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JAM Collaboration
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Extract 3-dimensional structure of hadrons

Introduction

Abbreviation Dimensions
Parton Distribution Functions PDF 1
Fragmentation Functions FF 1
Transverse momentum 
dependent distributions TMD 3

Generalized parton distributions GPD 3

Collinear factorization in perturbative QCD 

Simultaneous determinations of PDFs, FFs, etc. 

Monte Carlo methods for Bayesian inference
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Current State of JAM Global Analyses
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Theory

NLO now 
NNLO future

Collinear Factorization

Small  
Evolution

x

Target Mass 
Corrections

Higher 
Twists

Methodology
Traditional  

Parameterization

Maximum Likelihood 
+Hessian/LagrangeMC Approach

Neural Nets

Simultaneous  
Paradigm

Unpol. 
PDFs

Helicity 
PDFs

Frag. 
Functions

π± K±

h±

Pol. 
SIDIS

Data space

p
D

3He

DIS

 Jetspp pp W±/Z

SIDIS

p D

π± K±

3He

h±Drell-
Yan

Unpolarized 
only

3H

Introduction
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DIS

W Production

Drell-Yan

A Global Analysis

Simultaneous extractions of  
spin-averaged PDFs, helicity PDFs, and FFs

Introduction
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Database

DIS BCDMS, NMC, SLAC, HERA, JLab 3863
Drell-Yan Fermilab E866, E906 205
W/Z Boson CDF/D0, STAR, LHCb, CMS 153
Jets CDF/D0, STAR 198

Spin-Averaged PDFs

Polarized DIS COMPASS, EMC, HERMES, SLAC, SMC 365
Polarized W/Z Boson STAR, PHENIX 18
Polarized Jets STAR, PHENIX 83

Helicity PDFs

SIDIS COMPASS, EMC, HERMES, SLAC, SMC 1490
Polarized SIDIS COMPASS, HERMES, SMC 231

SIA ARGUS, BABAR, BELLE, TASSO, TPC, 
TOPAZ, SLD, ALEPH, OPAL, DELPHI 564

 FFs + PDFsπ, K, h

Introduction



Spin-Averaged Sea Asymmetry (2021)
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JAM Results

https://arxiv.org/abs/2109.00677 
C. Cocuzza et al., Phys. Rev. D. 104, no. 7, 074031 (2021).

Well-known tension 
between NuSea and 

SeaQuest

Large reduction in uncertainties 
and increase in central value

Sea Asymmetry

https://arxiv.org/abs/2109.00677
https://arxiv.org/abs/2109.00677
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Helicity Sea Asymmetry (2022)
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https://arxiv.org/abs/2202.03372 |Δf(x, Q2) | < f(x, Q2)

C. Alexandrou et al., Phys. Rev. D 101, 094513 (2020).

Flavor JAM moment 
(truncated)

Lattice 
Moment (full) Diff.

0.771(25) 0.864(16) 11%
-0.363(23) -0.426(16) 15%
0.044(17)
-0.056(24)

Δu+

Δd+

Δū
Δd̄

First positive extraction 
at moderate x

JAM Results

First non-zero extraction 
of  momentΔū

https://arxiv.org/abs/2202.03372
https://arxiv.org/abs/2202.03372


Gluon Polarization (2021)
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|Δf(x, Q2) | < f(x, Q2)

https://arxiv.org/abs/2201.02075 
Y. Zhou et al., Phys. Rev. D 105, no. 7, 074022 (2022).

JAM Results

https://arxiv.org/abs/2201.02075
https://arxiv.org/abs/2201.02075


Small  Global Analysis (2021)x
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https://arxiv.org/abs/2102.06159 
D. Adamiak et al., Phys. Rev. D 104, no. 3, L031501 (2021).

