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with Lattice QCD:
Insights and Impact on Global Analyses
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g Lattice QCD and Parton Distribution Functior

§ Selected Nucleon and MessrDependent
Parton Distributions

§ Impact of LatticeQCD PDFs on Global Fits
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Parton Distribution Functions

8§ PDFs are universal quark/gluon distributions of nucleor

X Many ongoing/planned experiments
(BNL,JLakh JPARC, COMPASS, GSI, EI

AR

BOOSTER

Electron lon Collider:
The Next QCD Frontier

Imaging of the proton

How are theseaquarks and gluons,
and their spins, distributed in space an

momentum inside the nucleon?
EIC White Paper, 1212.1701fhe Present and Future of Q(Z303.02579)
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https://inspirehep.net/literature/2638645

Global Analysis

§ Experiments cover diverse kinematics of parton variable
X Global analysis takes advantage of all data sets

Theory ] | %@ D 6|0

Input | Input
_ Global Analysis
§ Some choices made ,f ppes

for the analysis

X Choice of data sets and kinematic cuts
X Strong coupling constant| (M,)
X How to parametrize the distribution

0@l ) do (p @ 0(®

X Assumptions imposed
SU(3) flavor symmetry, charge symmetry, strange and sea distributions

i if 16 9
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Global Analysis

8§ Discrepancies appear when data is scarce
§ Many groups have tackled the analy: [ “
x CTEQ, MSTW, ABM, JR, NNPDF, etc. 14|
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Lattice QCD 101

§ Lattice QCD Is an ideal theoretical tool for investigating
strong-coupling regime of quantum field theories

§ Physical observables are calculated from the path integ
(Mo i ) = = &1 1 Chhoe )
In Ewdlicteanspace
X Quark mass parameter -
(described bya ) quark field ==
x Impose a UV cutoff N | 4 ¢

discretize spacetime

x Impose an infrared cutoff gluon field ([ ]. L
finite volume XY,z ”k—ﬂ
8 Recover physical limit — |
(’] O (,x ,==O ,J O I—b t <—>a /
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Moments of PDFs

8 PDGlike rating system or average.
§ LatticePDMVorkshop

X Lattice representatives came together and $ ¢

(OX¢ VIR (Y

devised a rating system
§ Lattice QCD/global fit status

LatticePDFReport, 1711.07916, 2006.08636

Moment Collaboration Reference Ng 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 Kk Xk 0.989(32)(10)

yQCD 20 (Horkel et al., 2020) 2+1 H % O % % 7 1.096(30)
LHPC 19 (Hasan et al., 2019) 2+1 O % O % *x ° 0.972(41)
Mainz 19 (Harris et al., 2019) 241 * O * * * 0.965(38) (713 0.10 — 1.1
JLQCD 18 (Yamanaka et al., 2018) 2+1 H O O % x% 1.08(3)(3)(9)
ETMC 19 (Alexandrou et al., 2019b) 2 H * O % % 0.974(33)
ETMC 17 (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 ®H % O ¥ * 0.716(28)

<1>5u— PNDME 18 (Gupta et al., 2018) 241+1 % * * Kk * ° 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 * H *x % 0.782(16)(2)(13)
ETMC 19 (Alexandrou et al., 2019b) 241+1 W Kk O * x 7 -0.210(11)

<1>5d_ PNDME 18 (Gupta et al., 2018) 241+1 % K K * X*x 7 —0.204(11)(10) 097 — 047
JLQCD 18 (Yamanaka et al., 2018) 2+1 H O O % % -0.24(2)(0)(2) ) )
ETMC 17 (Alexandrou et al., 2017d) 2 H %+ B % % -0.219(10)(2)(13)
ETMC19 (Alexandrou et al., 2019b) 24141 B * O % *x 7 -0.0027(58)

<1>5s— PNDME 18 (Gupta et al., 2018) 241+1 % K* Kk * Kk -0.0027(16) N/A
JLQCD 18 (Yamanaka et al., 2018) 2+1 B O O % % -0.012(16)(8)
ETMC 17 (Alexandrou et al., 2017d) 2 H * B % % -0.00319(69)(2)(22)
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Moments of PDFs

8 PDGlike rating system or average.
§ LatticePDMVorkshop

X Lattice representatives came together and
devised a rating system ~

§ Recent lattice QCD/global fit status oss oz 0zs 020

(OX¢ VIR (Y

LatticePDFReports, 1711.07916, 2006.08636 —— PNDME 20
N A e BT ETMC 18
PNDME1S - N=2+1+1n ™ s}
¥QCD20 a L| —=— Mainz 19
LHPC18  wm =
Mainz19  rm 3 LY RQCD 18
JLQCD18  ~B- o N=2+1 g R I
ETMC19 &

