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Introduction

JAM Collaboration

‘Extract 3-dimensional structure of hadrons ‘

Abbreviation Dimensions

Parton Distribution Functions
Fragmentation Functions

Transverse momentum
dependent distributions

Generalized parton distributions

‘Collinear factorization 1n perturbative QCD \

Simultaneous determinations of PDFs, FFs, etc.

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

Data space

Simultaneous
Paradigm

Unpolarized Theory
only

Methodology
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A Global Analysis

Simultaneous extractions of

spin-averaged PDFs, helicity PDFs, and FFs
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Spin-Averaged Sea Asymmetry (2021)

Bayesian Monte Carlo extraction of sea asymmetry with SeaQuest and STAR data /sl
Christopher Cocuzza, Wally Melnitchouk, Andreas Metz, Nobuo Sato . I
C. Cocuzza et al., Phys. Rev. D. 104, no. 7, 074031 (2021). [ baseline
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Helicity Sea Asymmetry (2022)

Polarized Antimatter in the Proton from Global QCD Analysis 0.04]
C. Cocuzza, W. Melnitchouk, A. Metz, N. Sato I
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Small x Global Analysis (2021)

First analysis of world polarized DIS data with small-z helicity evolution

Daniel Adamiak,':* Yuri V. Kovchegov,!'T W. Melnitchouk,?
Daniel Pitonyak,? ¥ Nobuo Sato,? ¥ and Matthew D. Sievert?: ¥

D. Adamiak et al., Phys. Rev. D 104, no. 3, LO31501 (2021).
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Transversity PDFs (2022)

Updated QCD global analysis of single transverse-spin asymmetries I: Extracting H, and the role of the

Soffer bound and lattice QCD Transversity PDF ‘

Leonard Gamberg, Michel Malda, Joshua A. Miller, Daniel Pitonyak, Alexei Prokudin, Nobuo Sato
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Outlook

Jefferson Lab 12 GeV will provide new information on helicity PDFs and
nuclear effects at high x

EIC will provide new information on helicity PDFs at low x

12 GeV UPGRADE add new hall ~W ;

5 new .

cryomodules

\ double cryo 7/
upgrade capacity
existing Halls “

add arc . upgrade magnets
‘ and power supplies
T &

5 new cryomodules
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Part 1: Introduction

Parameters to Observables

‘ Parameterize PDFs at input scale Qg =m

2
c

£(x) = Nx%(1 = x)’(1 + y\/x + nx)

Evolve PDFs using DGLAP |

d le X
d ln(,uz) ﬁ(X,//t) B ; ‘; _Pij(z’ M)]j(Za )

<

Calculate Observables ‘

dopy = Z HZ;I,?Y R ®f;

l,]




Part 1: Introduction T
15

The y? function

Now that the observables have been calculated...

‘ Data ‘ ‘ Theory‘ ‘ Normalization \

I N

ol =3 (BB 5 e ()

A |

Uncorrelated Correlated Normalization
Uncertainties Uncertainties Uncertainty




Part 1: Introduction

Bayes’ Theorem

Now that we have calculated y*(a, data)...

| Likelihood Function |

1
L (a,data) = exp <—§X2 (a, data))

Posterior Beliefs

P(al|data)

L(a,data)

Evidence

‘ Bayes’ Theorem \
P(a|data) ~ L(a,data) 7(a)

m(a)

Prior Beliefs




Part 1: Introduction

Data Resampling

Pseudo-Data
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Part 1: JAM Methodology

Error Quantification

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

E[O] = pd”a p(a|data) O(a)

V[O] = @ p(a|data) [Oa) — E[0]]"

l Build an MC ensemble l

1
E[0]l ~ — ) O(a)
N k

1
VIOl ~ — Y [0@) - E[0]] )

k

Exact, but
n= 0(100)!

