Unpolarized Gluon PDF from Lattice QCD
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Introduction & Motivation

* Gluons: meditators of strong interaction

 Gluon PDFs: necessary input for high energy scattering experiments
* Phenomenological studies : model dependent, hard to constrain the PDF in large-x region
e Lattice QCD: large momentum effective theory (LaMET), pseudo-PDF methods

We calculate the unpolarized gluon PDF of proton using LaMET theory.
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Introduction & Motivation

Large momentum effective theory(LaMET)

Phys.Rev.Lett. 110 (2013) 262002

Z2+ct=0, z—ct#0

boost matching

* Light-cone quantities cannot be calculated directly using Lattice QCD approach.
* The difference is in UV physics, perturbative matching can connect the quasi-
PDFs (lattice) and the light-cone PDFs.



CLQCD Configurations

Name | Volume | Lattice Spacing | Beta | Pion mass conf
(fm) (MeV)

C24P29 | 243 x 72 0.105 6.200 293 879

E32P29 | 323 x 64 0.0897 6.308 290 900

F32P30 | 323 x 96 0.0775 6.410 300 777

 2+1 flavor ensembles with Wilson-clover quark action PRD109(2024)5,054507



z+ct=0, z—ct #0
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Bare matrix element
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The light-cone PDF of gluon is defined as: Ve -’
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According to LaMET, light-cone PDF can be extracted from quasi-PDF
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Where (P|0(z)|P) is quasi-matrix element which can be e 47
extracted from two-point and three-point correlators (calculated //rll \
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Quasi-matrix element

F,.
Two-point correlator is defined as
<
Copt(Po tsep) = ) (OIN(Puito + teep)N1 (P £0)]0)
to F#u to +1
Three-point correlator is defined as
_—

Cgpt(PZ; Z; tseps t)
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to

where 0(z; t) is gluon operator to to + tsep

0(z;t) = Myt (2 ) + Mty;ty(Z; t) — ZMxy;xy(Z; t) An illustration of gluon’s three-point correlator
with M/,M;vp (Z; t)

— Z Tr[FM(J_f +z2; ) U(X + zZ,x; t) va(f; DU, X + zZ; t)]
X



Noise reduction technique

» Laplacian Heavside (LaPH) smearing technique

, _ , » Use the rotational symmetry:
* Smearing: an operator that effectively projects onto the

hadronic states of interest. Capt = 3 [C3pt(Po X tsep, t) +
* Applying LaPH operator on quark field: v — vvTy
I/ is made up of a small number (N,) of eigenvector of C3pt(Py Y tseps t) + Capt(Pys 2 tsep, t)]
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Bare matrix element

The three-point and two-point correlator can be decomposed as:

CZpt(PZ; tsep) — |C/40|28_EotSep T |041|28_E1tsep

bare matrix elements
Capt(Py; 23 t, tsep) = |Ao|2(0]0(z; t)]|0)e ~Eotser + A4 |2(1]0(z; t)|1)e Eafsep

+ A1 AG (110(z; )]|0)e~F1llser™De~Fof + Ay AT (0]0(z;1)[1)e~Folbser™De~Fat

Bare matrix elements can be extracted by fitting the ratio of three- to
two-point correlator:

bare matrix elements
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Bare matrix element
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Bare matrix element

Co

Determine the fit range:
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hB(Z, PZ)

Bare matrix element
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Renormalization

Hybrid renormalization:

- iig (z,P,,1/a) Eg (z,P,,1/a)
hrn(z, P,) = = O(z. — |z|) + O(lz| — z.),z. = 0.3fm
R( z) hg(Z, Pz _ 0,1/a) ( S | D Ns ZR(Z, 1/Cl) (l | s) S
ratio scheme self renormalization scheme
2
kz 5C In(1/aA 1
Zp(z,1/a,u) = exp +moz+—A1n ( / QCD) +=In|1+
alnaAqcp] 3bo | In(u/Aqep) | 2 In|aAqcp]
1.50 g parameter fit result
#
Rus) Py i ! h k 1.92(1.18)
gloo E E @ AQCD(GGV) 0.59(0.15)
g o7 — Petio mo(GeV)  2.78(1.51)
0501 1 ::‘;Z;;‘;: 1= 2GeV,p, =0 d —0.079(0.403)
"1 1 #.a=oa0stm x2/d.o.f. 0.09
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hr(z, P,)

