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Learn on Your Phone!

§ LearnQCD on your phone

Goole Pla Store Apple Appstore
IEI.*.’w."!."
..-:."I.-"
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https://www.youtube.com/watch?v=XsSOvHgcZww
https://play.google.com/store/apps/details?id=com.gellab.quantum3
https://itunes.apple.com/gb/app/quantum-3/id1406630529?mt=8&ign-mpt=uo%3D2

§Lattice QCD in a Nutshell
§ Selectedk-Dependent Parton Distributions

X Nucleon PDFs

X Pion/Kaon PDFs

X GPDs

8 Impact of LatticeQCD PDFs on Global Fits

Biased selected results towardMSULatstudents 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 o)
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 Vacuufauge conflguratlons)
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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
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Anatomy of a Lattice Calculation

3. Extract reliable groundtate matrix element
X Excited-state removal
X For example kaon matrix element

S
/i
b2

S 0o— ¥ o
at0 ccTApd T &l — .
HL et al. (MSULat), 2003.14128 Yy
two -sSIimRR two -sim two -state two -state
" tep=6|® tep=8}F ' - ' '
0.2k foep =T tsep =9 |
i
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oqb— . A
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t —toepl/2 t —toep/2 t— toepl2 t— toep/2

stability in extracting matrix elements
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Anatomy of a Lattice Calculation

4. Systematic uncertainty (nonzeapfinite L, etc.)

X Nonperturbative renormalization, etc
X Extrapolation to the continuum limit
(m,© mpPhys | O Hy a0 Q)
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Lattice Structure Limitation

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

(@ ) Quw  n(w

§ Limited to the lowest few moments
X For higher moments, all ops mix with lowerdimension ops
X Novel proposals to overcome this problem

W. Detmold and C. Lin, Phys. Rev. D73 (2006) 014501
Z. Davoudi and M. J. Savage, Phys. Rev. B6 (2012) 054505
A. Shindler, arXiv:2311.18704
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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 I1s & preriocd, of VW ERr EAMC) ©&£C« . Orric s LAKNC * T TSI X

FTersPrrmroil hhas eongulfed thhe gsalactic republics.

Basic truths at foundation of the nNGman civilization
Sre 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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§Lattice QCD in a Nutshell

§ Selectedk-Dependent Parton Distributions
X Nucleon PDFs

X Pion/Kaon PDFs

X GPDs

8 Impact of LatticeQCD PDFs on Global Fits

Biased selected results towardMSULat students and postdocs
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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
Hadronic tensor currents(Liu et al., hep-ph/9806491, ... 1603.07352)

Euclidean correlation functions(RQCD, 1709.04325)
3
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L attice Parton Calculations

8 Rapid developments!

First unpol . PDF
lattice calculation

First lattice
pseudo-PDFs

Euclidean
correlation
functions
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https://arxiv.org/pdf/1603.06664.pdf
https://arxiv.org/pdf/1402.1462.pdf
https://arxiv.org/pdf/2305.05212.pdf

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
First PDFs 19GPD @) | | =k
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Lattice Example Results

8§ Summary of physical pion mass PDFs results

unpolarized longitudinally polarized transversely polarizec

il U Qw 30(®w AW 10(0) 1AW

[ A A R T T T
W LP3'18, |Prax| = 3.0 GeV al W LP3'18, |Prmax| =30GeV | | B LP3'18, |Prayl = 3.0GeV ]
[ ETMC'20, [Pmax| = 1.4 GeV B ETMC'18, |Ppay| = 1.4 GeV I ETMC'18, |Ppax| = 1.4 GeV
4 I ETMC'18, |Praxl = 1.4 GeV
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Discretization,
8
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Lattice Example Results

8§ Summary of physical pion mass PDFs results

unpolarized longitudinally polarized transversely polarizec
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Isovector PDFs Update

8 NucleonisovectorPDF calculated directly at physical pion mas

X NNLO matching & treat leadingenormalon effects
{ Leadingrenormalon resummation (LRR)
{ Renormalization-group resummation (RGR) PLB 844, 138081 (2023)

X N~=2+1+1 clover/HISQ, a~0.09m
J. Holligan, HL (MSULa), 2312.10829 [hep-lat]

&V

R. Zhang, et. al.

30—

2.5
2.0

15

— NNLOxRGR
— NNLO+LRR _
— (NNLO+LRR)xRGR
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Isovector PDFs Update

8 NucleonisovectorPDF calculated directly at physical pion mas
X NNLO matching & treat leadingeenormalon effects @ v

R

{ Leadingrenormalon resummation (LRR)

R. Zhang, et. al.

{ Renormalization-group resummation (RGR) PLB 844, 138081 (2023)
X N=2+1 clover/HISQ, a~0.076fm
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Continuum PDF

8 Nucleon PDFs usingiastPDF3n the continuum Iimit&‘

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

a {0.06,0.09,0.12}m,
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Continuum PDF

§ Nucleon PDFs usimgiasiPDFsn the continuum limit

X Lattice details: clover/2+1+1 HISQ MSULa)
a {0.06,0.09,0.12}m,
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Continuum PDF

