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In this letter, we present, for the first time, a phenomenological analysis that demonstrates single
transverse-spin asymmetries in high-energy collisions have a common origin. We perform the first
global fit of data from semi-inclusive deep inelastic scattering, Drell-Yan, e

+
e

� annihilation into
hadron pairs, and proton-proton collisions. Consequently, we are able to extract a universal set of
non-perturbative functions that describes the observed asymmetries in these reactions. Furthermore,
we achieve the first phenomenological agreement with lattice on the up and down quark tensor
charges of the nucleon.

Introduction. For some fifty years, the spin and mo-
mentum structure of hadrons has been investigated in
terms of their partonic (quark and gluon) content within
the theory of Quantum Chromodynamics (QCD). Single
transverse-spin asymmetries (SSAs) have played a cen-
tral role in these studies and continue to pose a number
of challenges and puzzles. Early predictions from QCD
that SSAs in single-inclusive hadron production should
be exceedingly small [1] were in stark contrast with mea-
surements showing large asymmetries [2, 3] that persist
in recent experiments [4–18].

A better understanding of SSAs has emerged with the
aid of QCD factorization theorems [19–23]. They sepa-
rate cross sections into short distance, perturbatively cal-
culable scattering contributions and long distance, non-
perturbative physics that are encoded in parton distribu-
tion functions (PDFs) and fragmentation functions (FFs).
QCD factorization theorems constrain the definitions of
PDFs and FFs, and they ultimately lead to equations gov-
erning how those functions evolve with the energy scale.

For processes with one large measured scale, Q �
⇤QCD, where ⇤QCD is a typical hadronic mass scale, ex-
periments are sensitive to the collinear motion of partons.
For example, in p

"
p ! h X, the hard scale is set by the

hadron transverse momentum PhT . In this case, collinear
twist-3 (CT3) factorization [19, 20] is valid, and spin
asymmetries arise due to the quantum mechanical inter-
ference from multi-parton states, such as quark-gluon-
quark or tri-gluon [19, 20, 24–32].

For reactions with two well-separated scales Q2 �
Q1 ⇠ ⇤QCD, experiments probe not only collinear but
also intrinsic parton motion that is transverse to the par-
ent hadron’s momentum. For example, in semi-inclusive
lepton-nucleon deep inelastic scattering (SIDIS), ` N !
` hX, one has ⇤QCD ⇠ PhT ⌧ Q, where �Q

2 is the

photon virtuality. For such processes, transverse mo-
mentum dependent (TMD) factorization [21–23, 33, 34]
is valid, and the mechanism responsible for spin asym-
metries is encoded in TMD PDFs and FFs (collectively
called TMDs) [35–40].

There is theoretical evidence that CT3 and TMD fac-
torization theorems yield a unified picture of spin asym-
metries in hard processes [41–46]. This is one of the
cornerstones for studying the 3-dimensional structure of
hadrons at existing [47–51] and future facilities, includ-
ing the Electron-Ion Collider [52, 53]. However, it has
never been shown that one can simultaneously fit a uni-
versal set of non-perturbative functions to SSAs in both
types of reactions [54–57]. In this letter, we provide, for
the first time, a phenomenological demonstration that
SSAs have a common origin. We perform the first simul-
taneous global analysis of the available data in SIDIS,
Drell-Yan (DY), semi-inclusive e

+
e
� annihilation (SIA),

and proton-proton collisions. Furthermore, we find, for
the first time, excellent agreement with lattice QCD for
the up and down quark tensor charges.
Theoretical Background. The key observation that
makes our analysis possible is that in both the CT3
and TMD formalisms, collinear multi-parton correlations
play an important role. A generic TMD PDF F (x, kT )

depends on x, the fraction of the nucleon’s longitudinal
momentum carried by the parton, and kT ⌘ |~kT |, the
parton’s transverse momentum. The same TMD when
Fourier conjugated into position (bT ) space [34, 58–60]
exhibits an Operator Product Expansion (OPE) in the
limit when bT is small. TMDs relevant for SSAs can be
expressed in terms of CT3 multi-parton correlation func-
tions in this OPE [60–63].

