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PDFEs

+ Nucleons are complicated dynamical systems of quarks
and gluons (partons).

+ PDPFs: describe the propability density of finding a
parton with momentum fraction x in a nucleon.

+ Global fit: experimental data, model dependence

+ Lattice QCD: provides unique ab initio access to PDF's

+ Gluon PDFs on lattice: sutfer from noise signal.
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PDFs on lattice

t Large momentum effectlve theory
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PDFs on lattice

t Large momentum effectlve theory
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o Light-cone: take limit P, - beftore the renormalization.
o [attice: renormalize before taking limit P, >
* The two Iimits do no commute.

* The difference 1s UV physics, perturbative matching can connect the quasi-

PDFs (lattice) and the light-cone PDFs.
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Nucleon TMD PDFs

Jin-Chen He et al., PRID109(2024),114513
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Pion Boer-Mulders function
Lisa Walter et al., PRD111(2025),094507
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Pion and Kaon DA

Jun Hua et al., PRL129(2022),132001
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Deuteron PDF

Chen Chen et al., PRDI111(2025),074506
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Lattice spacing Volume(L3 X T) M_ (MeV) # of confs
24° x 72 1000
32° X 64 299 1000 * 2+ 1 dynamical quark flavor
4833 X 96 800 Symanzik-improved gauge
0.105 fm 04’ x 128 /0 action.
3 23 X 64 295 450 Wilson-clover quark action.
323 i gg ;88 Quark masses m,, m, m_are
47 x 128 135 200 computed based on these
0.090 fm 323 % 64 287 900 ensembles and the results
243 % 72 250) agree with FLAG average
32? X 96 300 480 value.
48° X 96 200 Quark propagators using
D77 32° X 64 210 460 distillation smearing.
48° x 96 200
64> x 128 135 130
0.069 Tm Zgi : }22 300 1700000 7.-C.Hu el al, (CLOCD), PRD109(2024)5,054507
0.052 fm 4% % 108 317 100




 Gluon quasi-PDF matrix element

% The light-cone gluon PDF 1s defined as:

I [T de- pre- . o %6//
gl u) = S— LO e (PIFMENT (€7 0)F, (0)] P) /‘,

% According to LaMET, the gluon pdf can be extracted from

a spatially correlated matrix element:

N
C3Pt(za Pza ta ti) — <O ‘N(ta Pz)@G(Za ZLi)]\'](t09 Pz) ‘ O> /‘/2




 Gluon quasi-PDF matrix )

Unpolorized gluon operator:

0,2, 1) = Z IrlF, (x, t)L(x,x + 2)F (x + z, ;) L(x + 2, X)]

@G — @tx + @ty — 2@)@7

Polorized gluon operator:

O 12002 1) = 2 Tr(F,;(x, t)L(x,x + 2)F, ,(x + z, 1) L(x + z, )]

L O —20

ry,ty XYY

IX,IX

Nucleon operator: N = (I +innys) P +(uTCg/5}/td)u

polarized



Noise reduction techniques

% Distillation quark smearing method F
Uv
* Smearing: an operator that effectively projects onto the %
hadronic states of interest. N bk
» Distillation smearing operator: [] = Z Vi @ Vi . ,/ \. .
v, 1s the k'th eigenvector of the laplacian t f

operator defined on the gauge conﬁguration.

* Improve precision, suppress excited-states contaminations, all-to-all
propagators, efficient computation with many interpolating operators...

e Momentum smear on distillation: Improve the signal for large-momentum
nucleon.



Unpoloraized gluon pdf results

Chen Chen, Chunhua Zeng et al., arX1v:2510.26425



Lattice setup

Ensemble a (fm) m, (MeV) P, (GeV) Neont
C24P29 0.105 292 0, 1.95 878
C32P29  0.105 292 1.84. 2.21 980
C32P23  0.105 298 1.84, 2.21 597
C48P14  0.105 136 172, 1.96, 2.21. 2.46 347
E32P29  0.0897 287 0, 1.72, 2.16, 2.59 1700
F32P30  0.0775 300 0, 2.0, 2.5, 2.99 777
G36P29  0.0688 297 0, 2.0, 2.5, 3.0 349
H48P32 0.0519 317 0, 1.99, 2.48, 2.98 650
+ Continuum limit + Physical pion mass 4+ Infinite-momentum limit

