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

Jefferson Lab Angular Momentum (JAM) collaboration uses QCD theory
and data analysis tools to determine internal quark & gluon structure
of hadrons from experimental data

use lattice QCD data (judiciously) to supplement global analysis in the absence 
of experimental constraints
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Global QCD analysis with JAM



Parton distribution functions (PDFs) are light-cone correlation functions
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In            gauge, in fast-moving frame PDF has a simple probabilistic 
interpretation as a particle density
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Parton distribution functions
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process-independent parton distribution functions 
characterise structure of bound state A
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High-energy scattering process AB → C X

QCD factorisation:  systematic separation of hard (perturbative, process-dependent)
from soft (nonperturbative, process-independent) physics

Collins, Soper, Sterman (1980s)
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Parton distribution functions
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Theoretical framework 
— collinear factorisation
— iterative Monte Carlo with data resampling 
— Bayesian sampling of parameter space
— uncertainty quantification from replica ensembles

Traditional functional form for PDFs

polynomial, neural net, …

sampler priors

fit

fit

fit

posteriors

iterate until convergence
(posteriors = priors)
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Z
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⇥
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probability distribution

Bayesian formulas for expectation values and variances for     with parameters  O
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P(~a|data) / L(data|~a)⇡(~a)
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prior distribution
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JAM  methodology

<latexit sha1_base64="k+jCprmEGLF/a2q7872i73VxFbM="></latexit>

f(x, µ) = N xω(1→ x)ε P (x)
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P (A|B) =
P (B|A)P (A)

P (B)



Unpolarised proton PDFs

Simultaneously extract PDFs and fragmentation functions from inclusive DIS,
SIDIS, Drell-Yan, W/Z boson and jet production, W+c production, single-inclusive
e  e   annihilation+ _

Anderson, WM, Sato, PRD 112, 094011 (2025)
Cocuzza, WM, Sato, Thomas, arXiv:2605.00666

DIS, Drell-Yan, W/Z/jet production PDFs
<latexit sha1_base64="dfACsVnZB1ZUmjlt8BoFS6dFvkA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkIi0tZbwYvHCvYD2lA22027dDcJuxuxhP4FLx4U8eof8ua/cdMG1OqDgcd7M8zM82POlHacT6uwtr6xuVXcLu3s7u0flA+POipKJKFtEvFI9nysKGchbWumOe3FkmLhc9r1p9eZ372nUrEovNOzmHoCj0MWMIJ1JgXVh/NhueLY9VqjcdVAju0s8E3cnFQgR2tY/hiMIpIIGmrCsVJ914m1l2KpGeF0XhokisaYTPGY9g0NsaDKSxe3ztGZUUYoiKSpUKOF+nMixUKpmfBNp8B6ola9TPzP6yc6aHgpC+NE05AsFwUJRzpC2eNoxCQlms8MwUQycysiEywx0SaekgnBXX35L+lc2G7Nrt1eVppOHkcRTuAUquBCHZpwAy1oA4EJPMIzvFjCerJerbdla8HKZ47hF6z3L66xjfg=</latexit>

f(x)

SIA (single-inclusive         annihilation                   ) FFs 
<latexit sha1_base64="ld6/pXZSogu82d3dEVGXzGevOQg=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBZBEEsStOqt4MVjBfsBbVo220m7dpMNuxuhhP4HLx4U8er/8ea/cdsG0eqDgcd7M8zM82POlLbtTyu3tLyyupZfL2xsbm3vFHf3GkokkkKdCi5kyycKOIugrpnm0IolkNDn0PRH11O/+QBSMRHd6XEMXkgGEQsYJdpIDeieQPe0VyzZZXsGbJdd13GuzvG34mSkhDLUesWPTl/QJIRIU06Uajt2rL2USM0oh0mhkyiICR2RAbQNjUgIyktn107wkVH6OBDSVKTxTP05kZJQqXHom86Q6KFa9Kbif1470cGll7IoTjREdL4oSDjWAk9fx30mgWo+NoRQycytmA6JJFSbgAomBGfx5b+k4ZadSrlye1aqulkceXSADtExctAFqqIbVEN1RNE9ekTP6MUS1pP1ar3NW3NWNrOPfsF6/wLeQo6j</latexit>

