AAAAA

T i . .

Parton Distributions from Lattice and
Impacts on Global QCD Analysis
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§ Lattice QCand Parton Distribution Functions
§ Selectedk-Dependent Parton Distributions
8 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 .
(N,JLab PARC, COMPASS, GSI, EIEC LHeO

AT

.......

Electron lon Collider:

The Next QCD Frontier

Imaging of the proton N
How are theseaquarks and gluons, P €
and their spins, distributed in space a e

momentum inside the nucleon?
EIC White Paper,1212.1701The 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 . ‘

Input
8 Some choices mac

for the analysis

Global Analysis
€ of PDFs

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

® @ )

o (P @ VW

X Assumptions imposed
SUQ@) flavor symmetry, charge symmetry, strange and sea distributions

ir (o
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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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Lattice QCD 101

§ Lattice QCD Is an ideal theoretical tool for investigating
strong-coupling regime of quantum field 1
8§ Physical observables are calculated fron

(moc Emlm 2 om & o (RR) i

115 T A I'|'I'|'::""I""I""I L ':I'

HU- - |

mj1.005:-——-:—————“?‘ ‘_rﬂ;“_? —— o *""'/J B

{].95:

0190 L 1 L | L | I-|-I-|-:-u...|....|....|.........|...|-':|- M M M

0 002 004 006 008 010 2 3 4 5 b 7 80 0.05 0.10
( Gev?) m,L a(fm)

8§ Recover physical limit | -'H-ﬂih- |

a & ,+0 40 b
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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

?i MICHIGAN STATE Huey-Wen Lin? Confinement2024, Cairns, Australia
| UNIVERSITY




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 Y @PF. [ David Lin (TMD CSkernel)

N

(2006) 014501 COLLABORATION | @ Mon. 2:30PM

Z. Davoudi and M. J. Savage, Phys. Rev. D86 -
(2912) 054595_ Dimitra Pefkou (PDF higher

A. Shlndler, arxiv:2311.18704 moments) @ Mon.3:30 PM
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https://indico.cern.ch/event/1293041/contributions/5955770/
https://indico.cern.ch/event/1293041/contributions/6092713/
https://indico.cern.ch/event/1293041/contributions/6092713/

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 BOPE

't /s & perioc, ©ofFf waar EAMNMCc) ©E2CoOoOMmMOrmMmic e LAENYC *Tr TSIt
FTersPrrmroil 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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L attice Parton Method

§ Largemomentum effective theoryl(@ME}/quastPDF
(X. Ji, 2013; See2004.03543 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)
A(cH D ) 6(&)(&14) P AL .
; TC DTS
4

X. Xiong e.a., 1310.7471 J.-\W. Chen e.a., 1603.0666
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L attice Parton Method

§ Largemomentum effective theoryl(@ME}/quastPDF
(X. Ji, 2013; See2004.03543 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

AP Qq -
AGHB) =0 (D

)

q(cH FO ) 18 (-h) alcFH)
X. Xiong e.a., 1310.7471 J.-\W. Chen e.a., 1603.06664
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Direct x -Dependent Structure

§ Longstanding obstacle to lattice calculations!

Quantities
that can be pQCD
calculated calculated
on the lattice kernel
today '

>

Quasi-PDHlarge -momentum effective theory (LaMET)

(X. Ji, 2013; See2004.03543 for review )

Pseudo-PDFmethod: differs in FT(A. Radyushkin 2017)
Lattice crosssection method (LCS (Y Ma and J. Qiu, 2014, 2017)
Compton amplitude method(A.J. Chambers et al., 1703.01153
Hadronic tensor currents (Liu et al., hep-ph/9806491, ... 1603.07352)
Euclidean correlation functions(RQCD, 1709.04325)

X X X X X
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L attice Parton Calculations

8§ Rapid developments!
HL, Few Body Syst. 64 (2023) 3, 58

LaMET /quasi-PDF
lattice calculation
is ; werw [
- 1§ L.lilllltL ."\ =
% 1 x\
= ujf |
u:[—"_—_.;—_-ﬁ"'/ -]

0.5 .
0.4 -02 U Ll U-’! 06 08 ID

Euclidean

I]M( el =

correlatlon functlons 5 \ -

'+Ip GeV |

Re 03P (p.z.2%)

