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All quarks have a
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not that kind of
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Last-Day Plan

§ Lecture Plan (Fri ): 20 mins

& x-dependent parton distributions
e Recent lattice PDFs progress
s Applications to generalized parton distributions
e Future prospects and challenges

§ Hands-on exercises (40 mins)

& Work in small groups (4-ish students)

& With Python Jupyter notebooks

s Three-point functions (PC) & extracting
nucleon charges (IC; likely on your own)

- LT,
g Enn
1} ---
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Parton Distribution Functions

§ PDFs are universal quark/gluon distributions of nucleon

e Many ongomg/ planned experiments

Electron lon Collider:
The Next QCD Frontier

Imaging of the proton

How are the sea quarks and gluons,
and their spins, distributed in space and

momentum inside the nucleon?
EIC White Paper, 1212.1701
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Global Analysis

§ Experiments cover diverse kinematics of parton variables
& Global analysis takes advantage of all data sets

Theory . ‘ Exp’t

Input Input
_ Global Analysis
§ Some choices made of PDFs

for the analysis

& Choice of data sets and kinematic cuts
&= Strong coupling constant a (M)
& How to parametrize the distribution

xf(x, up) = apx® (1 —x)*2P(x)

& Assumptions imposed
SU(3) flavor symmetry, charge symmetry, strange and sea distributions
s=5=x(u+d)
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Global Analysis

§ Discrepancies appear when data is scarce
§ Many groups have tackled the analysis |
& CTEQ, MSTW, ABM, JR, NNPDF etc. 14
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PDFs on the Lattice

§ Traditional lattice calculations rely on
operator product expansion, only provide moments

most well known
(xn1), = ] dx x"1q(x)

& ©-

spin-averaged/unpolarized

‘e:’— -‘9* (x")aq = f_lldx x" T Aq(x)

spin-dependent
longitudinally polarized

1
¢ - ¢ (X" Nsq = J dx x™15q(x)
. -1

spin-dependent very poorly known
transversely polarized

§ True distribution can only be recovered with all moments
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PDFs on the Lattice

§ Limited to the lowest few moments

& For higher moments, all ops mix with lower-dimension ops
& Novel proposals to overcome this problem W. Detmold and C. Lin,

§ Relative error grows in higher moments g?:{;-o'?e"- D73 (2006)

& Calculation would be costly Z. Davoudi and M. J.

& Hard to separate valence contrib. from sea  5avage, Phys. Rev. D86
(2012) 054505
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Beyond Traditional Moments?

§ Longstanding obstacle!
§ Holy grail of structure calculations

§ Applies to many structure quantities:

& Generalized parton distributions (GPDs)

& Transverse-momentum distributions (TMD)
& Meson distribution amplitudes...

& Wigner distribution
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- ANEW HOPE.

't I1s & preriocd, of VW ERr EAMNMC) 2 COMOIr™i« s LAKNC * T TSI X
FTersPrrrxoil hhas eongulfed thhe gsalactic republics.

Basic truths at foundation of the hnGman civilization
Sre disputed by thhe dark forces of thhe evil empilvre..

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 thhe 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 powerxriul
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Bjorken-x Dependent
Hadron Structure

Biased selected results, highlighting work
done by MSU students/postdocs

o llllllllllll
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Lattice Parton Method

§ Large-momentum effective theory (LaMET)/quasi-PDF
(X. Ji, 2013; See 2004.03543 for review)

re r ’ /
. ® gk E

§ Compute quasi-distribution via

_ _(dz _, ] _ i Sy ,

G(x,u,P) = fEe f <P ‘l/)(Z)F eXp( lgjo dz'A,(z )>¢(0)‘P>
§ Recover true distribution (take Pz - oo Iimit)

N M2 A A
q(X;H,Pz)=J dyC(,P)q(y,u)_H? N “'QCD QCD

i"'\
' t

_ vl z P2’ (xP,)?’ ((1 B x)PZ)Z
X. Xiong et al., 1310.7471; J.-W. Chen et al, 1603.0666
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Lattice Parton Method

§ Short-distance factorization (SDF)

& pseudo-PDF method (A. Radyushkin, 2017) J

@ Hadronic tensor currents t@f
(Liu et al., hep-ph/9806491, ... 1603.07352)

& Lattice cross-section method (LCS) C) O

(Y Ma and J. Qiu, 2014, 2017)
& Euclidean correlation functions t@f
(RQCD, 1709.04325)
& Compton amplitude approach (QCDSF, 1703.01153)

uantities
Q Wanted

that can be PDFs, pQCD-
calculated GPDs calculated
on the lattice ' kernel

etc.
today
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Lattice Parton Calculations

§ Rapid developments!

