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• Transversity - status update


• Gluonic analogues


• Other transverse spin distributions (Sivers & QS) 


• Transversity GPDs

Overview

All in just 20 minutes, so this is going to be far from complete!



Transversity



Opening talk at Transversity 2008



Transversity & the tensor charge

h1(x,Q2): the distribution of transversely polarized 
quarks inside a transversely polarized hadron
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An example of “Mulders’ traffic lights”  
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Transversity is the only known way to experimentally determine the tensor charge:

Like the electric charge (coupling to photons) and axial charge (coupling to Z 
bosons), the tensor charge is a fundamental charge (but lacking a gauge boson)


It is scale dependent, like 𝛼s (coupling to gluons)



Drell-Yan: the classic route to transversity 



Drell-Yan: likely too challenging  



Other analyzers of transversity

• Collins asymmetry in semi-inclusive DIS


• Collins-type asymmetry in di-hadron SIDIS or pp↑


• 𝜋 p↑ DY


• 𝛬↑ spin transfer (DNN) in ep↑ or pp↑ 
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Note that in the 1st & 3rd case this actually involves the transversity TMD
h1(x, k

2
T )
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All single spin asymmetries, that need a separate extraction of yet another 
function (collinear fragmentation function or TMD)



Collins effect in SIDIS

Collins effect leads to a sin(φh + φS) asymmetry in semi-inclusive DIS 

Collins, 1993

e p ! e0 hX

Clearly observed by HERMES and COMPASS

Double Collins effect [Boer, Jakob, Mulders, 1997] observed by BELLE

/ h1H
?
1

<latexit sha1_base64="d1Kks6FS9HUJIpBr3QzA4XS8RAU=">AAAB/nicdVDLSgMxFM3UV62vUXHlJlgEV2WmDzqzK7rpsoJ9QFuHTJq2oZlMSDJCGQr+ihsXirj1O9z5N6YPQUUPXDiccy/33hMKRpV2nA8rs7a+sbmV3c7t7O7tH9iHRy0VJxKTJo5ZLDshUoRRTpqaakY6QhIUhYy0w8nV3G/fEalozG/0VJB+hEacDilG2kiBfdITMhY6huPAhfXAve0JIkVg552C4/tlrwgN8ap+pWKI53ulYgW6BWeBPFihEdjvvUGMk4hwjRlSqus6QvdTJDXFjMxyvUQRgfAEjUjXUI4iovrp4vwZPDfKAA5jaYpruFC/T6QoUmoahaYzQnqsfntz8S+vm+ih108pF4kmHC8XDRMGzbvzLOCASoI1mxqCsKTmVojHSCKsTWI5E8LXp/B/0ioW3FKheF3O1y5XcWTBKTgDF8AFVVADddAATYBBCh7AE3i27q1H68V6XbZmrNXMMfgB6+0TzBSVZw==</latexit>



Transversity from Collins effect

Transversity functions for uv (red) and dv (blue) flavors from a global  
fit to SIDIS and e+e− data at Q2 = 4 GeV2 

D’Alesio, Flore, Prokudin, 2020

Anselmino et al., 2007
Roughly h1(x) ≈ f1(x)/3



Tensor charge from Collins effect

D’Alesio, Flore, Prokudin, 2020

gT = �uv � �dv
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 Cammarota et al., 2020



Transversity from lattice QCD

Large-Momentum Effective Theory (LaMET) 

X. Ji, 2013

Results by various other groups are available

Liu et al., 2018 (LP3 Collab.) Egerer et al., 2022 (HadStruc Collab.)

Pz up to 2.46 GeV



Transversity & gT from di-hadron production

Benel, Courtoy, Ferro-Hernandez, 2020

Earlier results:  
Radici, Courtoy, Bacchetta, Guagnellia, 2015 
Original idea: Jaffe, Jin, Tang, 1998

Again fitted to HERMES & COMPASS  
SIDIS data and BELLE’s e+e− data




Transversity from a global analysis of ep and pp data

Radici, Bacchetta, 2018

Adding STAR data on pion pairs



Transversity from spin transfer

COMPASS, 2021



Gluons



What about gluons?

At leading twist there is no gluon transversity distribution for the proton


For spin-1 hadrons, such as the deuteron, there is such a distribution: 

Jaffe, Manohar, 1989

there is a contribution solely from gluons
In the transverse tensor polarization case

not yet measured - an objective of EIC

Artru, Mekhfi, 1990

Bacchetta, Mulders, 2000

h1TT (x)
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What about gluons?

