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How to Win a Free T -shirt? 

Questions? Contact hueywen@msu.edu 

§ Complete all levels of Quantum3 game before 8AM June 12th (Mon) 

x Free download from 

xAnswer the questions in the Google Form 

(include a picture)

https://apps.apple.com/us/app/quantum-3/id1406630529
https://play.google.com/store/apps/details?id=com.gellab.quantum3
https://forms.gle/4AUaus3LPKdsodv5A


Topic in QCD : Structure
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xWhat is the structure of the nucleon?

probing insights into nucleons

4



Topic in QCD : Structure
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xWhat is the structure of the nucleon?

probing insights into nucleons

BNL

JLAB
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Hadron Structure
§ Structure function/distribution functions
x deep inelastic scattering

xàxnðq, àx
nðȹq, àx

nðŭq
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Hadron Structure
§ Structure function/distribution functions
x deep inelastic scattering

xàxnðq, àx
nðȹq, àx

nðŭq

§ Form factors
x elastic scattering

x F1(Q
2), F2(Q

2), GA(Q2), GP(Q2)
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Hadron Structure 
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§ Structure function/distribution 
functions
x deep inelastic scattering

xàxnðq, àx
nðȹq, àx

nðŭq

§ Form factors
x elastic scattering

x F1(Q
2), F2(Q

2), GA(Q2), GP(Q2)

§ Generalized Parton Distribution
xDVCS

xàxnī1ðq = An0(0), àxnī1ðȹq = A
~

n0(0),

àxnðŭq = ATn0(0), 

x F1(Q
2) = A10(Q

2), F2(Q
2) = B20(Q

2),

GA(Q2) = A
~

10(Q
2), GP(Q2) = B

~

10(Q
2)

xNucleon spin
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§ Pick a QCD vacuum
xGauge/fermion actions, flavor (2, 2+1, 2+1+1), ά , a, Lȟ ȣ

Nucleon Matrix Elements
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§ Construct correlators (hadronic observables)
x2ÅÑÕÉÒÅÓ ȰÑÕÁÒË ÐÒÏÐÁÇÁÔÏÒȱ

Invert Dirac-operator matrix (rank O(1012 )) 

Nucleon Matrix Elements
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Lattice-QCD calculation of ộN| qτɱq| NỚ

ὸ ὸ
Oi

q

Time

ὸ
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Nucleon Matrix Elements
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Lattice-QCD calculation of ộN| qτɱq| NỚ

π ὸ

Time

ὸOi
q

§ Careful analysis needed to remove systematics
x Wrong results if excited -state systematic is not under control

Exercise: 3) Derive the time-dependent formula for the three-
point correlator. Start with the pion case.
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Nucleon Matrix Elements
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Lattice-QCD calculation of ộN| qτɱq| NỚ

π ὸ

Time

Oi
q

ὸ πȢωφÆÍ ὸ ρȢςÆÍ ὸ πȢωφɀρȢυφÆÍ

§ Careful analysis needed to remove systematics
x Wrong results if excited -state systematic is not under control

Ratio
Plot 

ὸ
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Nucleon Matrix Elements
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Lattice-QCD calculation of ộN| qτɱq| NỚ

ὸ ὸ
ὸ

§ Systematic uncertainty (nonzero a, finite L, etc.)
xNonperturbative renormalization

e.g. RI/SMOM scheme in -3at 2 GeV
xExtrapolation to the continuum limit 

(mʌO mʌ
phys, L ᴼЊȟaᴼ0)

Oi
q
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Moments of PDFs
§ First moments are most commonly done

§ State-of-the art example 
xExtrapolate to the physical limit
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§ Usually more than one LQCD calculation
x3ÏÍÅÔÉÍÅÓ ,1#$ ÎÕÍÂÅÒÓ ÄÏ ÎÏÔ ÅÖÅÎ ÁÇÒÅÅ ×ÉÔÈ ÅÁÃÈ ÏÔÈÅÒȣ 

ὼ Ὠὼὼ ήὼ

SantanuMondal et al (PNDME collaboration), 2005.13779
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Moments of PDFs
§ PDG-like rating system or average
§ LatticePDFWorkshop
x Lattice representatives came together and

devised a rating system

§ Lattice QCD/global fit status

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 

ὼ Ὠὼὼ ήὼ

LatticePDFReport, 1711.07916, 2006.08636 
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Moments of PDFs
§ PDG-like rating system or average
§ LatticePDFWorkshop
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devised a rating system
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ὼ Ὠὼὼ ήὼ