Euclidean

First lattice

correlation

1St NNLO
PDF
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Lattice Parton Calculations

§ Physics quantity milestones

First unpol.
lattlce PDF
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https://arxiv.org/abs/1804.01483
https://arxiv.org/pdf/1702.00008.pdf
https://arxiv.org/pdf/1712.10025.pdf
https://arxiv.org/pdf/1904.12376.pdf
https://arxiv.org/abs/2003.14128
https://arxiv.org/abs/2007.16113
https://inspirehep.net/literature/1858017
https://arxiv.org/abs/2112.03124
https://inspirehep.net/literature/1794140
https://arxiv.org/pdf/1708.05301.pdf

Lattice Example Results

§ Summary of physical pion mass PDFs results

unpolarized longitudinally polarized transversely polarized
u(x) — d(x) Au(x) — Ad(x) Su(x) —8d(x)
38 st p=30Gey LD meped-s0Gey B0 ELPI8 o306y
[ ETMC'20, |Ppax| = 1.4 GeV [ ETMC'18, |Ppax| = 1.4 GeV [ ETMC'18, |Pyax| = 1.4 GeV
4 I ETMC'18, |Praxl = 1.4 GeV

< 3 Il JLab/W&M'20, [Pmaxl = 3.3 GeV_ 3r -]
3,0 2 :
1) 1F .

0 0
02 04 06 08 10 0z 04 06 08 10 oz oa oe os 1o

. o 2006.08636 (PDFLattice2019)
Finite volume, =
Discretization,
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Lattice Example Results

§ Summary of physical pion mass PDFs results

unpolarized

u(x) —d(x)

~ 3 B NNPDF 3.1
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Finite volume,
Discretization,

Au(x) — Ad(x)

du(x) —6d(x)

longitudinally polarized transversely polarized
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Strange, Charm & Gluons PDFs
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e Use
Discretize Monte Carlo
QCD action § to evaluate

integrals

Collect Collect
1 million 1 million
measurements § ! measurements v

P Xy

[
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Jirst Lattice Strange PD’F

§ Results by MSULat/quasi-PDF method o
& Clover on 2+1+1 HISQ, 0.12-fm 310-MeV QCD vacuum %}
> EXtraI)Olated tO Mn; ~ 140 MeV 0.10F v P,=1.290GeV  -wreeene CT18NNLO u

o P=172GeV

2005.0]]24, R. Zhang et al a_'_'; 0.05F ¢ P,=2.15GeV
(MSULat) &
- PR Y] I S —— S
Re[h(z)] /dx(s(x) — §(x)) cos(xzPy)
' -0.05f 1
0 1 2 3 4 5
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Jirst Lattice Strange

§ Results by MSULat/quasi-PDF method

@& Clover on 2+1+1 HISQ, 0.12-fm 310-MeV QCD vacuum o
e EXtrap()lated to MT[ ~ 140 MeV 0.10f v P=129GeV -wwrmr CT18NNLO 0{\_ :, _,—-4104ﬂ
o Peiz2cey NNPDF3.1NNLO
2005.01124, R. Zhang et al = 08| o pezrsoy |
(MSULat) &
_r;—-‘ ().()x | B e § L 1 L} L]
¢ s (x,Q) at Q=13 GeV 68%C.L.

