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We present the perturbative calculation of the leading-twist gluon transverse momentum dependent
distribution functions (TMDPDFs) at one-loop level within large-momentum effective theory. By
employing the basis of circular polarizations, we generalize the gluon-gluon correlator to a matrix

Φij
ΛΛ0 ðx; k2T ; SÞ in the gluon⊗ hadron spin space. Incorporating the transverse momentum of external states,

we derive the leading-twist gluon TMDPDFs and quasi-TMDPDFs at one-loop level. Our calculations

reveal nonzero distributions for the gluon TMDPDFs f⊥g
1T ðx; k2TÞ, h⊥g

1 ðx; k2TÞ, hg1Tðx; k2TÞ, and h⊥g
1T ðx; k2TÞ.

These findings enable future lattice quantum chromodynamics simulations to extract these gluon
TMDPDFs, which will facilitate a complete determination of nucleon tomography.

DOI: 10.1103/ltn6-lypk

I. INTRODUCTION

Fifty years of experimental investigations into the
nucleon’s internal structure have yielded profound insights
into the dynamics of quarks and gluons [1]. A cornerstone
of quantum chromodynamics (QCD) is color confinement,
which dictates that quarks and gluons are irrevocably
bound within color-singlet hadrons [2,3]. This fundamental
aspect of the strong interaction precludes the direct obser-
vation of isolated partons, implying that the internal
structure of hadrons must be inferred from their interactions
in high-energy processes. The theoretical framework for
making quantitative predictions in such processes is pro-
vided by QCD factorization [4]. This powerful formalism,
underpinned by the property of asymptotic freedom [5–8],
allows for a systematic separation of perturbatively calcu-
lable short-distance dynamics from the nonperturbative,
universal parton distribution functions (PDFs) and frag-
mentation functions (FFs) from perturbatively calculable
partonic hard scattering processes.
Early experimental and theoretical efforts primarily

investigated the longitudinal momentum structure of
quarks and gluons, rather than their confined spatial
distribution and motion inside the nucleon. These studies
provided a one-dimensional momentum picture, encoded in
universal PDFs within the well-established collinear QCD

factorization formalism [4]. In recent years, theoretical
advances have extended this description to include
transverse dimensions, leading to transverse-momentum-
dependent PDFs (TMDPDFs). TMDPDFs play a crucial
role in elucidating the three-dimensional structure of
hadrons [9–12] and are essential for describing high-energy
processes [13–19], such as deeply inelastic scattering,
Drell-Yan and hadron pair production in eþe− annihilation.
Lattice quantum chromodynamics (LQCD) provides a

systematic, first-principles approach for computing non-
perturbative QCD observables directly from the QCD
Lagrangian. Early exploration of transverse-momentum-
dependent structure employed the Lorentz invariancemethod,
yielding ratios of x-moments for quark TMDPDFs in pioneer-
ing studies [20–24]. More recently, the large-momentum
effective theory (LaMET) has been established as a powerful
framework for extracting light-cone distributions from
Euclidean lattice correlators [25–27]. This development has
catalyzed a broad research program to compute TMDs from
first principles in lattice QCD [28–46]. Subsequent calcula-
tions within this framework have successfully determined the
TMD evolution kernel [47–56], the soft function [48,49,54],
and the explicit ðx; kTÞ-dependence of TMDs [57,58].
The central strategy of LaMET involves constructing

corresponding quasidistributions. These quasi-TMDPDFs
are defined as equal-time Euclidean correlators with a
finite-length staple-shaped Wilson line of finite length L
extending along a spatial direction. A factorization theo-
rem, applicable in the large-momentum limit Pz → ∞,
systematically relates these computable quasidistributions
to their physical light-cone counterparts. This approach has
been successfully applied to compute a wide range of PDFs
[59–65], meson distribution amplitudes [66,67], and quark
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TMDPDFs [47–52]. In contrast, first-principle calculation
of gluon TMDPDFs remains largely unexplored within this
framework.
In this work, we present a perturbative calculation of the

complete set of leading-twist gluon TMDPDFs and their
quasidistribution counterparts at one-loop order. This cal-
culation establishes a framework for their future extraction
from lattice QCD simulations via the LaMETapproach. The
unpolarized and helicity gluon TMDPDFs, fg1ðx; k2TÞ and
gg1Lðx; k2TÞ, have previously been computed at one-loop level
[43]; we note that their determination does not require
explicit dependence on the external transverse momentum.
To enable the calculation of the remaining six gluon

TMDPDFs, we implement two key techniques. First, we
adopt a specific calculational frame where the transverse
momentum components are set equal: kxT ¼ kyT [68,69].
Second, by utilizing circular polarization states, we formu-
late the gluon-gluon correlator as a matrix, Φij

ΛΛ0 ðx; k2T ; SÞ,
in the combined gluon ⊗ hadron spin space. Our
analysis shows that, among these remaining distributions,
four receive nonvanishing one-loop contributions: f⊥g

1T ðx;k2TÞ,
h⊥g
1 ðx; k2TÞ, hg1Tðx; k2TÞ, and h⊥g

1T ðx; k2TÞ. Specifically, we find
that f⊥g

1T and h⊥g
1 exhibit a particularly simple structure,

receiving contributions from only a single diagram class. In
contrast, the expressions for hg1T and h⊥g

1T are more involved
and share structural similarities with the unpolarized gluon
distribution fg1.
The remainder of this paper is organized as follows. In

Sec. II, we establish our notation and present a detailed
derivation of the one-loop results for the leading-twist gluon
TMDPDFs. Section III is devoted to the parallel calculation
of the gluon quasi-TMDPDFs at one-loop order, culminat-
ing in the presentation of the factorization and matching
relation that connects the renormalized quasidistributions to
their light-cone counterparts. Finally, we provide a summary
and discussion of our results in Sec. IV.

II. GLUON TMDPDFS AT ONE-LOOP

The hadronic tensor can be systematically organized into
leading and nonleading contributions by employing a
suitable parametrization of the hadron momentum and
spin vectors via a light-cone decomposition in which
two lightlike vectors, n− and nþ, satisfying nþ · n− ¼ 1

and n2� ¼ 0 can be introduced. An arbitrary vector aμ can
then be decomposed in light-cone coordinates as
½a−; aþ; aT � or, equivalently, as aμ ¼ a−nμ− þ aþnμþ þ aμT ,
where aT is the transverse component. In a frame where the
hadron has no transverse momentum, its four-momentum
Pμ and covariant spin vector Sμ can be expressed as

P ¼ Pþnþ þ M2

2Pþ n−; ð1Þ

k ¼ xPþnþ þ k2 þ k2T
2xPþ n− þ kT; ð2Þ

S ¼ SL
Pþ

M
nþ − SL

M
2Pþ n− þ ST; ð3Þ

whereM is the hadron mass, x ¼ kþ=Pþ is the longitudinal
momentum fraction carried by the gluon, and kT is the
transverse momentum of the gluon. The hadron’s polari-
zation of the hadron is described by the longitudinal
component SL and the transverse vector ST.
The gauge-invariant nonlocal gluon-gluon correlator is

given by [70]