Another way to establish the connection between CT3
functions and TMDs is by the use of parton model iden-
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“Experiments with spin have killed more theories than any other 
single physical parameter” 

Elliot Leader, Spin in Particle Physics, Cambridge U. Press (2001) 

“Polarisation data has often been the graveyard of fashionable 
theories. If theorists had their way they might well ban such 
measurements altogether out of self- protection” 

J. D. Bjorken, Proc. Adv. Research Workshop on QCD Hadronic Processes, St. Croix, Virgin 
Islands (1987). 



SINGLE SPIN ASYMMETRIES
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Consider polarized hadron - hadron collisions

Count pions going to the right or to the left with respect to the 
spin direction

Midterm Review, Part I: Overview – Jianwei Qiu 28

Challenge: the Sivers Effect
  Single Transverse Spin Asymmetry:

sp Left 

Right 

Theory (1978):
AN / ↵s

mq

pT
! 0

Kane, Pumplin, Repko, PRL, 1978!

Experiment (40 yrs)
AN As large as 40%

Sivers Effect:

"  Spin direction of colliding hadron
"  Motion direction of its confined partons

Quantum Correlation between

QCD:  Sign Change from SIDIS to Drell-Yan

D. Sivers, PRD41 (1990)83

AN ⌘ �(~sP )� �(�~sP )
�(~sP ) + �(�~sP )

<latexit sha1_base64="LHtj0VBYA6q7DfiwaFvN0l+r44E=">AAACTXicbVFLSwMxGMzWR2t9VT16CRahIi27Kuix6sWTVLAP6JYlm35bQ7MPk2yhLP2DXgRv/gsvHhQR03YPte1AYJiZjy+ZuBFnUpnmu5FZWV1bz+Y28ptb2zu7hb39hgxjQaFOQx6KlkskcBZAXTHFoRUJIL7Loen2b8d+cwBCsjB4VMMIOj7pBcxjlCgtOYXutXOPbXiO2QDbniA0sSXr+aRkD4AmcuTU8Aku41Qsz6ijZcnTpUmnUDQr5gR4kVgpKaIUNafwZndDGvsQKMqJlG3LjFQnIUIxymGUt2MJEaF90oO2pgHxQXaSSRsjfKyVLvZCoU+g8ESdnUiIL+XQd3XSJ+pJzntjcZnXjpV31UlYEMUKAjpd5MUcqxCPq8VdJoAqPtSEUMH0XTF9IrpTpT8gr0uw5p+8SBpnFeu8Yj1cFKs3aR05dIiOUAlZ6BJV0R2qoTqi6AV9oC/0bbwan8aP8TuNZox05gD9Qyb7Byg2sq0=</latexit>



QCD had a very simple 
prediction

Kane, Pumplin, Repko (1978)
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AN / ↵s
mq

PT
! 0

<latexit sha1_base64="7bQEuh804XD+pt1kv22ZpW6xKLc=">AAACG3icbZDLSgMxFIYzXmu9VV26CRbBVZlRQZdVN66kQm/QKcOZNNMGM5OYZJQy9D3c+CpuXCjiSnDh25i2s1DrD4Gf/5zDyflCyZk2rvvlzM0vLC4tF1aKq2vrG5ulre2mFqkitEEEF6odgqacJbRhmOG0LRWFOOS0Fd5cjOutO6o0E0ndDCXtxtBPWMQIGBsFpcOz4Ar7UglpBPaBywEEGvuRApLFwe0oqwX1EfYV6w8MKCXusRuUym7FnQjPGi83ZZSrFpQ+/J4gaUwTQzho3fFcaboZKMMIp6Oin2oqgdxAn3asTSCmuptNbhvhfZv0cCSUfYnBk/TnRAax1sM4tJ0xmIH+WxuH/9U6qYlOuxlLZGpoQqaLopRjy2EMCveYosTwoTVAFLN/xWQAlouxOIsWgvf35FnTPKx4RxXv+rhcPc9xFNAu2kMHyEMnqIouUQ01EEEP6Am9oFfn0Xl23pz3aeuck8/soF9yPr8B+AuhYQ==</latexit>

