All quarks have a
flavor. Yum! Haha,
not that kind of
flavor
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Few Personal Facts

8 | am from a small town in Taiwan; PhD at Columbia U
8 Preferred pronoun: she/her

§{ AYOS b,/ X LQWOS fAOBSR AY
X My biggest worry when | moved to the Midwestsnowstorms

§ Like many women in physics, | married a physics PhD,
often find myself the only female in the room

X | started a number ofdiversity -related activities 17
(social events, surveys, codes of conduct, etc.)

Wimm nLatticeQCD

RA
physics I D EA

Inclusion, Diversi ity, and Equity Alliance
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Few Personal Facts

8 | am from a small town in Taiwan; PhD at Columbia U
8 Preferred pronoun: she/her

§{AYOS b, /.. [
X My biggest worry whe 7+ =3
§ Like many women ngy Journey
often find myself th
X | started a number of
(social events, surv

as a Physicist
| A Podcast

et

s, - ——
= —

8§ My research Is iguantum c romodynthiCs (QCD)

X | use highperformance supercomputers to study
the properties of the quarks and gluons in the hadrons
i1 OAl ATT h BPEITh 8Q
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My Journey as a Physicist Home Season 3 (LRP) Season 2 (Snowmass) Season1(LQCD) The Team

My Journey as a Physicist

Season 3: Nuclear-Science Advisory Committee Long Range Plan (LRP)

This season's interviews were conducted by Bill Good and Kinza Hasan, and edited by Kiran Sakorikar and Esther Cohen-Lin.

Episode 1 (flyer) (transcript)
Prof. Gail Dodge (she/her)

Old Dominion University
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Probing the Heart of Matter

§ Our natural instinct: Smash!
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Probing the Heart of Matter
§ LHC strikes out onto the higimergy frontier (13Te\}

-
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Probing the Heart of Matter

8 The Electrodon Collider (EICJhe Ultimate QCD Microscope

The Electron-lon Collider

A machine that will unlock th@secrets of the strongest force in Nature

https://www.bnl.gov/eic/

EIC White Paper, 1212.1701; EIC Yellow Report (2103.05419

The Present and Future of Q(2303.02579)
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https://inspirehep.net/literature/2638645

Probing the Heart of Matter

§/ I £f OdzZf F GA2ya R2yS dzaiy3a |
X Many millions of CPU/GPU hours

— ’\ Oy

h"’ar::- -
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L ecture Plan

§ Lecture Plan (Mon)
X Why lattice QCD?
X Anatomy of a lattice calculation

X Spectroscopy example
§ Lecture PlanTue)

X Lattice calculation of hadron structure
{ Charges, moments and form factors
{ Proton spin/mass decomposition

X X-dependent parton distributions
{ Recent lattice PDFs progress

{ Applications to GPDs
Future prospectsand challenges

1R R R i -
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FromiThyy
Standard Model t@ Latticei/fice

QCD’
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The Standard Model and QCD

EPARTICLEZ O

» ) : ]
Handmade Subatomic Particle Plushies FROM THE STANDARD MODEL OF PHYSICS & beyoﬂd'

o {age 18 and up } BUTTON BADGES
“for wearing”

5 UP QUARK
v, A teeny little point
inside the proton
and neutron, it is
friends forever with
the down quark.

CHARM
QUARK
A charming
second

| generation

quark.

champion doesn‘t
live long enough to
make friends with
anyone.

BOTTOM
QUARK
This third
generation
quark is puttin’
on the pounds.

DOWN STRANGE
QUARK =y QUARK

A tiny little point = What's so strange
inside the proton about this second

and neutron, it is generation quark?
friends forever with
the up quark.

2 ¢

Rt V(@)

M - . I— - .
NEUTRINO NEUTRINO e NEUTRINO
This minuscule o5 Like the other 2 < He’s a tau now,
bandit is so light, neutrinos, he's got but what type of
he is practically an identity crisis neutrino will he
massless. from oscillation. be next?