Φμν;ρσðx;kT ;SÞ¼
1

xPþ

Z
dξ−dξT
ð2πÞ3 e−ik·ξ

�
P;S

����Fμν

�
ξ

2

�

×W−∞

�
ξ

2
;−

ξ

2

�
Fρσ

�
−
ξ

2

�����P;S
�
; ð4Þ

where W−∞ denotes the gauge-link (Wilson line) operator,
chosen to be past-pointing. The analysis for the future-
pointing link proceeds analogously. The gauge-link oper-
ator W�∞ is explicitly given by

W�∞ðb; aÞ ¼ W†
n−ðb;�∞ÞW†

Tð�∞nμ−; b
μ
T; a

μ
TÞ

×Wn−ða;�∞Þ; ð5Þ

Wn−ða;�∞Þ¼P exp

�
∓ ig

Z
∞

0

dsn− ·Aðaμþ snμ−Þ
�
; ð6Þ

WTðyμ;bμT;aμTÞ¼P exp

�
−ig

Z
bT

aT

dsT ·ATðyμþ sμTÞ
�
: ð7Þ

We focus on the specific component Φμν;ρσðx; kT ; SÞ
with μ ¼ þ and ρ ¼ þ, denoted as Φþi;þjðx; kT ; SÞ≡
Φijðx; kT ; SÞ, where i, j are transverse spatial indices.
This correlator can be decomposed to define the eight
leading-twist gluon TMDPDFs through the following
projections [70,71]:

δijTΦijðx; kT ; SÞ ¼ fg1ðx; k2TÞ −
εijT k

i
TS

j
T

M
f⊥g
1T ðx; k2TÞ; ð8Þ

iεijTΦijðx; kT ; SÞ ¼ λgg1Lðx; k2TÞ þ
kT · ST
M

gg1Tðx; k2TÞ; ð9Þ

− ŜΦijðx; kT ; SÞ ¼ −
ŜkiTk

j
T

2M2
h⊥g
1 ðx; k2TÞ

þ ŜkiTε
jk
T S

k
T

2M
hg1Tðx; k2TÞ

þ ŜkiTε
jk
T k

k
T

2M2

�
λh⊥g

1Lðx; k2TÞ

þ kT · ST
M

h⊥g
1T ðx; k2TÞ

�
: ð10Þ
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In this expression, we employ the systematic transverse
tensor δijT ¼ −gijT , where g

ij
T ¼ gij − niþnj− − njþni−, and the

antisystematic transverse tensor εijT defined such as ε12T ¼ 1.
The symmetrization operator Ŝ on a generic tensor Oij is
defined as

ŜOij ¼ 1

2
ðOij þOji − δijTO

kkÞ: ð11Þ

At leading order, only the unpolarized and helicity gluon
TMDPDFs, fg1ðx; k2TÞ and gg1Lðx; k2TÞ, can be calculated
without explicit dependence on the gluon transverse
momentum kT or the hadron mass M. In contrast, the
computation of the remaining six TMDPDFs requires
careful treatment of these parameters. To facilitate this
calculation, it is advantageous to express the correlator Φij

as a matrix in the combined gluon⊗ hadron spin space [70]

Φij ¼ 1

2

	
Φij

þþ þΦij
−−

þ SL

2

	
Φij

þþ −Φij
−−



þ S1T
2

	
Φij

þ− þΦij
−þ


þ iS2T
2

	
Φij

þ− −Φij
−þ



: ð12Þ

Here, the subscripts Λ;Λ0 ¼ � denote the helicity states of
the incoming and outgoing gluons in the correlator.
Using the circular polarization vectors defined by εj� ≡

½∓ ejx − iejy�=
ffiffiffi
2

p
with eix ¼ ð1; 0Þ and eiy ¼ ð0; 1Þ in the

transverse plane, we construct four essential projection
operators for the matrix elements Φij

ΛΛ0

1

2
ðεmþε�nþ þ εm−ε

�n
− Þ ¼ 1

2

�
1 0

0 1

�
¼ 1

2
ðemx enx þ emy enyÞ

¼ −
gmn
T

2
; ð13Þ

1

2
ðεmþε�nþ − εm−ε

�n
− Þ ¼ −

1

2

�
0 i

−i 0

�
¼ i

2
ðemy enx − emx enyÞ

¼ −
iεmn

T

2
; ð14Þ

S1T
2
ðεmþε�n− þ εm−ε

�nþ Þ ¼ S1T
2

�−1 0

0 1

�
¼ S1T

2
ðemy eny − emx enxÞ;

ð15Þ
iS2T
2

ðεmþε�n− − εm−ε
�nþ Þ ¼ S2T

2

�
0 1

1 0

�
¼ S2T

2
ðemx eny þ emy enxÞ:

ð16Þ
To simplify the tensor projections that define the

TMDPDFs, we adopt a specific frame where the two
components of the gluon transverse momentum are set
equal: kxT ¼ kyT ¼ M [68,69]. In this frame, the projection
operators appearing in Eq. (10) simplify to the following
matrix forms:

ŜkiTk
j
T

2M2
¼ 1

2

�
0 1

1 0

�
¼ 1

2
ðeixejy þ eiye

j
xÞ

¼ 1

2i
ðε�iþεj− − ε�i− ε

j
þÞ; ð17Þ

ŜkiTε
jk
T k

k
T

2M2
¼ 1

2

�
1 0

0 −1

�
¼ 1

2
ðeixejx − eiye

j
yÞ

¼ −
1

2
ðε�iþεj− þ ε�i− ε

j
þÞ; ð18Þ

ŜkiTε
jk
T S

k
T

2M
¼ S1T

4

�
1 −1
−1 −1

�
þ S2T

4

�
1 1

1 −1

�
: ð19Þ

(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 1. One-loop Feynman diagrams contributing to the gluon TMDPDFs without interactions with the Wilson line.
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For a perturbative calculation of the unsubtracted gluon-
in-gluon TMDPDFs, the hadronic state jP; Si is replaced
by an on-shell gluon state jp; εi, where p is the gluon
momentum and ε is the gluon polarization vector, satisfying
the on-shell conditions p2 ¼ 0 and p · ε ¼ 0. We work in
Feynman gauge and categorize the one-loop corrections
to the unsubtracted gluon TMDPDFs into two catalogs:

diagrams without gauge-link interactions, shown in Fig. 1;
and diagrams that contain such interactions, shown in
Fig. 2. Both ultraviolet (UV) and infrared (IR) divergences
are regulated using dimensional regularization in D ¼ 4 −
2ϵ dimensions.
The contribution to the gluon-gluon correlator Φij from

the diagrams in Fig. 1 is given by

Φijðx; kT ; SÞj1ðaÞ ¼
1

xPþ

Z
dξ−dξT
ð2πÞ3 e−ik·ξ

�
p; ε�

����Fþi

�
ξ

2

�
Fþj

�
−
ξ

2

�����p; ε
�����

1ðaÞ

¼ 1

xPþ

Z
dξ−dξT
ð2πÞ3 e−ik·ξμ̃2ϵ

Z
dDk
ð2πÞD eik·ξ

× ð−gfa1b1c1Þ½ðpþ kÞγ1gμ1ν1 þ ð−2kþ pÞμ1gν1γ1 þ ðk − 2pÞν1gμ1γ1 �δb1b2
× ð−gfa2c1b2Þ½ðpþ kÞγ2gμ2ν2 þ ð−2kþ pÞμ2gν2γ2 þ ðk − 2pÞν2gμ2γ2 �
× ð−iÞðkþgν01i − kin