15t NNLO PDF

1s'PDF w/ LRR+RGR
]
i NLO
. 158 MNNLO
= NLO+RGR
& WMLOWRGRILRR
510 sMNLO+RGRLRR
z
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"0z 03 04 05 08 07 08 09
x
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' |
Compton amplitude -0 || Hadronic tensor
010 o quark
0.08 124
. 0.06 :: -0,
% 0.04; ;0:5- i
. U.nz-‘l 5 ém- B
0.00——4 2 a or &+ 0z
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L attice Parton Calculations

8§ Rapid developments!
HL, Few Body Syst.64 (2023) 3, 58

LaMET /quasi-PDF || Euclidean | TP 15'PDF w/ LRR+RGR
lattice calculation || correlation functions || \ - g

: \Irc-[--‘.l- i '._‘
201 (]12 Y
I CTi4 Y

[Wei Wang 8-meson DA |
@ Thur.4:50pPMm

Jun Zeng ¢ctet and
decuplet baryons DA% 4 _1

|
2\@9 Thur.5:10PMm 017 2018 2019 2024 2021 2022 2023 2024
i |

Compton amplitude -4 || Hadronic tensor LCS
? [Matthew Rumley transition GPD9 _
| @ Wed5:50pm g b

K.Utku Can farity -odd structure) |

@ Thur.3:00PM
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https://indico.cern.ch/event/1293041/contributions/5955775/
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https://indico.cern.ch/event/1293041/contributions/5999821/
https://indico.cern.ch/event/1293041/contributions/5980031/
https://indico.cern.ch/event/1293041/contributions/5980031/

L attice Parton Calculations

8 Physicgjuantity milestones Ng-PDF
First PDFs 1GPD @) | | ==

4
First | 110 : S ISR
0 L h
irst unpo (Lo ! 1 AN
. B
=
lattice PDF || = || Pionv-PDF ||fi
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HL, Few Body Syst.64 (2023) 3, 58
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https://arxiv.org/pdf/1402.1462.pdf
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://arxiv.org/pdf/1603.06664.pdf
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https://arxiv.org/pdf/1708.05301.pdf

Lattice Example Results

§ Summary of PDF results at physical pion mass

unpolarized longitudinally polarized transversely polarizec
& e & o 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.(_) — ‘012- | IO!4I | IO!G‘ | IO.‘SI | ‘1.0

Finite volume,
Discretization,
8
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Lattice Example Results

§ Summary of PDF results at physical pion mass
unpolarized longitudinally polarized transversely polarizec

A} y 1 , . , . , . , .
u@ Qw 30(6) 3N 16(6) 16
-------------------- L ' ' ‘ ‘ ' T ‘ '
5 ' ] ' - B LP3'18, |Ppax| =3.0GeV |
B LP3'18, |Pray| = 3.0 GeV 1N 4 B LP3'18, [Puaxl =3.0GeV || 4 S FTaeas rlr;lx ey
[ ETMC'20, |Ppay| = 1.4 GeV I ETMC'18, |Pax| = 1.4 GeV C'18, [Pmaxl = 1. ]
4 M ETMC'18, |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 W NNPDF 3.1 ] W DSSV'08 W JAM 17‘
! B ABP16 10 2 2 B LMPSS'17
= 2F W CJ15 ]
i - 1
1 1
of 0 0 :
E | ! | L | L | 1 E 1 . | . | . | L | . | . 1 L | L | L . L L | , | , | N 1 L | . | . | L | L1
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 0.8 1.0

Finite volume. od - 2006.08636 (PDFLattic2019)
Discretization,
8
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Lattice Example Results

§ Summary of PDF results at physical pion mass

unpolarized longitudinally polarized transversely polarize

----------------- o 1l R

§ Complementary Iattme mputs for best PDFs

1| Theory Exp’t Work has been made in _;
=| . ‘ this directi ]
lnput Input 115 dlrectioIl _
Global Analysis + 4

of PDFs F

0 02 04 06
Phys. Rev. lett. 120, 152502 (2018)
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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@rdm,0 ¢' A6

3.0——

Wanted 2.5,‘
PDFs, “
GPDs, [
etc8 2'0?