e+e→
<latexit sha1_base64="oxH53UfUk33r99uY2HHNkKuaF2M=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAZBMIbdoFFvAS8eI5gHZDdhdtKbDJl9MDMbCEv+xIsHRbz6J978GyfJIhotaCiquunu8mLOpLKsTyO3srq2vpHfLGxt7+zumfsHTRklgkKDRjwSbY9I4CyEhmKKQzsWQAKPQ8sb3c781hiEZFH4oCYxuAEZhMxnlCgt9UwTumfQPceOivDQKeF2zyxaZWsObJUrFdu+ucTfip2RIspQ75kfTj+iSQChopxI2bGtWLkpEYpRDtOCk0iICR2RAXQ0DUkA0k3nl0/xiVb62I+ErlDhufpzIiWBlJPA050BUUO57M3E/7xOovxrN2VhnCgI6WKRn3Cs35zFgPtMAFV8ogmhgulbMR0SQajSYRV0CPbyy39Js1K2q+Xq/UWxVsriyKMjdIxOkY2uUA3doTpqIIrG6BE9oxcjNZ6MV+Nt0ZozsplD9AvG+xdMsZIZ</latexit>

e+e→ → hX

SIDIS (semi-inclusive DIS                 ) PDFs & FFs
<latexit sha1_base64="vE5mQCq7DpPBJ6dPQWYbPhHyaHQ=">AAACBXicbVDLSsNAFL3xWesr6lIXg0VwUUJStOqu4MaVVLAPaEKZTCft0MmDmYlQQjdu/BU3LhRx6z+482+ctkG0euDCmXPu5c49fsKZVLb9aSwsLi2vrBbWiusbm1vb5s5uU8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb84eXEb91RIVkc3apRQr0Q9yMWMIKVlrrmgUs5d8voGrkqRprk74Gudtcs2ZY9BbKtSsVxLk7Rt+LkpAQ56l3zw+3FJA1ppAjHUnYcO1FehoVihNNx0U0lTTAZ4j7taBrhkEovm14xRkda6aEgFroihabqz4kMh1KOQl93hlgN5Lw3Ef/zOqkKzr2MRUmqaERmi4KUI33wJBLUY4ISxUeaYCKY/isiAywwUTq4og7BmT/5L2lWLKdqVW9OSrVyHkcB9uEQjsGBM6jBFdShAQTu4RGe4cV4MJ6MV+Nt1rpg5DN78AvG+xfRKpYr</latexit>

ωN → ωhX
<latexit sha1_base64="WY7Me0JKjjkpilOPjRNjn08mcWg=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovQbkoi0sZdQRcuK9gHtLFMppN26GQSZiZiDPVX3LhQxK0f4s6/cdoG1OqBC4dz7uXee7yIUaks69PIrayurW/kNwtb2zu7e+b+QVuGscCkhUMWiq6HJGGUk5aiipFuJAgKPEY63uR85nduiZA05NcqiYgboBGnPsVIaWlgFv3yXQX2Q0UDIuHFzbh8XxmYJatarznOmQOtqjXHN7EzUgIZmgPzoz8McRwQrjBDUvZsK1JuioSimJFpoR9LEiE8QSPS05QjvctN58dP4bFWhtAPhS6u4Fz9OZGiQMok8HRngNRYLnsz8T+vFyvfcVPKo1gRjheL/JhBFcJZEnBIBcGKJZogLKi+FeIxEggrnVdBh2Avv/yXtE+qdq1auzotNewsjjw4BEegDGxQBw1wCZqgBTBIwCN4Bi/Gg/FkvBpvi9ackc0UwS8Y718fi5PC</latexit>

f(x)→Dh(z)

<latexit sha1_base64="5ftKaW7WNkPWqfEmM5xL7njWEO0=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BItQLyERaeOtoAePFewHtLFstpt2dbMbdjdCLf0PXjwo4tX/481/47YNqNUHA4/3ZpiZFyaMKu26n1ZuaXlldS2/XtjY3NreKe7uNZVIJSYNLJiQ7RApwignDU01I+1EEhSHjLTCu/Op37onUlHBr/UoIUGMBpxGFCNtpObFzbD8cNwrllynWvH9M992HXeGb+JlpAQZ6r3iR7cvcBoTrjFDSnU8N9HBGElNMSOTQjdVJEH4Dg1Ix1COYqKC8ezaiX1klL4dCWmKa3um/pwYo1ipURyazhjpoVr0puJ/XifVkR+MKU9STTieL4pSZmthT1+3+1QSrNnIEIQlNbfaeIgkwtoEVDAheIsv/yXNE8erOJWr01LNy+LIwwEcQhk8qEINLqEODcBwC4/wDC+WsJ6sV+tt3pqzspl9+AXr/Qv3T46z</latexit>
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Cocuzza, WM, Sato, Thomas, arXiv:2605.00666