LatticePDFReport, 1711.07916, 2006.08636 
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Moments of PDFs
§ PDG-like rating system or average
§ LatticePDFWorkshop
x Lattice representatives came together and

devised a rating system

§ Recent lattice QCD/global fit status

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 

LatticePDFReport, 1711.07916, 2006.08636 

S. Mondal et al (PNDME), 

2005.13779

ὼ Ὠὼὼ ήὼ‏
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From Charges to PDFs
§ Improved transversitydistribution with LQCD gT

xGlobal analysis with 12 extrapolation forms: Ὣ ρȢππφυψ

xUse to constrain the global analysis fits to
SIDIS “ production data from proton and deuteron targets

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 

Lin, Melnitchouk, Prokudin, Sato, 1710.09858, Phys. Rev. Lett. 120, 152502 (2018)
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Nucleon Flavor Diagonal Charges
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[PNDME collab., Lattice 2022 update, preliminary ]

ÅClover fermion on ὔ ς ρ ρHISQ ensembles

Å Flavor mixing calculated nonperturbatively

ÅChiral -Continuum extrapolation including a data at ὓ

Axial and Tensor charges
ⱭⱫ╝

Ɑ▼

PNDME (2021)
„ which does 
not require 
renormalizatio
n 

Comparison with FLAG 2021 results

Plots by Sungwoo Park 

Nucleon sigma terms 

(Scalar charges)



Nucleon Form Factors
§ Nucleon isovectorelectromagnetic and axial form factor
xMany existing LQCD works in the past few decades 

xWorldwide:
Increasingly many ensembles available at physical pion mass

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 

HL, Int. J. Mod. Phys. A 35 (2020) 11n12, 2030006
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§ Nucleon isovectorelectromagnetic and axial form factor
x Worldwide:

Increasingly many ensembles available at physical pion mass

Form Factors 
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Isovector Electric Form factor Isovector Axial Form factor 

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

Exercise: 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?
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Nucleon Form Factors
§ Nucleon isovectorelectromagnetic and axial form factor
x.ÁÍÅ ÏÆ ÔÈÅ ÇÁÍÅ ÉÓ ÎÏ× ȰÐÒÅÃÉÓÉÏÎȱȡ ÆÕÌÌ ÓÙÓÔÅÍÁÔÉÃ ÃÏÎÔÒÏÌ

xExample work supported by USQCD resources 
(Studying multiple lattice spacings, volumes is important to 
control systematics)

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 

USQCD Collaboration, Eur.Phys.J.A55 (2019) 11, 196  1904.09931 [hep-lat]

PNDME
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Mapping Nucleon Picture
§ Fourier transform using large-Q2 form factors to reveal 

transverse charge densities in a polarized nucleon

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 

HWL, National Academies Press
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Other Form Factors
§ Toward flavor-dependent nucleon form factor 

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 

Green et al., Phys. Rev. D 95, 114502 (2017)

LHPC

Sufianet al., Phys. Rev. Lett. 118,

042001 (2017)

XQCD

§ Hyperon form factor 

Lin, 0707.3844 [hep -lat]

Ӷ’ὴO ‘ɤ

Ӷ’ὲᴼ‘ɫ

Ӷ’ὴO ‘ɫ
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Disconnected Diagrams
§ Disconnected diagram
x-ÕÌÔÉÐÌÅ ×ÁÙÓ ÔÏ ÃÁÌÃÕÌÁÔÅ ÔÈÉÓ ÎÏÔÏÒÉÏÕÓ ÃÏÎÔÒÉÂÕÔÉÏÎȣ

x Truncated solver, hopping-parameter expansion,
ÈÉÅÒÁÒÃÈÉÃÁÌ ÐÒÏÂÉÎÇȟ ȣ

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 25



Quark Spin
§¦Ǉ ŀƴŘ Řƻǿƴ ǉǳŀǊƪ άŎƻƴƴŜŎǘŜŘέ ŎƻƴǘǊƛōǳǘƛƻƴ

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 

PNDME, 1806.09006, 1806.10604

ɝήὥȟά ȟὒ ὧ ὧά ὧὥ ὧὩ

ɝό

ɝὨ
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Quark Spin
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§¦Ǉ ŀƴŘ Řƻǿƴ ǉǳŀǊƪ άŘƛǎŎƻƴƴŜŎǘŜŘέ ŎƻƴǘǊƛōǳǘƛƻƴ
PNDME, 1806.09006, 1806.10604