ν0
1− ÞðiÞðkþgν02j − kjn

ν0
2− Þ

×
−igν1ν01
k2

−igν2ν02
k2

−igγ1γ2
ðp − kÞ2 εμ1ε

�
μ2

δa1a2
N2

c − 1
; ð20Þ

where μ̃ ¼ μ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
eγE=ð4πÞp

is the MS renormalization scale
parameter and γE is the Euler-Mascheroni constant. To
extract a specific gluon TMDPDF, the gluon polarization
sum εμ1ε

�
μ2 is replaced by the corresponding projection

operator from Eqs. (13)–(16). For instance, the linearly
polarized gluon distribution h⊥g

1 is obtained via

ŜkiTk
j
T

2M2
h⊥g
1 ðx; k2TÞ ¼ ŜΦijðx; kT ; SÞjεμ1ε�μ2→−gT;μ1μ2=2

: ð21Þ

In the diagrams of Fig. 2, the contributions from the
gauge-link must be accounted for. To regularize the
resulting rapidity divergences, we employ the δ-regulari-
zation method [72–77], which modifies the eikonal propa-
gator associated with the Wilson line as follows:

i
k� � i0

→
i

k� � iδ�
: ð22Þ

We now present the expressions for the leading-twist
gluon TMDPDFs at one-loop order. Our results reveal
several noteworthy features. First, aside from the

unpolarized and helicity gluon TMDPDFs fg1ðx; k2TÞ and
gg1Lðx; k2TÞ, whose one-loop results are already known [43],
four of the remaining six gluon TMDPDFs receive non-
vanishing one-loop contributions: f⊥g

1T ðx; k2TÞ, h⊥g
1 ðx; k2TÞ,

hg1Tðx; k2TÞ and h⊥g
1T ðx; k2TÞ exhibit nonzero distributions at

one-loop level. In contrast, our perturbative calculations
yields null results for gg1Tðx; k2TÞ and h⊥g

1Lðx; k2TÞ. Physically,
a vanishing result for gg1Tðx; k2TÞ indicates zero probability
to find a transversely polarized gluon inside a longitudi-
nally polarized gluon target at this order, while the null
result for h⊥g

1Lðx; k2TÞ corresponds to zero probability for a
longitudinally polarized gluon inside a transversely polar-
ized target. Furthermore, the distributions f⊥g

1T ðx; k2TÞ and

h⊥g
1 ðx; k2TÞ exhibit a particularly simple structure, receiving

contributions solely from diagram Fig. 1(a). It is important
to note that both f⊥g

1T and h⊥g
1 also vanish at tree level. In

addition, the results for f⊥g
1T , h

g
1T , and h⊥g

1T depend on the
orientation of the transverse spin vector ST. In this work, we
present results for the two representative orientations: ST ¼
ðS1T; 0Þ and ST ¼ ð0; S2TÞ.

(a) (b) (c) (d) (e)

FIG. 2. One-loop Feynman diagrams contributing to the gluon TMDPDFs involving interactions with the Wilson line.
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The results of f⊥g
1T ðx; k2TÞ and h⊥g

1 ðx; k2TÞ read

xf⊥g
1T ðx; k2T ; S1TÞj1ðaÞ ¼ 0; ð23Þ

xf⊥g
1T ðx; k2T ; S2TÞj1ðaÞ ¼

αsCA

π2
ð2πμ̃Þ2ϵ

k2T
ðx − 1Þx2; ð24Þ

xh⊥g
1 ðx; k2TÞj1ðaÞ ¼

αsCA

π2
ð2πμ̃Þ2ϵ

k2T
ð1 − xÞ: ð25Þ

For h⊥g
1T ðx; k2TÞ, the results are identical for both

transverse spin orientations, i.e., h⊥g
1T ðx; k2T ; S1TÞ ¼

h⊥g
1T ðx; k2T ; S2TÞ:

xh⊥g
1T ðx; k2TÞj1ðaÞ ¼

αsCA

2π2
ð2πμ̃Þ2ϵ

k2T
x2; ð26Þ

xh⊥g
1T ðx; k2TÞj1ðcÞ ¼ xh⊥g

1T ðx; k2TÞj1ðdÞ
¼ −

αsCA

4π2
ð2πμ̃Þ2ϵ

k2T
xð1þ xÞ; ð27Þ

xh⊥g
1T ðx; k2TÞj1ðfÞ ¼ xh⊥g

1T ðx; k2TÞj1ðgÞ
¼ −

3αsCA

8π
δð1 − xÞδ2ðk2TÞ

×

�
1

ϵUV
−

1

ϵIR
þ ln

μ2UV
μ2IR

�
; ð28Þ

xh⊥g
1T ðx; k2TÞj1ðhÞþH:c: ¼

αs
π
δð1 − xÞδ2ðk2TÞ

×

�
5

12
CA −

1

3
TFnf

�

×

�
1

ϵUV
−

1

ϵIR
þ ln

μ2UV
μ2IR

�
; ð29Þ

xh⊥g
1T ðx; k2TÞj2ðaÞþ2ðbÞ

¼ αs
4π2

ð2πμ̃Þ2ϵ
k2T

��
xð1þ xÞ
1 − x

�
þ

þ δð1 − xÞ
�
−2 ln

δþ

pþ þ iπ −
5

2

��

þ αs
4π

δð1 − xÞδ2ðk2TÞ
�

1

ϵUV
−

1

ϵIR
þ ln

μ2UV
μ2IR

�

×

�
−2 ln

δþ

pþ þ iπ −
5

2

�
þ H:c:: ð30Þ

Notably, diagrams Figs. 1(b), 1(e) and 2(c)–(e) yield
vanishing contributions to this TMDPDF.
In the case of hg1Tðx; k2TÞ, a nonzero result emerges only

for the specific spin orientation corresponding to
hg1Tðx; k2T ;S2TÞ

xhg1Tðx; k2T ; S1TÞj1ðaÞ∼ðhÞ ¼ 0; ð31Þ

xhg1Tðx; k2T ; S2TÞj1ðaÞ∼ðhÞ ¼ −2 · xh⊥g
1T ðx; k2TÞj1ðaÞ∼ðhÞ: ð32Þ

This distinct behavior motivates the introduction of a
unified expression

xΔHg
Tðx; k2TÞ ¼ −

�
xhg1Tðx; k2TÞ þ

k2T
2M2

xh⊥g
1T ðx; k2TÞ

�
¼ κxh⊥g

1T ðx; k2TÞ: ð33Þ

Here, the coefficient κ ¼ �1 is introduced to explicitly
capture the sign change under different orientations of ST :
κ ¼ −1 for ST ¼ ðS1T; 0Þ, and κ ¼ þ1 for ST ¼ ð0; S2TÞ.
Combining Eqs. (26)–(30) and performing the Fourier