Anderson, WM, Sato, PRD 112, 094011 (2025)

Simultaneously extract PDFs and fragmentation functions from inclusive DIS,
SIDIS, Drell-Yan, W/Z boson and jet production, W+c production, single-inclusive
e  e   annihilation

stability of fits down to W 2 = 3.5 GeV2

<latexit sha1_base64="7v8Eg9dQ/TQ4qOqxi8Lc+T9ot8Y=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyGJLT5AKLjQZQX7gDYtk+mkHTqZhJmJUELFX3HjQhG3foc7/8ZpG0SrBy4czrmXe+/xY0alsu1PI7ewuLS8kl8trK1vbG6Z2zt1GSUCkxqOWCSaPpKEUU5qiipGmrEgKPQZafjDy4nfuCNC0ojfqlFMvBD1OQ0oRkpLXXOv0XHhBTy2yvdpW4TwitTHHbdrFm3LngLalus6zlkZfitORoogQ7VrfrR7EU5CwhVmSMqWY8fKS5FQFDMyLrQTSWKEh6hPWppyFBLppdPzx/BQKz0YREIXV3Cq/pxIUSjlKPR1Z4jUQM57E/E/r5Wo4NRLKY8TRTieLQoSBlUEJ1nAHhUEKzbSBGFB9a0QD5BAWOnECjoEZ/7lv6TuWk7JKt+UipXzLI482AcH4Ag44ARUwDWoghrAIAWP4Bm8GA/Gk/FqvM1ac0Y2swt+wXj/Aomhk+4=</latexit>

+ _

Unpolarised proton PDFs
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Adolph et al. (COMPASS)
Phys. Lett. B 764, 1 (2017)

Strange quark PDF

sr
-0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4

ABKM09
NNPDF2.1
MSTW08
CT10 (NLO)
total uncertainty
experimental uncertainty

ATLAS, x=0.0232 = 1.9 GeV2Q sepWZ free 

rs = (s+ s̄)/2d̄

= 1.00+0.25
−0.28

(20pp ! W (Z) +X

First analysis to include SIDIS multiplicity and                                   cross section data, 
with enhanced sensitivity to strange quarks

<latexit sha1_base64="C2UdbYouSZuKda7XQGuab/YWYZ4=">AAAB+nicdVBNS8NAEJ3Ur1q/Uj16WSyCUChJ0dZjwYvHCvYD2lA22027dLMJuxulxP4ULx4U8eov8ea/cdtGqKIPBh7vzTAzz485U9pxPq3c2vrG5lZ+u7Czu7d/YBcP2ypKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJ1dzv3NHpWKRuNXTmHohHgkWMIK1kQZ2MS7HqK8j1EFlREx1B3bJqTgLoBVSv6jWqg5yM6UEGZoD+6M/jEgSUqEJx0r1XCfWXoqlZoTTWaGfKBpjMsEj2jNU4JAqL12cPkOnRhmiIJKmhEYLdXUixaFS09A3nSHWY/Xbm4t/eb1EB5deykScaCrIclGQcGReneeAhkxSovnUEEwkM7ciMsYSE23SKpgQvj9F/5N2teLWKrWb81LDzeLIwzGcwBm4UIcGXEMTWkDgHh7hGV6sB+vJerXelq05K5s5gh+w3r8A+giR1w==</latexit>

p+ p → W + c+X
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SIDIS data have slight preference for smaller strangeness

W+c data have slight preference for larger strangeness

strange/nonstrange ratio compatible with SU(3) at x < 0.02, 
suppressed at higher x … still relatively large uncertainty

Strange quark PDF



Nuclear EMC effect

Ratios of cross sections of nuclei to “isoscalar nucleon” (often deuteron)