Prediction, not 
extrapolation!

x < 0.1

JAM Results

https://arxiv.org/abs/2102.06159
https://arxiv.org/abs/2102.06159


Transversity PDFs (2022)
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https://arxiv.org/abs/2205.00999

Transversity PDF

Sivers function (moment)

 δq ≡ ∫
1

0
dx[hq

1 (x) − hq̄
1(x)]

gT ≡ δu − δd

Collins function 
(moment)

JAM Results

Twist-3 FF

https://arxiv.org/abs/2205.00999
https://arxiv.org/abs/2205.00999
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Jefferson Lab 12 GeV will provide new information on helicity PDFs and 
nuclear effects at high  

EIC will provide new information on helicity PDFs at low 

x

x

Outlook
Outlook
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Andreas Metz Wally Melnitchouk

Nobuo Sato

Collaboration
Collaboration

Thank you to Jacob Ethier, Yiyu Zhou, and  
Patrick Barry for helpful discussions
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Parameterize PDFs at input scale Q2
0 = m2

c

Parameters to Observables

fi(x) = Nxα(1 − x)β(1 + γ x + ηx)

Calculate Observables

dσDY = ∑
i,j

HDY
ij ⊗ fi ⊗ fj

Evolve PDFs using DGLAP

d
d ln(μ2)

fi(x, μ) = ∑
j

∫
1

x

dz
z

Pij(z, μ)fj(
x
z

, μ)

Part 1: Introduction
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The  functionχ2

Now that the observables have been calculated…

TheoryData

Correlated 
Uncertainties

Uncorrelated 
Uncertainties

Normalization

Normalization 
Uncertainty

Part 1: Introduction
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Bayes’ Theorem
Now that we have calculated …χ2(a, data)
Likelihood Function

Bayes’ Theorem

Part 1: Introduction
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Data Resampling

Parameter Space

Maximum  
Likelihood

Maximum  
Likelihood

Maximum  
Likelihood

σ̃ = σ + N(0,1) α Uncorrelated 
Uncertainties

DR

Replica Data

Pseudo-Data

Original Data

Data

Part 1: Introduction



Build an MC ensemble
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Part 1: JAM Methodology

Error Quantification

Exact, but 
!n = 𝒪(100)

E[O] = ∫ dna ρ(a |data) O(a)

V[O] = ∫ dna ρ(a |data) [O(a) − E[O]]2

For a quantity : (for example, a PDF at a given value of )O(a) (x, Q2)

E[O] ≈
1
N ∑

k

O(ak)

V[O] ≈
1
N ∑

k
[O(ak) − E[O]]2

Average over  sets 
of the parameters 

(replicas)

k

JAM15
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Part 1: JAM Methodology

Multi-Step Strategy
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Part 1: JAM Methodology

Putting it all together…
JAM15

E[O] ≈
1
N ∑

k

O(ak)

V [O] ≈
1
N ∑

k
[O(ak) − E[O]]2

+



21
Deep Inelastic Scattering

Part 2: Data and Fitting

Q2 = − q2 x =
Q2

2p ⋅ q

W2 = (p + q)2

Invariant mass of 
outgoing particles:

Virtuality: Bjorken :x
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STAR Quality of Fit

Difficult to describe at 
extreme rapidity

J. Adam et al. [STAR], Phys. Rev. D. 103, 012001 (2021)

Part 3: Spin-Averaged PDFs



Introduction to Sea Asymmetry
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Cannot be explained from gluons 
splitting into quark-antiquark pairs

Meson Cloud Models 
Chiral Soliton Models 

Statistical Models

Still questions at high  and 
for helicity asymmetry

x > 0.2

Unpolarized

Part 2: Spin-Averaged Sea Asymmetry
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Kinematic Coverage (Spin-Averaged)

Part 2: Spin-Averaged Sea Asymmetry

Deep Inelastic Scattering BCDMS, NMC, SLAC, HERA, Jefferson Lab 3863  points
Drell-Yan Fermilab E866, E906 205    points
W/Z Boson Production CDF/D0, STAR, LHCb, CMS 153    points
Jets CDF/D0, STAR 200    points

New SeaQuest data

New STAR data
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SeaQuest and NuSea Quality of Fit

Well-known tension 
between NuSea and 

SeaQuest

Part 2: Spin-Averaged Sea Asymmetry



Impact from STAR and SeaQuest
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STAR: Moderate reduction of uncertainties  

SeaQuest: Large reduction of uncertainties, 
especially at . 

 up to , in agreement with 
models

x > 0.2
d̄/ū > 1 x ≈ 0.4

Part 2: Spin-Averaged Sea Asymmetry



Sources of Asymmetry
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Part 2: Spin-Averaged Sea Asymmetry



Comparison to other fits and pion cloud model
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Good agreement with 
pion cloud model

Part 2: Spin-Averaged Sea Asymmetry
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Quark and Antiquark Polarizations

Part 3: Helicity Sea Asymmetry
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Spin Up/Down PDFs

Part 3: Helicity PDFs

q↑↓ =
1
2

(q ± Δq)

Large impact from 
RHIC
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Kinematic Coverage

Part 4: Isovector Nuclear Effects

Deep Inelastic Scattering BCDMS, NMC, SLAC, HERA, Jefferson Lab 3863  points
Drell-Yan Fermilab E866 250    points
W/Z Boson Production Tevatron CDF/D0, LHC ATLAS/CMS 239    points
Jets Tevatron CDF/D0, RHIC STAR 196    points

New MARATHON 
data



“Free” nucleon

Isospin Symmetry
32

How to relate quarks between protons and neutrons?

