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Parton Distribution Functions

§ PDFs are universal quark/gluon distributions of nucleon

& Many ongoing/planned experiments
(BNL, JLab, J-PARC, COMPASS, GSI, EIC, AMBER, ...

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

Exp’t
Input

Theory l ‘
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
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SU(3) flavor symmetry, charge symmetry, strange and sea distributions
s=5=x(u+d)
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https://www.jlab.org/theory/cj/

§ Consumer’s Guide to Lattice Structure Calculations

& Nucleon structure with controlled systematics

phys

in the physical limit (m,; - m; ”",a - 0, L — o)

& Physical-continuum lattice charges/moments

§ x-dependent Hadron Structure
&= Recent Lattice PDFs Progress
& Applications to Generalized Parton Distributions

& Future Prospects and Challenges
Biased selected/highlighted results
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Lattice 9CD in a Nutshell

§ Lattice QCD is an ideal theoretical tool for investigating the
strong-coupling regime of quantum field theories
§ Physical observables are calculated from the path integral

(0]oGp,p, A)|0) = 1]2>A DY Dip eSPPA)0 (3,9, A)
in Euclidean space

& Quark mass parameter
(described by m,;)

& Impose a UV cutoff \ H
discretize spacetime AT

quark field

& Impose an infrared cutoff gluon field
finite volume XY,z |
§ Recover physical limit |
phys | A —
my;—->m; " ,a—>0,L— o0 t a
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Moments of PDFs

§ First moments are most commonly done <& + “E-»

§ State-of-the art example

& Extrapolate to the physical limit
Santanu Mondal et al (PNDME collaboration), 2005.13779
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§ Usually more than one LQCD calculation

& Sometimes LQCD numbers do not even agree with each other...
€ MICHIGAN STATE

UNIVERSITY

Huey-Wen Lin — S@INT Seminar (5/25/2023)



Moments of PDFs

§ PDq-Ilke rating system or average (Y f dx x84 (x)
§ LatticePDF Workshop

& Lattice representatives came together and
devised a rating system
§ Lattice QCD/global fit status
LatticePDF Report, 1711.07916, 2006.08636

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

yQCD 20 (Horkel et al., 2020) 2+1 H * O % % f 1.096(30)
LHPC19 (Hasan et al., 2019) 2+1 O % O % ¥ ° 0.972(41)
Mainz 19 (Harris et al., 2019) 241 * O * * * 0.965(38)(113 0.10 —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)
ETMC17 (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 B * O * % 0.716(28)

<1>5u— PNDME 18 (Gupta et al., 2018) 24141 % h * Kk K 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 > B % % 0.782(16)(2)(13)
ETMC 19 (Alexandrou et al., 2019b) 2+1+1 B * O * % ° -0.210(11)

(1)54— PNDMELS (Gupta et al., 2018) 24141 % K K K * -0.204(11)(10) 0.97 — 04T
JLQCD 18 (Yamanaka et al., 2018) 2+1 H O O % % -0.24(2)(0)(2) ) )
ETMC 17 (Alexandrou et al., 2017d) 2 B * B * % -0.219(10)(2)(13)
ETMC 19 (Alexandrou et al., 2019b) 24141 B * O H* W —0.0027(58)

<1>53— PNDME 18 (Gupta et al., 2018) 241+1 % K* * * K -0.0027(16) N A
JLQCD 18 (Yamanaka et al., 2018) 2+1 HE O O % % -0.012(16)(8) /
ETMC17 (Alexandrou et al., 2017d) 2 H * H * % -0.00319(69)(2)(22)
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Moments of PDFs

§ PDG-like rating system or average

§ LatticePDF Workshop

& Lattice representatives came together and
devised a rating system

X" ) sq f dx x™ 16q(x)

-9

§ Recent lattice QCD/global fit status
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From Charges to PDFs

§ Improved transversity distribution with LQCD g,

& (Global analysis with 12 extrapolation forms: g = 1.006(58)

& Use to constrain the global-analysis fits to
SIDIS * production data from proton and deuteron targets

1 hv T | B SIDIS+lattice (b)
1 .2 6f [ SIDIS
0 >
3
4_
=
—9 hii } é 27
.
e L % o5 1
0 0.2 0.4 0.6 €T ) gr

Lin, Melnitchouk, Prokudin, Sato, 1710.09858, Phys. Rev. Lett. 120, 152502 (2018)
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Nucleon Flavor Diagonal Charges

Comparison with FLAG 2021 results

Nucleon sigma terms
(Scalar charges)

10 20 30 40 50 60 70

[PNDME collab., Lattice 2022 update, preliminary]

* Clover fermion on Ny = 2 + 1 + 1 HISQ ensembles
» Flavor mixing calculated nonperturbatively

+ Chiral-Continuum extrapolation including a data at M,

Axial and Tensor charges

Phys
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Structure on the Lattice

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

_@,Jr ;e_, most well known

(x"1), = ] 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  Savage, 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 EAMC) ©&£C« . Orric 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 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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Recent Lattice PDFs Progress

Biased selected/highlighted results
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Lattice Parton Method

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

!& 1 ' h‘ é

= @ ' a
L N(P) | 8 '

l

§ Compute quasi-distribution via

G(x, 1, Py) = j %e-izkz <P ‘IE(Z)F exp (—ig j Zdz’AZ(z’)>1/J(O)‘P>
0

) i

41t
§ Recover true distribution (take Pz - oo limit)

~ _ d
q(xuu)PZ) _ Jooﬁc(ﬁ,}%) q(ylﬂ) T 0

2 2
AQcp Aqep

2’ 2
(XPZ) ((1 — x)PZ)
X. Xiong et al., 1310.7471; J.-W. Chen et al, 1603.06664
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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 PDFs

First unpol.
lattlce PDF

25
\IT[ \\
20 ¢J12
CT14 ! ".\
15F Lattice
. -
i AT
z 10 TN
= “'\.
sk 44 ", 1
A Ny -
Of—tr b S

[ YL I IR A AP IV ST
-04 -02 0 02 04 06 08 1.0

ol DA TV BV SN
-04 -02 0 02 04 06 08 1.0

phys
tM,,

xqy

X

;:.—‘—. P
2015 2016 201

2013 2014

Pion v-PDF

0.6

————— P,=2, RIIMOM
0.5
A - P,=3, RUMOM

Vo N
04 ¢ N P,=4, RIMOM
3
0.3 BN
# R

0.2} & \::
[]1 ,.l \\ .
n.of —

-0.1
00 02 04 06 08 10 1.2 14

Pol. PDFs and
mass corrections

:1..

