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8 Meson structure iIs crucilal to understand the mechanism of
emergent hadron mass (EHM)
x Help decode QCD origin of mass M\"

§ Experimentally, meson structure o
is harder to study S

X LQCD can provide predictions and better precision inputs
X Quark and gluon parton distribution functions(PDFs), for example

Dynamics of gluons

/

Proton
\  Mass =168x102% g

~ 99% of proton mass

g b =L § Generalized parton distributions
/ J =18 e (GPDs) _encode iInformation abou
<, e 0 We © the spatial structure & the
‘[f(x-r)

/< partonic distribution of spin and
~ ' £ orbital angular momenta
X US EICEIcCGLHeCG3

Image from A. Belitskyaand A Radyushkin
Physics Report, 416 (2015)
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§ Lattice QCD in a Nutshell

§ x-dependent Meson Structure

X Valence quark distributions of pion and kaon
X Pion and Kaon gluon distribution
X Pilon valencequark GPDs

Biased selected results towardMSULat students and postdocs
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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 i i) = &7 raF6q i fb)
In BEudlitleanspace
X Quark mass parameter
(described bya ) quark field_g ———tF
x Impose a UV cutoff N H' w8

discretize spacetime

X Impose an infrared cutoff gluon field ‘: L
finite volume XY, 2

§ Recover physical limit

& O & =0 40 K to
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Anatomy of a Lattice Calculation

1. Start with QCD Vacuufyauge configurations)
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Anatomy of a Lattice Calculation

1. Start with QCD Vacuu@auge conflguratlons)

adk
&

- ¥ e
T i =
Thanks to MILC collaboration for sharing their 2+ 1+ 1 HISQ lattices
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Anatomy of a Lattice Calculation

2. Correlatorghadronic observables)
X Invert Dirac operator matrix (rank 1012)

X Combine using color, spin and momentum into hadrons

1

C

o-
v-d
0

<

4 H',ﬂ.

Thanks to MILC collaboration for sharing their 2+1+1 HISQ lattices

Bi
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Anatomy of a Lattice Calculation

3. Extract reliable groundtate matrix element

X EXxcited-state removal
X For example kaon matrix element

S
/i
b 30

e @\q—/‘@
at0 ccTApd T &l — .
H. Lin et al. (MSULat), 2003.14128 Y-
two -SImRR two -sim two -state two -state
" tep=6|® tep=8}F ' - ' '
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i
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stability in extracting matrix elements
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Anatomy of a Lattice Calculation

4. Systematiaincertainty (nonzera@, finite L, etc.)

X Nonperturbative renormalization, etc
X Extrapolation to the continuum limit
(m,© mPys | O HbhaO 0)

115 .
110- I i %{ _: _ {L/’_
05 r {. ] . { 13 PR (B o

§ bt j B . o
1.00—— & o[ — < Au= : . :

0.95 1r
0‘90' |||||||||| :,,‘,|,,,,\,,‘.|_‘_.._.|__.‘| |
002 004 006 008 0102 3 4 5 6 7 80 0.05 0.10 0.15

m’ (Gev’) m,L a(fm)
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Lattlce Structure Limitation

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

(@ ) Quw  n(w

§ Longstanding obstacle!
X Holy grall of structure calculations

§ Applies to many structure quantities:
X Parton Distribution Functions (PDFs)
X Generalized parton distributions (GPD)

X Transversemomentum distributions (TMD)
8 888
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- ANEW HOPE.

't /s & perioc, ©ofFf wasnwr ancd ©e£2Ccomormic s LAY C sr LSk
FTersPrrrxoil hhas eongulfed thhe gsalactic republics.

Basic truths at foundation of the NMman civilization
are 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 powerxritul

-

ﬁ MICHIGAN STATE Huey-Wen Lin? PAW'24 @ Chateau de Bossey
UNIVERSITY



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

Euclidean correlation functions(RQCD, 1709.04325)
3
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Direct x -Dependent Structure

§ Longstanding obstacle to lattice calculations!