Average over k sets |

of the parameters
(replicas)

107 102 01 03 05 07 4




Part 1: JAM Methodology

Multi-Step Strategy

prior samples

—

+
U
=it

+ W/Z Boson
Production

PDF PDF f PDF PDF ’
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Nuclear Nuclear Nuclear
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posterior samples




Part 1: JAM Methodology

Putting it all together...
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Part 2: Data and Fitting

Deep Inelastic Scattering

Virtuality: Bjorken x:

K’ >
- Q°=-¢q’ (=2
k | 2p-q

Invariant mass of

L outgoing particles:
p == X
% W2 = (p + q)z




Part 3: Spin-Averaged PDF's

STAR Quality of Flt

_ process Naat X~ /Ndat
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J. Adam et al. [STAR], Phys. Rev. D. 103,012001 (2021)




Part 2: Spin-Averaged Sea Asymmetry

Introduction to Sea Asymmetry

0.04

0.00

0.02F

x(d — u)
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MJAM

ABMP16 |

CT18

Cannot be explained from gluons
splitting into quark-antiquark pairs

Q)? =10 GeV?

Meson Cloud Models
Chiral Soliton Models
Statistical Models

Still questions at high x > 0.2 and
for helicity asymmetry

Unpolarized




Part 2: Spin-Averaged Sea Asymmetry

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

SeaQuest and NuSea Quallty of Fit

2
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Part 2: Spin-Averaged Sea Asymmetry

' baseline
0.5 m +STAR -
" +SeaQuest d/u

|||||||||||||||||||
vvvvvvvvvvvvvvvvvvv

STAR: Moderate reduction of uncertainties

004 z(d —u) || SeaQuest: Large reduction of uncertainties,

| especially at x > 0.2.

d/it > 1 up to x ~ 0.4, in agreement with
models
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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

mJAM
pion cloud |

| Q? =10 GeV? -
BmJAM

NNPDF3.1
0.5 TICI15 0.02
).04F BmIAM
ABMP16 0.01F _ -
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Good agreement with
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Part 3: Helicity Sea Asymmetry

Quark and Antiquark Polarizations

I | LA AL B A B UL
Ad/d




Part 3: Helicity PDFs

Spin Up/Down PDFs
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Part 4: Isovector Nuclear Effects

Kinematic Coverage
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Part 4: Isovector Nuclear Effects

Isospin Symmetry

How to relate quarks between protons and neutrons?

up/A

d/A

P

NN/
N/

NN/
%

It 1s usually
approximated that:

d/A

n

Uyia

“Free” nucleon

J (Approx.) Symmetric
Nuclei (D,>° Fe)

Asymmetric Nucle1
(3H€,3 H,197 All)




Part 4: Isovector Nuclear Effects

Isovector Effect

‘ Mean Field Approximation in the valence region: ‘

Nucleon PDF 1n absence of Net Vector Field
Momentum Vector Potential on Quark
|
+ / + +
BP p Vg
Q(x)_p+_v+q0 p+_V+x pt— v+
N

N\

Net Vector Field
on Nucleon

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



Part 4: Isovector Nuclear Effects

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

‘ Mediated by I; = = | mesons, dependent on third component of 1sospin ‘

Spectators

‘ Parameterize phenomenologically: \

QN/A(pz) = (N + D(pz) 5qN/A + ...

Spectators

‘Virtuality‘
v(p?) = (p?> - MHIM? « 1




Part 4: Isovector Nuclear Effects

Symmetries

ouyp = &d, h]‘ (u,d) X (p,n) X (D,>He,” H) = 12 Functions ‘
Suyp — OUypy | >

od,;n = ou,p | * g Isospin ou
6d,,, — 6d Symmetry

Styspge = O, opy Charge p/D PPH | e > Sd

Symmetry
5I/tp/3H — 5d /3He | * 5” /3H€ mn/ 5d /3HC
— No
Odyppe = Olhyrn Isovector
od — OU, sy Just two
v : (Su +25d)/2 | netions




Part 4: Isovector Nuclear Effects

Nuclear PDFs

gV x, 01 =[N ®qy |

qli,(/’g)(x, Q°) = [fN/A ® Oqna ]
4

/

‘ Contains Virtuality ‘
v(p?) = (p?> - MHIM? « 1

Measures strength of
1sovector effect




Part 4: Isovector Nuclear Effects

Impact from MARATHON

MeAsurement of the F75/ Fé’ , d/u RAtios and A = 3 EMC Effect in Deep
Inelastic Electron Scattering Off the Tritium and Helium MirrOr Nuclei

d/u Ratio 0
Fg‘/Fé’ Ratio 0
A = 3 EMC Eftects 6




Part 4: Isovector Nuclear Effects

Impact on d/u

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

d/u ratio largely
constrained by
W boson
production data
(mostly Tevatron)

= JAM

JAM (no MARATHON)

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

0.2 0.4 0.0 0.8




Part 4: Isovector Nuclear Effects
njf|rp
Impact on £/ F7
n P
0.6 Q? = 14z GeV?-
0.5F
= JAM
()4? JAM (no MARATHON)
0.3 MARATHON 4+ KP model

...................................

