PHYSICAL REVIEW D 113, 054013 (2026)

Leading-twist gluon transverse momentum dependent distributions
from large-momentum effective theory

Xiupeng Xie and Zhun Lu
School of Physics, Southeast University, Nanjing 211189, China

® (Received 10 December 2025; accepted 9 February 2026; published 6 March 2026)

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

ij
NIV

(x,k%; S) 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 £ (x, k%), hy?(x,k3), hl (x, k%), and k¥ (x,k3).
These findings enable future lattice quantum chromodynamics simulations to extract these gluon
TMDPDFs, which will facilitate a complete determination of nucleon tomography.
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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
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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 e* e~ 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 invariance method,
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 (x, k)-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 P? — oo,
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 LaMET approach. The
unpolarized and helicity gluon TMDPDFs, f9(x,k) and
g1, (x, k%), 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: k3 =k} [68,69].
Second, by utilizing circular polarization states, we formu-
late the gluon-gluon correlator as a matrix, oYl (s k% 9),
in the combined gluon @ hadron spin space. Our
analysis shows that, among these remaining distributions,
four receive nonvanishing one-loop contributions: fi H(x,k3),
B9 (x, k%), hYp(x,k3), and hi2(x, k%). Specifically, we find
that £ and hi? exhibit a particularly simple structure,
receiving contributions from only a single diagram class. In
contrast, the expressions for A{, and h# are more involved
and share structural similarities with the unpolarized gluon
distribution f4.

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 111 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 TMDPDES 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 n,, satisfying n, -n_ =1
and n% = 0 can be introduced. An arbitrary vector a@* can
then be decomposed in light-cone coordinates as
[a=,a",ar| or, equivalently, as a* = a™n* + a*n’, + df,
where ary is the transverse component. In a frame where the
hadron has no transverse momentum, its four-momentum
P* and covariant spin vector S* can be expressed as

2

M
P:P+n++2Pﬁn (1)

k> + k>
k=xPtn_ + 2xP+T n_+kr, (2)
+ M
S:SL SL2 n_+ST7 (3)

where M is the hadron mass, x = k*/P™ is the longitudinal
momentum fraction carried by the gluon, and k; is the
transverse momentum of the gluon. The hadron’s polari-
zation of the hadron is described by the longitudinal
component S; and the transverse vector Sy.

The gauge-invariant nonlocal gluon-gluon correlator is

given by [70]
opﬂ"”"’(x,kT;S)—L / de der ""5<P,S Fr (g)
& &\ ¢
G-,

(2z)?
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

Wie(b,a) = W}_ (b, £00) Wi (£oon’; b a't)

x W, (a,+), (5)

W, (a,£00)="Pexp {:F ig/oodsn_.A(aﬂ+sn‘i)], (6)
0

by
WT(y";b’},a’})—Pexp{—ig/ dsT-AT(y”—Fs’})]. (7)

We focus on the specific component ®*“*°(x, ky;S)
with y =+ and p =+, denoted as @ (x,ky;S) =
@ (x,kr;S), 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]:

i i 0 oy EPKRS) Lo(y 2
67 @V (x, k3 S) = f1(x,kz) — —M 7(x. k7). (8)
s @i )= _ k2 kT.ST g k2
ief @Y (x, T’S)_AQ?L(X’ 7)+ M gir(x.kz), )
- Skik |
— SOV (x,kp;S) = — 2M2 ( k%)
Sle‘?JTk ST
hg k>
tTom 2M (’ )
Skielkk /|
M (g i)
kT ST L(] 2
1
+ LT (k) ). (10)
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In this expresswn we employ the systematlc transverse

tensor 5 = —g, where g/

g’f —ni,n) — n’.n’, and the
antisystematic transverse tensor eT defined such as ej? = 1.
The symmetrization operator S on a generic tensor O% is
defined as
SOl _l 0/ + 0V — st okk
— (0 + 07~ 5j0M), (11)
At leading order, only the unpolarized and helicity gluon
TMDPDFs, f4(x,k%) and gj, (x,k%), can be calculated
without explicit dependence on the gluon transverse
momentum k; 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 ®%/
as a matrix in the combined gluon ® hadron spin space [70]

| .
qﬂzi{q’ +c1>_f_}+ Lol — @i}

1 .. .. .. ..
+S—2T{<I>1_ + ol ) +’7T{d>i{_ —oU ). (12)