ETMC17 & 8 8 —B— ETMC 15
RQCD14 Ni=2
MOE:(:JQ e e 0.15 0.20 0.25 0.30
. ) ¥ Pemmnmmmm s
S v— TMD15 " - (x>5“ —ad
b JAM18 [ ] e
I I I -F-\-*“i\ \JAM?O I I I 1 im\-"*nl-mi I I I i.-x“\i I I I 1 'J.=2 \Gev \\\\\ S. Mondal et al
02 04 06 08 1 12 14 02 0 02040608 1 105 0 05 1 15 2 -0.05-0.04-0.03-0.02-0.01 0 0.01 200513779
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From Charges to PDFs

§ Improvedtransversitydistribution with ¢ 4)
LQCD tensor charge; Qe Q@ QW B
X Global analysis with 12 extrapolation formsiQ p8tm ¢@ Y

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

1 hu 0.4 1
1
0 0.2 h
1 0
d
_3 __I___I__I I I I I _0.4
0 0.2 04 06 0.2

Lin, Melnitchouk, Prokudin, Sato, 1710.09858, Phys. Rev. Lett. 120, 152502 (2018)
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PDFs on the Lattice

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

S Er most well known

(W ) Quo  Nw
spinaveragedinpolarized
- © ) e MG
spindependent
longitudinally polarized

¢ - ¢ (@ ) Qw1 1w

spindependent very poorly knowr
transversely polarized

8 True distribution can only be recovered widh moments
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Lattice Structure Limitation

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

(@ ) Quw  n(w

g Limited to the lowest few moments

X For higher moments, all ops mix with lowerdimension ops
X Novel proposals to overcome this problem

W. Detmold and C. Lin, Phys. Rev. D73 17§

(2006) 014501 ’ CELQ)B‘%
Z. Davoudi and M. J. Savage, Phys. Rev. D86

(2012) 054505
A. Shindler, arXiv:2311.18704
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Lattice Structure Limitation

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

(@ ) Quw  n(w

§ Longstanding obstacle!
X Holy grall of structure calculations

§ Applies to many structure quantities:

X Parton distribution functions (PDF)
X Generalized parton distributions (GPD)
x Transversemomentum distributions (TMD) | =

~

e
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- ANEW HOPE.

't /1S & periocd, oOoF waans EAMNMC) 2 COMOIrmMic s LAREYC *E TS
FTersPrrmrxoil hhas eongulfed thhe gsalactic repubdblics.

Basic truths at foundation of the nGman civilization
are disputed by thhe dark forces of thhe evil\ empililvre.

A small sroup of QCD HKnights from United Federation
of Physicists has gathered in a remote location on Tthe
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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§ Selected Nucleon and MesorDependent
Parton Distributions

§ Impact of LatticeQCD PDFs on Global Fits
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L attice Parton Method

§ Largemomentum effective theoryl(@ME}/quastPDF
(X. Ji, 2013; See 2004.03543 for review)

Lt , i I "
) - —
' "] ﬂk%'* L t—?

§ Compute quasdistribution via

AP Qq -
AGHB) =0 (D

@sagpoRms @) M 6>
8 Recover true distributioiftake P,© Holimit)

’dﬁrﬁ . ﬁ— ol 1 D F‘Y F‘ b
@D 8 (he) A | g (@ ®)

X. Xiong e.a., 1310.7471; JW. Chen e.a., 1603.0666
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L attice Parton Method

§ Largemomentum effective theoryl(@ME}/quastPDF
(X. Ji, 2013; See 2004.03543 for review)

re

r Additional source of systematics:”- )

3 Smaller0 gives better signal but larger systematics
‘ (like how heavier pion mass gives better precision)

New parameters inx-dependent methods to

pay attention to
§ Compute guasarstripution via

@sagpoRms @) M
8 Recover true distributioiftake P,© Holimit)
D .Y ¥

Eeh o on

o Qq .
r](oﬁ h)) F‘Q U

)

q(cH FO ) 18 (-h) alcFH)
X. Xiong e.a., 1310.7471; JW. Chen e.a., 1603.0666
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Direct x -Dependent Structure

§ Longstanding obstacle to lattice calculations!

