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Prbing the Heart of Matter
W|th Supercomputers
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How to Win a Free T -shirt?

§ Complete all levels of Quantuggame before 8AM June fAMon)
X Free download from
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X Answer the questlonsm the Google Form
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https://apps.apple.com/us/app/quantum-3/id1406630529
https://play.google.com/store/apps/details?id=com.gellab.quantum3
https://forms.gle/4AUaus3LPKdsodv5A

Topican QCD 1): Structurere
X What is the structure of the nucleon?
probing insights into nucleons
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Tapicdin QCDD: Structure e
X What is the structure of the nucleon?
probing insights into nucleons
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8 Structure function/distribution function
X deep inelastic scattering

X
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§ Form factors
X elastic scattering

X F1(Q), FA(Q), GA(Q%), Gp(Q?)
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Hadron Structure
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8§ Generalized Parton Distribution
X DVCS

x F(Q)
GA(Q)

Nucleon spin
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= A(Q%), FA(Q)

= Byo(Q9),
=A1o(Q?), Gp(Q?)

= Byo(Q?)
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Nucleon Matrix Elements
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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 calculation aiN| gng| NO’
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» Time

§ Construct correlators (hadronic observables)

= ~ ~ 7z N .

x 2ANOEOAO ONOAOE bDHOI PACAOI Oo
Invert Dirac-operator matrix (rank O(1012))
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Nucleon Matrix Elements

Exercise: 3) Derive the timedependent formula for the three
. point correlator. Start with the pion case.

e

_ PJ'i[JL(z* 1”/. ". '!'!'S'--‘I-?)
Co(Peytep)

§ Careful analysis needed to remove systematics
X Wrong results if excited -state systematio: is not under control
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Nucleon Matrix Elements

LattlceQCD calculation aiN| gng| NO’

!"" f

O (2, Pay s Lsep)
(_"2[ ( “})

“| § Careful analysis needed to remove systematics
X Wrong results if excited -state systematio: is not under control )

13 F = 1.3 o = L3 F
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Nucleon Matrix Elements

LatticeQCD calculation @N| gng| NO

b B |
§ Systematic uncertainty (nonzes finite L, etc.)
X Nonperturbative renormalization
e.g. RI/SMOM scheme in 3at 2 GeV
X Extrapolation to the continuum limit
(M,© mpPvs | O HhaO 0)

Huey-Wen Lin? 2023 CFNSCTEQ Summer School



Moments of PDFs

§ First moments arenost commonly done-&54 + &>

§ State-of-the art example

X Extrapolate to the physical limit
SantanuMondal et al (PNDME collaboration), 2005.13779
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4 al2m310 ¢ alzm220L ¢ Result=0.173(14) 4 al2m310 ¢ al2m220L ® Result=0.173(14)
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§ Usually more than one LQCD calculation

x 31T T AOET AO ,1#% 1 O0i AAOO AT 1
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Moments of PDFs

8 PDGlike rating system or average, o

Q 000 D)
§ LatticePDRMVorkshop @ ) n(cy)
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
(Z)y+-q+ ETMC20 (Alexandrou et al., 2020b) 24141 B %* O % % ° 0.171(18)
I .\'l)\Il'. 20 1_\1«»111.|.|l et 4//.: 2020) .’ll * % * * % 0.1 ,.4<‘ I-w)n‘.x) 0.161(15)
Mainz 19 (Harris et al.. 2019) 241 * 0 % % % 0.180(25)(75")
yQCD 18 (Yang et al., 2018b) 2+1 O %* O % % 0.151(28)(29)
RQCD 18 (Bali et al., 2019b) 2 x X O X X 0.195(07)(15)
(T) 4+ ETMC 20 (Alexandrou et al., 2020b) 2+1+1 @ % O % % ° 0.359(30) 0.353(12)
yQCD 18 (Yang et al., 2018b) 2+1 O %* 0 % % 0.307(30)(18)
(@) g1 ETMC 20 (Alexandrou et al., 2020b) 24141 B % O % & ° 0.188(19) 0.192(6)
YQCD 18 (Yang et al., 2018b) 2+1 O * 0 % % 0.160(27)(40)
(T) .4 ETMC 20 (Alexandrou et al., 2020Db) 24141 @ % O % % ° 0.052(12) o
yQCD 18 (Yang et al., 2018b) 241 O % 0 % % 0.051(26)(5) 0.037(3)
{Z)4 ETMC 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) 241 B * % % B» 0.47(4)(11)

