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§ Backgrounds
X LaMET Method and Progress on PDFs
§ Selected GPDs Results

X Progresson the zero-skewnessGPDs
X zero-skewnessGPDs
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8§ GPDs£ncode information about the spatial structure & t
partonlc distribution of spin and orbital angular moment
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What Is Lattice QCD?

§ Lattice QCD Is an ideal theoretical tool for investigating
strong-coupling regime of quantum field theories

§ Physical observables are calculated from the path integ
(Mo ) & 617 a6 )
In BEudlitleanspace
X Quark mass parameter -
(described bya ) quark field e —
X Impose a UV cutoff N H' Fa ‘I

discretize spacetime \ T
X Impose an infrared cutoff gluon field ([ . '

finite volume XY, 2
8§ Recover physical limit |
(’x O (’x . -1 O . J O I—b t 4? y
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Lattice QCD 101

§ Lattice QCD Is an ideal theoretical tool for investigating
strong-coupling regime of quantum field 1
8§ Physical observables are calculated fron
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§ Recover physical limit | -'H-ﬂih- |
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Moments of PDFs

8 PDGlike rating system or averag?(b
§ LatticePDMVorkshop

X Lattice representatives came together and $ ¢

(OX¢ VIR (Y

devised a rating system
§ Lattice QCD/global fit status

LatticePDFReport, 1711.07916, 2006.08636

Moment Collaboration Reference N¢ DE CE FV RE ES Value Global Fit
ETMC 19 (Alexandrou et al., 2019b) 241+1 B * O * X 0.926[32)
gT PNDME 18 (Gupta et al., 2018) 24141 % H * Kk Xk 0.989(32)(10)

yQCD 20 (Horkel et al., 2020) 2+1 H % O % % 7§ 1.096(30)
LHPC 19 (Hasan et al., 2019) 2+1 O % O *x *x ° 0.972(41)
Mainz 19 (Harris et al., 2019) 241 * O * * * 0.965(38)(T13 010 —1.1
JLQCD 18 (Yamanaka et al., 2018) 2+1 HE O O % % 1.08(3)(3)(9)
ETMC 19 (Alexandrou et al., 2019b) 2 H * O % % 0.974(33)
ETMC 17 (Alexandrou et al., 2017d) 2 H + B % % 1.004(21)(02)(19)
RQCD 14 (Bali et al., 2015) 2 O % % % H 1.005(17)(29)
ETMC 19 (Alexandrou et al., 2019b) 241+1 H * O ¥ * 7 0.716[28)

<1>5u— PNDME 18 (Gupta et al., 2018) 24141 % * * * * ° 0.784(28)(10) -0.14 — 0.91
JLQCD 18 (Yamanaka et al., 2018) 2+1 HE O O % % 0.85(3)(2)(7) ) ’
ETMC 17 (Alexandrou et al., 2017d) 2 H * H % *x 0.782(16)(2)(13)
ETMC 19 (Alexandrou et al., 2019b) 2+1+1 W Kk O * x 7 -0.210(11)

<1>5d_ PNDME 18 (Gupta et al., 2018) 241+1 % K * * * ° -0.204(11)(10) —D 97 o U 4?
JLQCD 18 (Yamanaka et al., 2018) 2+1 H O O % x -0.24(2)(0)(2) ) )
ETMC 17 (Alexandrou et al., 2017d) 2 H * B % % -0.219(10)(2)(13)
ETMC 19 (Alexandrou et al., 2019b) 24141 B * O * * 7 -0.0027(58)

<1>5s_ PNDME 18 (Gupta et al., 2018) 241+1 % K* Kk * Kk -0.0027(16) N/A
JLQCD 18 (Yamanaka et al., 2018) 2+1 B O O % % -0.012(16)(8)
ETMC 17 (Alexandrou et al., 2017d) 2 H * B % % -0.00319(69)(2)(22)
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Moments of PDFs