Five different lattice spacings Pion mass: 136 - 317MeV Various momenta up to 3GeV
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Bare matrix elements

Keeping the ground state and the first excited-state, the three- and two-point
functions can be decomposited as:

C¥'(z; Pt t,,,) = |Ag|* (0] Og(z: 1) | 0)e ™ Fober 4 | A |7(1] O(z; 1) | 1)e™F1 e

+ A AF(1] Og(z: 1) | 0)e 518 DE™5 4 AJA*(0 | O(z; 1) | 1)e o™ ERI 4

Czpt( Sep) — |AO | ep T ‘Al | tsep + -

The ground state matrix elements can be extracted from the ratio of three- to

two-point function :
C3pt

— = Ch+C €

_AE(t

R(t sep _|_

sep)
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Feynman-HeHmann theory:

5(Z5ep)

AR(
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ZR( Sep) = C+ L, Cot e
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IMPD

A

Hybrid renormalization:

. Wiz, P,,1/a)
hip(z, P,) = ———"

0(z, — |z]) (Ratio scheme)
hy(z, P, =0,1/a)

ni(z, P_1/a)
ZR(Z, 1 /a)

+1,

kz
A hl[aAOCD]

SCA lln(l/aAQCD)] 11 [1 d
5 n

Zo(z,1/a, p) = exp{ + myz

In(u/AQCD)

0(|z| — z,) (Self-renormalization)
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Renormalization %

CLQCD

Z0=0.15 fm z1=0.3 fm B
1l —1
— Pert.NLO

Nqcp = 0.08 £ 0.07 GeV exp(g(z) — mpz)
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d=—0.09+£0.06 § E32P29, a= 0.0897 fm
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hr(A, P,)

hr(A, P,)

Renormalization

Renormalized matrix elements
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hr(A, Pz)

Large 1(zP,) extrapolation:

1.2

1.0 -

0.8 A1

0.6 -

0.4 1

0.2 A

1 Lattice Data
I Extrapolation
fit range

== mid

C48P14

0.0

-0.2

14

1.2

1.0 ¢

0.8 A1

H4BP32
1.9? GeV

0.0

-0.2

S § s - 7 e 52 § s -

1.2

1.2

1.0 A

0.8 A

0.6 -

0.4 A

0.2 A

H4BP32
2.49 GeV
|

A extrapol

ation

hp(A) = 1,4~ %~

1.2

1.0 -

0.8 A

0.6 1

0.4 A

0.2 A

C48P14
2.21 GV

0.0

—0.2

14

1.2

1.0

0.8 A

0.6 -

0.4 A

0.2 A

H4BP32

0.0

—0.2

16

10

1.2

1.0 -

0.8 A1

0.6 1

0.4 1

0.2 A

C48P14
2.46 GV

0.0

—0.2

10

12

14



xg(x, P?)/{x)
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~ Extrapolations

4+ Infinite momentum

5 d(x)
xg(x, P,,a) = xgy(x) + a7f(x) + >
+k(x)(m? — miphy) Z
d(x)
xg(x, P,,a) = xgo(x)+ajlx)+ >
+k(x)(m? — mj% oy
d(x)
xg(x, P,,a) = xgy(x) + azf(x)+a2PZ2h(x)+ 'S

2 2
+k(x)(my —m; )

4+ Continuum limait

xg(x)/{x)

—0.5

4+ Pion mass

3.0
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Systematic uncertainties

3.0 -
—— mean value
| I Sys:A extrapolationl
2:3 " B Sys:A extrapolation?2
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B Statistical
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Polarized gluon PDF results

Shiy1 Zhong et al., arX1v:2608.xxxxx
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Bare matrix elements %

Lattice setup: three different lattice spacings,
pion mass ~300MeV

Ensemble a(fm) L3 XT mx(MeV) mxL Neont.

