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g Nucleon and Pion Parton Distributions
with Lattice QCD:
Insights and Impact on Global Analyses
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§ Lattice QCD and Parton Distribution Functions

§ Selected Nucleon and Meson x-Dependent
Parton Distributions

§ Impact of Lattice-QCD PDFs on Global Fits
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Parton Distribution Functions

§ PDFs are universal quark/gluon distributions of nucleon
& Many ongoing/planned experiments
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BOOSTER

Electron lon Collider:

The Next QCD Frontier
Imaging of the proton

How are the sea quarks and gluons,

and their spins, distributed in space and

momentum inside the nucleon?
EIC White Paper, 1212.1701; The Present and Future of QCD (2303.02579)
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https://inspirehep.net/literature/2638645

Global Analysis

§ Experiments cover diverse kinematics of parton variables
& Global analysis takes advantage of all data sets

Theory . ‘ Exp’t

Input Input
_ Global Analysis
§ Some choices made of PDFs

for the analysis

& Choice of data sets and kinematic cuts
&= Strong coupling constant a (M)
& How to parametrize the distribution

xf(x, up) = apx® (1 —x)*2P(x)

& Assumptions imposed
SU(3) flavor symmetry, charge symmetry, strange and sea distributions
s=5=x(u+d)
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Global Analysis

§ Discrepancies appear when data is scarce

§ Many groups have tackled the analysis |
&= CTEQ, MSTW, ABM, JR, NNPDF, etc.
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Lattice 9CD 101

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

(0]oGp, 1, A)|0) = 1]@/1 DY Dip eSPPA)0 (3,9, A)
in Euclidean space

& Quark mass parameter
(described by m,;)

& Impose a UV cutoff \ H
discretize spacetime [

quark field

& Impose an infrared cutoff gluon field L
finite volume X, Y, Z |
§ Recover physical limit : |
phys | " . ,
my;—->m; " ,a—>0,L— o0 t a
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Moments of PDFs

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

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

Moment Collaboration Reference Ng DE CE FV RE ES Value Global Fit
ETMC 19 (Alexandrou et al., 2019h) 24141 W * O % * 77 0.926(32)
gT PNDME 18 (Gupta et al., 2018) 24141 % K h Kk K* T 0.989(32)(10)

xQCD 20 (Horkel et al., 2020) 2+1 H % O % % 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)(T13 010 —1.1
JLQCD 18 (Yamanaka et al., 2018) 241 B O O % % 1.08(3)(3)(9)
ETMC 19 (Alexandrou et al., 2019b) 2 HE % O % % 0.974(33)
ETMC 17 (Alexandrou et al., 2017d) 2 HE * B *x % 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 % * K Kk Kk 7 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 * % 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 * K* * -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 *x % -0.00319(69)(2)(22)
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Moments of PDFs

§ PDG-like rating system or average
§ LatticePDF Workshop

& Lattice representatives came together and
devised a rating system

§ Recent lattice QCD/global fit status
LatticePDF Reports, 1711.07916, 2006.08636
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From Charges to PDFs

§ Improved transversity distribution with
LQCD tensor charge, g-

& Global analysis with 12 extrapolatlon forms: gr = 1.006(58)

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

—j dx (R — hi (%))

0.4
0.2

Lin, Melnitchouk, Prokudin, Sato, 1710.09858, Phys. Rev. Lett. 120, 152502 (2018)
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§ Selected Nucleon and Meson x-Dependent
Parton Distributions

§ Impact of Lattice-QCD PDFs on Global Fits
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Lattice Parton Method

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

§ Compute quasi- d|str|but|on via
_ _(dz _, ] _ i Sy ,
G(x,u, P,) = fEe . <P ‘l/)(Z)F eXp( lgjo dz'A,(z )>¢(0)‘P>

§ Recover true distribution (take P, — oo limit)

q<qu>=fo°dYC(x L) qly,m) +0 MY Moo Moo
y M Ltz ~ |y| ) P% '(xPZ)Z ((1—x)PZ)2
X. Xiong e.a., 1310.7471; J.-W. Chen e.a., 1603.06664
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Lattice Parton Method

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

'& W "7'
'| Additional source of systematics: P,
4 Smaller P, gives better signal but larger systematics
‘ (like how heavier pion mass gives better precision)
{ New parameters in x-dependent methods to
pay attention to