8 PDGlike rating system or averag
§ LatticePDMVorkshop

X Lattice representatives came together and
devised a rating system

§ Recent lattice QCD/global fit status oss oz 0zs 020

Qwo 11w
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Lattice Structure Limitation

8§ Lattice calculations rely on
operator product expansion,
only provide moments

(0 ) Qo 1(®)

§ Longstanding obstacle!
X Holy grall of structure calculations

§ Applies to many structure quantities:

X Parton distribution functions (PDF)
X Generalized parton distributions (GPD)
x Transversemomentum distributions (TMD) | ==

~
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- ANEW BOPE

't I1s & pprerioc, ofFf waar EAMNMC) 2 COMOTrT™Mic s LAEYE T TS
FTesrPrrrxoil hhas eongulfed thhe gsalactic republics.

Basic truths at foundation of the hman civilization
are disputed by thhe dark forces of thhe evil emplilvre..

A small sroup of QCD HKnights from United Federation
of Physicists has gathered in a remote location on the
third planet of a star called Sol on thhe inner edge of

the 'Orion—Cygnus arm of the galaxy.

The QCD Knights are the only ones who can tame the
power of the Strong Force, responsible for nol\ding
atomic nuclei together, for giving mass and shape Yo

matter in the Universe.

They carry secret plans to build the most powerxritul
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L attice Parton Method

§ Largemomentum effective theoryl(@ME}/quastPDF
(X. Ji, 2013; See 2004.03543 for review)

g i
& N 0 "k;& %__E

§ Compute quasdistribution via

RSV Qq
r]((Ah h)) F“Q

5[ @sacfooas @) m 6>
8 Recover true distributioiftake P,© Holimit)

’dﬁrﬁ . ﬁ— ol 1 D F‘Y F‘ b
@D 8 (he) A | g (@ ®)

X. Xiong e.a., 1310.7471; JW. Chen e.a., 1603.0666
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L attice Parton Method

§ Largemomentum effective theorylaME)/quastPDF
(X. Ji, 2013; See 2004.03543 for review)
\
Additional source of systematics:”- )
Smaller0 gives better signal but larger systematics
(like how heavier pion mass gives better precision)

New parameters inx-dependent methods to
pay attention to /ﬂ

§ Compute guasarstripution via

N A

S Qa
r]((Ah ho ) F“Q

5[ @sacfooas @) m 6>
8 Recover true distributioiftake P,© Holimit)

L v [~ . L . ¥ . X
AGHD ) 6 () A

h— h
b@R) (0 @)
X. Xiong e.a., 1310.7471; JW. Chen e.a., 1603.0666
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Direct x -Dependent Structure

§ Longstanding obstacle to lattice calculations!

Quantities
that can be pQCD
calculated calculated
on the lattice kernel
today '

>

Quasi-PDHlarge -momentum effective theory (LaMET)

(X. Ji, 2013; See 2004.03543 for review)

Pseudo-PDFmethod: differs in FT(A. Radyushkin 2017)

Lattice crosssection method (LCS (Y Ma and J. Qiu, 2014, 2017
Compton amplitude method(A.J. Chambers et al., 1703.01158
Hadronic tensor currentS(Liu et al., hep-ph/9306299, ... 1603.07352)
Euclidean correlation functions(RQCD, 1709.04325)

X X X X X
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L attice Parton Calculations

8§ Rapid developments!
HL, Prog.Part.Nucl.Phys 144 (2025)

LaMET /quasi-PDF
lattice calculation
is ; werw [
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L attice Parton Calculations

8 Physicgjuantity milestones "Ng-PDF
First PDFs 1GPD @) | | ==
First unpol . gt 10 s
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HL, Prog.Part.Nucl.Phys 144 (2025) 104177

“'r MICHIGAN STATE Huey-Wen Lin» EINN 2025 @ Paphos, Cyprus

UNIVERSITY
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Lattice Example Results