Asymmetric Nuclei 
( )3He,3 H,197 Au

up/A ≈ dn/A

dp/A ≈ un/A

It is usually 
approximated that:

(Approx.) Symmetric 
Nuclei ( )D,56 Fe

Part 4: Isovector Nuclear Effects



Isovector Effect
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q(x) =
p+

p+ − V+
q0( p+

p+ − V+
x −

V+
q

p+ − V+ )

Nucleon 
Momentum

Net Vector Field 
on Quark

Net Vector Field 
on Nucleon

Mean Field Approximation in the valence region:

H. Mineo et al., Nucl. Phys. A 735, 482-514 (2004).

PDF in absence of 
Vector Potential

Part 4: Isovector Nuclear Effects



Isovector Effect
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p

γ*
np

3He

X

Spectators 
I3 = 0 n

γ*
np

3H

X

Spectators 
I3 = − 1

Mediated by  mesons, dependent on third component of isospinI3 = ± 1

ν(p2) = (p2 − M2)/M2 ≪ 1
Virtuality

q̃N/A(p2) = qN + ν(p2) δqN/A + . . .

Parameterize phenomenologically:

I. C. Cloet, W. Bentz and A. W. Thomas, Phys. Rev. Lett. 102, 252301 (2009).

Part 4: Isovector Nuclear Effects



δup/D

δdp/D

δup/3H

δdp/3H

δup/3He δdp/3He

δup/D δdn/D

δun/Dδdp/D

δup/3He δdn/3H

δup/3H δdn/3He

δdp/3He δun/3H

δdp/3H δun/3He

Symmetries
35

Charge 
Symmetry

=
=
=
=
=
=

δu

δd

(u, d) × (p, n) × (D,3 He,3 H) = 12 Functions

Isospin 
Symmetry

=
=

No 
Isovector

≈

(δu + 2δd)/2
Just two 

functions!

Part 4: Isovector Nuclear Effects



Nuclear PDFs
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q(on)
N/A (x, Q2) = [ fN/A ⊗ qN ]

q(off)
N/A (x, Q2) = [ f̃ N/A ⊗ δqN/A ]

Contains Virtuality

ν(p2) = (p2 − M2)/M2 ≪ 1

Measures strength of 
isovector effect

Part 4: Isovector Nuclear Effects

Δu
3 ≡

up/3H − dn/3H

up/3H + dn/3H

Δd
3 ≡

dp/3H − un/3H

dp/3H + un/3H
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Impact from MARATHON

 Ratiod/u

 RatioFn
2 /Fp

2

 EMC EffectsA = 3

MeAsurement of the ,  RAtios and  EMC Effect in Deep 
Inelastic Electron Scattering Off the Tritium and Helium MirrOr Nuclei

Fn
2 /Fp

2 d/u A = 3

Part 4: Isovector Nuclear Effects



38
Impact on d/u

 ratio largely 
constrained by  

W boson  
production data 

(mostly Tevatron)

d/u

Part 4: Isovector Nuclear Effects
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Impact on Fn

2 /Fp
2

Slight shift towards 
MARATHON + KP 

model result

Part 4: Isovector Nuclear Effects
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Impact from MARATHON

 Ratiod/u

 RatioFn
2 /Fp

2

 EMC EffectsA = 3

MeAsurement of the ,  RAtios and  EMC Effect in Deep 
Inelastic Electron Scattering Off the Tritium and Helium MirrOr Nuclei

Fn
2 /Fp

2 d/u A = 3

Part 4: Isovector Nuclear Effects
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Data vs. Theory

First global QCD analysis of JLab  and MARATHON data3He/D

Suggestion of off-shell effects!
Part 4: Isovector Nuclear Effects



No MARATHON
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Isovector Extraction

