Impact of High x JLab Data on Transversity
PDFs and Tensor Charges

Christopher Cocuzza

e

December 2, 2024


http://www.jlab.org/theory/jam
http://www.jlab.org/theory/jam

1. Introduction




Introduction

)= (di,e— kriﬂff—n,e<a>/Ne>2 L (15_1\[]56)2‘

- Qj e
i,e ’ k

2 o e . . 10— : : : : : :
y° Minimization | [—-w > | BODMS
1()/’,_,,._.«—«'—-::0013 { NMC 4

e e e a2 =00
ey JAM
10°F o a7 =009 J

L (a,data) = exp (—%XZ (a,data))

d

P(al|data) ~ L(a,data) T(a g
d In(u?)

Global TR
. . R M, z= 0.7*;E 1
Param. + Evolve + Factorization QCD | |

* -3 * ' ‘
Aﬂ&lYSlS B A a0 s i 200 B00

1
d
feom) = Z[ fP,-j@,m];-(g,m
j X

Hadron

Structure

6=) H;®f®f
LJ

0.6 oA mIAM
[ Tuy | 04 NNPDF4.0 |
0.4F ] M ABMP16 |
s | 02 - Data
= xd, 1 ] .
:‘ — i wg/lo bt —— Resampllng
i I CT18 1
0.4] 1 0.4 MSHT20_ 1 o =0+ N(O,l) a
0.2 102 z(s + 5) |

0.01 0.1 x 0.0 | 0.1 T




Introduction
4

Approaches to Extract Transversity
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The Transverse Spin Puzzle?

L. Gamberg et al., Phys. Rev. D 106, no. 3, 034014 (2022)
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2. TMD Extraction Results
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JAM3D Functions
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TMD Extraction Results

JAM3D PDFs
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JAM3D Tensor Charges
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3. Di1FF Extraction Results
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Di1FF Extraction Results
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Di1FF Extraction Results

JAMDIFF PDFs
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Extraction of Tensor Charges
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Di1FF Extraction Results

JAMDIFF Tensor Charges
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DiFF Extraction Results
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Di1FF Extraction Results

Tensor Charges (w/ LQCD)
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4. Impact of Jefferson Lab Data
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Impact of Jefferson Lab Data

JAM Pseudo-Data Approach
Choice of

baseline fit \

Generate pseudo-data using
functions of baseline fit

Kinematics and errors
from experimentalists

Compare new results to

v
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Impact of Jefferson Lab Data

JAM3D Impact (SoLID)
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Impact of Jefferson Lab Data

JAM3D Impact (SoLID)
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Impact of Jefferson Lab Data
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JAMDIFF Impact (CLASIZ proton)
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Impact of Jefferson Lab Data

JAMDIFF Impact (CLASZZ proton)
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JAMDIFF Impact (CLAS proton)
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Introduction

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




Introduction

JAM Global Analysis in the collinear DiFF Approach

34

First simultaneous extraction of z*z~ DiFFs (D7),
IFFs (H™), and transversity PDFs (h7) at LO

Semi-Inclusive
Deep Inelastic Scattering

Proton-Proton Collisions

R. Seidl ef al., Phys. Rev. D 96, no. 3, 032005 (2017) C. Adolph et al., Phys. Lett. B 713, 10-16 (2012) L. Adamczyk et al., Phys. Rev. Lett. 115, 242501 (2015)



Extraction of DiFFs

Observables for DiFFs

‘ SIA Cross Section\

R. Seidl et al., Phys. Rev. D 96, no. 3, 032005 (2017)

‘ SIA Artru-Collins Asymmetry \

A. Vossen et al., Phys. Rev. Lett. 107, 072004 (2011)
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Extraction of DiFFs

Data for DiFFs
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Extraction of DiFFs

Quality of Fit (Unpolarized Cross Sectlon)
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Extraction of DiFFs

Quality of Fit (Artru-Colllns Asymmetr
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Extraction of DiFFs

Extracted DlFFS
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Extraction of DiFFs