PHOTON '\

The massless
wavicle 'd

we know

ARRIERS [

Image credit: CERN ELECTRON MUON TAU ETE
A familiar friend, =B A“heavy A “heavy muon” |
this negatively electron” who who could stand GLUON e/

lives fast and to lose a little
dies young. weight.

, charged, busy Ii'l
/" guy likes to bond.

The “glue” of the strong
nuclear force.

8 Quantum

A N
. —— -

L] /‘
chromodynamics (QCI
He’s the one everyone wants P Still unobserved,
to meet, but for now he’s % yet theoretically

I playing hard to get. You'd be == evervichere, he's
7/ e . N o 2 s
J smiling too if everyone was / : got big legs for

/ jumping branes.

looking to interview you.

As the carrier particles of the
weak nuclear force, they are
downright obese.

o\

\“\‘:,‘

X The strong interactions
of quarks and gluons
(SU(3) gauge)

DARK MATTER
The mysterious
missing mass.
Difficult to see
because he's
$o dark.

TACHYON
Can this devious and
clever particle really
travel faster
than light?

PROTON

We would not be
here without her
positivity.

Image source: https://www.‘p’articlezoo.net

THEORETICALS
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. Chris Oakley @Dr
¥ Replying to PS and @ Instatel
..and my seven year old is explaining to me how to create Xi - ...

)

sssss

¥le-app-getsyoung-girls-involved-in-stem/
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https://itunes.apple.com/gb/app/quantum-3/id1406630529?mt=8&ign-mpt=uo%3D2
https://twitter.com/NSF_MPS/status/1106577806673264640
https://msutoday.msu.edu/news/2019/new-game-app-gets-young-girls-involved-in-stem/

§ LearnQCD on your phone
Goole Pla Store Apple Astore

Supporte byhe SF under grant PHY 1653405
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https://www.youtube.com/watch?v=XsSOvHgcZww
https://play.google.com/store/apps/details?id=com.gellab.quantum3
https://itunes.apple.com/gb/app/quantum-3/id1406630529?mt=8&ign-mpt=uo%3D2

The Color Force

8 Quantum chromodynamics (QCD) describes strong
Interactions ofquarksandgluons(Su(3) gauge) Q ?

x O#1 1 £ET Al A1 Oa Hadrons
no free quarks allowed N (11 )
e
035 e T Pion  Proton @
‘ T decay (N°LO) H=+ ]
low Q? cont. (N°LO) e . .
sl ) QQDIEJ-@%%%H; X Perturbation theory (like QED)
- cavy Quarkoma b . .
S W el tont works well at high energies
s N RN
pp (top, NNLO) == 1
osfpooo I ]
0.1 |
= q (M%) = 0.1179 = 0.0010 S ol
0,05 ol ol "“‘ &% The Nobel Prize in Physics
1 10 100 1000 Q (Gev) &

Y 004
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Wide -Scale Applications

8 What can we learn from it?

Neutron Star

Mass ~ 1.5 times the Sun
~12 miles in diameter

Solid crust
~1 mile thick

Heavy liquid interior
Mostly neutrons,
with other particles

‘ 10MP ‘ ~10*m.
Origin of proton mass and Nuclei and why we exist Neutron matter
spin, imaging of proton, How they evolve

Parton distribution functions

~ ~ r r ~ pd

FornewePEUOEAO OAAOAEAOh 8
8l h2 9+ 9w
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Difficulties at Low Energy

§ Even just the vacuum of QCD is complicated

Classical QCD

Huey-Wen Lin? 2024 NNPSS @ Indiana University Bloomington



Difficulties at Low Energy

§ Strong interactions make
analytic calculation impossible

8 Direct QCD calculation is desired
=3 |_attice QCD

0100101010 y NEEEAE

pPntppPpe
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Wilson Comes to Rescue!