Quantities
that can be pPQCD
calculated calculate
on the lattice d kernel
today '
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L attice Parton Calculations

8 Physics quantity milestones "Ng-PDF
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L attice Parton Calculations
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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/1794140
https://arxiv.org/pdf/1708.05301.pdf
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MSULat Pion/Kaon Structure

8 Meson distribution amplitude

X Pion Distribution Amplitude from Lattice,
Phys. Rev. D 95 (2017) 9, 094514

X Kaon Distribution Amplitude from Lattice QCD and the Flavor SU(3)
Symmetry, Nucl. Phys. B939 (2019) 429-446

X Pion and kaon distribution amplitudes e

Hidd
in the continuum limit, = - /':\\
N ! ”
Phys. Rev. D102 (2020) 9, 094519 E oY ’/@%\ """""" :
- RIOHRAOHO -+ )
£ - INOUROCTAO
&) ....... ‘\\“ﬁ&;%“/’ 7 Output
AN

X Precision control in lattice calculation of xdependent pion distribution
amplitude, Nucl. Phys.B 993 (2023) 116282

8 Miscellaneous

X Machinelearning prediction for quasiparton distribution function matrix
elements Phys. Rev. D101(2020) 3, 034516
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https://inspirehep.net/literature/1511678
https://inspirehep.net/literature/1645425
https://inspirehep.net/literature/1645425
https://inspirehep.net/literature/1798386
https://inspirehep.net/literature/1798386
https://inspirehep.net/literature/2626393
https://inspirehep.net/literature/2626393
https://inspirehep.net/literature/1755642
https://inspirehep.net/literature/1755642

MSULat Pion/Kaon Structure

§ Pion/kaon PDFs
X First direct lattice-QCD calculation of the-dependence of the pion parton
distribution function , Phys. Rev. D100 (2019) 3, 034505

X ValenceQuark Distribution of the Kaon and Pion from Lattice QCPhys. Rev.
D 103(2021) 1,014516

X Gluon parton distribution of the pion from lattice QCD
Phys. Lett. B 823 (2021) 136778

X First glimpse into the kaon gluon parton distribution using lattice QC[Phys.
Rev. D 106 (2022) 9, 094510

X The Gluon Moment and Parton Distribution Function of the Pion from
N, E ¢ Aatlite QCD2310.12034 [hep-at]

X Pion valence quark distribution at physical pion mass df;=2+1+11 QCD

§ Pion GPD

X Pion generalizedparton distribution from lattice QCD, Nucl. Phys.
B 952 (2020) 114940

X Pion valencequark generalizedparton distribution at physical pion mass,
Phys. Lett. B 846 (2023) 138181
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Meson Valence

-quark PDFs

§ Pion/kaon PDFs usimgiastPDHnN the continuum limit
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Valence -quark PDFs Update

8§ Pion PDFs calculated directly at physical pion mass
X with NNLO matching Quantiis é v

that can be
calculated

Wanted
PDFs, pQLD-

calculated
kernel

GPDs,

on the lattice
etc.

today

4.0
DNN-abAsymp B JAMZ1nlo
3.5+ Model-4p =2 JAM21nlonll
o xitter X N=2+1 clover/HISQ
a~0.076 fm

Wanted
PDFs, — =
GPDs, A s .

etc8 ol - - . . ANL/BNL, PhyS Rev.
' 1.0 D 106, 114510(2022)
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Valence -quark PDFs Update

8§ Pion PDFs calculated directly at physical pion mass

X NNLO matching & treat leadingrenormalon effects 8 -2
{ Leadingrenormalon resummation (LRR) R. Zhang, et. al.
{ Renormalization-group resummation (RGR) PLB844, 138081(2023)

X N~=2+1+1 clover/HISQ, a~0.09m
J. Holligan, HL (MSULaj, 10.10881361-6471ad3162

2.0
Wanted xFitter'20: NLO
PDFs, o
e s MR JAM'21: NLO+NLL
etc8 — MSULat'24: NNLO
= — MSULat'24: (NNLO+LRR)xRGR
x
> 1.0}
o
0.5
0. _ .
8.0 0.2 0.4 0.6 0.8 1.0 P: JackHolligan
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https://iopscience.iop.org/article/10.1088/1361-6471/ad3162/pdf
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8 What does lattice QCD say aba(x)?
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mass,3
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B Pion Gluon PDF Update

8§ Nonperturbatively renormalizecfkc'gf q at the finer lattice
spacing at lighter pion mass is nontrivial
X Using clusterdecomposition error reduction (CDER) to

enhance the signato-noise ratio  1505.00531, Y. Yang et al. QCD)

X Lattice detalls: clover/HISQ, a ~{0,15, 0.12, 0.09n
2208.00980, Fan et al. (MSULaj)
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3 Pion Gluon PDF Update
§ Study Bard o)

UG: UG:

Allison Chevis KinzaHasan

/
29

O4EA "1 01T -11AI

Distribution Function of the Pion

fomNfE ¢ C p C p

W. Good, K. Hasan, 8hevis HL,
0.12034 |[hep-at]

P R———
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§ Study Bardw,

UG: uG:
Allison Chevis KinzaHasan
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§ Study discretization systematic {Q¢ f

X Lattice detalls: clover/HISO. HISO. a &
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Pion Gluon PDF Update