transform to coordinate space,

h⊥g
1T ðx; b2TÞ ¼

Z
d2k2Te

−ikT ·bT h⊥g
1T ðx; k2TÞ; ð34Þ

we obtain the unsubtracted gluon TMDPDF in ðx; bTÞ
space

xh⊥g
1T ðx; b2TÞ ¼ xh⊥g;ð0Þ

1T ðx; b2TÞ þ xh⊥g;ð1Þ
1T ðx; b2TÞ

¼ δð1 − xÞ − αs
2π

�
1

ϵIR
þ ln

μ2b2Te
2γE

4

�

· x

�
CA

2x
ð1 − xÞþ

þ β0
2
δð1 − xÞ

�

þ αsCA

2π

�
1

ϵUV
þ ln

μ2b2Te
2γE

4

�

×

�
2 ln

δþ

pþ þ β0
2CA

�
δð1 − xÞ; ð35Þ

xΔHg
Tðx; b2TÞ ¼ κxh⊥g

1T ðx; b2TÞ; ð36Þ

where the superscripts (0) and (1) represent the zeroth order

and one-loop order results, respectively, β0 ¼ 11CA−4TFnf
3

and we have set μUV ¼ μIR ¼ μ. This result differs from the
unpolarized and helicity gluon TMDPDFs, fg1ðx; b2TÞ and
gg1Lðx; b2TÞ, only in the specific form of the gluon-gluon
splitting kernel.
To obtain a UV-finite and rapidity-divergence-free quan-

tity, we employ the soft function from Ref. [43],

SðbT; μ; δþ; δ−Þ ¼ 1þ αsCA

2π

�
−

2

ϵ2UV
þ 2

ϵUV
ln
2δþδ−

μ2

þ ln2
μ2b2Te

2γE

4

þ 2 ln
μ2b2Te

2γE

4
ln
2δþδ−

μ2
þ π2

6

�
; ð37Þ
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along with the MS UV renormalization factor,

Zðμ; ξ; ϵÞ ¼ 1 −
αsCA

2π

�
1

ϵ2UV
þ 1

ϵUV

�
β0
2CA

þ ln
μ2

ξ

��
: ð38Þ

The renormalized and subtracted gluon TMDPDF is then
given by

xh⊥g
1T;subðx;b2T;μ;ξÞ¼

xh⊥g
1T ðx;b2TÞZðμ;ξ;ϵÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SðbT;μ;δþ;δ−Þ

p
¼ δð1−xÞ− αs

2π

�
1

ϵIR
þ ln

μ2b2Te
2γE

4

�

·x

�
CA

2x
ð1−xÞþ

þβ0
2
δð1−xÞ

�

þαsCA

2π

�
ln
μ2b2Te

2γE

4

�
β0
2CA

þ ln
μ2

ξ

�

−
1

2
ln2

μ2b2Te
2γE

4
−
π2

12

�
δð1−xÞ; ð39Þ

where δþ ¼ δ− and ξ ¼ 2ðpþÞ2 ¼ 2ðxPþÞ2. As expected,
the subtracted gluon TMDPDF ΔHg

T;subðx; b2TÞ maintains

the same relation with h⊥g
1T;subðx; b2T; μ; ξÞ, differing only by

the overall factor κ.

III. GLUON QUASI-TMDPDFS AT ONE-LOOP

The gluon quasi-TMDPDFs are defined through the
equal-time nonlocal correlator

Φ̃μν;ρσðx; kT; S; PzÞ

¼ lim
L→∞

N
x

Z
dηzdηT
ð2πÞ3 e−ik·η

×
hP; SjFμνðη

2
ÞW̃−Lðη2 ;− η

2
ÞFρσð− η

2
ÞjP; Siffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ZEð2L; jbT jÞ
p ; ð40Þ

where the hadron momentum is chosen as Pμ ¼
ðP0; 0T; PzÞ, and the spacelike separation is ημ ¼
ð0; ηz; ηTÞ with ηz ¼ bz and ηT ¼ bT . The staple-shaped
gauge links with finite extent L along the z-direction are
defined by

eW�Lðb; aÞ ¼ eW†
nzðb;�LÞ eW†

Tð�Lnμz ; b
μ
T; a

μ
TÞ eWnzða;�LÞ;

ð41Þ

eWnzða;�∞Þ¼P exp

�
∓ig

Z
L

0

dsnz ·Aðaμþ snμzÞ
�
; ð42Þ

eWTðyμ;bμT;aμTÞ¼P exp

�
−ig

Z
bT

aT

dsT ·ATðyμþ sμTÞ
�
: ð43Þ

The spacelike and timelike vectors are introduced as

nμ0 ¼ ð1; 0; 0; 0Þ; nμz ¼ ð0; 0; 0;−1Þ; ð44Þ

nμx ¼ ð0;−1; 0; 0Þ; nμy ¼ ð0; 0;−1; 0Þ: ð45Þ

The dependence on the length L is canceled by the
square root of the Euclidean flat rectangular Wilson loop in
the denominator

ZEð2L;jbT j;μÞ¼
1

N2
c−1

�
0

����W̃−2L

�
bμT
2
þLnμz ;−

bμT
2
þLnμz

�

×WT

�
Lnμz ;−

bμT
2
;
bμT
2

�����0
�
; ð46Þ

which renders the L → ∞ limit well defined.
In this work, we calculate the gluon quasi-TMDPDFs

using the specific correlator component Φ̃0i;0j ≡ Φ̃ij, where
i, j are transverse spatial indices. This choice corresponds
to one of the multiplicatively renormalizable operators
identified in Ref. [78]. The normalization factor N in
Eq. (40) is N ¼ nz · P=ðn0 · PÞ2 ¼ Pz=ðP0Þ2. For an on-
shell gluon state jp; εi with momentum pμ ¼ ðpz; 0T; pzÞ
and pz ¼ xPz, this simplifies to N ¼ 1=pz. The leading-
twist gluon quasi-TMDPDFs are then defined through the
projections

δijT Φ̃ijðx;kT ;S;pzÞ¼ f̃g1ðx;k2T;pzÞ−εijT k
i
TS

j
T

M
f̃⊥g
1T ðx;k2T;pzÞ;

ð47Þ

iεijT Φ̃ijðx; kT ; S; pzÞ ¼ λg̃g1Lðx; k2T; pzÞ

þ kT · ST
M

g̃g1Tðx; k2T; pzÞ; ð48Þ

−ŜΦ̃ijðx; kT ; S; pzÞ ¼ −
ŜkiTk

j
T

2M2
h̃⊥g
1 ðx; k2T; pzÞ

þ ŜkiTε
jk
T S

k
T

2M
h̃g1Tðx; k2T; pzÞ

þ ŜkiTε
jk
T k

k
T

2M2

�
λh̃⊥g

1Lðx; k2T; pzÞ

þ kT · ST
M

h̃⊥g
1T ðx; k2T; pzÞ

�
: ð49Þ

For the diagrams in Fig. 1, the results for the gluon quasi-
TMDPDFs coincide with those for the standard gluon
TMDPDFs at the leading power

xF̃gðx; b2T; pzÞ1ðaÞ∼ðhÞ ¼ xFgðx; b2TÞ1ðaÞ∼ðhÞ; ð50Þ

where fFg ¼ ff⊥1T; g1T; h⊥1 ; h⊥1L; h⊥1T; h1Tg. Other contribu-
tions to the quasi-TMDPDFs are suppressed in the limit
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bz ≪ bT ≪ L. Consequently, the gluon quasi-TMDPDFs
exhibit physical support x∈ ½0; 1� at leading power.
For the diagrams in Fig. 2 involving gauge-link inter-

actions, we calculate the quasi-TMDPDFs following the
method outlined for the quark case in Appendix C of
Ref. [31]. The sail diagrams [Figs. 2(a) and (b)] contribute
to xh̃⊥g

