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‘ Parton distributions in hadrons

B Parton distribution functions (PDFs) are light-cone correlation functions
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—> Wilson line (gauge invariance)
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B In A" =0 gauge,in fast-moving frame PDF has a probabilistic
interpretation as a particle density
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Parton distributions in hadrons ‘

B Most information on PDFs obtained from lepton-nucleon

deep-inelastic scattering (DIS)
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—> structure function given as convolution
of Wilson coefficient and a PDF
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Parton distributions in hadrons ‘

B Most information on PDFs obtained from lepton-nucleon
deep-inelastic scattering (DIS)
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—> structure function given as convolution
of Wilson coefficient and a PDF
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—> note: in general, parton fraction x (internal, unphysical)
is not the same as Bjorken x; (physical, specific to DIS)
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‘ Factorization in DIS ‘

m how do we get hadron structure from experimental data?

What part of this is the Factorization

“internal structure’?

Want to see
internal structure

But we only see debris




‘ Factorization in DIS ‘

- Approximations
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Collision dependent factor Internal structure
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Factorization in DIS
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‘ Mellin moments

® \ellin convolutions

Definition of a convolution of
two functions

o(z) =

: o () =

Mellin transform
makes a convolution
an ordinary product



‘ Mellin moments

m [IS in Mellin space



Mellin moments

m Mellin transforms

Mellin transform of f(x)

1
F(N):/O dea™ 1 f ()

Can be done
numerically

1
27rz

f(z) = / ANz N F(N)

Inverse Mellin transform Complex contour
integration
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‘ Mellin moments

m Numerical implementation ) e )
1 B ‘ Complex plane
f(xr) = — / ANz N F(N)
21 /., 2
R
N(Z) — C _|_ Z€Z¢ real ;

Integration contour

flx) = — /000 dzIm [ewx_N(z)F(N(z))]
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Evolution equations

B Scale evolution equations arise from

interactions between quarks & gluons

—> Definition of PDFs in field
theory requires
renormalization

(@) (b)

PDFs will depend on
renormalization scale and its
RGEs are the famous DGLAP

()

UV singularity
when the field
separation is
zero

0)|V)

& 1%) fi (%,xf)

equations
! dw™ _igptw- 7 - +
fi(§) = T (Nthi(0,w™, 0p)y 4y (
Renormalization Dokshitzer—Gribov—Lipatov—Altarelli-Parisi
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nu
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aka DGLAP

\

parton i — j
splitting function
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Evolution equations

m [GLAP in Mellin space

Splitting kernels

0 d System of
: Laz . integro-differential
alnlﬂfj/H(f"u) - Z/g ?F)J'j/(z’g)fj’/H(g/zaﬂ) equations

l |
9,

O In ,u2 Fj/H(N’ ,u) - Z ij'(N’ ,u) Fj’/H(N: ,UJ) Ordinary system of

I differential equations

Can be solved
Analytically!
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Evolution equations

® [lavor composition

0 .
: — . , 11 equations for 5
01n p? (N p) Z: Py (N, ) Fjya (N, p) active quark
J flavors + glue

ﬂ Fis=F+ — Fy-,

F'J/H(N) =Fj Fig = F+ + Fgx — 2F+,
> Fus=F;u:+Fp+Fu —3F,,

ﬂ Fioy=Fa +Fyr + Fr + Fr — 4Fp,

F+=F,+ F; Fy=Fu+Fp+Fu+Fe+ Fps
q q q

transformations

E]/H(N) — F:_j F__ Fg Just linear

11=8+2+1
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Evolution equations

m Flavor singlet and non-singlet evolution

Non singlet

0 combinations
0In QFJ'/H(N, ,u) = Z ijf(N; /L) Fj//H(N, ,u) decouples from glue
H j'
e _ I oF _ Pyt |
p— — — Non-singlet
3 ln ,U2 ’ 3 ln ,LL2 NS e\?oqufilonng )

0 Fy\ _ (Fag Fog) (F5
O ln 'UZ (Fg) o (qu ng Fg |:> Singlet evolution
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Evolution equations

m Solving the non-singlet evolution equations

o0
oln 12 = PRgly; Pz'j (aS) — Z a,g?"'l('u) Pz(m) Splitting functions
A \ m=0 depend only on
/ alphaS
Qg
da a, = —2
= B(a,) _ o
d1n p? alphas$ at the final
scale
+(0)
BFij 1 ag —Pys ™ /PBo