Renormalization
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Quasi-PDF

* Large lambda extrapolation * Fourier transform
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Matching & extrapolation

Ldy b U A%QCD AzQCD
* matching: xg(x,P, =J — Chybri (—,/1,—> 7 +0( , )
g g( Z) » |y| hybrid y S )/PZ yg(y ) (xPZ)z ((1 . x)PZ)Z
Quasi-PDF Matching kernel light-cone PDF
(Lattice) (Perturbative)

d(x)

Momentum & continuum extrapolation:  *9(x, P, @) = xgins(x) + a*f(x) + a®P2h(x) +

xg(x)/{x)
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Numerical Result

Systematic uncertainties:
A extrapolation
* Renormalization scale u dependence

. . . . statistical uncertainties

* Infinite momentum and continuum extrapolation statistical-+systematic uncertainties
. ' CT18 NNLO

* Hybrid scheme z; dependence 1 NNPDF NNLO

3.0
—— mean value ,>.<._
I Sys:lambda extrapolation =
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BN Statistical
X 15
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> 0
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Estimation of statistical & systematic uncertainties 16



Summary and outlook

» We calculated the unpolarized gluon PDF of the nucleon at m;~300MeV
in LaMET framework. The result agrees well with the global fit result
» To be improved:
* Mixing with quarks is ignored
* Use momentum smearing to further improve the signal of large
momentum

* More lattice spacings, physical pion mass.

%]’?/f/[/ﬁ/[//
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Backups



Renormalization

* For gluon the fitting formula IS :
~ - 2 uCA
Inhg(z, P, =0,1/a) = aln[aAQCD N

ln[Zm(z, ,u)] +mpz ifzp<2< 2y
q(z) if 21 < 2z

2
In( l/aAQCD)] N lln [1+ d ]
In(p/Aqep) 2 ]

)

Self renormalization factor can be given by:

kz ) oCA In(1/aAqep) 1 d :
z,1/a, ) = ex +moz + — |+ =In{l+ ———| »,
( / / ) p {aln[(}AQOD] 0 }L\ 3{)0 lﬂ(lix/AQCD) 2 ln[a.AQCD]
2.00
1.75 A
z0=0.15fm,z1=0.3fm
1.50 5 . ; I
EMS i . L h ]I[ k parameter fit result
N 100 E E k 1.92(1.18)
go7s| —rerno @ Aqep(GeV)  0.59(0.15)
0504 | % a=0.0775fm L= 2Gev.P.=0 mo(GeV) 2.78(1.51)
0.25 - i z»a=0.0897fm p 0 079(0 403)
I %, a=0.105fm . .
000 0.2 0.4 0.6 0.8 1.0 x?/d.o.f. 0.09

z(fm)

Cgbgt operator
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Estimation of systematic and statistical uncertainties

* Aextrapolation: taking the difference between the
results from two fitting ranges

Ensemble P default range new range
(GeV) (aPy) (aPz)
C24P29  0.98 [10, 14] 8, 14] 30 —— mean value
1.48 [7,11] [5,11] Sys:lambda extrapolation
1.97 (6, 10] [4,10] 2.5 7 Sys:renormélization scale
Sys:the choice of zg
E32P29 0.86 [12, 16] (10, 16] 2.0 Sys:momentum extrapolation
1.3 [9,13] [7,13] BEm Statistical
1.73 (7.11] (5,11] < 15
F32P30  1.00 (10, 15] 8,15] =
1.50 8, 15] [7,15] § 1.0
* Renormalization scale u dependence: 0.5 1
u=2GeV,as;(u) = 0.296 (default ) & u = 4 GeV, a,(u) = o
0.23 '
* Infinite momentum and continuum-limit 0.5 : . : .
] . : 0.0 0.2 0.4 0.6 0.8 1.0
extrapolation: combined extrapolation result & the x

resultata = 0.0775 fm ; P, = 1.5 GeV
* Choice of z; : z; = 0.3fm (default) & z; = 0.2fm

20



Matching kernel
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