1T ðx; b2T; pzÞ as

xh̃⊥g
1T ðx; b2T; pzÞj2ðaÞþ2ðbÞ

¼ αsCA

2π

�
−
�

1

ϵIR
þ ln

μ2IRb
2
Te

2γE

4

��
xð1þ xÞ
1 − x

�
þ

þ δð1 − xÞ
�
1

2

�
1

ϵUV
þ ln

μ2UV
ð2pzÞ2

�

−
1

2
ln2ððpzÞ2b2Te2γEÞ þ

5

2
lnððpzÞ2b2Te2γEÞ − 4

�

: ð51Þ

The Wilson line self energy diagram [Fig. 2(c)] yields

xh̃⊥g
1T ðx;b2T;pzÞj2ðcÞ ¼

αsCA

2π
δð1−xÞ

�
3

ϵUV
þ3 ln

μ2UVb
2
Te

2γE

4

þ2þ2πL
jbT j

�
; ð52Þ

while Figs. 2(d) and 2(e) give vanishing contributions.
The factor in Eq. (46) and the renormalization factor in

the MS scheme, which were previously employed for the
unpolarized and helicity gluon quasi-TMDPDFs f̃g1 and g̃

g
1L

in Ref. [43], are

ZEð2L; jbT j; μUVÞ ¼ 1þ 2αsCA

π

�
1

ϵUV
þ ln

μ2UVb
2
Te

2γE

4

þ 1þ πL
jbT j

�
; ð53Þ

Z̃1ðμ; ϵÞ ¼ 1 −
αs
4π

ðβ0 − 2CAÞ
1

ϵUV
: ð54Þ

The renormalized and subtracted gluon quasi-TMDPDF
h̃⊥g
1T ðx; b2T; μ; pzÞ is then obtained as

xh̃⊥g
1T;subðx; b2T; μ; pzÞ ¼ Z̃1ðμ; ϵÞ

xh̃⊥g;ð0Þ
1T ðx; b2T; pzÞ þ xh̃⊥g

1T ðx; b2T; pzÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ZEð2L; jbT j; μUVÞ

p
¼ δð1 − xÞ − αs

2π

�
1

ϵIR
þ ln

μ2b2Te
2γE

4

�
· x

�
CA

2x
ð1 − xÞþ

þ β0
2
δð1 − xÞ

�

þ αsCA

2π

�
ln
μ2b2Te

2γE

4

�
β0
2CA

− 1

�
−
1

2
ln2ððpzÞ2b2Te2γEÞ þ 2 ln ððpzÞ2b2Te2γEÞ − 4

�
δð1 − xÞ; ð55Þ

The relations xΔH̃g
T;subðx;b2T;μ;pzÞ¼ κxh̃⊥g

1T;subðx;b2T;μ;pzÞ
and xh̃g1T;subðx; b2T; μ; pzÞ ¼ −2xh̃⊥g

1T;subðx; b2T; μ; pzÞ remain
valid after renormalization and subtraction.
An important observation is that the differences among all

gluon TMDPDFs and quasi-TMDPDFs originate solely
from their splitting kernels in the infrared (IR) region.
The distinction between the quasi-TMDPDFs and the
standard TMDPDFs stems from differences in their ultra-
violet (UV) structure, reflecting the fundamental difference
between working with a finite Pz (Euclidean) versus an
infinite Pþ (light-cone) momentum. At one-loop order, the
ratio between the renormalized quasi-TMDPDFs F̃ and the
standard TMDPDFs F for fFg ¼ ff1; g1L; h⊥1T; h1T;ΔHTg
is given by

F̃g
MS

ðx;b2T;μ;ξzÞ
Fg
MS

ðx;b2T;μ;ξÞ
¼1þαsCA

2π

�
− ln

μ2b2Te
2γE

4
ln
ξz
ξ

þ ln
μ2b2Te

2γE

4
−
1

2
ln2

ξz
μ2

þ2 ln
ξz
μ2

þπ2

12
−4

�
;

ð56Þ

where ξz ¼ ð2xPzÞ2. Notably, the proportionality factors κ
(or −2) cancel in the ratio.
The matching relation for the gluon quasi-TMDPDFs is

given by [33,34,43]

F̃g
MS

ðx; b2T; μ; ξzÞS
1
2
rðb2T; μÞ

¼ HF

�
ξz
μ2

�
eln

ξz
ξKðb2T ;μÞFg

MS
ðx; b2T; μ; ξÞ; ð57Þ

where Srðb2T; μÞ denotes the reduced soft function and
Kðb2T; μÞ is the Collins-Soper kernel. Equation (56) implies
that all these gluon quasi-TMDPDFs share the same
matching coefficient at one-loop level

HF

�
ξz
μ2

�
¼ 1þαsCA

2π

�
−
1

2
ln2

ξz
μ2

þ2 ln
ξz
μ2

þ π2

12
−4

�
: ð58Þ

This universal matching coefficient for fg1, g
g
1L, h

⊥g
1T , h

g
1T ,

and ΔHg
T stems from the identical UV structure difference

between their quasi and standard counterparts. Although
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our explicit derivation employs the MS scheme, the ratio in
Eq. (56) is UV-finite and thus scheme-independent.
Consequently, while the specific functional form of the
hard function HF may vary under different renormalization
schemes, the ratio of quasi-TMDPDFs to TMDPDFs—and
therefore the physical matching relation remains invariant.
It is worth noting that the spin-independence of the
matching kernel for gluon quasi-TMDPDFs had been
anticipated in earlier theoretical analyses [39,41]. Our
present calculation, which provides a one-loop treatment
of all eight leading-twist gluon TMDPDFs, independently
verifies this universality. Furthermore, it extends the earlier
expectation by furnishing explicit perturbative results for
the full set of distributions, including the polarized cases
such as h⊥g

1T and hg1T .
We note that the gluon TMDPDFs f⊥g

1T , g
g
1T , h

⊥g
1 , and h⊥g

1L
exhibit a simpler structure at one-loop order which is
attributed to our use of forward gluon states jp; εi as
external targets. For example, the matching coefficient for
the linearly polarized gluon TMDPDF h⊥g

1 , extracted via a
one-loop helicity-flip matrix element, is found to be
identical to that of the unpolarized and helicity cases
[79]. Conversely, obtaining the matching coefficient for
the quark Sivers function f⊥q

1T requires calculating the twist-
three quark-gluon-quark correlation function—the Qiu-
Sterman matrix element—as demonstrated in Ref. [37].
We expect an analogous conclusion to hold for the gluon
Sivers function f⊥g

1T , though this requires explicit verifica-
tion through a dedicated twist-three calculation, which we
defer to future work. Furthermore, extending the present
one-loop analysis to two-loop order represents an important
direction for future research.

IV. CONCLUSIONS

In this work, we have performed a perturbative calcu-
lation of the leading-twist gluon TMDPDFs and their
quasidistribution counterparts at one-loop order. By adopt-
ing a matrix formulation of the gluon-gluon correlator
Φij

ΛΛ0ðx; k2T ; SÞ in the combined gluon⊗ hadron spin space,
utilizing circular polarization states, we systematically
derived the one-loop expressions for both the standard
TMDPDFs and quasi TMDPDFs. The dependence on the
gluon transverse momentum was incorporated by working

in a frame where the two components of the transverse
momentum kiT are the same, and the sensitivity to the
orientation of the transverse spin vector ST was analyzed
for the two representative cases: ST ¼ ðS1T; 0Þ and
ST ¼ ð0; S2TÞ.
Our calculations reveal several significant results.