15

a‘“r MICHIGAN STATE
_QUNI\-’ERSITY

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

— NNLO+LRR _
— (NNLO+LRR)xRGR

\ \ — NNLOxRGR - —@»+ %—»

u@w Qw
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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,d0 T8t X fn,0 pd"
X. Gao et al (ANL/BNL), 2310.19047 [hep-lat]

4.0
3.51
Wanted
PDFs, l
GPDs, ; 3.0
etc8 3
= 2.5
™

N
o

aqu—d (X, u

— JAM3D-2022

—— Radici, Bacchetta ‘18
DNN (zmax = 0.92 fm)

—— x-space (NLO+LRR)

x-space (NLO+LRR+RGR)

MICHIGAN STATE
UNIVERSITY
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Continuum PDF

X Lattice details: clover/2+1+1 HISQ MSULa) . v
M,L¢ {3.3,5.5}

§ Nucleon PDFs usimgiasiPDFsn the continuum IimitQ‘
a {0.06,0.09,0.12} fm
M, ¢ {135,220, 310}-MeV pion
0 <¢' A6  2011.14971HL et al. (MSULaY &>+ O
X Naive extrapolation to physicalcontinuum limit

1.0[@—a 020

i = A 206m310 i

N 0.8f O a09m130 008

Quantities ol v a12m310 oo
that can be s O a12m220S -
- 0.4

calculated on 04¢ , ML) o al2m220L i

_osf— @ M) KRa a06m310

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

B
— (@ =
. [ 06 A
02F — (a
the Iattlce i [— (&', M) O a09m130
— — (&%, M} -o8- - V===
0.0 [— (&% M) v a12m310
1 — (&% MB) -1.0f
ool " 1O 2 O a12m2208
-0-2r — AICAVG — -] i
— 1 2l ACAVG © al2m220L
L1 1 L L L L 1 L L L L L 1 L L L L L L L L L L C1 L L L L L L L L L 1 L L L L L L L L L L L 1 L
0 2 4 6 8 10 12 0 2 4 6 8 10 12
zP; P
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Continuum PDF

8 Nucleon PDFs usingiastPDFsn the continuum Iimitg‘

X Lattice detalils: clover/2+1+1 HISQ MSULa} M
a {0.06,0.09,0.12} fm 9
M,¢  a 2204810}-MeV pion

—e:>+ —‘e-b

M,L¢ {3.3, 5.5}

~

0 <¢' A6  2011.14971, HL eal. (MSULaY

x Naive extrapolation to physicalcontinuum limit 9@ Q@

— T 1 T T T
M MSULat'20, P, = 2.2GeV,a - 0 ]
M MSULat'20, P, = 2.6 GEV,a - 0 I

— T T T 7 T [ T
M MSULat'20, P, = 2.2GeV,a - 0

3 B MSULat'20, P, = 2.6 GeV,a - 0 - 3
I [ LP3'18, P, = 3.0GeV, a ~ 0.09 fm | W cT18
I I ETMC'18, P, = 1.4 GeV, a ~ 0.09 fm ] Il NNPDF 3.1 1
Wanted SEVIS < ok W ABP16 ]
C o It J15 ]
PDFs, GPDs, S s | =a
etc8 r 1r
O _ 1 1 1 1 1 1 1 1 1 1 1 1 n O _ 1 1 1 1 1 1 1 1 1 1 1 1 1 n
0.2 04 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
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Continuum PDF

8 Nucleon PDFs usingiastPDFsn the continuum Iimitg‘

X Lattice details: clover/2+1 clover (LPC) )
a {0.49,0.64,0.85,0.98} fm, v
M, ¢ [222,354]-MeV pion,

M,L ¢ [3.9,8.1]

- - 2.8 J(WERNe (¢
L ¢ rp BCRY T0(® 1AW
241 o This Work
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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Gluon PDF In Nucleon

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

[220, 310, 700]-MeV pion,10°z10° statistics

Z. Fan et al MSULa, 2210.09985

1.04
1.02
1.00 ]

Noos o mm oo '{'"'.T_{"'_"-

=096
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calculated on
the lattice
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NNPDF3.1 NNLO
k-4 a~0.09 fm, M,~310 MeV
i a->0 M,-> 135 MeV

— 9g9+49q
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h
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i 1 1 P | | |
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v X
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Generalized Parton Distributions

8 Nucleon/pion GPDs usingiastPDFsat physical pion mass@‘
calculated aBreitFrame

8 One calculates the following matrix elements on the Iatt?e

L
’ d th
Quantities
that can be
calculated on {
the lattice .