§ Summary of PDF results at physical pion mass
unpolarized longitudinally polarized transversely polarizec

-9

10(w 1w

5 B LP318, [Pual =30GeV | | 4l W LPS18, |Pmax| =3.0GeV 1 | 41 W LPS18, [Pmax| = 3.0GeV 1
B ETMC'20, |Pyax] = 1.4 GeV ] [l ETMC'18, |Pmaxl = 1.4 GeV ] i B ETMC'18, |Ppaxl = 1.4 GeV
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8
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Lattice Example Results
§ Summary of PDF results at physical pion mass

unpolarized

30w 33w

longitudinally polarized transversely polarizec
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Lattice Example Results

§ Summary of PDF results at physical pion mass

unpolarized

Theory

R

longitudinally polarizeg

Exp’t
Input l ‘ Input
Global Analysis +
of PDFs

N

transversely polarize

»

§ Complementary Iattme mputs for best PDFs

Work has been made in
this direction

0 o0z 04 6
Phys. Rev. lett. 120, 152502 (2018)
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Lattice Example Results

§ Summary of PDF results at physical pion mass

unpolarized

§ Complen

Theory wm

Input

R

longitudinally polarizeg

transversely polarize

ik e

Bl it PDFs
—0.4- Work has been made in
______ — this direction
0.2 0.4 0.6 LA
Global Analysis +
of PDFs

0 02 04 06
Phys. Rev. lett. 120, 152502 (2018)
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Isovector PDFs Update

8 NucleonisovectorPDF calculated directly physical pion mass

X NNLO matching & treat leadingrenormalon effects @ @

{ Leadingrenormalon resummation (LRR) R. Zhang, et. al.
{ Renormalization-group resummation (RGR) PLB 844, 138081 (2023)

X N.=2+1+1clover/HISQ,(0 m@tdm,0 ¢' A6
J. Holligan, HL (MSULai), 2312.10829 [hep-lat]

2 0———m N
| \\ — NNLO
Wanted 2.5 [\l \ — NNLOxRGR
PDFs, v \
GPDs, : N — NNLO+LRR
ctc8 2.0 =\ '
| — (NNLO+LRR)xRGR

" N @ Qo
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Isovector PDFs Update

8 NucleonisovectorPDF calculated directly physical pion mass

X NNLO matching & treat leadingrenormalon effects

{ Leadingrenormalon resummation (LRR)
{ Renormalization-group resummation (RGR) PLB 844, 138081 (2023)

x N.=2+1 clover/HISQ, 18t X fn, 0

4.0
351
Wanted
PDFs, |
GPDs, ; 3.0
etc8 3
= 2
IS

N
o

aqu—d (X, u

MICHIGAN STATE
UNIVERSITY

R. Zhang, et. al.

W
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p®' A6
X. Gao et al (ANL/BNL), 2310.19047 [hep-lat]
JAM3D-2022 -
Radici, Bacchetta ‘18 Transve rSIty
DNN (zZmax = 0.92 fm)
x-space (NLO+LRR)
x-space (NLO+LRR+RGR) _
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Continuum PDF
X Lattice detalls: clover/2+1 clover (LPC) m
a {0.49, 0.64, 0.85, 0.98}m, . -
M,L ¢ F 08 b o n
O ¢ SQUBY 16(6) 106

§ Nucleon PDFs usimgiastPDFsn the continuum Iimitg‘
M, ¢ § ¢ ¢ gMeV pianT ¥
2 4f

e This Work

Fei Yao et al (LPC), 2t JAM 22
2208.08008 16 JAM 20
1.2}
0.8}

Wanted
PDFs, GPDs, 0.4}

etc8 0

~0.4}
-075 -05 -025 0 025 05 0.75 1
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Picture from A. Belitskyaand A Radyushkin
Physics Report, 416 (2015)
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Bjorken n-x Dependent GPDS'7) s