Quantities
that can be

pPQCD

calculated calculated

on the lattice
today

>

(X. Ji, 2013; See 2004.03543 for review)
Pseudo-PDFmethod: differs in FT(A. Radyushkin 2017)
Lattice crosssection method (LCS (Y Ma and J. Qiu, 201

X X X X X

Euclidean correlation functions(RQCD, 1709.04325)

*‘ﬁ w Huey-Wen Lin? Workshop on parton distribution functions in the EIC era @ Taiwan
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Quasi-PDHlarge -momentum effective theory (LaMET)

4, 2017)

Compton amplitude method(A.J. Chambers et al., 1703.01158
Hadronic tensor currents(Liu et al., hep-ph/9806491, ... 1603.07352)




L attice Parton Calculations

8§ Rapid developments!

HL, Prog.Part.Nucl.

Phys 144 (2025)

LaMET /quasi-PDF
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L attice Parton Calculations

§ Physics
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https://arxiv.org/pdf/1712.10025.pdf
https://arxiv.org/pdf/1904.12376.pdf
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Lattice Example Results

§ Summary of PDF results at physical pion mass

unpolarized longitudinally polarized transversely polarizec
& e & o 4) ) 4)
uw Lo 30(0) 3N 16(6) 1A
S SRR B YRS TN BLES1S P = 30Ge7
[ ETMC'20, |Pax| = 1.4 GeV ] [ ETMC'18, |Praxl = 1.4 GeV | i [ ETMC'18, |Pmax| = 1.4 GeV
4 I ETMC'18, |Pras| = 1.4 GeV ] i
B JLab/W&M'20, |Ppax| = 3.3 GeV ] 3r
= 3 . i
L0 d
: o
0.‘2 | 0.‘4 | 0!6 | 0!8 I 1-.0 I 0‘.2. | 014 | 0i6 I 0‘.8 | 1.0 _I | ‘012- | IO!4I | IO!G‘ | IO.‘SI | ‘1.0

Finite volume. &y - 2006.08636 (PDFLattice2019)
Discretization,
8
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Lattice Example Results

§ Summary of PDF results at physical pion mass

unpolarized longitudinally polarized transversely polarizec
U@ Bo 30(@) AN 16(@ 190
-------------------- e ' ' ‘ ‘ ' T ‘ '
5 LP3'18, |Prax| = 3.0 GeV ] B LP318, [Pyl =3.0GeV || 4 B LP3'18, |Praxl =3.0GeV |
: ETMC'Zl),TE:nlaﬂ = 1.4EGeV 1 & [ ETMC'18, |Pmaxl = 1.4 GeV n ETMF'l& |Pmax| = 1.4 GeV ]
4 0 ETMC18, |pyaxl = 1.4 GeV B NNPDFpoll.1 ) M MEX'19 ]
B JLab/W&M'20, |Ppax| = 3.3 GeV ] 3 W JAM'17 ] W PV'i8
= 3 B NNPDF 3.1 y B DSSV'08 W JAM'17
! B ABP16 10 2 2 B LMPSS'17
= 2F W CJ15 ]
J i 1 &
of 0 o ,
s [ R E T B P R T T E T S R R R S T BN T
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 08 1.0

Finite volume. od - 2006.08636 (PDFLattice2019)
Discretization,
8
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Isovector PDFs Update

8 NucleonisovectorPDF calculated directly physical pion mass

X NNLO matching & treat leadingrenormalon effects @ ?

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

X N.=2+1+1clover/HISQ,(0 m@tdm,0 ¢' A6
J. Holligan, HL (MSULai), 2312.10829 [hep-lat]

3.0—— N
: \ — NNLO
Wanted 2.5 1\ A — NNLOxRGR - _@4_ %»
PDFs, , N
GPDs, : — NNLO+LRR
etC8 20 —— a \\‘:\ 1
| — (NNLO+LRR)xRGR
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Isovector PDFs Update

8 NucleonisovectorPDF calculated directly physical pion mass

X NNLO matching & treat leadingrenormalon effects @ 9
{ Leadingrenormalon resummation (LRR) R. Zhang, et. al.
{ Renormalization-group resummation (RGR) PLB 844, 138081 (2023)

X N:=2+1clover/HISQ,(0 m8tx im,0 pd' A6

X. Gao et al (ANL/BNL), 2310.19047 [hep-lat]

— JAM3D-2022 .
i ‘ Transversity
Wanted —— Radici, Bacchetta ‘18

PDFs, i DNN (Zn]ax = 0.92 fm)

GPDs 3.0

8 ' - —— x-space (NLO+LRR)

e 3 NN x-space (NLO+LRR+RGR) —

4.0

2.0 GeV)
N
D

I 2.0

3.

