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§ Lattice QCD in a Nutshell

§ Selected x-Dependent Parton Distributions
§ Impact of Lattice-QCD PDFs on Global Fits

Biased selected results toward MSULat students and postdocs
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What is Lattice QCD?

§ 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]o(p, 1, 4)|0) = 1]@/1 DY Dy eSWP4)0 (3,1, A)
in Euclidean space
& Quark mass parameter

uark field
(described by m,;) G | —y——ip

& Impose a UV cutoff \ H"

discretize spacetime | fiald A n—
& Impose an infrared cutoff siuontie |

finite volume X, 2
§ Recover physical limit | |
mn—>mphy a— 0L - o ¢ Tq
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Anatomy of a Lattice Calculation

1. Start with QCD Vacuum (gauge configurations)
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Anatomy of a Lattice Calculation

1. Start with QCD Vacuum (gauge conflguratlons)

e fgi
s

el A =

' 'J

Thanks to MILC collaboration for sharing their 2+1+1 HISQ lattices
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Anatomy of a Lattice Calculation

2. Correlators (hadronic observables)
& Invert Dirac operator matrix (rank 1012)

& Combine using color, spin and momentum into hadrons

K(PZ) P 1

t !
<l tsep H '
i

Thanks to MILC collaboration for sharing their 2+1+1 HISQ lattices
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Anatomy of a Lattice Calculation

3. Extract reliable ground-state matrix elements
& Excited-state removal &

& For example, kaon matrix element < — o
at M., = 220 MeV, a = 0.12 fm — R
HL et al. (MSULat), 2003.14128 Esep
two-simRR two-sim two-state two-state
Ctep =60 =8| | o | |
0.2k foep =T tsep =9 |
it
a i l
¥ 0.16f + 1 _ + } {r :
o + - | } : {44 }
ol A et ST Y
12 tgep = 0.72-1.08 fm tsep =0.72fm  tg, =1.08fm
I . [ . . | . I . .I I . |

0.1 2 0 2 4

t— toep/2

stability in extracting matrix elements

4-4 _2 0 2 4
t — toepl2

"4 -2 0 2
t — toep/2

-2 0 2 4
t— toepl2
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Anatomy of a Lattice Calculation

4. Systematic uncertainty (nonzero a, finite L, etc.)

& Nonperturbative renormalization, etc
& Extrapolation to the continuum limit
(m,—» mPvs, [, - 00, a—0)

115 .
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Lattice Structure Limitation

§ Lattice calculations rely on
operator product expansion,
only prO\{ide moments

(X" g = | dxx"q(x)
-1

§ 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, Phys. Rev. D73 (2006) 014501
Z. Davoudi and M. J. Savage, Phys. Rev. D86 (2012) 054505
A. Shindler, arXiv:2311.18704 (also this Thur, WG5 @DI152024)
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https://lpsc-indico.in2p3.fr/event/3268/contributions/7649/attachments/5469/8252/shindler_mom.pdf

§ Lattice calculations rely on
operator product expansion,
only prO\{ide moments

("N = | dxxnlg()

§ Longstanding obstacle!
& Holy grail of structure calculations

§ Applies to many structure quantities:
& Parton Distribution Functions (PDFs)

& Generalized parton distributions (GPD)
@& Transverse-momentum distributions (TMD) | = = = =

Huey-Wen Lin — DIS2024 @ Grenoble, France



- 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

-
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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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Direct x-Dependent Structure

§ Longstanding obstacle to lattice calculations!

Quantities Wanted
CD-
that can be PDFs, pQ

lculat
calculated GPDs, fja kcu a T
on the lattice | erne

today
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Lattice Parton Calculations

§ Rapid developments! 15tPDF
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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

Lattice Parton Calculations

§ Physics quantity milestones
First PDFs
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https://arxiv.org/pdf/1402.1462.pdf
https://arxiv.org/abs/1804.01483
https://arxiv.org/pdf/1702.00008.pdf
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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)
s 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 oz o4 o6 08 1o 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

u(x) —d(x) Au(x) — Ad(x) Su(x) —8d(x)

. T A B e e B . : : : : . : L | | ‘ T
5 B LP3'18, |Pyaxl = 3.0 GeV ] B LP3'18, |Pyasl = 3.0 GeV 4 B LP3'18, |Prax| = 3.0GeV |
B ETMC'20, |Prax| =1.4GeV 1| 4 B ETMC8, [Pyl = 14GeV | | I ETMC'18, |Ppay| = 1.4 GeV
4 [ ETMC'18, |pmax| =1.4GeV i [ NNPDFpOll]. W MEX'19
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Finite volume,
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Lattice Example Results

T T T T T

B 1.P3'18, |Prax| = 3.0 GeV
[ ETMC'20, |Praxl = 1.4 GeV
8 ETMC'18, [Prax| = 1.4 GeV

B JLab/W&M'20, |Pp.x| = 3.3 GeV

1.0

9““ MICHIGAN STATE

UNIVERSITY

§ Summary of physical pion mass results:

2006.08636 (PDFLattice2019)

al B LP3'18, |Pmax| = 3.0 GeV

[ ETMC'18, |Pmax| = 1.4 GeV

I T T T I
B LP318, |Pmax| = 3.0 GeV
B ETMC'18, |Pmax| = 1.4 GeV

b4

0.2 0.4 0.6 0.8 1.0
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Lattice Example Results

§ Summary of physical pion Mass results: 2006.08636 (PDFLattice2019)
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§ Complementary Lattice inputs for best PDFs
EXp't Works have been

Theory developed in this directi
r ped in this direction
Input ) Input

Global Analysis + 0
of PDFs === —11
iwmi 2%

0 02 04 0.6 o
Phys. Rev. Lett. 120, 152502 (2018)
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Isovector PDFs Update

§ Nucleon isovector PDF calculated directly at physical pion mass

& NNLO matching & treat leading-renormalon effects
s Leading-renormalon resummation (LRR)

&V

R. Zhang, et. al.

s Renormalization-group resummation (RGR) PLB 844, 138081 (2023)
& N=2+1+1 clover/HISQ, a~0.09 fm

30—

Wanted 9 5f
PDFs, '
GPDs, [
etc... 2.0

15

,?“'r MICHIGAN STATE
_QUNI\-’ERSITY

J. Holligan, HL (MSULat), 2312.10829 [hep-lat]

— NNLO+LRR _
— (NNLO+LRR)xRGR

\ \ _ NNLOxRGR ~ —@ib + %»
R \\\

u(x) —d(x)
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Isovector PDFs Update