** No quenching effects are seen.
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Moments of PDFs

8 PDGlike rating system or average,

O A
§ LatticePDRMVorkshop @ ) n(cy)
X Lattice representatives came together and

devised a rating system —@ﬁb + —‘9—»

§ Lattice QCD/global fit status

LatticePDFReport, 1711.07916, 2006.08636
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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
§ Recent lattice QCD/global fit status

0.15 0.20 0.25 0.30

LatticePDFReport, 1711.07916, 2006.08636
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From Charges to PDFs

§ Improvedtransversitydistribution with LQCIg-
X Global analysis with 12 extrapolation forms:Q p8tm ¢ Y
X Use to constrain the global analysis fits to

R

SIDIS* production data from proton and deuteron targets

1 hv T | B SIDIS+lattice (b)
1 .2 6f [ SIDIS
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4
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—9 hii } é 27
.
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Lin, Melnitchouk, Prokudin, Sato, 1710.09858, Phys. Rev. Lett. 120, 152502 (2018)
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Nucleon Flavor Diagonal Charges

Comparison with FLAG 2021 results [PNDME collab., Lattice 2022 updatereliminary |

A Clover fermion orj ¢ p pHISQ ensembles
A Flavor mixing calculated nonperturbatively

A Chiral -Continuum extrapolation including a data &

Nucleon sigma terms
(Scalar charges)
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Nucleon Form Factors

8 Nucleonisovectorelectromagnetic and axial form factor

X Many existing LQCD works in the past few decades

X Worldwide:
Increasingly many ensembles available at physical pion mass

| L L A D e P 17T 7T T
1.0F * PNDME19 2+1+1f 0.06fm
[ U001 . * PNDN 09fr
. % PNDMFEL9 24141£ 0.09fm | PNDME17 2+1+1f 0.09fm
S : 1.2 * PNDME17 2+1+1f 0.06fm -
[ ? A ETMC18 2+1+1f . ACe1s p s
08 * ¥gu v PACS18 2+1f 7 i& 2
< 0.6 1 < 1 i, A ETMC17 2f
5 1 o | * Mainz17 2f
i ifﬂ; ] 0.8 } e -
0.4f = - !
. ﬂiﬁ i ] [ %3
i 4 1 0.61- } {A -
0.2F . { }
-| MR R BT S R R '- 04-| PR SRR I BT SN RIS NI SR RPN SR R
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.2 0.4 0.6 0.8 1.0
Q* (GeV?) 0% (GeV?)

HL, Int. J. Mod. Phys. A 35 (2020) 11n12, 2030006
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8 Nucleonisovectorelectromagnetic and axial form factor

..............................................................................................................................................................

Exeruse 4) Given what you learned about the time dependenCe
of the 3pt correlator, what do you expect to see on the ratio

plots of the form-factor data?

S LI NG BT IR g % PNDMET7 2371 +1F 0.00km ]
* PNDME19 2+1+1f 0.09fm ] 12 * PNDME17 2+1+1f 0.06fm

' }i A ETMC18 2+1+1f v DACS18 241f

0.8 v PACS18 2+1f . ® LHPC17 2+1f |
= RQCD18 2f 7

é E } A ETMC17 2f i

® Mai :