Singleensemble result

finite -volume,
discretization,
heavier quark mass,
Smaller boostedD |,

PR
e 1 T
R
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First Lattice GPDs

§ First glimpse intwion GPD usin@Quasi-PDH LaMET

X Lattice detalls clover/HISQ0.12fm,310-MeV pion mass
5 A6 MILC, Phys. Rev. D, 82 (2010), 074501

Phys. Rev. D, 87 (2013), 0545055

J. Chen, HL, J. Zhang, 1904.1237;
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First Lattice GPDs

§ First glimpse intwion GPD usin@Quasi-PDH LaMET

X Lattice details: clover/HISQ0.12fm,310-MeV pion mass
MILC, Phys. Rev. D, 82 (2010), 074501;

0 p®H' A6 Phys. Rev. D, 87 (2013), 0545056

J. Chen, HL, J. Zhang, 1904.1237;
Lo Q- - — -~ — - >
"0 (ah Fon —Q “(0 sIONN|(—]r 3(—h — | —]J|“@© s¥*
(ah hat ) — <( c)‘n<c>r <c C)n( c)‘ ( c)>

L9 p®' A6 o hgl(z,Py=4t=-2)]

e
MWHWE *mm”' <

_15 0 5 1.0 . L 1 L L 1 L Wanted
0.0 02 04 06 08 1.0 1.2 1.4EE
z  (plot by J. Zhang) GPDs,

X etc8
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Isovector Nucleon GPDs

8 Nucleon GPD usirguastPDFsat physical pion mass

X MSULat clover/2+1+1 HISQ i
0.09fm, 135MeV pionmassp) ¢' A6

msovector nucleon GPD results

HL, Phys.Rev.Lett 127 (2021) 18, 182001
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Isovector Nucleon GPDs

8 Nucleon GPD usimgiastPDFaat physical pion mass
X MSULat clover/2+1+1 HISQ

0.09fm, 135MeV pion massh  ¢' A6 @)
X ,  Tusovector nucleon GPD results v
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Isovector Nucleon GPDs

8 Nucleon GPD usinguastPDFsat physical pion mass

x Lattice details: clover/2+1+1 HISQ MSUL&)
0.09fm,135-MeVpionmass,) ¢' A6

X Ttisovector nucleon GPD results

(¢)o ©® (¢)o (9

h

* PNDME19 2+1+1f 0.06fm b
* PNDME19 2+1+1f 0.09fm '
A ETMC18 2+1+1f
v PACS18 2+1f -
m LHPC17 2+1f '

&= VSULat20 2+1+1f

Checked for the
very first time on
the lattice!
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Isovector Nucleon GPDs

8 Nucleon GPD usinguastPDFsat physical pion mass
X Lattice details: clover/2+1+1 HISQ MSULa)

0.09fm, 135-MeV pion mass,0 ' A6
X ,  Tusovector nucleon GPD results
Q o (¢)6 ©® (¢)o (9
h
€ C S I—ll\/[;;UlLalltZIOIZJrllj-llf
0.3} AETMC'19 2+1+1f -
[ [ »ETMC'19 2f
: RQCD'18 2f |
& O H h 1 Checked for the
oaf ]} very f|r§t time on
; the lattice!
0' 1 | 1 | 1

OI | .0.2. | I0.4I | .0.6. | IO.SI | .1.0. | .1.2
Q* (GeV?) HL, Phys.Rev.Lett 127 (2021) 18, 182001
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First LQCD Tomography

8 Nucleon GPD usimgiastPDFaat physical plon mass

x Lattice details: clover/2+1+1 HISQ N
0.09fm, 135-MeV pion massp ¢' A 64 finite -volume,

discretization,
X Ttisovector nucleon GPD results

A (Ghe) O(uh Mo )t é‘ v

HL Phys Rev. Lett. 127 (2021) 18, 182001

8 Nucleon helicity GPEQ and pion GPDO usmgquas+PDFs

at physical pion mass HL (MSULay, Phys.Lett.B824 (2022) 136821;
Phys. Lett. B 846 (2023) 138181
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Tomography @ Physical Pion Mass

§ Lots of progress on tomography by many collaborations

2.0

] 1.0

05k )

of

15F "%

I
X

H02E04B05H0E6HOLY

Figure 4.1: Nucleon isovector H (left), E (middle) and H (right) GPDs at £ = 0 with z-expansion to Q7 at selected z values.

