Overview of lattice results for hadron
spectroscopy and structure (2)
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Topicdin QCDD: Structure e
X What iIs the structure of the nucleon?
probing insights into nucleons
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Hadron Structure

8 Structure function/distribution function
X deep inelastic scattering
X
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Hadron Structure

§ Form factors
X elastic scattering

X F1(Q), FA(Q), GA(Q?), Gp(Q?)
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Hadron Structure

1-D Scotty

8§ Generalized Parton Distribution
X DVCS

X F(Q)
GA(Q?)

Nucleon spin

MICHIGAN STATE
UNIVERSITY

=A(Q), FAQ?)

= B,o(Q?),
=A1o(Q?), Gp(Q?)

= Byo(Q?)

Huey-Wen Lin?

The 2021 School on the Physics of Baryons

3-D Scotty




£
L

DdzA RS U 2
X Nucleon structure with controlled systematics
in the physical limit (& © & , 00 LU0 Hy
X PDF Moments

Biased selected results,
§ x-dependent Nucleon Structure highlighting work done by

X Recent Lattice PDFs Progress MSU students/postdocs

X Applications to Generalized Parton Distributions

X Future Prospectsand Challenges

- EOOET C | AOiI'T OOOOAOOOAN EA,
limited time
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Parton Distribution Functions

8§ PDFs are universal quark/gluon distributions of nucleor

X Many ongoing/planned experiments
(BNL,JLah JPARC, COMPASS, GSI, EHeC38)

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, 1212.1701
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Global Analysis

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

Theory ] | Expd

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

w@ ) ow (P ® vWw
X Assumptions imposed
SUQ@) flavor symmetry, charge symmetry, strange and sea distributions

i irne 9
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Global Analysis

§ Discrepancies appear when data is scarce
§ Many groups have tackled the analy: |
x CTEQ, MSTW, ABM, JR, NNPDF, etc. 14|
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Are We There Yet?

§ Lattice gauge theory was proposed Iin the
1970 by Wilson
X Why haverid we solved QCD yet?

8 Progress is limited by computational resources
1980s

fit+
ﬁ#ﬂﬂ#ﬂﬂﬂ +

3
P

§ Greatly assisted by advances in algorithms
X Physical pionmass ensembles are not uncommon!
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Nucleon Matrix Elements

a2 7.
.
L A .

8 Pick a QCMacuum
X Gauge/fermion actionsflavor (2, 2+1, 2+1+1)a ,a,Lh 8
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Nucleon Matrix Elements

LattlceQCD caquIatlon aiN| gng| NO’

' _ i ! .
]

§ Construct correlators (hadronic observables)
X Requires@uark propagatoro
Invert Dirac-operator matrix (rank O(1012))
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Nucleon Matrix Elements

LattlceQCD caquIatlon aiN| gng| NO’

! 0 F

§ Careful analysis needed to remove systematics
X Wrong results if excited -state systemaiio: is hot under control )

13 F = 1.3 o = L3 F
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Nucleon Matrix Elements

LatticeQCD calculation @N| &ng| NO

b B |
§ Systematic uncertainty (nonzem finite L, etc.)
X Nonperturbative renormalization
e.g. RI/SMOM scheme in 3at2 GeV
X Extrapolation to the continuum limit
(m,0 mphys | O Hy a0 Q)
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Moments of PDFs

§ First moments are most commonly dorgS» + >

§ State-of-the art example

X Extrapolate to the physical limit
SantanuMondal et al (PNDME collaboration), 2005.13779
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8 Usually more than one LQCD calculation
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Moments of PDFs