ɝή ὧ ὧά ὧὥ ὧὩ

Anticipated pion-
mass dependence

Unexpectedly strong 
lattice-spacing 
dependence!

Calculation at ὥ
πȢπωfm can have 
50% change in 
ɝό

▼▀░▼╬

◊▀░▼╬= ▀▀░▼╬
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Quark Spin Contribution
§ Total quark contributions

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 

PNDME, 1806.09006, 1806.10604

DÉÆÆÅÒÅÎÃÅÃÁÕÓÅÄÂÙɝή

The work of HL is supported by NSF CAREER Award under grant PHY 1653405

ʔQCD            0.847(18)(32)    -0.407(16)(18)      -0.035(6)(7)

PNDME
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Total Quark Intrinsic Spin

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 

Slide from Rajan Gupta @ Spin 2018
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Spin Decomposition  
§ Orbital angular momentum from Ji definition 

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 

ρ

ς
ὃ ὄ

obtained using 
GPD moment quark spin quark orbital

angular momentum

§ Total quark and gluon contributions 

u
62(8)%

g
27(3)%

u
57(6)%

g
39(10)%

s
4(3)%

d
11(8)%

ʔQCD, 1904.04138

2+1f Ov/DWF 400 MeV

ETMC, 1706.02973

2f TM+clover,  physical quark, MʌL < 3

s
9(4)%

d
0(5)%
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Proton Mass Decomposition 
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Slide from Keh-Fei Liu  

Gluon Energy

Quark
Energy

Anomaly

Quark 
mass
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Proton Mass Decomposition 

Slide from Keh-Fei Liu  
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Many opportunities to probe new physics with nucleon inputs
§ Parton distribution functions for SM background
xEspecially less known intrinsic strange/charm contribution 

§ Dark matter detection 
xPopular candidates (e.g. SuSyneutralinos) exchange Higgs

§ Electric dipole moment
xCP-ÖÉÏÌÁÔÉÎÇ ÅÆÆÅÃÔ ȟ ÅØÔÒÅÍÅÌÙ ÓÍÁÌÌȡ ÉÎ 3- Ђ ρπϺσπe-cm

§ Neutron beta decay
xNon-VϺA interactions to probe the existence of new particles 

(mediating new forces)with masses in the multi-TeVrange

§ Nucleon (transition) form factors
x First-principles inputs for precision neutrino physics 

Many of these are supported by P5 recommendations or
ongoing Snowmass efforts

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 

Nucleons and New Physics

PNDME, Phys.Rev.D98 (2018) 034503 (84 citations); 

Phys.Rev.D94 (2016) 5, 054508 (120 citations)

Phys.Rev.Lett. 115 (2015) 21, 212002 (108 citations); 

Phys.Rev.D98 (2018) 9, 091501 (43 citations) 

Phys. Rev. D 96, 114503 (67 citations) 

Phys.Rev.D89 (2014) 074505; ongoing work
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OBSM = fO( Sʁ,TgS,T) 

Upcoming precision
low-energy experiments

LANL/ ORNL UCN neutron 
decay ÅØÐȭÔ

|B1Ϻb|BSM < 10Ϻσ

|b|BSM < 10Ϻσ

CENPA: 6He(bGT) at 10Ϻ3

OBSM= fO( Sʁ,TgS,T) 

§ Given precision gS,T andOBSM, predict new-physics scales

Precision LQCD input
(mˉO 140 MeV, aᴼ0)

Beta Decays & BSM

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 

Low-Energy
Expt

‐ȟᶿɤȟ

PNDME, PRD85 054512 (2012);