§ Lattice gauge theory was proposed Iin the
1970s by Wilson

quark field

8§ Recover physical limit
a °©a 0 H0
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Introducing the Lattice

§ 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¢ A = &1 raChiisq R )

In BEudlitianspace w
X Quark mass parameter
(described bya ) quark field_g ———tF
X Impose a UV cutoff N H' W e
discretize spacetime ' ST
X Impose an infrared cutoff gluon field
finite volume XY, 2

§ Recover physical limit
a 9 a , WO TL0O Hb t
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Are We There Yet?

§ Lattice gauge theory was proposed in the
1970s by Wilson
x TEU EAOAT 60 xA OIT1 OAA 1
8 Progress is limited by computational resources
1980s Today

L S

fiit+
i -
i 3
P

8 Greatly assisted by advances in algorithms
X Physical pionmass ensembles are not uncommon!
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Anatomy of a Lattice Calculation

1. Hardware(computational resources)
LT e2dz | NE & 2 dzy s

FNAL piO Cluster
(USQC[SciDAQJ

b f | (@NERSDOE ERCAP, ALC(
Stampede2@TACC (NSF ACCES§ (@NERS
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Anatomy of a Lattice Calculation

1. Hardware(computational resources) and Software (Code)

: . : 8§ The latti
US Lattice Quantum Ciiromodynamics e lattice
community share:
USQCD has developed a suite of software enabling lattice QCD computations to be peformed witl
high performance across a variety of architectures, including both custom facilities and commodity h f
clusters. This software is made up of software library modules that can be re-used by higher level m u C SO tware
applications. The approximate organisation of the packages into layers is depicted below (we

omit here 3rd party pgckaggs or packages auxiliary to gnother package). Please click on the X for exam ple : many

plaquettes below to find project web pages of the individual software modules, as well as to

complete lattice QCD packages which use them. |n the US Iattlce
community use
Chroma CPS FUEL MILC QLUA
code from
Inverter MDWF QOPQDP QUDA httD//USQCd - .
-- software.github.io
QLA QMP QMT

Figure 1: The SciDAC Layers and the software module architecture.

W TLCPJQAEETAJE Huey-Wen Lin? 2024 NNPSS @ Indiana University Bloomington



http://usqcd-software.github.io/
http://usqcd-software.github.io/

Anatomy of a Lattice Calculation

1. Hardware(computational resources) and Software (Code)
Online tutorials available:

http://www.int.washington.edu/PROGRAMS/12 - 2¢/

Week 3 (Aug. 20-24, 2012)

P "Hadron Structure”, James Zanotti (University of Adelaide)
P "Lattice QCD+QED", Taku Izubuchi (BNL)

¥ "Computational Lattice QCD", Balint Joo (Thomas Jefferson Lab)
Exercises: seattle tut.tar.gz (2012 Aug 24)

Code: package-int.tar.gz (110 MB)

Lecture 1: Slides Video
Lecture 2: Slides Video
Lecture 3: Slides Video
Lecture 4: Slides Video
Lecture 5: Slides Video
"Extreme Computing Trilogy: Nuclear Physics", Martin Savage (University of Washington)
"Cold Atoms and Unitary Fermi Gas", Michael M. Forbes (INT)
"Introduction to GPU Computing”, Mike Clark (NVIDIA)
"Introduction to QUDA — GPU Computing for LQCD", Mike Clark (NVIDIA)
"Extreme Computing Trilogy: Infrastructure”, Kenneth Roche (PNNL)

MICHIGAN STATE
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Lecture playlist:
https://www.youtube.com/watch?v=FsN34Sm6Ldo&list=PLDi14w7i5C3Bm3U11Q4n596U
ZQhOpriCx

'F =z slack

W Anchor.
by Spotify



https://www.facebook.com/INTLatticeSchool/
https://anchor.fm/myjourneyasaphysicist/
https://sites.google.com/uw.edu/lqcdschool2021/
intlqcdsummerschool.slack.com