21: 2019

Plon DA

Kaon DA

L l.xMET

1.5 Lat Mor
- DSE- |
10 DSE-2 -
= LreQM A7
05 7'
0.0 —— =
-0 -o. 00 05 L0 15

1°t GPD (m)

4
& 00 - 1=-2
\ 1=~
\ 5
== 28 PDF
=0
L N .
1 w\::\_ -:\‘
o STORennacalse

00 02 04 06 08 10 12 14

X

Py
2020

KPDF

i,

o
2021

B a-0.12 fm, M ~220 MeV

— a-0.12 fm, M,~220 MeV, gg+gq
< AFitterPI_NLO

= JAM NLO

T o
2022 |

2023

S{x, My~+130 MeV)
o -

Kaon

Huey-Wen Lin — S@INT Seminar (5/25/2023)

‘“r MICHIGAN STATE

UNIVERSITY



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

Finite volume,
Discretization,

v 2006.08636 (PDFLattice2019)
zp
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Lattice Example Results

§ Summary of physical pion mass PDFs results

unpolarized longitudinally polarized transversely polarized
&S & o 4) ) ¢
u(x) —d(x) Au(x) — Ad(x) Su(x) —8d(x)
s Cmmmsmessocr 10 L mirmiesocer LM LS R-s0Gey
B ETMC20, |Ppaxl = 14GeV | [ 4 B ETMC'18, [Py o[ — 14GeV | | I ETMC'18, |Prax| = 1.4 GeV
4 B ETMC'18, |proaxl = 1.4 GeV ] B NNPDFpol1.1 I M MEX'19 }
B JLab/W&M'20, |Prax| = 3.3GeV] | 3 B JAM17 . [ PV'18
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Finite volume, 2006.08636 (PDFLattice2019)
Discretization,
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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

& Naive extrapolation to physical-continuum limit

2011.14971, HL et al (MSULat)

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
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S 04f N T04r X
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& ool & F— (a2 M) O al2m220S
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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

Quantities
that can be

calculated on

the lattice
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Meson Valence-quark PDFs

§ Pion/K: X. Gao et al (BNL/ANL), 2112.02208 im limit

4.0
“’M = DNN-abAsymp s JAM21nlo )
oo X 3.5k Model-4p =2 JAM21nlonll ‘fldb
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 ’>-<\ S
o.o:— = 2.0 S 0:2
0 1 < 0.1
Lo ’
0.8 1 1 1
1 u 1.0k .00 0.25 0.50 0.75 1.00 A B B
0.5F
u=2 GeV ]
0.0t . - | _
0.0 0.2 0.4 0.6 0.8 1.0 27 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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Gluon, Strange and Charm PDFs

- LT,
g Enn
1} ---
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Nucleon Gluon PDTF (2018)

§ Pioneering first glimpse into gluon PDF using LaMET
& Lattice details: overlap/2+1DWEF, 0.16fm, 340-MeV sea pion mass
& Promising results using Fan et al, Phys.Rev.Lett. 121, 242001 (2018)

coordinate-space comparison, 07

0.6

ignal fari |
but signa fioes not go farin z O.SQLL

& Hard numerical problem : o4
to be solved "

b i@l npse of Glue Parton Distribution Function from Lattice QCD

)

3

® PDF4LHC15 NLO
0.2[ m CT14 NNLO
04| ¢ P:=046Gev

' 678 MeV

A P,=0.92 GeV

O'B.O 0.5 1.0 15 20 25 30
zP;

~ Ra
Ho (z,

05 '

< 0.4 e —

£

® PDF4LHC15 NLO

| = CT14 NNLO
0.1  P,=0.48 GeV

) e 340 MeV
P:Yi-Bo Yang = of 2=

|
0 0.5 1.0 15 20 25 3.0

:houyou G: Adam Antony | | 0.
iCER@MSU is crucial for earlier code development and completion of this work
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Nucleon Gluon PDF (2020)

§ Gluon PDF using pseudo-PDF
& Lattice details: clover/2+1+1 HISQ 0.12 fm,

310-MeV sea pion Z. Fan. et al (MSULat), [GL
2007.16113 ———9

& Study strange/light-quark

The comparison of the reconstructed unpolarized gluon PDF from the function
form with CT18 NNLO and NNPDF3.1 NNLO gluon unpolarized PDF at u =
2 GeV in the MS scheme.

2.0 ‘ 0.15

. CT®8NNLO e CT18 NNLO
\ NNPDF3.1 NNLO NNPDF3.1 NNLO

U8 1 MSULat, M,=690 MeV O.10pma e, - MSULat, M,,=690 MeV
S R\ - - MSULat, Mz=310 MeV 3 - - MSULat, M,=310 MeV
= \ “'\ ---- MSULat, M;=135 MeV ~ --- MSULat, M,,=135 MeV
~ 1.0 \ \ Y 0.0
5 X 3
k3 \ X
2 G “S

-0.0
0.0 0.2 04 0.6 0.8 1.0 85 0.6 0.7 0.8 0.9 1.C

G: Zhouyou Fan
Slide by Zhouyou Fan@DNP2020
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Nucleon Gluon PDTF (2021)

§ Gluon PDF using pseudo-PDF

&» Lattice details: 2+1 clover, 0.09 fm, 360-MeV
sea pion T Khan et al. (HadStruc), 2107.08960

Y r--——--

_o
& Use many nucleon Interpolating operators to
improve signal with larger boosted
momentum state 4.0
2-param(Q)
NNPDF3.1
| CT18
3.0 m— JAM20
BN
*:5; 2.0
=
1.0 1 \
0.0 H
0 0.2 0.4 . 0.6 0.8 1.0

T. Khan et al. (HadStruc), 2107.08960

‘ @ MICHIGAN STATE Huey-Wen Lin — S@INT Seminar (5/25,/2023)

UNIVERSITY



Nucleon Gluon PDF (2022)

§ 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
Z. Fan, W. Good, HL (MSULat) 2210 09985

1.1 — I T T S T
1.04f ;
M, -318 MeV. v~/ /4 M.~318 MeV, wv-m/2 1 10 M.~-318 MeV, v-m ]
1.02 , : 0 | *k :
1.00 ) {_ i _ Eo——- ,f_'. S ;{'_"_ _______ 0.8 S R PSR [ ]
o S [ R N RS - %N :==-1’ S
EG.QB- + —_J S 1 =09 - 3—':'{]6 ]
F 096 ] = ="
0.94 3 0.8 ] 0.4
0.9zt = Ofa) ] &= O(a) == 0O(a)
= 0(a) = 0(a? 0.2 = 0(@% 1
0%000 0.005 0.010 0.015 0.020 0.025 0.030 DD?UDU 0.005 0010 0.015 0.020 0.025 0.030 0.000 0.005 0.010 0.015 0.020 0.025 0.030
a (fm?) a (fm?) a (fm?)