1306.5435; 1606.07049; 1806.09006
Plots by Vincenzo Cirigliano
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§ Why do we care? 
xCP-ÖÉÏÌÁÔÉÎÇ ÅÆÆÅÃÔ ᵼ +ÅÙ ÉÎÇÒÅÄÉÅÎÔ ÆÏÒ baryogenesis

ᵼ 7ÈÙ ÍÁÔÔÅÒ ÅØÉÓÔÓ 
x%ØÔÒÅÍÅÌÙ ÓÍÁÌÌ ÉÎ 3-ȡ Ђ ρπϺσρe-cm (expect to probe 10Ϻςψsoon) 
xGood candidate to constrain BSM models

Electric Dipole Moment

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 

§ Lagrangian ὒ ὒ ὒ ὒ ὒ Ễ

Induced by a variety of
BSM scenarios

Ὠᶿ ÓÉÎ•

x If experiment sees signal 
before SM background
ᵼnew physics
ᵼ ÑÕÁÒË %$- ɉÏÕÒ ÆÏÃÕÓ ÈÅÒÅɊ

§ Lattice community are working on various contributions
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Electric Dipole Moment 
§ Quark EDM (dq) in nucleon comes from

Ὠ ὨὫ
ȟ

ὨὫ
ȟ

ὨὫ
ȟ

§ Extrapolate to the continuum limit 

§ Implications for new physics? 
x Take split SUSYfor example 

xUsing our lattice inputs, we can derive an upper limit for the 
neutron EDM in split SUSY

Ὠ τ ρπ ὩɇÃÍ

uÓÉÎÇὨ ψȢχ ρπ ὩɇÃÍwith 90% confidence

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 

Ὣ πȢχψτςψ,Ὣ ςπτρρ, Ὣ πȢππςχρφ

Wells, 2003;

Arkani-Hamed and Dimopoulos, 2004;

Giudice and Romanino, 2004

ACME Coll., ScienceVol. 343 no. 6168 pp. 269 -272 (2014)

PNDME, 1806.09006, 1808.07597

PNDME, 1806.09006, 1808.07597

ὕ ή„ ή
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Gluon GFF

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 

Slide by Phiala Shanahan @ Lattice PDF workshop
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§ Jaffe & Manohar, 1990  ɝɫ ɝὋ fl fl

§ Can be calculated through large-momentum frame 
X. Ji et al., PRL. 111 (2013) 112002; 110 (2013) 262002; PRD 89, 085030 (2014)

Ὓ ὖὛ
ὖὛ᷿ ὨὼὉ ᴆὃ ὖὛ

ςὉ

§ First results by ̝QCD
ɝὋ‘ ρπ'Å6
Ὓ Њȟ‘ ρπ'Å6
πȢςψχυυρφ
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Gluon Helicity

{a (fm), Mʌ(MeV)}

P (GeV) 

x Future improvement to matching

§ Current limit

xDSSV14 ᷿
Ȣ
ὨὼЎὋρπ'Å6ȟὼ πȢρτȟπȢςτ

{0.14, 170}
{0.11, 140}
{0.11, 330}
{0.08, 300}
{0.06, 370}

Yang et al, Phys. Rev. Lett. 118 (2017) 102001
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Recent Lattice PDFs Progress 

39
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Parton Distribution Functions
§ PDFs are universal quark/gluon distributions of nucleon
xMany ongoing/planned experiments

(BNL, JLab, J-PARC, COMPASS, GSI, EIC, LHeCȟ ȣɊ

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 

How are the seaquarks and gluons, 
and their spins, distributed in space and 
momentum inside the nucleon?

Imaging of the proton

EIC White Paper, 1212.1701
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Global Analysis 

Theory 
Input

%ØÐȭÔ
Input

Global Analysis 
of PDFs§ Some choices made

for the analysis
xChoice of data sets and kinematic cuts
xStrong coupling constant ɻs(MZ)
xHow to parametrize the distribution

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

ὼὪὼȟ‘ ὥὼ ρ ὼ ὖὼ

§ Experiments cover diverse kinematics of parton variables
xGlobal analysis takes advantage of all data sets

ί Ӷί ‖ό ӶὨ

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 41



Global Analysis

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 

§ Discrepancies appear when data is scarce
§ Many groups have tackled the analysis
xCTEQ, MSTW, ABM, JR, NNPDF, etc.