8 PDGlike rating system or average< \ s

Qoo n(w
§ LatticePDMVorkshop !
X Lattice representatives came together and

devised a rating system —eﬁb + —‘e-b

§ Lattice QCD/global fit status

LatticePDFReport, 1711.07916, 2006.08636

Moment Collaboraton Reference Ny DE CE FV RE ES Value Global Fit
() y+ g+ ETMC20 (Alexandrou et al., 2020b) 24141 B %* O % % ° 0.171(18)
I .\'l)\ll', 20 1_\l«»n(’|.|l et c//.: 2020) .’ I+1 % % % % % 0.1 1.4(‘ I-l Hf)l‘.;) 0.161(18)
Mainz 19 (Harris et al., 2019) 2+1 * O % % % 0.180(25)(%¢")
\(3('[)1\ (Yang et al.. 2018b) 2+1 O % 0 % % 0.151(28)(29)
RQCD 18 (Bali et al., 2019b) 2 x X O X X 0.195(07)(15)
(x),+ ETMC 20 (Alexandrou et al., 2020b) 2¢1+1 @ % O % % 0.359(30) 0.353(12)
yQCD 18 (Yang et al., 2018b) 241 O.% O W X 0.307(30)(18)
(x) 44 ETMC 20 (Alexandrou et al., 2020b) 24141 B % O % % ° 0.188(19) 0.192(6)
YQCD 18 (Yang et al., 2018b) 2+1 O %* O % % 0.160(27)(40)
(x) .+ ETMC 20 (Alexandrou et al., 2020Db) 24141 @ % O % % ° 0.052(12) o
\QCD 18 (Yang et al., 2018b) 241 0 % O % %  005126)5) C07G)
{Z)4 ETNC 20 (Alexandrou et al., 2020b) 24141 @ % O % % ° 0.427(92)
yQCD 18 (Yang et al., 2018b) 2+1 O % 0 % % 0.482(69)(48) 0.411(8)
\(3(‘[)]\;1 (Yang et al., 2018a) 2+1 B * * % B 0.47(4)(11)

** No quenching effects are seen.
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Moments of PDFs

8 PDGlike rating system or average< \

§ LatticePDMVorkshop
X Lattice representatives came together and

devised a rating system —@ﬁb + —‘9—»

§ Lattice QCD/global fit status

LatticePDFReport, 1711.079162006.08636
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Moments of PDFs

8 PDGlike rating system or averag?(b

§ LatticePDMVorkshop
X Lattice representatives came together and

devised a rating system ‘@:’ - :9"

8 Recent lattice QCD/global fit status
LatticePDFReport, 1711.07916,2006.08636
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Moments of PDFs

8 PDGlike rating system or averag
§ LatticePDMVorkshop

X Lattice representatives came together and ¢ ¢

Qwo 11w

devised a rating system
8 Recent lattice QCD/global fit status
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From Charges to PDFs

§ Improvedtransversitydistribution with LQCIg-
X Global analysis withl12 extrapolation forms: Q p8tm @ Y
X Use to constrain the global analysis fits to

R

SIDIS* production data from proton and deuteron targets

1 hy T | B SIDIS+lattice (b)
1 .2 6f [ SIDIS
0 S
3
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—9 hii } é 27
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e e T % o5 1
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Lin, Melnitchouk, Prokudin, Sato, 1710.09858, Phys. Rev. Lett. 120, 152502 (2018)
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Structure on the Lattice

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

S most well known

@ ) Qe 4o
spinaveragedinpolarized
-0 © ) 2w 5o
spindependent
longitudinally polarized

¢ ¢ Qw1 N(®

spindependent very poorly knowr
transversely polarized

8 True distribution can only be recovered wiah moments
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PDFs on the Lattice

g8 Limited to the lowest few moments

X For higher moments, all ops mix with lowerdimension ops
X Novel proposals to overcome this problemw. betmold and C. Lin,

§ Relative error grows in higher moments > Rev. s (2085)

X Calculation would be costly Z. Davoudi and M. J.

X Hard to separate valence contrib. from sea Savage, Phys. Rev. 86
(2012) 054505
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PDFs on the Lattice

3 New Strategy; Xiangdong Ji, PRL111039103 (2013);
§ Adopt lightcone description for PDFs

§ Calculate finiteboost quark distribution

x In0 O Hblimit, parton distribution recovered | N
X For finite P,, corrections are applied
through effective theory

§CSlaArofS 6AUK UZRI
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Bjorken r-x-Dependent . {
Nucleon Stricture 1.7 e
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Direct x -Dependent Structure

§ Longstanding obstacle to lattice calculations!

Quantities
that can be pPQCD

calculated calculated

on the lattice kernel
today '

X Quasi-PDHlarge -momentum effective theory (LaMET)
(X. Ji, 2013; See2004.03543 for review )

! ' F ’/:
"‘“ N O ﬂ$ ‘ |

li
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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 '

X

Quasi-PDHIlarge -momentum effective theory (LaMET)

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

Pseudo-PDFmethod: differs in FT(A. Radyushkin 2017)
Lattice crosssection method (CS (Y Ma and J. Qiu, 2014, 2017)
Hadronic tensor currents(Liu et al., hep-ph/9806491, ... 1603.07352)

Euclidean correlation functions(RQCD, 1709.04325)
3

X X X X X
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Direct x -Dependent Structure

§ Longstanding obstacle to lattice calculations!