Kumano, Song, 2020
Use proton-deuteron DY 

Referred to as “gluon transversity” (spin-1), not the same as h1g (spin-1/2) 



What about gluons?

For quarks h1 is kT-even,  T-even 
and chiral-odd

For gluons h1 is kT-odd,  T-odd 
and unrelated to chirality 

Why on earth give it the same 

name then?

Mulders, Rodrigues, 2001  
(with different notation)



Parallels between SIDIS and HQ pair production

φT  is the angle of the sum momentum

A heavy quark pair will not be exactly 
back-to-back in the transverse plane: 

K? = (KQ? �KQ̄?)/2
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There is a “Collins” sin(φT + φS) asymmetry (EIC) that arises from h1g

Boer, Pisano, Mulders, J. Zhou, 2016

SIDIS - Fragmentation functions HQ pairs - calculable amplitudes 



Quark Sivers & QS



What else is inside a transversely polarized proton?

Quark and gluon Sivers TMDs

Sivers, 1989/90

They are the main candidates to explain the single spin left-right asymmetries AN 

Another candidate is the twist-3 Qiu-Sterman function TF(x,x):

Qiu, Sterman,1991

TF (x, x)
A+=0� F.T. ⇥P | ⌅(0)

Z
d⇥� F+�(⇥�) �+ ⌅(⇤�) |P ⇤

P
Tk TksT

q

sT

q

=/



Transverse spin asymmetries

[Fermilab: E704 ('91) & BNL: AGS ('99); STAR ('02); BRAHMS (’05); PHENIX (’13)]

Distribution of produced particles highly asymmetric

xF =
2pzp
s

AN =
�(p" p ! ⇡X)� �(p# p ! ⇡X)

�(p" p ! ⇡X)+ �(p# p ! ⇡X)



Sivers effect in SIDIS

Sivers effect should lead to a sin(φh - φS) asymmetry in semi-inclusive DIS 

Boer, Mulders, 1998

e p ! e0 hX

Clearly observed by HERMES (2009) and COMPASS (2010)



Sivers from a global analysis of ep and pp data

Boglione et al., 2021

Includes  
STAR jet data


moderate 

impact of 
process  
dependence

First transverse moment:
Kotzinian, Mulders, 1995/6



Relation between Sivers and Qiu-Sterman functions  

f?(1)
1T (x) = � g

2M
T (x, ST ) Boer, Mulders, Pijlman, 2003

f?(1)
1T (x) ⌘

Z
d2kT

k2T
2M2

f?
1T (x, k

2
T )

Without including QCD corrections one has the (gauge invariant) relation:

Qiu, Sterman,1991T(x,ST) is the collinear twist-3 Qiu-Sterman function TF(x,x)

Conventional transverse moment:

Beyond LO this relation becomes ambiguous

Conventional transverse moment has convergence issues & the 
scale dependence is unclear



Bessel moments

TMD factorization involves TMDs Fourier transformed to b space

f̃ [U ](x, b2T ; �, µ)

lim
b2T!0

f̃ [U ](x, b2T ; ⇣, µ) =

Z
d2kT f

[U ](x, k2T ; ⇣, µ)
?
= f(x;µ)
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Collins, 2011

Idem for the Sivers function (its first Bessel moment):

lim
b2T!0

✓
� 2

M2
@b2T

◆
f̃?[+]
1T (x, b2T ; ⇣, µ)

?
=

TF (x, x;µ)

2M
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Boer, Gamberg, Musch, Prokudin, 2011

ξ
−

ξT



N3LO extraction of quark Sivers TMD from SIDIS/DY/W/Z 

Bury, Prokudin, Vladimirov, 2020

The perturbative small-b expression of the Sivers TMD in terms of the QS 
function in the so-called 𝜁-prescription can be inverted 

Scimemi, Vladimirov, 2018; Scimemi, Tarasov, Vladimirov, 2019

Bury, Prokudin, Vladimirov, 2020 G(+) is the gluon QS function




Qiu-Sterman function

Bury, Prokudin, Vladimirov, 2020

The gluon QS function G(+) is mostly relevant at small x




Gluon Sivers TMD



Process dependence of gluon TMDs

�µ⌫[U,U 0]
g (x, kT ) ⌘ F.T.hP |Trc

h
F+⌫(0)U[0,⇠] F

+µ(⇠)U 0
[⇠,0]

i
|P i

UC [0, ⇠] = P exp

 
�ig

Z

C[0,⇠]
dsµ A

µ(s)

