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Few Personal Facts
§ I am from a small town in Taiwan; PhD at Columbia U
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Few Personal Facts
§ I am from a small town in Taiwan; PhD at Columbia U

§ Preferred pronoun: she/her

§{ƛƴŎŜ b¸/Σ LΩǾŜ ƭƛǾŜŘ ƛƴ ±ƛǊƎƛƴƛŀΣ {ŜŀǘǘƭŜΣ ŀƴŘ ǘƘŜ .ŀȅ !ǊŜŀ
x My biggest worry when I moved to the Midwest: snowstorms

§ Like many women in physics, I married a physics PhD, and 
often find myself the only female in the room
x I started a number of diversity -related activities 
    (social events, surveys, codes of conduct, etc.)
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Few Personal Facts

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

§ I am from a small town in Taiwan; PhD at Columbia U

§ Preferred pronoun: she/her

§{ƛƴŎŜ b¸/Σ LΩǾŜ ƭƛǾŜŘ ƛƴ ±ƛǊƎƛƴƛŀΣ {ŜŀǘǘƭŜΣ ŀƴŘ ǘƘŜ .ŀȅ !ǊŜŀ
x My biggest worry when I moved to the Midwest: snowstorms

§ Like many women in physics, I married a physics PhD, and 
often find myself the only female in the room
x I started a number of diversity -related activities in our subfield 

(social events, surveys, codes of conduct, etc.)

§ My research is in quantum chromodynamics (QCD) 
x I use high-performance supercomputers to study

the properties of the quarks and gluons in the hadrons 
ɉÎÕÃÌÅÏÎȟ ÐÉÏÎȟ ȣɊ
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My Journey as a Physicist 

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

§ Screen shot the webpage??

FIXME: Add EIC 
photos 
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Probing the Heart of Matter
§ Our natural instinct: Smash!

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington 6



Probing the Heart of Matter
§ LHC strikes out onto the high-energy frontier (13 TeV)
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Probing the Heart of Matter
§ The Electron-Ion Collider (EIC): The Ultimate QCD Microscope

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

FIXME: Add EIC 
photos 

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

EIC White Paper, 1212.1701; EIC Yellow Report (2103.05419); 

The Present and Future of QCD (2303.02579) 

2103.05419
2103.05419
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https://inspirehep.net/literature/2638645


Probing the Heart of Matter

§/ŀƭŎǳƭŀǘƛƻƴǎ ǳǎƛƴƎ ǿƻǊŘΩǎ 
largest supercomputers 

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

Fugaku

@Japan

Summit

@US

§/ŀƭŎǳƭŀǘƛƻƴǎ ŘƻƴŜ ǳǎƛƴƎ ǿƻǊƭŘΩǎ ƭŀǊƎŜǎǘ ǎǳǇŜǊŎƻƳǇǳǘŜǊǎ
xMany millions of CPU/GPU hours
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Lecture Plan
§ Lecture Plan (Mon)
xWhy lattice QCD? 

xAnatomy of a lattice calculation

xSpectroscopy example 
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§ Lecture Plan (Tue)
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  



From Thy 
Standard Model to Lattice 

QCD
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The Standard Model and QCD

§ Quantum 
chromodynamics (QCD)
x The strong interactions 

of quarks and gluons 
(SU(3) gauge)

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

Image source: https://www.particlezoo.net 

Image credit: CERN
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Learn QCD  on Your Phone!
§ QCD is well established but

remains little publicized

§ We developed a game to
teach kids about it
x Learn QCD on your phone

Google Play Store     Apple Appstore

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

UG: Tristan Özkan 

https://twitter.com/NSF_MPS/status/1106577806673264640

https://msutoday.msu.edu/news/2019/new -game-app-gets-young-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/


Learn QCD  on Your Phone!
§ Learn QCD on your phone
Google Play Store     Apple Appstore

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

Supported by the NSF 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


§ Quantum chromodynamics (QCD) describes strong 
interactions of quarks and gluons (SU(3) gauge)

xȰ#ÏÎÆÉÎÅÍÅÎÔȱ
  no free quarks allowed

The Color Force

Hadrons

Pion Proton

Q (GeV)

ɻs(Q)

xPerturbation theory (like QED)
works well at high energies

The Nobel Prize in Physics 

2004 
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§ What can we learn from it?

