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Background and Motivation
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transversity PDF - universal parton density encoding the difference between the

number of quarks with their spin aligned versus anti-aligned to the proton’s spin
when it’s in a transverse direction
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tensor charge for an isovector combination
individual flavor
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local matrix element - can be computed in lattice QCD as well as other approaches
like Dyson-Schwinger equations
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» Importance of the nucleon tensor charge:

* Like the scalar, vector, and axial charges, it is a fundamental charge of the
nucleon (although scale dependent)

* Since helicity PDF # transversity PDF in relativistic quantum mechanics, it
can be considered a measure of relativistic effects in the nucleon

* Key point of comparison between QCD phenomenology/experiment and ab
initio approaches like lattice QCD and DSE

* Needed in certain beyond the Standard Model studies (e.g., beta decay, EDM)
Lo spes, ~ ..+ 4V2G Vi, grerpotneove + ...
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Lagrangian for neutron beta decay BSM coupling

d, = d, 6u + dg 6d

VNG

proton EDM quark EDMs
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Anselmino, et al. (2007, 2009, 2013, 2015);
Goldstein, et al. (2014); Kang, et al. (2016); Radici, et al. (2013, 2015, 2018);
Benel, et al. (2020); D’Alesio, et al. (2020); Cammarota, et al. (2020);
Gamberg, et al. (2022); Cocuzza, et al. (in preparation)

QCD Pheno for
Transversity

Tensor Gupta, et al. (2018);
charge Yamanaka, et al. (2018);

Hasan, et al. (2019);
Alexandrou, et al. (2019, 2023);
Yamanaka, et al. (2013);
Pitschmann, et al. (2015);
Xu, et al. (2015);

Wang, et al. (2018)

Courtoy, et al. (2015);
Yamanaka, et al. (2017);
Liu, et al. (2018);
Gonzalez-Alonso, et al. (2019)

ab initio
(LQcCD,
DSE)
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Overview of Two Phenomenological Approaches
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‘ Transverse Momentum Dependent/Collinear Twist-3 Approach ‘
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‘ Transverse Momentum Dependent/Collinear Twist-3 Approach ‘

intrinsic parton transverse momentum

TMD PDF

\
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hadron

/ A
plane (Collins (1992);

P Anselmino, et al. (2007);
Kang, et al. (2016); ...) ¢
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. iL . cos(2¢0) 2h - ﬁaJ_ h - ﬁbJ_ - ﬁaJ_ : ﬁbJ_ L vl
F(SJI;(@z—i-(ﬁs) —Cl— bL h1HiL FUU =C MM, Hl Hl
My,
TMD/Collins-Soper-Sterman (CSS) Evolution
OPE Sudakov exponentials (gluon radiation)

ﬁl(w7 br; Q27 ”Q) ~ hl(w§ yb*)exp [_Spert(b*(bT);Nb*anuQ) - S]}iflp(bTaQ)]

_ 1
H D (2,00;Q2%, pg)  ~ HlJ_(l)(z;,u,b*)eXp[—Spert(b*(bT);,UJb*anuQ)_SJI\i;}D(bT7Q)]

Parton model
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p'p — (hjet) X

jet
/.

(Yuan (2008); D’ Alesio, Murgia, Pisano (2017); Kang, Prokudin, Ringer, Yuan (2017), ...)

Fein@s=om) o gColins s { 4) @ h®(z1) @ f2(22) ® (G /(zn M) Hi "¢ (2hy 52)
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dAc(St) ~ Hgs ® f1 ® Frr ® Dy
l )

p'p — hX v
7.‘. p Qiu-Sterman term
+ HFr @ [1®h1 ® (Hf(l)yﬁ)
\ = \ )
|
'\‘ Fragmentation term

;:]“

"~ Ayis a collinear (twist-3) observable
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dAc(St) ~ Hgs ® f1 ® Frr ® Dy
\ )

p'p — hX v
T p Qiu-Sterman term
+Hr® fi®h1 ® (Hf(l),H)
\ \ \ N )
T Fragmentation term
p ’\ (Metz, DP (2012); Kanazawa, et al. (2014);
> Cammarota, et al. (2020); Gamberg, et al. (2017, 2022))

Ay 1s a collinear (twist-3) observable
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Dihadron Fragmentation Approach

jet axis

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

From Bianconi, et al. (2000)
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Collinear PDFs (x)
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Dihadron Fragmentation Approach

extDiFFs (z, M)

s A
YOS

q pol.

(hy

/

/

transversity PDF

g pol.
m U L T H pol. U L T
U J1 U D,
/
(Collins, et al. (1994); Bianconi, et al. (1999), ...)
L g1 ,
“interference” FF
T
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Dihadron Fragmentation Approach

Collinear PDFs (x) extDiFFs (z, M,)
q pol. q pol.
H pol. U L T H pol. U L T

u | f U | D HS
(Collins, et al. (1994); Bianconi, et al. (1999), ...)

