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Lattice QCD

Numerical first-principles approach to
non-perturbative QCD

® Discretise QCD onto 4D space-time lattice

® Approximate QCD path integral using
Monte-Carlo methods and importance \

sampling

. e

® Run on supercomputers and dedicated
clusters \L‘L;\KA\\

I

® Take limit of vanishing discretisation, gluon quark

infinite volume, physical quark masses
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Lattice QCD

Numerical first-principles approach to
non-perturbative QCD

INPUT

Lattice QCD action has same free
parameters as QCD: quark masses, ag

® Fix quark masses by matching to

measured hadron masses, e.g.,
w,K,Dg, By for u,d,s,c,b

® One experimental input to fix lattice
spacing in GeV (and also ag), e.g.,
25-15 splitting in Y, or fr or £ mass

OUTPUT

Calculations of all other
quantities are QCD
oredictions
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Lattice QCD

Numerical first-principles approach to
non-perturbative QCD

Calculations use world’s largest computers

® Many millions of CPU/GPU hours

5 Phiala Shanahan, MIT



M, — M, [MeV]

® Ground state hadron spectrum

® p-n mass splitting reproduced

Lattice QCD works

® Predictions for new states with

reproduced

-[Science 347:1452-1455,2015]
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Lattice QCD works

Precision era for Theory complements
lattice QCD experiment

Electron lon Collider:
The Next QCD Frontier

3 Understanding the glue
y Sy - e o -
- o > : . ' that binds us all
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Parton physics from Lattice QCD

Understanding the quark and gluon
structure of matter

- IY Three-dimensional partonic structure
/3 . of the proton
Xxp Q9 .
1B PDF TMD

= . - x fo/m () foyu (@, kr)

w longitudinal + transverse
Community overview: Fourier
Constantinou et al., fq/H (CE, bT) transform GPD
“2020 PDFLattice Report” . H ( T S A2 )
arXiv:2006.08636 + Impact parameter =0 q/H\*» &y 2T
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Parton physics from Lattice QCD

Understanding the quark and gluon

structure of matter

e IY Three-dimensional partonic structure
. of the proton
Xp i O
70 PDF

fq/u ()

longitudinal

Community overview:

Constantinou et al.,
"2020 PDFLattice Report”
arXiv:2006.08636
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Parton distribution functions

Parton distribution ® Non-local light-cone correlations
. 2 . .
functions f(x, u°) ® Encode non-perturbative physics
At
® Correlations at light-like separation not directly 2
accessible in Euclidean-space calculations W
>
df_ _mg(@P+) —\F i e (& Z
= Pl () WIE™, =¥ (—€7)Ip) 7
At
® Operator Product Expansion relates Mellin § Z
moments of PDFs to local operators oD . Doy

1 @
<h!¢fDu1---Dumf\h>~<x”>?=/0 dx z" f(z) /@
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Decomposition of proton momentum

Moments of PDFs encode key
aspects of hadron structure

| dwan e = @)

® |attice QCD can cleanly access low
moments of PDFs (n = 3)

® [Also, moments of structure
functions incl. Q2-dependence]

Thursday WG1 session:
Utku Can

Moments of the longitudinal structure function
of the proton from Lattice QCD

11

Example: Lowest moment defines
contribution of each type of parton
to the hadron momentum

2020 Highlight:
Proton momentum decomposition
1.2

MS-scheme at 2 GeV
10k cm o e e ZL _|
S\i
0.8| ®
—
0 "
=2 0.6) 2] 2
G 5t o«
04t o = = ]
2 2 «© N
= > 2 2 o
02 o d & @
(@) 0 — o
3 0 ~ S
0.0 7l "B wEl cg

e

d” s” c’ Z g Total
qg*=ud,s,c

[C. Alexandrou et al., PRD 101 (2020)]
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® Community white paper (LQCD + phenomenologists) assessed potential
impacts [Lin et al., Prog. Part. Nucl. Phys 100 (2018), 107]