Wide -Scale Applications

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

§Ih²9±9wΧ 

Nuclei and why we exist Neutron matter
How they evolve

Origin of proton mass and 
spin, imaging of proton, 
Parton distribution functions
For new-ÐÈÙÓÉÃÓ ÓÅÁÒÃÈÅÓȟ ȣ

10Ϻρυ m 104 m
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§ Even just the vacuum of QCD is complicated

Difficulties at Low Energy

Classical QCD

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington 17



§ Strong interactions make 
 analytic calculation impossible

§ Direct QCD calculation is desired
   Lattice QCD

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

Difficulties at Low Energy

0100101010
ρπρρρπρπȣ
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Wilson Comes to Rescue!
§ Lattice gauge theory was proposed in the

 1970s by Wilson

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

gluon field

quark field

a

L

t

x, y, z

§ Recover physical limit

  ά ᴼά , ╪ᴼ , ╛O Њ
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§ Lattice QCD is an ideal theoretical tool for investigating 
strong-coupling regime of quantum field theories 

§ Physical observables are calculated from the path integral

πὕ‪ȟ‪ȟὃ π
ρ

ὤ
꜠ὃ ꜠‪ ꜠‪ Ὡ ȟȟὕ‪ȟ‪ȟὃ

gluon field

quark field

a

L

t

x, y, z

 in Euclidian space
xQuark mass parameter 

(described by ά )
x Impose a UV cutoff 
  discretize spacetime
x Impose an infrared cutoff
  finite volume

§ Recover physical limit

  ά ᴼά , ὥᴼπ, ὒO Њ

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

Introducing the Lattice
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§ Lattice gauge theory was proposed in the 
    1970s by Wilson
x7ÈÙ ÈÁÖÅÎȭÔ ×Å ÓÏÌÖÅÄ 1#$ ÙÅÔȩ

§ Progress is limited by computational resources

§ Greatly assisted by advances in algorithms
xPhysical pion-mass ensembles are not uncommon!

1980s Today

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

Are We There Yet?
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Stampede2@TACC (NSF ACCESS)

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

Anatomy of a Lattice Calculation

FNAL pi0 Cluster 
(USQCD SciDAC)

Cori@NERSC (DOE ERCAP, ALCC )

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

LŦ ȅƻǳ ŀǊŜ ȅƻǳƴƎ ŀƴŘ ŜƴŜǊƎŜǘƛŎΧ

QCDOC
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Anatomy of a Lattice Calculation

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

§ The lattice 
community shares 
much software
x for example, many 

in the US lattice 
community use 
code from 
http://usqcd -
software.github.io

 

1. Hardware (computational resources) and Software (Code)
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http://usqcd-software.github.io/
http://usqcd-software.github.io/


Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

Anatomy of a Lattice Calculation

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

 Online tutorials available:

http://www.int.washington.edu/PROGRAMS/12 - 2c/
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Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

Toturials @ INT Summer School 
on

Problem Solving in Lattice QCD

Pin on Icons

Introducing the brand-new Anchor: a better-looking way to say it all

Qr code

Description automatically generated

4 tips to mitigate Slack security risks | CSO Online

Lecture playlist: 
https://www.youtube.com/watch?v=FsN34Sm6Ldo&list=PLDi14w7i5C3Bm3U1IQ4n596U
ZQhOpr1Cx
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https://www.facebook.com/INTLatticeSchool/
https://anchor.fm/myjourneyasaphysicist/
https://sites.google.com/uw.edu/lqcdschool2021/
intlqcdsummerschool.slack.com


Anatomy of a Lattice Calculation

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

2. Some QCD Vacuum (gauge configurations)

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington 26



Anatomy of a Lattice Calculation

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

2. Some QCD Vacuum (gauge configurations)

xWWW (ILDG)

