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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)
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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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JAM Ag (2024)

New Data-Driven Constraints on the Sign of Gluon Polarization in the Proton

JAM Collaboration « N.T. Hunt-Smith (Adelaide U.) Show All(6)
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New Data-Driven Constraints on the Sign of Gluon Polarization in the Proton
JAM Collaboration « N.T. Hunt-Smith (Adelaide U.) Show All(6)
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JAM High-x (2015)

Iterative Monte Carlo analysis of spin-dependent parton distributions
Jefferson Lab Angular Momentum Collaboration « Nobuo Sato (Jefferson Lab)
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polarized high-x analysis with
Target Mass Corrections (TMCs)
and Higher Twists (HT)
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Ultimate JAM helicity analysis

Simultaneous extraction of helicity PDFs (Ag) and
single-hadron FFs (Df) (H =n K, h) at NLO

with high-x DIS + TMCs + HTs + nuclear corrections

Polarized jet production W/Z production

ha @ X,
q

|14

A. Airapetian ef al., Phys. Rev. D 75, 012007 (2007) C. Cocuzza, dissertation (2023) C. Cocuzza, dissertation (2023)
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Polarized DIS Theory

‘ Leading Twist polarized structure functions: ‘

1
& (60 = = ) ¢JIACPS ® Ag* + 240" ® Agl(x, 0%
q

1 )
dz Wandzura-Wilczek
8 (1 Q) =—g (x0)+ [ —8 20 (WW) relation
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Polarized DIS Theory

‘ Leading Twist polarized structure functions: ‘

|
&, 0% =~ D eAACY"S @ Agt +2ACPS ® Agl(x, 07)
q
1 )
dz Wandzura-Wilczek
g%T(x, Qz) — g%T(x, Qz) + [ ?glLT(Za QZ) (WW) relation
X
‘ Structure functions with collinear factorization (CF) TMC:s: ‘
ngMC(x, 0?) = %glLT(xN, 07 + 2(pp; 1) J 1 % glLT(z, 0 [Derivation ir; ﬁxé)eli?ndiXA of our
TMC o b ogg 2 ' dz LT 2 p = 1+4M2x2x= &k
P) (x,Q)——?gl (xN’Q)+(1+p)p2LNZg1 (z, O°) 02 > N 14p
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Polarized DIS Theory

‘ Higher Twists: ‘

gl =g ™Mo+ M =12, N=p,n

NHT
NHT _ ©I gVHT — (NHT
81 02 2 2
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Polarized DIS Theory

‘ Higher Twists: ‘

gl =g ™Mo+ M =12, N=p,n ‘T(x, u?) = Nx%(1 —x)’(1 + y7/x + nx)‘

N,HT
NHT _ Ci NHT — NHT Template used for gy, g,
J - 52 =) proton and neutron HTs
1 Q2
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Polarized DIS Theory

‘ Higher Twists: ‘

gl =g ™Mo+ M =12, N=p,n ‘T(x, u?) = Nx%(1 —x)’(1 + y7/x + nx)‘

N,HT
N,HT . Cl N,HT _ CN,HT Template used fOI’ gl’ g2
J - 52 2 proton and neutron HTs
1 Q2

‘ Nuclear structure functions: ‘

g, 0 =) [A®¢N|(x, 0% (ij=12)

N
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Polarized DIS Theory

‘ Burkhardt-Cottingham (BC) sum rule: ‘

~ 1

[(0) = | dxg(x,0%, i=12| [[57(Q%=0|
J()
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Polarized DIS Theory
‘ Burkhardt-Cottingham (BC) sum rule: ‘
1
2 .

[0 =| dgx. 0, i=12| [[¥'Q>)=0|

J0
‘ d, matrix element: \

1 Related to nucleon’s color

dy(Q%) = J dxx* |2g,(x, Q%) + 3g,(x, 0?)| polarizability or the transverse color
U force acting on quarks
Zero at LT.

Non-zero with TMCs and/or HTs.
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Lattice QCD Data

‘ Singlet loffe time helicity distributions: ‘

1

SNONOE J dxx sin(xw) Ag(x, u?)
0

1
I as(v, u?) = J dxx sin(xv) AX(x, u?)
0
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Lattice QCD Data

‘ Singlet loffe time helicity distributions: ‘

1901 gauge configurations of an

, I . , ensamble with (2+1)-dynamical clover
g 1Y) = J dxx sin(xv) Ag(x, 1) [ Wilson fermions with stout-link
. smearing and tree-level tadpole-

1 [ ] [ ] [ ] [ ]
. m d gauge action with a lattice
2 _ 5 o\ [[Improved gaug
I as(U, 1) L dxx sin(xv) AX(x, u~) volume of 323 X 64

