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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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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)

BSM coupling
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D. PitonyakD. Pitonyak

QCD Pheno for 
Transversity

BSM
Physics

ab initio 
(LQCD, 
DSE)

Tensor 
charge
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Transverse Momentum Dependent/Collinear Twist-3 Approach
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Transverse Momentum Dependent/Collinear Twist-3 Approach

transversity
TMD PDF

Collins 
TMD FF

intrinsic parton transverse momentum
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Parton model

TMD/Collins-Soper-Sterman (CSS) Evolution
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(Yuan (2008); D’Alesio, Murgia, Pisano (2017); Kang, Prokudin, Ringer, Yuan (2017), …)
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Dihadron Fragmentation Approach

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



D. Pitonyak

H pol.
q pol.

f1

U

U

L

T

L T H pol. U

U

L Tq pol.

D1

extDiFFs (z, Mh)Collinear PDFs (x)

D. Pitonyak

<latexit sha1_base64="cG0muBfnIaNBIC65Fjx+mSwU0OI=">AAAB+XicbVC7TsMwFL0pr1JeAUYWiwqJqUoQr7GChbFI9CG1UeQ4TmvVcSLbqVRF/RMWBhBi5U/Y+BucNgO0HMny0Tn3yscnSDlT2nG+rcra+sbmVnW7trO7t39gHx51VJJJQtsk4YnsBVhRzgRta6Y57aWS4jjgtBuM7wu/O6FSsUQ86WlKvRgPBYsYwdpIvm0PgoSHahqbKx/67sy3607DmQOtErckdSjR8u2vQZiQLKZCE46V6rtOqr0cS80Ip7PaIFM0xWSMh7RvqMAxVV4+Tz5DZ0YJUZRIc4RGc/X3Ro5jVYQzkzHWI7XsFeJ/Xj/T0a2XM5FmmgqyeCjKONIJKmpAIZOUaD41BBPJTFZERlhiok1ZNVOCu/zlVdK5aLjXjavHy3rzrqyjCidwCufgwg004QFa0AYCE3iGV3izcuvFerc+FqMVq9w5hj+wPn8A5LGT1w==</latexit>g1

<latexit sha1_base64="6G9RUBDJbmFZbGJ6vYH4s0aMW8A=">AAACCXicbVC7TsMwFHV4lvIKMLJYVEhMVYJ4jRUsHYtEH1ITIsdxWquOHdkOUhV1ZeFXWBhAiJU/YONvcNoM0HIky0fn3Gvfe8KUUaUd59taWl5ZXVuvbFQ3t7Z3du29/Y4SmcSkjQUTshciRRjlpK2pZqSXSoKSkJFuOLop/O4DkYoKfqfHKfETNOA0phhpIwU29ELBIjVOzJU3A/feU+mQSOMzxAeMTAK75tSdKeAicUtSAyVagf3lRQJnCeEaM6RU33VS7edIaorNe1UvUyRFeIQGpG8oRwlRfj7dZAKPjRLBWEhzuIZT9XdHjhJVDGsqE6SHat4rxP+8fqbjKz+nPM004Xj2UZwxqAUsYoERlQRrNjYEYUnNrBAPkURYm/CqJgR3fuVF0jmtuxf189uzWuO6jKMCDsEROAEuuAQN0AQt0AYYPIJn8ArerCfrxXq3PmalS1bZcwD+wPr8AXJbmtQ=</latexit>

H
^
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(Collins, et al. (1994); Bianconi, et al. (1999), …)

z = z1 + z2 , Mh = invariant mass of dihadron

“extended” DiFFs (extDiFFs) depend on z and 
Mh (or equivalently RT)

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)
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Note: D1 can be constrained using 
measurements of dσ/dzdMh from 
BELLE (2017)

Artru-Collins asymmetry
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e+e-

Collins
SIDIS 

Collins

Hadron-
in-jet 

Collins

Proton-
proton AN

Lattice 
tensor 

charge(s)

Soffer
bound Framework

Anselmino, 
et al. (2015) ✓ ✓ X X X ✓ Parton model

Kang, et al. 
(2016) ✓ ✓ X X X ✓ CSS/TMD 

evolution

Lin, et al. 
(2018) X ✓ X X ✓gT X Parton model 

D’Alesio, 
et al. (2020) ✓ ✓ X X X X Parton model 

Cammarota, 
et al. (2020)
JAM3D-20*

✓ ✓ X ✓ X X Parton model 

Transverse Momentum Dependent/Collinear Twist-3 Approach

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.

Performed fit both with and without SB
Soffer bound (SB): 

11

*Also included Sivers effects in SIDIS and Drell-Yan
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Kang, et al. (2016)Anselmino, et al. (2015)
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D’Alesio, et al. (2020)Cammarota, et al. (2020) - JAM3D-20
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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 gT and 𝛅u

! JAM3D-20 also includes AN data, which causes a larger h1u(x) and brought gT
and 𝛅u in agreement with lattice for the first time

Figure modified from Cammarota, et al. (2020)
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e+e-

dσ/dzdMh

e+e-

Artru-
Collins

SIDIS
sin(ϕR+ϕS)

Proton-
proton

sin(ϕR-ϕS)

Lattice 
tensor 

charge(s)

Soffer
bound

Radici, 
Bacchetta

(2018)
✓*

PYTHIA
✓* ✓ ✓ X ✓

Benel, et al. 
(2020)