CTEQ-JLAB 

https://www.jlab.org/theory/cj/ 
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PDFs on the Lattice 
§ Traditional lattice calculations rely on

operator product expansion, only provide moments

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 

ὼ Ὠὼὼ ήὼ

ὼ Ὠὼὼ ɝήὼ

ὼ Ὠὼὼ ήὼ‏

most well known

very poorly known

spin-averaged/unpolarized

spin-dependent
longitudinally polarized

spin-dependent
transversely polarized

§ True distribution can only be recovered with all moments
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PDFs on the Lattice
§ Limited to the lowest few moments
x For higher moments, all ops mix with lower-dimension ops
xNovel proposals to overcome this problem

§ Relative error grows in higher moments
xCalculation would be costly
xHard to separate valence contrib. from sea

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 

W. Detmold and C. Lin, 

Phys. Rev. D73 (2006) 

014501

Z. Davoudi and M. J. 

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: 
xGeneralized parton distributions (GPDs)

x Transverse-momentum distributions (TMD)

x-ÅÓÏÎ ÄÉÓÔÒÉÂÕÔÉÏÎ ÁÍÐÌÉÔÕÄÅÓȣ

xWigner distribution

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 45



§ Overcoming longstanding obstacle to x-distribution 
xNew idea by Ji for studying full x dependence of PDFs

xPromising results on unpolarized and polarized sea asymmetry  

compared with experiments, even at non-physical pion mass

§ Caveats 
xNot a precision calculation yet

xNeed to complete the other pz corrections

(on-going; possibly done in a couple weeks)

xSystematics due to large momenta (some ideas to improve it)

§ Need improvement for large-momentum sources
xBetter overlapping boosted hadron smearing (asymmetric source)

xApplications: large-q form factors, hadronicand flavor physics, é  

Exciting time for hadron structure on the 
lattice 
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Bjorken -x Dependent 
Hadron Structure

Biased selected results, highlighting work 

done by MSU students/postdocs
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Lattice Parton Method
§ Large-momentum effective theory (LaMET)/quasi-PDF

(X. Ji, 2013; See 2004.03543 for review)

N ὖN ὖ
ὸὸ

§ Compute quasi-distribution via

ήὼȟ‘ȟὖ
Ὠᾀ

τ“
Ὡ ὖ‪ᾀɜÅØÐὭὫ Ὠᾀὃ ᾀ ‪π ὖ

X. Xiong et al., 1310.7471; J.-W. Chen et al, 1603.06664

§ Recover true distribution (takePz O Њ limit)

ήὼȟ‘ȟὖ ὅ ȟ ▲◐ȟⱧ ײַ
ὓ

ὖ
ȟ
ɤ

ὼὖ
ȟ
ɤ

ρ ὼὖ
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Lattice Parton Method
§ Short-distance factorization (SDF) 
x pseudo-PDFmethod (A. Radyushkin, 2017) 

xHadronic tensor currents

(Liu et al., hep-ph/9806491, ... 1603.07352) 

x Lattice cross-section method (LCS) 
(Y Ma and J. Qiu, 2014, 2017)

xEuclidean correlation functions 
(RQCD, 1709.04325)

xCompton amplitude approach (QCDSF, 1703.01153)

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 

Quantities 
that can be 
calculated 

on the lattice
today

Wanted 
PDFs, 
GPDs,
etc.

pQCD-
calculated 

kernel

49Huey-Wen Lin ɂRevealing emergent mass through studies of hadron spectra and structure @ECT*



Lattice Parton Calculations
§ Rapid developments!

Huey-Wen Lin ɂ 2023 CFNS-CTEQ Summer School 

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

First unpol . PDF 
lattice calculation

First lattice 
pseudo-PDFs

Hadronic tensor 
Compton 
amplitude

Euclidean 
correlation 
functions 

LCS
Pol. PDFs and 
mass corrections 

1st NNLO 
PDF
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2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Ⱬg-PDF

N g-PDF
Pion GPD

s,c PDF

Kaon
g-PDF

Lattice Parton Calculations
§ Physics quantity milestones
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First unpol . 
lattice PDF

Kaon DA
Pion DA

Pion v-PDF

K PDFPol. PDFs and
mass corrections 

First PDFs

at ╜Ⱬ
ἸἰὁἻ
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