5 r
‘ NUO g | &
. @O—

Nucleon unpolarized GPDg4andE

,C((jﬂ v‘v'") )
0 ’Qq o N T 0(0) g TG O e "g) 3 s
TR G0 @F) TR(aEARD) )2 )

g ] ——h = A AR o sh L

G
HL, Phys. Rev. Lett. 127 (2021) 18, 1820¢
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Isovector Nucleon GPDs

8 Nucleon GPD usimgiastPDFaat physical pion mass

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

X , Tusovector nucleon GPD results ?
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Isovector Nucleon GPDs

8 Nucleon GPD usinguastPDFsat physical pion mass

x Lattice details: clover/2+1+1 HISQ (\/ISULa)
0.09fm,135-MeVpionmass,) ¢' A6

X Ttisovector nucleon GPD results

MICHIGAN STATE

(¢)o ©® (¢)o (9

T
* PNDME19 2+1+1f 0. 06fm .
* PNDME19 2+1+1f 0.09fm ]

A ETMC18 2+1+1f
v PACS18 2+1f 7
B LHPC17 2+1f

&= VSULat20 2+1+1f

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

UNIYERSITY
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|sovector

Nucleon
8 Nucleon GPD usinguastPDFsat physical pion mass

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

A6

(¢c)o (9

0.09fm, 135-MeV pion mass,0 ¢
X Ttisovector nucleon GPD results
Q oo (¢g)o6 (0
h
€ C : =\[SULat20 2+1+1f
0.3F AETMC'19 2+1+1f -
[ [ »ETMC'19 2f
RQCD'18 2f
ca% 0.2_‘ }jk} _
0.1:- .
O- L T B R
0.2 0.4 0.6 0.8 1.0 1.2

a‘“r MICHIGAN STATE
_QUNI\-’ERSITY

Q*(GeV") HL, Phys.Rev.Lett 127 (2021) 18, 182001

Huey-Wen Lin? Confinement 2024, Cairns, Australia
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Nucleon Tomography

8 Nucleon GPD usimguastPDFat physical pion mass

x Lattice details: clover/2+1+1 HISQ | |
0.09fm, 135-MeV pion massp ¢’ A 6! nite -volume,
discretization,

X ,  Tusovector nucleon GPD results

() %qm b R)Q T é‘ ?

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

( n - -

8 Nucleon helicity GPDQ) and pion GPDO usmgquas+PDFs

at physical pion mass HL (MSULay, Phys.Lett.B824 (2022) 136821;
Phys. Lett. B 846 (2023) 138181
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Asymmetric -Frame GPD

8 New calculations by ANL/BNL/ETMC using asymmetric frame

X 2+1+1 twisted-Wilson, 0.09fm, 0
260-MeV pion, one sourcesink used

p®&' A6

finite -volume,
discretization,
% heavy quark,

"~ excitedO O A C

[§
Pl 2
f |
& % tsinlo

Ag + mztic*® Ay +

Atia

2

As

A#
S 11 +mzt Ay + —/13 +amot* Ay
m

H(p?-_ Y )\)

X Ttisovector nucleon GPD result®
o g 2
" NE/2) N(E, + G/2) ,— |
d)—»——o ‘
o L&
kk - 1
tsaﬁ’rce - tsink e
,q(d;iFd‘ﬁ) FH(z, PA):_{(pf)\)
6(0) L R . ‘ N
& <1 (chhd ) F(ch b ) )o(u ) . f-c:f . Pa
H(Z . P'S/U.Z A’ s/a (A /u) ) = A; + AV ZA;; d

Ps/a . »

ANL/BNL/ETMC, 2209.053732310.13114
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Asymmetric -Frame GPD

8 New calculations by ANL/BNL/ETMC using asymmetric frame
X 2+1+1 twisted-Wilson,0.09fm,0 p®&' A6
260-MeV pion, one sourcesink used A&°

finite -volume,
discretization,
heavy quark,

X Ttisovector nucleon GPD result® * excitedstateh
Q
3 T 6 T I T
t=2.24 GeV/2 1=2.24 GeV?2
25  -=1.49 GeV? 1 s5F -=1.49 GeV? E(xa 5 — OJ) .
-t=1.36 GeV? mmmm -t=1.36 GeVZ mamm
2F =122 GeV? mmmm 4=1.22 GeV? mm— , _
-t=0.79 GeVZ = 4r t=0.79 GeV? p=2GeV 4
15 F  -1=0.64 GeV? mmmm -4=0.64 GeV? =
-t=0.33 GeV? 3 -t=0.33 GeV?2 E
1k -t=0.17 GeV? 4=0.17 GeV? s

=0 GeV? m—.