_ £(0) p _
das BoaSPNs Fyj > Fijas) = (a_o) Fyj(ao)

alpha$S at the input
scale
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Evolution equations

m Solving the singlet evolution equations Eigenvalue
decomposition
()= (3 ) (5) ) 5y
Olnp? \ Fy Pog Pyg) \ Fy R0=l Pq(q) Pq(g) —re_+r.e,
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Evolution equations

® flavor decomposition

Fyj |Fy| F,

Fye = (F_ — Fi24)/5

Fcﬂ: ja— Fbi + (F:t24 — F:l:15)/4 j\>
FS:!: — Fc:t -|— (F:t15 — Fig)/-?)

Fyr = Fox + (Fig — Fl3)/2
Fu:t —_ Fszi: + (Fﬂ:S + F:tg)/Q
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m FEvol

Evolution equations

ition flow

Evolved PDFs
Fyr = (F_ — Fip)/5

Fot = Fyt + (Fioq — Fi15)/4
Fy = Fox + (Fi15 — Fyg) /3
Fye = Fye + (Fig — Fi3)/2
Fut = Fy + (Fis + Fi3)/2

= F;/g(N)

Input scale PDFs

Fig= F,e
Fig= F,e
Fi5 = Fy=
Fioy = Fyz

Fo=F:++Fp+F+ Fo+ + Fys

— Fys,

+ Fyx — 2F s,

+ Fy+ + F+ — 3F .+,

+ Fye + For + For — 4F),

= F;p(N)
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Modeling PDFs

A dz
dln fin (8 ) = Z/ - Pij(z,9) firu(&/ 2, )
Nf=5
Nf=4
Nf=3

................................ O E-X

Sidd -]
S

Modeling input scale PDFs
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Modeling PDFs

Sum rules for proton PDFs Valence

number sum
nddu ‘@ /01 dz [fusp(x) = fapp(z)] = 2
/ \o 2Q :> /O 1 dz [fasp(T) — fajp(x)] =1

rules

- dsd -172 usd 12 uu 1,
== L A
A
XTI\ [ ) — it =0
sd - ssu 0
= S =

Momentum sum rule

l

1
/ dz z [fg+fu++fd+ + for + for + frr] =1
0
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Modeling PDFs

neutron PDFs ?

sd su
s B s
=- S =
~J
m, ~ My,

Isospin
symmetry

fu/n —

>

fd/n
fu/n
fJ/n
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Modeling PDFs

m  PDF parametrization

Generic template
function
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Fitting PDFs

B Determining PDF parameters from data

The Loss function

24



Fitting PDFs

®m Anatomy of Chi2 function

X*(a)

Point-by-point
correlated systematic

Experimental uncertainties
data point

>

1€

die = D1 rkgk, — Ti_f,(a)/‘\}>2 N

a-i,e

Uncorrelated
uncertainties added in
quadrature
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Fitting PDFs

®m Anatomy of Chi2 function

Penalties for the

Nuisance fitting Nuisance
parameter parameters
— 2 refie — Tie(a) /N ) , (1-N
2 _ k _el”ie l,e —_F k)2 iVe
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k 1,e )
Be o Z 2
a5

’
BieBie
a?

Ak e = Okir + Z

26




Fitting PDFs

®m Anatomy of Chi2 function

¢ di.e - IP 35‘6 zg(al)/i?\:re 2 .
X.Z(a) _ 2 : ( ; Zk - ) + 2 : ('rf)z
. +1,€ k

p(aldata) ~ L(a, data)ﬂ{a)

E[0] = / d"a pla
V[O] = /d"a pla

prior distribution

likelihood function

data) O(a) expectation value

data) [O(a) —E[(’)]]2 variance
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Fitting PDFs

die — Y rEBE, — Tio(a) /N2 e (1=N\?
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_ 2 ! 3 2 Tpj Q2 9
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Maximum Likelihood
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Fitting PDFs

Data resampling

Confidence region
(pseudo)  ;(original)
dk,z’ = dz + o Rk,z'

o
Original data Replica data

. i ‘7‘ + BCDMS

)
W s ‘ | NMC ‘ o
M e mian =] Maximum likelihood
U ] ! °
100} e sesemaeeeee s = 0 E i

o S
e : i ME e ] Maximum likelihood °

10 ; A S = i BoDMS
R e O of s N 1
T e e = — sLAC

10 d 1 o

Maximum likelihood

(]

