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JAM Collaboration

3-dimensional structure of nucleons:

 Parton distribution functions (PDFs)

* Fragmentation functions (FFs)

e Transverse momentum dependent distributions (TMDs)
* Generalized parton distributions (GPDs)

* Collinear factorization in perturbative QCD
* Simultaneous determinations of PDFs, FFs, etc.
* Monte Carlo methods for Bayesian inference
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Current State of Helicity PDF's

0.05

0.00

-0.05

-0.10

Q% = 10 GeV?

SV 14
JICDIS /5 = 45 GeV

[ICDIS /s = 45 — 140 GeV

10—

107

103
i

102 101 100

» . (! o EIC (d, 3He) “e . .
Proton spin puzzle: px=| axYagt| | - mow ECEE :
1 1 70 q < - world data Ll e ° °
-= W2 =10 GeV? can 0% te . »
=AY+ AGH Ly + L, | % T AT :
2 2 AG = | dxAg (_510 cecsb o .e- & , .
0 = I R
0.15 C\]Q) 101 : : : :':! :; :i.:;’:; ;.é:; §~§'.i 2,:;:;’3’;:”}
Phys.Rev.D 102 (2020) 9, 094018 S P ::-:-‘5;3;‘?3.-'3,3-5";”
IR | RS 9.::.@:-;:3';;"
0.10 . L . ‘ -
10 1073 102 0.1 0.3 0.5
£

Still a lot to learn about
helicity PDFs!
(antiquarks and gluon)




Sea Asymmetry

Introduction to Sea Asymmetry

MJAM || Cannot be explained from gluons
ABMP16 || splitting into quark-antiquark pairs
CT18
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Meson Cloud Models
Chiral Soliton Models
Statistical Models

0.02F QZ — 10 GeV?2 1

| w(d T ’l_l,) Still questions at high x > 0.2 and
V001 02 03 g 04 for helicity asymmetry

Unpolarized




Sea Asymmetry

Kinematic Coverage (Helicity)
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Sea Asymmetry

STAR Quality of Fit

0.5F — JAM
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} STAR --- A@ = Ad fit

V35 = 510 GeV |
pr > 25 GeV

X2/Ndat B
process Ndat | JAM  +Pos. Au = Ad
STAR W+ 121 0.45  0.61 1.53
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Gluon Helicity
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Resultlng Asymmetry

0.06F CU(AU Ad)

Positivity Constraints:

| Af(x, Q%) | < f(x, 0°)

Can MS parton distributions be negative?
Alessandro Candido, Stefano Forte and Felix Hekhorn
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Positivity and renormalization of parton densities

John Collins, Ted C. Rogers, Nobuo Sato
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Sea Asymmetry

Proton Spln Contrlbutlons
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How well do we know the gluon polarization in the proton?

Jefferson Lab Angular Momentum (JAM) Collaboration - Y. Zhou (South China Normal U. and UCLA and William-Mary Coll. and
Jefferson Lab) et al. (Jan 6, 2022)

Published in: Phys.Rev.D 105 (2022) 7, 074022 - e-Print: 2201.02075 [hep-ph] Alessandro Candido, Stefano Forte and Felix Hekhorn

Can MS parton distributions be negative?

Positivity and renormalization of parton densities
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Measurement of charged pion double spin asymmetries at midrapidity in | | Charged-pion cross sections and double-helicity asymmetries in polarized p+p
longitudinally polarized p + p collisions at \f =510 GeV collisions at \/§=200 GeV

PHENIX Collaboration - U.A. Acharya (Georgia State U.) et al. (Apr 6, 2020) PHENIX Collaboration - A. Adare (Colorado U.) et al. (Sep 5, 2014)

Published in: Phys.Rev.D 102 (2020) 3, 032001 - e-Print: 2004.02681 [hep—ex] Published in: Phys.Rev.D 91 (201 5) 3’ 032001 - e-Print: 1409.1907 [hep—ex]
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Gluon Helicity

Measurement of charged pion double spin asymmetries at midrapidity in
longitudinally polarized p + p collisions at \/_ =510 GeV

PHENIX Collaboration « U.A. Acharya (Georgia State U.) et al. (Apr 6, 2020)
Published in: Phys.Rev.D 102 (2020) 3, 032001 - e-Print: 2004.02681 [hep-ex]

Charged-pion cross sections and double-helicity asymmetries in polarized p+p
collisions at 1/s=200 GeV

PHENIX Collaboration - A. Adare (Colorado U.) et al. (Sep 5, 2014)

Published in: Phys.Rev.D 91 (2015) 3, 032001 - e-Print: 1409.1907 [hep-ex]
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Measurement of Direct-Photon Cross Section and Double-Helicity
Asymmetry at /s = 510 GeV in p + p Collisions
PHENIX Collaboration « U. Acharya (Georgia State U., Atlanta) et al. (Feb 16, 2022)

e-Print: 2202.08158 [hep-ex]

—

0.04

0.02

LL

< o
~0.02k

—-0.04

p — Y*°+X, Vs =510 GeV, [n| < 0.25

0 15
P, [GeV/c]

‘ 2.80
¥ =12.6

‘Direct sensitivity to the sign of Ag! |

‘ May be aided by 1solation cut ‘

‘ Potential issues at P < 10 ‘

NLO pQCD

I GRVFF

1= (by W. Vogelsang)
NNPDF3.0 PDF

Kw=pJ/2,p,2p_

* PHENIX Data

)