Ga

L& M ® LHPC17 2+1f __ 1of
m 0.6 - B
S ] : Mainz17 2f

0.8

0.4F . ﬁi}ii - - %z .
0.2 ] [ % * ]

| U S T T T T U TN T N TN TN T T TN T T ST T T N 0.4I N 1 N 1 1 N | L1 L | N L | N 1 P | N

0 0.1 0.2 0.3 04 0.5 0.6 0 0.2 04 0.6 0.8 1.0
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o R(0Y)
(N(p)IVu(@IN(p;)) = Tiv(ps) | FI(O*) Y+ Opy = My un(p;). Gr(0?)
. (NP s @INP) = mu(p) (2@ + 00 SA) ) pun(p)
Ge(Q?) = Fi(Q%) — WFz(Q )

HL, Int. J. Mod. Phys. A 35 (2020) 11n12, 2030006
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Nucleon Form Factors

8 Nucleonisovectorelectro

x . Al A 1 £

Pa N\

OE A

e European Physical Journal

A

X Example work supported [ @ sewnmmomas

(Studying multiple lattice s

control systematlcs)

Hadrons and Nuclei

10_ I | I !

" 2a12m310 ]

.'i.. 2a12m220 |
0.8 % PNDME 4a09m310
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- Hﬁ. >209m130 |
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[ o 5§ |
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USQCD Collaboration, Eur.Phys.J.A

‘“r MICHIGAN STATE

Inside: Topical Issue on Opportunities for Lattice Gauge Theory
in the Era of Exascale Computing
edited by William Detmold, Andreas Kronfeld, Ulf-G. Mei3ner

From: Lattice QCD and neutrino-nucleus scattering
by USQCD Collaboration

volume 55 - number 11 - november - 2019 JtOr

) O A

0
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Mapping Nucleon Picture

§ Fourier transform using larg@? form factors to reveal
transverse charge densities in a polarized nucleon

HWL, National Academies Press
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Other Form Factors
§ Toward flavordependent nucleon form factor

| 1 ] ] | I 0.00
0.00 F . ‘ ‘ ‘
0.0z} XQCD | LHPC
~ —0.04 =
e 2 -0.2
»=—0.06 * G () lpnysicar ¥~ /d.0.£.~0.6 2
& 241, G, (Q* =0, m) 3 003
—0.08 F 321, G, (Q° =0, m)) 7 =
o010k 321D, G, (Q* =0, m,) i S ol
s 2 _
-0.12 L | |}: o GMl(Q o mT) ] E + strange
0.15 0.20 025 030 0.35 0.40 —005 & lightdisconnected |
m,(GeV) 00 02 04 06 03 0 12
Sufianet al., Phys. Rev. Lett 118, 0% (GeVH)
042001 (2017) g
0406 , Green et al., Phys. Rev. D 95, 114502 (2017)

. 8 Hyperon form factor

oy
-0.75 ) ll—é O ¢ ,I,
o«
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Disconnected Diagrams

8§ Disconnected diagram

x - Ol OEPI A xAUO O AAIlI AOI AOA C

X Truncated solver, hoppingparameter expansion,
EEAOAOAEEAA]I DOI AF1I Ch 8
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Quark Spin

§' LJ YR R2g6y ljdzk N aO2yyS
. g B _ PNDME, 1806.09006, 1806.10604
(ca ) w wa W0 ooQ
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al2m220 e+ a06m310 £
95 al2m220S &+ a06m220 =+ 1 0.95 -

a [fm]

L I Il 1 Il L | 1 1 Il L
0.02 0.04 0.06 0.08 0.1 0.12 0 0.03 0.06 0.09 0.12 0.15 3 4 5 6 7

al5m310 ~y—+  a09m310 —4-  a06m135 ~=h
al2m310 == a09m220 e~ extrap. =&
al2m220L r=+  a09m130 ~m- 1-extrap. »&
al2m220 ~@~ a06m310 &~
al2m220S +&- a06m220 o