§ Nucleon isovector PDF calculated directly at physical pion mass
& NNLO matching & treat leading-renormalon effects é 9

oo Leading-renormalon resummation (LRR) R. Zhang, et. al.
s Renormalization-group resummation (RGR) PLB 844, 138081 (2023)

& N=2+1 clover/HISQ, a~0.076 fm
X. Gao (ANL/BNL, 2310.19047 [hep-lat]

— JAM3D-2022 .
—— Radici, Bacchetta ‘18 TransverSIty

PDFS, i DNN (Zn]ax — 0.92 fm)
GPDs 3.0
’ - & —— x-space (NLO+LRR)
tC..n s A —_—
o e 25N x-space (NLO+LRR+RGR)

du(x) —éd(x)

4.0

Wanted

=2.0 GeV)
NN
o n

5(1"—(1 (X, u
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Continuum PD’F

§ 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) —e:>+ —‘e-p

& Naive extrapolation to physical-continuum limit

FT FT
1.0/8 02}
[ A a06m310 [
0.8f O a09m130 0.0
Quantities ool v a12m310 020 A

that can be

i O a12m2208 04i
0.4F T

hR(zP,, P;=2.2 GeV, 1f=3.8 GeV, pR=0)
hR(zP,, P,=2.2 GeV, f=3.8 GeV, pf=0)

1o X -
calculated on — (@ M) o alam220L A
hel . [ " e _oeL— (@, My w7 A alem310
02t — (a', M7) o i
the lattice : m F— (@', ) O a09m130
[ — (32Y MW) —08j Ch——— =7
0.0 . [— (a2 MY v a12m310
— (a% MB) 1oL
[ m 100 (a2, M) O al12m2208
-0.2r — AICAVG — -] i
i - - | -12[— aicave © a12m220L
L1 1 L L L L 1 L L L L L L 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 1 L L L L L L L L
0 2 4 6 8 10 12 0 2 4 6 8 10 12
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Continuum PD’F

§ 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_ € {135,220,310}-MeV pion, &
M_L €{3.3,5.5}.

P, = 2 GeV 2011.14971, HL et al (MSULat) —e:’+ —‘e-p

& Naive extrapolation to physical-continuum limit ) =4

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

0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
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Continuum PD’F

§ Nucleon PDFs using quasi-PDFs in the continuum limit é
&= Lattice details: clover/2+1 clover (LPC) M
a ~ {0.49,0.64,0.85,0.98) fm, 9
M_ €|222,354]-MeV pion,
M_L €[3.9, 8.1].
P, = €[1.8, 2.8]. 28 su(x) —8d(x)

2.4;

- This Work
2t JAM 22
JAM 20

F. Yao et al (LPC), 2208.08008

1.6}

1.2¢
0.8}
Wanted
PDFs, GPDs, 0.4}
0
-0.4}

075 -05 -025 0 025 05 075 ;
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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
Z. Fan et al (MSULat), 2210.09985
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Wanted
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30
calculated on
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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-quark Pion GPD results

finite-volume,
5 discretization,

>
-1
. L
=

L -
= T
- -
- - . 1
e e o
- o e e T
- - g -
- - -~ -
- - g
- -
- - -
A= - o~
- -~ -
-

04
02 -1
o H -1.0 -0.5 0.0 0.5 1.0

HL (MSULat), Phys. Lett. B 846 (2023) 138181
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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 GPD results

d_> -
q(x,b) = f (273)2 H(x,E =0,t = —G%)e'd? é‘ 9

£

finite-volume,
5 discretization,

1
b (fm)

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

Also see work done by ANL/BNL/ETMC, 2209.05373,2310.13114
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https://arxiv.org/abs/2209.05373
https://arxiv.org/abs/2310.13114

20

Q?=0.0 GeV?

Q?=0.19 GeV?
Q?=0.39 GeV?
Q°=0.77 GeV?
Q?=0.97 GeV?
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,?“'r MICHIGAN STATE
UNIVERSITY
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J. Holligan, HL (MSULat), 2312.10829 [hep-lat]
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Impact of Lattice-QCD
PDFs on Global Fits
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Jirst Lattice Strange PD’F

§ Results by MSULat/quasi-PDF method .,
& 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

----- NNPDF3.1NNLO
O P,=1.72GeV

R. Zhang et al (MSULat),
2005.01124

0.05+ ¢ P,=2.15GeV

0.00 T e e T E T

Re[h"(zP,)]

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

I S T S S S TR S S S T L

?“'r W Huey-Wen Lin — DIS2024 @ Grenoble, France



Lattice Strangeness Asymmetry Impact

§ Results by MSULat/quasi-PDF method .
& Clover on 2+1+1 HISQ, 0.12-fm 310-MeV QCD vacuum m

& Extrapolated to M, = 140 MeV

vV P,=1.29GeV  --eeees CT18NNLO
o P=172GeV AL e A LR | Wanted
Sbgga(;g];; al (MSULat). T —— . — e
' . g s(x,Q) at Q =1.3 GeV 68%C.L. W,
Re[h(z)] o / dx (s(x) — 5(x)) cos(xzP;) ¢ 006f - CT18As ;
; . 7z CT18As_Lat
§ From quasi-PDF to PDF 004} ¢ :CT18As_HELat ¢
L dy < - (s 5), Latt. '/
f‘:(',](x)PZ):j _fCI(y)Cq/q(x;y)PZ)M)-I_ :/ ) g ........ -'I
—1 1yl x, A RRR R HIKRRL RIS e
0 A%QCD AZQCD 0.00 pimm ﬁ-‘% "H” i
x2P?" (1 —x)2P? : f :»vi«i*.' 1111 _
-0.02 L& cTEQ R
T. Hou, HL, M. Yan, C. Yuan, -
2211.11064 0,04 - — ——
10107107 10 10" 02 05 09

X

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

§ First continuum Gluon PDF w/ pseudo-PDF

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

2210.09985, W. Good et al
(MSULat)

NNPDF3.1 NNLO
£ a~0.09 fm, M;~310 MeV
£ a->0 M, =135 MeV

N
o

2 GeV)ix)

-

xg(x, 4
=]

ot
tn

§ Can use a=0.09 fm results as

& Best estimate of gluon PDF
& Aim for future precision

n MICHIGAN STATE
UNIVERSITY

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

1.2

Huey-Wen Lin — DIS2024 @ Grenoble, France
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Lattice Gluon PDF Impact

5

§ Preliminary study with CTEQ-TEA analysis Y
& Take lattice inputs in the region where no strong experimentalﬁ
data constraints, x € [0.4,0.7]

& Using e-pump for re-weighting
Before After

U.4U T T [ T T T [ T T T [ T T 1 T T )
g(z,Q = 2.000GeV) 90%CL 0.40
0.35 CT18AsLat

Plots by Alim Ablat (Xinjiang U.)