L g1 o .
z=12;+2,, M, =invariant mass of dihadron
“extended” DiFFs (extDiFFs) depend on z and

T hl M,, (or equivalently R;)

DiFFs at the fully unintegrated level depend
on a few more variables

Correction needed to original correlator
definition in order to have a number density

interpretation (Cocuzza, Metz, DP, Prokudin, Sato,
in preparation) 9
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ONT = 0 (hiho) X p'p — (hiho) X

(Collins, et al. (1994); Bianconi, et al. (1999); Bacchetta, Radici (2003, 2004); Courtoy, et al. (2012);
Matevosyan, et al. (2018); Radici, et al. (2013, 2015, 2018); Benel, et al. (2020), ...)

sin29 Y 2 H (=, M2 H; (2, M,

h) _~Artru-Collins asymmetry

a12RrR — —
2 2 N4 2\ NI (5
(14 cos®0) Zq “q D ( Mh)Dl (2, M) Note: D; can be constrained using
51 q <,q . measurements of do/dzdMy, from
Asin(qﬁR—l—ng) o Z h’ (w) H , (Z, Mh) BELLE (2017)
ur -
Zq 2 /1(x) D (z, M)
dAG 1 e <,

Asm(gbR qbs) 2} Ld ® ff(xa) ® h’b (mb) ® H C(Z M}%)

ot Babmcd @) f0(2,) @ f2(23) @ D§(2, MP)

10
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Previous Results and Impact Studies
for Future Experiments
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Hadron- Latti
e'e SIDIS adro O
in-jet tensor

proton Ay charge(s)

Collins Collins

Collins

Anselmino,
et al. (2015) ‘/ \/ X X X \/ Parton model
Kang, et al. CSS/TMD
(2016) ‘/ ‘/ X X X \/ evolution
Lin, et al.
(2018) X v X X Vg, X Parton model
D’Alesio, :
et al. (2020) ‘/ \/ X X X X Parton model
Cammarota,
el (pOH) ‘/ \/ X \/ X X Parton model
JAM3D-20*

*Also included Sivers effects in SIDIS and Drell-Yan

TPerformed fit both with and without SB

Note: Predictions exist for hadron-in-jet Collins effect (D’Alesio, et al. (2017); Kang, et al. (2017)) but no
groups have included the STAR data in a fit. These are important measurements to use in future studies. 11
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Figure modified from Cammarota, et al. (2020)
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]
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» Analyses that only include e*e- and SIDIS Collins effect data (e.g., Kang, et al.
(2016)) are generally below the lattice values for gr and du

» JAM3D-20 also includes A, data, which causes a larger /,“(x) and brought g-
and du in agreement with lattice for the first time

13
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Dihadron Fragmentation Approach

Proton-

- .
ete" A?tfu _ SIDIS proton :::‘tslg? Soffer
do/dzdM,, sin(pgr+Ps) sin(@g-@s) bound
Collins Pr=Ps charge(s)
Radici, \/* .
Bacchetta V4 v v X v
(2018) PYTHIA
Benel, et al. \/* * A
(2020) PYTHIA 4 v A . v

* D,(z,M,) and Hf'(z,M,) were fit in a separate analysis and then fixed when extracting h;(x)

A Imposed the SB but allowed for violations given the uncertainties in f;(x) and g;(x)

14
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Radici, Bacchetta (2018)
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Figure modified from Cammarota, et al. (2020)

5d e JAM3D (2020) : :
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» Dihadron analyses (e.g., Benel, et al. (2020); Radici, Bacchetta (2018)), along
with TMD fits that only include e*e and SIDIS Collins effect data (e.g., Kang,
et al. (2016)), are generally below the lattice values for g; and du

“Transverse Spin Puzzle”

16
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Gamberg, Kang, DP, Prokudin, Sato, Seidl (2021) —
EIC and SoLID pseudodata on SIDIS Collins effect
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» With future EIC and SoLID data,

phenomenological extractions of the
tensor charge will become as (or more)
precise as current lattice computations

Radici and Bacchetta from EIC Yellow
Report (2021) — pseudodata on dihadron SIDIS
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‘ Transverse Momentum Dependent/Collinear Twist-3 Approach ‘

ete" SIDIS AEBLEL- Proton- I Soffer

in-jet tensor
Col:ins proton A, bound

Collins Collins E )

Anselmino,
et al. (2015) \/ \/ X X X \/ Parton model
Kang, et al. CSS/TMD
(2016) ‘/ ‘/ X X X \/ evolution
Lin, et al.
(2018) X v X X Vg X Parton model
D’Alesio, :
et al. (2020) \/ \/ X X X X Parton model
Cammarota,
SRl (AP ‘/ \/ X \/ X X Parton model
JAM3D-20*
Gamberg, )
et al. (2022) v v X v \/gr v Parton model
JAM3D-22*

