg
mag c1+c —
C(M)Jr — % 0 C2

Using the variable change z* — x* + a*t + b#(1 — t), one can expand the gauge link
Qg in Equation (26) in powers of the charge EZV
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Gy(x+b,x+a) =exp [ - ie] (a—b)"/oldt /d4lF(l)£fy(x+l+at+b(1—t))}
=1+6G5 + -, (29)

where
1
5G] - _ieg)(a_b)u/o dt [ d*1F() o, (x+ 1+ at+b(1 — 1)), (30)

We can further decomposes the nonlocal Lagrangian £(""°¢) in Equation (25) into free and
interacting parts, with the latter consisting of purely hadronic (Lik(lr;gnloc) ), electromagnetic
(£(n°n1°c)) and gauge link (£1(§3(nloc)) contributions. The hadronic and electromagnetic

interaction parts of the nonlocal Lagrangian arise from the first term in the gauge link
expansion in Equation (29),

non C
Ling™* (x) = plx ){;‘P’YV%B(X) —L @M, (x :|/d4lZF up(x +a) + He.
IC +
PP 4, 4
+ ol /d /d b F(a

x [4>(x+a)a,,¢z (x +b) —aycp(x+a)¢*(x+b)]
ic!

¢t ;41/ /4/4
2f2p o d*a | d*b F(a

X [ + )2, (x +b) = dup(x + a)aug" (x + )|, (3D

and
L8 () = el B(x)9"B(x) F(x) + €] Tp(x) 7" Ty (x) o ()

+ ie) [ p(x)pt (x) - ¢<x>aﬂ¢*<x>} ()

- ieq p(x) [CfB(P YysB(x) + T¢ O"T,(x ] /d4aF (x 4+ a),(x) + He.

¢} Cyy

- 2f2 /d4 /d4bF ) o (x + )t (x + b).y (x)

Cl
J‘f;” 5(x) o™ p( / da / d*b F(a) F(b) ¢(x + a)dye" (x + b). ()

+ CglagB(x)cﬂ“’B(x)F —b—lcg?gB( )yFysT" (x)F, —%T (x)o"' T*(x)F,
4Mj W Mg TS W gMy ¢ m
Cma+g

+ 4]\;4}2 p(x)ot p( /d4 /d4bF (x+a)¢+(x—|—b)l-“w(x), (32)

respectively. The second term in Equation (29) depends on the gauge link, and yields an
additional contribution to the Lagrangian, which can be expanded as

nonloc . _ C C v
G = g[S + SOV
1
x/ dt/d4aF(a)a%ap(¢(x+a)%(x+at))+H.c.
elc
+ ¢2f4§¢+ p(x)7’p( / dt/d4 /d4bF —b)*

X [qb(x + )¢ (x +b) — dpp(x + )¢ (x + b)} w(x+at+b(1—1t)). (33)
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In the nonlocal theory, the quark current can be decomposed into two terms: the
standard electromagnetic current ]5‘, em from Equation (32) with minimal substitution, and
an additional current § ]5‘ associated with the gauge link,

(Sfd4 nonloc) (y)
(542%( ) ’

4. p(nonloc)
0 d% Ly ()

5 (x) = ) . (34b)

Jgem(x) =

(34a)

Writing these out explicitly, one has

Jiem(x) = € B(x)7"B(x) + ¢f Ta ()" Ty (x) + i€l [0" 9 (x)¢" (x) — p(x)9" ¢ (x)]

— el (/d4aF(a)r7(x) {C;(p Y ysB(x) + CT(I)@”“TV(x)] p(x+a) + H.c.)

f

- zf‘g"’*/f /d4bF ) p(x)7p(x) p(x +a)p' (x +b)

mag mag
+ ZMB /d4 (ﬁ(x)(ﬂ‘”p(x)) (Z:MT /d4aP aV(T“( )O-WT(X( ))

lcgl;g . (7 v " = u v
IM; (Qu (p(x) 7y ysTH(x)) — v (p(x) ¥ 5T (%))

mag

TN [ dia [ d*bF@F®)a, (px)r p(x)p(x + a)g* (x + 1), (35)

5],4 le¢/ dt/d4aF

X dp <ﬁ(x—at) {Cf Y ysB(x—at) + wa @’”’Tv(x—at)} )4>(x + af)

‘P¢+/ /4 / 4 u
2 )y 4t d'a [d'bFG ~b)

X {8p (ﬁ(x—at—bf)’ypp(x—at—bf) 4)(x—0—(a—b)f))4)+ (x—(a—D)t)

-9 (ﬁ(x—at—bf)'ypp(x—at—bf) of (x—(a—b)t)>¢(x+(a—b)f)} ,
+ He. (35b)

where f = 1 — t. In comparison with the local theory in Equations (17) and (22), which do
not include a regulator, the nonlocal formulation in Equations (31)—(35b) incorporates the
form factor F(a). The local limit is recovered when F(a) — 6(*)(a), corresponding to taking
the form factor to unity in momentum space.

2.3. GPDs with Zero Skewness

The spin-averaged GPDs for a quark flavor g in a proton are defined in terms of the
Fourier transform of the matrix element of the quark bilocal operator between states with
initial momentum p and final momentum p’ [185],
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frHV
io"'n, A

[ e g G anyt g (~ 1)) = () [0 8, 0) + TR B0 ]u(p), (36)

where n, is the light-cone vector projecting the “plus" component of four-momenta, and A
is a dimensionless integration variable. The Dirac (H7) and Pauli (E7) GPDs depend on the
light-cone momentum fraction x of the proton carried by the initial quark with momentum
kq (not to be confused with the spacetime coordinate x in the previous section), and the
skewness parameter ¢,

kr At
x = Pi‘*" ¢ = “opr’ (37)
where 1
=5(p+r),  s=p-p (38)

are the average and difference of the initial and final proton momenta, respectively. The
light-cone components k= of any four-vector k* are defined as k* = % (k% k). The GPDs

also depend on the hadronic four-momentum transfer squared t = A?, as well as on the
photon virtuality Q?, although for notational convenience, the dependence on the latter
is usually suppressed. For zero skewness, ¢ = 0, the hadron momenta are parametrized
as [186]

pl = (PﬂP’,—%AL), (39a)
pr = (P+,P‘,+%AL), (39b)

where the momentum transfer A¥ is purely transverse.

The diagrams relevant for the calculation of the one-meson loop contributions to the
GPDs up to O(p?) are depicted in Figure 1. Assuming that meson loop diagrams are
the only source of antiquarks in the proton, the convolution formulas for the electric and
magnetic contributions to the antiquark GPDs arise from Figure 1a,k—m. For the specific
case of the H7 and E7 GPDs at ¢ = 0, one has

g b (rb (bub) q
Hi(x,t) = Y [(f(;rBw bl plow )®Hﬂ (x,1), (40a)
¢BT
g b rb /(bub q
v t) = ¥ [ +gi) + ™) @ ) (x,1), (40b)
¢BT
where HZ is the electric GPD for quark flavor 7 in the meson ¢. The functions f (W) and
gé}; ") are the splitting functions corresponding to rainbow diagram in Figure 1a, f rbw)
gg;)w) are the decuplet recoil splitting functions corresponding to the rainbow diagrams in

Figure 1m, and f(/()bub)

and g;,(bub) are the splitting functions corresponding to the bubble
diagrams in Figures 1k and 11, respectively. The splitting functions are given explicitly
by He et al. [121], and the symbol ® represents the convolution in the parton momentum
fraction with the GPD HZ in the meson ¢.

In contrast to the antiquark case, the quark GPDs receive contributions from all of the

diagrams in Figure 1, resulting in a more complicated convolution structure,
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HI(x,t) = ZoHi(xt) + Y [(f£w +f¢rbw) +f¢bUb
¢BT
(rbw) q q(KR 17( R)
+fT¢ ®H +fT¢ ® Hy +5fT¢’ © Hy
+f(rbwmag ®Eq + f (rbw mag) ® Eq + fBrbwmag) ® EBT

d td
+ f4fa Hgfp+ + 5y

l
) ® Hy,

(tad) g(tad)
Po I | (1), (41a)

E'i(x’t) = 7 Eg(x,t) + Z [(g(%)W) +gq(Pr;)w) Jrg:p(bub)) ®H(77
¢BT

+ g(rbwmag) ® Eq . _(rbwmag) ® E;]" + gl(grlt:wmag) ® E%T

+ gy i) @ Egg'j‘d)} (x, b, (41b)
where Hg and Eg are the quark GPDs of the bare proton, and the wave function renor-
malization constant Z; reflects the dressing of the bare proton by the meson loops. The
additional splitting functions in Equation (41) corresponding to Figure 1b—j,n—u are given
by He et al. [121]. Note that J-function terms appear in the splitting functions at zero
momentum, which have contributions to the lowest moments of the GPDs but not to
higher moments. As shorthand, in Equation (41), we use the notation f;(y) = fj(1 - y)
and g;(y) = g;(1 —y) to represent the electric and magnetic splitting functions involving
couplings to baryons. Note that both the electric and magnetic operators contribute to
H(x,t) and EY(x, t) at zero- and finite-momentum transfer. At zero-momentum transfer,
however, the magnetic term does not contribute to the matrix element, even though the
GPD E1(x,0) itself is nonzero.

The quark and antiquark GPDs in Equations (40) and (41) provide the foundation
for computing meson loop contributions to GPD flavor asymmetries. The relevant inter-
mediate states consist of nucleon and A baryons with 7w mesons for « and d quarks, and
A, X, and X* hyperons with K mesons for the strange quark. Numerical evaluation of
these GPDs requires modeling the hadronic GPDs appearing in the convolution formulas.
Following Refs. [36,121], we express these in terms of pion and proton GPDs, which are
parametrized as products of valence parton distribution functions (PDFs) and t-dependent
form factors [121,187]. Using the computed splitting functions and valence quark distribu-
tions as input, the sea quark GPDs are then evaluated from the convolution expressions in
Equations (40) and (41).

The electric (H7) and magnetic (E7) GPDs for light antiquarks in the proton, generated
from meson loops, are presented in Figure 2 as functions of the parton momentum fraction
x and momentum transfer —t for i and d flavors at Q = 1 GeV. For i antiquarks, the
distribution xH" is positive, peaking at x ~ 0.1, with little ¢ dependence. At fixed x,
its magnitude decreases monotonically with increasing —t. In contrast, the xE” GPD is
negative, peaks at slightly lower x, and its magnitude also decreases with —t. The d
antiquark GPD xH 4 exhibits a similar shape to xH", but is systematically larger at all x and
t values. This flavor asymmetry originates from the intermediate states involved, with H' d
receiving contributions from both octet and decuplet baryons, but H” arising solely from
decuplet intermediate states.
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Figure 1. One-loop diagrams for the proton-to-pseudoscalar meson (dashed lines) and octet baryon

(solid lines) or decuplet baryon (double solid lines) splitting functions up to the fourth chiral order:

(a—c) octet baryon rainbow diagrams, (d—g) octet baryon Kroll-Ruderman diagrams, (h—j) tadpole

diagrams, (k1) bubble diagrams, (m-o0) decuplet baryon rainbow diagrams, (p,q) octet—decuplet

transition rainbow diagrams, (r—u) decuplet baryon Kroll-Ruderman diagrams. The crossed circles

(®) represent the interaction with external vector field from the minimal substitution, filled circles

(®) denote additional gauge link interaction with the external field, black squares (M) represent the

magnetic interaction in Equation (12), and gray squares (M) denote the interaction in Equation (16).