Quantities
that can be

calculated on
the lattice

G: Bill Good
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https://arxiv.org/abs/2210.09985v1

Nucleon Gluon PDF (2022)

§ Continuum Gluon PDF w/ pseudo-PDF
& 2+1+1 HISQ {0.09, 0.12, 0.15} fm, & o

[220,310,700]-MeV pion, 10°>-10° statistics
Z. Fan, W. Good, HL (MSULat), 2210.09985

3.0 - - - - )
- CT18 NNLO 1
25 NNPDF3.1 NNLO ] 3
B a~0.09 fm, My ~310MeV | oaf +
£20 B2 a0, M, - 135 MeV ] 02 1 tiomato
} E OJJJJJ,,.JJJJJJ,,.I. | L
: - + q 0 1 2 3 4 5 6 7
8 4l gg+g
LR
1 I
<
210
on
>
0.5
0.0
0.0

G: Bill Good
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https://arxiv.org/abs/2210.09985v1

Nucleon Gluon PDF (2022)

§ Contlnuum Gluon PDF w/ pseudo-PDF

- - - w o~ o~  ~ ~ o~ —~ a ~

&

= MSULat'22 (a» 0, M, - 135 MeV)

—
o
T

= MSULat'22 (a=0.09 fm, M,, = 310 MeV)
== HadStruc'21 (a = 0.09 fm, M, = 358 MeV)
1< 0.8 -~ MSULat'20 (a=0.12 fm, M; = 310 MeV)
o = CT18
Fospl = o
g _
— X
> 504
o ﬁ
5. 02
o |
( 0.8
e e e
0.0 0.2 0.4

G: Bill Good
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https://arxiv.org/abs/2210.09985v1

Meson g[uon PD j—‘s

B 5-0.12 fn, M,~220 MeV B a~0.12 fm, M,,~220 MeV

rY = g 2~0.12 fm, M, ~310 MeV 3 25 — a~0.12 fm, M ,~220 MeV, gg+gq
i o ! ' i |
€20 £ 2-0.12 fm, M,~690 MeV | :§ 20! R e
x| B 2-0.15fm, M,~310MeV | > Y AM N0
O 1.5} O 1.5;
.. QA
= | =
%10 X 1.0}
0.5/ 0.5
0ob e ——— | 00 e
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1. G: Zhouyou Fan
X X
2104.06372, Fan et al (MSULat)
3.0; :
R\ 10
[ i = £--a~0.12fm
25 \ E gg B a-0.15Mm
4 04
2.0 \ CE:O.Z
Z0.0 —
"._I (@]

02 04 06 08 10

" G: Alejandro
: = MSULat21 Salas-Chavira
0.5 “ DSE'20

00, == v = — -, 2112.03124 , Salas-Chavira et al (MSULat)
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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,=1.72GeV

0.05+ ¢ P,=2.15GeV

2005.01124, R. Zhang et al
(MSULat)

0.00 T e e T E T

r\ch"IR(ZPZ)]

Re[h(z)] /dx(s(x) — §(x)) cos(xzPy)
' -0.05;, .
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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}, ‘ ,
o suggest a 0.03}
. 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)

' 0.01f 0.030 s et A S T

d'i = 0.005} k‘\ — P,=1.29 GeV ]
E:I o g 0.025 N ‘ll‘ I. — Pz=1?2 GEV J
e—_, 0 &—0_005% % 0.020 “\ — P,=2.15GeV 1
7 01, @ 0015} Y. NNPDF3.1
@ suggest a — | .
BE” ¢ _ "% L oot0f CT18
symmetric ¢ — C - S
. . i 0.025¢ -
distribution 3 0.005 f
0.02r 1
@ much smaller =
N
than strange £50.015)
£
PDF T 001}

0.005¢

o
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Generalized Parton Distributions
Single-ensemble result

finite-volume,
discretization,
* heavy quark mass,

Biased selected/highlighted results

o Wity

)
T —
" Emn
: i o
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Generalized Parton Distributions

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

T 3 ‘
4

BN - , + /2
F(X,g t, Pz)
B (dz 7(P") (oA,
— ixzP — n
= 2 [ et (P10, IP) = S <H(x E LB+ E(xd e, P) )u(P )
P!’ 4 p'H p't —p'*t
b= b= plTh — ke — A2 —
P 2 A EPT o =N S e
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Generalized Parton Distributions

§ On the lattice, one needs to calculate the foIIowmg

e g

'| NP, —d/2) | &=
t

urce

See Thur. afternoon talk by Swagato Mukherjee for new setup for GPD calculations
§ Heavy pion-mass results

4 4 : -
_____ =0 _.;1:: 0, —0.60 GeV'?)
3k PiOn GPD ————— t=-2 ] ir Hiz, 1/2 —102 GV |4
A 2 me-- t=—5
55 2RO E=0 ] : Isovector v -
1
P sy 1 Nucleon GPD |
0 T eeeseeiiza. o T— .
0.0 02 04 06 08 10 12 14 o 02 o4 0s 0.8 .
J. Chen, HL, J. Zhang, 1904.12376 C. Alexandrou et al, 2008.10573
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Shohini Bhattacharya et al., arXiv:2209.05373 [hep-lat]