HL, Prog.Part.Nucl.Phys 144 (2025) 104177
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Tomography @ Physical Pion Mass

>ollaborations
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HL, Prog.Part.Nucl.Phys 144 (2025) 104177
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Asymmetric -Frame GPD

8 New calculations by ANL/BNL/ETMC using asymmetric frame

X 2+1+1 twisted-Wilson, 0.09fm, 0 8' A6
260-MeV pion, one sourcesink used /£

finite -volume,
discretization,
heavy quark,

X , Tuisovector nucleon GPD result*® ~ excitedO O A ¢
'i.
N(P /2)
tsaﬁ'rce inig
q(lfl O ) Fi(z, P,A) = u(ps, N') %;’11 + mzt Ay + %Ag +imot* Ay
(—| ((‘h horo )r f((*h hoto ) c O >O(U ) + ?'C;n& Ag + P ;: AA(‘ + mzPic*® Ay + A :: AAS u(pi, A)

H(Z . PS/“.Z . A.s/u.’ (A.s/u.)Q) - Al +

ANL/BNL/ETMC, 2209.053732310.13114
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https://arxiv.org/abs/2209.05373
https://arxiv.org/abs/2310.13114

-Frame GPD

Asymmetric

8 New calculations by ANL/BNL/ETMC using asymmetric frame

X 2+1+1 twisted-Wilson, 0.09fm, 0
260-MeV pion, one sourcesink used

Ttisovector nucleon GPD result®

X ,
3 : r
-t=2.24 GeV/2 H(.x, é: — 0.1‘)
25  t=1.49 GeV? )
-t=1.36 GeV2 mmm
2F  =1.22 GeV? mmmm u=2GeV -
-t=0.79 GeVZ mmmm
15L  4=0.64 Gev2 mmmm ~ 1.3 GeV |
-t=0.33 GeV?
(L =017 Gev? NLO _
4=0 GeV? m— @<(|AQ|CPDZ)>
05 F X |
X
1

6

finite -volume,
discretization,
heavy quark,

" excitedstateh

8' A6

- - — Q - —
1 I

t=2.24 GeV?2
-t=1.49 GeV?2 E(xag — Oat) -
-t=1.36 GeV?
1=1.22 GeV? _
-t=0.79 GeV? - H= 2 GeV 4
1=0.64 GeV? NN ~ 1.3 GeV

1=0.33 GeV?2
4=0.17 GeV? mmmm

NLO

o Aqcep
([x[P?) ) |

See Joshua Miller talk next
ﬁ MICHIGAN STATE

-0.5 0

0.5 1

ANL/BNL/ETMC, 2209.053732310.13114
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GPD Systematic Update

8 NucleonisovectorGPDs calculated directly at physical pion ma
X NNLOmatching & treat leadingrenormalon effects @ 9

{ Leadingrenormalon resummation (LRR) R. Zhang, et. al.
{ Renormalization-group resummation (RGR) PLB 844, 138081 (2023)

X N.=2+1+1 clover/HISQ,(0 18t dm, 135-MeV pion,0 ¢' A€
J. Holligan, HL (MSULa, 2312.10829 [hep-lat]

