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Introduction

» Nucleons: complicated dynamical systems of quarks and gluons

» PDFs: decribe the probability density of finding a
parton with momentum fraction x inside a nucleon

» Phenomenological studies : model dependent
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Lattice QCD study of gluon PDFs :
* Previous studies: mostly based on pseudo-PDF method
[1]T. Khan et al., Unpolarized gluon distribution in the nucleon from lattice quantum chromodynamics, Phys. Rev. D 104, 094516 (2021)

[2]Z. Fan, W. Good, and H.-W. Lin, Gluon parton distribution of the nucleon from (2+1+1)-flavor lattice QCD in the physical-continuum limit,
Phys. Rev. D 108, 014508 (2023).

[3] J. Delmar et al., Gluon PDF of the proton using twisted mass fermions, Phys. Rev. D 108, 094515 (2023).

* Recent LaMET calculations: unphysical pion mass
[4] William Good, et al., First Nucleon Gluon PDF from Large Momentum Effective Theory, Phys. Lett. B 872, 140067 (2026).

[5] Alex NieMiera et al., Systematic study of the self-renormalized nucleon gluon PDF in large-momentum effective theory, Phys.Rev.D 114
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Introduction Camp

Large momentum effective theory(LaMET) Phys.Rev.Lett.
110 (2013) 262002

Z+ct=0, z—ct#0

The light-cone PDF of gluon is defined as:

zg(z, p) = / Qi“;e—”m (P|F$,(z7)U (2, 0)F™* L (0)()|P)

* Light-cone quantities cannot be calculated directly using Lattice QCD approach.
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4 t “.\
boost matching

* By boosting the nucleon, the quasi-PDF recovers leading-twist light-cone PDF in

the infinite momentum limit.
* The difference is in UV physics, perturbative matching can connect the quasi-

PDFs (lattice) and the light-cone PDFs.
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Lattice Setup 5
Ensemble a (fm) m, (MeV) P. (GeV) Neoiit SeEtmcmam
SRsagmms
C24P29  0.105 292 0, 1.95, 4.46, 2.95 878 e
CLQCD
C32P29  0.105 292 1.84, 2.21 980
C32P23  0.105 298 1.84, 2.21 597 PRD1O%(2024)5,054507
C48P14  0.105 136 1.72, 1.96, 2.21, 2.46 347 FPRD111(2025)5,054504
E32P29  0.0897 287 0, 1.72, 2.16,2.59 1700
F32P30  0.0775 300 0, 2.0, 2.5, 2.99 77
G36P29  0.0688 297 0, 2.0, 2.5, 3.0 349
H48P32  0.0519 317 0, 1.99, 2.48, 2.98 650
4+ Continuum llmlt 4+ Physical pion mass 4+ Infinite-momentum limit

Five different lattice spacings Pion mass: 136 - 317MeV Various momenta up to 3GeV
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Noise reduction technique

is made up of a small number (

Distillation technique: T

of Laplacian operator 2
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Quasi-matrix element

i % EFMU(Z)

U[Za 0]
F(0)
ks

to + tscp

An illustration of gluon’s three-point correlator

Two-point correlator is defined as

2pt 1 sep — 0f » 0t sep T( . 0)|0
0
with
o= - +( s ) ()
Three-point correlator is defined as
3pt o sep
— 0 ;0+sep (;O+)T(;0)O

0

where (z;t) is gluon operator
(1)
— : (;t)+ : (;t)_z : (;t)
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Bare matrix element
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Bare matrix element
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Renormalization ciMp>

Hybrid renormalization:
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Renormalization

Pz=0 data at five lattice spacings are used to
extract self-renormalization factor

( v/ )
=exp + 5 linear divergence
In /\QCD
2
5 In 1/ A 1
+_——1In XL +Zin1+
3 0 In //\QCD 2 In /\QCD
logarithmic UV
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©
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Large Lambda extrapolation c%_
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Perturbative matching
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xg(x, PA)/(x)

~(

) =

Quasi-PDF
(Lattice)

ybrid

Matching
kernel
(Perturbative)