Here, the subscripts A, A7 = & denote the helicity states of
the incoming and outgoing gluons in the correlator.
Using the circular polarization vectors defined by e'i =
[F e —iej]/V/2 with e} = (1,0) and ¢} = (0, 1) in the
transverse plane, we construct four essential projection

operators for the matrix elements @ /< A

1 m *n m *n 1 1 0 1 m,n
§<5+8 +5—5—):§ 0 1 :§< x Teyey

(e) )

FIG. 1.

1 1/0 i ]
E(sﬂej”—sTsi”)——§<_i 0) %(eye —elel)
_ 182T ’ (14)

Sl Sl -1 0 Sl

{@*M@Hw—§(01> 5 (eyey —efey),
(15)

iS2 i S2 /0 1 S2

77(8’18 — ™ e#’)—{(l 0) :%(e,’c"e;—l-e;”eﬁ).
(16)

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: kj. = k? = M [68,69]. In this frame, the projection
operators appearing in Eq. (10) simplify to the following
matrix forms:

Skikl 1/0 1 [
=51 o) =il +eled

2M* 2\1 0
1
2—(€+8’ —etlel), (17)
Skielkrk 1
Mty D) —pletel-eded

S*lé'/ +€*l /) (18)

Skpepsh _sp (1 -1y S
2M 4\ -1 -1 4 \ 1

MI»—/-\

(d)

(2 (h)

One-loop Feynman diagrams contributing to the gluon TMDPDFs without interactions with the Wilson line.
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FIG. 2. One-loop Feynman diagrams contributing to the gluon TMDPDFs involving interactions with the Wilson line.

For a perturbative calculation of the unsubtracted gluon-
in-gluon TMDPDFs, the hadronic state |P, S) is replaced
by an on-shell gluon state |p,e), where p is the gluon
momentum and ¢ is the gluon polarization vector, satisfying
the on-shell conditions p?> = 0 and p - &£ = 0. We work in
Feynman gauge and categorize the one-loop corrections
to the unsubtracted gluon TMDPDFs into two catalogs:

dg_d&T e_ik.§<p

|
113+ / (2r)3

1 dé~dér
=57 B

DY (x. k73 8)y(a)

A e

: dPk
—ik-&~2¢
ap ¢ / 2P
X (=gf aypye ) (P + k)1 g2 + (=2k + p)fr g + (k —
)

X (=Gf ayerp,) (P + K)2g#2%2 + (=2k + p)2gr> + (k —

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 = 4 —
2e dimensions.

The contribution to the gluon-gluon correlator ®”/ from
the diagrams in Fig. 1 is given by

1(a)

oike

2p)1 g6y,
2p)gr]

(20)

x (=i)(ky g4 = Kinh) (i) (ks 7 — Kn'2)
_igu]v’l _igvzvz lg}/l}") % 501612
k2 k2 (P k)2 /418;42 N2

where fi = u+/e’t/(4r) is the MS renormalization scale
parameter and yy is the Euler-Mascheroni constant. To
extract a specific gluon TMDPDF, the gluon polarization
sum ¢, €, is replaced by the corresponding projection
operator from Eqs. (13)— (16) For instance, the linearly

polarized gluon distribution h is obtained via

Sk kf
2M?