Extracted DiFFs (3D)
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Extraction of DiFFs

Extracted I1FFKs
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Comprehensive Analysis of DiFFs and Transversity

42

‘ First inclusion of Belle cross section data ‘

0000000000

~03<2<035

\\\\\\\
0.45 < 2 < 0.5

0.35 <2< 04

0.6 0.8 < z<0.85

000000000

Utilized all binnings for Artru-
Collins and SIDIS asymmetries

First inclusion of
500 GeV STAR data

4 GeV <PhT) =5 GeV

M }M

<PhT> = 6 GeV

L L L R I LA B
—0.02 ‘ ‘ ‘ ‘ ‘ |
(PhTﬁ —8GeV ‘ 1 (PhT)‘ —12GeV ‘ 1 1\},? [GeV]
pp
( N
oI l [ { | /3 =1500 GeV (R < 0.7)
))))))) Lv/&ﬂ/:ﬂ [ { STAR >0 & JAMDIFF 5> 0
HH 1 | STARn <0 & JAMDIFF n <0
05 10 5 05 10
M, [GeV] M, [GeV]

0.05¢ }
0.00 *

—0.05}
010k ' || { HERMES || = JAMDIFF (HERMES)
. SIDIS } COMPASS p = JAMDIiFF (COMPASS p)
—0.15¢ AUT 1l § COMPASS D 1t 2 JAMDIiFF (COMPASS D)
102 1071 Th; 05 | ‘

15 M, [GeV]

0.4 0.6 0.8

z

First sitmultaneous analysis
of D1FFs and transversity
PDFs




Extraction of DiFFs

Observables for Transversity PDFs

SIDIS asymmetry (p and D)

Zq ey hi(x) H*(z, M},)

ASIDIS
c(y) S 2 /i

C. Adolph et al., Phys. Lett. B 713, 10-16 (2012)
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L. Adamezyk et al., Phys. Rev. Lett. 115, 242501 (2015)
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Conclusions and Outlook

Conclusions

Simultaneous extraction of Universality of all available
DiFFs and transversity PDFs information on transversity
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Extraction of DiFFs

Extracted 1KFs (3D)
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Extraction of Tensor Charges

Experiment + Lattice + Theory

THEORY
( EXPERSMENE) (unmeasured regions)
ERHIER e | hd | <l[f‘1+ 7]
o T T e ! V1o
ol
IR A N,
e a,=1-2

LATTICE
(full moments)

1
ou = / dz(h} — hY),
0

1 -
6d5/ dz(h{ — hY),
0

agr = ou — (5d,

Presently, trivial to
find compatibility
between any two

Only meaningful when
all three are included




Extraction of Tensor Charges

Quality of Fit

Physical Pion Mass
Ne=2+1+1

Use ou and dd instead of g,

X?ed

Experiment Ngat | w/ LQCD | no LQCD
Belle (cross section) [63] [1094 1.01 1.01
Belle (Artru-Collins) [92]| 183 0.74 0.73
HERMES [72] 12 1.13 1.10
COMPASS (p) [71] 26 1.24 0.75
COMPASS (D) [71] 26 0.78 0.76
STAR (2015) [94] 24 1.47 1.67

106 1.20 1.04
ETMC ou [28) 1 0.71 —
ETMC 4d [28] 1 1.02 —
PNDME du [25] 1 8.68 —
PNDME 6d [25] 1 0.04 —
Total x2.4 (Ngat) 1.01 (1475)[0.98 (1471)
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2
c

‘ 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 \/




Extraction of Transversity PDFs

Quality of Fit

sz'ed
Experiment Niat | w/ LQCD | no LQCD
Belle (cross section) [63] [1094 1.01 1.01
Belle (Artru-Collins) [92]| 183 0.74 0.73
HERMES [72] 12 1.13 1.10
COMPASS (p) [71] 26 1.24 0.75
COMPASS (D) [71] 26 0.78 0.76
STAR, (2015) [94] 24 .47 1.67
STAR, (2018) [64] 106 | 1.20 1.04
ETMC ou [28 1 0.71 -
ETMC 4d [28] 1 1.02 —
PNDME 6u [25] 1 8.68 —
PNDME éd [25] 1 0.04 —
Total x2.q (Ndat) 1.01 (1475)|0.98 (1471)