!
⇠ = [0+, ⇠�, ⇠T ]

For most cases there are 2 link combinations of interest: [+,+] & [+,−]      

[−,−] & [−,+] are related to them by parity and time reversal

Gluon TMD correlators involve 2 gauge links:

The Sivers function                  at small x is especially of interest                 f? g [+,�]
1T



Gauge loop correlator 

�[+,�] ij(x,kT )
x!0�! kiT k

j
T

2⇡L
�[⇤]
0 (kT ) a single gauge loop matrix element

U [⇤] = U [+]
[0,y]U

[�]
[y,0]

The [+,−] gluon TMD correlator becomes in the small-x limit:  

Boer, Echevarria, Mulders, J. Zhou, 2016

�(T�odd)
(d) ⌘

⇣
�[+,�] � �[�,+]

⌘
/ F.T. hP, ST |Tr

h
U [⇤](0T , yT )� U [⇤]†(0T , yT )

i
|P, ST i

The gluon Sivers function                  at small x is part of:                 f? g [+,�]
1T

J. Zhou, 2013This can be identified with the spin-dependent odderon

It is the only relevant contribution to AN  in backward (xF < 0) charged hadron  
production in p↑p or p↑A (in contrast to the many contributions at xF > 0)




p↑p ➝ h± X at xF < 0 

BRAHMS, 2008   √s = 62.4 GeV
low pT, up to roughly 1.2 GeV 

where gg channel dominates

PHENIX, 2017
√s = 200 GeV
pT between 1.25 and 7 GeV

Data at larger negative xF needed 

Possible at RHIC & NICA?
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Transversity GPDs



Transversity GPD from lattice QCD and models

Large-Momentum Effective Theory (LaMET) 

Alexandrou et al., 2022          H

u�d
T (x, ⇠, t)

<latexit sha1_base64="NxMmj/d/NXCnZNoW859yXn4Su2o=">AAAB/XicdVDJSgNBEO2JW4xbXG5eGoMQIYaZSUImt6CXHCNkgySGnk6PadKz0N0jicPgr3jxoIhX/8Obf2NnEVT0QcHjvSqq6tkBo0Lq+oeWWFldW99Ibqa2tnd299L7By3hhxyTJvaZzzs2EoRRjzQllYx0Ak6QazPStseXM799S7igvteQ04D0XXTjUYdiJJU0SB/VBlEjvo7C82GcneR6E5qTZ4N0Rs/rlUrRMqEiVrlSKiliVayCWYJGXp8jA5aoD9LvvaGPQ5d4EjMkRNfQA9mPEJcUMxKneqEgAcJjdEO6inrIJaIfza+P4alShtDxuSpPwrn6fSJCrhBT11adLpIj8dubiX953VA6Vj+iXhBK4uHFIidkUPpwFgUcUk6wZFNFEOZU3QrxCHGEpQospUL4+hT+T1pm3ijkzatipnqxjCMJjsEJyAIDlEEV1EAdNAEGd+ABPIFn7V571F6010VrQlvOHIIf0N4+ARBclP0=</latexit>

Enberg, Pire, Szymanowski, 2006 

t=0

Can be compared to EIC data 
and to models, e.g.



Transversity GPDs in exclusive processes

Hard exclusive vector meson pair production, pseudoscalar production, … 

Enberg, Pire, Szymanowski, 2006; Ahmad, Goldstein, Liuti, 2009; Goloskokov, Kroll, 2011 & 2014;  
Goldstein, Gonzalez Hernandez, Liuti, 2015;  …
         

chiral-even GPDs chiral-odd GPDs



Conclusions



Conclusions

• The transversity distribution and tensor charge are reasonably known, 
even without the classic Drell-Yan observable


• Gluonic analogues of transversity for the deuteron, but even for the proton 
can be investigated at the EIC; neither is “gluon transversity” though


• Quark Sivers and even Qiu-Sterman functions have been extracted using 
new methods based on TMD factorization  
 


• The gluon Sivers function                  at small x (Wilson loop) is related to 
the spin dependent odderon and can be probed in AN for h± at xF<0


• Transversity and chiral-odd GPDs can be extracted from the lattice using 
LaMET; comparisons to extractions from EIC data is eagerly awaited 

             f? g [+,�]
1T



Back-up slides



Sivers TMD definition

P ·(kT � ST ) f
�[C]
1T (x,k2

T ) ⇥ F.T. ⇤P, ST |⇤̄(0)LC[0,�] �
+ ⇤(⇥)|P, ST ⌅

��
�=(��,0+,�T )

LC [0, �] = P exp

 
�ig

Z

C[0,�]
dsµ A

µ(s)

!