-1 05 0 05 1|

X = A .
See Shohini BhattacharaagEthit, 50dDsd75081b 13519
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GPD Systematic Update

8 NucleonisovectorGPDs calculated directly at physical pion ma

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,& 18t dm,135-MeV pion,0 ¢' A€
J. Holligan, HL (MSULa, 2312.10829 [hep-lat]

2.0 |

/ D _ NLO
Wanted L’I
PDFs, 15l — NNLO
GPDs, : — (NLO+LRR)xRGR

etc8

— (NNLO+LRR)xRGR

. .
.,

=0.39 GeV
02 04 06 08 10 P: JackHolligan
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GPD Systematic Update

8 NucleonisovectorGPDs calculated directly at physical pion ma

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/HISQ,(0 18t dm, 135-MeV pion,0 ¢' A€
J. Holligan, HL (MSULa, 2312.10829 [hep-lat]

2 (I ————— . .
(NNLO+LRR)xRGR __ Q%=0.0 GeV?
Wanted
PDFs, — *=019 GeV?
GPDs, 1.5¢f
etc8 ._ _ 0Q%=0.39 GeV?
3 N\ — @?=077 GeV?
s 10 Q?=0.97 GeV?
X
I __
0.5}
0. 0F=—= =
-04 =-0.2 00 0.2 04 06 08 1.0
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GPD Systematic Update

8 NucleonisovectorGPDs calculated directly at physical pion ma

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/HISQ,d0 T8t dm, 135MeV pion,b ¢' A€
J. Holligan, HL(MSULat) 2312.10829[hep-lat]

| (\TNLU+LRR x RGR :
- — @’=0.19 GeV
Wanted L \
PDFs, 3 — @’=039 GeV?
GPDs,
etc8 e — Q@’=0.77 GeV?
=
Sl Q’=0.97 GeV?
& 2
o3
w
1_
”-"‘8:‘ - o
:ﬁg:"" : .
e P: JackHolligan
-04 =02 0.0 02 04 0.6 08 1.0
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Transverse Momentum Distributions

8§ TMDs infornon confined motion opartonsin hadron
X Complementary tostructure provided by PDFs andGPDs

Wigner Distributions

Quark
Polarization

f(xa kT 9”9 ’])

Nucleon
Polarization

Parton Distribution Functions Form Factors

Picture from INT Program INT 31703
8 Mini-review by David Lin @ Mon. 2:30PM
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Transverse Momentum Distribution S

8§ TMDs inform on confined motion glartonsin hadron
X Complementary to structure provided byPDFs and GPDs

Relating quasi-TMDPDF to TMDPDF

M.A. Ebert, S.T. Schindler, . W. Stewart, Y. Zhao, JHEP 04 (2022) 178

a ) ~
™MD (x, By, 1, P — ! (2xPY)
lfTMDEj brv_}"Pj = C™D(y, xP?) go(by, p) exp !EK({’,'T,”) log ; ]
pertub. theo.
2 A2
TMD; .. 7. 41 ‘QCD
~ 7

* To obtain f™P one computes /'™ with lattice QCD

Slide from

% Also need non-perturbative calculation of D Li
. LIN

The Collins-Soper kernel, K(b. 1)
The soft function, g((b. p) ~ +/S,(by, )
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Transverse Momentum Distributions

Collins-Soper (CS) kernel from lattice QCD + LaMET complements
global analyses in nonperturbative region of small transverse momentum P/L ;

'71(bT7 — 1/ ln PI/PZ] h’l |:f7/ (m bT’ /J/) P]_ /f;/,, & bT,'U,,Pz):l —|— power COI’I‘eCtionS
i € {quark, gluon} . 2L e

kr ~ bl .,
/T, TP

attice QCD « »light-like TMDs Handbook, 2304.03302

gluon quaSl-TMD beam functlon |

B(x, br, P?)

Gluon CS kernel — ongoing

Aiming for ~30x more stats than in the quark project
for comparable precision.