Iy (x. k) = SO (x. ke S)| (21)

x .
Euy Eupy ™ gTﬂ]l‘z/z

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 §-regulari-
zation method [72-77], which modifies the eikonal propa-
gator associated with the Wilson line as follows:

i i
L0 kEtiot

(22)

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

17

|

unpolarized and helicity gluon TMDPDFs f4(x,k%) and
gf 1 (x, k%), whose one-loop results are already known [43],
four of the remaining six gluon TMDPDFs receive non-
vanishing one-loop contributions: fi7(x,k%), hi?(x,k3),
Y. (x,k2) and hy(x,k3) exhibit nonzero distributions at
one-loop level. In contrast, our perturbative calculations
yields null results for g%, (x,k3) and ;7 (x,k%). Physically,
a vanishing result for g7, (x, k%) indicates zero probability
to find a transversely polarized gluon inside a longitudi-
nally polarized gluon target at this order, while the null
result for hlLLg (x,k%.) corresponds to zero probability for a
longitudinally polarized gluon inside a transversely polar-
ized target. Furthermore, the distributions f # (x, k:‘}) and
hng (x, k%) exhibit a particularly simple structure, receiving
contributions solely from diagram Fig. 1(a). It is important
to note that both f1¢ and h;”
addition, the results for f77 2, hiy, and th depend on the
orientation of the transverse spin vector S7. In this work, we
present results for the two representative orientations: Sy =
(S1,0) and S = (0, 5%).

also vanish at tree level. In
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The results of f1¥(x, k%) and h;(x,k3) read
xf1f (x. k3 SP)itw = 0. (23)

A CA (2’”:[‘) >
 k

xfif (kg STl o) = (x=1x2 (24)

a,Cy (27mji)*
E2A< k2> (1-x). (25)
T

xhiy? (2, k3) ] ) =

For hlng (x,k%), the results are identical for both

. . . . n
transverse spin  orientations, i.e., A7 (x,k%;Sh) =

I (x, k3 S3):

_ oGy (27)*
W= 92 e

xhif (x, k)] (26)

xhif (x| o = xhif (x. k3

a,C, (27ji)*€
=— 4,1-2A kz) x(1+x), (27)
T

xh#(x k3 )|1 _xh#(x k7 )|1

305,CA

— =251 - )50
1 1
X <— -——+In 'MUV) (28)
€uv  €IR ﬂIR
1 ag
xhi7 (x, k%‘)|l(h)+H.c‘ = ;5“ - x)6° (k7)

5 1
X ECA—gTFVlf

1 1 2
X (————f— n@), (29)

€uv  €RR HIrR

L

X (6 k7)) a0

a (2zi)% [ (x(1 +x)
C4n K I=x /.

st .5
+6(1 —x) <—21np—++ m—§>]

a 1 u
_+__56 1= 52 k2 < — +In UV)
1, 00 =05 (kr) o e M2
w (—2mS 4 iz =2) 4 He (30)
p+ 1%/ 3 .C..

Notably, diagrams Figs. 1(b), 1(e) and 2(c)—(e) yield
vanishing contributions to this TMDPDF.

In the case of A, (x, k%), a nonzero result emerges only
for the specific spin orientation corresponding to
hir(x.k3:S7)

X (k73 ST) 1 (ayeny = 05 (31)

7 (6 SE) iy = =2 X007 D) ey (32)

This distinct behavior motivates the introduction of a
unified expression

k2
VAH}(0) = = (bt )+ b))

= ixhid(x, k2). (33)
Here, the coefficient k = £1 is introduced to explicitly
capture the sign change under different orientations of Sz:
k = —1 for §; = (S},0), and x = +1 for S; = (0, 52).