-0.30 -

—0.30 1030

t

~0.35 -0.35 [ 1l _oas

2 2 L
My [MeV] a [fm] : ML

1 1 1 1 L 1 1 1 1 L I I I
0.02 0.04 0.06 0.08 0.1 0.12 0 0.03 0.06 0.09 0.12 0.15 3 4 5 6 T

“'r MICHIGAN STATE -
UNIVERSTTY Huey-Wen Lin? 2023 CFNSCTEQ Summer School




Quark Spin

§' LJ YR R26Y lidd N] GRAAO2)
O)

PNDME, 1806.09006, 1806.10604

‘ ’ s A Y ow
S 31 W wa WW
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Quark Spin Contribution

§ Total quark contributions

PNDME g4 = Au g% = Ad gy = As
Connected 0.895(21) —0.320(12)
Disconnected| —0.118(14)  —0.118(14) —0.053(8)
Sum 0.777(25)  —0.438(18) —0.053(8)
ETMC 0.830(26)  —0.386(18)  —0.042(10)(2) ) e
DE £AFA DA DA LA
?QCD 0.847(18)(32) -0.407(16)(18) -0.035(6)(7) .
- Au Ad —0.15. . ._0'10. . I-DADSI . ISI 0 . .0'05. . .0'10.
; * 0.777(25) —0.43W —0.053(8) = PNDME '18
3 - N— e xQCD *18
2
L ——— e e ETMC 17
- . - NNPDFpol1.1°13
E —— —.— —— DSSV’08
g — —— —— JAM *15
e — . JAM *17—
I 0‘!75 I I I I 0.|80 I I I ' OISS I I I 0.90 0.95 —0!15. — 0I10I — [)![)5I — l — I0!]5 — I0‘10I
> imuas(3Aq) = 0.143(31) PNDME, 1806.09006, 1806.10604

The work of HL is supported by NSF CAREER Award under grant PHY 1653405
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Total Quark Intrinsic Spin

Not “equal”: systematics are different?

« PNDME: 0.143(31)(36) (2+1+1 flavor clover-on-HISQ)
« ETMC: 0.201(17)(5) (2 flavor twisted mass)
« xQCD: 0.202(13)(19) (2+1 flavor overlap-on-Domain Wall)

gy a— 0 M, MeV ML Zy

PNDME 1.218(25)(30) | Yes 135 3.3-5.5 | Assume
Ny =2+1+1 11 ensembles 220 Zi=I

0.15-0.06 fm | 310
ETMC 1.212(40) 0.094 fm 130 2.93 Checked
Ny =2 ZiZy
xQCD 1.254(16)(30) | “No” a variation Checked
Ny =2+1 0.143 fm 171 3.97 Zi=7)°

0.11 fm 337 4.53

0.083 fm 302 4.06

In perturbation theory Z3#Z° at 2 loops . ETMC & xQCD show a ~1% difference

Slide from Rajan Gupta @ Spin 2018
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Spin Decomposition

8 Orbital angular momentum from Ji definition
[, = [ d3x [¥ x (ExB)] )

= [ &x PT[Yys + ¥x(=iD)[y — O 6

_ . obtained using
quark spin quark orbital GPD moment

angular momentum

§ Total quark and gluon contributions

ETMC, 1706.02973 ?QCD, 1904.04138

2f TM+clover, physical quark, M,L< 3 ; 2+1f Ov/DWF 400 MeV
d

0(5)%

W 0
u S u 39(10)%

62(8)% 57(6)%
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Proton Mass Decomposition

o (Hy
®{Hp
®H, ©0.351
36(6)% 9
| - € 0.301
uon ener =
gy, 32(6)%% 2 0.25 1 ———
&
O 0.20 1
wv
@ 0.15
s Hg
§ 0.10 1 He
(o) o
9(2)% .y of4
Hfﬂ
001~ , . . , . . :
0.000 0.025 0.050 0.075 0.100 0.125 0.150 0.175
m? (GeV)?