The shapes of the magnetic ET GPDs reflect the important role played by the orbital
angular momentum of the mesons in the intermediate states. For octet baryon intermediate

states, the meson orbital angular momentum is typically positive, which produces positive

E9 values. In contrast, for i quarks, where only decuplet intermediate states contribute, the

meson orbital angular momentum tends to be negative, resulting in negative values for
E". The magnitude of xE is also much larger than that of xE”. Note that the é-function

term in the splitting functions does not contribute to the H7 and E7 GPDs, although it does

contribute to the lowest moments of these functions.
The light-flavor GPDs asymmetries, xH? " and xE?", are shown in Figure 3 as

functions of x and —t. Both asymmetries are positive across all x values, peaking at x ~ 0.1

and decreasing with increasing —t. Notably, at the peak, the magnetic asymmetry xET-7 g

approximately 4 times larger than the electric asymmetry xH“~¥. To more clearly illustrate

the shape of the d — i1 asymmetry, in Figure 4, we show the electric xH' -1 and magnetic
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xE?" distributions at t = 0, with uncertainty bands reflecting a 10% variation in the
cutoff parameter, A = 1.0(1) GeV. The calculated electric asymmetry compares well with
the recent JAM global QCD analysis [188] at Q = 1.3 GeV, which finds a maximum of
~ 0.3 — 04 at x = 0.05 — 0.10, driven largely by Drell-Yan proton—proton and proton-
deuteron scattering data [23,24]. Integrating over x, the lowest moments of the electric
GPD asymmetry are fol dx H9=7(x,0) = 0.11(2) and fol dx xH?(x,0) = 0.009(2), where
the uncertainties correspond to the A variation. The magnetic asymmetry xE~ 7 at t = 0
has a similar shape but is approximately 4 times larger than the electric asymmetry at the
peak, consistent with large-N, QCD predictions [189]. Its integrated moments are found to
be fol dx E77(x,0) = 1.1(2) and fol dx xE97(x,0) = 0.034(6). The large magnitude of the
magnetic asymmetry provides an opportunity for its determination in future experiments.

Figure 2. Electric and magnetic GPDs for light antiquarks: (a) xH?, (b) xE?, (c) xHY, and (d) xE?
versus parton momentum fraction x and four-momentum transfer squared —t, for cutoff mass
A =1GeV atascale Q =1GeV.

The xH% " and xE% " GPD asymmetries at finite t, —t = 0.25 GeV?, are dis-
played in Figure 4. As expected from the 3-dimensional distributions in Figure 3,
both asymmetries are suppressed at finite ¢ values, with magnitudes reduced to ap-
proximately half of the t = 0 values. This suppression is consistent with the GPD
inequality H(x,t) < H7(x,0) [190,191]. Additionally, the peaks of both distributions shift
slightly toward larger x values with increasing —*.

The kaon loop contributions to the strange quark GPDs are shown in Figure 5. Al-
though smaller in magnitude than their light antiquark counterparts, the strange GPDs
exhibit several notable features. As for the light antiquarks, the strange electric GPDs
H? and H?® are both positive. Perturbatively, the s and § distributions are expected to be
nearly identical [192]; however, their kaon loop contributions differ significantly due to
their distinct origins. Under the assumption of SU(3) flavor symmetry for the interme-
diate state GPDs [36,121], the 5 antiquark GPD arises from direct couplings to the kaon
[Figure 1a], whereas the s quark GPD arises from couplings to intermediate hyperons
[Figure 1b] [193,194].
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@) (b)

Figure 3. Light antiquark flavor asymmetry for the (a) electric xH?" and (b) magnetic xEd-T

GPDs versus parton momentum fraction x and four-momentum transfer squared —t, for cutoff mass
A =1GeV atascale Q =1GeV.

As shown in Figure 5, the strange H® GPD exceeds the antistrange H°® at small x, while
this hierarchy reverses at larger x values, namely x 2> 0.5. At t = 0, the x-integrals of H®
and H°® are equal when including the -function term, ensuring zero net strangeness in the
nucleon. However, their different t dependence leads to unequal lowest moments at finite
t, corresponding to a nonzero strange electric form factor for —t > 0. The magnetic GPDs
E® and E® exhibit more complex behavior, on the other hand. The antistrange E? is positive,
similar to E7, due to positive meson orbital angular momentum. In contrast, the strange E*
changes sign with x, from negative at small x values to positive at large x values, x 2 0.3.

The strange—antistrange asymmetries xH*° and xE® % are displayed in Figure 6 as
functions of x and —t for A = 1 GeV. For the electric asymmetry, x H*~ is generally positive
at nonzero x, peaking at x ~ 0.2 — 0.3. Unlike the individual s and § GPDs, the asymmetry
does not decrease monotonically with —t and, in some regions, even increases at higher
momentum transfers. The magnetic asymmetry xE*~° exhibits a sign change with x, driven
by the behavior of xE°. Overall, both the electric and magnetic s — 5 asymmetries are
significantly smaller than the corresponding light quark d — i asymmetries in the nucleon.

005} (a) =0 020} (b) t=0

[ chiral loops 015

BN ]
T 002 Ky 0.10
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Figure 4. Light antiquark asymmetries for the electric xH 7~ (red bands) and magnetic xE"4 (blue
bands) GPDs versus parton momentum fraction x at four-momentum transfer squared of ¢ = 0 (a,b)
and t = —0.25 GeV? (c,d), for cutoff parameter A = 1.0(1) GeV. The asymmetries are shown at the
scale Q = 1 GeV, except for the electric asymmetry at + = 0, which is compared with the x(d — i)
PDF asymmetry from the JAM global QCD analysis [188] (yellow band) at the scale Q = m.
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Figure 5. Electric and magnetic GPDs for the strange and antistrange quarks: (a) xH?, (b) xE?, (c) xH?,
and (d) xE® versus the parton momentum fraction x and four-momentum transfer squared —*, for
A =1GeV, at the scale Q =1 GeV.

Figure 6. The strange quark asymmetry for the (a) electric xH*~® and (b) magnetic xES~5 GPDs versus
momentum fraction x and four-momentum transfer squared —¢, for A = 1 GeV, at the scale Q = 1 GeV.

In analogy with the d — i asymmetry in Figure 4, in Figure 7, we display the s — 3
asymmetries xH*~5 and xES~S att = 0 and —t = 0.25 GeV? for cutoffs A = (0.9 — 1.1) GeV.
The electric asymmetry xH®° changes sign, from positive at small x to negative at x > 0.5.
Comparison with JAM [188] and NNPDF [195] PDF parametrizations reveals substantial un-
certainties in the experimental extractions relative to the theoretical estimate. For the lowest
nonzero moment of the electric asymmetry, one obtains fol dx xH*"%(x,0) = 0.000983, con-
sistent with other phenomenological estimates [36,111,196]. For the magnetic asymmetry
xE*~5, the sign behavior is reversed, with the asymmetry being negative at small x and posi-

tive for x 2 0.3. The corresponding moments are found to be fol dx xES5(x,0) = 0.000985)
)

and fol dx ES7%(x,0) = s = —0.0338;), where ;5 represents the strange quark contribution
to the proton’s magnetic moment.

At finite momentum transfers ¢, the strange asymmetry exhibits significantly
less suppression than the nonstrange d — i asymmetry. As shown in Figure 7, for
—t = 0.25 GeV?, the magnetic GPD asymmetry xE5~5(x, t) is only slightly reduced relative
toits t = 0 value. Interestingly, for the electric GPD asymmetry, the peak magnitude of
xH*%(x,t) at —t = 0.25 GeV? actually exceeds that at t = 0.
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Figure 7. Strange quark asymmetry for the x H*~® (red bands) and xE*~% (blue bands) GPDs versus x
at squared momentum transfers t = 0 (a,b) and —t = 0.25 GeV? (c,d), with the bands corresponding
to cutoff mass A = 1.0(1) GeV. The asymmetries are shown at Q = 1 GeV, except for the strange
electric asymmetry at t = 0, which is compared with PDF parametrizations of x(s — §) from JAM [188]
(yellow band) and NNPDF [195] (green band) evolved to Q = m,.

2.4. GPDs with Nonzero Skewness

In this section, we extend the previous analysis of zero-skewness GPDs in the pro-
ton [121] to the case of nonzero skewness. As an initial step toward a complete one-loop
calculation, this analysis considers the contributions to the sea quark and antiquark GPDs
from the virtual pseudoscalar meson cloud that dresses the bare baryon. Typically, in
calculations of meson loop contributions to sea quark asymmetries [35], one assumes that
the undressed proton contains a flavor-symmetric sea [35], so that differences between sea
quark and antiquark PDFs and GPDs arise exclusively from the meson coupling diagrams
in Figure 1a k-m.

For the rainbow diagrams in Figure la,m, the splitting functions are nonzero for
—¢ <y < 1with ¢ > 0. The splitting functions in this region can be convoluted with the
pion GPD to obtain the quark GPD in the physical nucleon. The decomposition of the
convolution for the rainbow diagram in Figure 1a is illustrated in Figure 8. The splitting
functions in Figure 8a,b,d correspond to y > ¢ and, when convoluted with the pion
GPD, map to the quark Dokshitzer—Gribov-Lipatov—Altarelli-Parisi (DGLAP) [197-199],
Efremov-Radyushkin-Brodsky—Lepage (ERBL) [200-202], and antiquark DGLAP regions
of the proton GPD, respectively. For the subprocess in Figure 8c, the splitting function is
defined in the range y € [—¢, {], representing a meson—-meson pair annihilation analogous
to quark-level distribution amplitude dynamics.

By combining these various processes, the contribution to the nonzero-skewness GPDs
from the diagram in Figure 1a can be expressed in the convolution form as

https://doi.org/10.3390/sym18010031


https://doi.org/10.3390/sym18010031

Symmetry 2026, 18, 31 21 of 54

1 d row
/x ?yfq(y; )(y":/t)Hq/,P(;,g,t), [C<x<y] (42a)
tdy (rbw) x &
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Hérbw) (x’ g/ t) _
édy (rbw) 1 o0 Im¢4/¢(%(1+%)/%(1+%),5)
/_g@fqas (y,é‘,t);/s(]ds han 2 , w20)
[xl, vl < ¢]
Ldy ow
[ s wen (2 L), e weyen wa)

where H, /, and @,/ are the valence GPD and generalized distribution amplitude (GDA) of
the intermediate pseudoscalar meson, respectively. The integration variable s = (2k¢ + A)?
in Equation (42c) represents the four-momentum squared of the produced meson pair with
momentum k¢ and kg + A, with threshold value sy = (2mg)?.