Quantities
that can be
calculated
on the lattice
today

pPQCD
calculated

kernel

X Kernel is a complicated object;
mostly only calculated up to ondoop level

X Inverse problem to extract the wanted distribution
x Slightly different approaches from each group
X Systematics vary

X Large momentum is needed In the lattice calculations in all

methods to reach smaklx region
X Current projects focus on midto large-x
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Physical Pion Mass Results

§ QuastPDEFEtwo collaboration§results at physical pion ma

X Boostmomentadl p8' A6
X Study of systematics still needed
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Physical Pion Mass Results

8 Quas+PDFtwo collaboratlonélesults at physical pion ma
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Physical Pion Mass Results

8§ Summary of physical pion massults
X Recent study increase boost momentda o¢' A6

- r T v I v T A ] T T il I v T o
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Physical Pion Mass Results

8§ Summary of physical pion massults
X Recent study increase boost momentda o¢' A6
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8§ Summary of physical pion massults

X QuastPDFmethod only

Oe ., $ ¢ Transversity

j I
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8§ Summary of physical pion massults
X QuastPDFmethod only
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Gluon PDF In Nucleon

8 Gluon PDF usinoseudePDF
X Lattice details: clover/2+1+1 HISQ 0.12m,

310-MeV sea p|on Z. Fan. et al (MSULat),
: 2007.16113
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.
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ZhouyouFan

Slide by Zhouyou Fan@DNP2020 (MSU)
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First Lattice Strange PDF

8 Large uncertalntles In global PDFs
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First Lattice Strange PDF

8 Large uncertalntles In global PDFs
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First Lattice Strange PDF

8 Large uncertainties in global PDFs
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First Lattice Charm PDF

§ Large uncertainties in global PDFs
8 Results byySULatquastPDFmethod
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First Continuum PDF

8 Nucleon PDFs usingiastPDF3n the continuum limit

X Lattice details: clover/2+1+1 HISQ MSULa)
a {0.06,0.09,0.12fm,

M, ¢ {135,220,310;-MeV pion,
M,L¢{3.3,5.5}.

~

O ¢' A6

2011.14971, HL et alMSULab

X Naive extrapolation to physicalcontinuum limit
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First Continuum PDF

8 Nucleon PDFs usingiastPDF3n the continuum limit
X Lattice details: clover/2+1+1 HISQ MSULa)
a {0.06,0.09,0.12 fm,
M, ¢ {135,220,310;-MeV pion,
M,L¢{3.3,5.5}.
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X Naive extrapolation to physicalcontinuum limit
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Bjorken n-x Dependent GPDS'7) s
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Generalized Parton Distributions

§ On the lattice, one needs to calculate the following
(nucleon example)
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First Lattice GPDs

§ Pioneering first glimpse into pion GPD using LaMET
X Lattice details: clover/HISQ0.12fm, 310-MeV pion mass
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Isovector Nucleon GPDs

§ Ploneering first glimpse into nucleon GPD usjngstPDFs
X Lattice details: twisted-mass fermions, 0.09fm270-MeV pion
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Isovector Nucleon GPDs

8 Nucleon GPD using qua3DFs at phyS|caI plon mass

X Lattice details: clover/2+1+1 HISQ
0.09fm,135-MeV pion mass0 ¢' A6
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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-MeVpionmassy) ¢' A6

X ,  Tisovector nucleon quasiGPD results
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Nucleon GPDs

8 Nucleon GPD usinguastPDFsat physical pion mass

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

X ,  Tisovector nucleon quasiGPD results
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Nucleon Tomography

8 Nucleon GPD usimgiastPDFsat physical pion mass

x Lattice details: clover/2+1+1 HISQ MSUL&j
0.09fm, 135-MeVpionmassy) ¢' A6

X ,  Tuisovector nucleon quasiGPD results
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Nucleon Tomography

8 Nucleon GPD usimgiastPDFsat physical pion mass

x Lattice details: clover/2+1+1 HISQ MSUL&j
0.09fm, 135-MeVpionmassy) ¢' A6

X ,  Tuisovector nucleon quasiGPD results
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Future Prospects & Challengesriges
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Physical Pion Mass Results

8§ Summary of physical pion massults
X Recent study increase boost momentda o¢' A6
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Physical Pion Mass Results

8§ Summary of physical pion massults
X Recent study increase boost momentda o¢' A6
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Backstory

§ Many of you are old enough to remember this:

Caveat: these matrix elements are not properly renormalized
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