© g(x,Q = 2.000GeV) 90%CL
CT18AsLat

LaLL%ce-aOfm 0.35 CT18AsLataOfi
0.30 | 7z Lattice-a009fm 0.30 7zm CT18AsLata009fm
0.25 0.25 E < -
5 : - Preliminary
T 0.20 BN 0.20 B | |
0.15 E 0.15
0.10 0.10 RN O ey & Wanted
W T PDFs,
0.05 0.05 N GEDS,
A0 - etc...
0.00 0.00
0.! 0.
G£ £
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§ Preliminary study with CTEQ-TEA analysis

@ Tf\]rn lat+i,rn 3rnriite 11 +hhA A varhh AavrA A cFrAanea

16[] L 1 IIIII L X
d: g(z,Q = 2.000GeV) 90%CL // o
[ CT18AsLat / (00
o> U:H 1.40 |- CT18AsLataOfm __-j-:j-j:'j
— 771 CT18AsLata009fm
0.40 1.20 Wmll /e
0.35 E SWETEEORS Yy, ”#ﬁ... - -,,,- v \
% 1.00 m ________
0.30 ~: Jffww;};;pr
0.25 E Wﬂll;}}ﬂ S
S g 0.80 e '
g 020 _ Preliminary
0.15 A
0.10 (Xinjiang U.)
0.05 D‘4£]|ﬂmﬂJﬂmd Lol Ll I 1 I 1
0.00 10751072 102 10~ 0.2 0.4
( x

ﬁ

Lattice Gluon PDF Impact

experimental

I"

MICHIGAN STATE
UNIVERSITY
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Lattice Gluon PDF Impact

§ Preliminary study with CTEQ-TEA analysis

@ T?]rti ]Gﬂﬂ‘l-‘lﬂ A irnnrnaite 1 FhA A varhh AavrA A cFrAanea experimental
[T T T T ] T T TTTT] T | T

d: glz,Q = 2. DDDGE-V) 90%CT,

CT18AsLat
& U . 1.40 CT18AsLataOfm
5 771 CT18AsLata009fm
é .:_.:_.:_.:_.:_ I

0.40 90 1.20 §

- ;;m;;;;;ll,#;, Plot from P. Nadolsky’s
0.35 {3 ""‘" P 7 1
= 1.00 LAY fm’ﬂf talk on Tuesday -
= =2 ':*'fmw"f T — ol T
- --r. hn.t..r__.f B | $1 — 0Ge 0%C1 JANAAATRARAY
s S L e T
@“ ‘ m"’ 0.80 | : i mmm CT18+IncJet Y/
g 020 Preliminary 2 "I Inclusive jets
= - - - (8] <
01 - . e 1.05 .
~ 0.60 L CTEQ Plot by Alim. 5 1.00
0.10 I (Xinjiang U.) fo_% [
0.03 [:] _/_LD o sovnd 1 vl L 1 vl | E 0.90 -
0.00 1075103 1072 10-1 0.2 oss (- PRELIMINARY" |
( T 0.80 I I I F1 VAW

10-%10~% 10-3 10°' 0.2 0.4
e
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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 ,

§ 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} x“ — P,=1.29 GeV :
N 0025k A — P,=172GeV
o— — —0 Q:E ] -.\‘ |
e—_, 0 &—0_005% % 0.020 “\ — P,=2.15GeV 1
| oo, 8 0015F 0 % . NNPDF3.1
@ suggest a  a
gg : ) 003 1; 0.010 CT18
symmetric ¢ — C - =
. . i 0.025} =
distribution z
0.02r
@ much smaller =
N
than strange s 00151
£
PDF T 0.01t

0.005¢

o
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Lattice Progress & Challenges

§ 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

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

& Methods for signal-to-noise improvement
© Gluonic observables, new ideas for large momentum
& Access small-x physics; some methods have inverse problem in
PDF extraction, more computational resources, etc.

Huey-Wen Lin — DIS2024 @ Grenoble, France



Summary and Outlook

§ Exciting era using LQCD to study x-dependent nucleon PDFs

§ Overcoming longstanding limitations
& Bjorken-x dependence of parton distributions

now widely studied sl
& More study of systematics planned for the near future

§ Lattice strange and gluon PDFs can have impacts R
& Treat lattice matrix elements as expt inputs in the future
§ Precision and progress are limited by resources

men —  —| o |- 1
+ .
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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PDFLatticezq4 Workshop

§ November 18-20, 2024 @Jefferson Lab, Newport News, VA, USA

& Joint community workshop between global-fit and lattice-QCD
practitioners

& Theme: uncertainty quantification on nonperturbative correlator
functions in phenomenology and lattice calculations

W. K. Kellogg
Biological Station

MICHIGAN STATE UNIVERSITY

Parton Dlstr|but|ons and Lattlce Calculations in the LHC era
(PDFLattice 2017) 22-24 March 2017, Oxford, UK
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Students Wanted

High Energy Physics

Computing Traineeship for
Lattice Gauge Theory

T
Apply now: @re
Visit Igt4hep.github.io to learn more and i A N
where to apply for the traineeship graduate ﬁ?‘.’ b
school program.