Re[h(z)] / Sl — s easlizPs)

. 0.06f I CTI8As y
§ From quasi-PDF to PDF e T - ’

0 T (s-s). Latt.

() 02

~ Ldy
fq(xiPZ) _j | Ifq(y)cq/q(x Y, Zt.u)-l_
Agep  AQep ' 0.00 jemmm—
ZPZZ ’(1 )ZPZZ

T. Hou, HL, M. Yan, C. Yuan,

2204.07944 0t 0 100 102 10" 02

x*s (x,Q)

-0.02F e

§ The strangeness asymmetry s(x, Q) — 5(x, Q) at x > 0.2 is difficult
to measure, but can be predicted in lattice QCD
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First Lattice Charm PDF

§ Large uncertainties in global PDFs L&

§ Results by MSULat/quasi-PDF method

&= Clover on 2+1+1 HISQ 0.12-fm 310-MeV QCD vacuum
2005.01124, R. Zhang et al (MSULat)

dli 0.01f
I = 0.005 %
o
n{_“; 0 - L% e {) % %
0‘\»—/‘0 i —0_005-% % % ﬁ) %% % %
[ -0.01}, ‘ ,
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. e . P,=2.18GeV CT18NNLO
sym metricc—¢ = | - P,=2.18GeV NNPDF3.1NNLO
s =g § 0.025}
distribution & Pi=0.43GeV
O P,=0.86GeV
0.02}
@ much smaller = v Ps1.20GeV T
N O P,=1.72GeV ’
v, 0.015} z
than strange E » P tse
PDF 001}
0.005¢
O,
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First Lattice Charm PDF

§ Large uncertainties in global PDFs L&

§ Results by MSULat/quasi-PDF method

&= Clover on 2+1+1 HISQ 0.12-fm 310-MeV QCD vacuum
2005.01124, R. Zhang et al (MSULat)
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£
PDF T 001}
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o
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Gluon PDTF in Nucleon

§ Continuum Gluon PDF w/ pseudo-PDF

& 2+1+1 HISQ {0.09, 0.12, 0.15} fm,

[220,310,700]-MeV pion, 10°>-10° statistics

arXiv:2210.09985
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https://arxiv.org/abs/2210.09985v1
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Generalized Parton Distributions

R

Single-ensemble result

MICHIGAN STATE
UNIVERSITY

finite-volume,
> discretization,
= heavy quark mass,

Biased selected/highlighted results

- LT,
g Enn
1} ---
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’B]m'éen-x il)epend'ent QZP:DS

le/Q- _ 52, ~1/Q F

xp i | S

P _- [ Lo AV
& /" o

X M z K 0 , x

Picture from A. Belitskya and A Radyushkin,
Physics Report, 416 (2015)

il
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Generalized Parton Distributions

§ On the lattice, one needs to calculate the following
(nucleon example)

Y ¥ ‘

: I N
i ! @ )
NP, - G/2) @ q/2
Esource
F(X,é L, Pz)
B (d a(P") io®AN
_ p_o 47Zl-elePZ<P | (Z)|P> > 5o <H(x f t, PZ)V +E(x {T t, PZ) M )U(P )
— p”ﬂ T p’li NS J TN | — A2 — p” _ p
ph = > , AF = p''H — p'H t = A%, f—p,,++p,+
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Nucleon Tomography

§ Nucleon GPD using quasi-PDFs at physical pion mass

& Lattice detalils: clover/2+1+1 HISQ
0.09 fm, 135-MeV pion mass, P, = 2 GeV

& ¢ = (0 isovector nucleon quasi-GPD results

dz™ . pt.- o -~
Fi&0) = [ e ™ Wale 20 a2 /2l

1 w0 TYA, ,
2P+ 2m

finite-volume,
g discretization,

{Hq( &) (p)yTulp) — B, & 1) a(p)

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

‘ MICHIGAN STATE Huey-Wen Lin — 2024 HUGS Program @ Jefferson Lab

UNIVERSITY



Nucleon Tomography

§ Nucleon GPD using quasi-PDFs at physical pion mass

& Lattice detalils: clover/2+1+1 HISQ
0.09 fm, 135-MeV pion mass, P, = 2 GeV

& ¢ = (0 isovector nucleon quasi-GPD results

5§V
0 =

finite-volume,
-y discretization,

gﬁ“r W Huey-Wen Lin — 2024 HUGS Program @ Jefferson Lab



Isovector Nucleon GPDs

§ Nucleon GPD using quasi-PDFs at physical pion mass

& Lattice details: clover/2+1+1 HISQ (MSULat)
0.09 fm, 135-MeV pion mass, P,

~ 2 GeV

& ¢ = (0 isovector nucleon quasi-GPD results

+1
j dx x™1

i=0,even

D (2914%,(0) + (-2, ®

1.0

0.8

041

0.2

* PNDME19 2+1+1f 0. 06fm
* PNDME19 2+1+1f 0.09fm
A ETMC18 2+1+1f
v PACS18 2+1f
B LHPC17 2+1f