The path C depends on whether the color interactions are with an incoming 
or outgoing color charge, yielding different paths for different processes
Collins & Soper, 1983; Boer & Mulders, 2000

Summation of all gluon exchanges leads to gauge links (path-ordered 
exponentials) in the operators



Process dependence

P

k

nucleon

q
u
a
rk

P

lepton
ha
dr
on

g
lu
o
n
s

... ..
.

k ⇡ xP + kT

Pµ ⇡ P+

e p ! e0 hX
semi-inclusive DIS

ξ
−

ξT

lightcone infinity ∞−

x± =
1p
2
(x0 ± x3)

+ link

ξ
−

ξT

 −∞−Drell-Yan: − link pp→ γ*X

Gauge invariant definition of TMDs in semi-inclusive DIS contains a future 
pointing gauge link (+ link), whereas in Drell-Yan (DY) it is past pointing (− link)
Brodsky, Hwang & Schmidt '02; Collins '02; Belitsky, Ji & Yuan '03

Leads to observable effects (sign change relation) : f
?[SIDIS]
1T = �f?[DY]

1T to be tested



Scale dependence of TMDs

As a regularization of LC divergences, 

in JCC’s TMD factorization the path is 

taken off the lightfront, the variation in 

rapidity determines the change with ζ +

f̃ [U ](x, b2T ; �, µ)

Two important consequences: 


- yields scale evolution of TMD observables 

- allows for calculation of the Sivers effect on the lattice (quite unexpectedly) 

  Musch, Hägler, Engelhardt, Negele & Schäfer, 2012



Sivers effect on the lattice

The “Sivers shift” <kT x ST> (the average transverse momentum shift 
orthogonal to transverse spin ST) can be calculated on the lattice

Boer, Gamberg, Musch, Prokudin, 2011

This is the first first-principle demonstration in QCD that the Sivers function 
is nonzero for staple-like links. It clearly displays the sign change relation

SIDISôò DY

Sivers-Shift, u-d - quarks

z
`
= 0.39,
»bT » = 0.12 fm,
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Musch, Hägler, Engelhardt, Negele & Schäfer, 2012



Relation between TMDs and collinear pdfs

f1(x,p
2
T )

p2
T�M2

⇠ �s
1

p2
T

(K ⌦ f1) (x)

Large transverse momentum tail of TMDs are determined by collinear pdfs 

Similarly, the perturbative tail of Sivers function determined by QS function 

Ji, Qiu, Vogelsang, Yuan, 2006; Koike, Vogelsang, Yuan, 2008

f?
1T (x,p

2
T )

p2
T�M2

⇠ �s
M2

p4
T

(K 0 ⌦ TF ) (x)

Collinear pdfs are not simply integrals of TMDs
Z

dkT f1(x,kT ;µ, �)
?
= f1(x;µ) Collins, 2011



Bessel moments

f̃ (n)(x, b2T ) = n!

✓
� 2

M2
�b2

T

◆n

f̃(x, b2T )

Generalization of the conventional transverse moments 

The limit should be considered with care

f̃ (n)(x, b2T ) = n!

✓
� 2

M2
�b2

T

◆n

f̃(x, b2T )
b2
T!0�! f (n)(x)

To avoid the convergence issue one can consider Bessel moments:

Collinear pdfs are not simply integrals of TMDs
Z

dkT f1(x,kT ;µ, �)
?
= f1(x;µ) Collins, 2011

Boer, Gamberg, Musch, Prokudin, 2011



lim
bT!0

f̃ (1)[+]
1T (x, b2T ;µ, �)

?
=

TF (x, x;µ)

2M

This is especially promising if the limits bT→0 and large ζ are constant/flat

�̂ =
�

2mN
=

⇥v · ⇥Pp
|⇥v 2|

⌅
P 2

= sinh(yP � yv) ⇤
�QCD

2mN
⇥ 0.1

Engelhardt, 2013

The limit bT → 0 of Sivers shift tells us about the Qiu-Sterman function



f̃?(1)
1T (x, b2T )

b2
T!0�! f?(1)

1T (x)

The limit should be considered with care

lim
bT!0

f̃ (1)[+]
1T (x, b2T ;µ, �)

?
=

TF (x, x;µ)