Huey-Wen Lin — DIS2024 @ Grenoble, France

ooooo


https://lgt4hep.github.io/
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Backup Slides
Pion and Kaon PDFs
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Motivation

§ Meson structure is crucial to understand the mechanism of

emergent hadron mass (EHM)

& Help decode QCD origin of mass M\"

. .'
§ Experimentally, meson structure

is harder to study B

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

Dynamics of gluons

\ Proton
y\  Mass = 158x10'26q

~ 99% of proton mass

B ool = § Generalized parton distributions
.\ L~ w 2 Ll = P — . .
=1y 5; 2, % R (GPDs) gncode information about
<~ - T - ) e *  the spatial structure & the
\l /Q " partonic distribution of spin and
" € "+ orbital angular momenta

X 1 1

. _ & US EIC, ElcC, LHeC, ...
Image from A. Belitskya and A Radyushkin,

Physics Report, 416 (2015)
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Lattice Parton Calculations

§ Physics quantity milestones
First PDFs

15t GPD (1)

4
Ll
3
First unpol. at MPhYs
\
= 28
lattice PDF & ' )
R T e e .
attice B Pion v-PDF 1
S R 0.6
S sTw ! B - P=2, RIMOM ¢
200 12 - 1 = b A - P,=3, RIMOM 00 02 04 06 08 L0 12 L4
CT14 TN 12 0.4 Lo N, P;=4, RIMOM x PD F
15F Lattice )Y ] = 7 / - g T o
y N w 03 4 RN
% 19 : "\ 0 202 '4" W, <J | 55 a-0.12 fm, M, ~220 MeV
3 e N, oitf kN 25 — a-0.12 fm, M,.~220 MeV, gg+gg
osp }/_\,;J o ] | B T I T ¥ 3 L s xFitterPl NLO
= T N 04 -02 0 02 04 06 08 10 n.of g3 =% ) = JAMNLO
X -0.1 S1s N
Y ST I N T R P P 0.0 0.2 04 06 0.8 10 1.2 14 i N,
-04 -02 0 02 04 06 08 1.0 o o

;;.—‘—. P L. P P T o
2013 2014 2015 2016 201 2018 2019 2020 2021 2022 2023

_KPDF Kaon

oy

Pol. PDFs and
mass corrections

Kaon DA

-=-=e= Lat LAMET

""" YQsM < 15 LatMom
% Latti DSE-1
= = 1.1 SE-:
5 =" . 0 DSE-2 -
| p LECOM  {/
= 2 [ Pk
a =02 0.5
0.0—— - <
. H
-10 0, 0.0 05 10 15 g
1
s
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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
https://inspirehep.net/literature/1858017
https://arxiv.org/abs/2112.03124

MSULat Pion/Kaon Structure

§ Meson distribution amplitude

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

& Kaon Distribution Amplitude from Lattice QCD and the Flavor SU(3)
Symmetry, Nucl. Phys. B 939 (2019) 429-446

& Pion and kaon distribution amplitudes

in the continuum limit,
Phys. Rev. D 102 (2020) 9, 094519

O
7

v

SN
je
N2
RS

A
»/Q“;
ofo
NS
ozo
N
L]

TR
/27/'1'
L
\

Re[h(z)], Im[h(z)]

& Precision control in lattice calculation of x-dependent pion distribution
amplitude, Nucl. Phys. B 993 (2023) 116282

§ Miscellaneous

& Machine-learning prediction for quasiparton distribution function matrix
elements, Phys. Rev. D 101 (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
& First direct lattice-QCD calculation of the x-dependence of the pion parton
distribution function, Phys. Rev. D 100 (2019) 3, 034505

& Valence-Quark Distribution of the Kaon and Pion from Lattice QCD, Phys. Rev.
D 103 (2021) 1, 014516

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

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

& The Gluon Moment and Parton Distribution Function of the Pion from
N[=2+1+1 Lattice QCD, 2310.12034 [hep-lat]

@ Pion valence quark distribution at physical pion mass of N=2+1+1 LQCD
§ Pion GPD

& Pion generalized parton distribution from lattice QCD, Nucl. Phys.
B 952 (2020) 114940

& Pion valence-quark generalized parton distribution at physical pion mass,

Phys. Lett. B 846 (2023) 138181

?ﬁ MICHIGAN STATE Huey-Wen Lin — DIS2024 @ Grenoble, France

UNIVERSITY


https://inspirehep.net/literature/1665821
https://inspirehep.net/literature/1665821
https://inspirehep.net/literature/1789026
https://inspirehep.net/literature/1858017
https://inspirehep.net/literature/1984762
https://inspirehep.net/literature/2712171
https://iopscience.iop.org/article/10.1088/1361-6471/ad3162/pdf
https://inspirehep.net/literature/1731904
https://inspirehep.net/literature/1984762

Meson Valence-quark PDFs

§ Pion/kaon PDFs using quasi-PDF in the continuum limit

1A0;‘? j E e e o o 1 1 OT : ;
| 4x T 1 e -
L R — a0, M;—>135 MeV — a0, My>135 MeV ] Quantities
r " 1 r 1 that can be
0.8 — a=0.12 fm, M—>135 MeV| 0.8- — a=0.12 fm, My—>135 MeV] calculated on
a~0.12 fm N 1 a~0.12 fm 1 the lattice
5 0.6- O My=220 MeV ‘ 1 7 06kL O Mn=220 MeV ]
N [ N F
x| A Mn=310 MeV o P oT A Mz=310 MeV
s | R = |
& 0-4_’ & My=690 MeV s \ S 1 & 0.4_— & My=690 MeV 4
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- DSE'16 ] 10 ] i
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Valence-quark PDFs Update

§ Pion PDFs calculated directly at physical pion mass
& with NNLO matching Quantities Wanted

that can be PDFs, pQCD-
calculated
kernel

calculated
on the lattice
today

GPDs,
etc.

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

Wanted
PDFs, =
GPDs, A I o

etc.. ok , . . . ANL/BNL, Phys. Rev.
‘ | | ' | 1.0 D 106, 114510 (2022)
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Valence-quark PDFs Update

§ Pion PDFs calculated directly at physical pion mass
& NNLO matching & treat leading-renormalon effects @ v

s Leading-renormalon resummation (LRR) R. Zhang, et. al.
< Renormalization-group resummation (RGR) PLB 844, 138081 (2023)

& N=2+1+1 clover/HISQ, a~0.09 fm
). Holligan, HL (MSULat), 10.1088/1361-6471/ad3162

2.0
Wanted R XFitter'20: NLO
PDFs, " vy

GPDs, 15 |\ e JAM'21: NLO+NLL

e _ MSULat'24: NNLO
” — MSULat'24: (NNLO+LRR)xRGR

Qrel(X. 1)
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https://iopscience.iop.org/article/10.1088/1361-6471/ad3162/pdf