Signal for 
non-zero effect above 

!x ≳ 0.4

With MARATHON

Part 4: Isovector Nuclear Effects

Δu
3 ≡

up/3H − dn/3H

up/3H + dn/3H

Δd
3 ≡

dp/3H − un/3H

dp/3H + un/3H
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Impact from MARATHON

 Ratiod/u

 RatioFn
2 /Fp

2

 EMC EffectsA = 3

MeAsurement of the ,  RAtios and  EMC Effect in Deep 
Inelastic Electron Scattering Off the Tritium and Helium MirrOr Nuclei

Fn
2 /Fp

2 d/u A = 3

Part 4: Isovector Nuclear Effects



Isospin Symmetry
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How to relate quarks between protons and neutrons?

up/A ≈ dn/A

dp/A ≈ un/A

It is usually 
approximated that:

Part 4: Isovector Nuclear Effects

up/A = dn/A*

dp/A = un/A*

But the correct 
equations are:

where  is 
the mirror 
nuclei of 

A*

A
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EMC Ratios R(D) = FD

2 /(Fp
2 + Fn

2)
R(3He) = F3He

2 /(2Fp
2 + Fn

2)
R(3H) = F3H

2 /(Fp
2 + 2Fn

2)
ℛ = R(3He)/R(3H)

Significant differences between JAM 
result and KP model result

Part 4: Isovector Nuclear Effects



Current State of Helicity PDFs
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Introduction

Proton spin puzzle:

Still a lot to learn about 
helicity PDFs at low  

and the helicity sea 
quark PDFs!

x

ΔΣ = ∫
1

0
dx∑

q

Δq+

ΔG = ∫
1

0
dxΔg
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Kinematic Coverage (Helicity)

Part 3: Helicity Sea Asymmetry

Deep Inelastic Scattering COMPASS, EMC, HERMES, SLAC, SMC 365  points
W/Z Boson Production STAR, PHENIX 18    points
Jets STAR, PHENIX 61    points

STAR + PHENIX 
W/Z Production



48
STAR Quality of Fit

Part 3: Helicity Sea Asymmetry
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Resulting Asymmetry

Positivity Constraints: 
|Δf(x, Q2) | < f(x, Q2)

DSSV08 shows positive 
asymmetry at low x < 0.1

NNPDF shows hint of positive 
asymmetry at intermediate x

Our result is strongly positive 
in both regions of x

Part 3: Helicity Sea Asymmetry
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Proton Spin Contributions

Inclusion of RHIC  
data shows that  ( ) 
contribution is small and 

positive (negative)

W/Z
Δū Δd̄

Part 3: Helicity Sea Asymmetry

Flavor JAM moment 
(truncated)

Lattice 
Moment (full) Difference

0.779(34) 0.864(16) 0.085
-0.370(40) -0.426(16) 0.056

Δu+

Δd+ C. Alexandrou et al., Phys. Rev. D 101, 094513 (2020).



Exploratory Analysis of Experiment with Lattice (2020)
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Global Analyses Highlights

https://arxiv.org/abs/2010.00548

Combining experiment and 
lattice in a global QCD 

analysis is feasible!

https://arxiv.org/abs/2010.00548
https://arxiv.org/abs/2010.00548


EIC Impact on Helicity PDFs (2021)
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Opportunities at the EIC

https://arxiv.org/abs/2105.04434

xmin = 10−4, Q2 = 10 GeV2

https://arxiv.org/abs/2105.04434
https://arxiv.org/abs/2105.04434


Impact of Parity Violating DIS (2021)
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Opportunities at the EIC

gγZ
1 ≈

1
9

(Δu+ + Δd+ + Δs+)

No impact on , but large impact on 
 thanks to constraints on 

ΔG
ΔΣ Δs+

xmin = 10−4, Q2 = 10 GeV2



Impact of EIC at small  (2021)x
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Opportunities at the EIC

https://arxiv.org/abs/2102.06159

Simulated ALL + AUL

Uncertainties remain 
consistent even below 

EIC kinematics

https://arxiv.org/abs/2102.06159
https://arxiv.org/abs/2102.06159


Latest Fragmentation Functions (2021)
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Global Analyses Highlights

https://arxiv.org/abs/2101.04664

https://arxiv.org/abs/2101.04664
https://arxiv.org/abs/2101.04664


Isovector EMC Effect
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n

γ*
np

3H

X

Summary and Outlook