1.0
§ E H(ALzZ)
3.5 VR Nt
o t ~ —0.65 GeV
1 3.0
! 2.51
2.0 H

0.5 1.0

5 ' -
§ Heavy pion-mass results
Pion GPD e

\ § =

OI.4 0:6 0:8 ll.() 1:2 1:4
J. Chen, HL, J. Zhang, 1904.12376

_QLIN]\-"[RSIT‘I"

0.0 0.2

— f1(7]
E(z 0,—0.60 GeVT)
iz 173, —102 GeV1) |4

Isovector
Nucleon GPD

o oz 0.4 0.5 0.3 1

C. Alexandrou et al, 2008.10573
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Isovector Nucleon GPDs

§ Nucleon GPD using quasi-PDFs at physical pion mass
& MSULat: clover/2+1+1 HISQ

0.09 fm, 135-MeV pion mass, P, = 2 GeV é
Fi(z,€,t) = f(f—ﬁ_e‘““f (W'la(z=/2)v (=2~ /2)Ip) vm
| | icTYA,
= 21% {H‘?(:x:,fﬁt} a(p) vy ulp) — B9(x, &, t) u (p') o ‘M(p)} i S
A -‘\"l: > ¥y x ) = O, Qz)

|
0.0

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

§ Nucleon GPD using quasi-PDFs at physical pion mass
& MSULat: clover/2+1+1 HISQ

0.09 fm, 135-MeV pion mass, P, = 2 GeV &
F(a,6.1) = / L—W*" W= /27 a(~= /2l 9-
= 5p7 7 u(p) — B, & 1) u (p) —5—u(p)
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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

1.0

D (2914%,(0) + (-2, ®

i=0,even

neven

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

0.8

&= MSULat20 2+1+1f

QL'Ju 0.6
0.4i—
O.Z:— —
(I). - .Olll - .OIZI - .0!3I - .0!4I - .0!5. - IOIGI .
Q* (Gev?) HL, Phys.Rev.Lett. 127 (2021) 18, 182001
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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 qua51 -GPD results

Z (~28) B, () = (=2§)"Co(®

i=0,even

neven

T T T - T T ~ T T T T
n=2 _ =MSULat20 2+1+1f
0.3} AETMC'19 2+1+1f -
; \ »ETMC'19 2f ]
. RQCD'18 2f
S 0.2f u’ 4
R [
0.1 ]' 4
0 [ N P P SRR B SR P SRR SRR SRR R S
0 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

£ 00 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 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

~ dz v Pt

Fi(x,6,t) = | —e™ > (plalz" /2y sa(—2 /2)|p)

(P) v ysulp) — Bz, &,t) @ (p)
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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

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

§ Pion GPD (H™) 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-quark Pion GPD results

finite-volume,
%y discretization,

msutat, Preliminary

! I L L ! T N L ! I T ]
3.0F Q2 (Gev?)
2.5F \\ W00

. Wois

B S, M o039
N Wo77 ]
W o97
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Valence-Quark Pion GPD

§ Pion GPD (H™) 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-quark Pion GPD results

-1 Q= Aﬁi(t)

finite-volume,
discretization,

| I
CERN
DESY |
+JLab
oal OMSULat23 ~~IHFA L]
| OBNL'21 e ]
02F 2yQCD'20 _
A M P T I T I I I T— |
0 0.2 0.4 0.6 0.8 1.0 . .
o GV msutat, Preliminary
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Pion Tomography

§ Nucleon GPD 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-auark Pion GPD results

finite-volume,
< discretization,

o
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Lattice Progress & Challenges

§ Exploratory study on charm and gluon PDFs

§ Many approaches are moving to the NNLO level
& Expect to see more improved lattice calculations

§ Beyond the standard twist-2 collinear PDFs
& Generalized parton distributions (GPDs) for the pion and
unpolarized/polarized nucleon

& Transverse-momentum- dependent distributions (TMDs)
e Collins-Soper kernel, soft function and wavefunctions

& Twist-3 PDFs and GPDs

For more details and references, refer to 2202.07193

§ Challenges ahead for precision PDFs

& Need large boost mom., better signal-to-noise, inverse problems
in PDF extraction in SDF, more computational resources, etc.
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Summary and Outlook

§ Exciting era using LQCD to map out hadron structure
§ Overcoming longstanding limitations of moment method

x = 0.010

& Bjorken-x dependence of parton distributions are
widely studied
& More study of systematics planned for the near future

1.0
0.5

o 00

§ Precision and progress are limited on resources
& Challenges = new opportunities quantities

§ In the future

Theor Exp’t 7o N
' * H[ lllll

Input ] | Input

Global Analysis

Thanks to Raza Sabbir Sufian, Sungwoo Park and
Of PDFS/GPDS Swagato Mukherjee for plots used in this talk

The work of HL is sponsored by NSF CAREER Award under grant PHY 1653405 & RCSA Cottrell Scholar Award
Thanks to MILC collaboration for sharing their 2+1+1 HISQ lattices & USQCD/NSF/DOE for computational resources
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‘First Lattice GPDs

§ Pioneering first glimpse into pion GPD using LaMET
& Lattice details: clover/HISQ, 0.12fm, 310-MeV pion mass

P, ~ 1.3,1.6 GeV
J. Chen, HL, J. Zhang, 1904.12376

s el )l e

41T
4 ]
1.0t . P~16GevV 777 =
1 6 GeV hB(zP 4t 2) z 7 R AR Y
* hgr(z,P=4t=- 3'; _____ _ 5'-
~ 0.5} ] I N\ T
I - 2 \ J
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N 0.0 i f . = W) \x 5 —
£ i mHH SN
-0.5 s :::::-:-Z-'_;.;;-._
1 1 A i i O
-1 0 0 10 00 02 04 06 08 1.0 1.2 14
(plot by J. Zhang) X
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Isovector Nucleon GPDs

§ Pioneering first glimpse into nucleon GPD using quasi-PDFs
& Lattice details: twisted-mass fermions, 0.09fm, 270-MeV pion

mass, P, = 0.83 GeV

dC™ —izPt / B , AW
Fla.6.1) = /4 TP = g e B R b

/|

nucleon ¢ = 0 isovector results

C. Alexandrou, (ETMC), 1910.13229 (Lattice 2019 Proceeding)

3 \ I T
ToRn :“ — — PDF.% (1=0)
— — F.T. + matching £||'I P, — 0.83 GeV | |— — H.f:,,p‘f,, (—t = 0.69 GeV?) ; ‘.‘