§ Compute quasi-distribution via
_ _(dz _, ] _ i Sy ,
G(x,u, P,) = jEe f <P ‘IIJ(Z)F eXp( lgjo dz'A,(z ))l/J(O)‘P)

§ Recover true distribution (take P, — oo limit)

. > Mf  Ajep Agcep
Q(X;U;Pz):f (L) qy,m+0| 55— =

P7 (xP)?" (1 - x)P,)"

vl
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
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)
& 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)
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Lattice Parton Calculations

§ Physics-quantity milestones
First PDFs

First unpol.
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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
https://inspirehep.net/literature/1794140
https://arxiv.org/pdf/1708.05301.pdf

Lattice Example Results

§ Summary of PDF results at physical pion mass

unpolarized longitudinally polarized transversely polarized
u(x) — d(x) Au(x) — Ad(x) Su(x) —8d(x)
s mmesocer AL mmpessocey | EUSIS By =306
[ 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
. M JLab/W&M?20, |Pmas| = 3.3 GeV | 3r ]
; | : *
2k i
10 17 :
; 1B
02 04 06 o8 10 Tz 02 os 08 10 "0z 04 o0s  o0s 10

. e 2006.08636 (PDFLattice2019)
Finite volume, b=
Discretization,
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Lattice Example Results

§ Summary of PDF results at physical pion mass

unpolarized

u(x) — d(x)

B LP3'18, |Prmax| = 3.0 GeV

[ ETMC'20, |Praxl = 1.4 GeV
B ETMC'18, |Paxl = 1.4GeV 7
B JLab/W&M'20, |Ppax| = 3.3 GeV |
W NNPDF 3.1 .
W ABP16
W CJ15

longitudinally polarized transversely polarized

Au(x) — Ad(x)

— 1
M LP3'18, |Pmax| = 3.0 GeV
[ ETMC'18, |Prax| = 1.4 GeV
[l NNPDFpoll.1

W JAM'17
Il DSSV'08

du(x) —6d(x)

W LP3'18, |Pmaxl = 3.0 GeV
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B MEX'19

3 [ PV'18
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2 B LMPSS'17
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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)
s Renormalization-group resummation (RGR) PLB 844, 138081 (2023)
e Nf= 2+1+1 clover/HISQ, a = 0.09 fm, P, = 2 GeV
J. Holligan, HL (MSULat), 2312.10829 [hep-lat]

59

R. Zhang, et. al.

3.0——

2.5|
2.0}

15

— NNLOxRGR
— NNLO+LRR _
— (NNLO+LRR)xRGR

u(x) — d(x)

& o
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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)
s Renormalization-group resummation (RGR) PLB 844, 138081 (2023)

@ Ne=2+1 clover/HISQ, a = 0.076 fm, P, = 1.5 GeV

4.0

Wanted
PDFs, 3.0

GPDs,

etc...

=2.0 GeV)
NN
o wn

aqu*d (X, u

JAM3D-2022

Radici, Bacchetta ‘18
DNN (Zmax = 0.92 fm)
x-space (NLO+LRR)

x-space (NLO+LRR+RGR)
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R. Zhang, et. al.

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

Transversity

$-¢

du(x) — 6d(x)
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Continuum PDF

§ Nucleon PDFs using quasi-PDFs in the continuum limit é

& Lattice details: clover/2+1 clover (LPC)
a = {0.49, 0.64, 0.85, 0.98} fm,

M_ € [222,354]-MeV pion,
M_L € [3.9,8.1]

2.8
P, €[1.8, 2.8]
241 e This Work
2} JAM 22

F. Yao et al (LPC), 2208.08008

1.6} JAM 20

1.2¢

0.8}
Wanted

PDFs, GPDs, 0.4}

etClll D

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

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

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

Yy s-———--

& 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.