10

Gomez et al., PRD 49, 4348 (1994)

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

similar general shape observed for all nuclei from  He to     Pb4 208

systematic deviation of nuclear to nucleon ratios away from 1
… evidence of nuclear medium modification of quark structure

European Muon Collaboration (EMC)
PLB 123, 275 (1983)
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Scattering from individual nucleons in the nucleus

on-shell smearing function off-shell smearing function

Nuclear EMC effect

<latexit sha1_base64="mhdK0Hg1J7IiBHE84traVd6b0Tk="></latexit>

FA
2 (xB , Q

2) =
∑

N

[
f (on)
N/A → FN

2 + f (o!)
N/A → ωFN/A

2

]
(xB , Q

2)

on-shell proton PDF
(fitted to world proton data,
 generally well constrained)

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

nuclear and nucleon structure related via generalised convolution

nucleon-level structure



Off-shell nucleon PDF depends on the nucleon species, and on the specific
nucleus in which the nucleon is bound

12

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

normalisation 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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EMC effect in  He and  H3 3

Can we learn about both on-shell proton PDFs and 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

3 3 3 3

Fn
2

F p
2

=
2R� F

3
He

2
/F

3
H

2

2F
3He

2
/F

3H
2

�R
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R ⌘ R3He/3H =
R3He

R3H
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R3He =
F

3
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2

2F p
2
+ Fn

2

<latexit sha1_base64="v0SPl6dR9Cxeuj5TMbyJdXkLXhg=">AAACI3icbVDLSsNAFJ34rPEVdelmsAiCUJJaUQShIEiXVewD+giT6aQdOpmEmYlQQv7Fjb/ixoVS3LjwX5y0XdTWA5d7OOdeZu7xIkalsu1vY2V1bX1jM7dlbu/s7u1bB4d1GcYCkxoOWSiaHpKEUU5qiipGmpEgKPAYaXjDu8xvPBMhacif1CginQD1OfUpRkpLrnXz6Cbdi6QtAlghaWrewrYvEE7u3WJ33kiTYiZF8Bxmnaem6Vp5u2BPAJeJMyN5MEPVtcbtXojjgHCFGZKy5diR6iRIKIoZSc12LEmE8BD1SUtTjgIiO8nkxhSeaqUH/VDo4gpO1PmNBAVSjgJPTwZIDeSil4n/ea1Y+dedhPIoVoTj6UN+zKAKYRYY7FFBsGIjTRAWVP8V4gHSGSkdaxaCs3jyMqkXC06pcPlQypdLszhy4BicgDPggCtQBhVQBTWAwQt4Ax/g03g13o2x8TUdXTFmO0fgD4yfX11poik=</latexit>

R3H =
F

3
H

2

F p
2
+ 2Fn

2
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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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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 flavour asymmetric isovector off-shell PDF

Global QCD analysis with MARATHON data

First ever extraction of 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

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

D: cancellation of small isovector (> 0)  
and isoscalar (< 0) contributions 

He: almost no contribution from 
isovector; entire effect from isoscalar

3

3H: large isoscalar, partially cancelling
smaller isovector
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Summary

Sizable isoscalar off-shell corrections, hint of isovector effect

Nucleon off-shell contributions to PDFs essential to describe A=3 data

First information on flavor dependence on EMC effect in light nuclei

Tyler Hague



PDFs in the pion — Drell-Yan
Understanding differences between PDFs in different hadrons can give insights into 
how hadrons are built from quarks & gluons, and nature of nonperturbative QCD

⇡

Ν
constrains valence PDFs at           …          x � 0

… but sea quark & gluon PDFs
     at small x unconstrained

Conway et al., PRD 39, 92 (1989)

x⇡
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Sutton et al., PRD 45, 2349 (1992)
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Historically,  PDFs in the pion extracted from 
pion-nucleon (tungsten) Drell-Yan data (CERN, FNAL)

Proton structure studied intensively for > 1/2 century — in contrast, much less is 
known about parton structure of the pion

d2�

dx1dx2
=

4⇡↵2

9Q2

X

ij

⇥
Cij ⌦ f⇡

i ⌦ fA
j

⇤
(x1, x2, µ

2)
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ZEUS & H1 collaborations at HERA measured spectra of “leading neutrons” (LN)
                       produced at very forward angles

can data be described with Sullivan process (DIS from near on-shell pion)?
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xL
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Chekanov et al., NPB 637, 3 (2002)
Aaron et al., EPJC 68, 381 (2010)
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Measured LN differential cross section (integrated over     )pT
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Simultaneous analysis of DY and LN