Constraints on global PDF fits

® [ncluding lattice QCD results for moments in global PDF fits can yield
significant improvements

Transversity PDFs

u
S

Collins fragmentation functions

0.4 -

024

0
—0.2
[H-W. Lin et al., PRL 2018] —0.4
0 02 04 06 0.2
Yellow: SIDIS data only: direct constraints in region indicated by dashes

Blue/Red: SIDIS + lattice QCD for tensor charge (zeroth moment)
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x-dependence of PDFs/GPDs

Parton distribution ® Non-local light-cone correlations
functions f(z, ,u2) ® Encode non-perturbative physics

® Access x-dependence in Euclidean calculation by relating spacelike
non-local operator matrix elements to lightlike

Spacelike MEs Lightcone MEs
At At
At
§ 7Y
® Y >

®
Ny
Ny

Wy

Large boost Perturbative

momentum matching
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x-dependence of PDFs/GPDs

Parton distribution ® Non-local light-cone correlations
functions f(z, ,u2) ® Encode non-perturbative physics

® Access x-dependence in Euclidean calculation by relating spacelike
non-local operator matrix elements to lightlike

® Quasi-PDFs [Ji, PRL 110 (2013) 262002] At
® Pseudo-PDFs [Radyushkin, PRD 96 (2017) 034025]

® Factorisable matrix elements
[Ma & Qiu, PRL 120 (2018) 022003]

® (Heavy quark) Compton tensor
[Braun & Muller, EPJ C55 (2008) 349; Chambers et al.,
PRL 118 (2017) 242001, Detmold & Lin, PRD 73 (2006)
014501, Liu & Dong, PRL 72 (1994) 1790]
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x-dependence of PDFs

Rapid progress since first calculations in ~2014 BUT many systematics
Renormalisation and perturbative matching understood (~5 year effort)

_ow-X, high-x, regions particularly challenging (lattice systematics)

-lavour separation is relatively straightforward

Nucleon (u-d) PDFs [quasi-PDF approach]
First exploratory attempts 2015

25_'|'l'|'l'l'\|'|'l"I"I"I'_ 2 - !
: FEAY | q (OO

F MSTW AN ] g
2.0 CJ12 PN ]
A~ L . AN i —~ Lb}
) r Lattice LN ] 3
~— 1.5F N B ~—
S [ po ) s
[ \ ) 1L
|: 1.0F N, ] l;
& r . ‘\,} -
0.5F S o, ] ).5
; o'i;,, \\\‘ *\'ﬁs
0_ —-u.'.:‘—", =
[ 0 g
_0.5' | | L ! L . P P ) . | i |
-04 -0.2 0 0.2 0.4 0.6 0.8 1.( -1 -0.5 0 0.5 1
T xr
[H.W. Lin et al., Phys. Rev. D 91, 054510 (2015)] [C. Alexandrou, Phys. Rev. D 92, 014502 (2015)]
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x-dependence of PDFs

-lavour separation is relatively straightforward

Rapid progress since first calculations in ~2014 BUT many systematics
Renormalisation and perturbative matching understood (~5 year effort)

_ow-X, high-x, regions particularly challenging (lattice systematics)

State-of-the-art results [2020-2022]
Qualitative agreement with experiment, systematics challenging

Unpolarized isovector nucleon PDF

_ This work
S CJ15 NLO
—— MSTW 2008 NNLO

—— NNPDF31 NNLO

[B. Jod et al., PRL 125, 232003 (2020)]

% ()

stat.
stat.+Azyer + Ao, -
stat.4syst.
m———— NNPDF3.1

0 0.2

0.4 0.6 0.8 1

%
[M. Bhat et al., PRD 103, 034510 (2021)]

Gluon nucleon PDF

4.0

' 2 -param(Q)
wm NNPDF3.1
CT18
m JAM20

o 0.2 0.4 0.6 0.8 1.0
T

[T. Khan et al., PRD 104, 094516 (2021)]
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x-dependence of PDFs