No global analysis results yet (expected w/ EIC data)
— lattice QCD + LaMET will provide a pred|ctlon

0.25

X n? WA=
Wmr=6
0.05 / / gluon TMDs <) 3
%)‘ ' symmetric |
0.00F wrt x —-x \ SS—_
(gluon is its own an’upartlcle) S——
~0.05} br =0.12fm 1
rellm
-0.10 —): S p
1.0 1 5

0.5
~Ta|get regions w/ power corrections

Avkhadiev, Fu, Shanahan,
to LaMET matching controlled x

Wagman, Zhao ( ongoing)

MICHIGAN STATE
UNIVERSITY

Quark CS kernel — completeb
e Systematic control over quark mass, operator mixing,
and discretization effects.
e Sufficiently precise to discriminate between pheno
models from global analyses at large bT.
e e i
. NPLL |. BLNY M Pavia1o Il ART u:
~ 05 \\ C LQ(D'I svio I vap2e M Fvo3 I
% O - -
T 0.0
o™
I —05
5 _1.0 ;
m:'; U1 Model fit to
12(3 _, 5| lattice data from
avkhadiev, | 3 lattice spacings
Shanahan, -2 () : .
i 0.0 0.2 0.4 0.6 0.8 1.0
PRD 108 (2023) 11, 114505
PRL 132 (2024) 23, 231901 by [fm]
| I

Slide by G: Artur Avkhadiev (MIT)
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Impactof Lattice ! icc-QCD
PDFs onGlobabFitsy it s
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First Lattice Strange PDF

8 Results byMSULatquastPDFnethod
X Clover on2+1+1 HISQ® efm 310-MeV QCD vacuum

X Extrapolated to0 p T MeV

R. Zhang et al MSULa,
2005.01124

2 Rao1®  Ao(i@ i16)AT@d)

Re[h"(zP,)]

0.10r

0.057

0.00

-0.05;

o —
V P,=1.29GeV .- CTIBNNLC @— @

————— NNPDF3.11
O P,=1.72GeV
<& P,=2.15GeV
ko L P U::;_K""
0 1 2 3 4
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Lattice Strangeness Asymmetry Impact

8 Results byMSULatquastPDFnethod .
X Clover on2+1+1 HISQ@® efm 310-MeV QCD vacuum m

vﬂt‘

x Extrapolated to0 pT MeVD p&' A6 R * 8
Wanted
Edozshgﬁze; al MSULa, (0 — . — i
| s (xQ) at Q=13 GeV 68%CL. CCI
2 Ramle Aw(i(@ ire))Ai(@i 006f CTI8As g

8 From quasPDF to PDF _ 004} = CT18As_HELat

o i Qw_ ... e 2 0.02 F S, Latt.‘ 7
(6D ) Ty X0 7 (dudv i) £ |

¢ R RN N Ry )
L TSNNSO

1 ¥ d ¥ OOO sl il i
U \ 5 h I 4
WL (p WV

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

2211.11064 P - ; :
10%10*10° 107 10! 02

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

?i MICHIGAN STATE Huey-Wen Lin? Confinement2024, Cairns, Australia
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Lattice Gluon PDF Impact

§ First continuum Gluon PDF wieudcPDF
X 2+1+1HISQ P.09,0.12,0.15} fm,0 c&"' A6

[220, 310, 700]-MeV pion, 1052106 statlstlcs

2210.09985, W. Good et al 12| [ -
(MSULal 1of
3.0 T - - - 3
: -~ CT18 NNLO — 08
55l NNPDF3.1 NNLO ] 3
R ‘ £ 2~0.09 fm, M,,~310 MeV = 06
£20 B a-0,M; > 135 MeV 0.4 * a09m310
=
1 — L ® al2m220
Q15 99799 ] 02l ® a12m310
[y [ 4 al5m310
‘)_("10_ D,,,,J,,,,l,,,,J,JAAIA...l..;.l¢11;
2 0 1 2 3 4 5 6 7

0.5

Wanted
PDFs,

GPDs,
etc8

§ Can usef 0.09fm results as =

X Best estimate of gluon PDF

X Alm for fUture precision %000 0,005 0.010 ag_g:;} 0.020 0.025 0.030
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Lattice Gluon PDF Impact

§ Preliminary study with CTE(EA analysis =
X Take lattice inputs in the reglon where no strong experimental
data constraints N [T ]

X Using epump for re-weighting
Before After

Plots by Alim Ablat (Xinjiang U.)