Combining Egs. (26)-(30) and performing the Fourier
transform to coordinate space,

B (. b2) = / et (), (34)

we obtain the unsubtracted gluon TMDPDF in (x,by)
space

xhf (e, b3) = xhif O (x,03) + xhyf " (x.b3)

202 2k

_a (L #bre™
271' €IR 4

ZX ﬂo

= A P0s -

X[CA(I—x) 25( x)]

_,'_ﬁ (__,'_1 2b%~€2y5>
€uv 4

=6(1 —x)

2
Po
(21n + 2C, 6(1—x), (35)
XAHY(x,b2) = ki (x, b%), (36)

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

. 11C4—ATn,
and one-loop order results, respectively, fy = —"5—*

and we have set yyy = pr = p. This result differs from the
unpolarized and helicity gluon TMDPDFs, f9(x,b%) and
g1, (x,b%), 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],

S(byp,67,67) =1+

C 2 2 2676
¢ A< +—1In

2r €[2JV €uv ,L{z
252 2
HbTeyE
]2
+ In 4
252 ,2 +5— 2
ubree 26765 &
+2In—~1—1n 7 +5) (37)
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along with the MS UV renormalization factor,

C 1 1
e A|:2 +<ﬁ0 +1In ﬂ>:| (38)
2n |egy  €uv \2C4 ¢

Z(ﬂvg’e) =1-

The renormalized and subtracted gluon TMDPDF is then
given by

xhif (x,b3)Z(p, & €)

'Xth sub(x b%,//l 5)

(bTvﬂv5+’5_)
a, (1 ﬂzb%ez”f
—5(1-x) =& (42
( X) 2r <€IR+ n 4

where 6t =6~ and & = 2(p*)? = 2(xP*)%. As expected,
the subtracted gluon TMDPDF AHY. , (x,b7) maintains

the same relation with th’Sub (x,b%, u, &), differing only by
the overall factor .

III. GLUON QUASI-TMDPDFES AT ONE-LOOP

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

@w,pa(x kg, S, P?)

d’? dnT —ik‘ﬂ
L—»oo X (2 )
P, S|F(IOWY_, (1, -1y Fre(=1)|P,
X < | (2) L(2 2) ( 2) >, (40)
)
where the hadron momentum is chosen as P+ =
(P°,0;,,P%), and the spacelike separation is n* =

(0,n%,n7) with #° = b* and iy = by. The staple-shaped
gauge links with finite extent L along the z-direction are
defined by

Wa (b, a) = W} (b, £L)W;(£Ln; by d§ )W, (a. £L),

(41)

. L
W, (a,£c0) =Pexp {:Fig/ dan-A(a”—i—sn’;)], (42)
0

- by
WT(yﬂ;b’},a’}):’Pexp {—ig/ dsT'AT(yﬂ+s’;):|' (43)

The spacelike and timelike vectors are introduced as

= (1,0,0,0), =(0,0,0,-1),  (44)

nky = (0,-1,0,0), =(0,0,-1,0). (45)

The dependence on the length L is canceled by the

square root of the Euclidean flat rectangular Wilson loop in
the denominator

b b
Z(2L byl = N< ]w ZL(2+LnZ,—+L )

2
L
XWT<LI’lZ, 77)

0> (46)

which renders the L — oo limit well defined.

In this work, we calculate the gluon quasi-TMDPDFs
using the specific correlator component ®%% = &%, 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 =n, - P/(ny- P)> = P*/(P)%. For an on-
shell gluon state |p, &) with momentum p# = (p?, 0, p?)
and p? = xP?, this simplifies to N = 1/p?. The leading-
twist gluon quasi-TMDPDFs are then defined through the
projections

ijri QJ
STIC S J_t]

87DV (x,kp3 S, p*
7 PV (x.kr3 S, p%) M

=Fi(xki.p?) - 7 (x.k7. p?),

(47)

is;j&)ij(x, kp; S, p?) = Ag, (x, k%, p?)