: @ o
Maximum likelihood o

Parameter space

29



Fitting PDFs

B Repeat fits ~ 1,000 times

E[O] = /d"a p(a|data) O(a)

V[O| = /d"a p(aldata) [O(a) — E[O]]2

— mean, variance from MC replicas

E[O] ~ — Z(’)(ak)
V]O] =~ — Z - E[0]]°
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Build an MC
ensemble ($$9)

Many algorithms

- MCMC
- HMC
- Data resampling



Output PDFs
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B Jefferson Lab Angular Momentum (JAM) collaboration — an enterprise involving
theorists, experimentalists, and computer scientists using QCD to study internal
structure of hadrons

— analyze data using modern Monte Carlo techniques

& uncertainty quantification to simultaneously extract

various quantum correlation functions
— parton distribution functions (PDFs)

— fragmentation functions

— transverse momentum dependent (TMD) distributions http://www.ilab.ore/jam
— generalized parton distributions (GPDs)

— inclusion of lattice data and ML algorithms to potentially expand reach and efficacy
of JAM analyses and understanding of hadron structure in QCD
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B 3D tomography in terms of quantum correlation functions (QCFs)

—> hadron structure (PDFs, TMD PDFs, GPDs)

—

hadronization (FFs, TMD FFs)

B “Holistic” approach to global QCD analysis

—

—

-

factorization theorems
Monte Carlo analysis

simultaneous determination
of various QCFs

Bayesian inference

use of lattice QCD data to

supplement global analysis
(with caution)

USQCD

' ePD g

Bayesian R —

{/5) P(I5) (
/' Hadron @ N
- Structure "\ A
Q\\W/\ @
N

- Inference ~—
- 4 [N }
N 4 ( ) \w
,'\7,»‘ ) [ S 7N
| Exp.
N

/\ .!gtfégon Lab

@YKEK ~ BROOKHAVEN
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JAM analysis groups

Unpolarized PDFs (and fragmentation functions)

Strangeness in the proton from W+charm production and Sli

T. Anderson, W. Melnitchouk, N. Sato
arXiv:2503.21006 [hep-ph]

Global QCD analysis and dark photons

N. T. Hunt-Smith, W. Melnitchouk, N. Sato, A. W. Thomas, X. (

JHEP 09, 096 (2023), arXiv:2302.11126 [hep-ph]

Bayesian Monte Carlo extraction of the sea asymmetry with SeaQuest and STAR data

C. Cocuzza, W. Melntichouk, A. Metz, N. Sato

Phys. Rev. D 104, 074031 (2021), arXiv:2109.00677 [hep-ph]

Simultaneous Monte Carlo analysis of parton densities and fragmentation functions

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

Phys. Rev. D 104, 016015 (2021), arXiv:2101.04664 [hep-ph]

Helicity PDFs

New data-driven constraints on the sign of gluon polarizati
N. T. Hunt-Smith, C. Cocuzza, W. Melnitchouk, N. Sato, A.\

Phys. Rev. Lett. 133, 161901 (2024), arXiv:2403.08117 [hep-p «, 00

Accessing gluon polarization with high-PT hadrons in SIDIS 8

R. M. Whitehill, Y. Zhou, N. Sato, W. Melnitchouk
Phys. Rev. D 107, 034033 (2023), arXiv:2210.12295 [hep-ph]

How well do we know the gluon polarization in the proton?
Y. Zhou, N. Sato, W. Melnitchouk
Phys. Rev. D 105, 074022 (2022), arXiv:2201.02075 [hep-ph]

Small-x PDFs

First study of polarized proton-proton scattering with small-x helicity evolution
D. Adamiak, N. Baldonado, Y. Kovchegov, M. Li, W. Melnitchouk, D. Pitonyak, N. Sato,

arXiv:2503.21006 [hep-ph]

Global analysis of polarized DIS and SIDIS data with improved small-x helicity evolution
D. Adamiak, N. Baldonado, Y. V. Kovchegov, W. Melnitchouk, D. Pitonyak, N. Sato, M. D. Sievert, A. Tarasoy, Y. Tawabutr
Phys. Rev. D 108, 114007 (2023), arXiv:2308.07461 [hep-ph]

0.01

001

Constraints on the U(1)g., model from global QCD analysis
X. Wang, N. Hunt-Smith, W. Melnitchouk, N. Sato, AW. Thomas
Phys. Rev. D 111, 015019 (2025), arXiv:2410.01205 [hep-ph]