2M

Recent result: use the perturbative small-b expression and invert it in the 

so-called 𝜁-prescription Scimemi, Vladimirov, 2018

Scimemi, Tarasov, Vladimirov, 2019

Bury, Prokudin, Vladimirov, 2020

Relation between Sivers and Qiu-Sterman functions  

First Bessel moment of the Sivers TMD:

G(+) is the gluon QS function


ξ
−

ξT



𝜁-prescription

Bury, Prokudin, Vladimirov, 2020

TMD factorization requires evolution 

of TMDs from large (𝜇f,𝜁f) to small (𝜇i,𝜁i)

This leads appearance of the Sudakov 

factor or evolutor term


However, one can evolve along a null-
evolution curve (𝜁i = 𝜁(𝜇i)) and only  
a fixed-𝜇 evolutor will appear 


One recovers one scale evolution


Allows to connect express small b 

“tail” in terms of collinear function

(e.g. QS function) and allows to invert 

expression (along this line coefficient 
function simplifies)    

Scimemi, Vladimirov, 2018
Scimemi, Tarasov, Vladimirov, 2019



Gluons TMDs

unpolarized gluon TMD

The gluon correlator:

For unpolarized protons:

�µ⌫[U,U 0]
g (x, kT ) ⌘ F.T.hP |Trc

h
F+⌫(0)U[0,⇠] F

+µ(⇠)U 0
[⇠,0]

i
|P i

gluon Sivers TMD
For transversely polarized protons:

�µ⌫
T (x,pT ) =

x

2

⇢
gµ⌫T

✏⇢�T pT⇢ ST�

Mp
f? g
1T (x,p2

T ) + . . .

�

�µ⌫
U (x,pT ) =

x

2

⇢
� gµ⌫T fg

1 (x,p
2
T ) +

✓
pµT p

⌫
T

M2
p

+ gµ⌫T
p2
T

2M2
p

◆
h? g
1 (x,p2

T )

�

linearly polarized 
gluon TMD

Gluons inside unpolarized protons can be polarized!
[Mulders, Rodrigues '01]



Sign change relation for gluon Sivers TMD

D.B., Mulders, Pisano, J. Zhou, 2016

f? g [e p"!e0 QQX]
1T (x, p2T ) = �f? g [p" p!� � X]

1T (x, p2T )

RHICEIC

Gluon Sivers TMDs for [+,+] & [+,−] are related to the fabc & dabc color structures
Bomhof, Mulders, 2007; Buffing, Mukherjee, Mulders, 2013

There is a distinct, independent gluon Sivers function with [+,−] links  

= −

= −



Dipole versus WW distributions

For most processes of interest there are 2 relevant unpolarized gluon TMDs 

Dominguez, Marquet, Xiao, Yuan, 2011

Finite Nc: Akcakaya, Schäfer, Zhou, 2013; Kotko, Kutak, Marquet, Petreska, Sapeta, van Hameren, 2015

[+,+]

[+,−]

At small x the two correspond to the Weizsäcker-Williams (WW) and dipole 
(DP) distributions, which are generally different in magnitude and width:

WW

DP

For unpolarized gluons [+,+] = [−,−] and [+,−] = [−,+]



p↑p ➝ h± X at xF < 0 

BRAHMS, 2008   √s = 62.4 GeV
low pT, up to roughly 1.2 GeV 

where gg channel dominates

quark dominatedgluon dominated

xF =
2pzp
s

Backward charged hadron production at RHIC

The asymmetry in the gluon dominated region is smaller and needs more precision

It is the only relevant contribution to AN  in backward (xF < 0) charged hadron 
production in p↑p or p↑A (in contrast to the many contributions at xF > 0)

As the odderon is C-odd, for gg-dominated scattering one should select final states 
that are not C-even, hence charged hadron production (as opposed to jets or π0)
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GPDs

Deeply Virtual Compton Scattering (DVCS):


Theoretical description involves Generalized Parton Distributions (GPDs)


GPDs are off-forward matrix elements (P’ ≠ P)

This describes the spatial distribution of quarks inside nucleons


bT is not the Fourier conjugate of kT 


b⊥ = transverse spatial distance w.r.t. the “center” of the proton

The transverse center of longitudinal momentum:  
[Burkardt 2000; Soper 1977]

γ ∗ γ

GPD
P P’

RCM
? ⌘

X

i

xir?i



GPDs

At EIC quark GPDs will be extracted in order to study quark OAM 

Sivers-like distortions (bT × ST) give rise to transverse spin asymmetries 

See Boer et al., arXiv:1108.1713; Accardi et al., Understanding the glue that binds us all, EPJA (2016)