Experiment proved this 
prediction wrong

Fermilab experiment E704 (1991)p
s ' 19 (GeV)

<latexit sha1_base64="mT8Rlr+kcBsxyelGFP2bBJc2BZ0=">AAACCHicbVC7SgNBFJ2Nrxhfq5YWDgYhNmFXBRWboIWWEcwDskuYndwkQ2Z2NzOzQlhS2vgrNhaK2PoJdv6Nk0ehiQcuHM65l3vvCWLOlHacbyuzsLi0vJJdza2tb2xu2ds7VRUlkkKFRjyS9YAo4CyEimaaQz2WQETAoRb0rkd+7QGkYlF4rwcx+IJ0QtZmlGgjNe19T/WlTtUQe4oJ6GP3AnuX2JMCF26getS0807RGQPPE3dK8miKctP+8loRTQSEmnKiVMN1Yu2nRGpGOQxzXqIgJrRHOtAwNCQClJ+OHxniQ6O0cDuSpkKNx+rviZQIpQYiMJ2C6K6a9Ubif14j0e1zP2VhnGgI6WRRO+FYR3iUCm4xCVTzgSGESmZuxbRLJKHaZJczIbizL8+T6nHRPSk6d6f50tU0jizaQweogFx0hkroFpVRBVH0iJ7RK3qznqwX6936mLRmrOnMLvoD6/MHLgSYHg==</latexit>

AN ' 40%
<latexit sha1_base64="WHHCHrQa6++0J+naxVFJ18LxwYo=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LJaCp5JoQY9VL56kgv2AJoTNdtsu3U3i7qZQQv+JFw+KePWfePPfuG1z0NYHA4/3ZpiZFyacKe0431ZhbX1jc6u4XdrZ3ds/sA+PWipOJaFNEvNYdkKsKGcRbWqmOe0kkmIRctoOR7czvz2mUrE4etSThPoCDyLWZwRrIwW2fR3cI08xQZ9QzUFeJbDLTtWZA60SNydlyNEI7C+vF5NU0EgTjpXquk6i/QxLzQin05KXKppgMsID2jU0woIqP5tfPkUVo/RQP5amIo3m6u+JDAulJiI0nQLroVr2ZuJ/XjfV/Ss/Y1GSahqRxaJ+ypGO0SwG1GOSEs0nhmAimbkVkSGWmGgTVsmE4C6/vEpa51X3ouo81Mr1mzyOIpzAKZyBC5dQhztoQBMIjOEZXuHNyqwX6936WLQWrHzmGP7A+vwBEVqR+w==</latexit>

CHALLENGE OF QCD: UNDERSTANDING SPIN ASYMMETRIES
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FAILURE  
OF QCD?



BETTER  
UNDERSTANDING OF QCD!

7

QCD



QCD FACTORIZATION IS THE KEY!
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electron 
p

h 
h

� ⇡
<latexit sha1_base64="B4yoNgvbAKlfERRyq6QIMD9+L/U=">AAACBXicbVC7TsMwFHXKq4RXgBEGiwqJqUoACcYKFsYi0YfURJXjuK1Vx45sB1FFXVj4FRYGEGLlH9j4G5w0A7Qc6UpH59zr63vChFGlXffbqiwtr6yuVdftjc2t7R1nd6+tRCoxaWHBhOyGSBFGOWlpqhnpJpKgOGSkE46vc79zT6Sigt/pSUKCGA05HVCMtJH6zqGv6DBG0C+eyiSJptBHSSLFg233nZpbdwvAReKVpAZKNPvOlx8JnMaEa8yQUj3PTXSQIakpZmRq+6kiCcJjNCQ9QzmKiQqyYvUUHhslggMhTXENC/X3RIZipSZxaDpjpEdq3svF/7xeqgeXQUZ5kmrC8WzRIGVQC5hHAiMqCdZsYgjCkpq/QjxCEmFtgstD8OZPXiTt07p3Vvduz2uNqzKOKjgAR+AEeOACNMANaIIWwOARPINX8GY9WS/Wu/Uxa61Y5cw++APr8wfmyJgr</latexit>