£2 3-0.12 fm, M,,~220 MeV ? 5032 dm, M,,~220 Me

25 | 25 = .
S U, a~0.12 fm, M,~310 MeV | , 012 i M -220 WSV, 90104 |
2 sk ] 2 == xFitterPI_NLO
R 2.0 2 2-0.12fm, M,~690 MeV | X 20
= | B a~0.15fm, M,~310MeV | = Il JAM_NLO
O 1.5 O 1.5}
N | N
] | 1
< 3
< 1.0 < 1.0
> =)
X | X
0.5 0.5
| | G: Zhouyou Fan
0.0 - — , —— 0.0 . . ; ‘ :
0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 0.4 0.6 0.8 1,

2104. 06372 Fan et al. (MSULat) 2112. 03124 Salas-Chavira et al. (MSULat)

1.0 3

25’, 208 £ a~0.12fm 1
! \ (‘B 06 B a-0.15Mm |
200 \4 102 |
: \ J o:o N

05 ' G: Alejandro finite-volume,
00— Salas-Chavira discretization,
heavy quark
§ What does Iattlce QCD say about g(x)? mass, ...
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§ Nonperturbatively renormalized (x),, ., at the finer lattice
spacing at lighter pion mass is nontrivial

& Using cluster-decomposition error reduction (CDER) to
enhance the signal-to-noise ratio 1805.00531, Y. Yang et al. (xQCD)
& Lattice details: clover/HISQ, a ~{0,15, 0.12, 0.09} fm

2208.00980, Fan et al. (MSULat)

[ al5m310 o A a-aa;m-a,ﬁ[ """" ]
3 2.0 20 } ]} { ‘ } *H ] }
B D— '} ' q
{E 1 % 4 E 1. 1 * i { { ﬁ { t Tt %
S boos { ¢ i | 3 'l . } |
Pyt AR AR IR t T w | ; |
:E:‘- | ] Nc_. l :
0'5; . I'L;:B . "L;:12 - 05 e L;=8 L-:i:f: ]
i . "L=10 full lattice] s Lo=12. Lo=24
0.0l ] ¢ L.=16  full lattice|
. . o 80y 2 a 6 8 10 12 14

P’ (GeV?) |

ild / A\
G: Matthew Zeilbeck
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UG: UG:
Allison Chevis Kinza Hasan

“The Gluon Moment and Parton

Distribution Function of the Pion

from Nf =2 + 1 + 1 Lattice QCD”,

W. Good, K. Hasan, A. Chevis, HL,
0.120354 |hep-lat]

P R———
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UG: uG:

Allison Chevis Kinza Hasan

0.4
I I
0.3F I 1 | + * {'
It T
~ o0z I T 1 i - it "
”N I i ] T T I
< ol 11 T T 1l a09m310
2 ; 1
0.0F . i r I
two-sim tep=8 I tep=10 2310.12034, Gopd et al. (MSULat)
on T tep=7 teep=9 T tep=11 |
—I4 —J‘E Ll} zl -"l 4 i) {J:i 'l." ;i ‘:Il 10 8 LL} l‘U' 1Ll 1I2 113 14
t— fsepfz tg;g t;negx
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§ Study discretization systematic in (x)(; 4
& Lattice details: clover/HISO. HISO. a ~{0.15. 0.12. 0.09} fm

WXy
a1 0z 03 04 05 05 07 0E 08 10
T T T T T T T T
04
---------- = — T H——— MSULat 23 (a—0)
“““““““““ —_ s
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03 ———— e ___ T 1 A . ;
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0.2“ -"-"‘-‘-“ ------------------------------------------------------------------------
== My= 135MeV —
. 3 . N
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™
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4}a15m310, M;~310 MeV S 2=0.15 fm ) -
85 01 02 03 04 MJ?T (Ge\f ) G: Bill Good
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§ Back to Pion gluon PDF g(x)
& Update previous calculated g(x)/ (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
2 0.6 B a~0.15 fm, M,~310 MeV |
[ |
N
=L
% 0.4
2
0.2}
0.0 0.2 0.4 0.6 0.8 1.0

2310.12034, Good et al. (MSULat) ~ _ ”
G: Bill Good
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§ Back to Pion gluon PDF g(x)

& Update previous calculated g(x)/ (x) in 2021

== MSULat'23
| B8 DSE'20
|z JAM21

| = xFitter20

08

MICHIGAN STATE

2310.12034, Good et al. (MSULat) '

Huey-Wen Lin — DIS2024 @ Grenoble, France

UNIVERSITY

G: Bill Good



Generalized Parton Dis tributions
Slngle ensemble result . inite-volume

discretization,
heavy quark mass,

_)‘ (P — A/2)>
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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
HL (MSULat), Phys. Lett. B 846 (2023) 138181

_ finite-volume,
= discretization,

[ — T T T T T T T ]
3.0F Q2 (GeV?)

| ]
255_ '\ B 0.00 E
N B 0.19

M o039 J
Wo77
W 097

Wanted
PDFs,
GPDs,

etc...
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Valence-Quark Pion GPD

& 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,
-5 discretization,

+1
J dx x”—lwy’z A7 (t)
1.0 T T T T T T
i - CERN
08 .DESY
o 0.6 ¢ *JLab
<2 o9 { %*1
oMSULat'23 sl ;
0.4 TS
| OBNL'21 i o |
02F 4xQCD'20 )
0 LD!E. ‘Ofﬁll I‘[}].EJ | lD!SJ | Jlf[}
Q* (GeV™) HL (MSULat), Phys. Lett. B 846 (2023) 138181
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UNIVERSITY

Huey-Wen Lin — DIS2024 @ Grenoble, France



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-quark Pion GPD results

finite-volume,
5 discretization,

>
-1
. L
=

L -
= T
- -
- - . 1
e e o
- o e e T
- - g -
- - -~ -
- - g
- -
- - -
A= - o~
- -~ -
-

04
02 -1
o H -1.0 -0.5 0.0 0.5 1.0

HL (MSULat), Phys. Lett. B 846 (2023) 138181
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‘First Lattice GPDs

§ First glimpse into pion GPD using Quasi-PDF/LaMET

@» Lattice details: clover/HISQ, 0.12fm, 310-MeV pion mass
P, ~ 1.3,1.6 GeV MILC, Phys. Rev. D, 82 (2010), 074501