£4.5 100 7TAw
I

3 1.0
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Continuum PDF

§ Nucleon PDFs usingiasiPDFsn the continuum limit £

X Lattice details: clover/2+1 clover (LPC)
a {0.49, 0.64, 0.85, 0.98lm,
M,¢ ¥ ¢ ¢ eMeV gianT Y
ML ¢ 08wk oo~

- ~ 2.8
U ¢fp 8QPBY
241 o This Work
I 2t JAM 22
F Yao et al (LPC), 2208.08008 ol JAM 20
1.2}
0.8
Wanted
PDFs, GPDs, 0.4}

etc8 0

~0.4}
-075 -05 -025 0 025 05 0.75 1
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Nucleon Gluon PDF (2020)

§ Gluon PDF usingseudePDF
X Lattice details: clover/2+1+1 HISQ 0.12m,

310-MeVsea pion Z. Fan. et al (MSULat), (@ £
2007.16113 V————9

X 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
‘ i CT®8NNLO e CT18 NNLO
\ ; NNPDF3.1 NNLO NNPDF3.1 NNLO
5@y MSULat, M,;=690 MeV _oopmeiine. MSULat, M,=690 MeV
3 \ - - MSULat, M;=310 MeV E - - MSULat, M,=310 MeV
O A \ = =
1 1.0 \ MSULat, M,=135 MeV ('\:'1 s0el MSULat, M,;=135 MeV
X \\ £
2 N\ o
0.5 \xﬁk 0.00
0.0 J — o
0.0 0.2 0.4 0.6 0.8 10 %5 0.6 0.7 0.8 0.9 1.6
X X

W Huey-Wen Lin? Workshop on parton distribution functions in the EIC era @ Taiwan




§ Continuum Gluon PDF wseudoPDF

Gluon PDF In Nucleon

X 2+1+1 HISQ {0.09, 0.12, 0.15i

[220, 310, 700}MeV pion, 10710° statistics

Z. Fan et al MSULa, 2210.09985
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Meson Valence

-quark PDFs

§ Pion/Kaon PDFs usingastPDHN the continuum limit

1.0(48 ) : : .
i O y
— a -0, M—135 MeV b — a5 0, M>135 MeV t(ﬁutantltlebs
[ 1 r 4 at can be
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L a~0.12 fm d a~0.12 fm i the lattice
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L a VP
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Valence -quark PDFs Update

8§ Pion PDFs calculated directly at physical pion mass

X NNLO matching & treat leadingenormalon effects @ v

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

X N=2+1+1 clover/HISQ, a~0.09m

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

2.0
Wanted xFitter'20: NLO
PDFs, ey
i sl MR e JAM'21: NLO+NLL
etc8 — MSULat'24: NNLO
] — MSULat'24: (NNLO+LRR)xRGR
>
NS
o
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https://iopscience.iop.org/article/10.1088/1361-6471/ad3162/pdf

§ First pion and kaon gluon PD§g)/&xQusingpseudcPDF

B2 2~0.12 fm, M,,~220 MeV | , ", -a0d fm, Mp-220 Mey
2Py = 2~0.12 fm, M,~310 MeV | = % = @-0.12 fm, M;~220 MV, g0+
P | o \ = xFitterPI_NLO
¥ 20 8 a~0.121fm, M,~690 MeV | X 20
3 B a~0.15fm, M,~310MeV | > e
g 15 | g 1.5
4 4
% 1.0 % 1.0
05 0.5
o . G:ZhouyouFan
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2104.06372, Fan et al. (MSULa; 2112.03124, SalaShavira et al. (MSULa

1.0
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5
' X
‘°§ £ MSULat21 .
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§ What does lattice QCD say aba(x)?
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§ Study discretization systematic {Q¢ f
X Lattice details: clover/HISQ, HISQ, a ~{0,15, 0.12, 0.0}
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Pion Gluon PDF Update

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

1.0 : :

f — a~0.12 fm, M;~220 MeV, gg+gq
0.8l = a~0.12 fm, M,~220 MeV

L B a~0.12 fm, M,,~310 MeV
ED-G" =% a~0.15 fm, M,~310 MeV .
N |
i
% 0.4}
2 |

0.2|

0.0 0.2 0.4 0.6 0.8 1.0

2310.12034, Good et al. (MSULa)
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8 Back to Pion gluon PDE)

X Update previous calculatedy(x)/ (&) in 2021

=2 GeV)