Rapid progress since first calculations in ~2014 BUT many systematics
Renormalisation and perturbative matching understood (~5 year effort)

_ow-X, high-x, regions particularly challenging (lattice systematics)

-lavour separation is relatively straightforward

results © physical pion mass
results extrapolated to physical pion mass
results @ non-physical pion mass

Quasi—distributions

Plon GPD
Chen et.al., NPB952(2020)114940

(Nucleon twist-2 PDF (Nucleon twist-3 PDF) Nucleon GPD ( APDF |
4/ ETMC/Temple ETMC, PRL125(2020)262001 ETMC/Beiiing Meson DA Plon/Kaon pDFJ
4 PRD102(2020)111501(R), ETMC, arXiv:2108.10789 PRD102(2020)014508
ETMC. PRL121(2018)112001 helicity arXiv:2107.02574 Lin, 2008.12474 LP3, PRD95(2017)094514 LP3, PRD100(2019)034505
ETMC, PRD99(2019)114504 : LP3, NPB939(2019)429 BNL, PRD100(2019)034516
LP3. arXiv:1803.04393 ~ ETMC. PRL121(2018)112001 NUC|eon singlet PDF R.Zhang et.al., PRD102(2020)094519 Lin et.al., PRD103(2021)014516
LPC. PRD101(20201034020 ~ ETMC. PRDO9(2019M14504 ) =50 hos 00181001503(R) ETMC‘ PRL126(2021)102003 LPC, PRL127(2021)062002
BNL/MSU. PRD102(2020)074504 LP3. PRL121(2018)242003
' ETMC, PRD99(2019)114504 ETMC, PRD104(2021)054503
ETMC, PRD103(2021)094512 BNL/MSU. PRD102(2020)074504 . ’
’ LP3, arXiv:1810.05043 R.Zhang et.al.. 2005.01124
Lin etal. 201114971 ETMC, PRD103(2021)094512 Zhang et.al., 2005.
[ Pseudo-distributions ] [ Current-current ] [ Auxiliary light quark ] [Auxiliary heavy quark] [ OPE without OPE ] [ Hadronic tensor ]

Y Y A 4

ﬁi Pion PDF v ( |
Nucleon PDF HadStruc. PRD100(20191114512 (5 PDF Pion DA Pion DA Nucleon Fy Nucleon W1,

HadSt PRD96(2017)094503 BNL, PRD102(2020)094513

ljadsrt“rzc JHEP§2(2019)081 ( HadStruc. PRD9O(2010)074507  Regensburg, EPJC78(2018)217  Taiwan/MIT. arXiv:1810.12194  QCDSF. PRL118(2017)242001  xQCD, PRD101(2020)114503
HadStruc, PRL125(2020)232003 ( Gluon PDF HadStruc, PRD102(2020)054508 Regensburg, PRD98(2018)094507 ~ Taiwan/MIT, arXiv:2109.15241  QCDSF, PRD102(2020)114505

ETMC, PRD103(2021)034510 1o~ Ui ae 00011 5

HadStruc, arXivi2105.13313 MSULat, 2104.06372
HadStruc, arXiv:2107.05199 HadStruc, 2107.08960

Summary: Krzysztof Cichy Lattice ‘21 [2110.07440]
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x-dependence of PDFs

Rapid progress since first calculations in ~2014 BUT many systematics
Renormalisation and perturbative matching understood (~5 year effort)

_ow-X, high-x, regions particularly challenging (lattice systematics)

-lavour separation is relatively straightforward

Thursday WG1 session:

Huey-Wen Lin

Recent Lattice-QCD Calculations of Parton Distributions

Savvas Zafeiropoulos
The extraction of light cone parton distributions from lattice quantum chromodynamics

Patrick Barry

Complementarity of experimental and lattice QCD data on pion parton distributions

Phiala Shanahan,

MIT



PDFs of nuclel

Understanding the quark and gluon
structure of matter

How is the partonic structure of
nuclei different from that of

nucleons?