Isovector EMC effect from global QCD analysis with MARATHON data

‘C. Cocuzza, C. E. Keppel, H. Liu, W. Melnitchouk, A. Metz, N. Sato, A. W. Thomas

Phys. Rev. Lett. 127, 242001 (2021), arXiv:2104.06946 [hep-ph]

Strange quark suppression from a simultaneous Monte Carlo analysis of parton distributions anc
N. Sato, C. Andres, J.J. Ethier, W. Melnitchouk
Phys. Rev. D 101, 074020 (2020), arXiv:1905.03788 [hep-ph]

First Monte Carlo analysis of fragmentation functions from e*e™ annihilation
N. Sato, J. J. Ethier, M. Hirai, S. Kumano, W. Melnitchouk
Phys. Rev. D 94, 114004 (2016), arXiv:1609.00899 [hep-ph]

Gluon helicity from global analysis of experimental data and lattice QCD loffe time distributions
J. Karpie, R.M. Whitehill, W. Melnitchouk, C. Monahan, K. Orginos, J.-W. Qiu, D.G. Richards, N. Sato
Phys. Rev. D 109, 036031 (2024), arXiv:2310.18179 [hep-ph]

Polarized antimatter in the proton from global QCD analysis
C. Cocuzza, W. Melnitchouk, A. Metz, N. Sato
Phys. Rev. D 106, L031502 (2022), arXiv:2202.03372 [hep-ph]

07 First simultaneous extraction of spin-dependent parton distributions and fragmentation functions

J. J. Ethier, N. Sato, W. Melnitchouk
Phys. Rev. Lett. 119, 132001 (2017), arXiv:1705.05889 [hep-ph]

Iterative Monte Carlo analysis of spin-dependent parton distributions
N. Sato, W. Melnitchouk, S. E. Kuhn, J. J. Ethier, A. Accardi
Phys. Rev. D 93, 074005 (2016), arXiv:1601.07782 [hep-ph]

First analysis of world polarized DIS data with small-x helic.
D. Adamiak, Y. V. Kovchegov, W. Melnitchouk, D. Pitonyak,
Phys. Rev. D 104, L0O31501 (2021), arXiv:2102.06159 [hep-pt
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Transversity PDFs

First simultaneous global QCD analysis of dihadron fragmentation functions and transve First Monte Carlo global analysis of nucleon transversity with lattice QCD constraints
C. Cocuzza, A. Metz, D. Pitonyak, A. Prokudin, N. Sato, R. Seid| H.-W. Lin, W. Melnitchouk, A. Prokudin, N. Sato, H. Shows

Phys. Rev. D 109, 034024 (2024), arXiv:2308.14857 [hep-ph] Phys. Rev. Lett. 120, 152502 (2018), arXiv:1710.09858 [hep-ph]

I SIDIS+lattice
[ SIDIS

[=2)

Transversity distributions and tensor charges of the nucleon: Extraction from dihadron production and their universal nature
C. Cocuzza, A. Metz, D. Pitonyak, A. Prokudin, N. Sato, R. Seidl

Phys. Rev. Lett. 132, 091901 (2024), arXiv:2306.12998 [hep-ph]

normalized yield
N >

(=]

0 0.5 1 gr
Pion distributions (collinear and TMD)
Tomography of pions and protons via transverse momentum dependent distributions Towards the three-dimensional parton structure of the pion: Integrating transverse momentum dat
P. C. Barry, L. Gamberg, W. Melnitchouk, E. Moffat, D. Pitonyak, A. Prokudin, N. Sato N.Y. Cao, P. C. Barry, N. Sato, W. Melnitchouk
Phys. Rev. D 108, L091504 (2023), arXiv:2302.01192 [hep-ph] Phys. Rev. D 103, 114014 (2021), arXiv:2103.02159 [hep-ph]
Complementarity of experimental and lattice QCD data on pion parton distributions
P. C. Barry, C. Egerer, J. Karpie, W. Melnitchouk, C. Monahan, K. Orginos, Jian-Wei Qiu, D. Richards, N. Sato, R. S. Sufian, S. Zafeiropoulos 06 p—
Phys. Rev. D 105, 114051 (2022), arXiv:2204.00543 [hep-ph] 05 — -
\ ue/10
~ 04 by ] fnodel dep. DY
Global QCD analysis of pion parton distributions with threshold resummation First Monte Carlo global QCD analysis of pion parton distribut = S " . \
P. C. Barry, C.-R. Ji, N. Sato, W. Melnitchouk P. C. Barry, N. Sato, W. Melnitchouk, C.-R. Ji £ s \ DYHLN
Phys. Rev. Lett. 127, 232001 (2021), arXiv:2108.05822 [hep-ph] Phys. Rev. Lett. 121, 152001 (2018), arXiv:1804.01965 [hep-ph] ol PY YN \
* highlighted in Phys. Rev. “50 years of QCD”
.001 0.01 T 0.1