Slight s

nift towards
'HON + KP

MARA’]
moC

el result




Part 4: Isovector Nuclear Effects

Impact from MARATHON

MeAsurement of the F75/ Fé’ , d/u RAtios and A = 3 EMC Effect in Deep
Inelastic Electron Scattering Off the Tritium and Helium MirrOr Nuclei

d/u Ratio

Fg‘/Fé’ Ratio

A = 3 EMC Eftects 0




Part 4: Isovector Nuclear Effects

Data vs. Theory ‘ Suggestion of off-shell effectsg

'} JLab Hall C ‘-,./ .
- _JAM :. - 5 I S
1.OS --- on-shell fit 0.85r
tosk 1 1111t 1.2}
§Ean! “ 111 0.80F
r / /,h
! ! Y *
/'/
i //,’ i ] i
1.04F '//,"/ L] ] { MARATHON l
an | - —JAM | |
1 F,He/FD L}
!I . 2 2 ] 0.75F _—-On'Shell ﬁt - ! Q 1__11/ G(\ “
0.3 04 05 06 07 02 0.3 0.1 02 01 06 08

First global QCD analysis of JLab *He/D and MARATHON data




Part 4: Isovector Nuclear Effects

Isovector Extraction

0.10}

0.00]

—0.05}

—0.10¢}

Signal for
non-zero effect above
x 2 0.4!




Part 4: Isovector Nuclear Effects

Impact from MARATHON

MeAsurement of the F75/ Fé’ , d/u RAtios and A = 3 EMC Effect in Deep
Inelastic Electron Scattering Off the Tritium and Helium MirrOr Nuclei

d/u Ratio

Fé"/Fé’ Ratio

A = 3 EMC Eftects




Part 4: Isovector Nuclear Effects

Isospin Symmetry

‘ How to relate quarks between protons and neutrons? ‘

It 1s usually But the correct

approximated that: equations are:
o _ where A™ 1s
up/A ~ dn/A up/A — drz/A>‘< the mirror
- _ nucle1 of A

dp/A ~ Uyia dp/A — Uya=




Part 4: Isovector Nuclear Effects

EMC Ratios R(D) = FP/(F? + F)
R o R(CHe) = F,1/(2F? + F})
- — ; )
L) RCH) = F,'/ (F! + 2F})
= JAM % = R(°He)/R(*H)
0.95 = KP model Q 14:(; GeV?
'- JAM
=an RD)
?f;lzno MARATHON) Significant differences between JAM
1_()()- — ; ................................ § A,::T.’.././ result and KP mOdel result
- (Q° = 10 GeV?

0.2 0.1 0.6 0.8



Introduction

Current State of Helicity PDF's

» . (! o EIC (é, 3He) “e . .
Proton spin puzzle: px=| axYagt| | - mow ECEE :
1 1 J0 q o - world data R .. ° °
— VV2=10(}6\72 e o ..p ..'o. :: : :
_:_AE+AG+Lq+Lg 1 % 5 o o 0 p.;q ° ° °
2 2 AG = | dxAg (510' cecser s e s , .
J0 = B FESSSRIAIC S B
0.15 Ng)lol . : : : : :':!:; :'i.:?’.;;.é’.; ési,i z..-;:’:,'—bfa
: e o o o o {:o: o'::&;‘:’_' ".E,_:":’”
e ¢ o o [ ] Q..OOO......... ..’.p
I i
0.10 - z . .
10 1073 1072 0.1 0.3 0.5
£