U'4U ! ! ! | ! ! ! ! ! ! ! !’ ! IO' ! | ! ! ! U-4U T T T T T T T T T T T T T T T T
9(=,Q = 2.000GeV) 90%CL g(z, Q = 2.000GeV) 90%CL
0.35 CT18AsLat 0.35 CT18AsLat

Lattice-a0fin
771 Lattice-a009fin

CT18AsLata0Ofim
77z CT18AsLata009fm

0.30 ¢ 0.30

0.25

Preliminary

0.20 BW
e\ N

g(x, Q)

0.20 E
0.15 0.15 E
0-10 0.10 -. Wanted
O PDFs,
0.05 0.05 N GPDs,
N - ey etc8
0.00 E T 0.00 Eo v o 1 P
0.5 0.6 0.7 0.8 0.9 1.0 0.
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Lattice Gluon PDF Impact
8§ Preliminary study with CTETEA analysis Ly

X T?l/g lattira iInniite 1In tha roninn .\ wihara n o‘l‘rnng experlmental

1.60

di

| g(z,Q = 2.000GeV) QU‘A]CL

CT18AsLat

X U 1.40 |- CT18AsLataOfm
7z CT18AsLata009fm r
, 1.20
0.40 Wm, T
0.9 ffﬂffffj’ﬂ;ﬂ 4%... ) oo%cL
m ___________________ ta0fm
0.30 ta009fm

g(x, Q)

ﬁ

e
&
PDF Ratio tcm CT18AsLat
|_|.
=)
=)

S
o0
=]

Preliminary

" 0.60 |- CTEQ P|_O'[§ by Alim Ablat
0.10 (Xinjiang U.) N
I PDFs,
0.03 0.40 dsd v 3 a0l Lo vl | I | GPgs,
0.00 10-510=3 102 10~ 0.2 04 -
( £
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X

X

g(x, Q)

ﬁ

Te

di

e e e
5 X 2 & & (-
PDF Ratio to CT18AsLat
p—t
=
=)

=
=
(o) §

Lattice Gluon PDF Impact
8§ Preliminary study with CTETEA analysis

1.60

1.40

1.20 E

&
o0
=]

&
=)
=]

I, a lattinra iInniite 1n tha roaninn wihara nA ctran

g(z,Q = 2. DDDGEV} QU‘/E:.CL
CT18AsLat

CT18AsLataOfm

77z CT18AsLata009fm

ffﬂffffj’ﬂ!{!l,,#ﬁ

.ﬂ' f;,,ﬂ?; S\
Preliminary

|

o sovwnd v vl L

Plot by Alim
(Xinjiang U.)

10=5 1073

10—2

101

T

0.2

DF Ratio to CT18
=
=)
=

g experimental

r
V) 90%CL
/ Plot from P. Nadolsky

L g{w, Q = IDO.DG{N} !][]%CL
CT18
[ | CT18+IncJet

|| Inclusive jets

A O\ I

2 0,90
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085 - PRELIMINARY
0,80 Lm0 et 1, L TN
10-%1p-% 10p-2 10-1 0.2 0.4
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First Lattice Charm PDF

& Large uncertainties in global PDFs &

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

o———0
0‘\»——/‘0

@ suggest a
symmetric ¢ — C
distribution

@ much smaller

than strange
PDF

2005.01124, R. Zhang et al MSULaj)

0.01r
= 0.005 %
o
[E’l'; 0 - R s {) % T
> P AR T% J %T
o -0.005¢
~0.01}, ‘ ,
0.03}
........ P,=2.18GeV CT18NNLO
----- P,=2.18GeV NNPDF3.1NNLO
0.025¢
A P=0.43GeV
o0ol O P=086GeY
= v P,=1.29GeV T
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& 0015 0 P,=1.72GeV
% o P,=2.15GeV
0.01}
0.005¢
D,
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First Lattice Charm PDF

§ Large uncertainties in global PDFs 3

8 Results byySULatquastPDFmethod
X Clover on2+1+1 HISQ i efm 310-MeV QCD vacuum

®

-

o— —o
o, o

@ suggest a
symmetric ¢ — C
distribution

@ much smaller

than strange
PDF

Re[hf(zP;)]

Im[AR(zP,)]

0.01¢

0.005¢

0.005} 1|
—0.01}
0.03|

0.025¢ N
0.02¢
0.015¢
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0.005¢

o

2005.01124, R. Zhang et al MSULaj)
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etc8
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