§ Nucleon PDFs usimmiasiPDFsn the continuum Iimité‘
X Lattice details: clover/2+1 clover (LPC)
a {0.49,0.64,0.85,0.98fm,
M, ¢[222,354]-MeV pion,
M,L¢[3.9,8.1].
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Gluon PDF In Nucleon

§ Continuum Gluon PDF wiseudePDF
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§ Lattice QCD in a Nutshell
§ Selectedk-Dependent Parton Distributions

X Nucleon PDFs

X Pion/Kaon PDFs

X GPDs

8 Impact of LatticeQCD PDFs on Global Fits

Biased selected results towardMSULat students and postdocs
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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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https://arxiv.org/abs/1804.01483
https://arxiv.org/pdf/1702.00008.pdf
https://arxiv.org/pdf/1712.10025.pdf
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https://arxiv.org/abs/2112.03124

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 NNLOmatching Quantiie é v

that can be
calculated

Wanted
PDFs, pQLD-

calculated
kernel

GPDs,

on the lattice
etc.

today

4.0
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a~0.076 fm

Wanted
PDFs, — =
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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) PLB 844, 138081 (2023)
X N=2+1+1 clover/HISQ, a~0.09m

J. Holligan, HL (MSULa, 10.1088/13616471/ad3162
2.0

Wanted

xFitter'’20: NLO
PDFs,

GPDs,

sl MR JAM'21: NLO+NLL

etc8 — MSULat'24: NNLO
S — MSULat'24: (NNLO+LRR)xRGR
N
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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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§ Study discretization systematic {Q¢ f

X Lattice details: clover/HISO. HISO. a ~{0.15. 0.12. 0.0@%

X

01 02 03 04 05 06 07 O0E D% 10
T T T T T T T T
04
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03 ——m e __ I . N
___________ Fo— = ———e——  ETMC’21 (2=0.08fm)
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0.2“ -"-"‘-_-‘.- ------------------------------------------------------------------------
=== Mg= 135MeV ~
« 212m220, M,~220 MeV B M_= 310MeV o e MIT 23 (a=0.09fm)
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e T TS e 1 0z ©3 @4 05 08 07 0B 0% 1D
0.3f --_}Z::‘ T ey
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0.2t :
£-- a=0fm N
1a12m220, M,~220 MeV = 090
0.1 m @09m310, M;~310 MeV @ m - 2310.12034, GOOd et al. (MSU LaD X
+1212m310, M~310MeV  , 312m310, M,;~690 MeV — a=0.12fm - v)* 3
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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 == 3~0.12 fm, M,,~220 MeV |
' B a~0.12 fm, M,~310 MeV
E 06! 8% a~0.15 fm, M,~310 MeV |
A
=L
= 0.4
=2
0.2}
0.0! _
0.0 1.0

2310.12034, Good et al. (MSULa) °

G: Bill Good
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& Pion Gluon PDF Update

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

Il & MSULat'23
| 25 &8 DSE'20
0.8] e JAM21
< > 2'0. | =g xFitter'20
5 0.6 ©) | |
S <+ 8
0.4 = |
5 2 1.0|
= t
0.2| 0.5/
| 0.0|
0.0} | :
00 0.0 0.8 1.0
X

2310.12034, Good et al. (MSULai * . /
G: Bill Good
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Generalized-Parton Distributions it ions
Singleensemble result E?éi?;ﬁ‘;‘:tﬁ?,i;

heavy quark mass,
8
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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@r) a6 soh(T) s(Gh D Do o)

C
LG p@' A6 - halzPdi=-2) N RN g | =0
+ hglz,P=4,t=-2) 3'1‘ O pP® A6 t=—2 ]
o 0.5 i ] [ i ] ‘\ ————— t=-5
- IRY
Q.:j i i B 2 \ \\\ J
S 00 { S
) NS om
-0.5 0 "'"-—::_":_":::-'_:.".'--..._
l : : . L L L L 1 L L Wanted
0 0 0 10 00 02 04 06 08 1.0 1.2 1.4
z  (plot by J. Zhang) GPDs,

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. B 846 (2023) 138181

_ finite -volume,

%y discretization,

L — T T — T T T T T T T T ]
3.0F 02 (GeV?)

II' -
55 3 '\ 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 phyS|caI plon mass

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

X , Tvalencequark Pion GPD results

Qi ” 6 (0

finite -volume,
- discretization,

1.0 — S —
i - CERN
08 -DESY |
o 0.6 ¢ *JLab
<2 o9 { %*1
oMSULat'23 s "
0.4 I e -
| OBNL'21 o |
02F 2yQCD'20 ]
0 LD!Z. | ‘U%ﬁl‘ | ‘[]'].EJ | ‘DTSJ | Jlf[}
Q" (Gev™) HL (MSULa, Phys. Lett. B 846 (2023) 138181
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Pion Tomography

8 Nucleon GPD usimgiastPDFsat physical pion mass

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

_ finite -volume,
3 discretization,

X Ttvalence-quark Pion GPD results
Tk
S

HL (MSULa, Phys. Lett. B 846 (2023) 138181
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Nucleon Tomography