2+ il Q% =0.69 GeV?, £ =0 |

Py =

0.83 GeV -
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Isovector Nucleon GPDs

§ Nucleon GPD using quasi-PDFs at physical pion mass

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

_ finite-volume,

_ _ ::;; discretization,
& ¢ = ( isovector nucleon quasi-GPD results
. B o(dz .. .. a(P") ik A,
— %2 | == pixzPz(p’ 7
F(x,&t,P;) P0J4ne (P'|0,, (2)|P) = 50 <H(x Et,P)y° + E(x,é 8, PZ) T )u(P )
. plll’l' + plll N i . Az f B pn+ . p
P = 2 ’ =D P, - ’ - pn+ + p/+
3.I:I:-|-.-|---,---|---|'--|"'|"' 12 ——
: i Q% =039GeV? | T T T T e ]
a3 : W quasi-gPD ] 10F 3, i;;’giﬂﬁ? E
20 ﬂ B matched GPD - sk 4 m matched GPD
L 5F {1 st 1 -
100 ;M aE I
05LF . °F ]
[ - ] 0f —
0F — - \ 7
o \IJ I R PR | L _2:_ | | I;, | | | | -
04 -02 0 02 04 06 08 10 04 02 0 02 04 06 08 10
X HL, Phys.Rev.Lett. 127 (2021) 18, 182001
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From Raza

@ Lattice QCD determination of gluon helicity pseudo-distribution

. Fit-1,2 are extrapolated results from fit to lattice data at different nucleon
boost

@ Datza points are from direct lattice calculation

0.35 . 0.25

+ p=041 GaV JEM: different socluti
0.3 4 - [] -'f‘“-"‘—’éf‘*-'{' 0.2 4 . for gluon helicity PD
=123 Lse ! _ ) -
0.25 - I =164 GeV 0.151 .
a0 024 * p=246 GeV T 0.1 | T # _ _ positive solution
b . e Fif1 2 0.05 :
= .15 T &= Fit-2 =
i 1 = 00
' #.0.05

# Lathice QCD
s am g
=AM

020 i B = M Il negative solution

1/

@ Lattice QCD hints at a positive gluon helicity distribution J'__
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From Raza

® Light-cone Ioffe-time distribution associated with gluon helicity

®c

L]
=
L
=
_=r

‘“r MICHIGAN STATE

3.0 1

2.0 1

0.0

in( )= [M{H{V) - V—"ﬁpp(p}]

‘ontamination term present in LQCD matrix element at finite momenta do

M(v, 22) = (MG (v, 22) = (1 + m2/p2 )v My (v, 22)]

Balitsky et al [JHEP 2022]

§ p=041 GeVie=m? /p® ~ 7.3
P p=0.52 GeV
p=1.23 GeV pr—
+ p=1.04 GeV g. th L/
I p=205 GeV —
E{ $ p=2.46 be‘u’«l—mpfp ~ 0.2
Ll
. E B F T
i i F moip¥t I
B L T
= rce . ¥ +
il 2 Ill- Eli !I'l- 10
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Nucleon Isovector Form Factors

From Sungwoo Park

[NME collab_, Lattice 2022 update, all preliminary]
* (Clover fermion on Ne=2+1 clover ensembles

o ! L L . L | L P L LN T T T T T
aL2Tm2BE W T2 =h 50k alZT miBE wn AT2m220 83 | =0 I al27m2858 won aD7Im270 o
_:-094rr:§?l'.l a0TLinlT0 e ] M K 4 m270 A7 LmlT0 e 120 * 3:{;4”;2 .f-'_'_: - au:’zr.-.:e:g: F'
1ol 2094 m270! A0T0m130 e i a094m27oL A0TOmL30 B . a4 ma7oL a7 Lml70 o
=M 2003220 v a056m2E0 - 40k a093m220 s a05em2B0 — { 10D 093 m220 v 3070m130 96 1
o F0UIM220X a0B6m220 s | a 3 1 A0AIm2 20N H ANSHMIZI0 B ] ADAIMPZ0X ke S0S6MZE0
il = 8 }g?lr'iﬂlfle r My = 1028 GeV - :":30 E A0GTml 7 0 e FFD: Ma = 1.0 Ge - &0 _§ A1 m17T0 e 20S6mM2A0 & ]
=0 2 091 m1T0L - My = 120Gy - 4 SR a09imivol vm FPD: Ma = 1.30GeV o A191m1TOL v
< k. A073mZT0 My = 135GeY --- a F A0VImET e “—1
'%1_ |"\.3:J|.'} - Py 1
MG L ]
10 f
n.l'i -1F£N“. 2-||-|':l_ e _\_t&" -.-..__j_‘?&"" B . i L B ]
. L L L s e . P D T
02 04 06 08 1 12 14 0 02 04 06 08 1 1.2 1.4
Q7 [GeV?] @ [GeV?|
I Axial form factors
* N excited state needed to satisfy
‘ A127M2B5 > adT3M2I0 e ' A7 T meBE e @073m2 (0 en ] PCAC relation Impact on FF 1s large
2004 m270 T2md0 & al9dmz 7o FT2M220 1 -
Lo A004m270L 7Ll T anb A0 m2ToL A071m1T0 B 3
003220 wh F056m280 ’ A0AZmZZ0 B #AEOm280 HH 1
nal A03IM2HXK ke FEEMI2] 26 ] A0G3MIZ0X e 2056m220 pe 1 |
; Bm0] a Pacets0, ) m | 330F 091170 K1 o : :
Soe RmLs welg oz my = M091mI7T0L e Pade(g.0.2)m 1| Flectric & Magnetic form
0.4} factors
0.2 *+ Less sensitive to the details of the
o0 . , . . excited states
o 0z 04 06 08 1 12 14 - . * . :
. o0 02 04 O 0.8 1 12 14 ; - :
Q2 /M2 > " * Good agreement with the Kelly curve
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From Sungwoo Park

Nucleon Flavor Diagonal Charges

[PNDME collab_, Lattice 2022 update, prelimmary]
Clover fermion on Ny = 2 + 1 + 1 HISQ ensembles