(a) (b) (c) (@)

Figure 8. Representation of the convolution formula in Equations (42a), (42b), (42c) and (42d),
respectively, with the {dashed, thick solid, thin solid} lines representing the {pseudoscalar meson,
proton, quark}. The processes in diagrams (a,d) represent the DGLAP region for the quark and
antiquark, respectively, while the processes in (b,c) contribute to the ERBL region.

The chiral loop contributions to the u-quark H and E GPDs, obtained by convoluting
the splitting functions with the virtual pion GPDs as in Equation (42), are shown in Figure 9
at fixed ¢ = 0.1. For the pion loop diagrams in Figure 1a,k-m, the d-quark GPDs follow
from isospin symmetry, { H, E}4(x,{,t) = —{H, E},(—x,,t). The most prominent features
appear at |x| < 0.2. The electric GPD xH,, is positive in the DGLAP region and displays two
valleys in the ERBL region. Conversely, the magnetic GPD xE, is negative for x < 0 and
positive for x > 0. Both distributions decrease rapidly as |x| — 1 and with increasing —t.

To more clearly illustrate the x dependence of the GPDs, Figure 10 shows the two-
dimensional projections of xH, and xE, at —t = 0.25 GeV? and —t = 1 GeV?. Although
the splitting function fiTXO) is discontinuous at y = ¢, the quark GPDs remain continuous
at the ridge x = £¢. This continuity arises from the fact that the convolution formulas in
Equations (42a), (42b) and (42d) involve only the y > ¢ region, and they yield continuous
results at x = ¢ when the input pion GPD is continuous, which guarantees finite amplitudes
for DVCS and hard exclusive meson production [203]. No such constraints apply, however,
to the GPD derivatives at x = §. Discontinuity of the derivative can arise from different
integration regions in the a—p plane for the DGLAP and ERBL regimes within the double
distribution parametrization [203,204]. Additionally, the D-term contribution, which is
confined to the ERBL region, also induces a first-derivative discontinuity at x = ¢. On
the other hand, the contribution to the quark GPD from Equation (42c) vanishes at x = ¢
due to the endpoint behavior of the distribution amplitude, CDq / 2(1,%,8) = 0, where
k=p"/(pT P,
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Figure 9. Total three-dimensional u-quark GPDs xH, and xE, as functions of x and t for fixed
¢ = 0.1, with cutoff mass A = 1 GeV at a scale Q = 0.63 GeV. The corresponding d-quark distributions
can be obtained from the u-quark GPDs using the isospin symmetry relation, {H, E};(x,&,t) =
—{H,E},(—x,¢,t), which holds for the contributions from virtual pion loops as diagrams in
Figure 1a,k-m.

Comparing the results at different —¢ values, the magnitudes of the GPD at —t = 0.25
GeV? are approximately 4-5 times larger than those at —t = 1 GeV2. For the u-quark
distribution, the quark GPD H,, in the DGLAP region (x > 0) has greater magnitude than
at x < 0 (equivalent to # at x > 0 by crossing symmetry). From the isospin relation for
the pion coupling diagrams, the u-quark GPD xH,(x > 0) is equivalent to the d-quark
GPD xH,(x < 0), which corresponds to the d distribution at x > 0. Consequently, the
loop diagrams in Figure 1a,k-m naturally produce an enhanced d distribution relative to i,
reminiscent of the empirical d/# asymmetry observed for collinear PDFs [35].

Furthermore, the GPD in the 0 < x < ¢ region is positive at —t = 0.25 GeV?, but
negative at — = 1 GeV?. This sign can be understood because the pion GPD (or GDA) in
the ERBL region incorporates the D,/ (t) form factor, which exhibits different f dependence
than the pion form factor F,(t). The magnetic GPD E, has a larger magnitude than the
electric H,, and the quark and antiquark distributions in the DGLAP region have opposite
signs. This implies that the electric GPD for i has the opposite sign to that for d, while the
magnetic GPD E for d is larger in magnitude than for i.

0.06 02
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=
=000 ol
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Figure 10. Meson loop contributions to the electric and magnetic GPDs H,, and E, for { = 0.1 and
—t = 1 GeV?, with cutoff mass A = 1.0(1) GeV at a scale Q = 0.63 GeV. The corresponding d-quark
GPDs can be obtained from the relation {H, E};(x,&,t) = —{H,E},(—x,¢, t).
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3. Nonlocal QED

The second example of an application of nonlocal field theory methods that we discuss
in this review is the generalization of QED to the most general nonlocal interaction. As for
the application to hadronic interactions, nonlocal behavior is also expected in fundamental
interactions, such as between electrons and photons. Although the nonlocal effects here are
generally less pronounced than in the hadronic sector, they can be tested if the measured
quantity is sufficiently accurate. We begin with some basics about the nonlocal QED
Lagrangian, followed by a discussion of solid quantization and gauge invariance, before
focusing on the specific problem of the ¢ — 2 anomaly.

3.1. Nonlocal QED Lagrangian

In this section, we introduce the general extension of the local QED Lagrangian, where
both the free and interacting parts are nonlocal [123,124], and present the Feynman rules
for vertices, including the additional interaction generated from gauge links. Recall that
the local QED Lagrangian is given by

2196 = ) (i3 — m)p(x) — e P) ACP(x) — 1P (1)F(0). (®3)

Based on the same U(1) symmetry, the local QED Lagrangian can be transformed into a
nonlocal Lagrangian using the method described in Refs. [36,113,115-124,181,184,205]. The
most general nonlocal Lagrangian can be written as

£nl _ /d4€llp (X+ %a)l(x + %g,x) (15— m)ll)(x — %a)l(x,x — %ﬂ)Fl(a)

— e/d4a d*vp(x + La)I(x + La,x) A(x +b)y(x — 2a)I(x,x — 3a)Fi(a) F2(a, b)

— 5 [P ) R+ a) Fya), (44
where the gauge link,
: y
I(x,y) =exp (ie / d*c / dzl' Ay (z +c) F3((1,C)>, (45)
B JX

is introduced to guarantee local gauge invariance. In the nonlocal Lagrangian (44), the
fermion fields i and 1 are located at spacetime coordinates x — %a and x + %a, respectively,
while the photon field A, is located at x + b. The functions F;(a), F,(a,b), F3(a,c), and
F4(d) are the correlation functions, normalized according to

d*aF(a) = [ d*bFy(a,b) = [ d*cF(a,c) = [ d*dFy(d) =1, (46)
/ / / /

where we note the independence of a after the integration over b or c for the functions
of F,(a,b) and F3(a, c), respectively. In the limits where F;(a) = 6(a), F(a,b) = 6(b) and
Fy(d) = 5(d), the nonlocal Lagrangian £ reduces to the local Lagrangian £, Tt is
straightforward to show that the most general nonlocal QED Lagrangian (44) is invariant
under the gauge transformation

p(x) = W), (47a)
Au(x) = Ap(x) — o (x), (47b)
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where
ax) = /d4b &' (x +b) F(a,b) = /d4c o' (x +c) F(a,c). (48)

Note here that a(x) = a’(x) in the local limit.

From the nonlocal Lagrangian (44), one can derive the corresponding Feynman rules.
The propagators and vertices are illustrated in Figure 11, where, in addition to photons
generated from the minimal substitution, one also has photons arising from the gauge links.
Unlike the minimal substitution, which can only generate one photon, two or more photons
can be obtained from the gauge link, so that the vertices in nonlocal QED can involve more
than one photon. The free fermion and photon propagators in nonlocal QED are therefore
modified according to

_ Loy 1 a
So(p) = (p—m) 5 (49a)
ot - () 2

where the functions F; (p) and Fy(k) are Fourier transformations of the correlation functions
Fi(a) and Fy4(d), respectively. In practice, the Feynman gauge is chosen for the calculation.
The Gupta-Bleuler procedure works in the same way for the nonlocal theory as it does for lo-
cal QED, and guarantees the equivalence of physical processes described in different gauges.
The fermion—photon interaction term in the nonlocal Lagrangian £™ generated from the
minimal substitution is given by [ d*ad*b ¢(x + $a) A(x +b) ¢ (x — Ja)Fi(a) F2(a, ). The
corresponding interaction vertex is

/

: k== -
Vi'(p.q) =WV/WF1(1<)F2(PZP ~kq) =" Galp,q), (50)

where g, p, and p’ are the photon, initial fermion, and final fermion momenta, respectively,
and G;(p, q) is defined as

L Ak oL - |
Gilp.) = GilP.a) = [ F(P —kq) (i=23) 61
withP = (p+p')/2.
Au(‘l)
H K v —L P —L o
Dy (k) So(p) V' (p,q)
Au(q)
§ Au(Ql) A, (q2) A#(Ql) Ay ()
p P p l‘i P p l—‘i P
Vi (p,q) V¥ (p, a1, 42) Vi (p a1, 42)
Al/(q2) Al/(qQ)
Aulq é Ap(g3) Aulq é Aplg3)
p P p P

VSMVp(p> q1, 92, Q3) Vﬁuyp(pv q1, 92, Q3)

Figure 11. Propagators and vertices in nonlocal QED appearing in the calculation of one-loop
diagrams. The black and red wavy lines denote photons from minimal substitution and the gauge
link, respectively.
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In addition to the usual local QED interactions, the nonlocal Lagrangian £ introduces
additional interactions involving photons generated from the gauge link (45). The method
for deducing the Feynman rules for these vertices was discussed in Refs. [113,181,184,205].
The related action for the interaction with one photon from the gauge link can be written as

S = —ie/d4a d*cd*x P (x + $a)Gs(a, ) (igy — m)p(x — 2a)I(x — a,x + 1a), (52)

1
where G3(a,¢) = Fi(a) F3(a,c) and I (x — 3a,x + a) = fxxﬂ; dz' Ay (z 4 c). To obtain the

1
-1 '
Feynman rule for this vertex requires calculating [ d*ad*c Gs(a,c)e™ I(x — 1a,x + 1a).
Using the identity

/d4a d*c Gs(a,c) e I(x— %a,x + %a)
= /d4a dic d*ky d*ky Ga(ky, ky ) e'f1® gikac giPa I(x— }a,x+ 3a)
- / diadcd'ly 'y (Go(—ide ko)e™1®) &2 ™ I(x — La,x + da)  (59)
and performing partial integration, one can show that [113,181,184]
G3(—i0a, ko)e' T I (x — a,x + La) = "G5 (—iDy, ko) I(x — a,x + La), (54)

where D, = 9, + iP,. Taylor expanding and using the iteration method [113,181,184,205],
one can then write

~ H H
Ga(—ida ko) I(x — La,x + 1a) = i/d4q(P +4"/2)

2P q+4%) (Gs(P +aq,9) — Gs(p,q))
x (Aq)e12) 4 A(g)ee/). (55)
The additional electromagnetic vertex with one photon from the gauge link is then

(q +2P)*

Vz”(Pf‘i) = (ﬁ_m)m(@(fﬁﬂbfﬁ—63(%‘1))- (56)

Similarly, the electromagnetic vertex with two photons can be obtained as [181,184,205]

. 2Py
VI (p.g1,q2) = ' (924 2P)

m (G23(‘72 +1,91,92) — Gos(p, 111/‘72)), (57)

where éij is defined as

Gij(p,q1,02) = /7(277)8 Fi(ki) Fi(k2, 1) (P —k1 —kz,q2)  (i,j =2,3).  (58)

The interaction vertex where the two photons are both from the gauge link is given by

. Gas(p+ 41 +92,.01,92) — Gs3(p, 41, 32)
VVV 01, _ _ oMY 33
v (P q2) =i(p m){ g (Pt +q)? =2

_ Gas(p+ 91+ 92,91,92) — Gss(p,91,92) [(2P+ 71)" (2P + 291 + q2)"
(P+q1+q2)> — P (P+aq1+q2)* = (P+q)?