Phys. Rev. D, 87 (2013), 0545056

J. Chen, HL, J. Zhang, 1904.1237;

dn” - _(M" n_~n
iy g e = [ e (we + a2 |a (5 ) v (- ) a (< )| e - a/2)
1.0f | : ] 4 - , : -
P, = 1.6 GeV ¢ hg(z,P;=4,t=-2) P ~16Gev t=0
o Prlz.P=4,t=-2) 3'1‘ z 7 PHEEY e t=—2 |
-T-?: 0.5 i ] [ i 1 I‘\\\ _____ =-5
Q.L i i ko 2 A \\\
0.0 o \\\ AN
= e T N £=0
=0.5 ‘*3._":_-_-__-_..;:.;‘_‘_*_-_-_;_..__.‘__
0 e ——
0 0 > 10 0.0 Ol2 0.4 0.6 0.8 1I0 1.2 1.4 V\li?)nFtsid
z (plot by ). Zhang) ' ' ' ' ' ' B ceos,

?“'r MICHIGAN STATE

X

etc...
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§ Status as of Summer 2019

Pion Valence-Quark PDF

Slide by Nikhil Karthik @ Lattice 2019

M, ~ 310 MeV

(z,p)

Iy

v

=32 CGeV
P, = 1.29 GeV mm
P, = 1.72 GeV == |
JAM = -

(1—z)t®

Current status of pion PDF from lattice

4 Tlzubuchi et al, 1905.06349 4 - W.Chen et al (LP3), 1804.01483

M, ~ 426 MeV

1.01 =

~—_

R ! 00 02 04 06 08 10 1.2 14

607 X
= LO pQCD kernel g7 (z) fit
5.0—\ o= —0.34(31)
R.S. Sufian et al, PRD99 (2019), 074507 3= 1.93(68)

4.0 1 l\ v= 3.05(2.50)

_ \I

I:;; 3.091 W(T) . (1 —z)?(1+ )
204 \q\, T Bla+ LA+ ) FaBa+2,3+1) (1 72?)1.9(7)

/

&T

0 T T v T T T T T v
0 0.1 02 03 04 05 06 07 08 09 1.0
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§ Single-ensemble calculation

& Non-physical pion mass, single lattice spacing, single volume
m. MICHIGAN STATE
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Pion Valence-Quark PDF

§ Results from JLab-W&M/ LCS method

& M, = 278,358,413 MeV with a = 0.094,0.127 fm
& Extrapolated to physical limit (shown as blue band)

@ Renormalized Zy, in RI/MOM, matched to M_S, run to 27 GeV?

R. 5. Sufian, et al, 2001.04960 .\ _ x*(1-x)P(1 +yx)
T Bla+1,8+1)+yB(a+2,6+1)
[ #&== Physical oy (w) from simultaneous fit
o 0.5 § E615
® EG615 (ASV-rescaled)
#==LCSs: Fit 1
. 0.08 0.4 s LCSs: Fit 2
o o R
“006{% T2 Q
2 5523 —_ |
S00a]; 173 ¢o2 30'3
13 e <
0.021 §=4
1= 8| B = 1-24‘(22)stat(7)sys
0.0 1366 : : [
2 _ 2
0 ' 2 pe * > 0.1 p? =27GeV
=
0.0 B = 2-12(56)stat(14)sys
0 011 0.2 03 04 05 0.6 0.7 0.8 09 1.0

xr

,?“'r MICHIGAN STATE
_QUNI\-’ERSITY
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Pion Valence-Quark PDF

§ Results from MSULat/quasi-PDF method
& M, =220,310,790 MeV with a = 0.06,0.12 fm
& Extrapolated to physical limit (shown as pink/green band)

& Renormalized in RI/MOM, matched to MS, run to 27 GeV?
H. Lin et al. (MSULat), 2003.14128

ol "o FNAL—;—2615'89 .

— a0, M135MeV ' i = ASV'10 |

— DSE'16

— BLFQ-NJL'19
LSC'20

&= MSULat'20

281 — a=0.12 fm, My—135 MeV/|

a~0.12 fm 0.4

06l O My#220 MeV
i A My [
[ )T""310 MeV e 0.3
< [
0.4r & Mn=690 MeV >
a=0.06 fm
M7=310 MeV

= 0.2

Mr=690 MeV

0.1

J. Lan, et al, PRL1Z2, 172001 (2019),
1901.11430;

PRDI101, 034024 (2020), 1907.01509.

R. S. Sufian, et al, 2001.04960

?ﬁ MICHIGAN STATE Huey-Wen Lin — DIS2024 @ Grenoble, France

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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Pion Valence-Quark PDF

§ Results from BNL/quasi-PDF method

& M, = 300 MeV with a = 0.04,0.06 fm
& Extrapolated to continuum limit

& Renormalized in RI/MOM, matched to MS at 10 GeV?
X. Gao et al. 2007.06590

0.4+ pw=32 GeV 0.4+ p=3.2 GeV

a=0.04 fm e

continuum est. s

0.1+ JAM e 01L JAMIS e
Y xFitter — / xFitter —
FNAL o FNAL o
ASV - -- ASV - -. .
- 0.2 0.4 0.6 0.8 7 0 0.2 0.4 0.6 0.8 -
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Kaon Valence-Quark PDFs

§ Pion/kaon PDFs using quasi-PDF in the continuum limit
& Lattice details: clover/2+1+1 HISQ (MSULat)
a ~ {0.06,0.12} fm,
M. € {220,310,690}-MeV pion

Huey-Wen Lin — DIS2024 @ Grenoble, France

1.2_ d T v | T T T | v ! | -
I j 0.4 4
1.0 - [ ]
0.8 ] 0.3F -
+L::$:> I ';:;1 :
i 08 - T =< 02 - DSE'18 .
= | = MsuLat20 27 (leV2 ' 27 QeV?2 ]
04F = CERN-NA3'83 - A '
- - BLFQ-NJL'19 0. - BLFQ-NJL'19 .
02 — DSE'11 \ == MSULat'20 ]
M L ! 0 N I TR IR TR A B
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8
X
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Kaon Valence-Quark PDFs

§ Pion/kaon PDFs using quasi-PDF in the continuum limit

& Lattice details: clover/2+1+1 HISQ (MSULat)
a ~ {0.06,0.12} fm,
M. € {220,310,690}-MeV pion
P, =~ {1.3,1.7} GeV

. . " _ 2003.14128
§ First LQCD calculation (x™) of ufy  and s { et al (MsuLat)

ﬂ (x™y(uk™) (x")(sf)