Encoded in EMC-type eftects

1.2 LN [ AL | l LS R [ AL | l L l AL l LA A ) l AL l LA LA
L 1
N
L X X 1
L 1
L 1
[= 8|
.
L 1
.

L 1

1

1

—
—_

(oFe/UD)ls
[N
(@]
T
-~
o —E—
C -
e
o
pe2
=
— 8

DIS X-section ratio
©
©

0‘8 -....I ........................ ||||1||||||||||_
0.0 0.1 022 0.3 04 05 0.6 0.7 0.8 09 1.0

X
Longitudinal momentum fraction

(EMC: Aubert et al., 1983)
19 Phiala Shanahan, MIT



EMC-type effects from Lattice QCD

Understanding the quark and gluon
structure of matter

Many aspects of EMC effects will be accessible
at a future Electron-lon Collider

® Polarised EMC (polarised light ions)

® |sovector EMC (SIDIS)

® Gluon EMC (quarkonium production)

Electron lon Collider:
The Next QCD Frontier

® | OCD will make predictions!

Understanding the glue
that binds us all

Cover image from EIC whitepaper arXiv::1212.1701

20 Phiala Shanahan, MIT



Momentum fraction of nuclel

Matrix elements of the Energy-Momentum Tensor in light nuclei
first QCD determination of momentum fraction of nuclei

® Bounds on EMC effect in moments at ~few percent level, consistent with
phenomenology

Ratio of quark momentum fraction in nucleus to nucleon

0.20 " T 1.04

® No mixing

0.15 -
| ® No sum rule constraint

=t T
gjamf
L o D .—_
0051 bp ’ Normalised to
I v SHe
Isovector proton result - aal
0.00! i ; : : : ’ R =0 LT S M
NPLQCD PRL 126, 202001 (2021) [2009.05522
m,, ~800 MeV A A | (2021) | I

21 Phiala Shanahan, MIT



Momentum fraction of 3He

Matrix elements of the Energy-Momentum Tensor in light nuclei
first QCD determination of momentum fraction of nuclei

: 3
Ratio of “He to proton ® Match isovector (u-d quark
momentum fractions

combination) momentum fraction

1.151
‘ to low-energy constants of

T 10f { effective field theory, extrapolate
2 | to physical quark masses

R . ® Include into nNNPDF global fits of
<= 1.00F : | g i .
S ’ experimental lepton-nucleus
8
® 0.95] scattering data
LQCD
0.90" 1 'NNPDF2.0
' nNNPDF2.0+LQCD Blue = Purple:
0.85) " LQACD My =806 MeV - Improvement using theory constraints

085 090 095 100 105 110 L5
@ /@2, (utd) [NPLQCD PRL 126, 202001 (2021) [2009.05522]]

22 Phiala Shanahan, MIT



Momentum fraction of 3He

Matrix elements of the Energy-Momentum Tensor in light nuclei
first QCD determination of momentum fraction of nuclei

® Match isovector (u-d quark

Ratio of “He to proton Y .
combination) momentum fraction

parton distributions
to low-energy constants of

RO (@) = 3q5 " (2) /4 (2)
_ o effective field theory, extrapolate
1.4F .
' . _ to physical quark masses
1.2 F | . .
: < ® |Include into nNNPDF global fits of
: s = A .
L0 e experlmenta| |ept0ﬂ-ﬂUC|eUS
08l scattering data
' ' 1 nNNPDF2.0
0.6 .- nNNPDF2.0+LQCD
N Blue = Purple:
0.01 0.05 0.10

Improvement using theory constraints
i

INPLQCD PRL 126, 202001 (2021) [2009.05522]]

23 Phiala Shanahan, MIT



Parton physics from Lattice QCD

Understanding the quark and gluon
structure of matter

e IY Three-dimensional partonic structure
of the proton

TMD
jb/lf(a%‘k7{>

+ transverse

Community overview:

Constantinou et al.,
"2020 PDFLattice Report”
arXiv:2006.08636

24 Phiala Shanahan,
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Collins-Soper evolution kernel

® More detailed picture of nucleon including transverse structure

PDF TMD
fq/p () fo/p(x, k)
longitudinal + transverse

Collins-Soper Evolution Kernel  ©® Governs TMD evolution
d ® Needed to match quasi-TMD

q ’b p— —1 75 Y )
¢ (1, br) CdC 0 fo(@, br £ €) (lattice QCD) to physical TMD

® Perturbative at short distances p,b7' > Agcp
® Non-perturbative for b.' < Aqep lattice QCD?