Y.B. Yang et al (yQCD), PRL 121, 212001 (2018)

Slide from Keh-Fei Liu
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Proton Mass Decomposition

1
M= = (Taa) = (Hm + (He)(W) + (Ho)(w) + 2(Ho)

M= - (Tpp) = (Hm> + (Ha)

X. Ji, PRL74:1071 (1995)

- N MSTIRIN

quark mass  [(H,) = f &xm@u) (Xqg = A IxXlqgX) = - M(N| N)
N u,%,s‘..
( 7_'34 = f V4B =iey

quark energy |(Hg) = —( (XM - (Hm)) ;-3:123

e = 1
- s Tg4=fd3xE(E2—BZ)

glue energy ng) = Z(X)gM

anomaly  (H,) = (Hg) + (H}) (HY) = | £xP9 (E+ B
g

Ingredients
4 proton mass

(Hp = 5 [ Exymyy
U;s,...

4 scalar charge

4+ momentum fractions (both quark and glue)

4+ renormalization of momentum fractions including mixing X

Slide from Keh-Fei Liu
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Nucleons and New Physics

Many opportunities to probe new physics with nucleon inj

§ Parton distribution functions for SM background
X Especially less known intrinsic strange/charm contribution

8 Dark matter detectionhys.rev.0s9 (2014) 074505: ongoing work
X Popular candidates (e.gSuSyneutralinos) exchange Higgs

hys.Rev.Lett 115 (2015) 21, 212002 (108 citations);
§ EIeCtrIC dlpOIe momerﬁhys Rev.D9 (2918)9 091501 3 citatjong)

x CROET | AOET ¢ ALEE BAOOAT Al

PNDME, Phys.Rev. D98 (2018) 034503 (84 citations);
§ NeUtron beta decay Phys.Rev.D94 (2016) 5, 054508 (120 citations)

X Non-VMA interactions to probe the existence of new particles
(mediating new forces)with masses in the multiTeVrange
8§ Nucleon (transition) form factolisys. rev. b 96, 114503 (67 citations)
X First-principles inputs for precision neutrino physics
Many of these are supported by P5 recommendations or
ongoing Snowmass efforts
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Beta Decays & BSM

§ Given precisioysand Ogg), predict newphysics scales
LowEne

rgy . _
Precision LOCD In
EXpt 'E)OBSM_ fo(¥sTQgsT) (m-© 140 MSV,aO 0)IC
0.004F - F] e 'X‘ F]

Upcoming precision
low-energy experiments
LANL/ ORNL UCN neutron
decayA @D 6 O
B Mo|ggy < 10™°

0.002

%))
& 0.000

\ !
\ / 1
\ /
-0.002} Sy ] M
< 0]
= | Current B decays | |b|BSV| 10
| e e - CENPA®He(bsp at 10™
0004_1 o -‘-‘-- ---- F‘uture‘LHLC ]
-0.002 -0.001 0.000 0.001 0.002
T

PNDME, PRD85 054512 (2012);

Plots by Vincenzo Cirigliano ; 5+ 5 455. 1606.07049; 1806.09006
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Electric Dipole Moment

§ Why do we care?

x CROET I AOET C A ££A A haryogenesisy ET CC

t 7EU | AOOAO AQGEOOO

X %BOOAT Al U OI "ie-tm (&pect Boprbe E'S gomn)

X Good candidate to constraln BSM models

§ Lagrangian 0 0

X If experiment sees signal
before SM background
t new physics
t NOAOE %$ -

§ Lattice community are working on various contributions

0 0

\ J
|

BSM scenarios

(Induced by a variety of

‘ MICHIGAN STATE Huey-Wen Lin? 2023 CFNSCTEQ Summer School
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Electric Dipole Moment

§ Quark EDMd,)) in nucleon comes from
0 0 gﬁ ﬁs)» 0 gﬁ h) 0 gﬁ ﬁ)f

§ Extrapolate to the continuum limit
PNDME 1806.09006, 1808.07597

QYT B0 CMPPQ T8I
§ Implications for new physics?velss, 2003:

: Arkani-Hamed and Dimopoulos, 2004;
X Takesp“t SUSYor example Giudice and Romanino, 2004