+ e vg o qz)}

(Gas(p + 41,91, 92) — G33(p,41,92)) (2P + q1)* (2P + 21 + q2)"
(P+q1)* = p)(P+q +q2)* = (P+q1)?)

+ (pev,q & qz)} } (59)
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In the above and following equations, when g; <+ g;, only the first argument in the function
G changes. While higher-order interactions with additional photons can be generated from
the expansion of the gauge link, for the study of the lepton anomalous magnetic moments
at one-loop level interactions, up to three photons are needed. The interaction vertex with
three photons, with one from minimal substitution and the other two from the gauge link,
can be written as

Go3s(p + 92 + 43,91, 92,93) — Go3a(p, 41, 92, 93)
VS;wP(p,ql/qL%):ryﬂ{zgvp 233(P + 4 <1qv+q;j+g3§2—p2 (P, q1,92,9

 Gosa(p+ 92+ 43,91,92,93) — Goss(p, 91,92,93) [ (2P + q2)" (2P + 245 + 43)°
(P+q2+4q3)% — P2 (P+q2+493)> — (P+q2)?

+ (V< pq < 6]3):|

n [ (6233(77 + 42,91, 92, 93) — Gozs (P, 91, 92, q3)) (2P + q2)" (2P + 295 + q3)°
((P+q2)*> = P2)((P + 92 +q3)% — P?)

+ (1/ 0,92 < 6]3):| }, (60)

where the function éijk(p, 91,92, q3) is defined (for 7, j, k = 2,3) as

~ d4kq d*ko d*ks ~ ~ ~ ~
Gik(p,q91,92,93) = /WFl(kl)Fi(kZ/‘h)Pj(kB/QZ)Fk(P_kl_kZ_k3/‘73)- (61)

The vertex for three photons from the gauge link can be separated into two terms,

VGWP(PI q1,92, ‘73) = ng;/p(P/ q1,42, q3) + ngzp(pl qi, QZ/%)/ (62)

where the first term Vgl ;/p is given by

VI (p, a1, q2,q3) = 2(p — m)gh"

" { ~ [Gasa(p + 91 + 92,91, 92,93) — Gaa3(p, 91,92, 93)] (2P + 2q1 + 2q2 + g3)F
[((P+q1+92)? — P2J[(P +q1 + g2+ q3)* — (P + q1 + q2)?]
" Gs33(p + g1+ 92 +93,91,92,93) — G333(p, 1,92, 93)
(P+q1+q2+q3)> — P?
{ (2P +2q1 + 292 + gq3)° L (2P + q3)P
(P+q1+q2+q3)* = (P+q1+492)>  (P+q1+492+93)% — (P +4g3)?
_ [Gaz3(p +93,91,92,93) — G333 (P, 91,92, 93)] (2P + g3)° }
[(P+q3)%> = P?|[(P+q1 + g2+ q3)% — (P + q3)?]
+ (= v,v—=p,0 = Hq1 = 42,92 = 93,93 — 1)
+(p—=pv—=1p—=v,q91 = 43,92 = 91,93 = 92), (63)
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and the second term Vgt ZP is

Ve (p,a1,q2,93) = (6 —m)
" { Gass(p+ 1+ G2 +43,91,92.93) — Gaaa(p, 91,92, 93)
(P+q1+q2+4q3)> — P?
{ (2P +2q5 + 295 + q1)* (2P + 2q3 + q2)" (2P + q3)°
[(P+q1+q2+93)> = (P+q2+q3)?][(P + g1+ 92 + q3)> — (P + 93)?]

+pevqg o qz)}

B [633307 + 02+ 93,91,92.93) — Gaza(P, 41,92, 3)
(P+q2+4q3)*— P2
(2P +2g5 + 295 + q1)* (2P + 295 + q2)" (2P + q3)°
[(P+q1+92+43)% = (P+q2+43)2][(P+ 92+ 43)* — (P +q3)?]

X

+ (e v,q < %)}

_ Gasa(p +93,91,92,93) — Gaza(p, 91,92,93)
(P+q3)* — P2
(2P +2q5 + 295 + q1)* (2P + 2q3 + q2)" (2P + q3)°
[(P+aq1+92+93)% = (P+q2+93)][(P + g1+ g2 + q3)* — (P + q3)?]
(2P + 295 + 295 + q1)" (2P + 2q3 + 92)" (2P + q3)°
[(P+q1+4q2+93)% — (P+q2+93)%][(P + 92+ 43)> — (P +43)?]

+ (e v,q1 ¢ q2)
+(u—=v,v—=p0,0 = 1q — 92,92 = 93,93 = q1)

+(#—>p/v—>w—>v/q1—>q3,qz—>q1,q3—>qz)}- (64)

With these Feynman rules, one can proceed to calculate the lepton magnetic form factors
from the nonlocal Lagrangian.

3.2. Solid Quantization

The previous section described how the photon and lepton propagators are modified
by the nonlocal Lagrangian. Since propagators are directly connected to the second quan-
tization of the corresponding fields, the modified propagators can also be obtained from
modified canonical quantization. In Refs. [172,173] new quantization conditions—referred
to as solid quantization—were proposed,

1

[p(x, 1), ¢ )] = [n(%t), 7(Ft)] =0, (65a)
(X, 1), (7, 1)] = i®(X-F), (65b)

where 77(x) is momentum conjugate to ¢(x), defined as 71(x) = 9L£/9¢ and L is the free
Lagrangian for scalar field ¢(x). The function ®(X — i) describes the correlation between
fields at spatial points ¥ and i. For the case of point particles, the function ® (¥ — i) is
replaced by a 3-dimensional é function, 8©) (X — 7). For the non-point particle case, particles
at different positions could be partially superimposed, so that there exists some probability
that particles and antiparticles are created at different positions.

Expanding the field ¢ as

N d o\ if-R—iw 2\ ,—ip-¥+iw
V50 = [z [AE) 7T At (g ], (66)
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the creation and annihilation operators satisfy the relations
(), A@] = A", A" @] =0, (67a)
(AP, A" @) = @) 2w, 6% (F -9 ¥(p). (67D)
The fields ®(X) and ¥ (p) obey the relations
1 d3p 72 e
?) — = v = p-X ip-X
P(X) > (27T)3‘I’(p)(e +e ), (68a)
¥(E) = 5 [Ex @+, (68b)
and are normalized according to
d>p
P = | /=Y
0 = [ G ¥, (699)
) = /daxCD(Sc’) -1 (69b)

Compared with the usual commutation relation where ® (%) = 6()(¥), here, we have ®(X)
normalized to 1, while ¥ (7) is normalized to ®(0). With the new quantization, the fields
can be written in terms of usual creation and annihilation operators as

= & o [ oo i R—iw N —if-XHiw
01 = [ Gyt VI [aPeP Tt (pre 7], (70)

To obtain the Feynman propagator of the scalar field in the solid quantization, we
recall that the propagator is formally defined as

Ap(x' —x) = (0|T¢(x') ()!0>
k¥ (k Y

ik-(x'—x) oy =ik (x—x)
2n22wk —t)e +O(t—t)e ] (71)

Using the integral representation of the step function,
dr et
27T T —

0(t) = lim._,o+ (72)

the Feynman propagator is given by

d*k ¥ (k) e k(')
r_ =
Ap(x'—x) / m)t K2 —m?2+ie @3)

For spin-1/2 fermion fields, the nonzero anticommutation relation is

{0aE0),855,1) } = 1% 0% - ), 74)

and the corresponding field can be written as

2 (ﬁ) s(ﬁ)us(ﬁ)ew"?’i“’”t+dl(ﬁ)vs(ﬁ)e’i’7”m“’"*, (75)
27‘[ Zw
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where b and d* are usual annihilation and creation operators, and us(7) and vs(7) are the
Dirac spinors. The propagator for the spin-1/2 field is then

d*k Y (K) (K4 m) e k&' —x)
/ —_ =
Se(x = x) / QnE R_miiie

(76)

For photon fields A#, one can expand

= d3 N . . ) k1= —if-R+i
A0 = T [ G ¥ [Pt (5.0) P il et e P, 7

where €/ (P, A) is the photon polarization vector. The photon propagator can then be
written as

d*k —i¥(k) g e (')
DP‘V I _ — / . 7.

P ) (27r)* k2 —m? +ie @8
Note that, in principle, the functions ¥(7) and ®(¥ — i) depend on the details of the
particles, such as the mass and width, and with the new quantization conditions, the
Feynman rules should be modified accordingly. In particular, the new propagator of

-

the field should be multiplied by a factor ¥ (k), and the external field multiplied by a

factor 1/ ¥ (k).