20 g 0.15
| ctisNNLO 1 LT CT18 NNLO
‘,\ NNPDF3.1 NNLO NNPDF3.1 NNLO

5@y MSULat, M,;=690 MeV _oopmeiine. MSULat, M, =690 MeV
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% 1.0 \ "'x.\ --- MSULat, M;=135 MeV Y 005k ---- MSULat, M,;=135 MeV
3 3
X \\ X
R N X

0.5 x\\ 0.00

0.0 f —

0.0 0.2 0.4 0.6 0.8 10 °%s 0.6 0.7 0.8 0.9 1.C
X X

Slide by Zhouyou Fan@DNP2020 FG: Zhouyou Fan
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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), 221

Quantities
that can be
calculated on
the lattice
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Meson Valence-quark PDFs

§ Pion/Kaon PDFs using quasi-PDF in the continuum limit
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Valence-quark PDFs Update

§ Pion PDFs calculated directly at physical pion mass
& NNLO matching & treat leading-renormalon effects @ 9

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 XFitter'20: NLO
Ty N JAM'21: NLO+NLL
e _ MSULat'24: NNLO
3 — MSULat24: (NNLO+LRR)xRGR
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https://iopscience.iop.org/article/10.1088/1361-6471/ad3162/pdf

§ First pion and kaon gluon PDFs g(x)/{x) using pseudo-PDF
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discretization,
heavy quark

§ What does Iz;ttice QCD say about g(x)? S hass, .

NT "Bridging Theory and Experiment at the EIC" Workshop

é““r L AL Huey-Wen Lin — BNL-]

UNIYERSITY



§ Study discretization systematic in (x)(; 4
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& Lattice details: clover/HISQ, HISQ, a ~{0,15, 0.12, 0.09} fm

0E 0% 1.0

Nyp=Zal4l

Mp=itl

i. I | |
MSULat 23 (a—0)

ETMC 21 (a=0.08fm)

MIT’ 23 (a=0.09fm)

Glokeal Fit

JAM18 (4=2.2GeV)
xFitter'20 (u=2.0GeV)

JAM®21 (u=1.3GeV)

2310.12034, Good et al.

(MSULat)

s M2 (GeV?)
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§ Back to Pion gluon PDF g(x)
& Update previous calculated g(x)/ (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. (MSULat)
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§ Back to Pion gluon PDF g(x)
& Update previous calculated g(x)/ (x) in 2021

— a~N 12 fm M_~220 MeV gg+gq

| B8 MSULat23
| B8 DSE20

| = JAM21

§ ..... xFitter'20

2310.12034, Good et al. (MSULat)

. MICHIGAN STATE
UNIVERSITY

) MeV
) MeV
) MeV

Huey-Wen Lin — BNL-INT "Bridging Theory and Experiment at the EIC" Workshop




First LaMET Gluon PDF

§ Gluon PDF w/ quasi-PDF (no parameterization) ;‘
& 2+1+1 clover/HISQ 0.12 fm, 690-MeV pion, 10° statistics

Good et al (MSULat), 2505.13321 @
& PQCD calculated Wilson coefficient and matching kernel ¢ -~ £
o—__, O
Ch=14+ a,Cy §ln 22 p2eE +§
o 21 \ 6 4 2
Formula by Fei Yao

vhyh. £ __ ~wratio ﬁ ”H("A E 1 251{[] {):_ﬂj-’:] BN L
C ((Ej) C (a.p,)i o ﬁ[ Tk L( )

w(l—§)

......... N
1.2} : ]
: 25} — MSULat P,=1.71 GeV |
1.0} : i —
. | _ Large-vFit | s | CT18 NNLO
: 5 £2 — JAM24
i . Pz=1.71GeV: 3
; ; O 15}
: : L
1 E . [ 1 ;‘.q- 10"
] : o
m [ =
: : 1 0.5}
H .
|
1 i ' 00— — o
0 5 10 15 20 0.0 0.2 0.4 06 0.8 1.0
v
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Hadron Tomography

§ Lots of progress on tomography by many collaborations

2_':' ! T 1 T | T | T 1 4 T T T T N T 4 : 5 ; . . - -
b X B =1
(1 1 ] r X .
s 5"'?. HO03E04 H05M00EDEOLY k . H03m04mOSMOEWO7 1 0 t W03
T B sk e, {1 = 04
s Ty g ] SH W05
n .1-0..'_..-.___:’-“ "i._1 1 . Sy, 1 E i, i.___“--_ H 08
. o 2., .. . 1.0 e $e... m o7
L “olly, T - e E . e
g, —. — e ] . g = TR 3]
0.5 . T ] . T
1 S—— oo e = 1F g™ -] U'E.. Rl T -« ]
ls : e - _5 . T - iy - e -
it R ERECTTEEERT. - - RS- St SarrT e mmm B .- [ . D s S
0k . . . . . ) i ok H# ........ = Tt e —— fpoziaze #- o | ST S - A
(i} 02 0.4 0.5 0.3 1.0 0 0.z 0.4 0.6 02 1.0 ] 0.2 0.4 0.6 0.8 1.0
Q" (GeV?) O (GeV?) Q" (GeV?)