Anatomy of a Lattice Calculation

2. Some QCD Vacuu@auge configurations)
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Anatomy of a Lattice Calculation

2. Some QCD Vacuu@auge configurations)
X WWW (ILDG)

P LDG (LatFor),
UKQCD (QCDgrid/DiGS), Germany/France/Italy
UK, Edinburgh DESY
JLDG, Japan
Tsukuba
USQCD,UsA  \ )
Fermilab/JLab_~ '~-""jf ,:!L ..... ' \2(
= :?f g |
International Lattice Data Grid . :
. CSSM, Australia
http://www.usgcd.org/ildg Adelaide
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Anatomy of a Lattice Calculation

2. Some QCD Vacuu@auge configurations)
X or generate it yourself0810.3588 350+

3

XY, Z .

Huey-Wen Lin? 2024 NNPSS @ Indiana University Bloomington



Anatomy of a Lattice Calculation

3. Correlatorghadronic observables)
X Invert Dirac operator matrix (rank 10%?)

X Combine using color, spin and momentum into hadrons

' i
|
" ,

.

I

(0
(0

0 (W Q (W
0 (W Q (o

X 0@ (6 @8 Q@)6T
x 3500 (0 (@O 6 ()0

§ Simple hadron operators (not unqu'
.
«

]

[ W

» Time

Huey-Wen Lin? 2024 NNPSS @ Indiana University Bloomington



Anatomy of a Lattice Calculation

Exercise 1) Derive the time-dependent correlator formula. How
_does it differ between the pion and nucleon?

2) Are there other ways to defineM_x? Can you find amM 4 that
_gives the mass of the first radially excited state?

(V0) (0 IEXEIL )Q o
1@(19?

.‘ (;Auuxo p)) < o0
U | 0.7
(L L )(0) :

o6 ] B
0 5 10 15 20
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Anatomy of a Lattice Calculation

5. Systematic Uncertaintfhonzeroa, finite L, etc.)

X Extrapolation to the continuum limit
(m,© mphys | O HbhaO 0)

’ TLCPJQAEETAJE Huey-Wen Lin? 2024 NNPSS @ Indiana University Bloomington




Anatomy of a Lattice Calculation

Multiple lattice

M [GeV]

:
l
0.5 ———- = a=0.085fm| -
N
1

spacing
e A a=0.125fm
: e a=0.065fm
physical M_
| 0 0 I A NN AN TR (RN M M NN N SN B 1
0 0.1 02 0.3 0.4 0.5

> [GeV]

BMW Collaboration, Science (2008)
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Lattice In the News

§ Postdictions ofwell knownquantities
X Example:BMW Collaboration, Science 2008

2000
——Q
N =
1500 : e
> ‘ ~3 |=8A
) T A
= —P
500__ K —— experiment
- —= width
¢ QCD
—— TT
0
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Successful Examples

§ Provide higher precision for known quantities

——  E 865 (2003)
Bricefio & Lin (2012)
NPLQCD (2007)

Fu (2012)

ETMC (2009)

e 0 <o P

e

aa gy

- | |
—-0.050 -0.048 -0.046 -0.044 -0.042 -0.040

?’T?;?r ﬂ,ﬂ b
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Successful Examples

§ Provide higher precision for known quantities
8§ Make a lot of mass predictions

5.0

Charmed-Baryon Spectroscopy
4.9/ Raul Briceno, Huey-Wen Lin, Daniel|Bolton
40 Phys. Rev. D86 (2012), 094504

| 3.9}

3.0;
2.5 = = = = 7
2.0—- S .
B Ne 2, B, Q. Z, B, Q. Bce Qe _,CC.Q Lece

- | L
—0.050 -0.048 -0.046

?’T?;?r ﬂ,ﬂ b
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Bottom Baryons

§ Inconsistency in th€DF and DG results oy mass
X Our m agrees with the CDF result

