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Motivations

Nucleon Structure
Hadronization

Hadrons are emergent 
phenomena of QCD
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What do we mean by “hadron structure” ?  (1D)

Interpretation in non-interacting QCD 

Parton momentum fraction relative to parent hadron
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What do we mean by “hadronization” ?  (1D)

hadron momentum fraction relative to parent parton 

= all states except detected hadron h
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Spin structures

Helicity distribution

Transversity
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Extensions to 3D

Transverse momentum 
distribution -> TMDs

Impact parameter 
distribution -> GPDs

Longitudinal momentum fraction

PDFs
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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’’?

Factorization
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Factorization in deep-inelastic scattering  (DIS)

Internal structure Collision dependent factor

Error of approximations

Approximations
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Factorization in other reactions
hadronization

SIA

SIDIS

structure + hadronization ..and many more
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...

Universality

SIA SIDISDIS

cross sections described by universal 
non-perturbative functions, e.g. PDFs, FFs
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The Bayesian inference
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Experiments = theory + errors 

Hadron 
Structure

Hadronization



The  QCD global analysis paradigm
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1D collinear 
structures 

2D: transverse 
momentum  
structures 3D imaging
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JAM’15 (1D spin-PDFs)
Bayesian MC framework

Genuine twist 3 effects
High-x data
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NS, Melnitchouk, Kuhn, Ethier, Accardi



JAM’15 (1D spin-PDFs)

SU(3) constraints:

Role of SIDIS and SIA ?

“...It is demonstrated that the 
polarized strange quark 
density is very sensitive to 
Kaon FF.”
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NS, Melnitchouk, Kuhn, Ethier, Accardi



JAM’16 (1D FFs)

FF kaon: 
JAM closer to DSS at large z
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JAM’17 (1D simultaneous extraction of spin PDFs and FFs)

- Use of pol. DIS, SIDIS and SIA
- No SU(2) nor SU(3) constraints
- Empirical evidence of g_3 ~ g_A 2%
- No strange puzzle - need more data

Florian, Sassot, Stratmann, Vogelsang
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Ethier, NS, Melnitchouk



JAM’19 (1D simul. extraction of spin-averaged PDFs and FFs)

Strange suppression disfavored 
by collider W+c data 

SIA (kaon) prefers large 
strange -> Kaon FF

SIDIS (kaon) suppresses strange PDF

Faura, Iranipour,  Nocera, Rojo,Ubiali
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JAM’20 (3D zoo of correlation functions)
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Cammarota, Gamberg, Kang, Miller, Pitonyak, Prokudin, Rogers, NS



JAM’20 (3D zoo of correlation functions)
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JAM’20 (1D experiment + lattice QCD: quasi-PDFs)
Bringewatt, NS, Melnitchouk, Qiu, Steffens, Constantinou
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Summary and Outlook

A new paradigm

- Simultaneous extraction of all hadronic structures

- MC methods for reliable uncertainty quantification

- Inclusion of lattice data as Bayesian priors 

Near future 

- Inclusion of all RHIC spin data

- Combined analysis of PDFs and TMDs 

- Inclusion of JLab 12 GeV data

JAM Collaboration 
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