&= MSULat20 2+1+1f

‘“r MICHIGAN STATE

0% (GeV?)

finite-volume,
s discretization,

neven

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

UNIVERSITY
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Nucleon GPDs

§ Nucleon GPD using quasi-PDFs at physical pion mass

@» Lattice details: clover/2+1+1 HISQ (MSULat] |
0.09 fm, 135-MeV pion mass, P, = 2 GeV

& ¢ = (0 isovector nucleon quasi-GPD results

~ finite-volume,
= discretization,

+1
D (C2IBL® - (-2"CH®)
-1 i=0,even rreven
n=~2 =)\ISULat20 2+1+1f

0.3F AETMC'19 2+1+1f A
' »ETMC'19 2f ]

RQCD'18 2f

0.1}

OI | .0.2. | .0.4. | .0.6. | .0.8. | .1.0. | .1.2
Q*(GeV") HL, Phys.Rev.Lett. 127 (2021) 18, 182001
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Nucleon Tomography

§ Nucleon GPD using quasi-PDFs at physical pion mass

& Lattice detalils: clover/2+1+1 HISQ
0.09 fm, 135-MeV pion mass, P, = 2 GeV

& ¢ = (0 isovector nucleon quasi-GPD results

dq 2\ ,iG-b M =g
= = — —( q-b
100 = [ Gt =06 = = g 9

x=103 x=05 x=0.7

1.0 1.0 1.0

0.5 0.5 0.5
S 2 00 200
-05 -05 -05
-10 -1.0 -1.0

-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
b, b, b,

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

_ finite-volume,
= discretization,
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Nucleon Tomography

§ Nucleon GPD using quasi-PDFs at physical pion mass

& Lattice detalils: clover/2+1+1 HISQ
0.09 fm, 135-MeV pion mass, P, = 2 GeV

& ¢ = (0 isovector nucleon quasi-GPD results

dg .
466b) = | Gz HGE = 0,6 = —3)e

~ finite-volume,
= discretization,

0.8 X=10:3 x =05

-10 -05 00 05 1.0 ; -10  -05 00 05 1.0
b, b, b,

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

§ Assuming we live in the Marvel Universe

& The special quantum tunnel allows us to shrink to
the size particle to sub-nucleon scale (< 1071°m)

§ What would it look like to travel inside the nucleon?

x = 0.010

-10 -05 0.0 0.5 1.0
S g & bx
lmage credit: Marvel Studlos Thanks to Cottrell Scholar Award from RCSA
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Challenges

§ Large momentum is essential
& With sufficient statistics nucleons may reach 5 GeV

§ Renormalization of linear divergence
& Wilson-line ops have linear divergences that must be subtracted

§ Methods for signal-to-noise improvement
& Gluonic observables, new ideas for large momentum

§ Inverse problems PDF extraction in SDF
& Remove the model /preconditioner-choice dependence

§ Reaching long-range correlations in LaMET

& For small-x physics, new methods for calculating longer-range
correlations must be developed

Whitepaper: Lattice QCD Calculations of Parton Physics, 2202.07193
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Application on Inverse Problem

Quantities Wanted pQCD-

that can be PDFs, calculat
calculated on GPDs, ed

the lattice etc. kernel
today

R. Zhang, C. Honkala, et al. (MSULat), 2005.13955

Example: Pion/Kaon Distribution Amplitude

Ct(z,P,t) = ( |jd3y e PV (3, 01,ysUG,§ + 2 2P (F + 2 2, £)P,(0,0)y51,(0,0)| 0

I‘!'
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Application on Inverse Problem

Quantities Wanted pQCD-

that can be PDFs, calculat
calculated on GPDs, ed

the lattice etc. kernel
today

R. Zhang, C. Honkala, et al. (MSULat), 2005.13955
Pion Distribution Amplitude

Machine Learning - A Promising Solution?

