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Parton distribution functions (PDFs) are light-cone correlation functions
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In            gauge, in fast-moving frame PDF has a probabilistic 
interpretation as a particle density
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Parton distributions in hadrons
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Most information on PDFs obtained from lepton-nucleon 
deep-inelastic scattering (DIS) 

structure function given as convolution
of Wilson coefficient and a PDF 

xB =
Q2

2M⌫

F2(xB , Q
2) = xB

X

q

e2q

Z 1

xB

dx

x
Cq

⇣xB

x
,↵s

⌘
q(x,Q2)

xB

X

q

e2q q(xB , Q
2)

for leading order approximation Cq �
⇣
1� xB

x

⌘

3

Parton distributions in hadrons

y = ⌫/E
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Parton distributions in hadrons

note: in general, parton fraction x (internal, unphysical)
is not the same as Bjorken x  (physical, specific to DIS)

structure function given as convolution
of Wilson coefficient and a PDF (τ = 2)
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Factorization in DIS
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Factorization in DIS
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Factorization in DIS

B

B B
B

B
B

B

B

B
2

at lowest order C  = 0g



8

Mellin moments
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Mellin moments
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Mellin moments
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Evolution equations

Scale evolution equations arise from
interactions between quarks & gluons

parton i     j     
splitting function
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Evolution equations
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Evolution equations



16

Evolution equations
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Evolution equations



18

Evolution equations
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Evolution equations
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Modeling PDFs
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Modeling PDFs
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Fitting PDFs

Determining PDF parameters from data
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Fitting PDFs
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Fitting PDFs

likelihood function

prior distribution

expectation value

variance
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Fitting PDFs
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Fitting PDFs



Fitting PDFs

Repeat fits  ~ 1,000 times

mean, variance from MC replicas
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Output PDFs

Anderson, WM, Sato 
arXiv:2501.00665
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3-D HADRON IMAGING

http://www.jlab.org/jam

analyze data using modern Monte Carlo techniques 
& uncertainty quantification to simultaneously extract 
various quantum correlation functions 
— parton distribution functions (PDFs)
— fragmentation functions
— transverse momentum dependent (TMD) distributions
— generalized parton distributions (GPDs)

Jefferson Lab Angular Momentum (JAM) collaboration — an enterprise involving 
theorists, experimentalists, and computer scientists using QCD to study internal 
structure of hadrons

inclusion of lattice data and ML algorithms to potentially expand reach and efficacy
of JAM analyses and understanding of hadron structure in QCD
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3D tomography in terms of quantum correlation functions (QCFs)

“Holistic” approach to global QCD analysis

hadron structure (PDFs,  TMD PDFs,  GPDs)

hadronization (FFs,  TMD FFs)

factorization theorems

simultaneous determination
of various QCFs  

Bayesian inference

Monte Carlo analysis

use of lattice QCD data to 
supplement global analysis 
(with caution)

33



Unpolarized PDFs (and fragmentation functions)

JAM analysis groups

Helicity PDFs

Small-x PDFs
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Pion distributions (collinear and TMD)

TMD PDFs

GPDs

Transversity PDFs

* highlighted in Phys. Rev.  “50 years of QCD”

*



Unpolarized proton PDFs
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SIDIS (semi-inclusive DIS                 )

PDFs and fragmentation functions fitted simultaneously

PDFs & FFs f(x)⌦Dh(z)
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3-D HADRON IMAGING

From perturbative QCD expect symmetric      sea generated
by gluon radiation into      pairs (if quark masses are the same)

qq̄
qq̄

since u and d quarks nearly degenerate,
expect flavour-symmetric light-quark sea

d̄ ⇡ ū Ross, Sachrajda (1979)

Chiral symmetry of QCD (important at low energy) should have 
consequences for antiquark PDFs in nucleon (measured at high energy)

+
PV PVp n

⇡+

p

(ud̄)

d̄ > ū
Thomas (1983)

Sea quark asymmetries
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strong constraints on integrated
in measured region

d̄� ū

shape and magnitude consistent with 
pion cloud models of nucleon

Sea quark asymmetries

Impact of SeaQuest & RHIC W-production data 

Cocuzza, WM, Metz, Sato
PRD 104, 074031 (2021) 

�pd

�pp
⇡ 1 +

d̄(x2)

ū(x2)
for x1 � x2
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Shape and magnitude of strange quark PDF is controversial

historically, strange to nonstrange ratio 

sr
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larger than expected strangeness 
extracted from ATLAS W/Z data

Strange quark sea

Impact of SIDIS & SIA data on unpolarised PDFs
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SIA data at large z disfavor
small s     K  FF

larger s     K  FF requires
smaller strange PDF

Sato, Andres, Ethier, WM
PRD 101, 074020 (2020) 

suppression of strange
PDF compared to ATLAS
extraction
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W+c production in pp collisions

Anderson, WM, Sato,
in preparation (2024) 

sensitive to s and s distributions 
_

ATLAS and CMS data indicate larger strange content

Strange quark sea
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W+c production in pp collisions

sensitive to s and s distributions 
_

ATLAS and CMS data indicate larger strange content

Anderson, WM, Sato,
in preparation (2024) 

combined analysis gives                      for 
with larger overall uncertainty 

0.01 . x . 0.25
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Strange quark sea
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Flavor asymmetries in spin PDFs expected from antisymmetrization

tested in W production
in polarized pp collisions

AW+
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Quest to unravel spin decomposition continues!