⌦
<latexit sha1_base64="xYTYQSM3tePdxz+46LA7WyWMMKk=">AAAB8HicbVDLSgNBEJyNr7i+oh69DAbBU9hVQY9BLx4jmBhJljA7mU2GzGOZ6RVCyFd48aCIVz/Hm3/jbLIHTSxoKKq66e6KU8EtBMG3V1pZXVvfKG/6W9s7u3uV/YOW1ZmhrEm10KYdE8sEV6wJHARrp4YRGQv2EI9ucv/hiRnLtbqHccoiSQaKJ5wScNJjVwOXzPp+r1INasEMeJmEBamiAo1e5avb1zSTTAEVxNpOGKQQTYgBTgWb+t3MspTQERmwjqOKuDXRZHbwFJ84pY8TbVwpwDP198SESGvHMnadksDQLnq5+J/XySC5iiZcpRkwReeLkkxg0Dj/Hve5YRTE2BFCDXe3YjokhlBwGeUhhIsvL5PWWS08r4V3F9X6dRFHGR2hY3SKQnSJ6ugWNVATUSTRM3pFb57xXrx372PeWvKKmUP0B97nD/T9j9g=</latexit>

e
P
k

Factorization Probe Structure Power corrections

k

We need a probe to “see” quarks and gluons

+O

✓
M2

Q2

◆
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Semi-Inclusive DIS

electron 
p

h 

Drell-Yan Dihadron in e+e-

p p

h1 

h2 h
h1

h2e-

e- e-e+

� � Dh1/q(x, kT )Dh2/q(x, kT )� � fq/P (x, kT )Dh/q(x, kT ) � � fq/P (x, kT )fq/P (x, kT )

qT � Q

µ+

µ�

Q, qT

The confined motion (kT dependence) is encoded in TMDs

Small scale Large scale

Collins, Soper (1983) 
Collins (2011)

Collins, Soper, Sterman (1985) 
Ji, Ma, Yuan (2004) 

Collins (2011)Meng, Olness, Soper (1992) 
Ji, Ma, Yuan (2005) 

Idilbi, Ji, Ma, Yuan (2004)  
Collins (2011)
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Multi-parton correlations (twist-3 functions) contribute to the 
cross section and are dominant for asymmetries in PP 
scattering

Qiu, Sterman (1991)

qT ' Q
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Large scale Large scale
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TMDs and collinear PDFs and FFs are related via Operator 
Product Expansion in CSS formalism

Collins, Soper, Sterman (1985)

TMD and collinear twist-3 (CT3) formalisms are “unified” in 
intermediate region of qT

Ji, Qiu, Vogelsang, Yuan (2006)

TMD and twist-3 (CT3) functions are related by integral relations

⇡FFT (x, x) = f?(1)
1T (x)
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Boer, Mulders, Pijlman (2003)

Qiu-Sterman matrix element The first kT moment of Sivers function
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proton

lepton lepton

pion

electron

positron
pion

proton

proton

pion

AN asymmetry 
STAR, PHENIX, BRAHMS data 

To demonstrate the 
common origin of SSAs 
in various processes, we 

will combine all 
available data and 

extract a universal set of 
non perturbative 

functions that describes 
all of them 

e+e–

SIDIS

PP

Drell-Yan and W,Z

proton positron

electronprotonpion

Sivers asymmetries 
COMPASS, STAR data

Sivers, Collins asymmetries 
COMPASS, HERMES, JLab data

Collins asymmetries 
BELLE, BaBar, BESIII data

Cammarota, Gamberg, Kang, Miller, Pitonyak, Prokudin, Rogers, Sato (2020)
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The relevant set of collinear functions to extract

h1(x)
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transversity

FFT (x, x)
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Qiu-Sterman function

H
?(1)
1 (z)
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the first moment of Collins FF

H̃(z)
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fragmentation twist-3 function

3

Observable Reactions NP Function(s) Npts. �2
Exp. Refs.

