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

Jefferson Lab Angular Momentum (JAM) collaboration — an enterprise
involving theorists, experimentalists, and data scientists using QCD to 
extract internal quark & gluon structure of hadrons from data

inclusion of lattice QCD data to supplement global analysis (with caution!) 
in the absence of experimental constraints
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Global QCD analysis with JAM

Bayesian Monte Carlo approach, multi-step strategy to scan parameter space

iterative Monte Carlo

probability distribution P(~a|data) / L(data|~a)⇡(~a)
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data resampling 

uncertainty quantification from replica ensembles

Christina Cocuzza

Patrick Barry



Unpolarized PDFs (and fragmentation functions)

Helicity PDFs

Global QCD analysis with JAM



Small-x PDFs

Transversity PDFs

Global QCD analysis with JAM

Pion distributions



TMD PDFs

GPDs

Global QCD analysis with JAM



Unpolarized PDFs (and fragmentation functions)

Helicity PDFs

Global QCD analysis with JAM



Nuclear EMC effect

Ratios of cross sections of nuclei to “isoscalar nucleon” (often deuteron)
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Gomez et al., PRD 49, 4348 (1994)

Arrington et al., PRC 104, 065203 (2021)

similar general shape observed for all nuclei from  He to     Pb3 208

for isospin asymmetric nuclei, denominator is effectively “corrected” by
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depends on neutron/proton ratio, 
which is not directly measured



Neutron to proton cross section (or structure function) ratio traditionally obtained 
from deuteron to proton ratio
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requires model of deuteron structure 

Typically assume scattering takes place from individual nucleons in the deuteron
       deuteron and nucleon structure related via generalized convolution

on-shell smearing function off-shell smearing function

Nuclear EMC effect
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cannot use extracted n/p ratio to then study EMC effect in deuteron!

can we determine EMC effect in light nuclei independently of n/p input? 
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on-shell proton PDF
(fitted to world proton data,
 generally well constrained)

off-shell PDF
(fitted to nuclear data,
not well understood)



Off-shell nucleon PDF depends on the nucleon species, and on the specific
nucleus in which the nucleon is bound
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depends also on the nature of interaction 
between spectator partons (“diquark”) 

and residual (A-1) nuclear system

Off-shell nucleon PDFs

A

N

A  1_

q

normalization condition (valence quark number the same in free & bound nucleon)

for A = D, only the isoscalar u + d combination enters
(not to be confused with isospin of exchanged state * )

exchange of 
I = 0 or I = 1
quantum #s *

assume isospin symmetry for all (on-shell and off-shell) PDFs
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Deuteron EMC effect

has nontrivial dependence on Bjorken-x, especially at large x 

Ratio of deuteron to free nucleon structure functions

~ 1%–3% depletion
at x ~ 0.6

rapid rise due to
Fermi motionuncertainties from D 

wave function and
fitted off-shell PDFs

Cocuzza et al.
arXiv:2602.16589
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Deuteron EMC effect

Shape of EMC ratio depends (partly) on sign and magnitude of off-shell effects

for the deuteron the overall effect is small

is effect intrinsically small, or are there cancellations between 
different flavors, since deuteron is only sensitive to u+d combination?  

need other nuclei to determine flavor dependence

He,  H3 3

Cocuzza et al.
arXiv:2602.16589
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EMC effect in  He and  H3 3

Can we learn about both on-shell proton PDFs and nuclear effects off-shell 
functions (nuclear effects)?

JAM framework ideally suited to such (simultaneous) analysis

original motivation was extraction of ratio of neutron to proton 
structure functions

First ever measurement of ratio of   H/D  and   He/D  (and  He/  H) 
cross sections in MARATHON experiment
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and determination of d/u PDF ratio
… assuming knowledge of nuclear effects!
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MARATHON data versus theory comparisons

Cocuzza et al., arXiv:2602.16589

good agreement between data 
(including MARATHON and E03-103) 
and theory in global fit
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Global QCD analysis with MARATHON data



assumed in MARATHON analysis

significant uncertainty reduction 
with MARATHON data

Super-ratio of   He and  H  EMC ratios3 3

Abrams et al., PRL 128, 132003 (2022)Cocuzza et al., arXiv:2602.16589

Fitted neutron to proton structure function ratio

relatively small difference between JAM global fit and MARATHON extraction
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Global QCD analysis with MARATHON data
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relatively small effect on u and d PDFs 
… already constrained by global dataset

Global QCD analysis with MARATHON data

Impact of MARATHON data on u and d PDFs in the proton
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Cocuzza et al.
arXiv:2602.16589

large nonzero isoscalar off-shell PDF

hint of flavor asymmetric isovector off-shell PDF

Global QCD analysis with MARATHON data

First ever extraction of isospin and flavor dependence of off-shell PDFs

�q0 = �u0

= �d0
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nonzero
asymmetry?
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EMC effect in  He and  H3 3

JAM analysis fits all overall normalization uncertainties, within quoted uncertainties 
— cf. MARATHON experiment, fixed normalization assuming no EMC effect
     at x = 0.31 (as in Kulagin-Petti model)

significant difference between
globally fitted and MARATHON+KP

normalizations for  He/D data3
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EMC effect in  He and  H3 3

Shape of EMC ratio depends on sign and magnitude of off-shell effects

3
He : 9�u0 + 6�d0 + �u1 + 4�d1
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D : �u0 + �d0 + �u1 + �d1
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H : 6�u0 + 9�d0 + 4�u1 + �d1
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essentially no off-shell effect in deuteron

significant off-shell effect in  He, slightly smaller in  H3 3
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Outlook

Performed comprehensive global QCD analysis of unpolarized PDFs in the proton 
from world p, D, A=3 data, including latest MARATHON data

JAM framework ideally suited to such (simultaneous) analysis

sizable isoscalar off-shell corrections, hint of isovector effect

Future 

Observations

nucleon off-shell contributions to PDFs essential to fit A=3 data

first information on flavor dependence on EMC effect in light nuclei

no need to fix normalization of MARATHON data to models 

proposal to redo  He/  H in Hall C — PR12-26-011 (Tyler Hague et al.)

—  test MARATHON test normalization procedure

3 3

SIDIS with  He/  H  
—  additional, independent combinations of u, d flavors

3 3