Barry, Sato, WM, Ji
PRL 121, 152001 (2018)
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First combined fit to HERA LN and Drell-Yan data, fitting both PDF
and chiral splitting function parameters simultaneously

optimize        with
maximum number
of points that 
can be described
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splitting function models

optimal cut choice y < 0.2
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significant reduction of glue and 
sea quark PDF uncertainties

larger gluon fraction than
without LN constraint

Simultaneous analysis of DY and LN

Barry, Sato, WM, Ji, PRL 121, 152001 (2018)

First combined fit to HERA LN and Drell-Yan data, fitting both PDF
and chiral splitting function parameters simultaneously

(featured landmark paper in “50 years of QCD” in Physical Review)



Gluons in the pion

gluon contribution enters
at same order as quark

some reduction of gluon PDF uncertainties 
at high x, but need higher precision data

23

first analysis combining p  -integrated
with p  -differential data

T

T

E615 also collected data differential in transverse momentum
(never before included in global QCD analysis)

large-     photon requires hard gluon to recoil against, 
offering sensitivity to gluon PDF in pion at high x

pT
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Cao, Barry, Sato, WM
PRD 103, 114014 (2021)  



Lattice matrix elements

24

Good, Barry, Lin, WM, NieMiera, Sato
arXiv:2507.22730

Recent advances in calculation of reduced pseudo Ioffe-time distributions (RpITD) 
from lattice QCD 

M(⌫, z2) =
M(z, Pz)/M(z, 0)

M(0, Pz)/M(0, 0)
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power corrections lattice spacing

perturbative kernel

significant reduction 
of uncertainties with
LQCD data

for 35 RpITD data inputs
(different z, P ) z �2

red ⇡ 1.25
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gluonic operator



gluon PDFs clearly nonzero
with reduced uncertainty

lattice data compatible with 
experimental (DY+LN) constraints

negligible impact on quark PDFs

Simultaneous DY + LN + RpITD analysis
Reconstructed pion PDFs constrained by experimental and lattice RpITD data 

comparison with proton PDFs shows
enhancement of pion’s gluon PDF at large x
— note total moments are similar 

hxi⇡g = 0.43(4)
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hxipg = 0.40� 0.42
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differences clearly resolved with addition
of lattice data
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Kaon structure

Kaon Drell-Yan data

Badier et al., PLB 93, 354 (1980)

(K�+ Pt)/(⇡�+ Pt)
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CERN NA3
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ETMC: Alexandrou et al., PRD 104, 054504 (2021)          

How does switching s        u affect PDFs in kaon vs. pion?

constrains (at most)         PDFūK�
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determining other flavours in kaon (valence s-quark, sea-quark, gluon) 
requires additional input, e.g., lattice data

Combined fit to all pion DY+LN, kaon/pion DY, lattice moments hxiq, hx2iq, hx3iq
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Kaon structure
Reconstructed valence quark s and u PDFs moments in kaon vs. pion?

softer valence     in K  than inū
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first evidence of SU(3) flavour breaking in valence sector of K

harder valence    in K than     in Ks
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smaller gluonic momentum fraction in K
suggests ≈ 1/4 of mass of K is gluonic in origin, compared to ≈ 1/3 of π

hxiKg < hxi⇡g
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Summary

enhanced gluon PDF in pion at large x 
compared with proton

Future experimental avenues

TDIS (Tagged DIS) experiment at JLab  (“leading proton” in eD      eppX )

28

First simultaneous global QCD analysis of pion (DY p -integrated & p -differential, LN, LQCD)
and kaon (DY K+π, LQCD) PDFs

T T

AMBER program at CERN (pion & kaon beams — esp.        and       )K�
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first data-driven evidence for flavor
symmetry breaking in valence kaon PDFs
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gω →= gp
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Outlook
Future methodological improvement through use of Markov chain Monte Carlo 
(MCMC) in place of data resampling 

directly sample full posterior for fixed observed data

more costly, however… requires AI tools such as normalizing flow
for practical global QCD analysis
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