8 Nucleon GPD usimguastPDFsat physical plon mass

X Lattice details: clover/2+1+1 HISQ
0.09fm, 135-MeV pion massp ¢' A 6! finite -volume,

=y discretization,
X Ttisovector nucleon GPD results

() %qm i R)Q T é‘ 9

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

Also see work done by ANL/BNL/ETMC, 2209.053732310.13114

‘ MICHIGAN STATE Huey-Wen Lin? Strong QCD from Hadron Structure Experiments @ Nanjing University

UNIVERSITY


https://arxiv.org/abs/2209.05373
https://arxiv.org/abs/2310.13114
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J. Holligan, HL (MSULa, 2312.10829 [hep-lat]
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§ Lattice QCD in a Nutshell
§ Selectedk-Dependent Parton Distributions

X Nucleon PDFs
X Pion/Kaon PDFs

 GPDs
8 Impact of LatticeQCD PDFs on Global Fits

Biased selected results towardMSULat students and postdocs

L Mg A
III- ——

" Emn
| - =
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First Lattice Strange PDF

8 Results byMSULatquastPDFnethod

X Clover on2+1+1 HISQ® efm 310-MeV QCD vacuum
X EXtrapOIated toa p T Mev 0.10f v P,=1.20GeV - CT18NNLO

----- NNPDF3.1NNLO

O P,=1.72GeV

R. Zhang et al MSULa,
2005.01124

0.05} © P,=2.15GeV

000§ 7 e 2 wwz*& i) - 2K0) T

Re[h"(zP,)]

Re[h(z)] o / dx (s(x) — 5(x)) cos(xzPz)

=005k, L Quantities
0 1 2 3 4 5 that can be

calculated on
ZF’2 the lattice

G: Rui Zhang
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Lattice Strangeness Asymmetry Impact

8 Results byMSULatquastPDFnethod
X Clover on 2+1+1 HISQ® efm 310-MeV QCD vacuum
X Extrapolated to0 p T MeV

vV P,=1.29GeV  -ieeeee CT18NNLO
o P=172GeV AL e A LR Wanted
R. Zhang et al MSULa), : PDFs,
2005.01124 ¢ 0.08 pr=—m - — GPDs,
¢ s (x,Q) at Q =1.3 GeV 68%C.L. etc8 .
Re[h(z)] o / dx (s(x) — 5(x)) cos(xzP;) 1 0.06F CT18As pi
: 721 CT18As_Lat
8§ From quasPDF to PDF _ 004} ©:CT18As_HELat -.
00 2' - —— (g-5), Latt. '/
"D ) K6 ¢ B R) S0 S e ;
2] X G 22 255 03050 0000303070
(Y F- ¥ 0.00 pimm '&% :-Tf'lm i
"\ o0 P O 002: f .jﬂ";j";'.*x' _
T. Hou, HL, M. Yan, C. Yuan, O
2211.11064 0.04 - — .
10 10 10 10 < 100 0.2 05 09

§ The strangeness asymmeirggh)) i[ah) atw 1@ is difficult
to measure, but can be predicted in lattice QCD
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Lattice Gluon PDF Impact

§ First continuum Gluon PDF wieudcPDF
X 2+1+1 HISQ {0.09, 0.12, 0.15,

[220,310,700]-MeV pion, 13-10° statlstlcs

2210.09985, W. Good et al 12} § [ .
(MSULa 1of
3.0 T T : : B
| -~ CT18 NNLO — 08
55l NNPDF3.1 NNLO R
R \ £ 2~0.09 fm, M,~310 MeV = 06f A
% 20 = 2> 0, M; —» 135 MeV 0.4 # a09m310 that can be
2 ® al2m calculated on
8 14 — 9 ] ozl = aiSmgig the lattice
}% [ 4 al5m310
10 1] SeS——— | P B I N N L
2 0 1 2 3 + 5 6 7
0.5 v
Wanted -
PDFs, j j j j , M.~31@ MeV, v-n/2 [
GPDs, x 1.0 N
tc8 _ v
. o ft et
§ Can usaf 0.09fm results as ¥
. 08
X Best estimate of gluon PDF = o
X Aim for future precision %060 "0.005 0:010 0.015 0.020 0.025 0.030

& (fm?)
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Lattice Gluon PDF Impact

§ Preliminary study with CTETEA analysis i

X Take lattice inputs in the region where no strong experimental
data constraints, xO [0.4,0.7]

X Using epump for re-weighting
Before After

Plots by Alim Ablat (Xinjiang U.)

040 7+ T T T 0.40
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Lattice Gluon PDF Impact
8§ Preliminary study with CTETEA analysis ¥

X T?I/Q lattinrAa iInnii1te 1n tha rpninn wihara nn ofrnng experlmental
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Lattice Gluon PDF Impact
§ Preliminary study with CTETEA analysis 2y
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First Lattice Charm PDF

§ Large uncertainties in global PDFs

8 Results byySULatquastPDFmethod

X Clover on 2+1+1 HISQ@® efm 310-MeV QCD vacuum
2005.01124, R. Zhang et al MSULaj)
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