In contrast to the nonrelativistic case, for the relativistic version of the solid quantiza-
tion, we consider the field with a distribution in four-dimensional spacetime. For a scalar
field ¢(x), we can write

4
90 = [ 2200 H(P) [ape P + ], 79)
(2 7T)4 p
where the function H(p?) describes the four-dimensional distribution for non-point particle
in relativistic case. The operators &, and a; obey the commutation relations

ap, ag] = [“;“H =0, (80a)
ap,al] = 2m)* W (p—1q). (80b)

The commutation relations for the scalar field and its conjugate are

4 PN U,
@0, 7 0] = [ IO ipo (77 +e77%)

_ / #p i¥(p) (7% 4 o7

(2m)3 2
= iD(E-17), (81)
where >
¥(7) = [ Po(po) 2 (pP)po. 52)

For a point particle with mass m, one has ¥(p) = 1, and H?(p?) = 276(p?> — m?). Note
that H(p?) then is proportional to 61/2(p? — m?) instead of 6(p? — m?), since the field is
expanded in terms of &, and zx‘;, instead of a, and a‘;,.
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For simplicity, we can rewrite the scalar field as

4 . .
p(x) = /(;ln’;z; dM? 6(po)H(M?) 6(p* — M?) ["‘p e 't 4 Dc;r, elp'x}

3 . L
-/ (27rd P dM2 H(M?) [, €757 o0 | emPEomt] - (g3)

)4 ZCUM pPwm

where M is a mass parameter and wy; = +/p? + M?2. The propagator for the relativistic
scalar field can be written as

a3k
I _ 2 12 2 2 -
Ap(x' = x) /(2n)42wM2wM/dM AM™? H(M?) H(M'®) §(wpy — wi)
x [G(t’ — 1)) g (t — t’)ei"'("*"')}, (84)

where §(wppy — wp) = 2wpg 6(M'? — M?). With the definition of 8 function, the propagator
can then be written as

d*k dM? iH?>(M?) v
A o _ / —ik-(x 7x)‘ 85
P = 2) (2m)% 2 k2 — M2+ e (85)
Again, when H?(M?) = 27t6(M? — m?), the propagator reduces to that for a point par-
ticle with mass m. One can also obtain the result for Pauli-Villars regularization if
H?(M?) = 27t[§(M? — m?) — 6(M? — A?)]. By comparison with the propagators obtained
in solid quantization and those in Equation (49), one obtains a relationship between H(p?)
and F (p?),
2 120 M2
N e
TPt Fi(p?)(p? —m?)

Again, for consistency with the nonlocal Lagrangian, the canonical quantization condition

must be modified to that for the solid quantization in Equation (65).

3.3. Gauge Invariance

Before discussing the magnetic moments, we first demonstrate that the Ward-
Green-Takahashi identity and charge conservation can be obtained from the nonlocal
Lagrangian [124]. The nonlocal Lagrangian is invariant under the local U(1) transformation,

/d4xd4a1/3(x +3a)p(x—a)F(a)a(x) = /d4x drad*b p(x + la)p(x — la)
x Fi(a) F(a,b) &' (x +b), (87)

which leads to Equation (48) above. For fermions with momenta k; and ky, Equation (87)
implies that

~ 4 ~ ~
B (K)&(ky — ky) = / é;ﬁ B (k3) Ba(K — ks, ko — k) @ (k1 — Ka), (88)

where K = (k; + k2)/2, and @ is the Fourier transform of the phase « introduced in
Equation (47a). In particular, when k1 = kp, one has

R0) = [ 45 k) Bl — k. 0)70), )

https://doi.org/10.3390/sym18010031


https://doi.org/10.3390/sym18010031

Symmetry 2026, 18, 31 31 of 54

Meanwhile, the Fourier transformations of Equations (46) and (48) are given by

dk ;
E k,O —ik-a =1 90
| Gy Btk 0)e (90)
and
a(k) = / K Bk, —k) & (k) e~k (91)
(27_[)4 7 7

respectively. Consequently, one finds that @(0) = @’(0), and Equation (89) can therefore be
rewritten as

~ 4 ~ ~
Bip) = [ s A0 Falp —k0) = Galpyg = 0) ©2)

Similarly, we also have the corresponding relation

~ 4 ~ ~
Bp) = [ s A0 B(p =k 0) = Galpg = 0) 93)

With the definition of G;; in Equation (58), and using Equations (92) and (93), one has

~ A4 d*k, ~ =~ ~ ~
Gij(p, 91,92 = 0) = /(217)82 Fi(k1) Fi(ko, q1) Fj(p — k1 — k2,0) = Gi(p,q1),  (94)

and similarly,
Giik(p,91,92,93 = 0) = Gjj(p, 1, 92)- (95)

Note that Equations (94) and (95) are valid for q; = 0 for any i.
From the above equations, after some algebra, one can obtain the following identities,

dSo(p) ... " P‘
ap, #1im So(p) [Vi(p.9) + V5 (p,a)]So(p), (96a)
aVly(p,th) URT iy
T = quzg}o Vi (r.11,92), (96b)
aVH(P,lh) A v v
zaT =i lim [V3"(p, 42.01) + V" (p 1, 42)], (96¢)
3V3W(P,q1/t12) . uvp
T—qugo% (P, 91,92,93), (96d)
oV (v, a4, v v
Vg (P a1,42) =i lim [VE™(p,q3, 91, 92) + V)" (p, 91,92, 93)]. (96e)

The identities in Equations (96) allow the relationship between the self-energy and vertex
to be established. At the one-loop level, there are 7 self-energy diagrams and 24 vertex
diagrams, as illustrated in Ref. [124]. The total self-energy ¥ (p) and vertex I'*(p,q) can
be written,

7
Z(p) = Y %ilp), 972)

24
M(p,q) = Vi + V3 + 3T (p.a), (97b)

i=1
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where %;(p) and I (p, q) are given explicitly in Ref. [124]. One can further show that

_dZq(p)

dp, —m [Ty (p.q) +T5(p.q) + T5(p,q) +T5(p.q)], (98a)

1 q-
s ,

~ R0 — b [0, g) + 5 )+ TE ) TS ) + T ), (98b)
i _ 4

- T;(f ) _ lim (5 (p. ) + Th5(p, ) + T (p,0) + 1 (p ) + T (P2 )] (98¢c)
ax - l

’%ﬂp) = %IE}, (T (p,9) + Tis(p,q) + T4, (p, ) + Tig(p,9) + T (p.q) + Tho(p.9)], (98d)

_dEs(p)

dp, = %lgl’[l) Ty (p.9), (986)

s .

= mrha) o8
s -

) — tim [T(p,) + T () (98g)

These relations correspond to the diagrams in Figure 12. The derivative of the self-energy
diagrams gives rise to the vertex diagrams, generating one external photon field to be
attached to the self-energy diagram at all possible places. For example, for the first rainbow
self-energy diagram in Figure 12, a photon from minimal substitution or from the gauge
link can be attached to the internal lepton line, while only a photon generated from the
gauge link can be attached to the vertex. For the fourth rainbow diagram, both minimal
substitution and gauge link photons can be attached to the vertex.

The dressed fermion propagator S(p) can be written in terms of the free fermion propaga-

tor and the self-energy as S(p) = So(p) + So(P)Z(p)So(p) + So(p)E(P)So(P)E(P)So(p) + - - -
It is then straightforward to obtain

. . das
lim S(p -+ q) [ — i (p + ,p)]S(p) = — o), 99)
q—0 Py
which corresponds to the Ward—-Green-Takahashi identity,
lim [ —igu["(p+q,p)] = lim [S™'(p+4) =S (p)]. (100)
q—0 q—0

The dressed propagator can also be written as

iZy
= 101

S(p) F—m’ (101)
where Z; is the wave function renormalization constant, and Z, — 1 = dX(p)/dy |p2:m2.

The Ward—-Green—Takahashi identity (100) also implies that
Lol (p,p) = " (102)

As usual, the Dirac and Pauli form factors are defined as [206]
u M 2 igyqu 2

ZIM(p+a,p) = 7"R(q7) + — = h(0), (103)

with normalization F;(0) = 1. This is consistent with the renormalized lepton charge
being unity. In the next section, we will use nonlocal QED to calculate the lepton magnetic
moments to explore the ¢ — 2 anomaly.
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Figure 12. Relations between the lepton’s self-energy diagrams and lepton—photon vertex diagrams
at one-loop level in nonlocal QED. The black and red wavy lines represent photons arising from
minimal substitution and the gauge link, respectively.

3.4. g — 2 Anamaly

The current theoretical prediction for the muon anomalous magnetic moment 4, in
the SM is u’%M = 116,591,810(43) x 10! [125]. The recent measurement of a, in the E989
experiment at Fermilab (FNAL) found

AaiNAE = gENAL — M — (230 4 69) x 1071, (104)

which is a 3.30 discrepancy from the SM prediction [126]. Combined with the previous

E821 measurement at Brookhaven National Laboratory (BNL) [127], the result revealed a
420 deviation from the SM prediction [126]

Aay = afNALTBNE _ g2M — (251 4+ 59) x 1071, (105)

For the electron, the theoretical prediction for a, is aeSM’B =1,159,652,182.032(720) x

1012 [128], where the superscript “B” refers to the fine structure constant « being measured

at Berkeley with 137Cs atoms [129]. The most accurate measurement of a, was made by the
Harvard group, and the discrepancy from the SM was 2.40 [130],

AaP = P — aSMB — (87 £36) x 10714, (106)

However, a new determination [131] of the fine structure constant «, obtained from the
measurement at LKB with 8 Rb, improves the accuracy by a factor of 2.5 compared to the
previous best measurement at Berkeley [129]. With the new « value, the SM prediction for
the electron magnetic moment is 1.6 lower than the experimental data,

AaLKB — &P SMLKB _ (48 4 30) x 10~ 14, (107)

It is interesting to note that the two Aa, discrepancies have similar magnitude but opposite
sign, for still unidentified reasons [131]. The small difference between the a values does
not affect Aa, since it is much larger than Aa,. As the SM predictions match all other
experimental information very well, the deviation in one of the most precisely measured
quantities in particle physics provides an enduring hint for new physics.

In this section, we will examine the ¢ — 2 anomaly within nonlocal QED. By inserting
the electromagnetic current into the lepton states with initial and final momenta p and p’,
one can obtain the Dirac and Pauli form factors of the lepton. The corresponding Feynman
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diagrams are given in Ref. [124]. Using the projection method, or calculating two different
traces of 7y matrices, one finds

A(4m? — g%) — 6m*B

Fi(¢?) = — g (108a)
B(f) = mZA(4m2q2 ((1;)12 36(722;1;2 ), (108b)
where A and B can be calculated from the traces
A= LAl aprtuy) = T[Tl p 4 mp* (o + ), (109a)
B= Lol ru(p)a(p @yt = Te[rup+ )+ m) EEPV] aoomy

In this review, we focus on the Pauli form factor F,, which is related to the anomalous
magnetic moment of the lepton. Compared with the standard QED theory, in the nonlocal
case, the one-loop vertices are rather more complicated. In addition to the usual QED
diagrams, there are an additional 23 diagrams for the nonlocal theory. For the first rainbow
diagram, the vertex I'} (p, q) is expressed as

dk
I (p.q) = - | Vi (p' —kk)So(p—k+q)V{(p—kq)
(2m)

x So(p — k) V{ (p, —k) Doyp (k). (110)

The corresponding Pauli form factor for the vertex Fi’ (p,q) is given by

Boal(g?) =

Sietm? [ k[ (4m2 424 (k- p)? + (k- p)%) — 8(m* — ) k- pk-p!
= oy [ (¢ — k2 —m?)((p— 02— m2)R2

_ m2 2 2 . ~ ~
e PR P 6ot — k) Galp ) Gl ), (111)

+

When the momentum transfer > = 0, one has

d*k (3K + 2k - p)m* — 3(k - p)?
F21(0) = e / Qm)F 22(K2 — 2k - p)2m?