1.5}

Machine learning models are effective in extracting complicated

dependence of the output data on input data.

Hidden
Layer 2

Hidden
Input Layer 1

....... 4 l/
1’/ ...........
______ " \"' “s’ v
‘0' ‘\ A' A A‘ o(x
)" . " V‘A ‘:“: ........... > - (
" 4/ h‘ ll‘\ ........... »

¥ lo' \\\'
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§ Exciting era using LQCD to study hadron properties

& Many interesting quantities; some at precision level

§ Get an overall picture of lattice calculations

& Few examples on spectroscopy and structure (limited time)

§ Lattice calculations can be wrong

& If systematics are not examined carefully
& You cannot just say "Lattice says so";
which one?
What has been done?

§ There are limitations

& Some quantities are harder to do on the
lattice

‘“r MICHIGAN STATE -
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Take Aways?

§ Exciting era using LQCD to study hadron properties
& Many interesting quantities; some at precision level
§ Get an overall picture of lattice calculations 5
& Few examples on structure (limited time) "

B

§ Precision and progress are limited on resources

& Challenges = new opportunities quantities
§ In the future

Theory Exp’t +
Input ] | Input
Global Analysis
of PDFs/GPDs

Thanks to MILC collaboration for sharing their 2+1+1 HISQ lattices & USQCD/NSF/DOE for computational resources
This work is partially sponsored by grants NSF PHY 1653405 & 1653405, DOE DE-SC0024053 & RCSA Cottrell Scholar
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Learning by Doing!

Time for Tutorials

§ Form groups of about 4 students

& Preferably forming different groups from yesterday’s
& Rearrange the chairs so your group can face each other

§ Introduce yourself to the other students in your group
(5 mins)

& Name and preferred pronoun

& Where are you from and tell us a few things about the place

& Tell us a weird fact you happen to know for no reason or what
you plan to do this Sunday?

& Make sure you listen to each other!

‘ MICHIGAN STATE Huey-Wen Lin — 2024 HUGS Program @ Jefferson Lab
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Want to Win a Free T-shirt?

§ Complete all levels of Quantum 3 game before 11:59AM June 4t
(Tue) —

" Bl
r -==:sj..;s_ = .

R MICHIGAN STATE Huey-Wen Lin — 2024 HUGS Program @ Jefferson Lab


https://apps.apple.com/us/app/quantum-3/id1406630529
https://play.google.com/store/apps/details?id=com.gellab.quantum3
https://forms.gle/4AUaus3LPKdsodv5A

Students Wanted

LGT4HEP website: https://lgt4hep.github.io

" ‘J
‘ -
i
J A

=
High Energy Physics = o e
L
/> 4 Computing Traineeship for
Lattice Gauge Theory
‘ =
—a
- Apply now:

Visit Igt4hep.github.io to learn more and
U [ where to apply for the traineeship graduate

school program.

&

MICHIGAN STATE : . -
UNIVERSITY Huey-Wen Lin — PAW'24 @ Chateau de Bossey



https://lgt4hep.github.io/

scientific method!

] Make an
Form @

hypothesis.

Perform the experiment.
i

Backup Slides 4,

61mvito others to
reproduce the .c»uls%
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First Continuum PDF

§ Nucleon PDFs using quasi-PDFs in the continuum limit @

& Lattice details: clover/2+1+1 HISQ (MSULat)
a = {0.06,0.09,0.12} fm,
M_ € {135,220,310}-MeV pion,

M_L €{3.3, 5.5}.
P, = 2 GeV

2011.14971, HL et al (MSULat)