1 0-192(8)stat(6)syst 0'261(8)Stat(8)s}’5t

2 0.080(7)sa(6) 0.120(7)5at(9)

syst syst

3 0.041(6)g(4)gyst  0.069(6)51,(8)syst
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Kaon Valence-Quark PDFs

§ Pion/kaon PDFs using quasi-PDF in the continuum limit

& Lattice details: clover/2+1+1 HISQ (MSULat)
a ~ {0.06,0.12} fm,
M. € {220,310,690}-MeV pion
P, =~ {1.3,1.7} GeV

§ First LQCD calculation (x™) of uX" and sX~

+ —_
§ Later ETMC 260-MeV results on (x™) of uX " and s¥
2003.14128 HL et al (MSULat) 2010.0349, 2104.02247

S L

0 192(8)stat(6)syst 0 261(8)stat(8)syst O 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
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‘First Pion Gluon PD'F

§ Pion GLUON PDFs using pseudo-PDF

& Lattice details: clover/2+1+1 HISQ (MSULat)
a =~ {0.12,0.15} fm,
M. € {220,310,690}-MeV pion i
P, max = 2.3 GeV E
2104.06372, Fan, HL(MSULat)

Zhouyou Fan

& —«—9 (MSU)

3.0 ‘ . ‘ 3.0
s — a~0.12 fm, M,,~220 MeV, gg+gq o5l = MSULat21
: £ a~0.12 fm, M,,~220 MeV A | — Fitter20
— = a~0.12 fm, M,~310 MeV <
20 1 X20
N B 2~0.12 fm, M, ~690 MeV >
) o ! WNRVsw O e
O 15 £ 3-~0.15fm, M,~310 MeV Q 15
21.0 <1 0ot
2 54
0.5/ 0.5
0.0t , ‘ . ‘ 08 ‘ .
0.0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0
X X

,?“'r MICHIGAN STATE
_QUNI\-’ERSITY
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Pion and Kaon DA

§ The first continuum-limit study of x-dependent meson DA

on the lattice & M, € {310,690 (1,)} MeV
& a € {0.06,0.09,0.12} fm
f MPIN [ =45

Coi(z,P,t) = <0 Udsy eip'il/jﬂ)_’)» OV, YsUW, Yy +z2)Y,(y + z 2, t)lﬁz(O,O)y5l/11(O,O)‘

o>
5

i
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Pion and Kaon DA

§ Extract the DA distribution from the physical-continuum

matrix elements R. Zhang et al. (MSULat), 2005.13955
o 1 R\ 2 P. P
R R _ H z 'z i(1-x)zP
h(z, u",ps,P,) —j dxj dy C x,y,( R) == | fmn (e (1-x)zP,
— 00 0 pZ ,Ll pZ
Pion Kaon
1.5_| T T T ] T T T T T T T T T T T T
1 15' R
e T T 1 b s . h*'-'{_..
I !h: : 'h"“:“ e .a':}{:’ o :#\"‘
10l 'l:.::f/' W, 'l...‘,.\..:;:::: _ {::;f p\.t}‘?:}
.j;;f “:e{:‘\‘ ] 1.0t ‘;:,'5 'l‘_:\
-l'/ ot 1. .r"'f ‘H*a.
i ; \.‘ \.‘ | vj‘
0.5 |7 \hdosl A
y ML W g o ML L\
/[ it | g it LY
] *. / }
0.0} 0.0}
00 02 04 06 08 10 00 02 04 06 08 10
X 4
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Pion and Kaon DA

§ Extract the DA distribution from the physical-continuum

matrix elements R. Zhang et al. (MSULat), 2005.13955
co 1 R\ 2 P. P
R R _ H z ‘z i(1—x)zP
h(z, u",ps,P,) —j dxj dy C x,y,( R) '~ TR fm,n()’)e( )ZPy
—00 0 pZ 2 pZ
L Plon .............. | | Ka On ///' -s\\
1.5} 1 15} 1
L -
1.0} 1 1.0 N
B 2— DSE'13 \ ; VS A— DSE'14-1 A
N o J— Belle'12 D N R A — DSE'14-2 \
AV - LFCQM'15 N S S — LFCQM'15 i
¥ --- RQCD"9 AR 7/ --- RQCD'19 3
1/ ——MSULAT'20 N Iy ——MSULAT"20 i
oo Y gg !

0.0 02 04 06 0.8 10 00 02 04 06 08 1.0

DES’13: L. Chang et al., Phys).( Rev. Lett. 110, 132001 (2013); C. Sg\i et al., Phys. Lett. B73X8, 512 (2014)
Belle’12: S. Agaev et al., Phys. Rev. D86, 077504 (2012);

LFCQM’15:). P. B. C. de Melo et al., AIP Conf. Proc. 1735, 080012 (2016);

RQCD’19: G. S. Bali et al.,) HEP 08, 065 (2019); DSE’14-
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Pion Form Factors

§ Two new lattice pion form factors calcs at physical pion
& xQCD: 2+1f, overlap/DWE,

a ~ [0.08,0.2] fm, M,, € [139,340]-MeV
& BNL: 2+1+1,clover/HISQ,

a ~ [0.04,0.08] fm, M,, € {135,300}-MeV

1.0p 1.000
Colangelo et, al 18 0,900 ]
0.8 % CERN , 0.800
¢ F, collaboration
_—
N o6 g { a=0.076 fm _ 0.7007
g | {I. 9; 0.600 -
L 04t W, 0.500
T““"" 0.400 4 This work
Il;..""” { Experiment [CERN]
0.2 g, '3 03004 } Experiment [DESY] |
L . . . , { Experiment [JLab]
0.0 0.5 l'g 125 2.0 2.5 02000 0.2 0.4 0.6 0.8 1.0
Q< (GeV~) Q2 (GeV?)