® |ndependent of hadron

25 Phiala Shanahan, MIT



Collins-Soper evolution kernel

Estimates of size of nonperturbative

contributions to CS kernel

—0.5_ I I I I I I I I I I I I I I I I I I I I |
__-1.0F -
N - i
E 1 5__ ]
T Aded | ert .
lfl,_ B ’Yg + Azb% ]
£ -2.0F —— A =0.3GeV
R -~ A=05GeV -
2.5 ~
- A =1GeV §
_3.0_ | | | | | | | | | | | | | | | | | | | | | | | ]

0 1 2 3 4

1/bT [GGV]

Figure: lain Stewart

(1

® |arge uncertainties in estimates of
the size of nonperturbative

contributions to the CS kernel

CS kernel from
ohenomenological fits

0.0

; T v
—~ - m——— SV].?
% B I N Pavial9
= F W =GN e Pavial7 |
|3|L ~04}
%i _
& o6l

: s —~

_08 | | | |\ |

bT [fm]

Figure adapted from Vladimirov [2003.02288]

[see also e.g., Kang, Prokudin, Sun,Yuan Phys.Rev.D
93 (2016), Collins, Rogers Phys.Rev.D 91 (2015), Sun,
Yuan Phys.Rev.D 88 (2013)]

® | QCD constraints in nonperturbative
region with ~10% uncertainties would
contribute to model differentiation

Phiala Shanahan, MIT
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Collins Soper kernel from lattice QCD

Collins-Soper Evolution Kernel

d —
v (u,br) = Cd_g In fo(x, b, p, C)

Can be accessed via ratio of non-local
MEs in LOCD [Ebert, Stewart, Zhao, PRD99 (2019)]

1 n<ﬂyWMW%)
In(Pf/P5) | CIMP (u, 2 PF)

Ve (1, br) =

Jdb*e= =P PElim o0 BMS (1, b%, br, a,m, b, Pf)

n—00

X : . — =
fdbze_szxPQPQZ lim a_—))O B};/AILS (,LL, b*,br,a, n, b?v PQZ)
N—00

First (quenched) calculation in 2020
[PES, Wagman, Zhao PRD102, 014511 (2020)]

CS-kernel independent of state: study
unphysically-heavy pion with no
systematic bias

B S(,u =2 GeV)}

= =
=

Q
as

0.6_‘\““\““\““I““\““\““\‘

0.4]

~0.2F
~0.4F

~0.6F

0.2}

0.0

® Governs TMD evolution

® Needed to match quasi-TMD
(lattice QCD) to physical TMD

L by =0.3fm, P*=2.6 GeV

® Hermite ® Bernstein

-30 -20 -10 0 10

20 30

S

[ br =0.6 fm, P*=2.6 GeV

® Hermite ® Bernstein

-30 -20 -10 0 10

P*b*

20 30

Phiala Shanahan,



Collins Soper kernel from lattice QCD

® First dynamical results 2021

® Currently: Significant spread in

results from different LOQCD

studies from analysis systematics

(e.g., NLO matching is important)

0.0 op o
~ o2 s Smgm ok T
= Sy @ = Ei | S\
8 | E A4 A4 I% @ é | )
N _O'5f AY e CC'\D]
: 8 o
‘E -1.0- 1 ] ’%?/
& O SWZ20 V  Regensburg / NMSU 21 L This work | c??\\,
15 ; A LPC 20 &  ETMC / PKU 21 )
0.0 0.1 0.2 0.3 0.4 0.5
bT [fm]
[LPC 2005.14572; Regensburg/NMSU 2103.16991;
ETMC/PKU 2106.13027; SWZ 2003.06063, 2107.11930] 28

