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P> Introduction

* Gluons: the mediators of the strong force, play a
significnat role in the internal structure of hadrons.

* Global fit: model dependent, weak constraints at large
X region.

» Lattice QCD: first principle inputs
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PDFS on lattlce

: Large momentum effectlve theory(LaMET)
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« CLQCD

Quasi-PDF

[Laght-cone PDF

Laght-cone: take limit P, » oo before the renormalization.
Lattice: renormalize before taking limit P, —» o
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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e C onﬁgurations

emes CLQCD
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 47500 action.

3 23 X 64 295 200 Wilson-clover quark action.

323 i gg 700 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

323 %X 96 300 480 value.

48° X 96 200 Quark propagators usin
0.077 fm = propagators using

32° X 64 210 460 distillation smearing.

48~ X 96 200

643 x 128 135 180
0.069 Tm 36 X 108 300 00 7.-C.Hu el al., (CLOCD), PRD109(2024)5,054507

48° x 144 1000 A ’
0.052 fm 4% % 108 317 100




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

1 J'-l-oo dé_
2xPT 2T

— QOO0

g(x, p) = e P FIMENW (& 0)F, (0)| P)

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

a spatially correlated matrix element:

C3pt(za Pza ta tl) — <O ‘N(ta PZ)@ﬂy(Za ti)N(t()a PZ) ‘ O>

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

The gluon operator:

@G — @tx + @ty — 2@)6)7

« CLQCD



i Noise reduction techniques

% Distillation quark smearing method

* Smearing: an operator that effectively projects onto the hadronic states of interest.

N
» Distillation smearing operator: ] = Z v, ® v
k

k=1

v, 1s the k'th eigenvector of the laplacian operator defined on the gauge conhiguration.

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

N

Bare matrix elements i

CLQCD

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

C¥(z; P;1,1,,,) = | Ag|* (0] O(z: 1) | 0y ~Eolar + | A |7 (1| O(z; 1) | 1)e Frbe
+ A A (1| Og(z; 1) | 0)e "1™ E~ R + AgA¥(0] Og(z: 1) | 1)e ™ sa™E=RI 4 ...
CHHP i 1y,) = | Ag | e ™00 4 A [Pl oo

The ground state matrix elements can be extracted from the ratio of three- to two-point
function :

3pt
C —AE(t

sep _|_ coe
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N

Bare matrix elements

CLQCD

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

C¥(z; P;1,1,,,) = | Ag|* (0] O(z: 1) | 0y ~Eolar + | A |7 (1| O(z; 1) | 1)e Frbe
+ A A (1| Og(z; 1) | 0)e "1™ E~ R + AgA¥(0] Og(z: 1) | 1)e ™ sa™E=RI 4 ...
CHHP i 1y,) = | Ag | e ™00 4 A [Pl oo

The ground state matrix elements can be extracted from the ratio of three- to two-point
function :

R — — Co‘l‘Cle_AE(tsep_t) -+ Cle_AEt -+ Cze .




a = 0.105fm

Bare matrix elements

52

52

T § 2 - 8 Ty - TS

a = 0.090tm

-l

S

a = 0.077tm

CLQCD

1.0 0.7 0.7
o Co Co
b tep=Ta 0.6 - feep = 82 0.6 1 fep=92
0sl + tep=8a ¥ tep=09a tsep = 10a
¥ tep=9a 0.5 tsep = 10a 0.5 t tep=1la
tsep =10a + tsep =1la, + tsep =12a
064 ¢ tep=1la 0.4 4 t tep=12a ; 0.4 1 b lep=13a W—* :
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- Bare matrix elements .

CLQCD

Choose the fit ranges:

0.7 - ! nex=2tsepba~14a
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I ¢-| | e ]& D
a = 0.105fm a = (0.090fm a = 0.077fm
1.5 1.5 1.5
I o i 0 i 0
1.2 - ] ] I 0.98GeV 1.21 I 0.86GeV 1.21 I 1.00GeV
10- ] I 1.48Gev 10- f 1.30Gev l1o- I  1.50GeV
I 1.97Gev I 1.73Gev
— 0.8 { — 0.8 II — 0.8
< | < ] < |
% 054 * = x!I 3 { % 0.5 - zi : R 1‘1 L\'ﬂ«: 0571 « f 1
= E ] = j j P = .
X 0.2- =3 X 0.2- A X 0.2- -
¥ "3 e ) =~ " = e e wo
0.0 A e L 0.0 - 1 ”? "q’ % ” " 0.0 - XU % M M e e e o
—0.2 - ~0.2 - ‘I I ‘I —0.2 -
—0.5 ' ' ' ' ' ' ' —0.5 l l l l l l l —0.5 l | T | | | |
00 062 04 06 08 10 12 1.4 00 02 04 06 08 1.0 12 1.4 00 02 04 06 08 1.0 12 1.4
z(fm) z(fm) z(fm)
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Hybrid renormalization:

i Wi(z, P.,1/a)
hp(z,P.) = ————= 0z, — | z|)
iz, P. = 0,1/a)
Wi (z, P.,1/a)
i 0(| 2| - z,)
ZR(Zal/a)
Z(z1/a. ) Kz
,1/d, = X Fm
R s P d ln[aAOCD] ¢

5C, [ln(l/aAQCD)] 1 [
In + —In
3by

In(u/Agcp) | 2

(Ratio scheme)

12

(Selt-renormalization)

=~ 0.754 —— Pert.NLO

« CLQCD

T explg(z) —moz]

0501 [ Z,a=0.0775fm

u=2GeV,P,=0

I Z,a=0.0897fm
0.25 A R
I Z.,a=0.105fm
0.00 | T T T T
0.2 0.4 0.6 0.8 1.0
z(fm)
parameter fit result
k 1.93(0.61)
Aqcp(GeV)  0.61(0.09)
mo(GeV) 2.94(1.36)
d —0.051(0.02)
x?/d.o.f. 0.09