X. Gao et al (BNL), 2102.06047 G. Wang et al (XQCD), 2006.05431
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Backup Slides
Updates on Nucleon GPDs

oo Iy
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2020: 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
& ¢ = 0 isovector nucleon GPD results v

W ‘u [ {
"

B ‘-3 g

t urce
L s -\ B [dz ix2B 5 (pr| G s oo . = io%A,
PlodtP) =5 j e Pa(P]0,,(2)|P) = S (H(o £ 6Py + B 6, P)
"nu i m+ 1+
pﬂ:p +p A“=p"”—p'”, t=A2, €=p p
2 p''+ 4+ p'+

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

Huey-Wen Lin — DIS2024 @ Grenoble, France



2020: 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
& & = 0 isovector nucleon GPD results v

an

g S/ |

/H(x, &=0, Qé)

|
0.0 0.0

HL, Phys.Rev.Lett. 127 (2021) 18, 182001
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2020

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 GPD results

+1
j dx x™1
-1

1.0

n-—1

i=0,even

0.8

0.4

0.2

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

&= MSULat20 2+1+1f

Huey-Wen Lin — DIS2024 @ Grenoble, France
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2020: 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 GPD results

Z (~28) B, () = (=2§)"Co(®

i=0,even

neven

=)\[SULat20 2+1+1f
AETMC'19 2+1+1f

0.3F

»ETMC'19 21
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 details: 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 q-b
100) = | Gy HCeg = 0 == 6 9

finite-volume,
-5 discretization,

HL, Phys.Rev.Lett. 127 (2021) 18, 182001
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2020: Nucleon 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, = 2 GeV

& ¢ = 0 isovector nucleon GPD results

dq 2\ ,iG-b M =g
= = — —q q-b
100) = | Gy HCeg = 0 == 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
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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

Vs AT ,
2m

(P') v ysulp) — E9(x, &) @ (p)
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Nucleon Polarized GPDs

§ Helicity GPD (H )using quasi-PDFs at physical pion mass
& MSULat: clover/2+1+1 HISQ 8 V¥V .
0.09 fm, 135-MeV pion mass, P, = 2 GeV ) f
& ¢ = (0 isovector nucleon (quasi-)GPD results
HL (MSULat), Phys.Lett.B 824 (2022) 136821

\1\b(fm)

FT T T T I T T T ] T T T I T T d I T T
Z'O} = mo3 ]

H = oz 1 @ Take the integral to form moments
1.5 8 .

: ‘% DD5: 0.35_|'|'|'|'|'|-|-|-|-|-|-|
H 06 ] ; AETMC'19 2+1+1f
100 o T-— m o7 0.30f n=2  »emciof .

[ &, T g ; ; +RQCD'18 2f
H o, . T— | 0.255 =MSULat'21 2+1+1f ]
05k @ aa L Ee— S ]
o | e r
. o . e 015_ ]
(1] = S—— _—— e e e m——— 3
0 0.2 0.4 0.6 0.8 1.0 0.10F ]
Q* (GeV?) 0.05 s
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§ Systematics in our earlier quasi-PDF calculation

& Renormalization: non-perturbative RI/MOM renormalization
e State of the art: hybrid-ratio renormalization
X. Ji et. al. NPB 964, 115311 (2021)
& Next-leading order (NLO) matching only
e State of the art: NNLO matching kernel available
X. Gao, PRL 128, 142003 (2022)
& Did not teat leading-renormalon effects

s Leading-renormalon resummation (LRR)

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

& For the rest of this presentation, we will focus on the
uncertainties from the above (rather than typical lattice-
calculation precision or systematics)

Huey-Wen Lin — DIS2024 @ Grenoble, France



Forward-Limit Case: PD'F

§ NLO hybrid-ratio renormalized matrix elements

( hB(z,P,) . Remove the linear divergence
hR(z,P,) = { hB(z,P,=0) orz < Zzg & renormalon ambiguity
Z, = .
z N o (Gmtmo)(zz5) ZB(Z'PZ) forz > z, at large distances
\ h®(z,P,=0)

& Vary the scale within [0.75, 1.5]: = 15% variation a,(u = 2.0 GeV)
& Systematic errors shown below:

038 . : : : : .
. NLO :
o Real . NLO Imaginary
0.6 . NLOxRGR . 0.0
i 1 - NLOXRGR s, TROLEOLE
s . NLO+LRR s, FRODE LT
0al IF ] . NLO+LRR SRR L
: . (NLO+LRR)xRGR bt [ , :
_ 4 = - (NLO+LRR)xRGR s; 1T | !
< 02f g | < -05 S A
N [ A RO b T
€T II]‘I T thoods
= 00 = 4
' i TIII ig im LE ff‘" £ ¥
02} A -1
-0.4}
-15
0.4 0.6 0.8 1.0 12 0.4 0.6 0.8

z (fm

) ) E
J. Holligan, HL (MSULat), 2312.10829 [hep-lat]
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Forward Limit Case: PDF

§ NLO isovector nucleon H(é = 0,0? = 0,x)

& RGR process: DGLAP equation breaks down for |x| < 0.2 with u = ¢’ X 2xP,

S)
U
W
<
X
I

9““ MICHIGAN STATE

UNIVERSITY
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Forward-Limit Case: PD'F

§ NNLO hybrid-ratio renormalized matrix elements

h®(z,P,) = {

f

\

Remove the linear divergence
& renormalon ambiguity

at large distances
forz = z;

hB (ZIPZ)
hB(z,P,=0)

for z < zg

(mamg)(z—z) 1> (ZPg)
Ne ’ hB(z,P,=0)

& Vary the scale within [0.75, 1.5]: = 15% variation a,(u = 2.0 GeV)
& Systematic errors shown below:
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Forward Limit Case: PDF

§ NNLO isovector nucleon H(é = 0,0? = 0,x)

& RGR process: DGLAP equation breaks down for |x| < 0.2 with u = ¢’ X 2xP,

H(x, Q%,€.1)
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£=0, 9°=0.39 Ge' V2 GPDs

§ Repeat the procedure for nonzero transfer momentum
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£=0, 9°=0.39 Ge' V2 GPDs

§ Repeat the procedure for nonzero transfer momentum
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§ Only the NLO matching kernel is available

?{(XJ}/;H,E;PE)
=d6(x —y)
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§ NLO & = 0.1, Q% = 0.23 GeV*

E=0 GPDs
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E=0 GPDs

§ NLO ¢ = 0.1, Q% = 0.23 GeV*
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Generalized Parton 1) is tnﬁutwns
Single-ensemble result

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

Biased selected/highlighted results
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Generalized Parton Distributions

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

§ On the lattice, one needs to calculate the following

res § |

F e
‘ N(P, - 4/2) R &2

t urce

§ Heavy pion-mass results
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§ Heavy plon mMass results
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Lattice Gluon PDF Impact

§ Preliminary study with CTEQ-TEA analysis ;

& Take lattice inputs in the region where no strong experimental

data constraints, x € [0.4,0.7]

& Using e-pump for re-weighting
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