0.05

0.00 Still a lot to learn about/| /= == \/
. . i 004 2 (Aa + Ad) 0.04 P °

" helicity PDFs at low x | st e

SV 14
—0.04f oo DSSV09 —0.04 Z(Aﬂ _ AJ)

BN +JICDIS /s = 45GeV and the leliCity Sca 107107 0 04 08 107 107 107 04 08

Hl LICDIS /s =45 — 140 GeV 0041 pAs+ 01 pAs™

0-° 101 10° 1027 10" 100 quar:g PDFs! " " . |

—0.02 —0.05
X —0.04

-0.10

—0.1

—— JAMI7 + SU(3)
1073 1072 1071 0.4 0.8 1073 102 1071 0.4 0.8
T T




Part 3: Helicity Sea Asymmetry

Kinematic Coverage (Helicity)
ISRl st -l COMPASS, EMC, HERMES, SLAC, SMC

WA T B Utde () Bl STAR, PHENIX
STAR, PHENIX

Q* (GeV?)

101E

10° ¢

= EMC

~ SMC

« COMPASS
v HERMES

SLAC

» STAR jets

v PHENIX jets
+ STAR W

« PHENIX W/Z

1_ —--W? = 10 GeV?
10° F

O‘..
.‘.

..N

-
-
-

-
-
P
-
-

P
-
P
-

365 points
18 points
61 points

100 .

102

01

STAR + PHENIX
W/Z Production




Part 3: Helicity Sea Asymmetry

STAR Quality Of Fit process Naat X" /Ndat

polarized
T " g T inclusive DIS 365 0.93
1 inclusive jets 83 0.81
—JAM { STA _ SIDIS (n+,77) 64 0.93
_ SIDIS (K*,K™) 57 0.36
- --- Au—=Ad fit ‘ STAR W= 12 0.53
0.5F . PHENIX W*/Z 6 0.63
- : total 587 0.85
unpolarized
inclusive DIS 3908 1.11
inclusive jets 198 1.11
Drell-Yan 205 1.19
- W /Z production 153 0.99
- = R total 4464 1.11
~— Vs = 510 Gel SIA (n%) 231 0.85
= p‘T > 25 GeV ] SIA (K¥) 213 0.49
W : total 5495 1.05
=L | —
—0.5 e Ad(x1)u(zs) — Au(xy)d(x2)
W L (yw) x — i
A (1)u(2) + ulz1)d(z2)
.Ll L L AW— (yW> - Aﬂ(iﬂl)d(ﬂjQ) — Ad(ﬂ:l)U(xQ)
—1 0 L Mel | a(x1)d(z2) + d(x1)u(w2)




Part 3: Helicity Sea Asymmetry

Resulting Asymmetry

Positivity Constraints: noW [ “DSSV-like”

| Af(x, 09| < f(x, 0%)

Can MS parton distributions be negative?
Alessandro Candido, Stefano Forte and Felix Hekhorn

Positivity and renormalization of parton densities

John Collins, Ted C. Rogers, Nobuo Sato

DSSVO08 shows positive
asymmetry at low x < 0.1

z(Au—Ad) = JAM

0.08 NNPDFpoll.1 |

NNPDF shows hint of positive | DSSV08
asymmetry at intermediate x 0.04f

Our result 1s strongly positive 0
in both regions of x




Part 3: Helicity Sea Asymmetry

Proton Spin Contributions

e no W/Z +pos 7
| B JAM +pos
0.5 | |
1 ' :
| f dxAgqg ' | Inclusion of RHIC W/Z
1 Jo.o1 | - Wiz
0f —— || data shows that A (Ad)
| ' | | contribution 1s small and
| - | positive (negative)
—0.5 ' ' ' I

Flavor Jaimoment Latfice Difference
truncated) | Moment (full

0.779(34) 0.864(16) 0.085
Ad+ -0.370(40) -0.426(16) 0.056 C. Alexandrou e al., Phys. Rev. D 101, 094513 (2020).