Flavor mixing calculated nonperturbatively

. 1 Ph
. COIIlp 31‘13011 1":"l"rll.:}‘l FLA(:I 202 ]. Ic 51.11[8 * Chiral-Continuum extrapolation mcluding a data at M e
10 20 30 473 50 &2 70 W7 0TS 080 0ES 25 Jhes 04 035 00 il 005 [1]
-ﬂ' . ) ) ) ) — PHOME 22 iPrediminary)
L FHOME 2T iFeha oyl —_— PHOME 28 (Prebmisang) —_— FHOME 72 |Preb=snary| ETM 13
T nN punug 1 ETW ‘19 —F ETW 13 = PHOME "8
# w0 PNDME [2021) - PHOME 18 . PROINE 18 Mz 10
] ‘. Fpn which does ) ) ™ FOC0 18
£ - ETH 19 ot r\equi': + WnE 18 i MpnE 18 | | AGED s
ETH 144, renormalization — fLs =R ] - ZOCD 1R 5 ¥3CO 1S
i > ETM “1¥ EThC 17 Engeasi 12
$ LEh i - g
— T 184 -
- el 15 BT} OTE 0BD 085 85 D&t 04 035 'E.;.'.'F .06 003 U
. A P 7
E - or [=F-] as a25 .20 a.15% [0 0.02 a.m a om
T i Hatgrohder 15 T v T T
—— Alarcas 13 — PHOMIE 22 (Pralminary) —=— PHDME 22 (Praliminary] PHOMIE 22 (Prelminary) &
10 20 30 40 50 &0 70 Mev = ETRa "5 Bl Eme ETR 12 ;
. PNDME 1B = PNDME 18 PHOME 18 -
-20 0 20 43 &0 Bl 103 B - Malnz 1% . Mainz 1% }
L i s . N " R N . ) . Mainz L R |
a |, | JLENS0 18 LEED 18 JLCCD 18
5 e il ETH"17 = ETHM 17 ETM17 -
oum 10 b7 08 08 025 pEn 408 s oe AM 0 oo
= ETH 1n .E'I'II' '3.' u‘j’
il | [ (P ]
. = Nucleon sigma terms "‘ Axial and Tensor charges
: . s (Scalar charges) * Less sensitive to the details of
Z " _ : the excited states
* Ogyq- Excited-state effects are large and
00 20 40 80 0 10 ey results very sensifive to N/ Nmm states
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From Swagato Mukherjee

Nikhil Karthik et al., Phys. Rev. D 106, 074505 (2022)

0.7
B = QF we——DSE
Sl -'ul%:dﬂz- BSE
1 F [l r n
0.5 =102 0 Frcollaboratio
~a —
Cy 0.4 -~
[ L -
N 0.3 -
D’ — — -
0.2
0.1

000 25 50 75 100 125 150 175 200
Q? [GeV?]

asymptotic pion EM form factor

asymptotic pion gravitational orm factor

0.5F

Q2A4(t)
=

=
FJ

Ff/

u'%ﬂ

4y - Ansatz [t with § = 0.2 e
Y Asymptotic -.-
oz}’ Flat

¥
¢

0007 02 03 04 05 06 07 08 09 1
u

\

v

. =0l

g =408

. =107
MIT21

2.5

ETI} ?TE 10.0 11:.5
—t [GeV?]

15.0 17.5 20.0
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From Swagato Mukherjee

Xiang Gao et al., arXiv:2208.02297 [hep-lat]

4.0 (x?) (x?) (x®)
DNN-abAsymp mm JAM21nlo
35} » Model-4p =2 JAM21nlonll u=2 GeV
— -~ xFitter This work (nnlo) | +—#- Hmf ]
xFitter - & A A
JAM21nloF (@ g ¢
JAM21nlonll - R
0.12 0.08 0.04 0.00

2
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From Swagato Mukherjee

new novel Lorentz invariant formalism for lattice QCD computations using
asymmetric momentum transfers:

= significantly increases access to t-dependence

= gsignificantly reduces power corrections

Shohini Bhattacharya et al., arXiv:2209.05373 [hep-lat]

4.07 4.0
35| o ELOT) r % —0.65 GeV 35| . ElAi2)
H{A} x) E FAY )
3.0/ 3.0
2.5/ 2.5|
200 [ 200 7
L5 15|
1.07 1.0
0.5 0.5|
I 055 —=E . T ~0.5 3
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Are We There Jet?

§ Lattice gauge theory was proposed in the

1970s by Wilson
& Why haven't we solved QCD yet?

§ Progress is limited by computational resources
1980s Today

§ Greatly a55|sted by advances in algorlthms
& Physical pion-mass ensembles are not uncommon!
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Nucleon Matrix Elements

,«' W r ‘
% § i
| s

P i "z i 8

§ Pick a QCD vacuum
& Gauge/fermion actions, flavor (2, 2+1, 2+1+1), m, a, L, ...
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Nucleon Matrix Elements
Lattice-QCD calculation of (N|gTqg|N)

t

a2 A

- - -

§ Construct correlators (hadronic observables)
& Requires “quark propagator”
Invert Dirac-operator matrix (rank 0(10%%))
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Nucleon Matrix Elements
Lattice-QCD calculation of (N|gTqg|N)

t

o
‘ .'p ¥

: ; .
§ Careful analysis needed to remove systematics
& Wrong results if excited-state systematic is not under control )

13 F = 1.3 o = L3 F

1.2 4 1.2 + 4 12 F

sl tr—t;=096fm .. tr—t;=12fm t}}c t; = 0.96- 1.56 fin|

T:00 = 8 | ‘ [ 700 — 10 »& T 00 =— 8 ren 10 »& 12 e 14 i |
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Nucleon Matrix Elements
Lattice-QCD calculation of (N|gTqg|N)

t

§ Systematic uncertainty (nonzero g, finite L, etc.)
& Nonperturbative renormalization
e.g. RI/SMOM scheme in MS at 2 GeV
& Extrapolation to the continuum limit
(m,—» mPvs, [, - 00, a—0)
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§ PDG-like rating system or average
§ LatticePDF Workshop

& Lattice representatives came together and

devised a rating system

§ Lattice QCD/global fit status

Collaboraton
ETMC 20
PNDME 20
Mainz 19
\QCD 18
RQCD 18
(x),4 ETMC 20
\(3(']) I8
() 44 ETNC 20
YQCD 18
(x) .4 ETMC 20
\Q('l) I8
{z), ETMC 20
\(3('1) I8
\QCD 18a