§ Back to Pion gluon PD)
X Update previous calculatedy(x)/ () in 2021

1.0 . .
| — a~0.12 fm, M,~220 MeV, gg+gq
0.8l = a~0.12 fm, M,~220 MeV |
' B a~0.12 fm, M,~310 MeV
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cd

2310.12034 Good et al. (MSULayj * _ -
G: Bill Good
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& Pion Gluon PDF Update

§ Back to Pion gluon PD)
X Update previous calculatedy(x)/ () in 2021
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Gluon PDF In Nucleon

§ Continuum Gluon PDF wseudoPDF
X 2+1+1HISQ P.09,0.12,0.15} fm,

[220,310,700-MeV pion,10°-10° statistics
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https://arxiv.org/abs/2210.09985v1

Generalized-Partan Diatutizonéi utions

Singleensemble result finite -volume,
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First Lattice GPDs

§ First glimpse into pion GPD usiQgasi-PDH LaMET

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

0 pdfpd' A6 Phys. Rev. D, 87 (2013), 054505

J. Chen, HL, J. Zh,ang, 1904.1237;
o@hit) o (6 stof(T) s(Th )i D)6 sro)
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X etc8
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Valence -Quark Pion GPD

8 Pion GPDH ) usingquastPDFat physical pion mass

X Lattice details: clover/2+1+1 HISQ
0.09fm, 135MeV pion massp  p&' Al

X , Tvalencequark Pion GPD results
HL (MSULad, Phys. Lett. B846 (2023) 138181

_ finite -volume,

[ — T T T T T T T ]
3.0F Q2 (GeV?)

| ]
255_ '\ B 0.00 E
N Wo19

039
Wo77
W 097

Wanted
PDFs,
GPDs,

etc8
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Valence -Quark Pion GPD

8 Pion GPDH ) usingquastPDFat physical pion mass

X Lattice details: clover/2+1+1 HISQ
0.09fm, 135-MeV pion massp

mivalencequark Pion GPD results

Qi ” 6 (0

X
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HL (MSULa), Phys. Lett.

_finite -volume,

B846 (2023) 138181
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Pion Tomography

8 Nucleon GPD usimguastPDFat physical pion mass

X Lattice details: clover/2+1+1 HISQ
0.09fm, 135-MeV pion massp) p&' A

X Ttvalence-quark Pion GPD results
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finite -volume,
3 discretization,

HL (MSULa, Phys. Lett. B 846 (2023) 138181
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Summary and Outlook

§ Exciting era using LQCD to stxeyependent pion/kaon structure

8§ Overcoming longstanding limitations
X Nonperturbative renormalization for gluon operators
(not limited to small volume nor too-heavy pion mass)
X Bjorken-x dependence of parton distributions o
now widely studied
X More study of systematics planned for the near future

§ Precision and progress are limited by resources

g In the future PN
Theory NOD O | -rm
Input l ‘ Input

Global Analysis
of PDFs/GPDs

Thanks to MILC collaboration for sharing their 2+1+1 HISQ lattices & USQCD/NSF/DOE for computannaI resources
This work is partially sponsoredby grants NSFPHY 1653405 & 1653405, DOE DES@®024053 & RCSA CottrellScholar
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Students Wanted
LGTAHEP websitehttps://Igtdhep.qgithub.io/
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L
/\ . Computing Traineeship for
Lattice Gauge Theory
/ JU |
—d EE %( , Apply now:

Visit Igt4hep.github.io to learn more and
where to apply for the traineeship graduate
school program.
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Pion Valence

§ Status as of Summer 201 9iide by Nikhil Karthik @ Lattice 2019

-Quark PDF

Current status of pion PDF from lattice
4 Tlzubuchi et al, 1905.06349 , ‘ 4 2 W.Chen ot al (LP3), 1804.01483_
p=32 GeV
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3 P, = 1.72 GeV == |
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R.S. Sufian et al, PRD99 (2019), 074507 3= 1.93(68)
4.0 1 l\ v= 3.05(2.50)
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§ Singleensemble calculation

X Non-physical pion mass, single lattice spacing, single volume
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Pion Valence -Quark PDF

8 Results fromlLabBW&M/ LCSnethod

X 0 ho vhp p o A &ith & 18T W ¢ A

X Extrapolated to physical limit (shown as blue band)

x Renormalized Z, ,in RI/MOM, matched to- 3 run to 27 Ge¥

R. S. Sufian, et al, 2001.04960r,] © wpP P ro
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Pion Valence -Quark PDF