Global Analyses Highlights

Exploratory Analysis of Experiment with Lattice (2020)

Confronting lattice parton distributions with global QCD analysis

J. Bringewatt
Department of Physics, University of Maryland, College Park, Maryland 20742, USA

N. Sato, W. Melnitchouk, and Jian-Wei Qiu
Jefferson Lab, Newport News, Virginia 28606, USA

F. Steffens
Institit fir Strahlen- und Kernphysik, Universitit Bonn, 53115 Bonn, Germany

M. Constantinou

B exp

Department of Physics, Temple University, Philadelphia, Pennsylvania 19122, USA ~3 =

9 B exptlat |

<3] | 0.0
z 0 0 .......................................... I§

3 BN exp
é 5-0.2f M exp+lat
10l [ Jlat (DFT)
~10 0 10 102 107! 10°
z/a T

Combining experiment and
lattice 1in a global QCD
analysis 1s feasible!



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

Opportunities at the EIC

EIC Impact on Helicity PDFs (2021)

Revisiting quark and gluon polarization in the proton at the EIC scenario | extrapolation SU(2) SU(3)
1 low v 1
Y. Zhou,! C. Cocuzza,? F. Delcarro,®* W. Melnitchouk,* A. Metz,2 and N. Sato® 5 mid v AG trunc(Q?) = / dz Ag(z, Q?),
3 high v wrfin
4 low v v AZtrunc(Q2) = / dx ZAq+($7 Q2)
5 mid VY Fmin g
8 ' . ' ' 6 high v v
extrapolation Q? = 10 GeV?
—
4+ A(;'trunc == m— STJ (2)
& ot w4 As, <0
. E—
8 _y _ Xpin = 1074,0? = 10 GeV?
S JAM AT
(=) trunc
B +EIC low g4
_8 - .
BN +EIC mid g — p
—19 B +EIC highg, — Arr
10—4 101—3 101—2 10._1 100 O:2 0:4 Ojﬁ Oj8 1
- 5EIC / 0



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

Opportunities at the EIC

Impact of Parity Violating DIS (2021)

1
gi’z ~ —(Au+ + AdT + As™) — SU(2) AGrunc —
- SU(3) .
m 4 As, <0
2 +
Ayp = GreQ (gA Y{ )_F gv ¥ g ) = 10,02 = 10 GeV?
W2ra \ zyrFi+ (1 —1y)F,
Az:trunc m
o o
12:‘ g ] Azl)] L
| 02 04 06 08 1 12 14
v o¥IC /6
v No impact on AG, but large impact on
AY thanks to constraints on As™




Opportunities at the EIC

Impact of EIC at small x (2021) = T
2 [ Ve JAMsmallx+ EIC
First analysis of world polarized DIS data with small-z helicity evolution — As™
S 01
Daniel Adamiak,’>* Yuri V. Kovchegov,''T W. Melnitchouk,? g
Daniel Pitonyak,>* Nobuo Sato,? % and Matthew D. Sievert?: ¥ iy
<°f 0.0
8
—0.1
() Ressccccscsssssssstatanasasssssssssns e eee e S - (22 G ‘\“2
0.08 ) AMsmallx+EIC = L
391/ 97 T o sy
—50 0= === D ';H\ — 0.05
<
~ JAMsmallx 0.51  JAMsmallx 8
N —J'OO w () U ............................................................................................................................................................
C B - EIC 0.0 4
\8/ —150 1.0~
Q‘S DSSV r \\\ DSS\’_EI(- —0.05
.01 \\\ - : ;
—200¥ = mmwmaRIC 0000 | TTmee 10-5 101 10-3 10-2 10!
+EIC 0.0 . === \w
JAMsmallx+EIC
— 2501 )2 — - te\/2 —5 ) T T T T - < . .
20 Q" = 10Gel 10 z i0-* Uncertainties remain
ws I i e || consistent even below
Simulated A, ; + A xr - -
LL T AuL EIC kinematics



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

Global Analyses Highlights

Latest Fragmentation Functions (2021)

Simultaneous Monte Carlo analysis of parton densities and fragmentation functions

E. Moffat, W. Melnitchouk, T. C. Rogers, N. Sato



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

Summary and Outlook

Isovector EMC Effect

Isovector EMC effect from global QCD analysis with MARATHON data

3 3
1.3} F2He/F2H --

0.10|

Lol 0.05|
| 0.00}
—0.05]

L1} —0.10!

Q? = 14z GeV?
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