Xg(x,u

— a~N 12 fm M_~220 MeV gg+gq
s ) MeV
| E= MSULat23
| B DSE20 ) MeV
[ = JAM21 L IMeVv
{ o= xFitter'20 ‘
| 8
0.0 0.2 04 06 08 10 1.0

X

2310.12034, Good et al. (MSULa)
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First LaMET Gluon PDF

8 Gluon PDF wjjuastiPDHno parameterization)
X 2+1+1 clover/HISQ 0.12fm, 690-MeV pion, 10 statistics

Good et al (MSULaj, 2505.13321 @
X PQCD calculated Wilson coefficient and matching kerng .~ 2
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Plots by Bill Good (MSU)
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Hadron Tomography

§ Lots of progress on tomography by many collaborations
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Figure 4.1: Nucleon isovector H (left), £ (middle) and H (right) GPDs at £ = 0 with z-expansion to Q"E at selected x values.

HL, Prog.Part.Nucl.Phys 144 (2025) 104177
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Hadron Tomography

>ollaborations
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Figure 4.1: selected x values.

HL, Prog.Part.Nucl.Phys 144 (2025) 104177
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GPD Systematic Update

8 NucleonisovectorGPDs & pion valenagpuark GPDs

X NNLO matching & treat leadingrenormalon effects @ ?
{ Leadingrenormalon resummation (LRR) R. Zhang, et. al.
{ Renormalization-group resummation (RGR) PLB 844, 138081 (2023)

X N;=2+1+1 clover/HISQw t@tdm, x N,=2+1 clover/HISQ,® T8t im,

135-MeV pion,0 ¢' A6 300-MeV pion,0 ¢' A6
J. Holligan, HL (MSULaj, H. Ding et al (ANL/BNL/Wuhan),
2312.10829 [hepat] 2407.03516 [hep-lat]
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Impactof Lattice ! icc-QCD
PDFs on'GlobabFits/ i Ls
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First Lattice Strange PDF

8 Results byMSULatquastPDFnethod
X Clover on 2+1+1 HISQ® efm 310-MeV QCD vacuum
X EXtrapOIated tOi‘) p ! Mev 0.10F v P,=120GeV - CT18NNLO

----- NNPDF3.1NNLO
0 P,=172GeV

R. Zhang et al MSULa,
2005.01124

0.05F © P,=2.15GeV

Re[h"(zP,)]

i 0.00
Re[h(2)] /dx(s(x) _ §(x)) cos(xzP;)

-0.05¢ L Quantities

that can be

calculated on
the lattice

FG: Rui Zhang
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Lattice Strangeness Asymmetry Impact

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

vﬂt‘

X Extrapolated to0 pT MeVD p&' A6 o 2
h | (I\/l l) Wanted
R. Zhang et al MSULa), PDFs,
2005.01124 0.08 GPDs,

ls?(x,(i) at Q'=1.3 GeV 6'8%CIZ.L.
2 RG] e Aoo(l (0 | (cb)) AT(d( 006f CT18As g

8§ From quasPDF to PDF 0.04F ©: CT18As_HELat

00 Z oo TGS Latt. A7 .
Qe ) (06 ¢ (v i) o VYA e sl E
| % 7 \ ........
; ¥ - ¥ & 0.00 nmmms TR
®0 (p @0

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

2211.11064 B 17 -
10%10*10° 107

§ The strangeness asymmeirged) i[ahd atw T8 is
difficult to measure, but can be predicted in lattice QCD
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Nucleon Gluon PDF Impact

§ Impact study with CTEDQEA analysis ‘
X Take lattice inputs in the vregion where no strong experimental
data constraints,wN [T@hr@)]

Plots by Alim Ablat (Xinjiang U.);

2502.10630
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Nucleon Gluon PDF Impact

8 Impact study with CTEQEA analysis

X Take lattice inputs in the region where no strong experimenta
data constraints,wN [T@hr@)]
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Plots by Alim Ablat (Xinjiang U.);
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Pion Gluon PDF Impact

5

§ Preliminary study with JAM Plots by Bill Good (MSU) ;‘
analysis
X Treat lattice reduced pseude
loffe time distribution ( RpITD)
AO OADAAOBI T 6 EI BPOOO EIT OEA
JAM global fit

W. Good et al, 2409.02750 [hep-lat]

Lattice data /'l |

Non-perturbative PDFs and
moments
_ Residual
Balitsky, et al., PLB808, 135621 (2020) Perturbative
matching kernels
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