§ Results fronMSULatquasiPDFnethod

X 0 ho iy w4t A 8vith & 181 I El

X Extrapolated to physical limit (shown as pink/green band)
X Renormalized in RI/MOM, matched te 3 run to 27 Ge¥

H. Lin et al. (MSULat), 2003.14128
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J. S. Conway et al., PRD39, 92 (1989).
M. Aicher et al, PRL105, 252003 (2010), 1009.2481.
C. Chen et al, PRD93, 074021 (2016), 1602.01502.
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1901.11430
PRDL01, 034024 (2020), 1907.01509,
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Pion Valence -Quark PDF

§ Results from BNbliastPDFmethod

X U

- A &vith & 18t trgt ¢EI

X Extrapolated to continuum limit
X Renormalized in RI/MOM, matched to 3at 10 GeV

X. Gao et al. 2007.06590
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Kaon Valence -Quark PDFs

§ Pionkaon PDFs usinguastPDHnN the continuum limit

X Lattice details: clover/2+1+1 HISQ MSULa)

@ {8t g ¢ fm,
0 ~ {¢ cho phm wiMeV pion
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Kaon Valence -Quark PDFs

§ Pionkaon PDFs usinguastPDHnN the continuum limit

X Lattice details: clover/2+1+1 HISQ MSULa)

@ {8t @ ¢ fm,
0 ~ {¢ cho phm wiMeV pion

0 {pdtpx}' A6
8§ First LQCD calculatidm ) of 0 andi ﬁf%f'alf(l,vzéum

et | et

1 0. 192(8)stat(6) syst 0'261(8)Stat(8) sSyst

2 0.080(7)gia(B)syst  0-120(7)5a(9) syt

3 0. 041(6) stat(4) syst 0. 069(6)Stat(8) sSyst
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Kaon Valence -Quark PDFs

§ Pionkaon PDFs usinguastPDHnN the continuum limit

X Lattice details: clover/2+1+1 HISQ MSULa)

@ {m8t g § fm,
0 " {¢ ¢hx php wirMeV pion
0 {p®tpg}' A6

8 First LQCD calculatidm ) of 6 andi
§ Later ETM@60-MeV results oqw )of 0  andi

2003.14128 HL et al MSULal) 2010.0349, 2104.02247

[t

1 0. 192(8) stat(6) syst 0.26 1(8)stat(8) syst 1 0. 246(2)stat(2) syst 0. 317(2)stat(1) syst

2 0. 080(7)stat(6) syst 0. 120(7)stat(9) syst 2 0. 093(5)stat(3) syst 0. 134(5)stat(2) syst

3 0. 041(6) stat(4) syst 0. 069(6)stat(8) syst 3 0. 035(6)stat(3) syst 0.075 (5)stat(1) syst

?ﬁ MICHIGAN STATE Huey-Wen Lin? PAW'24 @ Chateau de Bossey
UNIVERSITY



First Pion Gluon PDF

§ Pion GLUON PDFs usiisggudePDF

X Lattice details: clover/2+1+1 HISQ MSULa)
& {rd G Y fm,

U N {¢ ¢ho phm w}MeV pion 23
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Pion and Kaon DA

§ The first continuurdimit study ofx-dependent meson DA
on the lattice x 0 pwmre - A6
X N T qrdgt G ¢ £l
X U O 45

N~ N

5 (&) QOQ T (@oy I Meawd Gl (@ adkr (i 1 (i)

:
5

Tt

i
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Pion and Kaon DA

§ Extract the DA distribution from the physiaantinuum
matrix elements R. Zhang et al. (MSULat), 2005.13955
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Pion and Kaon DA

§ Extract the DA distribution from the physiaantinuum

matrix elements R. Zhang et al. (MSULat), 2005.13955
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DESL3 L. Chang et al., PhyéRev. Lett. 11Q 132001(2013); C. SJhi et al., Phys.Lett. B73X8, 512(2014)
Belledl2 S.Agaevet al., Phys.Rev. D86, 077504 (2012);

LFCQMdAL5J. P. B. C. de Melo et al., AIP Conf. Proc.1735, 080012 (2016);

RQCDA9 G. S. Bali et al.,J HER8, 065 (2019); DSHEiL4:
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Pion Form Factors

§ Two new lattice pion form factors calcs at physical pion

X ?PQCD: 2+1f, overlap/DWF,

® T@PR fmO N p ot MeV

X BNL: 2+1+1,clover/HISQ,

@ T8 tdt Yfm, 0 N {p oo mM-MeV

This work
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2020 : 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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2020 : Isovector Nucleon GPDs

8 Nucleon GPD usimgiastPDFaat physical pion mass

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

X ,  Tisovector nucleon GPD results v
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