0.6

051
CDF ==
0.4} 7

031

DO B o Linetal

GeV

021
0.1
0.0

=

Zp — A\p Op — Np =5 — X Qp —Z
HWL, S. D. Cohen, N. Mathur, K. Orginos, Phys. Rev. D80, 054027 (2009)
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Bottom Baryons

§ Inconsistency in th€DF and DG results oy mass

X Our m agrees with the CDF result

0.6
| DO [ o Linetal.
0.5 CDF | & Detmold et al.
041 g v Lewis et al.
- gk
g 03¢ Na et al. (a~0.09 fm)

0.2} j
0.1} i %{,
=

JF

0.0!

W. Detmold et al., (2008), 0812.2583[hep -lat]; R. Lewis et al
H. Na et al., POSLATTICE2008, 119 (2008).

— =/ =
.':,_:J—Ag; .QEJ—AEJ :b—zg _QEJ—EEJ

HWL, S. D. Cohen, N. Mathur, K. Orginos, Phys. Rev. D80, 054027 (2009);
., PRD79, 014502 (2009);
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Nucleon

§ All baryon spin states wanteddy T

§ List of 4star states

1.5

0.5

0.0 | +3+5+7+9 11+ —-3-5-7-9-11~-

MKH2 OK

§ Only 3 distinguished states
with J=1/2 |

|

ey (x) Crs dP (X)) u®(x)
(" (x) C d®(x)) 15 U

(U™ (x) Cy574 d°())

€




Nucleon

§ Rotation symmetry is reduced
rotation SO(3) octahedralG, group

§ Include more quark

orientations
|

[rreps

[T L.

[ SR RN T SR RUN] Y )

G;@H

GG H ' ‘ ‘
|

S.Basaket al., Phys. Rev. D72, 094506 (2005)

[ SR |
|
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Nucleon

§ Rotation symmetry is reduced
rotation SO(3) octahedralG, group

3.5
308 § Include more quark
5 H orientations
,_\. m . ] |
2.0
2 — . |
Z1.5
E ] Irreps
1.0 3 Gy
2 H
0.5 : G, ®H z 5 "
| GieGeH - -
0.0
Glg Hg G2g Glu Hu GZu
8§ More details on operators: check otltis YouTube video
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https://www.youtube.com/watch?v=ZU2WPVzGt44

Variational Method

8 Recall: still a coupling problem
lowest-mass state dominate®(0) B (0|ENE|0)Q

§ Decouple them:
1. Construct correlator matrix C; ;(t) = (0 | ©;(t)"©;(0) | 0)
2. Solve the gen. eigensysten C(t,)~2C(£)C (to) V2 = (¢, to)
3. Simple analysis of eigenvalues {lependence)
to get each excited state) (¢ 1)) = e (t=0)Ex (1 + O (e~ 1EI(t=10)y)

C. Michael, Nucl. Phys. B 259, 58 (1985)

M. Lischer and U. Wolff, Nucl. Phys. B 339, 222 (1990)
§ Higher resolution (at least in time direction)

R. Edwards, B.Joo, HWL, Phys. Rev. D
78, 014505 (2008);

HWL et al., Phys. Rev. D 79, 034502
(2009)
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N ; = 2+1 Study: Nucleon

8 N = 2+1, anisotropic clover action HSC, 1004.5072[heplat]
V=163x128,a.h mihpada ® oMBhown - A6

3.5 3.0
300 75 =
| H
2.5
— . ] /_\2.0 |
% 2.0 > g —
2 — = 215
Z1.5 =,
E ] [rreps 2
1.0 1 G, 1.0
3 H .
05 EXp[i| GeH 0.5 Lattice
: G,dG,dH
0.0
Glg H G2g Glu Hu GZu 0.0 Glg Hg ng G]u Hu qu
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Less Khown Case

8 Ni = 2+1, anisotropic clover action  nsc, 1004.5072[hepiat]
V=16%x128,a.h mnfnpaga b oBBhowmn - A6

4.0
. ] L
3.5
o 032t . - -
0(2250) 02%) == %2.5 — —
0(2380) - O
0(2470) o c
$2.0
1.5
Exp 10 Lattice
8§ Predictive power 05 G, H, Go G Hy Gon
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| f t1 me all ow

Learning by Doing!
§ Prior Python withJupyternotebook experience required
X How many of you have not used these before?