Among the eight leading-twist gluon TMDPDFs, f⊥g
1T ,

h⊥g
1 , hg1T , and h⊥g

1T receive nonzero one-loop contributions,
while gg1T and h⊥g

1L are found to vanish at this order. A key
finding is that despite their distinct IR structures—
governed by different gluon-gluon splitting kernels—the
distributions fg1, g

g
1L, h

⊥g
1T , h

g
1T , and the combined quantity

ΔHg
T yield an identical ratio between their quasi and light-

cone counterparts. This universality originates from the fact
that the difference between the quasi-TMDPDFs and the
standard TMDPDFs resides in their UV structure, which is
common to this set of distributions. Consequently, they
share a universal matching coefficient at one-loop order.
These results establish the essential perturbative foun-

dation for extracting this complete set of gluon TMDPDFs
from first principles via lattice QCD simulations within the
LaMET framework. The extension of LaMET to encom-
pass all leading-twist gluon TMDPDFs, as presented here,
represents a crucial step toward a comprehensive and
unified determination of nucleon three-dimensional struc-
ture from lattice QCD. We look forward to future work
extending these calculations to higher perturbative orders
and to their practical implementation in lattice QCD
computations.

ACKNOWLEDGMENTS

X. X. thanks Shuai Zhao for the very useful discussion
on the loop integral of theWilson line for quasi-TMDPDFs.
This work is partially supported by the National Natural
Science Foundation of China under Grant No. 12150013.
X. X is also supported by the SEU Innovation Capability
Enhancement Plan for Doctoral Students under Grant
No. CXJH_SEU 25138.

DATA AVAILABILITY

No data were created or analyzed in this study.

[1] N. Brambilla, S. Eidelman, P. Foka, S. Gardner, A. S.
Kronfeld, M. G. Alford, R. Alkofer, M. Butenschoen,
T. D. Cohen, J. Erdmenger et al., Eur. Phys. J. C 74,
2981 (2014).

[2] G. ’t Hooft, Nucl. Phys. B72, 461 (1974).

[3] K. G. Wilson, Phys. Rev. D 10, 2445 (1974).
[4] J. C. Collins, D. E. Soper, and G. F. Sterman, Adv. Ser. Dir.

High Energy Phys. 5, 1 (1989).
[5] S. R. Coleman and D. J. Gross, Phys. Rev. Lett. 31, 851

(1973).

XIUPENG XIE and ZHUN LU PHYS. REV. D 113, 054013 (2026)

054013-8

https://doi.org/10.1140/epjc/s10052-014-2981-5
https://doi.org/10.1140/epjc/s10052-014-2981-5
https://doi.org/10.1016/0550-3213(74)90154-0
https://doi.org/10.1103/PhysRevD.10.2445
https://doi.org/10.1142/9789814503266_0001
https://doi.org/10.1142/9789814503266_0001
https://doi.org/10.1103/PhysRevLett.31.851
https://doi.org/10.1103/PhysRevLett.31.851


[6] D. J. Gross, Proc. Natl. Acad. Sci. U.S.A. 102, 9099 (2005).
[7] D. J. Gross and F. Wilczek, Phys. Rev. Lett. 30, 1343

(1973).
[8] H. D. Politzer, Phys. Rev. Lett. 30, 1346 (1973).
[9] J. Collins, Cambridge Monogr. Part. Phys., Nucl. Phys.,

Cosmol. 32, 1 (2011).
[10] R. Angeles-Martinez, A. Bacchetta, I. I. Balitsky, D. Boer,

M. Boglione, R. Boussarie, F. A. Ceccopieri, I. O.
Cherednikov, P. Connor, M. G. Echevarria et al., Acta Phys.
Pol. B 46, 2501 (2015).

[11] D. Boer, M. Diehl, R. Milner, R. Venugopalan, W.
Vogelsang, D. Kaplan, H. Montgomery, S. Vigdor, A.
Accardi, E. C. Aschenauer et al., arXiv:1108.1713.

[12] A. Accardi, J. L. Albacete, M. Anselmino, N. Armesto,
E. C. Aschenauer, A. Bacchetta, D. Boer, W. K. Brooks, T.
Burton, N. B. Chang et al., Eur. Phys. J. A 52, 268 (2016).

[13] J. Ashman et al. (European Muon Collaboration), Z. Phys.
C 52, 361 (1991).

[14] M. Derrick et al. (ZEUS Collaboration), Z. Phys. C 70, 1
(1996).

[15] C. Adloff et al. (H1 Collaboration), Nucl. Phys. B485, 3
(1997).

[16] F. D. Aaron et al. (H1 Collaboration), Phys. Lett. B 665, 139
(2008).

[17] A. Airapetian et al. (HERMES Collaboration), Phys. Rev. D
87, 074029 (2013).

[18] C. Adolph et al. (COMPASS Collaboration), Eur. Phys. J. C
73, 2531 (2013); 75, 94(E) (2015).

[19] M. Aghasyan et al. (COMPASS Collaboration), Phys. Rev.
D 97, 032006 (2018).

[20] B. U. Musch, P. Hagler, J. W. Negele, and A. Schafer, Phys.
Rev. D 83, 094507 (2011).

[21] B. U. Musch, P. Hagler, M. Engelhardt, J. W. Negele, and A.
Schafer, Phys. Rev. D 85, 094510 (2012).

[22] M. Engelhardt, P. Hägler, B. Musch, J. Negele, and A.
Schäfer, Phys. Rev. D 93, 054501 (2016).

[23] B. Yoon, T. Bhattacharya, M. Engelhardt, J. Green, R.
Gupta, P. Hägler, B. Musch, J. Negele, A. Pochinsky, and S.
Syritsyn, arXiv:1601.05717.

[24] B. Yoon, M. Engelhardt, R. Gupta, T. Bhattacharya, J. R.
Green, B. U. Musch, J. W. Negele, A. V. Pochinsky, A.
Schäfer, and S. N. Syritsyn, Phys. Rev. D 96, 094508
(2017).

[25] X. Ji, Phys. Rev. Lett. 110, 262002 (2013).
[26] X. Ji, Sci. China Phys. Mech. Astron. 57, 1407 (2014).
[27] X. Ji, Y. S. Liu, Y. Liu, J. H. Zhang, and Y. Zhao, Rev. Mod.

Phys. 93, 035005 (2021).
[28] X. Ji, P. Sun, X. Xiong, and F. Yuan, Phys. Rev. D 91,

074009 (2015).
[29] X. Ji, L. C. Jin, F. Yuan, J. H. Zhang, and Y. Zhao, Phys.

Rev. D 99, 114006 (2019).
[30] M. A. Ebert, I. W. Stewart, and Y. Zhao, Phys. Rev. D 99,

034505 (2019).
[31] M. A. Ebert, I. W. Stewart, and Y. Zhao, J. High Energy

Phys. 09 (2019) 037.
[32] M. A. Ebert, I. W. Stewart, and Y. Zhao, J. High Energy

Phys. 03 (2020) 099.
[33] X. Ji, Y. Liu, and Y. S. Liu, Nucl. Phys. B955, 115054

(2020).

[34] X. Ji, Y. Liu, and Y. S. Liu, Phys. Lett. B 811, 135946
(2020).