✓*
PYTHIA

✓* ✓ X X ✓^

* D1(z,Mh) and 𝐻!∢(z,Mh) were fit in a separate analysis and then fixed when extracting h1(x)

^ Imposed the SB but allowed for violations given the uncertainties in f1(x) and g1(x)

14

Dihadron Fragmentation Approach
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Benel, et al. (2020)

Radici, Bacchetta (2018)
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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 gT and 𝛅u 

“Transverse Spin Puzzle”

Figure modified from Cammarota, et al. (2020)
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Gamberg, Kang, DP, Prokudin, Sato, Seidl (2021) –
EIC and SoLID pseudodata on SIDIS Collins effect

17

Radici and Bacchetta from EIC Yellow 
Report (2021) – pseudodata on dihadron SIDIS

! With future EIC and SoLID data, 
phenomenological extractions of the 
tensor charge will become as (or more) 
precise as current lattice computations 



Recent Analyses and Current Status
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^ Imposed the SB but allowed for violations given the 
uncertainties in f1(x) and g1(x)

e+e-

Collins
SIDIS 

Collins

Hadron-
in-jet 

Collins

Proton-
proton AN

Lattice 
tensor 

charge(s)

Soffer
bound Framework

Anselmino, 
et al. (2015) ✓ ✓ X X X ✓ Parton model

Kang, et al. 
(2016) ✓ ✓ X X X ✓ CSS/TMD 

evolution

Lin, et al. 
(2018) X ✓ X X ✓gT X Parton model 

D’Alesio, 
et al. (2020) ✓ ✓ X X X X Parton model 

Cammarota, 
et al. (2020)
JAM3D-20*

✓ ✓ X ✓ X X Parton model 

Gamberg, 
et al. (2022)
JAM3D-22*

✓ ✓ X ✓ ✓gT ✓^ Parton model 

D. PitonyakD. Pitonyak

Transverse Momentum Dependent/Collinear Twist-3 Approach

18Performed fit both with and without SB
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! Transversity becomes much more tightly constrained by imposing the 
SB and including the lattice gT data point, in particular the latter

Gamberg, Malda, Miller, DP, Prokudin, Sato (2022) - JAM3D-22

19
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Figure modified from Gamberg, Malda, Miller, DP, Prokudin, Sato (2022)

! The JAM3D-22 tensor charges are more precise because of including the lattice gT
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 gT 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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e+e-

dσ/dzdMh

e+e-

Artru-
Collins

SIDIS
sin(ϕR+ϕS)

Proton-
proton

sin(ϕR-ϕS)

Lattice 
tensor 

charge(s)

Soffer
bound

Radici, 
Bacchetta

(2018)
✓*

PYTHIA
✓* ✓ ✓ X ✓

Benel, et al. 
(2020)

✓*
PYTHIA

✓* ✓ X X ✓^

Cocuzza, et al. 
(in prep)

JAMDiFF-23
✓ ✓ ✓ ✓ ✓𝛅u,𝛅d ✓^

* D1(z,Mh) and 𝐻!∢(z,Mh) were fit in a separate analysis and then fixed when extracting h1(x)

^ Imposed the SB but allowed for violations given the uncertainties in f1(x) and g1(x)
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Dihadron Fragmentation Approach
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Cocuzza, Melnitchouk, Metz, DP, Prokudin, 
Sato, Seidl (in preparation) - JAMDiFF-23

Radici, Bacchetta (2018)
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e+e-

dσ/dzdMh

e+e-

Artru-
Collins

SIDIS
sin(ϕR+ϕS)

Proton-
proton

sin(ϕR-ϕS)

Lattice 
tensor 

charge(s)

Soffer
bound

Radici, 
Bacchetta

(2018)
✓*

PYTHIA
✓* ✓ ✓ X ✓

Cocuzza, et al. 
(in prep)

JAMDiFF-23
✓ ✓ ✓ ✓ ✓𝛅u,𝛅d ✓^

e+e-

Collins
SIDIS 

Collins

Hadron-
in-jet 

Collins

Proton-
proton AN

Lattice 
tensor 

charge(s)

Soffer
bound Framework

Gamberg, 
et al. (2022)
JAM3D-22*

✓ ✓ X ✓ ✓𝛅u,𝛅d ✓^ Parton model 

Dihadron Fragmentation Approach

Transverse Momentum Dependent/Collinear Twist-3 Approach

* D1(z,Mh) and 𝐻!∢(z,Mh) were fit in a separate analysis and then fixed when extracting h1(x)
^ Imposed the SB but allowed for violations given the uncertainties in f1(x) and g1(x)

*Also included Sivers effects in SIDIS and Drell-Yan Slight modification to published fit
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Cocuzza, Melnitchouk, Metz, DP, Prokudin, Sato, Seidl (in preparation)

! 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, JAMDiFF, and lattice QCD now all overlap for 𝛅u, 𝛅d, and gT , resolving 
the “transverse spin puzzle” from earlier studies



Summary and Outlook
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! 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

D. Pitonyak

Summary
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Outlook
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! 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 D1g(z, Mh), …

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

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

• Using pseudo-PDF or quasi-PDF approaches, lattice can now compute h1(x) -
eventually can include data into phenomenology (more constraining than the 
tensor charge data)
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