*Also included Sivers effects in SIDIS and Drell-Yan A Imposed the SB but allowed for violations given the
Tperformed fit both with and without SB uncertainties in f;(x) and g;(x) 18
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Gamberg, Malda, Miller, DP, Prokudin, Sato (2022) - JAM3D-22
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02 04 06 08 I 02 04 06 08 &
0.6 — ] AM22
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02F
8 —0.2} d
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1 1 _0'3 1
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» Transversity becomes much more tightly constrained by imposing the
SB and including the lattice g; data point, in particular the latter

19
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Figure modified from Gamberg, Malda, Miller, DP, Prokudin, Sato (2022)
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» The JAM3D-22 tensor charges are more precise because of including the lattice g,
data point

» Note that because of the SB, one initially finds more tension between JAM3D-22
and lattice, but this does not imply phenomenology and lattice are incompatible —
one can only fully answer this by including lattice data in the analysis

» Once the lattice g, data point is included, the JAM3D-22 non-perturbative
functions can accommodate it and still describe the experimental data very well 20
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Dihadron Fragmentation Approach

Proton-

- .
e‘e A? tfu- SIDIS proton :::\tsl((;? Soffer
do/dzdM,, sin(@g+s) sin(Qg-¢s) bound
Collins Pr"Ps charge(s)
Radici, \/* .
Bacchetta v v v X v
(2018) PYTHIA
Benel, et al. \/* * A
(2020) PYTHIA v v X X v

Cocuzza, et al.

(in prep) \/ \/ \/ \/ \/é‘u, od \/A

JAMDIiFF-23

* D,(z,M}) and Hf (z,M,,) were fit in a separate analysis and then fixed when extracting h;(x)

A Imposed the SB but allowed for violations given the uncertainties in f;(x) and g;(x)

21
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Cocuzza, Melnitchouk, Metz, DP, Prokudin, Radici, Bacchetta (2018)
Sato, Seidl (in preparation) - JAMDiFF-23 x R
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‘ Transverse Momentum Dependent/Collinear Twist-3 Approach

e'e sipis | H3dron | oon. | Lattice
Collins Collins In-jet proton A tensor
Collins Nl charge(s)
Gamberg, R
et al. (2022) v v X v \/ v Parton model
JAM3D-22* >
*Also included Sivers effects in SIDIS and Drell-Yan Slight modification to published fit
Dihadron Fragmentation Approach
to- Proton- .
e‘e €€ SIDIS proton Lattice Soffer
do/dzdM Artru- sin(@g+s) in( ) tensor bound
h Collins RTS SINPr-Ps charge(s)
Radici, \/* .
Bacchetta v v v X v
(2018) PYTHIA

Cocuzza, et al.

(in prep) \/ \/ \/ \/ \/Ju, od \/A

JAMDIiFF-23

* Ds(z,M,) and H{(z,M,) were fit in a separate analysis and then fixed when extracting h;(x)

23
A Imposed the SB but allowed for violations given the uncertainties in f;(x) and g;(x)
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Cocuzza Melmtchouk Metz DP Prokudln Sato Seidl (in preparation)

od | . JAM3D (no LQCD) -+ Radici, Bacchetta (2018)
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» Similar to the JAM3D analysis, JAMDIFF also finds compatibility with lattice
once that data is included in the fit (and the experimental data is still described
very well - only weakly sensitive to the nucleon tensor charges)

» This is not an unexpected outcome given the nature of the “inverse problem”

» JAM3D, JAMDIFFE, and lattice QCD now all overlap for 8u, &d, and g, resolving
the “transverse spin puzzle” from earlier studies 24
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Summary and Outlook
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Summary

» The tensor charges are fundamental properties of the nucleon that have
connections to QCD phenomenology, ab initio computations (e.g., lattice
QCD, DSE), and beyond the Standard Model studies (e.g., beta decay, EDM)

» There are two approaches in QCD phenomenology to extract the transversity
PDF in order to compute the tensor charges: one analyzing TMD/collinear
twist-3 observables, and the other utilizing dihadron fragmentation
measurements

» Historically there has always been an apparent tension between the tensor
charges extracted from experimental data and those computed in lattice QCD,
creating a so-called “transverse spin puzzle”

» Recent analyses by the JAM Collaboration (Gamberg, et al. (2022), Cocuzza,
et al. (in preparation)) in both approaches show that lattice QCD tensor charge
data can be accommodated within phenomenology

25
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Outlook

» Further refinements/improvements:

TMD/collinear twist-3: include lattice tensor charge data and hadron-in-jet Collins
effect measurements with CSS evolution in the analysis, ...

Dihadron: other groups including lattice tensor charge data; unpolarized pp cross
section measurements to better constrain D 4(z, M),), ...

“Universal” analysis where TMD/collinear twist-3 and dihadron measurements
are fit simultaneously

Incorporate small-x evolution for transversity (Kovchegov, Sievert (2019))

%dx 1 () — B ()]

Using pseudo-PDF or quasi-PDF approaches, lattice can now compute /,(x) -
eventually can include data into phenomenology (more constraining than the
tensor charge data)

— JAM22 06F Alexandrou et al ‘22
N~ —- Egereretal ‘21

26