Extraction of Transversity PDFs

Quality of Fit (SIDIS)

0.05¢
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e
| et
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A. Airapetian et al., JHEP 06, 017 (2008)

COMPASS, arXiv:hep-ph/2301.02013 (2023)



Extraction of Transversity PDFs

Quality of Fit (STAR /s = 200 GeV)

52

1 } STAR >0
- $ STAR <0
[ = JAMDIFF (w/LQCD)

T T

i App V5 = 200 GeV (R < 0.3)
' ur

} STAR
" == JAMDIFF (w/LQCD)

L. Adamezyk et al., Phys. Rev. Lett. 115, 24501 (2015)



Extraction of Transversity PDFs

Quality of Fit (STAR /s = 500 GeV)
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L. Adamczyk et al., Phys. Rev. B 780, 332-339 (2018)
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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 \

I N

- g (BRI g ()

1,e k

"\ [

Uncorrelated Correlated Normalization
Uncertainties Uncertainties Uncertainty
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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
ElO] =~ N ; Oay) Average over k sets |

1 2 of the parameters
VO] ~ N Z [O(ak) - L [0]] (replicas)
k

107 102 01 03 05 07 4




prior samples
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PYTHIA data (/s = 10.58 GeV)

0.4r
0.3
0.2}

0.1

0.3¢
0.2¢
0.1r

0.15¢
0.10¢
0.057

| 0. 25 0.3 0. 3 0 35 0. 35 0.4
PYTHIA 0%/ <z< [03<z< [0.35 <= <
[ s ==JAMDIFF (s)

¢ JAMDIFF (C) [ g T —sssgsx=xz? ] sz azxs=""
04< 2z2<045 045 < z<0.5 0.5 < z <0.55 0.55 < 2 < 0.6
I FE-x g x = B> = = . 1 -—-—-:P-"'\LL._-__LI}‘_I:AI 1 L"‘@W

0.6 < z < 0.65 0.65 < z < 0.7 0.7 < z2<0.75 0.7 < 2 < 0.8
w | il !

= yrezp I ----J.,.rlrl
0.8 < 2<0.85 0.85 < 2<0.9 0.9 < z2<0.95 095<z<10

| Vs =10.58 GeV
I 1 T [
i : 22T I $
:Tx'-"—;"j*i = *‘77 Ii -+ -"'I H e - 7: -'.——_;_’ z T £ L1 : 1] ix 3 = = 5 . = F 1: I j £ x
0.5 1.0 1.5 2.0 0.5 1. O 1.5 2.0 0.5 1.0 1 5 2.0 0.5 1.0 1.5 2.0
My [GeV] My [GeV] M, [GeV] My [GeV]




PYTHIA data (/s = 30.73 GeV)
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PYTHIA data (/s = 50.88 GeV)
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PYTHIA data (y/s = 71.04 GeV)
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PYTHIA data (/s = 91.19 GeV)
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Transversity PDFs (antiquarks)
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DiFF Parameterization

M} =[2m,,0.40, 0.50,0.70, 0.75, 0.80,0.90, 1.00, 1.20, 1.30, 1.40, 1.60, 1.80, 2.00] GeV.

q
q

Di(z, M) = g2 (1 - 2),

204 parameters for D,
48 parameters for H’



—

PDF Parameterization

— hlv 7
hi = — hd

2 N e I5]
fz,mo) = 7 2%(1 = 2)" (1 + vz +nz),

15 parameters for A,
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Tensor Charge Numbers

Fit ou od gr

no LQCD [0.50(7)|-0.04(14)[0.54(12)
w/ LQCD|0.71(2){-0.200(6) | 0.91(2)