8§ Form groups of about 4 students
X Rearrange the tables so your group is sitting together

§ Introduce yourself to the other students in your group
(5-10 mins)

X Name and preferred pronoun

Where are you from and tell us a few things about the place

X If you could hang outwith any cartoon character,
who would you choose and why?

X Make sure you listen to each other!

X

Huey-Wen Lin? 2024 NNPSS @ Indiana University Bloomington



Hands -on Exercise

8§ Handson exercisgscan the QR code to access the
Jupyternotebooks)

X1 1 xAUO OOAQADB OOBOER | OAGA lokto A
OEAl AOOGoe 1T 1A

{ Set0O1l:Jackknifeanalysis(Mon)

{ SetO2: Calculatingproton masses(Mon)

oo gy
L III
1] ---

’ :{LC:'[:%AE?TATTE Huey-Wen Lin? 2024 NNPSS @ Indiana University Bloomington


https://drive.google.com/drive/folders/1WETO82m8XyfcFj3Umf9yXNKY6-aRPLVP
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Transition Form Factors

§ Challenge: Resonances and multipbaticle final states

X Neutrino scattering above the pionproduction threshold,
where the scattered nucleon is excited into resonances

x Inputs: need knowledge on) © sand4 o 4~
x 0-0 transition EM form factors

G los)m o afom)( —a) . n—|o (o

04 " T 7 T T T L TS N LU I L I LA
. } { ; Etss 3 7 { .5
0.2 - 3 $nx ® e e ;
= [ T i 1 = 0_ E © ._:
A L
TT: - E Tee o =1 = f fi o (Pu|Vu|p)

OoF ® - volp
I .‘ E(P“‘V#|p) . -0.4F O(p‘ Ju‘ 11) -
O Exp [ O Exp ]

oL o (p|Vu|Pn) i ; o
Bt 1 S T S RN S S _0_8'....|....|....I|D....|....|.
_1 0 1 2 3 A

0*(GeV?)

Lin et al, Phys.Rev.D78 (2008), 114508
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Transition Form Factors

§ Challenge: Resonances and multipbaticle final states

X Neutrino scattering above the pionproduction threshold,
where the scattered nucleon is excited into resonances

X Inputs: need knowledge orn) © 3and0 © 0°
X 03 axial form factorso INn the transition axial current are

X 6 M|—CAAr) —CeAth AR) Fo  —and | om
12 =
! exper. (dipole) «-------
CA('U] HYB, m, — 353 MeV
3 1 —~ - DWF, m, = 330 MeV VAN
4 1.30 DWF, m, =207 MeV W
. GTR 00 08 ‘_\i\i _
. ’ Hernandez ‘07 <=g‘__
Graczyk '14 < 06 = T"“._' . —
Alvarez-Ruso 16 % ﬁ"--.,
04 Jime (W o8
—_ Alvarez—Ruso '16
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Transition Form Factors

§ Challenge: Resonances and multipbaticle final states

X Neutrino scattering above the pionproduction threshold,
where the scattered nucleon is excited into resonances

X Inputs: need knowledge orn) © 3and0 © 0°

X CAVER: Past lattice calculations haveusél O Oy .

§ Challenge on the lattice
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Transition Form Factors

§ Challenge: Resonances and multipbaticle final states
X Simpler cases show promising results from lattice
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R. Briceno et al, Phys. Rev. D92, 074509 (2015)
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