& Naive extrapolation to physical-continuum limit

FT ET
10f8 02f
’?\ [ A a06m310 'C.’T :
g o08f O a09m130 % 008
= ) >' L >’ L
Quantities 3 ! v a12m310 2 0ol N
o 06 © r N
that can be ol O a12m2208 o 0 5
S 04f N T04r X
calculated on > — (@ M) at2m220L > A ay
the latti g [ e & 06— (@ My w77 A alem310
02 — (@, M) r
e lattice % [ 2 :‘ % 08:_ (@', M2) O a09m130
LT — (a% MY L-o8 0 ==
o 00 i o — (& M) v a12m310
g — (@ M) £ 10
i _1_0,
& ool & F— (a2 M) O al2m220S
= ~0-2r — AICAVG — -1 = 1
[ . {  -12f— AICAVG © atam220L
L L 1 1 L L L L L L L L L L C1 L L L 1 L L L L 1 L L L L L L
0 2 4 6 8 10 12 0 2 4 10 12
zP;
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First Continuum PDF

§ Nucleon PDFs using quasi-PDFs in the continuum limit é
& Lattice details: clover/2+1+1 HISQ (MSULat)
a ~ {0.06,0.09,0.12} fm,
M_ e {135,220,310}-MeV pion,

M_L €{3.3,5.5}.
Pz ~ 2 GeV 2011.14971, HL et al (MSULat)

& Naive extrapolation to physical-continuum limit

T I T T T I T T T T T T T
B MSULat'20, P, = 2.2GeV, a - 0 ]
B MSULat'20, P, = 2.6 GeV, a » 0 —
M cT18 ]
I NNPDF 3.1
I ABP16 ]
M 15 1

— T T T T T T T T * T
B MSULat'20, P, = 2.2GeV,a - 0 1
B MSULat'20, P, = 2.6 GeV,a - 0 — 3
[ LP3'18, P, = 3.0 GeV, a ~ 0.09 fm |
[ ETMC'18, P, = 1.4 GeV, a ~ 0.09 fm i

Wanted S 2f
PDFs, GPDs, = 0

etCuus 1T

0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
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Meson Valence-quark PDFs

§ Pion/Kaon PDFs using auasi-PDF in the continuum limit

1.0 s ) ‘ ]
g 1013
r — a- 0, M—135 MeV L — a- 0, My—135 MeV Quantities
[ 1 r 1 that can be
= : — a=0.12 fm, My>135 MeV/] 08 — ax0.12fm, M35 Mev] T
a~0.12 fm BRI\ 1 a~0.12 fm 1 the lattice
Foe- O MAZINSY _ | Soef © Mm220Mev h
c}:‘y(’ H A Mn=310 MeV Ly 5,}2 I A Mn=310 MeV
= Ty L]
& 0-4_’ & My=690 MeV e \ S 1 & 0.4_— & My=690 MeV 4
a=~0.06 fm $ . a=0.06 fm
0.2k Mn=310 MeV .&_,_‘. p 5 - 02l Mn=310 MeV ]
[ e . o <P ] r
Mp=690 MeV e e I M7=690 MeV 3
L 4 L TSR g
0.0F - 0.0 TR
|5 | 1 1 1 | 1 ! 1 1 1 1 " 1 1 Il 1 Il L |31 L L L L L 1 L I I I 1 I
0 1 2 3 4 5 0 1 2 3 4 5
zP2 zPz
= ; — . I r I . 1.2 [ T T T T T T ] T I T I T T
o © FNAL-E615'89 L . [
& = ASV'10 I ] 04
- DSE'16 10 ] i
sl - BLFQ-NJL'19 - [
) LSC20 08 ] 0.3F
#= MSULat'20 N ; r
R -
.03 = ] k=
= i, 0 - < 02 - DSE'18 ]
= [ = MsuLat20 27 GeV? ' : V2 ]
0.2 b - XCO'17 27 Ge
04F = CERN-NA3'S3 Q
- - BLFQ-NJL'19 0.1 - BLFQ-NJL'19 .
0.1 L 1
02C - DSE11 \ [ w MSULat'20
TS PR R - 1 . 1 0.|.|.|.|.|.|.|.|.
Y 0.2 0.4 0.6 0.8 1.0 0 0.2 04 0.6 0.8 1.0
=p X X