A
Siv
SIDIS e + (p, d)" ! (⇡+

,⇡
�) + X f

?
1T 88 ... [67, 68]

A
Col
SIDIS e + (p, d)" ! (⇡+

,⇡
�
,⇡

0) + X h1, H
?
1 126 ... [68–70]

A
Col
SIA e

+ + e
� ! ⇡

+
⇡
�(UC,UL) + X H

?
1 176 ... [71–74]

A
Siv
DY ⇡

� + p
" ! µ

+
µ
� + X f

?
1T 12 ... [75]

A
Siv
DY p

" + p ! (W+
,W

�
, Z) + X f

?
1T 17 ... [76]

AN p
" + p ! (⇡+

,⇡
�
,⇡

0) + X h1, FFT (= 1
⇡ f

?(1)
1T ), H?(1)

1 , H̃ 60 ... [7, 9, 10, 13]

TABLE I. Summary of the SSAs analyzed in our global fit. There are in total 18 observables when one accounts for the various
initial and final states. This includes the “unlike-charged” (UC) and “unlike-like” (UL) combiniations for A

Col
SIA. For f

?
1T , h1 we

have functions for u and d quarks, while for H
?
1 , H̃ we have functions for favored and unfavored fragmentation. This gives a

total of 8 non-perturbative (NP) functions. We also include the total number of data points Npts. and �
2 for each observable.

order to test universality. SIDIS (after certain data cuts)
covers a region x . 0.6, 0.2 . z . 0.6, and 2 . Q

2 .
40 GeV2. SIA data has 0.2 . z . 0.8 and Q

2 ⇡ 13 GeV2

or 110 GeV2. For DY data, 0.1 . x . 0.35 and Q
2 ⇡

30 GeV2 or (80 GeV)2. Lastly, AN integrates from xmin

to 1 and zmin to 1, where 0.2 . (xmin, zmin) . 0.7, with
1 . Q

2 . 13 GeV2. So within this restricted range we
can strictly test universality.
Methodology. In order to perform our global analysis
of SSAs, we must postulate a functional form for the non-
perturbative functions. Since we do not want to over-
complicate our analysis, and owing to the fact that we
use the lowest order relations between CT3 and TMD
functions, for the TMDs we will employ a Gaussian for
the transverse momentum dependence and only use a
DGLAP-type evolution in Q

2 for the collinear factors.
This is a standard approach within the literature – see,
e.g., Refs. [77–79]. The dependence of the TMDs on the
parton longitudinal momentum fraction is constructed
from the collinear functions that arise in the OPE.

The type of parameterization just outlined does not
have the complete features of TMD evolution, in partic-
ular the broadening of the widths of the TMDs. However,
it was shown that analyses [80, 81] utilizing this param-
eterization are compatible with results using full TMD
evolution [62, 82–84]. In addition, asymmetries are ra-
tios of cross sections and in such ratios evolution effects
may mostly cancel out [84].

For the unpolarized and transversity TMDs we have

f
q(x, kT ) = f

q(x) Gq

f
(k2

T
) , (1)

where the generic function f
q = f

q

1 or h
q

1, and

Gq

f
(k2

T
) =

1

⇡hk2
T
iq

f

exp

"
� k

2
T

hk2
T
iq

f

#
. (2)

The Sivers function reads

f
? q

1T
(x, kT ) =

2M
2

hk2
T
iq

f
?
1T

⇡FFT (x, x) Gq

f
?
1T

(k2
T
) , (3)

where we have used the fact that ⇡FFT (x, x) =

f
?(1)
1T

(x) [56]. The transverse widths hk2
T
iq

f
are in general

flavor dependent, and can be functions of x, although
here we assume there is no x dependence.

For the TMD FFs, the unpolarized function is param-
eterized as

D
h/q

1 (z, p
2
?) = D

h/q

1 (z) Gh/q

D1
(p2

?) , (4)

while the Collins FF reads

H
?h/q

1 (z, zp?) =
2z

2
M

2
h

hp2
?ih/q

H
?
1

H
?(1)
1 h/q

(z) Gh/q

H
?
1

(z2
p
2
?) , (5)

where we have explicitly written its z dependence in
terms of its first moment H

?(1)
1 h/q

(z) [62]. The p
2
? depen-

dence of the functions Gh/q

D1
and Gh/q

H
?
1

is in analogy with
(2), with the width hp2

?ih/q likewise independent of z. For
f

q

1 (x) and D
q

1(z) we use the leading order CJ15 [85] and
DSS [86] functions, respectively. The pion PDFs (needed
for the DY data from COMPASS) are taken from [CITE].

