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Motivations

Nucleon Structure
Hadronization

Hadrons are emergent 
phenomena of QCD

3



What do we mean by “hadron structure” ?  (1D)

Interpretation in non-interacting QCD 

Parton momentum fraction relative to parent hadron
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parton distribution 
function (PDF)



What do we mean by “hadronization” ?  (1D)

hadron momentum fraction relative to parent parton 

= all states except detected hadron h
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Fragmentation 
functions  (FFs)



So how do we get hadron structure from experimental data?

 Want to see 
internal structure 

But we only see debris

What part of this is the 
“internal structure’’?
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Factorization



e.g. Collinear Factorization theorems
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Small “x” logs Large “x” logs
1/Q

 effects

H
ar

d 
ra

di
at

io
n

��

💪

✋ ✋

✋



Moderate “x”  
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Integrand

moderate x

● Area under the curve is 
dominated by moderate-x region 

● Area in the high-ξ region is       not 
that important

��

��@ moderate Q



High “x”
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Integrand

moderate x high x

✋

✋@ moderate Q

● Area under the curve is 
dominated by moderate-x region 

● Area in the high-ξ region is       not 
that important



Ultra high “x”
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Factorization is not valid

ultra high x

@ moderate Q



JAM global QCD analysis paradigm

PDF

Bayesian
 Inference

Hadronization

Hadron 
Structure

TMD
PDF

GPD

FF

TMD 
FF

Factorization

Exp.
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Bayesian inference
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Experiments = theory + errors 

Hadron 
Structure

Hadronization

RGE boundary conditions



So how do we get hadron structure from lattice?

13

PDF “reconstruction” approach
pro: no need to involve additional data
con: relies on unmeasured |z| --> infinity regions

PDF fitting approach
pro: can be combined with experimental data
con: PDF modeling is needed 

Perturbative matching (analogous to factorization)



Applicability of lattice “factorization”
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Lattice Experiments



Bayesian
 Inference

 JAM+lattice QCD global analysis paradigm
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Unpolarized PDF analysis
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Sensitive only 
to valence

Sensitive to
sea-quark PDFs

Opposite 
dbar-ubar 
asymmetry!

No significant 
impact 



Polarized PDF analysis
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Sensitive only 
to valence

Sensitive to 
sea-quark PDFs

Compatibility  
with exp. data 

Significant impact
of lattice data
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Impact of lattice data
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Real lattice data Mock data

No significant 
impact 

Significant impact
of lattice data



Importance of high-|z| lattice data
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PDFs are not sensitive 
to large z



JAM’18 (3D experiment + lattice QCD: gT moment)

Inclusion of gT as Bayesian prior 
can complement experimental data
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Lin, Melnitchouk, Prokudin, NS, Shows
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JAM PIONS with Threshold Resummation
Pion PDFs at input scale

Truncated momentum fractions

Barry, NS, Ji, Melnitchouk
(in preparation)

Threshold 
resummation 
is scheme 
dependent
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JAM PIONS with Threshold Resummation Barry, NS, Ji, Melnitchouk
(in preparation)

Exponents close to 1 even with 
threshold resummation



Summary and Outlook

A new paradigm

- Inclusion of lattice data with experimental data 

- MC methods for reliable uncertainty quantification

Near future 

- Global analysis of lattice polarized twist 3  (gT)

- Meson exp data  + lattice data 
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