51 St g (e p), (48)
S0k 5.) = ~ A 5 )
ST Sty i )
Skt (i )
+kTMSThl9( K2, z)). (49)

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

XEF9(x,bF, pO) 1 (a)min) = XFO(60F) 1 (mqy» (50)

where {F} = {f{7. 917, hi, hiy, iz, by} Other contribu-
tions to the quasi-TMDPDFs are suppressed in the limit
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b* < by < L. Consequently, the gluon quasi-TMDPDFs
exhibit physical support x € [0, 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 xhi{(x,b%, p?) as

7L
X (%, 0%, p?) baay+20)
1 Hirb

_aCaf (1 mibre Tx(1+ )
271' €1R 4 1 — X +
/1 Koy
o(1 — —[—+1
o ) [2 <€UV * n(2p1)2

- SR + Sl 67 -4 b (51

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

0
( )(x’ b%,

7Llg e CA 3 /,{2 b2.e%re
A (0,8 ) ey = 52 5(1—x)<_€w+31n it
2zL
+2+L>, (52)
[br|

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 f{ and 7,
in Ref. [43], are

2a,C, [ 1 2 b2.e?E
Zp(2L, y=1 4 2% <_+ InHovlre
y €uv 4-
L
+1 +—>, 53
by 33)
~ o 1
Zi(pe) =1 —4—(,30 —2C,)— (54)
T €UV

The renormalized and subtracted gluon quasi-TMDPDF
£ (x,b%, . p?) is then obtained as

p?) + xhif (x, b3, p?)

7L
Xthg,sub(x’ b%’ K, pz) =

VZg(

2w €1R

202 27k
—5(1—x)—ﬂ<l+1n”b+ey> ~x[CA(L+@5(1—x)]

+ aSCA |:11’1

wbzee [ f
2

4 \2c,

The relations xAHY. , (x.b3. p, p*) = kxhyf o (x.b%. . p?)
and xh{; o (X, b3, p, p?) = —2xl~szq’sub(x, b2, u, p*) 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 P° (Euclidean) versus an
infinite P* (light-cone) momentum. At one-loop order, the
ratio between the renormalized quasi-TMDPDFs F and the
standard TMDPDFs F for {F} = {f\, 91, hiz, hir, AH7}
is given by

Fo(xbipué)  aC, ebie g
Fz/[_s(x,b%,ﬂ,f) 2 4 13
272 2
ubres 1 & &
In e o ]
+In n > n M2+ +]2

(56)

1-x), 2

B 1) e s + 2 (B~ 4o -0 (53)

[
where &, = (2xP%)2. Notably, the proportionality factors k
(or =2) cancel in the ratio.

The matching relation for the gluon quasi-TMDPDFs is
given by [33,34,43]

1
Fl(\]/l_s(x’ b%? /’t’ fz)si(b%’ /’t)

:HF(52> O P (e, bFn 8. (57)

where S,(b%,u) denotes the reduced soft function and
K (b7, ) is the Collins-Soper kernel. Equation (56) implies
that all these gluon quasi-TMDPDFs share the same
matching coefficient at one-loop level

52 asCA 1 252 é:z
He(%2) =1 e omE LTy
F(;ﬂ T (T2t (58)

. . . .. L
This universal matching coefficient for 4, ¢{,, h1%, hi;,

and AH? stems from the identical UV structure difference
between their quasi and standard counterparts. Although

054013-7



XIUPENG XIE and ZHUN LU

PHYS. REV. D 113, 054013 (2026)

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 H 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 A and h?;.

We note that the gluon TMDPDFs £, ¢/, h1¥, and h;}
exhibit a simpler structure at one-loop order which is
attributed to our use of forward gluon states |p,e) as
external targets. For example, the matching coefficient for

the linearly polarized gluon TMDPDF hi, 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 # 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 llT" , 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
@Y, (x,k%; S) 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 k% are the same, and the sensitivity to the
orientation of the transverse spin vector Sy was analyzed
for the two representative cases: S; = (S),0) and
Sr = (0.53).

Our calculations reveal several significant results.

Among the eight leading-twist gluon TMDPDFs, flLTg,

1 L . I
hi?, hi;, and hy? receive nonzero one-loop contributions,

while ¢¢, and /;; 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 f¥, ¢?,, ki, hY,, and the combined quantity
AHY. 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.
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