Ga(p —k k) Go(p —k,0) Go(p, —k). (112)

For all other diagrams, the expressions for 1"? (p,q) are given in the Appendix of Ref. [124].

In the numerical calculations, the photon is treated as a point particle, with no modifi-
cation to its propagator, and the correlation function Fy(a) in the free photon Lagrangian
is chosen to be a delta function, §(a). For the lepton—photon interaction, the functions
Fi(a,b) (i = 2,3) are assumed to be factorized as f(a) F;(b) to simplify numerical calcu-
lation. According to Equation (46), f(a) is an a-independent constant, equal to 1, and
[ d*b F;(b) = 1. As a result, the Fourier transforms of the correlators can be written as

Gi(p,q) = F1(P) Fi(q). (113)

For the vertex with two and three photons, the correlators can similarly be factorized as

Gii(p a1, 12) = Fl(P) Fi(q) Fi(q2), (114)

Giik(p, 91,92,93) = F1(P) Fi(q1) Fi(q2) Fe(g3), (115)
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where i, j, k = 2 or 3. The subscript 2 here represents a photon from the minimal substitution,
while the subscript 3 is for a photon from the gauge link. The correlators in the interaction
vertex are chosen to be
A2
2 .
AR

(k) = F(k) = (116)
These correlators were proposed in earlier work [113,123,124] on nonlocal effective field
theory and the “minimal” version of nonlocal QED. Here, the free Lagrangian for the lepton
is also nonlocal, which gives rise to a modified lepton propagator. For F;(p) in the free
lepton propagator, one can choose

(117)

Since the correlator is in the denominator of Equation (49), the modified propagator makes
the loop integration more convergent.

In the above correlators, the cutoff parameters A; and A, can be determined from
Aa, and Aay,, which will give a nonzero difference between the nonlocal QED and SM
Aa?l results. Note that nonlocal QED itself does not determine the form of the correlation
functions or the cutoff parameters, which instead reflect the properties of the particles and
need to be determined empirically. In this case, Az, and Ay, are determined for a given A4
using the experimental Aa, and Aay, for the chosen correlators.

When A1 and A, are both infinite, nonlocal QED reverts back to the standard local
QED. To render the nonlocal effects negligible in other electromagnetic processes, such as
Compton scattering, electron—electron scattering, or electron—positron annihilation, large
values (> 1 TeV) are required for the cutoffs. At each vertex, the correlator F (k) makes the
loop integral more divergent, while F, (k) and F;(k) make the integral more convergent.
For a given Aj, the smaller the A, the smaller the magnetic moment. A lower limit will
therefore exist for the magnetic moment for the smallest A, value, and if Ag; is below the
lower-limit value, it cannot be explained in nonlocal QED for reasonable cutoffs.

In contrast, for a given Ay, the smaller the Aj, the larger the magnetic moment. Since
for any A1, the magnetic moment of the lepton is infinite when Ay — oo, there will be no
upper limit value for the lepton magnetic moment. For large cutoffs, depending on the
specific values of A and Ay, one can obtain lepton magnetic moments larger or smaller
relative to the SM results. Since A; and Ap should be process-independent, if the A
values determined in one process cannot reproduce experimental results in other processes,
nonlocal QED would need to be modified further.

In Figure 13, the values of A; are plotted versus A; for the muon Agy, electron
Aat¥B, and electron AaP discrepancies. For a given Aj, one can always find a corre-
sponding A, to obtain the experimental discrepancies. For the muon, when A; is small
(£ 0.8 TeV), A, increases smoothly with increasing Aq, while A, increases rapidly when
A1 2 0.8 TeV. For A1 = (0.8,0.9,1.0) TeV, for example, one has the corresponding values
Ap = (0.84, 60.23, 5.82 x 10%) TeV, respectively. For the electron case, the results for the
two discrepancies Aa-XP and AaP are quite different. For the negative AaP, the obtained
A2B is not sensitive to A1, and for a broad range of A; one finds A2B ~ 10-20 GeV, which is
unreasonably small. The experimental e*e™ — u™ ™ cross section, for example, will not
be described for small cutoff parameters A,. However, for the positive Aa-XP result, when
A1 = 0.35 TeV, one obtains ALYXB ~ 0.55 TeV. The corresponding AYXB increases rapidly
with increasing A; when A; 2 0.35 TeV. Since for any A the anomalous magnetic moment
of the electron is infinite when A, — oo, one can always find a value of AYXB to obtain the
correct AatXB for any large A;.
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Figure 13. Cutoff parameter A, versus A for the muon Agy, (solid line), electron Aa%KB (dashed line),
and electron AaP (dotted line) discrepancies, respectively.

The muon g — 2 discrepancy can therefore be well explained with large A values,
without contradicting other experimental measurements. For the electron, however, Aa®
cannot be reasonably reproduced in nonlocal QED. As discussed, the correlators Fy (k) and
Fy3(k) in the vertex have opposite effects. With an appropriate choice of cutoffs, one can
still find negative Aal! with large A values, although its absolute value is much smaller
than AaB. For example, the calculated Aa}! is —4.04 x 1071° with A, = 1.0 TeV and infinite
Aj. Certainly, for a given Ay, if Aj is between Alz3 and A%KB, the calculated Aaf}l will lie
between AaP and AalXB. For A; = 1.0 TeV, if we assume A, for the electron is the same as
for the muon, the discrepancy is Aa? = 8.19 x 10714,

Note that nonlocal QED itself does not predict the cutoffs A, which are determined
from the experimental ¢ — 2 discrepancy. For the electron case, there is a strong sensitivity
of ALXB to A1, which implies that AYB could be very large in order to reconcile the LBK
measurement. However, for the Berkeley experimental value, AS has little sensitivity to
A1, leading to rather small A} values. Future experimental data may provide further
constraints on A,. If the value lies between the Berkeley and LKB results, the curve for
Aj versus A; for the electron will lie between the dashed and dotted lines in Figure 13.
Most proposed theoretical solutions to the discrepancy have involved the introduction
of new particles, symmetries, and interactions beyond the standard model. While the
nonlocal QED framework also requires parameters, the nonlocal extension of local QED is
an important alternative to explore given that the lepton g — 2 discrepancy can be explained
without the introduction of new postulated particles beyond the standard model.

We should stress that the SM prediction alslM has been derived using the leading
hadronic vacuum polarization (HVP) contribution to the muon g — 2, (aIy{VF)g -
6931(40) x 107!, based on low-energy cross section data for e*e~ — hadrons obtained
by the Muon g — 2 Theory Initiative [125,207]. Recently, the BMW lattice QCD collabora-
tion [208] also computed the leading HVP contribution to the muon g — 2. With careful
treatments of critical issues such as scale determination, noise reduction, QED, and strong-
isospin breaking, as well as infinite-volume and continuum extrapolations, the obtained
HVP contribution was found to be (aI’;IVP)BMW = 7075(55) x 10!, With the larger contri-
bution of (aII;IVP)BMW, the discrepancy from the experimental result Aay, is reduced to 1.60.
Obviously, the findings need to be confirmed by other groups using other discretizations of
QCD, which are currently underway. With an appropriate choice of the cutoff parameters
in the correlation functions, the 1.6¢ discrepancy of the moun g — 2 can also be obtained
in nonlocal QED. For example, for A; = (1.0,1.2,1.4) TeV, this can be achieved with
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Ay = (0.23,0.68,71.95) TeV, respectively, using the value of the lattice result (aI;VP)BMW

HVP)TI
|2 ete "

To illustrate the lepton mass dependence of the calculated lepton anomalous mag-

rather than (a

netic moment discrepancy, in Figure 14, we show Aa?l versus the lepton mass, m;, for
A1 = 1TeV. Since A; for the electron is not well determined because of the two different
experimental results, for any mass m;, A, is chosen to agree with the experimental Aay,
value for A1 = 1 TeV. For m; = m,,, the discrepancy Aa?l coincides with the experimental
discrepancy Aay. For m; = m,, the calculated Aa?l is larger than AaP, but smaller than
Aat¥B. The discrepancy Aa?l increases with increasing lepton mass, and it is 5.62 x 10~/
when m; is at the mass of the T lepton, which is obviously covered by the large experimental
uncertainty (—0.040, 0.019) [209]. With nonlocal QED, both the muon and electron g — 2
anomalies can therefore be reasonably well explained. In contrast to other theoretical
methods, this calculation does not require the introduction of any new symmetries or
new particles. The large positive discrepancy Aa?! for T leptons can be tested by precise
experiments in the future.

X
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Figure 14. Calculated lepton anomalous magnetic moment discrepancy Aa?l versus the lepton mass,
m;. The cutoff Ay is fixed to 1 TeV and A; is fixed to Ay, obtained by the experimental Aa;, with
Ay = 1TeV. The inset illustrates the result at small lepton masses.

4. Gravitational Form Factors

While electromagnetic probes have been the primary tool used to study the structure of
hadrons, characterizing the gravitational properties of hadrons can also reveal fundamental
information about their internal structure. In the final example of a nonlocal field theory,
we discuss its application to the calculation of the gravitational form factors, beginning
first with a review of some basic elements of nonlocal gravity and the energy—momentum
tensor. In contrast to the previous sections, here, we present a novel application of nonlocal
theory in a curved spacetime.

4.1. Nonlocal Gravity

We begin by introducing the nonlocal actions for pion—nucleon interactions in curved
spacetime. Theoretically, the action in curved spacetime can be constructed by modifying
the covariant derivatives and introducing the metric tensor ¢*¥ and vierbein fields e} . To
illustrate the gauge-field-like nature of gravity, we firstly review the “gauge” transformation
properties of the nucleon, pion, and gravitational fields. Under a general coordinate
transformation, these transform according to [210-212]
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= x4t (x), (118a)

p(x) — ¢(x), (118b)

g(x) — g"(x) +x[d"E"(x) +0"¢" (x)], (118¢)

eh(x) — el (x)+Kx,&"(x), (118d)

9y — 0y —x9,8"(x)0y, (118e)

where x? = 327tG represents the gravitational coupling constant, ¢ denotes the pion field,
taking the form ¢ = (7 +, 7=, %) and ¢*(x) is a infinitesimal vector parameter. Note that
the gravitational metric field g*” and the vierbein field ¢ include both flat Minkowski
and curved spacetime backgrounds. In order to manifestly illustrate the feature of curved
spacetime, it is necessary to separate the two backgrounds from each other. This can be
done in the weak gravitational background limit, where the metric g"¥, vierbein eg ,and
/—g fields (where ¢ = det(g;,)) can be expanded around the flat spacetime as [212-214]

gVV = 77]41/ + Kh],w; (119a)
g = g —kh" + O(x?), (119b)
Jog = 1+ %Kh +0@), (1190)
e = o= D™+ 003, (119d)
= o+ gn“hw +O®x), (119)

where 77, is the Minkowski metric diag(1,—-1,-1,-1), 8! the vierbein in flat spacetime,
hyy the gravitational field, and h = 17,/ h"". With Equations (119), the Riemann curvature
tensor, Ricci tensor, scalar curvature, Christoffel symbol, and spin connection of a Dirac
fermion can then be written as [212,213]

ROy = 0,Th, —oTh, + rlﬁ Loy —T0 T2, (120a)

Ry = Ripy = g[ayaAh w000 iy, — 9,9y — Phy ] + O(x%), (120b)

R = g"Ry = «[0"0"hyy — 0%h] + O(x?), (120c)

Yy = g 7 (g + dphac — dohag) + O(K2), (120d)

Wl = g(abh; — ") + O(x?), (120¢)
respectively.