ﬁ
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Meson Valence-quark PDFs

§ Pion/K: X. Gao et al (BNL/ANL), 2112.02208 im limit
7 4.0
“’M = DNN-abAsymp s JAM21nlo )
O.Bi— 3'5 i MOdeI-4p L_: JAMZlnlon” c;l]rl:%?lg%g;z%n
I a~0.12 fm — XFItter the lattice
50_6’_ O My=220 M I
& [ A Me3lOM 3.0 0.4+
50-4_* O My=690 M
02l T esom &2 = 0.3
I My=690 M ’>-<\ N
o.o:— = 2.0 S 0:2
0 1 o
0.1
LD
0-8 1 1 1
ey 10l .00 025 050 075 1.00[ 1T
0.5F
u=2 GeV ]
0.0t . - | ]
0.0 0.2 0.4 0.6 0.8 1.0 97 Gev? !
Pion PDF; 1t NNLO matching X o E
; 0 ]

I I S 0L.I.|.I.|.I.|.I.|.

. > L J
0 02 04 06 08 o 31 0.2 04 0.6 08 Lo 0 0.2 04 0.6 0.8 1.0
- 8 ¥ | X
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Nucleon Polarized GPDs

§ Helicity GPD (H )using quasi-PDFs at physical pion mass
& MSULat: clover/2+1+1 HISQ
0.09 fm, 135-MeV pion mass, P, = 2 GeV

- ; —iz Pz~ = . — -
Fi(z,&,t)= | —e P P'a(z= /2)y " ysa(—2" /2)|p)

Vs AT
a(p) '

(P) Y ysu(p) — E¥(x, & )
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Nucleon Polarized GPDs

§ Helicity GPD (H )using quasi-PDFs at physical pion mass

& MSULat: clover/2+1+1 HISQ 5 V"

0.09 fm, 135-MeV pion mass, P, = 2 GeV

& ¢ = (0 isovector nucleon (quasi-)GPD results
HL (MSULat), Phys.Lett.B 824 (2022) 136821

FT T T T | T T T T T T T | T T T T T T
Z'O} 73 mos’
H = oz 1 @ Take the integral to form moments
150 s
:-. ,% DD5: 0.35_|'I'|'I'|'I'|'I'|'I'|'I
FL el W06 | AETMC'19 2+1+1f
1oL . m o7 0.30f n=2  »emciof .
! d.. g ] : +RQCD'18 2f
e RRRSTE SN BRRSEt ¥ 0255 =MsULat'21 2+1+1f
05H g T Qe g 5 j
bt o | R r
. - SRS 0.15¢ ]
(1] e e T e e B i
0 0.2 0.4 0.6 0.8 1.0 0.10F .
Q* (GeV?) 005t
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Valence-Quark Pion GPD

§ Pion GPD (H™) using quasi-PDFs at physical plon mass

& Lattice detalils: clover/2+1+1 HISQ
0.09 fm, 135-MeV pion mass, P, = 1.7 GeV

& ¢ = 0 valence-quark Pion GPD results

_ finite-volume,
%Y discretization,

MSULat, Preliminary

T T T T T T T T T T T T T T T T ]
3.0F Q2 (Gev?)

k -
25k \ M 000
: b Ho19

A
NN W o039 J
. ]
: Mo ]
W o097 ]
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Valence-Quark Pion GPD

§ Pion GPD (H™) using quasi-PDFs at physical pion mass

&> Lattice details: clover/2+1+1 HISQ
0.09 fm, 135-MeV pion mass, P, = 1.7 GeV &

& ¢ = 0 valence-quark Pion GPD results

-1 ’= Aﬁl(t)

~ finite-volume,
= discretization,

I T T [
CERN
DESY ]
+JLab
[ oMSULat'23 —
0.4fF I@a —
| OBNL'21 e ]
02F 4yQCD'20 ]
i i | i 1 i | i 1 i 1 1 L i 1 i 1 1 |
0 0.2 04 0.6 0.8 1.0

o (Gev?) MSULat, Preliminary
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Pion Tomography

§ Nucleon GPD using quasi-PDFs at physical pion mass

& Lattice detalils: clover/2+1+1 HISQ
0.09 fm, 135-MeV pion mass, P, = 1.7 GeV

& & = (0 valence-auark Pion GPD results

_ finite-volume,
= discretization,

o
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