BH TMD PDFs

Updated QCD global analysis of single transverse-spin asymmetries: Extracting H™, and the role of the Soffer bound and
lattice QCD

L. Gamberg, M. Malda, J. A. Miller, D. Pitonyak, A. Prokudin, N. Sato

Phys. Rev. D 106, 034014 (2022), arXiv:2205.00999 [hep-ph]

New tool for kinematic regime estimation in semi-inclusive deep-inelastic scattering Origin of single transverse-spin asymmetries in high-energy collisions
M. Boglione, M. Diefenthaler, S. Dolan, L. Gamberg, W. Melnitchouk, D. Pitonyak, A. Prokud J. Cammarota, L. Gamberg, Z.-B. Kang, J.A. Miller, D. Pitonyak, A. Prokudin, T.C. Rogers, N. Sato

JHEP 04 (2022) 084, arXiv:2201.12197 [hep-ph] Phys. Rev. D 102, 054002 (2020), arXiv:2002.08384 [hep-ph]

B GPDs

Kernel methods for evolution of GPDs Shedding light on shadow generalized parton distributions
A. Freese, D. Adamiak, |. Cloét, W. Melnitchouk, J.-W. Qiu, N. Sato, M. Zaccheddu E. Moffat, A. Freese, I. Cloét, T. Donohoe, L. Gamberg, W. Melnitchouk, A. Metz, A. Prokudin, N. Satc
Comput. Phys. Commun. 311, 109552 (2025), arXiv:2412.13450 [hep-ph] Phys. Rev. D 108, 036027 (2023), arXiv:2303.12006 [hep-ph]



Unpolarized proton PDFs

T T T
@ SeaQuest + CMS/LHCb W

m DIS, Drell-Yan, W/Z/jet production — PDFs f(z)

» SIDIS (r, K, h) o s SIDIS (m, K,h) + SIA (m,K,h)
107L o STAR W . CDF/DO jets L o S ° L e
+ NuSea x STAR jets AT # o 41 © DIS (p d) co 8 8 8
BCDMS 2 2 P A S ) 0000 © ° S R Mol el Wtk f Wi kR AT R B R B A &
\ fNMC —W?* =3 GeV :+:+u .. ¥ *+ ., .t * . 0000 O o o .
6-\10 ., SLAC w%ﬁ ottt : E gggggg g 8 w ox owoAn # ® ® #w
> JLab BONuS saie e et e . . 110%; g A :
D (3L  JLab Hall C £ $ $ $ | 3 * = = *
g « HERA .'@ ] gggg g g &t # -
~ « CDF/D0 W/Z o:;-“o!.'! e o0 0 o 06 o 1 102_ gg 8 9 8 & H *
2 D2t S o8 |
S 10 A — A
-.-oz.o.:.o:-'-.: . Qg A ﬁ ﬁ 2 A A 2 A A A A
L aERTEY L ol : SRR EEEE N
101 ATV TEL: ] A2 as22
ST st 3 ' 2443 4
0.:.:::-:?555‘.“ A A a4 §2
10 = = - : . . . - . . . .
10~* 1073 1072 10 1072 10 0.1 0.3 0.5 0.7 aij 0.2 0.4 0.6 0.

m SIA (single-inclusive ete™ annihilation e*e™ — hX) — FFs D"(2)

@ SIDIS (semi-inclusive DIS ¢N — ¢ hX) —> PDFs & FFs f(z) ® D"(2)

—> PDFs and fragmentation functions fitted simultaneously
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Sea quark asymmetries

B From perturbative QCD expect symmetric qg sea generated
by gluon radiation into qq pairs (if quark masses are the same)

9 —> since u and d quarks nearly degenerate,
Y expect flavour-symmetric light-quark sea

qv @ () d ~ 17
3%<: (:) ~ U Ross, Sachrajda (1979)