[35] A. A. Vladimirov and A. Schäfer, Phys. Rev. D 101, 074517
(2020).

[36] M. A. Ebert, S. T. Schindler, I. W. Stewart, and Y. Zhao, J.
High Energy Phys. 09 (2020) 099.

[37] X. Ji, Y. Liu, A. Schäfer, and F. Yuan, Phys. Rev. D 103,
074005 (2021).

[38] X. Ji and Y. Liu, Phys. Rev. D 105, 076014 (2022).
[39] M. A. Ebert, S. T. Schindler, I. W. Stewart, and Y. Zhao, J.

High Energy Phys. 04 (2022) 178.
[40] S. Rodini and A. Vladimirov, J. High Energy Phys. 09

(2023) 117.
[41] S. T. Schindler, I. W. Stewart, and Y. Zhao, J. High Energy

Phys. 08 (2022) 084.
[42] Z. F. Deng, W. Wang, and J. Zeng, J. High Energy Phys. 09

(2022) 046.
[43] R. Zhu, Y. Ji, J. H. Zhang, and S. Zhao, J. High Energy

Phys. 02 (2023) 114.
[44] Ó. del Río and A. Vladimirov, Phys. Rev. D 108, 114009

(2023).
[45] X. Ji, Y. Liu, and Y. Su, J. High Energy Phys. 08 (2023) 037.
[46] Y. Zhao, Phys. Rev. Lett. 133, 241904 (2024).
[47] P. Shanahan, M. Wagman, and Y. Zhao, Phys. Rev. D 102,

014511 (2020).
[48] Q. A. Zhang et al. (Lattice Parton Collaboration), Phys. Rev.

Lett. 125, 192001 (2020).
[49] Y. Li, S. C. Xia, C. Alexandrou, K. Cichy, M. Constantinou,

X. Feng, K. Hadjiyiannakou, K. Jansen, C. Liu, A.
Scapellato et al., Phys. Rev. Lett. 128, 062002 (2022).

[50] M. Schlemmer, A. Vladimirov, C. Zimmermann, M.
Engelhardt, and A. Schäfer, J. High Energy Phys. 08
(2021) 004.

[51] P. Shanahan, M. Wagman, and Y. Zhao, Phys. Rev. D 104,
114502 (2021).

[52] M. H. Chu et al. (Lattice Parton (LPC) Collaboration), Phys.
Rev. D 106, 034509 (2022).

[53] H. T. Shu, M. Schlemmer, T. Sizmann, A. Vladimirov, L.
Walter, M. Engelhardt, A. Schäfer, and Y. B. Yang, Phys.
Rev. D 108, 074519 (2023).

[54] M. H. Chu et al. (Lattice Parton (LPC) Collaboration), J.
High Energy Phys. 08 (2023) 172.

[55] A. Avkhadiev, P. E. Shanahan, M. L. Wagman, and Y. Zhao,
Phys. Rev. D 108, 114505 (2023).

[56] A. Avkhadiev, P. E. Shanahan, M. L. Wagman, and Y. Zhao,
Phys. Rev. Lett. 132, 231901 (2024).

[57] J. C. He, M.-H. Chu, J. Hua, X. Ji, A. Schäfer, Y. Su, W.
Wang, Y.-B. Yang, J.-H. Zhang, Q.-A. Zhang (Lattice
Parton Collaboration (LPC) Collaboration), Phys. Rev. D
109, 114513 (2024).

[58] M. H. Chu et al. (Lattice Parton Collaboration), Phys. Rev.
D 109, L091503 (2024)

[59] H.W. Lin, J. W. Chen, S. D. Cohen, and X. Ji, Phys. Rev. D
91, 054510 (2015).

[60] C. Alexandrou, K. Cichy, V. Drach, E. Garcia-Ramos, K.
Hadjiyiannakou, K. Jansen, F. Steffens, and C. Wiese, Phys.
Rev. D 92, 014502 (2015).

[61] J. W. Chen, S. D. Cohen, X. Ji, H. W. Lin, and J. H. Zhang,
Nucl. Phys. B911, 246 (2016).

LEADING-TWIST GLUON TRANSVERSE MOMENTUM … PHYS. REV. D 113, 054013 (2026)

054013-9

https://doi.org/10.1073/pnas.0503831102
https://doi.org/10.1103/PhysRevLett.30.1343
https://doi.org/10.1103/PhysRevLett.30.1343
https://doi.org/10.1103/PhysRevLett.30.1346
https://doi.org/10.1017/9781009401845
https://doi.org/10.1017/9781009401845
https://doi.org/10.5506/APhysPolB.46.2501
https://doi.org/10.5506/APhysPolB.46.2501
https://arXiv.org/abs/1108.1713
https://doi.org/10.1140/epja/i2016-16268-9
https://doi.org/10.1007/BF01559431
https://doi.org/10.1007/BF01559431
https://doi.org/10.1007/s002880050075
https://doi.org/10.1007/s002880050075
https://doi.org/10.1016/S0550-3213(96)00675-X
https://doi.org/10.1016/S0550-3213(96)00675-X
https://doi.org/10.1016/j.physletb.2008.05.070
https://doi.org/10.1016/j.physletb.2008.05.070
https://doi.org/10.1103/PhysRevD.87.074029
https://doi.org/10.1103/PhysRevD.87.074029
https://doi.org/10.1140/epjc/s10052-013-2531-6
https://doi.org/10.1140/epjc/s10052-013-2531-6
https://doi.org/10.1140/epjc/s10052-014-3255-y
https://doi.org/10.1103/PhysRevD.97.032006
https://doi.org/10.1103/PhysRevD.97.032006
https://doi.org/10.1103/PhysRevD.83.094507
https://doi.org/10.1103/PhysRevD.83.094507
https://doi.org/10.1103/PhysRevD.85.094510
https://doi.org/10.1103/PhysRevD.93.054501
https://arXiv.org/abs/1601.05717
https://doi.org/10.1103/PhysRevD.96.094508
https://doi.org/10.1103/PhysRevD.96.094508
https://doi.org/10.1103/PhysRevLett.110.262002
https://doi.org/10.1007/s11433-014-5492-3
https://doi.org/10.1103/RevModPhys.93.035005
https://doi.org/10.1103/RevModPhys.93.035005
https://doi.org/10.1103/PhysRevD.91.074009
https://doi.org/10.1103/PhysRevD.91.074009
https://doi.org/10.1103/PhysRevD.99.114006
https://doi.org/10.1103/PhysRevD.99.114006
https://doi.org/10.1103/PhysRevD.99.034505
https://doi.org/10.1103/PhysRevD.99.034505
https://doi.org/10.1007/JHEP09(2019)037
https://doi.org/10.1007/JHEP09(2019)037
https://doi.org/10.1007/JHEP03(2020)099
https://doi.org/10.1007/JHEP03(2020)099
https://doi.org/10.1016/j.nuclphysb.2020.115054
https://doi.org/10.1016/j.nuclphysb.2020.115054
https://doi.org/10.1016/j.physletb.2020.135946
https://doi.org/10.1016/j.physletb.2020.135946
https://doi.org/10.1103/PhysRevD.101.074517
https://doi.org/10.1103/PhysRevD.101.074517
https://doi.org/10.1007/JHEP09(2020)099
https://doi.org/10.1007/JHEP09(2020)099
https://doi.org/10.1103/PhysRevD.103.074005
https://doi.org/10.1103/PhysRevD.103.074005
https://doi.org/10.1103/PhysRevD.105.076014
https://doi.org/10.1007/JHEP04(2022)178
https://doi.org/10.1007/JHEP04(2022)178
https://doi.org/10.1007/JHEP09(2023)117
https://doi.org/10.1007/JHEP09(2023)117
https://doi.org/10.1007/JHEP08(2022)084
https://doi.org/10.1007/JHEP08(2022)084
https://doi.org/10.1007/JHEP09(2022)046
https://doi.org/10.1007/JHEP09(2022)046
https://doi.org/10.1007/JHEP02(2023)114
https://doi.org/10.1007/JHEP02(2023)114
https://doi.org/10.1103/PhysRevD.108.114009
https://doi.org/10.1103/PhysRevD.108.114009
https://doi.org/10.1007/JHEP08(2023)037
https://doi.org/10.1103/PhysRevLett.133.241904
https://doi.org/10.1103/PhysRevD.102.014511
https://doi.org/10.1103/PhysRevD.102.014511
https://doi.org/10.1103/PhysRevLett.125.192001
https://doi.org/10.1103/PhysRevLett.125.192001
https://doi.org/10.1103/PhysRevLett.128.062002
https://doi.org/10.1007/JHEP08(2021)004
https://doi.org/10.1007/JHEP08(2021)004
https://doi.org/10.1103/PhysRevD.104.114502
https://doi.org/10.1103/PhysRevD.104.114502
https://doi.org/10.1103/PhysRevD.106.034509
https://doi.org/10.1103/PhysRevD.106.034509
https://doi.org/10.1103/PhysRevD.108.074519
https://doi.org/10.1103/PhysRevD.108.074519
https://doi.org/10.1007/JHEP08(2023)172
https://doi.org/10.1007/JHEP08(2023)172
https://doi.org/10.1103/PhysRevD.108.114505
https://doi.org/10.1103/PhysRevLett.132.231901
https://doi.org/10.1103/PhysRevD.109.114513
https://doi.org/10.1103/PhysRevD.109.114513
https://doi.org/10.1103/PhysRevD.109.L091503
https://doi.org/10.1103/PhysRevD.109.L091503
https://doi.org/10.1103/PhysRevD.91.054510
https://doi.org/10.1103/PhysRevD.91.054510
https://doi.org/10.1103/PhysRevD.92.014502
https://doi.org/10.1103/PhysRevD.92.014502
https://doi.org/10.1016/j.nuclphysb.2016.07.033