20
Wanted lL/\ o O AzQCD AQCD
PDFs, _ / — NNLO 2 _ 5
GPDs, 15 — (NLO4LRR)xRGR (P9~ (L = 0P
etc3 R N — (NNLO+LRR)xRGR
\{‘_“‘ *=0.39 Ge‘?
%4 02 00 02 04 06 08 10 P: JackHolligan
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GPD Systematic Update

8 NucleonisovectorGPDs & pion valenagpuark GPDs

X NNLO matching & treat leadingrenormalon effects Q 9
{ Leadingrenormalon resummation (LRR) R. Zhang, et. al.
{ Renormalization-group resummation (RGR) PLB 844, 138081 (2023)

X N,=2+1+1 clover/HISQ,00 Tm8tdm, X N=2+1clover/HISQ, T8t m,

135-MeV pion0 ¢' A6 300-MeV pion,0  ¢' A6
J. Holligan, HL (MSULalb, H. Ding et al (ANL/BNL/Wuhan),
2312.10829 [hepat] 2407.03516 [hep-lat]
Heng Tong Dlng @ Tue. 9:30 AM

NNLO+LRR u=2GeV
EEENNLO-+LRR+RGR

pion Ci20Gev?

—t = 0.231 GeV?

Wanted (NNLO+LRR)xRGR — Q*=0.0 GeV? 29 \‘“
PDFs, N _ 62019 Gev? :
GPDs, : O\ 00390V
etc8 ' — @2=0.77 GeV?

Q?=0.97 GeV?

—t = 0.455 GeV?
—t = 0.887 GeV?
—t = 1.095 GeV?
—t = 1.690 GeV?2

P, = 1.937 GeV
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GPD Systematic Update

8 NucleonisovectorGPDs & pion valenagpuark GPDs

X NNLO matching & treat leadingrenormalon effects @ ?
{ Leadingrenormalon resummation (LRR) R. Zhang, et. al.
{ Renormalization-group resummation (RGR) PLB 844, 138081 (2023)
z=0.3 z =05 Ni=2+1 clover/HISQ,c0 T8t ¢hm,
300-MeV pion0 ¢' A6

H. Ding et al (ANL/BNL/Wuhan),
2407.03516 [hep-lat]

FZZINNLO+LRR, u = 2 GeV

2.0 1 O\ . EEENNLO+LRR-+RGR
Z2\% pion —t =0 GeV?
2R t = 0.231 GeV?
f//; AN —t = 0.455 GeV?

>
<<

—t = 0.887 GeV?
—t = 1.095 GeV?
—t = 1.690 GeV?

P, = 1.937 CK/]

R, \&
RS
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d 0 GPDs

§ Only the NLO matching kernel is available

?C(x,y,H,E,Pz)
=d6(x —y)

asCr ( § + x| § + x| )(ln(4y2(§+x)2P§)_l)
an \26G+2) T G+ NG -») p?

(= 1e - )(m 42— )PF\
286 —y) (E-y)x—-y) p?

E+x §—x\ 1 Ix =y 4y?(x — y)*Pf
T (€+y+f—y)lx—y|_€2—y2 (m( ue )_1)}

Fei Yao, Yao Ji & JianHui Zhang, JHEP 11(2023) 021
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d 0

CREDES

§ Physical pion mass; NDO ¢' A 1,0

. NLO

hi(z.P,)

Quantities
that can be

calculated on
the lattice

_ . NLOXRGR
04 Ay . NLO4LRR
it
: . (NLO+LRR)xRGR
i 1
02 Iﬂ
i
v IIH i iz iy 1F LE 1z
Ifl K EII A i
04 0.6 08 10 12
z (fm)
2.0 : .
m . NLO
. NLOxRGR
15 1t 1
' A . NLO+LRR
it L . (NLO+LRR)xRGR
1.0 oL
3 R
I N
L A
0.0 T il
0.4 0.6 0.8 10 12
z (fm)

e d A6

0.2r

. NLO
- NLOxRGR

0.0

-0.2¢

hil(z,Pz)