® F[ully-controlled results at similar

precision would already impact

phenomenology

of power corrections

® \Vill require more robust treatment

. T SVI19

i

Pavial9 = N3LO

0.1

0.2 0.3 0.4 0.5

br [fm]
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https://arxiv.org/abs/2107.11930

Collins Soper kernel from lattice QCD

® First dynamical results 2021 ® F[ully-controlled results at similar

® Currently: Significant spread in precision would already impact
results from different LQCD phenomenology

studies from analysis systematics ® \Vill require more robust treatment

(e.g., NLO matching is important) of power corrections

0.0

o
ot
G
&

=
HEK
K

Wednesday WG1 session:

o

A

5 I% __

Armando Bermudez Martinez

I % | Non-perturbative contributions from PB-
- TMDs and CS kernel determination

-1.0

Z
O
'a\| _0.5 |
|
=
=
S A
F\

O SWZ20 V  Regensburg / NMSU 21 L This work |

L5 T A LPC20 &  ETMC / PKU 21 ]

0.0 0.1 0.2 0.3 0.4 0.5
bT [fm]

[LPC 2005.14572; Regensburg/NMSU 2103.16991;
ETMC/PKU 2106.13027; SWZ 2003.06063, 2107.11930] 29 Phiala Shanahan, MIT


https://arxiv.org/abs/2107.11930

Parton physics from Lattice QCD

Understanding the quark and gluon

Community overview:

Constantinou et al.,
"2020 PDFLattice Report”
arXiv:2006.08636

structure of matter

Three-dimensional partonic structure
of the proton

30

anahan,

MIT



Moments of GPDs

® Moments of GPDs define generalised form factors which encode
e.g., Energy-Momentum Tensor

® Matrix elements of traceless gluon EMT for spin-half nucleon:

_ v Pro0 AP Ag, A,
(0, '1G%,aG % |p, s) = U (', ) (Ag<t>v{upy}+Bg<t> WWIp™ | py(t) = })U<p,s>

g
\ Gluon field- \ ? 2AfN/' 4 M N

strength tensor Generalised gluon form factors Ay =D, =Py Pu=(pu+p)/2 t = A2

® Sum rules of gluon and quark GFFs in forward limit

® Momentum fraction A4(0) = (z)q Z Aq(0) =1
® Spin  Ju(t) = 3(Aa(t) + Ba(t)) 3" Ja(0) =%

® D-terms D,(0) unknown but equally fundamental!

® D.(t) GFFs encodes pressure and shear distributions

31 Phiala Shanahan, MIT



D-term from JLab DVCS

DVCS (quark) D-term

Experimental determination of DVCS D-term

and extraction of proton pressure distribution
[Burkert, Elouadrhiri, Girod, Nature 557, 396 (2018)]

d,(t) = d,(0)(1 - t/M?<

d (0

rdld~ 11d ,d~

s(r) = —5 - —=-D(r), plr)= 55— D(r)

® Peak pressure near centre ~1035 Pascal,
greater than pressure estimated for neutron stars

® Key assumptions: gluon D-term same as quark E oore
term, tripole form factor model, D, (t, u) = Da(t,n) £ |

REPULSIVE
PRESSURE

EXP + LQCD

first complete pressure determination
[Shanahan, Detmold PRL 122 072003 (2019)]

CONFINING
PRESSURE

| L e rrrrrrrrrrrrrrrira
0 02 04 06 08 1 12 14 16 18 2
r(fm)

32 Phiala Shanahan, MIT



Nucleon D-term GFFs from LQCD

EXP + LQCD

first complete pressure determination
[Shanahan, Detmold PRL 122 072003 (2019)]

Key assumptions in pressure extraction
from DVCS

® Gluon D-term same as quark term in

magnitude and shape

Factor of ~2 difference in magnitude, somewhat
different t-dependence

Tripole form factor model

LOCD results consistent with ansatz, but more
general form is less well constrained

Isovector quark D-term vanishes
D, _4q(t) ~ 0 from other LOCD studies

33

quark BEG 7
quark LQCD |

. A
-3 ¢ gluon LQCD
4 -
0.0 05 1.0 15 20
—t (GeV?)