[62] C. Alexandrou, K. Cichy, M. Constantinou, K.
Hadjiyiannakou, K. Jansen, F. Steffens, and C. Wiese,
Phys. Rev. D 96, 014513 (2017).

[63] J. W. Chen, T. Ishikawa, L. Jin, H. W. Lin, Y. B. Yang, J. H.
Zhang, and Y. Zhao, Phys. Rev. D 97, 014505 (2018).

[64] H.W. Lin et al. (LP3 Collaboration), Phys. Rev. D 98,
054504 (2018).

[65] C. Alexandrou, S. Bacchio, K. Cichy, M. Constantinou, K.
Hadjiyiannakou, K. Jansen, G. Koutsou, A. Scapellato, and
F. Steffens, EPJ Web Conf. 175, 14008 (2018).

[66] J. H. Zhang, J. W. Chen, X. Ji, L. Jin, and H.W. Lin, Phys.
Rev. D 95, 094514 (2017).

[67] J. H. Zhang et al. (LP3 Collaboration), Nucl. Phys. B939,
429 (2019).

[68] F. Dominguez, J. W. Qiu, B. W. Xiao, and F. Yuan, Phys.
Rev. D 85, 045003 (2012).

[69] Y. V. Kovchegov and M. Li, J. High Energy Phys. 08
(2025) 206.

[70] P. J. Mulders and J. Rodrigues, Phys. Rev. D 63, 094021
(2001).

[71] S. Meissner, A. Metz, and K. Goeke, Phys. Rev. D 76,
034002 (2007).

[72] M. G. Echevarria, A. Idilbi, and I. Scimemi, J. High Energy
Phys. 07 (2012) 002.

[73] M. G. Echevarria, A. Idilbi, and I. Scimemi, Phys. Rev. D
90, 014003 (2014).

[74] A. A. Vladimirov, J. High Energy Phys. 08 (2014) 089.
[75] I. O. Cherednikov and N. G. Stefanis, Nucl. Phys. B802,

146 (2008).
[76] M. G. Echevarria, I. Scimemi, and A. Vladimirov, Phys.

Rev. D 93, 011502 (2016); 94, 099904(E) (2016).
[77] M. G. Echevarria, I. Scimemi, and A. Vladimirov, Phys.

Rev. D 93, 054004 (2016).
[78] J. H. Zhang, X. Ji, A. Schäfer, W. Wang, and S. Zhao, Phys.

Rev. Lett. 122, 142001 (2019).
[79] S. Zhao, Phys. Rev. D 109, 014002 (2024).

XIUPENG XIE and ZHUN LU PHYS. REV. D 113, 054013 (2026)

054013-10

https://doi.org/10.1103/PhysRevD.96.014513
https://doi.org/10.1103/PhysRevD.97.014505
https://doi.org/10.1103/PhysRevD.98.054504
https://doi.org/10.1103/PhysRevD.98.054504
https://doi.org/10.1051/epjconf/201817514008
https://doi.org/10.1103/PhysRevD.95.094514
https://doi.org/10.1103/PhysRevD.95.094514
https://doi.org/10.1016/j.nuclphysb.2018.12.020
https://doi.org/10.1016/j.nuclphysb.2018.12.020
https://doi.org/10.1103/PhysRevD.85.045003
https://doi.org/10.1103/PhysRevD.85.045003
https://doi.org/10.1007/JHEP08(2025)206
https://doi.org/10.1007/JHEP08(2025)206
https://doi.org/10.1103/PhysRevD.63.094021
https://doi.org/10.1103/PhysRevD.63.094021
https://doi.org/10.1103/PhysRevD.76.034002
https://doi.org/10.1103/PhysRevD.76.034002
https://doi.org/10.1007/JHEP07(2012)002
https://doi.org/10.1007/JHEP07(2012)002
https://doi.org/10.1103/PhysRevD.90.014003
https://doi.org/10.1103/PhysRevD.90.014003
https://doi.org/10.1007/JHEP08(2014)089
https://doi.org/10.1016/j.nuclphysb.2008.05.011
https://doi.org/10.1016/j.nuclphysb.2008.05.011
https://doi.org/10.1103/PhysRevD.93.011502
https://doi.org/10.1103/PhysRevD.93.011502
https://doi.org/10.1103/PhysRevD.94.099904
https://doi.org/10.1103/PhysRevD.93.054004
https://doi.org/10.1103/PhysRevD.93.054004
https://doi.org/10.1103/PhysRevLett.122.142001
https://doi.org/10.1103/PhysRevLett.122.142001
https://doi.org/10.1103/PhysRevD.109.014002

	Leading-twist gluon transverse momentum dependent distributions from large-momentum effective theory
	I. INTRODUCTION
	II. GLUON TMDPDFS AT ONE-LOOP
	III. GLUON QUASI-TMDPDFS AT ONE-LOOP
	IV. CONCLUSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