-0.4F

-0.6¢

-0.8f

. NLO+LRR
. (NLO+LRR)xRGR

-1.0

0.4 0.6

0.8 1.0 12
z (fm)

«» NLO

0.0

-1.5¢

=20t

. NLOxRGR
. NLO+LRR
[ . (NLO+LRR)xRGR

04 06

08 10 12
z (fm)

J. Holligan, HL (MSULa,2312.10829 [hep-lat]
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d 0 GPDs

§ Physical pion mass; NDO ¢' A6 1,0 1@ d A6

. NLO [
021 NLO
. NLOxRGR
.‘ . NLOxRGR
0.4 iy . NLO+LRR 0.0 ———
it . NLO+LRR gr, TH IR LT
IR M DAL DN i3 L] tri R T
2.0 : :
— NLO
— NLO
— NLO+LRR

— NLO+LRR

-0 L L . . . ' '
-04 -0.2 0.0 02 04 0.6 08 1.0 -04 -0.2 0.0 02 04 0.6 08 1.0
X X
05 L s 1 -
: R 1
Wanted LR 111 I [ ] =15 ig?'
PDFs, id gy f ;—Ll : i g
0.0 i il S
GPgs, 20 I Cod I :
etc - . . . . T N N S
0.4 0.6 08 1.0 12 0.4 06 0.8 10 12
z (fm) z (fm)

J. Holligan, HL (MSULa,2312.10829 [hep-lat]
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Large logarithms in Matching

J. Holligan, HL, Rui Zhang, Y. Zhao, JHEP 207 (2025) 241

tE<z<1 = —t<xr<é Slide by Rui Zhang (MIT)

Difficulty Irrelevant logarithms Threshold Factorization
Multi-scale nature Quark log can be suppressed Cxy,6.P) xayj(l P) ® H((x + 6P,
xX,V,q, — X — X T
. Outgoing quark (x + S)PZ . [€+x| In (4({-}-;{)2 ) €+x—>0 0 y z Yitz z
) E+y) z
* Incoming quark (x — ¢)P, . .
. 1=~ 1 4(§-x)?PF § X0 >0 =)
* Gluon emission |x — y|P, (E+y) n( 12 ) i ( & _
o)y b *l“(fx(x—f)zpzz)
(x £ P,
ERBL region:
x — y|P Only inthe threshold limit (soft
+ &P z gluon emission x — y), the log Li=In u? _
£ OF: terms diverge (4("_” PZ)
DGLAP region:
Three different logarithms cannot be Logs diverge when & — 0, but Threshold log: soft gluon x — vy
resummed with only one RG equation same as above when u = 2xP,
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Large logarithms in Matching

§ Application on toy GPD model Slide by Rui Zhang (MIT)

o _ Test on GPD model Xo % Aqep/ Py
* Initial matChlng 20F" " Forward Matching ] osr ‘
* Cperap(t) = Ve (2xP, ))C(2xP) < | 04!
* Cprpr() = Ve(28P,))C(2EP)  § T\ | 205
1O NNLL-JeH 5
* Separate all scales 2 oo —NNLL-He! Loz
X—=y ‘;‘: . E x‘Lé
*c C—HQJ(or] ®H) Iooi 0.1
* Solving RG equations 5o -0.5/ 0.0 05 7o 0% Tos 1.0
* Hyr(W) = Vy (p, ) H (1) 2 g
* Jrr(w) =V Qui, ] (i) | N .’ e
201 Interepolation ] 1_5:_ Inverse|Matching ]

|Identifying physical scales

15 ) N ] Fo

_ - —J®H, linear B ] Fod

* Up, =2[§ +x|P - _HaJ, linear ) ' &0 |
5 Y __J@H, spline ’ ] S '