Gluon GFFs: Shanahan, Detmold, PRD 99, 014511

Quark GFFs: P. Hagler et al. (LHPC), PRD77, 094502 (2008)
Expt quark GFFs (BEG): Burkert et al, Nature 557, 396 (2018)
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r*p(r) (x1072 GeV fm ™)

Proton pressure from LQCD

EXP + LQCD

first complete pressure determination
[Shanahan, Detmold PRL 122 072003 (2019)]

0.9

total
total BEG

gluon cont.

quark cont.

0.0

—0.5

gluon contribution shifts
peaks, extends region over
which pressure is non-zero

v quark BEG .
A quark LQCD |
¢ gluon LQCD 7

MS (=2 GeV) -

J

0.0

0.0 1.0 1.5 2.0

‘1.0‘ o ‘1.5 2.0
—t (GeV?)

Gluon GFFs: Shanahan, Detmold, PRD 99, 014511
Quark GFFs: P. Hagler et al. (LHPC), PRD77, 094502 (2008)
Expt quark GFFs (BEG): Burkert et al, Nature 557, 396 (2018)

34
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=2 GeV)

® MS (u

h
8

A

Pressure distribution in other hadrons

® First comparisons of generalised gluon form factors (related to Fourier

transtorms of pressure distribution) for hadrons of different spin

® Qualitative differences between meson and baryon form factors

® |attice QCD calculation with unphysically-heavy pion mass

0.0 -
0.6 o
P
0.5 N o —-0.5
A 3
04 Y —1.0-
3
0.3
0]
g _i5]
0.2 < e oz
0.1 Q —2.0 - p
‘ N
Related to pressure | . .
0.0 —2.5-
000 W25 050 075 100 125 150 175 2.00 0.00 025 050 075 1.00 125 150 175 2.0
—1[GeV?] —t [GeV?]

Momentum fraction in forward limit

[Petkou et al., Phys.Rev.D 105 (2022) 5, 054509]
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Parton physics from Lattice QCD

Precision Era Early Era
Fully-controlled w/ Fully-controlled w/
few—-percent errors ~15—percent errors
within 0-5y within ~10y
® Static properties of ® Nuclear structure A<5

?lucleondmcl. Rk ® Spin, flavour decomp.

AVOUr decomp. of EMC-type effects
® Mellin moments of

PDFs, GPDs

Dynamic Era

Rapid development,
timeline for
precision
calculations unclear

® x-dependence of
PDFs

® [MDs

Phiala Shanahan, MIT
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Nuclear physics from lattice QCD

Nuclei on the lattice are
HARD ®

® Noise:
Statistical uncertainty grows
exponentially with number of

nucleons
Qusan =  ———=Sig0
"&‘;.‘Ef‘ —— g,

® Complexity: L S o
S
Number of contractions grows
: time
factorially —

Calculations possible for A<5

38 Phiala Shanahan, MIT



Larger nuclel

What about larger
(phenomenologically-relevant) nuclel?

® Nuclear effective field theory:
T-body currents are dominant

2-body currents are sub-leading

but non-negligible

® Determine one body contributions from single nucleon

® Determine few-body contributions from A=2,3,4...

® Match effective theory and many body methods to

lattice results to make predictions for larger nuclei

Spectrum: N. Barnea et al, Phys.Rev.Lett. | 14 (2015); A. Bansal et al. Phys.Rev.C 98 (2018);
L. Contessi et al. Phys.Lett.B 772 (2017)

Interactions: e.g, |. Kirscher et al, Phys.Rev.C 96 (2017),W. Detmold and PES 2102.04329 (2021)

Phiala Shanahan, MIT
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