Note Eqs. (1), (3), (5) make fully manifest that the
underlying non-perturbative objects, h1(x), FFT (x, x),
H

?(1)
1 (z), that drive the (TMD) SSAs A

Siv
SIDIS, A

Col
SIDIS,

A
Siv
DY, and A

Col
SIA, are the same collinear functions that en-

ter the (twist-3) SSA AN (along with H̃(z)). We generi-
cally parameterize these collinear functions as

F
q(x) =

Nq x
aq (1 � x)bq (1 + �q x

↵q (1 � x)�q )

B[aq+2, bq+1] + �qB[aq+↵q+2, bq+�q+1]
,

(6)
where F

q = h
q

1, F
q

FT
, H

?(1)
1 h/q

, H̃
h/q (with x ! z for the

latter two functions).
For the collinear PDFs h

q

1(x) and F
q

FT
(x, x), we only

allow q = u, d and set anti-quark functions to zero. For
both functions we also set bu = bd. For the collinear
FFs H

?(1)
1 h/q

(z) and H̃
h/q(z), we allow for favored (fav)

⇡
+
/u = ⇡

+
/d̄ and unfavored (unf) ⇡

+
/d = ⇡

+
/ū =

⇡
+
/s = ⇡

+
/s̄ parameters and use charge conjugation to

fix the ⇡
�

/q parameters. The ⇡
0 FFs are set to be the

average of the ⇡
+ and ⇡

� functions.
In the course of our analysis, we found that H̃(z) was

consistent with zero within error bands. Moreover, the
relative error was over 200% (or much larger in some re-
gions of z), indicating that the extracted function was

Flexible parametrization
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The relevant set of collinear functions to extract

h1(x)
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transversity

FFT (x, x)
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Qiu-Sterman function
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1 (z)
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the first moment of Collins FF

H̃(z)
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fragmentation twist-3 function

3

Observable Reactions NP Function(s) Npts. �2
Exp. Refs.
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Siv
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TABLE I. Summary of the SSAs analyzed in our global fit. There are in total 18 observables when one accounts for the various
initial and final states. This includes the “unlike-charged” (UC) and “unlike-like” (UL) combiniations for A

Col
SIA. For f

?
1T , h1 we

have functions for u and d quarks, while for H
?
1 , H̃ we have functions for favored and unfavored fragmentation. This gives a

total of 8 non-perturbative (NP) functions. We also include the total number of data points Npts. and �
2 for each observable.

order to test universality. SIDIS (after certain data cuts)
covers a region x . 0.6, 0.2 . z . 0.6, and 2 . Q

2 .
40 GeV2. SIA data has 0.2 . z . 0.8 and Q

2 ⇡ 13 GeV2

or 110 GeV2. For DY data, 0.1 . x . 0.35 and Q
2 ⇡

30 GeV2 or (80 GeV)2. Lastly, AN integrates from xmin

to 1 and zmin to 1, where 0.2 . (xmin, zmin) . 0.7, with
1 . Q

2 . 13 GeV2. So within this restricted range we
can strictly test universality.
Methodology. In order to perform our global analysis
of SSAs, we must postulate a functional form for the non-
perturbative functions. Since we do not want to over-
complicate our analysis, and owing to the fact that we
use the lowest order relations between CT3 and TMD
functions, for the TMDs we will employ a Gaussian for
the transverse momentum dependence and only use a
DGLAP-type evolution in Q

2 for the collinear factors.
This is a standard approach within the literature – see,
e.g., Refs. [77–79]. The dependence of the TMDs on the
parton longitudinal momentum fraction is constructed
from the collinear functions that arise in the OPE.

The type of parameterization just outlined does not
have the complete features of TMD evolution, in partic-
ular the broadening of the widths of the TMDs. However,
it was shown that analyses [80, 81] utilizing this param-
eterization are compatible with results using full TMD
evolution [62, 82–84]. In addition, asymmetries are ra-
tios of cross sections and in such ratios evolution effects
may mostly cancel out [84].