Where does the spin of the proton come from?

Proton spin crisis (European Muon Collaboration, 1988) — total spin ΔΣ 

carried by quarks and antiquarks consistent with zero!
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quark helicity
(~ 30%)

gluon helicity
(positive?)

quark & gluon orbital 
angular momentum 
(largely unknown)

Global experimental program in polarized      & pp scattering        
       more refined picture, in which ΔΣ ~ 0.3, and evidence that
       spin carried by gluons ΔG is positive
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Information on helicity-dependent PDFs obtained from polarized       DIS

polarized structure functions given
by helicity parton distributions 
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First simultaneous analysis including polarized and unpolarized jets
in proton-proton and proton-antiproton collisions

Polarized glue

Zhou, Sato, WM, PRD 105, 074022 (2022)
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polarized strange and gluon spin PDFs depend strongly on 
theoretical assumptions, especially positivity of (unpolarized) PDFs 

cannot rule out negative gluon polarization from experiment alone!
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favors positive gluon polarization?

New lattice QCD calculations of Ioffe-time pseudo-distributions

fit experimental + lattice data simultaneously

Polarized glue

depends on

Egerer et al. [HadStruc Collaboration]
PRD 106, 094511 (2022)

Karpie, Whitlehill, WM et al., PRD 109, 036031 (2024)
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2

but … negative Δg gives rise
to negative ΔΣ at large x 🤔
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Polarized glue
Lower W   cut from 10 GeV   to 4 GeV   to include high-x region

Hunt-Smith, Cocuzza, WM, Sato, Thomas, White, arXiv:2403.08117

2 2 2

including high-x DIS data (CLAS, Hall A, SANE), LQCD strongly disfavors 
negative ΔΣ solutions at x > 0.5

in data-driven approach, Δg < 0 can be ruled out only
with inclusion of polarized jet, lattice, and high-x DIS data!
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Transversity

Cocuzza, Metz, Pitonyak, Prokudin, Sato, Seidl
PRD 109, 034024 (2024)
PRL 132, 091901 (2024)

Reconstruct transversity h  PDFs from
   single spin asymmetries (SIDIS, pp)
   within TMD+CT3 framework
              “JAM3D”
    dihadron production in SIDIS, pp
     and e  e   data 
          “JAMDiFF”

+ _

Tension between experiment and 
lattice QCD data?

weak constraints on h  
from experiment at x > 0.3

1

1

LQCD moments suggest
large contributions at high x

more high-x data needed
to test compatibility 

tension between 
LQCD & experiment 
removed by adjusting 
h   in (extrapolated)
large-x region

1
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Transversity

Cocuzza, Metz, Pitonyak, Prokudin, Sato, Seidl
PRD 109, 034024 (2024)
PRL 132, 091901 (2024)

Reconstruct transversity h  PDFs from
   single spin asymmetries (SIDIS, pp)
   within TMD+CT3 framework
              “JAM3D”
    dihadron production in SIDIS, pp
     and e  e   data 
          “JAMDiFF”

+ _

Tension between experiment and 
lattice QCD data?

weak constraints on h  
from experiment at x > 0.3

1

1

LQCD moments suggest
large contributions at high x

more high-x data needed
to test compatibility 

tension between 
LQCD & experiment 
removed by adjusting 
h   in (extrapolated)
large-x region

1
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Generalized parton distributions
JAM’s GPD efforts moving towards ML-based analysis

GPDs more complicated, traditional methods require more modeling
capitalize on tools developed for imaging in ML

model GPDs as pixels instead of assuming functional forms 
… address resolution with which images can be reconstructed

JAM participating in multi-institutional projects 
Quark-Gluon Tomography (QGT) Topical Collaboration 
— global analysis of GPDs from DVCS & DVMP data with LQCD

LDRD
— SDHEPS to reconstruct x dependence:  photoproduction in Hall D

QuantOm
— integrated experiment and theory event-level analysis framework for
     hadron structure studies: fold detector effects with QCD reaction

ML-enabled framework requires differentiable programming libraries (PyTorch)

develop data analysis framework for simultaneous extractions of QCFs  
— capitalize on JAM PDF/TMD machinery
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Outlook

Progress made by JAM Collaboration towards simultaneous QCD analysis 
of all observables sensitive to collinear (spin-averaged and spin-dependent) 
PDFs and FFs,  as well as TMD PDFs and TMD FFs 

JAM machinery being leveraged in development of ML-based analysis 
framework for GPDs, TMDs, PDFs

Incorporation of lattice QCD data into global analysis (with caution)

Increasing utilization of AI/ML tools to meet complexity challenge

3-D structure of hadrons

http://www.jlab.org/jam

http://www.jlab.org/jam