C32P29 0.105 32° x 64 292.4(1.1) 5.01 854

E32P29 0.0897 323 x 64 287.3(2.5) 4.179 1700

AR (z=0.155 fm)

----Joint Fit (y*/dof:1.20)
¢ n_cut=1

oo ¥ n_cut=2

£ n_cut=3

».=1.50 GeV

tsep
AR (z=0.1794 fm)

F32P30 0.0775 32° x 96 300.4(1.2) 3.780 777

oo ¥ n_cut=2

21

----Joint Fit (y?/dof:0.59)
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____________ 4_-_-__;___."}{__- : —_—
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- Bare matrix elements
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Renormalization

* Self-renormalization procedure requires a symmetric matrix element at small z .

* Gluon helicity quasi-LF correlation 1s imaginary and thus antisymmetric in z.

* Construct a symmetric matrix element:

0.8 1

0.6 1

h~sym(Z. pz)

0.2 1
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L
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" T e
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Renormalization

Hybrid renormalization: .
il (2. P) [ ilsym(Z,Pz,l/a) o z1) o /
z, P) = z|= Z,— |z 0. &
e @ P, = 0.1/a) 7 Prainin s - SE
5 T 1.25- // }i -
hsym(Z9 Pzal/a) % / I i j 1
| — o(|z]| _Zs)] §:1.00- . 3 o
ZR(z,1/ a)hsym,MS < .75 / — Zi';fgl\(lzL)()— moZ]
. oo 3 Zﬂ},a=0.105fm
Zp(z,1/a, p) = ex { + myZ : = = I
» U p aln[aAQCD] 0 0.25 U=2GeV,P,=0 5 a=0.0775 fm
0.00 012 014 O:6 O:8 120
14c, [Wn(l/aAgep)] 1 d 1, «
| In — + —In|1 A
3b, ln(,u/AQCD) 2 ln[aAQCD]
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Renormalization

Renormalized matrix elements

6
¢ pz=1.73 GeV
| ¢ pz = 2.16 GeV
o1 & pz=259Gev
4+
| a=0.0897 fm (E32P29)
o
N
E ;11 ]
oL 0 | |
. ’ ® ¥ ¢ T !
L] ®
1_ - s _
O ---------------------- NN NN SN SN SN S SN SN S SN S S —
0 2 4 ¢} 8 10 12 14
Z* Pz
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Large A(zP,) extrapolation:

Extrapolation
Fit range
¢ Lattice data
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A extrapolation
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b dx

1‘x‘

yAg(y, i) = [

R + o 1o
OPR (1= YPY

Light-cone PDF M -
) Matching kernel Quas1 PDF
(Perturbative) (Lattice)
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- Extrapolations

d(x)
p2

<

xAg(x, P,,a) = xAgy(x) + a’f(x) + azPZZh(x) +

0.25
o JAM25
" NNPDF

0.20 " DSSV14

| LPCstaerr
\l: LPC sta+sys err

' Q‘A{q '

0.15

0.10

xAg(x)

0.05

0.00

—0.05

0.0 0.2 0.4 0.6 0.8 1.0
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First systematic lattice study of nucleon unpolorized gluon pdf at
physical pion mass, continuum limit and infinite momentum limat.
Polorized gluon pdf i1s computed in LaMET for the first time.
Mixing with quarks 1s 1ignored

Furthur improve the precision

Gluon GPDs, TMDs
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Thanks!



Self renormalization factor(unpolarized)

kz 5Cs, lln(l/aAQCD)] 1 [ d ]2}

Fmyz A + —In|1 4
aln[aAQCD] ’ 3b, 2 ; In[aApcp]

Zo(z,1/a,p) = exp{
In(u/Aocp)

Parameters 1n Z, 1s determined by fitting the zero-momentum bare matrix elements:
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Self renormalization factor(polarized)

kz 14C, lln(l/aAQCD)] 1 [ d ]2}
| n

+ myz A + —In|1 A
a ln[aAQCD] ’ 3b, 2 ; In[aApcp]

Zo(z,1/a, n) = exp{
In(u/Aocp)

Parameters 1n Z, 1s determined by fitting the zero-momentum bare matrix elements:

In ﬁsym(z,PZ =0,1/a) = ln[ZR(z, 1/a, u; k, AQCD,mO,d)]
. {ln [BESZM—S(Z, u)] 20 <2< 29

, (21)
g(z) —moz 21 < 2
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Matching kernel (NLO, unpolarized):
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Matching kernel (NLO, unpolarized):
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- Backups

Matching kernel (NLO, polarized):
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