Moment

e\
(\"/u' d*

* No quenching effects are seen.
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Reference

(Alexandrou et al., 2020b)
(Mondal et al.. 2020)
(Harris et al., 2019)
(Yang et al., 2018b)
(Bali et al.. 2019b)
(Alexandrou et al..
(Yang et al., 2018b)
(Alexandrou et al.,
(Yang et al., 2018b)
(Alexandrou et al.,
(Yang et al., 2018b)
(Alexandrou et al.,
(Yang et al., 2018b)
(Yang et al., 2018a)

2020b)

2020b)

2020b)

2020hb)
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Moments of PDFs

(xn_1>q —

DE CE FV RE

HONBMOEBOENROEN OX %N
X ¢ 2 4 % % O ¥ %

¥ O OO OO OO O|O O % %O
% b b 6 b k6 O b % %

1
dx x™" 1q(x)

-1

& ®

LatticePDF Report, 1711.07916, 2006.08636

7 p)

LI b b b b o 2B B b 2B B b b i

Value Global Fit
0.171(18)
0.173(14)(07)

0.180(25)(F14) 0.161(18)
0.151(28)(29)
0.195(07)(15)

0.359(30) 0.353(12)
0.307(30)(18)

0.188(19) 0.192(6)
0.160(27)(40)

0.052(12) o e
0.051(26)(5) 0.037(3)

0.427(92)
0.482(69)(48) 0.411(8)

0.47(4)(11)
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Moments of PDFs

§ PDG-like rating system or average

§ LatticePDF Workshop

1
(" = | dxariaeo
-1

& Lattice representatives came together and

devised a rating system

§ Lattice QCD/global fit status
LatticePDF Report, 1711.07916, 2006.08636

& ®

e <X> d +

ETMCQO"E ..... <X>,tgt -t <X>,t g
~#1  PNDMEZ20
g1 ETMC19 Ng=2+1+1
~—&-— Mainz19
F—-a--+  yQCD18 = o - =
Nf=2+1 xQCD18a FR— o I—
w—-+ ETMC19
2+ RQCD18 Ni=2
- PDFLattice17 Béi ] o4 M
mi  CT18 P ¥
X JAM19 X x " X
. . | | . . . . . . | | | . . . . . . . . p_2 GeV .
01 0.15 0.2 025 0.3 02 03 04 05 06 0.1 0.15 0.2 0.25 0.3 0.35 0 0.03 0.06 0.09 0.12 0.1 0.2 0.3 04 05 06
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Moments of PDFs

. . 1

§ PDq-Ilke rating system or average ()5 = f dx x™1Aq (x)
§ LatticePDF Workshop 1

& Lattice representatives came together and

devised a rating system '@:’ B :9"

§ Recent lattice QCD/global fit status
LatticePDF Report, 1711.07916,2006.08636

9A  Ermore s || STPAU . <I>pg | | <T>p¢r a g XA Al
CalLat18 HH
PNDME18 - - ———— Ni=2+14+1 ™ +—--#—-— PNDME20
LHPC19 e
Mainz19 -l .
PACS19 - bl =
yQCD18 b Bt . = N=2+1 =
ETMC19 - N=2
PDFLattice17 % e PmXeni s eXemsd
. . . . . . . . | | . . . . . p_2 GeV
1 1.1 1.2 1.3 07 08 0.9 1 -05 -04 -03 -02 -0.2 -0.1 0 0. 15 O 2 025 03
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Parton Distribution Functions

§ PDFs are universal quark/gluon distributions of nucleon

& Many ongoing/planned experiments
(BNL, JLab, J-PARC, COMPASS, GSI, EIC, AMBER, ...

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

Exp’t
Input

Theory l ‘
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

1.8

1.6 -
14}
1:2
1.0

0.8}
05} S/ Scns

N

1074 10 1072 0.1 02 03 04

X

CTEQ-JLAB

SU(3) flavor symmetry, charge symmetry, strange and sea distributions
s=5=x(u+d)
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https://www.jlab.org/theory/cj/

Global Analysis

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

_____
\ 1.2

YT T =TTy T

1.6 CJ15 (T = 10) |

1.0

(
II I
| / :
B CJ15(T=1) ' : I )
14 — MMHT14 | | ' o5t 5/ e IR /
—— HERAPDFLS5 | | |13 104 107 102 01 02 03 04
1.2} — NNPDF3.0 ! S N S v
\ | 1.2}
|
1.0 | =5k
| 1.0
0.8} | o9l
d/dCJlo | -
APTITY EEPIPRPITTTY | | L 1 1 | .
10* 10 102 01 03 05 0.7 0.9 | ozl Ufons
T | 104 10 3 10 -2 01 02 03
| T
N
0.9
CTEQ-JLAB 08
https://www.jlab.org/theory/cj/ e

T
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Consumer’s Guide

. . !
§ PDG-like rating system or average (x" Ny, = | dxx"1q(x)

§ LatticePDF Workshop 1
& Lattice representatives came together and

devised a rating system —@’-b + %b

§ Lattice QCD/global fit status
LatticePDF Report, 1711.07916, 2006.08636

Moment Collaboraton Reference Ny DE CE FV RE ES Value Global Fit
() y+ g+ ETMC20 (Alexandrou et al., 2020b) 24141 B %* O % % ° 0.171(18)
I .\'l)\ll'. 20 1_\lnnx.|.|l et c//.: 2020) .’ I+1 % % % % % 0.1 a.i(‘ I-lb(fll“ll 0.161(18)
Mainz 19 (Harris et al., 2019) 2+1 * O % % % 0.180(25)(%¢")
yQCD 18 (Yang et al., 2018b) 2+1 O %* O % % 0.151(28)(29)
RQCD 18 (Bali et al., 2019b) 2 x X O X X 0.195(07)(15)
(x),+ ETMC 20 (Alexandrou et al., 2020b) 24141 @ % O % % ° 0.359(30) 0.353(12)
yQCD 18 (Yang et al., 2018b) 2+1 O * 0 % % 0.307(30)(18)
() a+ ETMC 20 (Alexandrou et al., 2020b) 24141 B % O % & ° 0.188(19) 0.192(6)
YQCD 18 (Yang et al., 2018b) 2+1 O %* O % % 0.160(27)(40)
(T) 4 ETMC 20 (Alexandrou et al., 2020b) 2¢1+1 B %* O % % ° 0.052(12) N
\QCD 18 (Yang et al., 2018b) 241 0 % O % %  0051(26)(5) °B73)
{Z)4 ETMC 20 (Alexandrou et al., 2020b) 24141 @ * O % % ° 0.427(92)
yQCD 18 (Yang et al., 2018b) 2+1 O % 0 % % 0.482(69)(48) 0.411(8)
\(3(‘[)]\;1 (Yang et al., 2018a) 2+1 B * * % B 0.47(4)(11)

* No quenching effects are seen.
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Direct x-Dependent Structure

§ Longstanding obstacle to lattice calculations!