B Chiral symmetry of QCD (important at low energy) should have
consequences for antiquark PDFs in nucleon (measured at high energy)

7T «—(ud)

—o — d>u
p n p Thomas (1983)
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Sea quark asymmetries

B [Impact of SeaQuest & RHIC W-production data

1.4

1.2}

1.0

0.8F

1.2}

1.0

t SeaQuest BEJAM (SeaQuest)

f NuSea  — JAM (NuSea)
0.48 < 2, < 0.69
s <oss I """""""""""
DY DY
oD / 20, l
data/theory ]
0 0.2 Tg 0.4

for x1 > x5

0.08 DIS (no NMC) M +NuSea
+NMC

M +STAR/SeaQuest

DIS (no NMC)
+NMC

=)
0.06 " +W/Z/jet e +W/Z /jet
) ) >-4 I +NuSea
0.04 Q=10 GeV ] M +STAR/SeaQuest
: Q
N
0.02 gl 7=
= f0.01 dz(d — u)
Q
B Z
x(d — u) 8l
0.01 0.1 —0.2 0.1 0.0 0.1 0.2
7 mJAM

—> strong constraints on integrated d — u
in measured region

—> shape and magnitude consistent with
pion cloud models of nucleon
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Cocuzza, WM, Metz, Sato
PRD 104, 074031 (2021)



Strange quark sea

B Shape and magnitude of strange quark PDF is controversial

—> historically, strange to nonstrange ratio R, = f:} ~ 0.4
u
larger than expected strangeness GG come g epiZoes  ATLAS
:ABKM o —A— pp — W Z +X
extracted from ATLAS W/Z data e

v CT10 (NLO)

[ total uncertainty
experimental uncertainty

02 0 02 04 06 08 1

B Impact of SIDIS & SIA data on unpolarised PDFs <s+s /2d

0.25
= 1007552

rs

—> SIA data at large z disfavor
small s - K FF 0™

m(J_l_,a) i 0.08:

| 0.04}

—> larger s — K FF requires - JAM
Af —— no SIDIS/SIA

smaller strange PDF 0

—> suppression of strange
PDF compared to ATLAS
extraction

Sato, Andres, Ethier, WM
PRD 101, 074020 (2020)
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Strange quark sea

B W-+c production in pp collisions ] ]

s, d w s, d w*
— > (WWW ———(VVWVWW\
—> sensitive to s and s distributions fe
9 C g c

—> ATLAS and CMS data indicate larger strange content

0.6 Q> =1 GoV?2 M baseline

. ‘ m +sipis/sia | 0.08F _
2 AP 2
W2 > 10 GeV = 1 W-charm _ xS :
0.4 1 0.04f .
xSt ' |
0.9 ) 0._ :
—0.04}

0.6k 95% C.L ] LOf
0.4F —
i x(d+w)|
0.2F § Anderson, WM, Sato,
[ in preparation (2024)
0.01 003 01 03 0.0 003 0. T
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Strange quark sea

W+c production in pp collisions

s, d w s, d w™
— > (WWW —<——(VVVVWV
—> sensitive to s and s distributions 1e L
g C g c

—> ATLAS and CMS data indicate larger strange content

T T T L T T
QQ = 4 GeV? [ +SIDIS/SIA 7

0.08
5 \ 472 M 4+W-charm | I -
W2 > 10 GeV  Combinnd xS

xSt

0.4 1 0.04f

] U.OU:—————“

—0.04f
06k 95% C.IL 1 1of R,
0.4f — ] '
' x(d+w)| o
0.2F ] Anderson, WM, Sato,
[ in preparation (2024)
0.0 003 01 x 03 0.0 003 01 x 03

—» combined analysis gives R; =~ 0.2 —0.5 for 0.01 <z <0.25
with larger overall uncertainty
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Polarized sea quarks

B Flavor asymmetries in spin PDFs expected from antisymmetrization

—> tested in W production —aa
| - Au=Ad fit
in polarized pp collisions "
AV~ Ad(a )u(s) — Aua)d(zs) T

AY ~ Ad(xy)d(z2) — Ad(zy)u(z)  _osl

0.06- (AT—Ad) e

o JAM |
+pos

f
H JAM
NNPDFpoll.1 |
7 DSSV08

0.06F Q% =10 GeV?