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

§ Lots of borations

2.0 —————r—T
L x ]
L. I > W03
1.5: ... B 04
s ... B os ]
Lot . B 08
T W, | |07 A
|:|5:.— — .. . '!“-4 ..-..i..
=l - ]
[P g T
SR W S S— .
u:l_n_l_n_l_n_l_ --E*I-- 4
i} 0.2 0.6 0.8 1.0
‘ (GeV?)
1
2
Figure 4.1: selected @ values,
g

HL, Prog.Part.Nucl.Phys. 144 (2025) 104177
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Impact of Lattice-QCD
PDFs on Global Fit
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Jirst Lattice Strange

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

& Extrapolated to M; = 140 MeV . or - romeer o crimnio

————— NNPDF3.1NNLO

0 P,=172GeV

0.05F © P,=2.15GeV

R. Zhang et al (MSULat),
2005.01124

Re[h"(zP,)]

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

FG: Rui Zhang
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Lattice Strangeness Asymmetry Impact

§ Results by MSULat/quasi-PDF method

& Clover on 2+1+1 HISQ, 0.12-fm 310-MeV QCD vacuum %
@& Extrapolated to M; = 140 MeV, P, = 1.7 GeV 5%
Wanted
R. Zhang et al (MSULat), PDFs,
2005.01124 0.08 T

ls?(x,(i) at Q'=1.3 GeV 6'8%CIZ.L. :
Re[h(2)] x f dx (s(x) — 5(x)) cos(xzi  0.06f CT18As :

. 7741 CT18As_Lat :
§ From quasi-PDF to PDF 004} i :CT18As_HELat g
o o :
_ 1 dy \>-<: : AV A
fior) = | DO yGen b+ 500
- >
Ajep  Abep 0.00 s
x2P2’ (1 — x)2P?
0.02}
T. Hou, HL, M. Yan, C. Yuan,
2211.11064 20.04 Tt : : : - :
10°10*10° 107 10" 02 05 09

X

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

data constraints, x € [0.3, 0.8]
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§ Impact study with CTEQ-TEA analysis

& Take lattice inputs in the region where no strong experimenta

Plots by Alim Ablat (Xinjiang U.);
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Nucleon Gluon PDF Impact

N

& Take lattice inputs in the region where no strong experimenta
data constraints, x € [0.3, 0.8]

§ Impact study with CTEQ-TEA analysis 1‘

Plots by Alim Ablat (Xinjiang U.);
2502.10630
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Nucleon Gluon PDF Impact

§ Impact study with CTEQ-TEA analysis

& Take lattice inputs in the region where no strong experimenta

data constraints, x € [0.3, 0.8]

&
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Pion Gluon PDF Impact

§ Preliminary study with JAM Plots by Bill Good (MSU) =
analysis TR
&= Treat lattice reduced pseudo- ke M ++| ’
[offe time distribution (RpITD) | } “ M ’
as “cross-section” inputs in the § : | |
JAM global fit [

—0.4

L 2 LR R B B g
N N NNNNNNN
L L L L L L
O O~NOUSHEWNR

=2z

0 2 4 6 8 10 12

t an .SE( [JQCD'

(] V
O W. Good et al, 2409.02750 [hep-lat]
Lattice data /'l M

Tfglx ‘ 5 o9 o
Non-perturbative PDFs and - LV, - (O(27m=, 2 AQCD)
x %

moments

Residual
systematic error

A. V. Radyushkin, PRD96, 034025 (2017);

Balitsky, et al., PLB80S, 135621 (2020) Perturbative
matching kernels
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Pion Gluon PDF Impact

§ Preliminary study with JAM analysis  piots by Bill Good (MsU) ;