35 3.5
—— Pz=1.97 GeV —— Pz=1.73 GeV
3.0 1 —— Pz=2.46 GeV 3.0 —— Pz=2.16 GeV
—— Pz=2.95 GeV —— Pz=2.59 GeV
2.5 2.5
2.04 2.04
C24P29 E32P29
1.5 a=0.1050 fm 159 a=0.0897 fm
1.01 1.01
0.5 A 0.5
0.0 — 0.0
-05 T T T T -0.5 T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.8 1.0
35 3.5
—— Pz=1.85 GeV —— Pz=2.00 GeV
3.04 —— Pz=2.21 GeV 3.01 —— Pz=2.50 GeV
—— Pz=3.00 GeV
251 2.5
2.0 2.09
154 C32P29 . F32P30
d a=0.1050 fm * a=0.0775 fm
1.04 1.01
0.5 4 0.5
0.0 A 0.0
-0.5 -0.5
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

(

xg(x, P?)/{x}

xg(x, P?)/(x)

) +

light-cone
PDF

)2

(1-)

35 35
—— Pz=1.85 GeV —— Pz=2.00 GeV
304 —— Pz=2.21 GeV 3.01 —— Pz=2.50 GeV
—— P2=3.00 GeV
2.5 2.5
2.0 2.0
15 €32pP23 i G36P29
: 2=0.1050 fm . a=0.0688 fm
1.0 1 1.04
051 0.51
0.0 0.0 —
—05 : . . ; -05 ! . . ;
0.0 02 0.4 0.6 08 1.0 0.0 02 0.4 06 08 10
35 35
—— Pz=1.72 GeV —— Pz=1.99 GeV
3.0 —— Pz=1.97 GeV 3.0 —— Pz=2.49 GeV
—— Pz=2.21 GeV —— Pz=2.99 GeV
251 —— Pz=2.46 GeV 25
2.01 2.01
15 C48P14 15 H48P32
- a=0.1050 fm . a=0.0519 fm
1.0 1.0
0.5 0.51
0.0 0.0
-0.5 -05 . . . :
0.0 0.0 0.2 0.4 0.6 0.8 1.0
15

Light-cone PDFs



Combined extrapolation CiMp>

 infinite momentum limit ¥  continuum limit I  physical pion mass ]

d(x) >0 \ LPC(sta err)

xg(xa Pza a) = ng(x) + aZf(x) + _2 \ LPC(sta+sys err)
Pz 2.5 \ CT18 NLO
+k(x)(mg —m ;) o —pl
d(x) =
xg(x, P, a) = xgy(x)+a f(x)+F E 0
Z X
+k(x)(m,% — miphy) 0.5
d(x) 0.0
xg(x, P, a) = xgo(x) + a’f(x)+ aszzh(x)+? "
Z
+k(x)(m7% — m,i phy) X
) | | | | |
the results are Lattice results in comparison with global fit results
combined
together by AIC e

\_ model average




Systematic uncertainties

Systematic uncertainties:

extrapolation

Renormalization scale dependence

Combined extrapolation

Hybrid scheme

dependence
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Estimation of statistical & systematic uncertainties

17



Summary and outlook m

» We calculated the unpolarized gluon PDF of the nucleon in LaMET

framework.

» Extrapolated to infinite momentum-limit, continuum limit and physical

plon mass.

» Our result agrees with the global fit result within 2 o .
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Hype smearing
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Matching kernel

r [2(1—¢+£2)2 11-28£418£2—-12¢3
a;Ca ) [20-¢+€2)? u? ~ ?—96¢°+48¢*
Cra,tio (E: y%) =9 (]- - f) -+ o 9 ( lg——lf : (—].Il 492 P2 + 111(&(]_ - &))) — & 565'1'13(215_5)956 188 ]+ 0< f < 1
# [ _2(1—£4£2)? 11-286+18¢2 —12¢3
t ( Tz “In 551 — Eﬁ(l_é) ¢ ]+ £ <0,
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AIC model average

The normalized AIC weight is defined as

35 xg(x)/{x)
1 9 “ gdfk
i exp [_§(X1‘ + 2n; par — ni,data)] 3.0 &2 gdflk
T 1 ) gdfhk '
Z €xXp [—E(X? + 2nj,par - nj,data)] 2.58 — Aldcombiged
J
The cumulative distribution weight is defined as: 0]
1.5§
v 1 1(z—mi\>
PlinA)= d O —— e | s— ’ 1.0¢
wi= [ 3w o@-\/xme"p[  (54) ]
. : 0.5 L
The quantiles yq A s defined by: 0.0
_08 1 1 1
P(y,(A\); A) = q. .0 0.2 0.4 0.6

The AIC combined central value and uncertainties

. light-cone PDF
can be estimated by: 0

1)+ 1
T = Y0.84(1) . Yo.16( )1 Utot()\) _

Y0.84(A) — yo.16(A)
2