0.04r

0.02

001 01 03 =x

—> excess of Au over Ad

at intermediate x

} STAR

|

Vs = 510 GeV
p% > 25 GeV

Cocuzza, WM, Metz, Sato

PRD 106, L031502 (2022)

— first consistent (simultaneous)
extraction of ratios Ag/q
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Where does the spin of the proton come from?

B Proton spin crisis (European Muon Collaboration, 1988) — total spin AX
carried by quarks and antiquarks consistent with zero!

B Global experimental program in polarized (N & pp scattering
—> more refined picture, in which AX ~ 0.3, and evidence that
spin carried by gluons AG is positive

LRI\ FYNES)

/TN

quark helicity gluon helicity quark & gluon orbital
(~30%) (positive?) angular momentum
(largely unknown)

B Quest to unravel spin decomposition continues!
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B Information on helicity-dependent PDFs obtained from polarized ¢/N DIS

A _U“T—JM A, — 1 4M?2?
| = oI 1 ot aon 1_71(91_ Q2 92)

—> polarized structure functions given
by helicity parton distributions

g1(2,Q%) 2 Z Agt(z,Q%)
AN

Ag =g — gt

—> total helicity carried by quarks & antiquarks

ARQY) =Y /0 dz Aq*(z, Q?)

—> triplet axial charge octet axial charge

1 1
/ dr [Aut — Adt] (z,Q%) = ga / dzr [Aut + Adt — 2As1] (z,Q%) = as
0 0
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Polarized glue

B First simultaneous analysis including polarized and unpolarized jets
in proton-proton and proton-antiproton collisions

"] 0.05F

SU(2):

/01 dz[Aut — AdT)(z,Q%) = ga J

SU(3):
1

/ dz[Aut + AdT — 2AsT| (2, Q%) = as ‘?
0

| 0.00
—0.05F

3 —0.10p

-------------------- . J|  PDF positivity:
A, Q)| < filw, @) X

-0.2

rAg

Q2= 10ce?

0.01 0.1 0.5 0.01 0.1 0.5
xr xr

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

—> polarized strange and gluon spin PDFs depend strongly on
theoretical assumptions, especially positivity of (unpolarized) PDFs

—> cannot rule out negative gluon polarization from experiment alone!
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Polarized glue

B New lattice QCD calculations of loffe-time pseudo-distributions

0: | ‘ ‘ Ooi)HH T * M(v, 22) depends on
g ‘ :
%

~ 0.05 1
g: 0.05 4 + T = z —’l:.’EV
3 0.0 I,(v) = 5/ dze x Ag(z) .

S 0.0 -0.051 -1
7 ons o4 % Lattice OCD Egerer et al. [HadStruc Collaboration]

-0.15 AM I,
—=ravi 7o PRD 106, 094511 (2022)
) ; i 5 5 020 : I 6 5
14 14

—> favors positive gluon polarization?

—> fit experimental + lattice data simultaneously

Before LQCD After LQCD
1 iﬂ

\ . _ocw —> good description of data after
inclusion of LQCD for both
solutions for Ag

—> from y?2 alone, LQCD cannot
discriminate sign of Ag

but ... negative Ag gives rise
‘}' to negative AX at large x (:9

02 04 06 08 02 04 06 08
Xr Xr

Karpie, Whitlehill, WM et al., PRD 109, 036031 (2024) 46



Polarized glue

Lower W?2 cut from 10 GeV? to 4 GeV? to include high-x region

0.067
0.047
0.02f

0.06¢
0.04f
0.02f

0.047

0.02f

baseline + LQCD + high-z DIS
(S)TAR 20155 — Ag >0 ,
<Inl <o0. / Ag <0 4
P 4 / =
S ,’~ 3 ¢
u§// B [

10 15 20 25 30

10 15 20 25 30

10 15 20 25 30

STAR 2015
0.5<|n <1

=——

L= 3

T g

o
\
\ N
\

15 20 25 30

15 20 25 30

15 20 25 30

o

STAR 2013 T
bt Mg ' Mg
10 25 40 55 10 25 40 55 10 25 40 55

pr (GeV)

pr (GeV)

pr (GeV)

Hunt-Smith, Cocuzza, WM, Sato, Thomas, White, arXiv:2403.08117

<°]3 0.0F ;
Z
8 unp. *xg :
—09F— baseline
— 4+ LQCD — ]
— + high-z DIS —= “

Ll L | | |

0.01 0.1 03 05 0.7
X

—> including high-x DIS data (CLAS, Hall A, SANE), LQCD strongly disfavors
negative A2 solutions at x > 0.5

—> in data-driven approach, Ag < 0 can be ruled out only
with inclusion of polarized jet, lattice, and high-x DIS data!