2 =0.3621 fm 2 = 0.6035 fm 2 =0.9656 fm
1.0 1.0 1.00

0.9

0.6

0.4

0.2

——  After lattice 0.0f ——  After lattice fter lattice

Before lattice —— Before lattice —— Before lattice

- —0.2 :
Quantities pion data 4 pion data

that can be - - L
: 2 2. : 3. 2
calculated on L5 2.0 2.0 3.0 3.5 1.0

the lattice v

$  pion data

(¥~ 3

Before lattice
M — after lattice
: Patrick
Alexis William Barry Py
NieMiera Good S5 Significant constraining power on
-tﬁ Loo the gluon PDF, as we hoped to see
&
"Eg 0.75
8
.50 4
also in 1
Collaboration with "1 | | ,
- 0.0 0.2 0.4 0.6
Wally and Nobuo X

?i MICHIGAN STATE Huey-Wen Lin — C3NT, Wuhan, China
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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.

?i MICHIGAN STATE Huey-Wen Lin — BNL-INT "Bridging Theory and Experiment at the EIC" Workshop
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Summary and Outlook

§ Exciting era using LQCD to study x-dependent parton distributions

& Bjorken-x dependence of parton distributions «— 0010
now widely studied 10
& More study of systematics planned for the near future

>

§ Lattice strange and gluon PDFs can have impacts ~

& Treat lattice matrix elements as expt inputs in the future )
& Computational resources are needed for precision |
calculations (community support! )

§ Precision and progress are limited by resources

Theory Expt |
Global Analysis i, B
of PDFs/GPDs EXCH 4 i

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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Students Wanted

High Energy Physics

\/ : Computing Traineeship for
Lattice Gauge Theory
i
j‘\éai
ém’ B Apply now:

Visit lgtdhep.github.io to learn more and
where to apply for the traineeship graduate
school program.

%

TLCI-I,EC]'EAE E’T’? E Huey-Wen Lin — BNL-INT "Bridging Theory and Experiment at the EIC" Workshop 41



https://lgt4hep.github.io/
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More Pion PDF Updates

> 0.3
Not much effect on the valence g
0.30 4
quarks (as expected) E” 7
H 0.20
S—r |
] 0.10
2.00 Before lattice >
after lattice

— Significant constraining power on the
E‘J 1.25 - gluon PDF as we hoped to see

e 100 : ,

0.00 1

T T
T . ]
00 0.0 0.2 0.4 0.6 0.8 L0

r W
Some shape change in the sea quark
Overall compatibility with PDF, need to look at relative errors

“before” lattice PDFs
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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)

é 0.01f
[ = 0.005 %
o
é:'» 0 % L% e {) % %
O— > 0 = ; T
e, O i —o.oos-% ﬁ ﬁ) %]@ i %’
-0.01}, | ,
(] suggest a 0.03l
. _ T e P,=2.18GeV CT18NNLO
sym metricc—¢ = | - P,=2.18GeV NNPDF3.1NNLO
s . i 0.025¢
distribution A Pp=043GeV
o0ol O P=086GeY
@ much smaller v P=1.20GeV P
O P,=1.72GeV g ’

Im[AR(zP,)]
o
<

than strange
PDF 0.01

0.005¢

& Pp=2.15GeV

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)

001 0.030 S T N S,

= 0.005} L1 — P,=1.29 GeV |
?:{ | 0 ; 0025k T.l‘\ II"- — Pz:1.?2 GeV ]
= \ b ]
T @) d A ol _
i —0_005% 2 0020 \i P,=2.15GeV |
01, & 0015} Yk NNPDF3.1
@ suggest a — - . o8
B 2 _ oo T o010
symmetric ¢ — C 1
e . i 0.025} N
distribution 3
0.02r
@ much smaller =
N
than strange & 0.015
E

POF 0.01

0.005¢

o
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Bjorken-x il)epend'ent QZP:DS

bz, ~1/Q L 52, ~1/Q F

‘Xé L xp .m 1 e xp | | -~

,."' 4 r |

N " L x & YWe x

Picture from A. Belitskya and A Radyushkin,
Physics Report, 416 (2015)
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Generalized Parton Distributions
Single-ensemble result pite-volume,

discretization,
heavy quark mass,
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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
MILC, Phys. Rev. D, 82 (2010), 074501