For the unpolarized and transversity TMDs we have

f
q(x, kT ) = f

q(x) Gq

f
(k2

T
) , (1)

where the generic function f
q = f

q

1 or h
q

1, and

Gq

f
(k2

T
) =

1

⇡hk2
T
iq

f

exp

"
� k

2
T

hk2
T
iq

f

#
. (2)

The Sivers function reads

f
? q

1T
(x, kT ) =

2M
2

hk2
T
iq

f
?
1T

⇡FFT (x, x) Gq

f
?
1T

(k2
T
) , (3)

where we have used the fact that ⇡FFT (x, x) =

f
?(1)
1T

(x) [56]. The transverse widths hk2
T
iq

f
are in general

flavor dependent, and can be functions of x, although
here we assume there is no x dependence.

For the TMD FFs, the unpolarized function is param-
eterized as

D
h/q

1 (z, p
2
?) = D

h/q

1 (z) Gh/q

D1
(p2

?) , (4)

while the Collins FF reads

H
?h/q

1 (z, zp?) =
2z

2
M

2
h

hp2
?ih/q

H
?
1

H
?(1)
1 h/q

(z) Gh/q

H
?
1

(z2
p
2
?) , (5)

where we have explicitly written its z dependence in
terms of its first moment H

?(1)
1 h/q

(z) [62]. The p
2
? depen-

dence of the functions Gh/q

D1
and Gh/q

H
?
1

is in analogy with
(2), with the width hp2

?ih/q likewise independent of z. For
f

q

1 (x) and D
q

1(z) we use the leading order CJ15 [85] and
DSS [86] functions, respectively. The pion PDFs (needed
for the DY data from COMPASS) are taken from [CITE].

Note Eqs. (1), (3), (5) make fully manifest that the
underlying non-perturbative objects, h1(x), FFT (x, x),
H

?(1)
1 (z), that drive the (TMD) SSAs A

Siv
SIDIS, A

Col
SIDIS,

A
Siv
DY, and A

Col
SIA, are the same collinear functions that en-

ter the (twist-3) SSA AN (along with H̃(z)). We generi-
cally parameterize these collinear functions as

F
q(x) =

Nq x
aq (1 � x)bq (1 + �q x

↵q (1 � x)�q )

B[aq+2, bq+1] + �qB[aq+↵q+2, bq+�q+1]
,

(6)
where F

q = h
q

1, F
q

FT
, H

?(1)
1 h/q

, H̃
h/q (with x ! z for the

latter two functions).
For the collinear PDFs h

q

1(x) and F
q

FT
(x, x), we only

allow q = u, d and set anti-quark functions to zero. For
both functions we also set bu = bd. For the collinear
FFs H

?(1)
1 h/q

(z) and H̃
h/q(z), we allow for favored (fav)

⇡
+
/u = ⇡

+
/d̄ and unfavored (unf) ⇡

+
/d = ⇡

+
/ū =

⇡
+
/s = ⇡

+
/s̄ parameters and use charge conjugation to

fix the ⇡
�

/q parameters. The ⇡
0 FFs are set to be the

average of the ⇡
+ and ⇡

� functions.
In the course of our analysis, we found that H̃(z) was

consistent with zero within error bands. Moreover, the
relative error was over 200% (or much larger in some re-
gions of z), indicating that the extracted function was

Flexible parametrization
Appears as noise in our fit
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Observable Reactions Non-Perturbative Function(s) �2
/Npts. Exp. Refs.

A
Siv
SIDIS e + (p, d)" ! e + (⇡+

,⇡
�
,⇡

0) + X f
?
1T (x, k2

T ) 150.0/126 = 1.19 [67, 68, 70]
A

Col
SIDIS e + (p, d)" ! e + (⇡+

,⇡
�
,⇡

0) + X h1(x, k
2
T ), H?