° pp, =2|&—x|P e spine ] S

0.5)
5

J ——GPD
gos /g T EaiLr |/ J&H, li
* w; = 2min{|x|,|§ £ x|} P s O ¥ A Ha., inear
0.0 A JeH, spl?ne
* Correct Full Matching s oo A @, spine
- -1.0 ~05 0.0 05 10 ey E— T
Crr = (H®1r ® (H ® iio @ Cnio X b "o 0)'(0 o "

J. Holligan, HL, Rui Zhang, Y. Zhao, JHEP 207 (2025) 241
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Large logarithms in Matching

§ First application to lattice data at physical pion mass

plots by Rui Zhang (MIT)
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Lattice Progress & Challenges

§ Not enough time to cover the following

X Nucleonisovector form factors and generalized form factors
(GFFs) using pseudd’DF and traditional OPE

X (LO) Twist-3 GPDs by ETMC

8 Challenges ahead for precision PDFs/GPDs
X Largemomentum0 is essential

{ With sufficient statistics nucleons may reach 5 GeV
X Large nonzero skewnesswithout dropping 0
X Methodsfor signal-to-noise improvement

{ Gluonic observables, new ideas for large momentum
X Access smalx physics; some methods have inverse problem in

PDF extraction, more computational resources, etc.
For more details and references, refer to 2202.07193
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Summary and Outlook

§ Exciting era using LQCD to study nucleon and pion GPDs
X Overcoming longstanding obstacles: Bjorkex dependent GPDs

8 Much progress in GPDs on the lattice

X Widely studied with LaMET and its variants 10
X Improvements: NNLO GPDs and systematics (LRR+RG
X Recent progress made in nonzerskewness GPDs < «

-035

§ Precision and progress are limited by resource
X Challenges = new opportunities

Theory %D D 6
Input ) ( Input

Global Analysis
of GPDs

Thanks to MILC collaboration for sharing their 2+1+1 HISQ lattices & USQCD/NSF/DOE tor computatlonal resources
The work of HL is sponsored by NSF grant PHY 2209424 & 1653405, DOE grant DESC0024053 & RCSA Cottrell Scholar Award
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Students Wanted
‘LGT4HEP websitehttps://Igtdhep.qgithub.io/

| Jl
o
lif :
< & LIGT4HEP
Q= | ‘.?l:: .
High Energy Physics = o0 e
<
— Computing Traineeship for
r N
Lattice Gauge Theory
/ JL)
=—\al
- Apply now:

Visit lgt4hep.github.io to learn more and
where to apply for the traineeship graduate

U L school program.

%
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Asymmetric -Frame GPD

8 New calculations by ETMC using asymmetric frame

X 2+1+1 twisted-Wilson, 0.09fm,
260-MeV pion, one sourcesink used

X Ttisovector nucleon GPD result®

finite -volume,
discretization,
heavy quark,

" excitedstateh
Q

f . sl /?m: = .. 3 /?i;_ d
3.0
t= —0.089 GeV2 (HL) £= _1 t= —0.445 GeV? (HL) £=_1
t= —0.493 GeV? t= —0.914 GeV?
2.0 t= —0.865 GeV? NLO - t= —1.337 GeV? NLO
B = —1.041 GeV?2 B t= -1.534 GeV?2

1.0

1.571 mm t= —1.696 GeV2 Agep 1 = t= —2.253 GeV? o eco
* = \ "\ (x| P9)

0.51

0.0

—-0.5 . . ' -
-1.0 —-0.5 0.0 0.5 1.0 -1.0 —-0.5 0.0 0.5 1.0

ETMC, 2508.17998
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https://arxiv.org/abs/2508.17998

Nucleon Polarized GPDs

§ Helicity GPDQ)usingguastPDFsat physical pion mass
X MSULat clover/2+1+1 HISQ
0.09fm, 135MeV pion massp ¢’ A6 o F
X ,  Tuisovector nucleon (quast)GPD results
HL (MSULaj, Phys.Lett.B824 (2022) 136821
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