X Using our lattice inputs, we can derive an upper limit for the
neutron EDM in split SUSY
Q| 1t prm QA
UOETQG u& p 1t Q#A [ with 90% confidence

ACME Caoll., ScienceVol. 343 no. 6168 pp. 269 -272 (2014)
PNDME, 1806.09006, 1808.07597
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Gluon GFF

LQCD proton shear

z-expansion fits

-, ] I8 PHYSICAL
T : REVIEW
£ L5) -j ' LETTERS
% ] g Arile e it ing 22 FEBRUARY 2019
o 10 ] g
~ :
: g
o 0.5 . 2
v 8
X f
—~ 00 1
& total =
w0 ] 5
o -0.5f gluon cont. ] g
-- quark cont. ]
-1.0% Ly i .
00 05 1.0 1 2.0
(fm) , |
American ll’hysz:al Soclety 5".% Volume 122, Number 7

Gluon GFFs: Shanahan, Detmold, PRD 99,01451 I, PRL 122 072003 (20 _
Quark GFFs: P. Higler et al. (LHPC), PRD77, 094502 (2008) [ |
Expt quark GFFs (BEG): Burkert et al, Nature 557, 396 (2018)

Slide by Phiala Shanahan @ Lattice PDF workshop
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Gluon Helicity

8 Jaffe & Manohar, 1996

-3t 30 fl

fl

§ Can be calculated through largegomentum frame
X. Jietal., PRL. 111 (2013) 112002:10 (2013) 262002; PRD 89, 085030 (2014)

YO Y

<6 Y ow® & )b >Y

cO
§ First results by QCD
QA pTt A)
Y (Hoh p1t A)
T8 WY up o

Yang et al, Phys. Rev. Lett. 118 (2017) 102001 g

1a(fm), M, (MeV)}

X Future improvement to matching ©

8§ Current limit
x DSSV14/

r MICHIGAN STATE
“UNMERHTY

QAP 1 AR

0.7 1 {0.14, 170} —~—
0.6 | {0.11, 140} —=— |
0.5 | {0.08, 300} —e—
0.4 | l - {0.06, 37 —+— |
0.3 -
et
0.2 5 #? t +
0.1 | P(GeV)
0.5 1 1.5
TR AT, 4T
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Recent LatticelPDFS/Progress;ress

Biased selected/highlighted results

o llllllllllll

»
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Parton Distribution Functions

8§ PDFs are universal quark/gluon distributions of nucleor

X Many ongoing/planned experiments )
N,JLab JPARC, COMPASS, GSI, EHg(

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 . ‘

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

ir (o

‘ MICHIGAN STATE Huey-Wen Lin? 2023 CFNSCTEQ Summer School
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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|

g Emm o oy

( \ 12k

1.6} CJ15 (T = 10) : / 1.0

B CJi5(T=1) : 0.8}
1.4 i 0.6} S/SCJls

4+ — MMHTI14 ‘ I
—— HERAPDF1.5 | I s )
1.2} — NNPDF3.0 : .
\ ot

|

1.0 1.1}

1.0

|

|

|

|

I 104 10° 102 01 02 03 04
| : . . . [
|

|

|

|

|

|

|

|

|

0.8} 09}
d/dCJlo -
104 102 102 0.1 0.3 05 0.7 09 | osl Wfles
x 104 103 102 0.1 0.2 0.3 0.4
| x
N e
0.9
CTEQJLAB 08
https://www.jlab.org/theory/cj/ | B .
10~ 10 10 01 0.2 0.3 0.4

T
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PDFs on the Lattice

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

most well known
&+ ) v 1

spinaveragedinpolarized
- © ) e MG
spindependent

longitudinally polarized

¢ ¢ Qw1 N(®

spindependent very poorly knowr
transversely polarized

8 True distribution can only be recovered widh moments

‘ Q‘ MICHIGAN STATE Huey-Wen Lin? 2023 CFNSCTEQ Summer School
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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. D78 (2000

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

X Hard to separate valence contrib. from sea Savage, Phys. Rev. D86
(2012) 054505
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Beyond Traditional Moments?