Relhr(z, P,)]

i Renormalization
LAJ ——————————————————————————————————————————————————————————————————e—mm————————  C L Q C D

Renormalized matrix elements:

a = 0.105fm a = (0.090fm a = 0.077tm

1.2 1.2 | 1.2
I 0.98GeV I 0.86GeV I 1.00GeV
1.0- **h{ij I 1.48GeV 101 = i%ﬁ I 1.30GeV 107 = I 1.50GeV
t I 1.97Gev I I 1.73Gev Biy
0.8 - : { 0.8 - { i __ 0.8 i{
i { — 1T — %#
0.6 - Pl Q' 06- ol 1o ' 0.6+ :
% { { L\lé 1 t 1 . T % { ]: ]: [
0.41 { 'S 0.4 Ll L = 04- }
} } . o T ] o ] o 1
0.2- l l I | TT T . 0.2- (] 1 [Th T 0.2 - l ]
O O I e e e %“‘ _',;__l _l"’{__'::__"__" 0.0 -——————————————————:--ig———-";:-—-—H ————— St i el el 0.0 "““______________'”'“_,g_ _____ _.____"_ _____________
—-0.2 T T T T T T "I —= —-0.2 T T T T 1 T T[ r T —-0.2 T T T -l- T — T T
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
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Renormalization fEiicases

« CLQCD

Large 1 = zP, extrapolation: ’]‘,’lR( A) =A% e~ M

1.2 :
|
: | Lattice Data
1.0 i B Extrapolation
: fit range
0.8 - |
|
2 i
0.6 -
< : C24P29
= | 0.98GeV
= 0.4- |
) |
o’ |
0.2 - |
0.0
—0.2
0 2
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m EECEE @B
« CLQCD
1
5(x, P9) J' dy X /1 AQCD AQCD
AEW, 7)) = hybrid
Ly Y (xP?)?2" (1 — x)P?)?
Matching kernel Laght-cone PDF
(Perturbative)
a = 0.105fm a = 0.090fm a = 0.077fm
3.0 3.0 3.0
0.98GeV 0.86GeV 1.00GeV
<25 1.48GeV 25 4 1.30GeV 25 1.50GeV
= C24P29 1.97GeV E32P29 1.73GeV F32P30
‘g’,zo 2.0 - 2.0
= 15 3 1.5 - 5 1.5 1
5 X X
X 1.0 §<m 1.0 - gw 1.0 -
0.5 1 0.5 - 0.5 -
0.0 0.0 0.0
-0.5 ' ' ' 1 ~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 0.0 0.2 0.4 0.6 0.8 1.0
X X X
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CMD Large momentum and continuum extrapolations it
b&b —————————————————————————————————————————————————  C L Q C D
, , d(x) Systematics:
xg(x, P,, a) = xgy(x) + a’f(x) + a"P;h(x) + P2 * ) extrapolation
<

* Renormalization scale dependence

* Infinite momentum and continuum extrap.

statistical uncertainties

statistical+systematic uncertainties ¢ Hybrld Scheme Z
CT18 NNLO S
| NNPDF NNLO
3.0
—— mean value
- i Sys:lambda extrapolation
\>5 2.5 Sys:renormalization scale
Py B Sys:the choice of z
5 2.0 Sys:momentum extrapolation
9 B Statistical
1.5

xg(x)/{x)

_0-5 I I I I
0.0 0.2 0.4 0.6 0.8 1.0
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Unpolorized gluon pdf of the nucleon 1s computed at M, ~ 300MeV 1n
the framework of LaMET. The result agrees with the global fit results.
Mixing with quarks 1s 1gnored.

Furthur improve the signal: momentum smearing for large momentum,
gradient flow...

More lattice spacings, physical pion mass.
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Thanks!



Self renormalization factor

kZ 1.50

/ ,l/a, = €X - mnZ T 129
e = e { alnfaAgepl
5C, In(1/ aNQCD) 1 d ,

: lIl + —ln 1 : 0.25

3b, In(pu/ AQ CD) 2 In [aAQ cDI .

Parameters in Z; 1s determined by fitting the zero-momentum bare matrix elements:

« CLQCD

4 —— Pert.NLO

1 explg(z) — moz]

1 I Z.,a=0.0775fm
I Z.a=0.0897fm

I Z.a=0.105fm

0.2

. kz
Inh'%(z, P, =0,1/a) = —
5 /a) alnaAqcp|
'In(1/aAqep) 1T d 17
: 5C'A1n n(1l/aAqcp) 4 “Inl1 - O
3bp | In(p/Aqep) 2 |  InlaAqep]. Z (2 p) = 11 asCa
MS\# M) = 2T T

N ln[ZM—S(z,u)] +moz ifzpg<z<2z
g(2) if 21 < 2

0.4

0.8

1.0
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> Backups
Matching kernel:
2(1—&+£2)2 . 11—28£+18¢2—12¢°
_ ( 1-¢ ) lngfl ! %(1—§) g ]+ ¢>1
v CasCxa ) [201—¢+€2)? 2 15—56¢+102¢2 —96¢3 +48¢*
C'ra,tio (‘sa sz) — 5(1 _g) ! I i ( 16_; ) ( In 4yléPz2 | h’l(g(l _6))) : = 6(15—45) R ]+ 0< g <1
—2(1—£+£2)2 11—286+18£2—12¢3
e g e L <<,

C'hybrid(ga /\Sa = ):Cratio (ga = ) |

asCa 9 ( 1 28i((1 - §)|y‘)\s)>
y P, yP, +

or 6\ |[1—¢&| (1l — &)