International Lattice Data Grid
http://www.usqcd.org/ildg

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington 27



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

2. Some QCD Vacuum (gauge configurations)

xWWW (ILDG) or generate it yourself 0810.3588 350+

International Lattice Data Grid
http://www.usqcd.org/ildg

t

x, y, z

Anatomy of a Lattice Calculation

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington 28
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Anatomy of a Lattice Calculation

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

2. Some QCD Vacuum (gauge configurations)

3. Correlators (hadronic observables)

x Invert Dirac operator matrix (rank 1012)

xCombine using color, spin and momentum into hadrons

Time

§ Simple hadron operators (not unique)
x“ ὼ ό ὼ‎Ὠ ὼ

x” ὼ ό ὼ‎Ὠ ὼ

xὴ ὼ ό ὼὅ‎Ὠ ὼ ό‭

xɝȟ ὼ ό ὼὅ‎ό ὼ ό‭
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Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

Anatomy of a Lattice Calculation

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

2. Some QCD Vacuum (gauge configurations)

3. Correlators (hadronic observables)

4. Analysis (extraction of masses or couplings)

ὐὐ ᶿ ὐὲ ὲὐὩ

ὓ ÌÏÇ
ὐὐ ὸ ρ

ὐὐ ὸ

Exercise: 1) Derive the time-dependent correlator formula. How 
does it differ between the pion and nucleon? 
2) Are there other ways to define Meff? Can you find an Meff that 
gives the mass of the first radially excited state?
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Anatomy of a Lattice Calculation

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

2. Some QCD Vacuum (gauge configurations)

3. Correlators (hadronic observables)

4. Analysis (extraction of masses or couplings)

5. Systematic Uncertainty (nonzero a, finite L, etc.)

xExtrapolation to the continuum limit 
   (mʌO mʌ

phys, L ᴼЊȟ aᴼ0)
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Anatomy of a Lattice Calculation

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

2. Some QCD Vacuum (gauge configurations)

3. Correlators (hadronic observables)

4. Analysis (extraction of masses or couplings)

5. Systematic Uncertainty (nonzero a, finite L, etc.)

xExtrapolation to the continuum limit 
   (mʌO mʌ

phys, L ᴼЊȟ aᴼ0)

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

BMW Collaboration, Science (2008)

Multiple lattice 
spacing
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Lattice in the News
§ Post-dictions of well known quantities 
xExample: BMW Collaboration,  Science 2008

§ Proves all the systematics are under control
Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington 33



§ Provide higher precision for known quantities

§ Make a lot of mass predictions

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

Successful Examples

34



§ Provide higher precision for known quantities

§ Make a lot of mass predictions

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

Successful Examples

Charmed-Baryon Spectroscopy 

Raul Briceno, Huey-Wen Lin, Daniel Bolton 

Phys. Rev. D86 (2012), 094504
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Bottom Baryons
§ Inconsistency in the CDF and DØ results for ɱ  mass
xOur ɱ  agrees with the CDF result

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

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

CDF

D0
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Bottom Baryons
§ Inconsistency in the CDF and DØ results for ɱ  mass
xOur ɱ  agrees with the CDF result

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

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

W. Detmold et al., (2008), 0812.2583[hep -lat]; R. Lewis et al., PRD79, 014502 (2009); 

H. Na et al., PoS LATTICE2008, 119 (2008).

CD
F

D0D0

CDF
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Nucleon 
§ All baryon spin states wanted: |Jμ Ґ мκнΣ оκнΣ рκнΣ Χ

§ List of 4-star states

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

§ Only 3 distinguished states 
with J=1/2
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Nucleon 
§ Rotation symmetry is reduced

 rotation SO(3) ᵼ octahedral Oh group

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

§ Include more quark 
orientations 

S. Basak et al., Phys. Rev. D72, 094506 (2005)
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Nucleon 
§ Rotation symmetry is reduced

 rotation SO(3) ᵼ octahedral Oh group

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

§ Include more quark 
orientations 

§ More details on operators: check out this YouTube video
40

https://www.youtube.com/watch?v=ZU2WPVzGt44


Variational Method
§ Recall: still a coupling problem
 lowest-mass state dominates ὅὸ В ὕὲ ὲὕὩ