§ Longstanding obstacle!
§ Holy grail of structure calculations

§ Applies to many structure quantities:
X Generalized parton distributions (GPDSs)

X Transversemomentum distributions (TMD)
x - AOTT AEOOOEAOOEII
X Wigner distribution

‘ MICHIGAN STATE Huey-Wen Lin? 2023 CFNSCTEQ Summer School




- ANEW HOPE.

't I1s & preriocd, of VW ERr EAMNMC) 2 COMOIr™i« s LAKNC * T TSI X
FTersPrrrxoil hhas eongulfed thhe gsalactic republics.

Basic truths at foundation of the hnGman civilization
Sre disputed by thhe dark forces of thhe evil empilvre..

A small sroup of QCD HKnights from United Federation
of Physicists has gathered in a remote location on the
third planet of a star called Sol on thhe inner edge of

the 'Orion—Cygnus arm of thhe 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 powerxriul

MICHIGAN STATE :
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Bjorken n-xDependent . {
HadrorvStructuref 117 e

Biased selected results, highlighting work
done by MSU students/postdocs
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L attice Parton Method

§ Largemomentum effective theoryl(@ME}/quastPDF

(X. Ji, 2013; See 2004.03543 for review)
!‘; ' LT

§ Compute quasdistribution via

AP Qq -
AGHB) =0 (D

@sagpoRms @) M 6>
8 Recover true distributiorftake Pz©, Hslimit)

AGH D) 8 (-F-) Al | S
5 U @) (o))
X. Xiong et al., 1310.7471; JW. Chen et al, 1603.0666
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L attice Parton Method

§ Shortdistance factorization (SDF)

X pseudo-PDFmethod (A. Radyushkin 2017) J

X Hadronic tensor currents *@f
(Liu et al., hep-ph/9806491, ... 1603.07352)

X Lattice crosssection method (LCS) © @

(Y Ma and J. Qiu, 2014, 2017
X Euclidean correlation functions t@f
(RQCD, 1709.04325)
X Compton amplitude approach(QCDSF, 1703.0115p

Quantities Wanted

that can be CD
PDFs, PQ
calculated calculated
_ GPDs,
on the lattice kernel

today etc.

’ :{LCHG[ARN?TiTE Huey-Wen Lin? Revealing emergent mass through studies of hadron spectra and structure @ECT* 49



L attice Parton Calculations

8 Rapid developments!

Euclidean

First lattice

correlation

1t NNLO
PDF

First unpol . PDF pseudo-PDFs | | functions
lattice calculation 1
] e w@mdi@) [T ima < oo
b EI\IL\\ ‘ E | ¢ Ipl = 1.88 GeV : qPDF + NLO + NNLO
| cria , 2 =
3 i: Lattice \\,, "??:"_ 1
i o.z )/1“‘{ L — . ' 00 02 04 06 08 1.0 1.2 1.4
i.—‘—‘—‘ © MY o W o 1‘—4
2013 2014 2015 201 2017 2018 2019 202 2021 2022 2023
Pol. PDFs and Compton ) LCS
mass corrections amplitude Hadronic tensor C
T asm : o 0.4 = CSe: Fit 2
3 s L 0 08 =03
i o o
_O‘O%:o ) 02 04 0.6 08 °°
‘ . ‘ l ‘ -2 0 . 4 0'00 01 02 03 04 05 06 07 08 0.9 1.0
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L attice Parton Calculations

8 Physics quantity milestones _ Ng-PDF
First PDFs Pion GPD
First unpol . gt 10
lattice PDF . Pion v-PDF
Z g-PDF

;:.—‘ L T o
2013 2014 2015 2016| 201 2& 2019 2020 2021 20%| 2023
Kaon
Pol. PDFs and Pion DA K PDF g-PDF
mass corrections Kaon DA
s,c PDF
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