47



Transversity

B Reconstruct transversity i, PDFs from

@ single spin asymmetries (SIDIS, pp)
within TMD+CT3 framework
—> “JAM3D”
B dihadron production in SIDIS, pp
and ¢" ¢~ data
— “JAMDIiFF”

B Tension between experiment and
lattice QCD data?

—> weak constraints on 4
from experiment at x > 0.3

—> LQCD moments suggest
large contributions at high x

—> more high-x data needed
to test compatibility

od
0.2

JAM3D* (with LQCD)
JAM3D* (no LQCD)

p? =4 GeV?

0.1}
Of tension between
—0.1¢ ! LQCD & experiment

‘ > removed by adjusting
—0.2] - hy in (extrapolated)
—0.3 large-x region
—0.4

+ PNDME (2018)
|+ ETMC (2020)

_0-5 0.21
+ Radici, Bacchetta (2018) .
0.4 0.6 0.8 du
' ' u
0.4/ JAM3D* (no LQCD) xhy"

0.3HRadici, Bacchetta (2018)

01 0305 07

- Soffer bound

u? =4 GeV?
10—2

01 Od ()5 U?zj!

1072

Cocuzza, Metz, Pitonyak, Prokudin, Sato, Seidl
PRD 109, 034024 (2024)
PRL 132, 091901 (2024)
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Transversity

B Reconstruct transversity i, PDFs from
@ single spin asymmetries (SIDIS, pp)
within TMD+CT3 framework
—> “JAM3D”
B dihadron production in SIDIS, pp
and ¢ ¢~ data
—> “JAMDIFF”

B Tension between experiment and
lattice QCD data? 0.4

0.3

od |

||||||||||||||

[ JAM3D" (w/ LQCD)

'Radici, Bacchetta (2018)

—0.19
| tension between
LQCD & experiment
0.20 i removed by adjusting
| h; in (extrapolated)
large-x region
—0.21 .
I + PNDME (2018) -
-+ ETMC (2020)
070 07 080 du
"JAM3D* (no LQCD) ' iBhl [JAM3D* (with LQCD)

—> weak constraints on A o
from experiment at x > 0.3 0
0.05}
—> LQCD moments suggest oo
large contributions at high x 0w 4 o
—0.15F - Soffer bound : €T hl'v L 2= 4 GeV? ! whlv
102 0.1 030507 102 0.1 0805 07T

—> more high-x data needed
to test compatibility
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Generalized parton distributions

B JAM’s GPD efforts moving towards ML-based analysis

—> GPDs more complicated, traditional methods require more modeling
—> capitalize on tools developed for imaging in ML

—> model GPDs as pixels instead of assuming functional forms
... address resolution with which images can be reconstructed

A" QUARK-GLUON
s((8Y) TomMoGRAPHY
b, N § COLLABORATION

B JAM participating in multi-institutional projects

. . () » N
B Quark-Gluon Tomography (QGT) Topical Collaboration ‘&)’;DtO
— global analysis of GPDs from DVCS & DVMP data with LQCD Bcorion

@ LDRD
— SDHEPS to reconstruct x dependence: photoproduction in Hall D

O QuantOm
— integrated experiment and theory event-level analysis framework for

hadron structure studies: fold detector effects with QCD reaction

—> ML-enabled framework requires differentiable programming libraries (PyTorch)

—> develop data analysis framework for simultaneous extractions of QCFs
— capitalize on JAM PDF/TMD machinery
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Outlook

Progress made by JAM Collaboration towards simultaneous QCD analysis
of all observables sensitive to collinear (spin-averaged and spin-dependent)
PDFs and FFs, as well as TMD PDFs and TMD FFs

Incorporation of lattice QCD data into global analysis (with caution)

Increasing utilization of AI/ML tools to meet complexity challenge

JAM machinery being leveraged in development of ML-based analysis
framework for GPDs, TMDs, PDFs —> 3-D structure of hadrons

Factorization,
effective theories
PSU, Adelaide...)

GT Topical
Lattice QCD JAM gollabo(i'gg(?n
Hacatrue Theory Center
JLab
Computing
http://www.jlab.org/jam

External

Collaborators
(Temple, NCSU, OSU,



http://www.jlab.org/jam