§ Decouple them:
1. Construct correlator matrix 

2. Solve the gen. eigensystem

3. Simple analysis of eigenvalues (t-dependence)
to get each excited state

§ Higher resolution (at least in time direction) 

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

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

M. Lüscher and U. Wolff, Nucl. Phys. B 339, 222 (1990)

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 f  = 2+1 Study: Nucleon
§ Nf = 2+1, anisotropic clover action
 V = 163×128, as Ђ πȢρς fm, as/ at Ђ σȢυȟ Mʌ Ђ σωπ -Å6

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

Exp Lattice

HSC, 1004.5072[hep-lat]
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Less Known Case
§ Nf = 2+1, anisotropic clover action
 V = 163×128, as Ђ πȢρς fm, as/ at Ђ σȢυȟ Mʌ Ђ σωπ -Å6

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

Exp Lattice

HSC, 1004.5072[hep-lat]

§ Predictive power
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If time allowsé
Learning by Doing! 

§ Prior Python with Jupyter notebook experience required 
xHow many of you have not used these before?

§ Form groups of about 4 students
xRearrange the tables so your group is sitting together

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

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

x If you could hang out with any cartoon character,
who would you choose and why?

xMake sure you listen to each other!

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington 44



Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

Hands -on Exercise

45

§ Hands-on exercise(scan the QR code to access the 
Jupyternotebooks) 
x!Ì×ÁÙÓ ÓÔÁÒÔÓ ×ÉÔÈ ȰÐÒÅ-ÃÌÁÓÓȱ ÎÏÔÅÂÏÏË ÂÅÆÏÒÅ ÍÏÖÉÎÇon to
ȰÉÎ-ÃÌÁÓÓȱ ÏÎÅ 

{Set01: Jackknife analysis (Mon)

{Set02: Calculating proton masses(Mon)

{Set03: Extracting nucleon charges (Tue)

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


Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

Backup Slides
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Transition Form Factors
§ Challenge: Resonances and multiple-particle final states
xNeutrino scattering above the pion-production threshold, 

where the scattered nucleon is excited into resonances

x Inputs: need knowledge on ὔᴼɝ and ╝ᴼ╝ᶻ

xὔ-ὖ  transition EM form factors

x ὔ ὠὔ ή ό ὴ Ὂ ή ‎ ήȾ „ ή ό ὴὩ ẗ

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

Lin et al, Phys.Rev.D78 (2008), 114508
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Transition Form Factors
§ Challenge: Resonances and multiple-particle final states
xNeutrino scattering above the pion-production threshold, 

where the scattered nucleon is excited into resonances

x Inputs: need knowledge on ὔᴼɝ and ὔᴼὔᶻ

xὔɝ axial form factors ὅ  in the transition axial current are

x ꜝ ό ὴ Ὣ ήȾή‎ Ὣ ή ẗὴ ήὴ ╒═Ὣ ήή ‎όὴ

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

LHPC, Phys.Rev. 

D83 (2011) 014501
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Transition Form Factors
§ Challenge: Resonances and multiple-particle final states
xNeutrino scattering above the pion-production threshold, 

where the scattered nucleon is excited into resonances

x Inputs: need knowledge on ὔᴼɝ and ὔᴼὔᶻ

xCAVER: Past lattice calculations have used Ὁ Ὁ Ὁȟᶻ

§ Challenge on the lattice

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington 49



Transition Form Factors
§ Challenge: Resonances and multiple-particle final states
xSimpler cases show promising results from lattice 

Huey-Wen Lin ɂ 2024 NNPSS @ Indiana University Bloomington

R. Briceno et al, Phys. Rev. D92, 074509 (2015)
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