‘mﬂ = 358(3) MeV, latice spacing a = 0.096(1) fm
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Lattice QCD Data

‘ Singlet loffe time helicity distributions: ‘

1

SNONOE J dxx sin(xw) Ag(x, u?)
0

1

I as(v, u?) = J dxx sin(xv) AX(x, u?)
0

1901 gauge configurations of an
ensamble with (2+1)-dynamical clover
Wilson fermions with stout-link
smearing and tree-level tadpole-
improved gauge action with a lattice
volume of 323 X 64

‘mﬂ = 358(3) MeV, latice spacing a = 0.096(1) fm

‘Included on same footing as experimental data \
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Data Summary
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Y- Summary
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Data vs. Theory (DIS) (proton)
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Data vs. Theory (DIS) (deuteron)
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Data vs. Theory (DIS) (helium/neutron)
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Data vs. Theory (SIDIS)
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| 0.0 not hlgh-x data

Aut and Ad* have smaller uncertainties at
x > 0.1 due to low W?, high-x data.
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Structure Functions

g;» &) and g7’ stable with regard to HTs; sufficient data to
constrain them

For g7, errors get much larger due to very sparse A data
for deuteron/helium ~0.02
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All HTs are consistent with zero, but give a more 004 Bgr

accurate reflection of the errors.
L.e. for g7, qualitative change in conclusion from nonzero
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Bjorken Sum Rule

‘ Bjorken sum rule at NLO and LT: ‘
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dy(0%) = J dxx® [2g,(x, 0%) + 3g,(x, 07|

d, Matrix Element
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Factor of x means contribution
below 0.005 is negligible

At LT, integral goes to zero as
X..x — 1, as needed by theory

With HTs, errors get larger at
large x
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dz(Qz) — J

d, Matrix Element

0

dxx? [Zgl(x, 0%) + 3g,(x, Qz)]

Factor of x means contribution
below 0.005 is negligible

At LT, integral goes to zero as
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Derived TMCs for polarized structure First inclusion of SANE data
functions in collinear factorization framework from Hall C
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Conclusions

‘ Simultaneous extraction of PDFs and FFs, with low W? > 4 GeV? cut, with TMCs and HTs

Derived TMCs for polarized structure First inclusion of SANE data
functions in collinear factorization framework from Hall C
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Low W? > 4 GeV? DIS data provides strong
constraints on Au™ and Ad* at high x
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Outlook

JLab 12 GeV data, particularly transversely polarized asymmetries on helium, will
help further constrain the d, matrix element

EIC can provide constraints at small x, and reduce uncertainties on the gluon and
singlet distributions 1n the extrapolation region
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‘ Parameterize PDFs at input scale Qg =

£(x) = Nx%(1 = x)’(1 + y\/x + nx)

| Evolve PDFs using DGLAP |

d le X
d In(u2) Jix 1) = ZJ: [x —F U(Z,M)Jj-(?ﬂ)
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‘ Parameterize PDFs at input scale Qg =

£(x) = Nx%(1 = x)’(1 + y\/x + nx)

| Evolve PDFs using DGLAP |
d ~ ldz X ‘ Mellin Space Techniques \
d n(a?) Jilx, u) = ZJ: [x ?Pij(z, M)Jj-(?ﬂ) :

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

ijkl
Calculate Observables
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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)]
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Experimentally measured
Cross-section

\C

o= ) H; ®f,®f+0(1/0)
i
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Experimentally measured
Cross-section

\C

o= Zf{{j@ﬁ ® f;+0(1/0Q)
y

\

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

‘ Data ‘
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‘ Data ‘ ‘ Theory‘
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Now that the observables have been calculated...

‘ Data ‘ ‘ Theory‘
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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 (—5)(2 (a, data))
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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
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For a quantity O(a): (for example, a PDF at a given value of (x, Q%))
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n = 0(100)!

V[O] = @ p(a|data) [Oa) — E[0]]"




—

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



—

For a quantity O(a): (for example, a PDF at a given value of (x, Q%))
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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. Buenos Aires), l + ﬁ N l/ + X

Elke C. Aschenauer (Brookhaven Natl. Lab.), Ana S. Nunes (Brookhaven Natl. Lab.) (Jul 16, 2020)
Published in: Phys.Rev.D 102 (2020) 9, 094018 - e-Print: 2007.08300 [hep-ph]
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Revisiting helicity parton distributions at a future electron-ion collider
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Published in: Phys.Rev.D 102 (2020) 9, 094018 - e-Print: 2007.08300 [hep-ph]
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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
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When combined with high-x
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