Physically, nonlocal interactions involving hadrons can be considered to be more
realistic than local interactions, given the non-pointlike nature of physical hadrons. This
feature can be taken into account by defining a nucleon field at a spacetime point x;, and
displacing the meson or gauge field by a distance 4, to spacetime point x;, + 4, with a
correlation function F(a). To guarantee local gauge invariance, the Wilson line operator
needs to be introduced. For the electromagnetic case, one has

GI(x,y) = exp [ieg /ydz” /d‘*lF(l)Ay(erl) , (121)

where A¥(x) is the photon field. For the gravitational interaction, the local “gauge transfor-
mation” could be a local coordinate translation, as in Equation (118), with the corresponding
“gauge field” corresponding to the gravitational field. In Refs. [215-217], it was argued

https:/ /doi.org/10.3390/sym18010031


https://doi.org/10.3390/sym18010031

Symmetry 2026, 18, 31

39 of 54

that the gravitational Wilson line is a double copy of that of the gauge theory. In other
words, the gravitational Wilson line operator can be obtained by replacing the gauge field
in U(1) gauge link with the gravitational field. By analogy with the U(1) gauge link, the
gravitational Wilson line operator can be constructed as [218]

Wey) = ep| - [ [ PO e dza,), (1222)

WY (x,y)

Y K
exp [/x /d4l F(I) (—Z(Sf,'h"‘ﬁ(z +1)dz(, 95y — Ty (z+1) dzpﬂ, (122b)
where F(I) is the correlation function for the nonlocal interaction. The tensor h"¥ represents
the gravitational field and transforms as h*Y — W'’ + x[0¢" 4 0'Z'#]. Note that, here,
the infinitesimal parameters ¢'* for the gravitational field are different from ¢* for matter

fields, which is similar to the local U(1) transformation. In the nonlocal framework, the
pion kinetic term in curved spacetime can be written as [78,218]

nv x+l
st = [t [ Q) =gt S5 ay 0000 9' ()~ 910 ()|, (129
where 1, is the pion mass and we assume the correlation function satisfies [ d*F(l) = 1.
The mesonic action (123) is invariant under the coordinate transformations of Equation (118)

if ¢'* and ¢* are related by [ d*l F(I) g'*(x + 1) = ¢*(x). The leading-order pion-nucleon
action in curved spacetime can be constructed as [78,218]

St = /d4 /d4ZF g(x+1) {2 (x) e (x +1) 7"V uN(x)
— 2VuN(x) e (x +1)7"N(x) ~ MN()N(x)
+ 6, {;N(x) eh (x)7"V,N(x) — évyﬁ(x) eZ‘(x)’y”N(x)} — oM N(x)N(x)}

CN"’ /d4 /d4 /d41P

x 1/ —g(x+1) p(x)y*y° el (x + 1) B(x) W, (x,x +a) Dyp(x +a) + H.c.

4""* /d4 [dta [t [d*1F(@) F(b) F() /=g (x +1) pl)y” e (x) p(x)

X { {Wﬁ(x,x +a) Dy ¢p(x+ a)} [W(x,x +b)p(x+ b)} !

— W x4 ) p(x)] [w;(x,xa)Dvgb(era)r}, (124)

where N(x) = [p(x),n(x)]T denotes the intermediate nucleon (proton p(x) or neutron
n(x)) field, and M is the physical mass of the nucleon. The constants Cy, and Coppt
represent the leading-order pion—nucleon coupling constants for different channels, as
listed in Table 2. Additionally, J; and 6, are the mass and wave function renormalization
counterterm coefficients, related to the wave function renormalization constant Z, and
bare nucleon mass My via d; = Z; — 1 and 6y = Zo My — M. The gravitational gauge link
operators W(x, x + a) ¢(x +a) and W' (x, x + a) d,¢(x + a) can be expanded in powers of
the gravitational field ,p(x) as
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W(x,x+a)p(x+a) = gb(x+a)
- 7/0141/ DI (2 +1) dz(,dpyp(x +a) + O(x2), (125a)
W/ (x,x +a) dup(x +a) = 8V¢(x+a)+/d4l /x+a
x (= 300 hP (2 +1)dz(,dp) — Ty (2 + 1) d2" ) 91 (x +a) + O(x). (125b)

Table 2. Effective pion—nucleon coupling constants (for proton external states) Cny and C¢¢+ for

the leading-order pN¢ and pp¢¢ interactions, respectively, and C (V) ¢ and %), for the next-to-

4)1’ ’ ¢+ 4)4)1‘
leading order pp¢¢ interactions.
(1) (2) ®)
Cng Cpot Copt Copt Copt

(p°) (") | (w777 (mFr) (n'R%) | (mtAT) (2°n0) | (mFmT) (7070)

—4 ) —

Nl
NJ—
NP

1
384 /284

Note that the last two terms of Equation (125b) yield an additional gauge link vertex,
which is crucial for gauge invariance of the total energy—momentum tensor in the nonlocal
case. These terms vanish in the local limit, F(a) — 6*(a), and the nonlocal action (124)
reduces to the local one. In a similar manner, the nonlocal action for the next-to-leading
order pion—nucleon interaction in curved spacetime is constructed as [78,218]

2)n1_4cm /d4 /d4lF g(x+1) p(x)p(x)

mZ

"’C‘P‘P* [t [ata [ats [at1F(a) Fo) F(1) \/=g(x+1) plx)p(x)
X [W(x,x—l—a)(p(x—i-a)} [W(x,x—i—b)(p(x—i- b)r
szz /d4 [t [@*v [ a1 F(@) Fb) F() /=g (x+1) g% (x + DgP (x +1)

% (P(x)VaVgp(x) + vavmx)p(x))

X [Wf (x,x+a)Dpp(x+ a)} [W;\}(x,x +b) Dy p(x + b)} '

+C2

+c3 2f /d4 /d4 /d4b/d4lP VE(I) /—g(x+1) p(x)g" (x + D) p(x)
¢
« (W8, (x,x +a) Dy glx + a)] (WP (x,x 4+ b) Dp p(x + 1), (126)

where Cél(;ﬂ ngw and Cg}r are the pion—nucleon coupling constants at next-to-leading
order for different channels, listed in Table 2. Finally, the nonlocal version of nonminimal
coupling between the nucleon and the gravitational field can be written as [78,218]
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S /d4 /d4lF x—H){S R(x + I)N(x)N(x)

ISR (4 1) [N() e e+ 1) 7aVN(x) ~ TN (x) e (x + 1) 76N () } (127)

Expanding the nonlocal actions around the flat spacetime background using
Equations (119) and (120), and substituting these into Equations (123), (124), (126) and (127),
one can obtain explicit actions for the interaction between the matter field and the gravita-

tional field h*Y. For example, the leading-order mesonic action of Equation (123) can be
rewritten as

st = [t [at1E0) {3,009 () — 90" (4
+ (1) [3p () 9 (x) — i p ()¢ (x)]
= () 2y () | + O02) (128

where the first two terms represent the pion kinetic action in flat spacetime, and the
last three terms represent the lowest-order interaction between the pion and the gravita-

tional field. Similarly, the leading-order pion—nucleon interaction in Equation (124) can be
expanded as

(1),nl

s = /d4 /d4lF { M+§M)(1+%Kh(erl))ﬁ(x)N(x)

+ (1+52)( + xh(x+1))[ (x)7*0,N ()76"N(x)'ny(x)]

N[~

Z(1 + 50)khM (x + 1) { (%) 740y N(x) — 9, N(x) %N(x)} }

- CN“’ /d4 /d4 /d4aF (xX)7"°N(x ){<1+;Kh(x+l)>
X {8#¢(x+u) — Ekh”‘(x +Dipudvp(x +a)
3

x+a o
_Z : h (z+l)dz{a85}a#<p(x+a)

— /:ﬂ T, (x+1) dzPaup(x + a) + H.C} }

¢¢+ /d4 /d4 /d4 /d4bF ) p(x)7"p(x)

x { (1 + EKh(x + z)) {ay(p(x +a)pT (x +b) — p(x+b) ' (x + a)}

—%Kﬂmh”‘(x +1) {ay(p(x )t (x4 b) — plx+b) Ao (x + a)]
—¢"(x+a) /“b 42V Y, (2 + 1) dup(z + b)

ool [z D ot e+ a)
_Z¢+(X +0b) /XJr leg ]’la'B(X +1) a;,aﬂp(x +a)+ H.C.}

+ 033), (129)
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where the x-independent terms represent the leading-order strong interaction between
pion and nucleon in flat spacetime, while terms proportional to x are interactions between
the gravitational and matter fields. The terms with the path integral from x to x + a in
Equation (129) are from the gravitational Wilson line operator of Equation (125b).
Such terms will generate additional energy-momentum tensor vertices in the nonlo-
cal case. Similarly, the weak field expansion of the next-to-leading order action of
Equation (126) yields

Sszlzl’nl = 4clm§) /d4x /d4lP (1) (1 + 1Kh(}H—l))ﬁ(x)p(x)

T oumd f4’ [t [t [ata [ab Fa) F©) F(1) p)p(x)

X { {1 + %—H)](p(x +a)p’(x +b)

B E(P(x n a) /x—l—b

X

WP (z+1)dz(,05,¢" (x +b) + H.c.}

+C2

M2f¢ / ' [0 [ata [0 (@) P0) FO){ [P0 2Pp() +080"pla)p(o)]

X [(1 + Kh(x2+ D )a{a4>(x + a)aﬁ}q)*(x +b)

-k hﬁv(x+l)8{v¢(x+a)a"‘}4>+(x +b)—x h"‘”(xl)a{ﬁ¢(x+a)ay}cp+(x+b)

K xX+a

-1/ W (z + 1)dzy, 9, 0 g (x + a)9P " (x + b)