Quantities
that can be
calculated
on the lattice
today

pQCD-
calculated

kernel

& Quasi-PDF /large-momentum effective theory (LaMET)

(X. Ji, 2013; See 2004.03543 for review)
& Pseudo-PDF method: differs in FT (A. Radyushkin, 2017)
& Lattice cross-section 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)
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Generalized Parton Distributions

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

Y ¥ ‘

! f N
—3/2) & \
- N - G/2) ta /2
t;
F(x,ét,Py)
ISZ d _( ,) OHA n
=7 47ztelxzpz(P 0,,(2)|P) = S50 <H(x &6, P )y + E(x,ét, PZ) 7 )u(P )
— p”ﬂ T p’li N 7 A2 _ p” _ p
pH = > , AH = p''H — p'H t = A°, f_p”++p’+
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‘First Lattice GPDs

§ Pioneering first glimpse into pion GPD using LaMET
& Lattice details: clover/HISQ, 0.12fm, 310-MeV pion mass

P, ~ 1.3,1.6 GeV
J. Chen, HL, J. Zhang, 1904.12376

s el )l e

41T
4 ]
1.0t . P~16GevV 777 =
1 6 GeV hB(zP 4t 2) z 7 R AR Y
* hgr(z,P=4t=- 3'; _____ _ 5'-
~ 0.5} ] I N\ T
I - 2 \ J
A S A\ —
N 0.0 i f . = W) \x 5 —
£ i mHH SN
-0.5 s :::::-:-Z-'_;.;;-._
1 1 A i i O
-1 0 0 10 00 02 04 06 08 1.0 1.2 14
(plot by J. Zhang) X
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Isovector Nucleon GPDs

§ Pioneering first glimpse into nucleon GPD using quasi-PDFs
& Lattice details: twisted-mass fermions, 0.09fm, 270-MeV pion

mass, P, = 0.83 GeV

dC™ —izPt / B , AW
Fla.6.1) = /4 TP = g e B R b

/|

nucleon ¢ = 0 isovector results

C. Alexandrou, (ETMC), 1910.13229 (Lattice 2019 Proceeding)

3 \ I T
ToRn :“ — — PDF.% (1=0)
— — F.T. + matching £||'I P, — 0.83 GeV | |— — H.f:,,p‘f,, (—t = 0.69 GeV?) ; ‘.‘

2+ il Q% =0.69 GeV?, £ =0 |

Py =

0.83 GeV -
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Isovector Nucleon GPDs

§ Nucleon GPD using quasi-PDFs at physical pion mass

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

_ finite-volume,

_ _ ::;; discretization,
& ¢ = ( isovector nucleon quasi-GPD results
. B o(dz .. .. a(P") ik A,
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3.I:I:-|-.-|---,---|---|'--|"'|"' 12 ——
: i Q% =039GeV? | T T T T e ]
a3 : W quasi-gPD ] 10F 3, i;;’giﬂﬁ? E
20 ﬂ B matched GPD - sk 4 m matched GPD
. 150 . 5f ) .
10F 3 ap N E
05LF . °F E
[ -~ ] 0f —
0F — - \ 7
o \IJ I R PR | L _2:_ | | I;, | | | | -
04 -02 0 02 04 06 08 10 04 02 0 02 04 06 08 10
X x 2008.12474, HL (MSULat)
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How Can Lattice Help?

THE PDFLATTICE2017 WORKSHOP

1 1
1 ]
! ' BENCHMARK : ;
N 1 : i
1 \ \ 1 :
1 .

1 Global QCD analyses Lattice QCD :
: PDF fits moments/quasi-PDFs I
: ' A :
1 : 1 1
1 1 ]
' Plot by S . ! :
1 1
! E Nocel"a LHC (precision physics) RHIC, JLab, ... (hadron physics) '
, Higgs boson characterisation Spin physics, nucleon structure :
' Precision SM measurements (e.g. My) Large-x behaviour :
X BSM searches, SUSY Nuclear modifications

Example study

5(As") @ Q°=4 GeV?, NNPDFpol1.1

Whitepaper , Progress in Par. and Nuc. Phy. 100, 106 (2018)

L_A:70% B:50% C:20% |} " i=w=m 7

| e ;

§ Is there one quantity for which &, |
LQCD can achieve a precision pos "
at which it can make a T
significant difference? o :
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Gluon PDF

§ Pioneering first glimpse into gluon PDF using LaMET
& Lattice details: overlap/2+1DWEF, 0.16fm, 340-MeV sea pion mass
& Promising results using Fan et al, Phys.Rev.Lett. 121, 242001 (2018)

coordinate-space comparison, 07

0.6

ignal fari |
but signa fioes not go farin z O.SQLL

& Hard numerical problem ; T
to be solved

y i@l mpse of Glue Parton Distribution Function from Lattice QCD

N
0.3

‘T " @ PDF4LHC15NLO

0.2[ m CT14 NNLO

04| ¢ P:=046Gev

' 678 MeV

A P,=0.92 GeV

O'B.O 0.5 1.0 15 20 25 30
zP;

05 '

< 0.4 — e e———

®
® PDF4LHC15NLO
2_
m CT14 NNLO
01} * P,=0.46 GeV

) e 340 MeV
P:Yi-Bo Yang = of 2=

|
0 0.5 1.0 15 20 25 3.0

:houyou G: Adam Antony | | 0.
iCER@MSU is crucial for earlier code development and completion of this work
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