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Gluon polarization in the proton 
from JAM global QCD analysis
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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 (FFs)
— 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 (where necessary) and ML algorithms to potentially expand 
reach and efficacy of JAM analyses and understanding of hadron structure in QCD
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JAM global QCD analysis
Theoretical framework 
— collinear / TMD factorization
— iterative Monte Carlo
— data resampling
— Bayesian sampling of parameter space

sampler priors

fit

fit

fit

posteriors

f(x) = N x↵(1� x)� P (x)

Choice of parametrization, e.g., for PDFs

polynomial, neural net, …

iterate until convergence
(posteriors = priors)

QCFs are not directly measured, but inferred from observables 
involving convolutions with other functions

Extraction of QCFs is challenging because typically there exist
multiple solutions —  “inverse problem”

reliable uncertainty quantification is essential
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Unpolarized PDFs (and FFs)

JAM analysis groups

Helicity PDFs

Small-x PDFs
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JAM analysis groups

Pion distributions

TMDs

Transversity PDFs

GPDs



Quest to unravel spin decomposition continues!

Where does the spin of the proton come from?

Proton spin crisis (1988) — total spin ΔΣ carried by quarks and antiquarks 
consistent with zero!
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quark helicity
(~ 30%)

gluon helicity
(positive?)

orbital angular momentum 
(largely unknown)

Global experimental program in polarized lepton-nucleon & pp scattering        
       more refined picture, in which ΔΣ ~ 0.3, and evidence that spin

   carried by gluons ΔG is positive

address fundamental questions about origin of spin, gauge and scheme 
dependence of individual contributions
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Double longitudinal polarization asymmetry for jet production is,
to lowest order in α  , sensitive to polarized gluon PDF

Where does the spin of the proton come from?

First quantitative indication for nonzero gluon helicity from DSSV global 
QCD analysis (2014), using RHIC jet data in addition to DIS & SIDIS

de Florian, Sassot, Stratmann, Vogelsang

PRL 113, 012001 (2014)
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Ajet
LL ⇠ agg[�g ⌦�g] +

X

q
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X

q,q0

aqq0 [�q ⌦�q0] +O(↵s)
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JAM collaboration re-examined global data in simultaneous analysis 
(including jets in polarized and unpolarized collisions from RHIC / FNAL),
to understand role of theoretical assumptions on extracted PDFs

Zhou, Sato, WM, PRD 105, 074022 (2022)

JAM simultaneous global analysis
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JAM simultaneous global analysis
Extracted helicity PDFs depend on theoretical assumptions, such as
SU(3) flavor symmetry and PDF positivity

Z 1

0
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⇥
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large uncertainties on Δs, without assuming SU(3) flavor symmetry

positive and negative Δg solutions possible, without assuming 
positivity of (unpolarized) PDFs 
… not a necessary constraint beyond leading order in α

JAM simultaneous global analysis
Extracted helicity PDFs depend on theoretical assumptions, such as
SU(3) flavor symmetry and PDF positivity

Zhou, Sato, WM, PRD 105, 074022 (2022)
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JAM simultaneous global analysis

positive and negative Δg solutions 
describe jet data equally well
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appears to favors positive gluon polarization, but …
… need to fit experimental + lattice data simultaneously 

Lattice QCD calculations of Ioffe-time pseudo-distributions are
sensitive to gluon polarization

Egerer et al. [HadStruc]
PRD 106, 094511 (2022)
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JAM + lattice QCD data

lattice matrix element depends on Ioffe-time distribution



Karpie et al., PRD 109, 036031 (2024)
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from χ   alone, LQCD cannot
discriminate sign of Δg

2

but … negative Δg gives rise
to negative ΔΣ at large x

🤔
13

JAM + lattice QCD data
Lattice QCD calculations of Ioffe-time pseudo-distributions are
sensitive to gluon polarization
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JAM + lattice QCD + high-x data
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including high-x DIS data (CLAS, Hall A, SANE), LQCD strongly disfavors 
negative ΔΣ solutions at x > 0.5

Hunt-Smith et al., PRL 133, 161901 (2024)



Lower W   cut from 10 GeV   to 4 GeV   to include high-x region2 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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JAM + lattice QCD + high-x data
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Is there an observable linear in Δg where gluon contribution not 
suppressed relative to quark? 

polarized lepton-nucleon semi-inclusive DIS, with production
of hadrons in final state with large transverse momentum PT

k1

P

p

!

q

Ph

High P  hadrons in polarized SIDIST

differential cross section

partonic cross section

hard factors H
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Whitehill, Zhou, Sato, WM, PRD 107, 034033 (2023)



High P  hadrons in polarized SIDIST

q

p

k1

k2

Hard scattering diagrams

partonic cross sections

unpolarized polarized
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Whitehill, Zhou, Sato, WM, PRD 107, 034033 (2023)



0.1 0.2 0.3 0.4

x

2

3

4

6

Q
2

(G
eV

2 )

JLab12

0.1 0.2 0.3 0.4

x

1

2

3

4

5

q T
(G

eV
)

0.2 0.3 0.4 0.5 0.6 0.7 0.8

z

1

2

3

4

5

q T
(G

eV
)

0.1 0.3

x

3

10

Q
2

(G
eV

2 )

JLab22

0.1 0.3

x

2

4

6

8

q T
(G

eV
)

0.2 0.3 0.4 0.5 0.6 0.7 0.8

z

2

4

6

8

q T
(G

eV
)

10°4 10°3 10°2 10°1 100

x

101

102

103

Q
2

(G
eV

2 )

EIC

10°4 10°3 10°2 10°1 100

x

0

10

20

30

40

q T
(G

eV
)

0.2 0.3 0.4 0.5 0.6 0.7 0.8

z

0

10

20

30

40

q T
(G

eV
)

High P  hadrons in polarized SIDIST

Expected kinematic bins at current and future facilities
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relative
uncertainty

benefit from higher L
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Whitehill, Zhou, Sato, WM
PRD 107, 034033 (2023)
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Summary
Global QCD analysis of world’s polarized data, including jet production 
in polarized pp collisions, gives positive Δg without assumptions about
PDF positivity only when combined with lattice QCD and high-x DIS data

Future data on SIDIS at high P  may remove need for lattice constraintsT
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both Δg > 0 and Δg < 0 solutions describe pion 
production data in polarized pp collisions
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Other experimental constraints?

Adare et al., Phys. Rev. D 91, 032001 (2015)
Acharya et al., Phys. Rev. D 102, 032001 (2020)

Pion production in polarized pp collisions

PHENIX



Other experimental constraints?
Direct-photon production in polarized pp collisions

Acharya et al., 

PRL 130, 251901 (2023)

PHENIX

only 3 highest-p  data points for unpolarized cross section 
are well described in pQCD

T

cannot unambiguously rule out Δg < 0 solution



Other experimental constraints?
Higgs production in polarized pp collisions at RHIC?

de Florian, Forte, Vogelsang, PRD 109, 074007 (2024)

AH

LL =
[�g ⌦�g]
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+O(↵s)
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Higgs asymmetry must be < 1

… rules out large positivity violations  
    (“baseline” analysis)



Other experimental constraints?
Higgs production in polarized pp collisions at RHIC?

but… does not rule out Δg < 0 
solution with lattice QCD constraint

de Florian, Forte, Vogelsang, PRD 109, 074007 (2024)

AH

LL =
[�g ⌦�g]

[g ⌦ g]
+O(↵s)
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Higgs asymmetry must be < 1

… rules out large positivity violations  
    (“baseline” analysis)
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