Isolatidn cut condition
B (@n)* + (80)* = 0.5
N 0.1E,
F * PHENIX Data
| NLO pQCD
£ (by W. Vogelsang)
- NNPDF3.0 PDF
| GRVFF
| n=p/2,p,2p
i s | | L
=y @
i i
[ FL.
} ---“—-*éé; ------------------------------------ L S
S S U brl
T
{— 1 I 11 1 | I - J Il Il I -
5 10 15 20 25 30
P, [GeVic]




Gluon Helicity

The RHIC Cold QCD Program

White Paper
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Figure 8: STAR double-helicity asymmetries
Arr for dijet production vs dijet invariant
mass My, in polarized pp collisions at 1/s=510
GeV at midrapidity from 2013 data set [21].
DSSV14 evaluation [17] is plotted as the black
curve with the 1o uncertainty band marked
in light blue. The blue curve with 1o uncer-
tainty band in dark blue shows the impact of
all the data sets included in the new prelimi-
nary DSSV fit [2] as in Fig. 6. The red curves
show the JAM Ag < 0 solution [41] calculated
by the DSSV group.




Future Experiments

Accessing gluon polarization with high- P, hadrons in SIDIS

Jefferson Lab Angular Momentum (JAM) Collaboration « R.M. Whitehill (Wichita State U.) et al. (Oct 21, 2022)
Published in: Phys.Rev.D 107 (2023) 3, 034033 - e-Print: 2210.12295 [hep-ph]

0.10 0.15 0.20 0.25 0.30 0.35

& = 86 fb~! for JLab
% =10 tb~! for EIC

[+ N —>U+h+X

17

EIC asymmetry 1s small due to
scaling behavior of unpolarized

Cross section

I JAM (Ag > 0)
B JAM (Ag < 0)
I 647,

-

—0.4 JLab22

0.075  0.100  0.125  0.150  0.175  0.200  0.225

JLab22 has stronger
distinguishing power due
to more evolution and

access to smaller x

000 “

) s s

oo EIC

0.001 0.002 0.003 0.004

d(A)o/dz dydzdgr (fb GeV ™)

—_ — —_ —_
S 9 9 9
— — — —
(o) ot W= w

—_
I

—

~

JLab22
e EIC

V-,
"A"V Ve
LA 257 QA""V 7%
NS ’A'gv‘v ’A'A'AV 7~
A.Q&bxézéze%bfézéze'gxomv‘v S
X RIDEH KHIIIH X R Ao
R ILRREEERRLRKRRARAR T
AR RREEEEIIKINA

K XXX

008 0.10 0.12 014 0.16
X




Future Experiments

Revisiting quark and gluon polarization in the proton at the EIC
- —

Jefferson Lab Angular Momentum (JAM) Collaboration - Y. Zhou (William-Mary Coll.) et al. (May 10, 2021) l + N — l/ + X
Published in: Phys.Rev.D 104 (2021) 3, 034028 - e-Print: 2105.04434 [hep-ph]
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Conclusions and Outlook

Current JAM analyses have two gluon solutions ‘

New data from RHIC may
help distinguish them
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‘ Parameterize PDFs at input scale Qg =

£(x) = Nx%(1 = x)’(1 + y\/x + nx)

| Evolve PDFs using DGLAP |
d d ‘ Mellin Space Techniques \
ik, ) = 2[ | > .
d ln(,u2) i X < < 1

10" =Y o / AN / AM (N, o) FL(M, o)

ijkl
Calculate Observables & [wl Ny MHEP(N, M, p)US (N, p, po)Ug (M, i, ,Uo)]
dapp_szp@)f@f \/
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Experimentally measured “Soft part” (process independent)
Cross-section Describes internal structure

\: =

o= ) H; ®f,®f+0(1/0)
] \
\

“Hard part” (process dependent)
Cross-section at parton level
Calculated 1n perturbative QCD
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Now that the observables have been calculated...

‘ Data ‘ ‘ Theory\ ‘ Normalization \
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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(aldata) ~ L(a,data) 7(a)

m(a)

Prior Beliefs




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

E[0] = |d"a p(a|data) O(a) Exact. but

n = 0(100)!

V[O] = @ p(a|data) [Oa) — E[0]]"

l Build an MC ensemble l

1
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prior samples
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Future Experiments

Revisiting helicity parton distributions at a future electron-ion collider

Ignacio Borsa (U. Buenos Aires), Gonzalo Lucero (U. Buenos Aires), Rodolfo Sassot (U.

Published in: Phys.Rev.D 102 (2020) 9, 094018 - e-Print: 2007.08300 [hep-ph]

Elke C. Aschenauer (Brookhaven Natl. Lab.), Ana S. Nunes (Brookhaven Natl. Lab.) (Jul 16, 2020)
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Positivity

Positivity and renormalization of parton densities

John Collins (Penn State U.), Ted C. Rogers (Old Dominion U. and Jefferson Lab), Nobuo Sato (Jefferson Lab) (Nov 1, 2021)
Published in: Phys.Rev.D 105 (2022) 7, 076010 - e-Print: 2111.01170 [hep-ph]

As regards the positivity issue itself, there are several
points to make. First, we emphasize that we have not
argued that MS pdfs must be negative for any particular
choice of scales or u3rs. Rather we proved that nothing
in the definition of pdfs or in the factorization theorems
themselves excludes negativity as a possibility, especially
at low or moderate input scales. But we did show ar-
guments that indicate that certain generic situations do
tend to lead to negative pdfs of partons with small pdfs,
notably for non-valence quarks. Giving a full theoretical
answer to the question of whether a particular pdf turns
negative depends on its large distance/low energy non-
perturbative properties, as the sensitivity to mass scales
in the example of Sec. VIII illustrates. Also, the failure of