= [T+ DR + )2 x4 ) *H'C}
4 [_g (9ahpo + Opha — dchap) (x + 1) p(x)07p(x)
_ g(aahﬁa + phag — Arhap) (x +1)37p(x) p(x)
n K(ép(x)ahh?a(x +1)opdgy p(x) — éa{ﬂﬁ(X)ath}(xl)‘fabp(x)ﬂ

X a{"‘¢(x +a)oPl gt (x + b)}

2f¢ /d4 /d4 /d4 /d4bF ) E(1) p(x)p(x)

x {2(1—}—;h(x—i—l))8V¢(x+a)8,4<p+(x+b)—Ka{v(p(x—ka)ay}(p*(x—i—b)h””(x—H)

x+b

K 19
— EEﬂ%p(xﬂz)/ WP (z + 1)dz(, 95y 00" (x + b)

X

x+b
— 20¥¢p(x +a) % (z+1)dzPo,¢ T (x +b) + Hee.
. Bu

s (130)
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Similarly, the weak gravitational field expansion of the nonlocal nonminimal action of
Equation (127) yields

Sabumin = [ @ [d*1E(]) {KCSS [0y (2 4+ 1) = Ph(x + 1) NN (x)

w30y (x 1) 48,9 g (x + 1) = 9D (x 4+ 1) = 9y (x + 1)

x [N(x)7"0"N(x) ~ 9N (x)7'N(x)| }
+O32). (131)

The above nonlocal interactions are constructed similarly to the GPDs’ case. In the hadronic
effective Lagrangian, the most general nonlocal Lagrangian was not used, with only the
interaction being nonlocal. The nonlocal property in the gravitational form factor case
arises because of the finite size of the nucleon. Therefore, the value of A is similar to that in
the GPDs case, whereas for the QED case, the A is much larger. When F(a) is a -function,
both the displacement and path integral disappear, and the action reduces to the local one.

4.2. Energy-Momentum Tensor

Having established these actions in curved spacetime, the next goal is to derive the
nucleon energy-momentum tensor within the nonlocal framework. The electromagnetic
interaction between a gauge field and a current can be written as Lem = —eJ# Ay, Similarly,
the gravitational interaction between a matter field and the graviton can be expressed as
Sg = —3x [ d*x /=g Ty (x) h*¥(x) [213,214]. The symmetric energy-momentum tensor
for the matter field can thus be obtained from the nonlocal actions in curved spacetime by
minimizing the action with respect to the gravitational field h"",

2 4Sq

Ty (x) =
Using this expression for the energy—-momentum tensor, the pionic energy-momentum
tensor can be obtained as

TN ) = /d4lF(l){a{H¢(x — D)o, (x —1)
T[99 (x = Daag(x = 1) = m2p(x = D¢ (x = D]} (139)

Similarly, from Equations (129), (130) and (131), one can obtain the energy-momentum
tensor associated with the leading- and next-to-leading-order pion—nucleon interactions, as
well as the nucleon—gravity nonminimal couplings. The explicit expressions can be found
in Ref. [218].

4.3. Gravitational Form Factors

In both experimental and theoretical analyses, the amplitude for a gauge field scattered
by incident particles can be parameterized in terms of a generalized vertex between the
gauge field and the composite particle to be detected. The generalized vertex operator
can be expressed in terms of Lorentz-covariant scalar functions and their corresponding
Lorentz structures. These Lorentz-invariant scalar functions, or form factors, encode
internal information about the dynamical properties of particles, such as their charge, mass,
pressure, and shear-force distributions.
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If the graviton is treated as a gauge field, the nucleon-nucleon—graviton vertex op-
erator can likewise be parameterized in terms of Lorentz-invariant gravitational form
factors. Similar to the case of electromagnetic form factors, the matrix elements of the
energy—-momentum tensor, or equivalently the nucleon-nucleon-graviton vertex for the
nucleon, are parameterized as [203,219,220]

(P Twlp) = a(p") Ty (p,q) u(p)

P, Py o, q" — 2
= a(p) [ 4 BT TN I () gy u(p), (134
where P = 1(p+p/),q = p' — p,and t = g> = —Q?, with 17,y the flat-spacetime metric.
The functions A(t), B(t), D(t), and ¢(t) are the GFFs of the nucleon. Conservation of the
energy-momentum tensor, 4, T"" = 0, requires that the total ¢(¢) from loop contributions
vanish, }; ¢;(t) = 0, where ¢;(t) is the contribution from each Feynman diagram i. At
zero-momentum transfer squared, t = 0, the GFFs satisfy the normalization conditions,

[A(0) + B(0)] = % (135)

N —

The GFFs can be projected from the energy momentum tensor using projection
operators [221-223],

[ {npv} 20MPHPY Mghq" Mpyhv
v Y q"q U
PZ =(+M)| - 2 2 2 3+ 2 2 2 2
| (AM2—1)" (M2 —t)°  t(4M2 — 1) (4M2 1)
x (' +M), (136a)
PIY — (4 M) aMPAArPYE aM(8M2 43 PPV MghgY L My
& H(4M2 — t)? HAM2 — t)° HAM2 — )% (M2 —t)?
x (4 + M), (136b)
[ amprpY 3Mghq" Myhv
wo_ q"q" U /
Py =({+M) a1 + EGMI—1)  taME—1) P+ M), (136¢)
wo_ A
such that
A(t) = Tr[P)'Tuwl, (137a)
B(t) Tr[Ph T, (137b)
D(t) = Tr[Py'Tul, (137¢)
e(t) = Te[PY'Tuw). (137d)

The GFFs can be calculated numerically using the nonlocal renormalization method. In
the nonlocal case, in addition to the chiral low-energy constants and nonminimal coupling
constants, there is a further cutoff parameter, A = (1.0 £ 0.1) GeV [36], that is determined
phenomenologically. The low-energy constants c; = —0.22 GeV~!, c; = —0.43 GeV~!, and
c3 = —0.11 GeV~! are obtained by fitting the lattice data for the nucleon mass, and two
additional coupling constants cg and cg are determined by the lattice data on the GFFs.
With these parameters, in Figure 15, we show the comparison between the nonlocal model
results and recent lattice data [76]. The nonlocal model results for the A and D GFFs
are in good agreement with the lattice data over a wide region 0 < Q? < 1 GeV?2. This
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indicates that with the non-point particle assumption, the model can explain the data over a
wider region.

1.2 0.3
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N <o 0.1
0.6 < I ’
0.4
0.2 -0.1
%80 0.2 0.4 0.6 0.8 1.0 %0 0.2 0.4 0.6 0.8 1.0
QZ Q2
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%80 0.2 0.4 0.6 0.8 1.0 8.0 0.2 0.4 0.6 0.8 1.0
Q’ Q?
Figure 15. Gravitational form factors A, B, D and the angular momentum | as a function of Qr=—t

[in units of GeV?] from the nonlocal calculation (green bands) compared with lattice data [76] (red
points). The band represents the uncertainty on the cutoff parameter, A.

In contrast with the lattice data and the local result, the nonlocal B form factor is always
negative and decreases with the momentum transfer squared Q?, which may provide a
new opportunity for testing the nonlocal effect of the pion and graviton. Moreover, the
Q? distribution of the angular momentum of the proton lies slightly below the lattice data
due to the negativity of the B form factor. By performing least x* analysis, we found that
the best values for the nonminimal coupling constants are cg = (—1.20 4 0.47) GeV~! and
cg = (0.33 £0.05) GeV~!, giving an overall x> = 0.64 and x> = 0.42, respectively. This
gives rise to a best fit value for the GFF D as D(0) = —2.21 £ 0.56.

5. Summary

Nonlocal Lagrangians have been a useful tool for more naturally accommodating the
extended nature of hadrons than is possible via local Lagrangians. An important advantage
of a nonlocal Lagrangian formulation is the presence of correlation functions describing the
nonlocal behavior, whose Fourier transforms are momentum-dependent regulators that
render loop integrals finite and provide a gauge-invariant way for removing divergences.
In this review, we have presented several applications of nonlocal effective field theories
that have been of recent phenomenological interest, including nonlocal chiral effective
theory of baryons and mesons, nonlocal QED, and an extension of nonlocal effective theory
to curved spacetime.

We have described the use of nonlocal chiral effective theory to study hadron prop-
erties up to relatively large momentum transfers, beyond the traditional power-counting
regime of chiral perturbation theory. We focused, in particular, on the calculation of nu-
cleon GPDs, including baryon octet and decuplet intermediate states in the computation
of the chiral splitting functions at the one-loop level, for both zero and nonzero skewness.
To ensure local gauge invariance, gauge links are introduced, which generate additional
diagrams that guarantee charge conservation. The derived convolution forms allow one
to study the three-dimensional structure of the nucleon through GPDs as a function of
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momentum fraction x, skewness ¢, and momentum transfer ¢, as well as sea quark flavor
asymmetries of electric and magnetic GPDs at zero and nonzero momentum transfers.

The nonlocal chiral effective theory was also applied to the calculation of the nucleon
gravitational form factors. As with the electromagnetic form factors, which are related to
the electromagnetic vector current, the gravitational form factors are related to the current
associated with the energy—-momentum tensor. Extending the formulation to curved
spacetime, the symmetric energy-momentum tensor was obtained from the derivative of
the nonlocal effective action with respect to the gravitational field hy,. Again, there are
additional diagrams generated from the path integral of /,,, which assures the correct
normalization for the GFFs.

The extension of the fundamental QED interaction to the nonlocal case involved
constructing the most general nonlocal QED Lagrangian, leading to a modification of
lepton and photon propagators. The modified propagators can also be obtained from the
canonical quantization, associated with new quantization conditions (solid quantization),
where the J function in the commutation relation is replaced by a correlation function. The
introduction of the gauge link increases the number of diagrams in nonlocal QED compared
with the local QED (e.g., 7 self-energy and 24 vertex Feynman diagrams at one-loop level in
the nonlocal case, compared with one self-energy and one vertex diagram in local QED).
The modified Ward-Green-Takahashi identity, crucial for maintaining charge conservation,
was derived at one-loop level in the nonlocal formulation. As an application, nonlocal QED
was used to explore the lepton ¢ — 2 anomalies, with both the electron and muon g — 2
anomalies able to be accounted for without the introduction of new particles beyond the
standard model.

In the future, these investigations can be developed in several directions. The nonlocal
chiral effective theory can be extended to the study of both chiral-even (helicity-conserving)
and chiral-odd (helicity-flipping) GPDs, as well as to T-even and T-odd transverse mo-
mentum dependent distributions, and higher-twist functions. The calculations can also be
generalized to study other external hadronic states, including octet and decuplet baryons,
as well as pseudoscalar mesons. For the lepton anomalous magnetic moment anomalies, it
is remarkable that the nonlocal QED formulation can provide a reasonable description of
the discrepancies within the constraints of the strandard model. It will be interesting to test
the large positive discrepancy Aa?! for T leptons, which may further constrain the nonlocal
theory and validate the effectiveness of nonlocal QED.
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