P, = 1.3,1.6 GeV Phys. Rev. D, 87 (2013), 0545056

J. Chen, HL, J. Zhang, 1904.1237;
HF(x, &, t, 1) = Jdi_e_i’”rp+ <T[(P +A/2) ‘c‘l (E) )/JFI‘(£ —£> q (— —_)‘ (P — A/2)>
a¥morm 4 2 2’ 2 2

- ) I [ --I ' - 4 ’ ) ' .
L0 P, ~ 1.6 GeV + FplzP=4t=-2) b ~16Gey T t=0
. hg(z,P,=4t=-2) 3 z R meeee t=-2
:—3 05 i I [ i e =_5
Qy ' f <o 2f
S 0.0 4y = )
= M]ﬂm? mm” NG £ =0
-0.5 | | | | | ) R
L 1 L 4 L L L Wanted
S 0 > 10 00 02 04 06 08 1.0 12 14N
z (plot by J. Zhang) GPDs,

X etc...
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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,
%3 discretization,

[ — T T T T T ]
3.0F 02 (GeV?)

! :
F - W 000 ]
25F §8 E = O E
_ \ Wois
_ . ]
.\ W o039

Wo77
W 097

Wanted
PDFs,
GPDs,

etc...
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Valence-Quark Pion GPD

§ Pion GPD (H™) using quasi-PDFs at physical plon mass

& Lattice detalils: clover/2+1+1 HISQ
0.09 fm, 135-MeV pion mass, P, = 1.7 GeV &

& ¢ = 0 valence-quark Pion GPD results

_ finite-volume,
%y discretization,

+1
J dx x™ 1
-1
CERN
DESY R
1 +JLab
: e,
o4l ©MsULat23 w=d B |
"I ©BNL21 I by |
0.2F 4yQCD'20 _
0‘ LD!Z.]JOLLLI‘[}J.B‘LlDTBJJJIf[}
Q* (GeV?) HL (MSULat), Phys. Lett. B 846 (2023) 138181
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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,

- Gow;
T =
. - —
T e
-

- —
- -
-~ - -
- .- =
T - -
- - o o -
- o - -
- - o
- L g
. - -
- - -
- A - -~
-~ -
-

HL (MSULat), Phys. Lett. B 846 (2023) 138181
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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 ok
& ¢ = (0 isovector nucleon (quasi-)GPD results
HL (MSULat), Phys.Lett.B 824 (2022) 136821

\l\b(fm

F] T T T | T T T ] T T T | T T T T T T
z.o} — .XDS 5
H = oz | @ Take the integral to form moments
15:_ ".__‘% B 05 _: 0.35 ——1——T—1——T—T—+— 71T
§ H 06 ] ; AETMC19 2+1+1f
100 e m 07 0.30f n=2  »emcio2f :
8 b... g ; ; +RQCD'18 2f
: Rl T BRRRRREEE ¥ 0.25% =MSULat21 2+1+1f 7
05k s e 5 ;
- ) = & 0.20f _
= T R [ ]
@ D — ] 0.15F .
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0 0.2 0.4 0.6 0.8 1.0 0.10f .
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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‘ V

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

finite-volume,
%3 discretization,

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

GPD Systematic Update

§ Nucleon isovector GPDs calculated directly at physical pion mass
& NNLO matching & treat leading-renormalon effects @ ?

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

@ Ne=2+1+1 clover/HISQ, a = 0.09 fm, 135-MeV pion, P, = 2 GeV
J. Holligan, HL (MSULat), 2312.10829 [hep-lat]

20
| / N _ NLO
Wanted L. N
PDFs, [ — NNLO

— (NLO+LRR)xRGR
— (NNLO+LRR)xRGR

GPDs,

etc...

. .
.,

Q2=0.39 GeV?
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GPD Systematic Update

§ Nucleon isovector GPDs & pion valence-quark GPDs
& NNLO matching & treat leading-renormalon effects @ ?

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

@ N=2+1+1 clover/HISQ, a = 0.09 fm, @ N =2+1 clover/HISQ a = 0.09 fm,

135-MeV pion, P, = 2 GeV 300-MeV pion, P, = 2 GeV
J. Holligan, HL (MSULat), H. Ding et al (ANL/BNL/Wuhan),
2312.10829 [hep-lat] 2407.03516 [hep-lat]
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