1 (z, z2
p
2
?) 111.3/126 = 0.88 [68, 70, 73]

A
Col
SIA e

+ + e
� ! ⇡

+
⇡

�(UC,UL) + X H
?
1 (z, z2

p
2
?) 154.5/176 = 0.88 [76–79]

A
Siv
DY ⇡

�+ p
" ! µ

+
µ

� + X f
?
1T (x, k2

T ) 5.96/12 = 0.50 [75]
A

Siv
DY p

" + p ! (W+
,W

�
, Z) + X f

?
1T (x, k2

T ) 31.8/17 = 1.87 [74]
A

h
N p

" + p ! (⇡+
,⇡

�
,⇡

0) + X h1(x), FFT (x, x) = 1
⇡ f

?(1)
1T (x), H?(1)

1 (z) 66.5/60 = 1.11 [7, 9, 10, 13]

TABLE I. Summary of the SSAs analyzed in our global fit. There are a total of 18 observables when one accounts for the
various initial and final states. This includes the “unlike-charged” (UC) and “unlike-like” (UL) pion combinations for A

Col
SIA.

For f
?
1T , h1 we have up and down quarks, while for H

?
1 we have favored and unfavored fragmentation. This gives a total of 6

non-perturbative functions. We also include �
2
/Npts. for each observable in our fit, where Npts. is the number of data points.

For the TMD FFs, the unpolarized function is
parametrized as

D
h/q

1 (z, z
2
p
2
?) = D

h/q

1 (z) Gh/q

D1
(z

2
p
2
?) , (6)

while the Collins FF reads

H
?h/q

1 (z, z
2
p
2
?) =

2z
2
M

2
h

hp2
?ih/q

H
?
1

H
?(1)
1 h/q

(z) Gh/q

H
?
1

(z
2
p
2
?) , (7)

where we have explicitly written its z dependence in
terms of its first moment H

?(1)
1 h/q

(z) [84]. For f
q

1 (x) and
D

q

1(z) we use the leading order CJ15 [94] and DSS [95]
functions. The pion PDFs are taken from Ref. [96].

Note Eqs. (3), (5), (7) make clear that the underlying
non-perturbative functions, h1(x), FFT (x, x), H

?(1)
1 (z),

that drive the (TMD) SSAs A
Siv
SIDIS, A

Col
SIDIS, A

Siv
DY, and

A
Col
SIA, are the same collinear functions that enter the SSA

A
h

N
(along with H̃(z)). We generically parametrize these

collinear functions as

F
q
(x)=

Nq x
aq (1 � x)

bq (1 + �q x
↵q (1 � x)

�q )

B[aq+2, bq+1] + �qB[aq+↵q+2, bq+�q+1]
,

(8)
where F

q
= h

q

1, ⇡F
q

FT
, H

?(1)
1 h/q

(with x ! z for the Collins
function), and B is the Euler beta function. In the
course of our analysis, we found that H̃(z) was consistent
with zero within error bands. Moreover, if one considers
the relative error of the moment F

(1) ⌘
R 1
0 dx xF (x) of

the various functions in our fit, h1(x), ⇡FFT (x, x), and
H

?(1)
1 (z) all have �F

(1)
/F

(1) . 1.5, whereas for H̃(z),
�F

(1)
/F

(1) � 1.5. This indicates that there is no signifi-
cant signal for H̃(z) from A

h

N
data alone, and the func-

tion simply emerges as noise in our fit. Therefore, data
on the aforementioned (PhT -integrated) A

sin �S

UT
asymme-

try in SIDIS is needed to properly constrain H̃(z). For
now, we set H̃(z) to zero, which is consistent with pre-
liminary data from HERMES [97] and COMPASS [98]
showing a small A

sin �S

UT
.

For the collinear PDFs h
q

1(x) and ⇡F
q

FT
(x, x), we only

allow q = u, d and set anti-quark functions to zero. For
both functions we also set bu = bd. For the collinear
FF H

?(1)
1 h/q

(z), we allow for favored (fav) and unfavored

(unf) parameters. We also found that the set of pa-
rameters {�, ↵, �} is needed only for H

?(1)
1 h/q

(z), due to
the fact that the data for A

Col
SIA has a different shape at

smaller versus larger z. Since those data (and the ones
for A

Col
SIDIS) are at z & 0.2, we set ↵fav = ↵unf = 0,

similar to what has been done in fits of unpolarized
collinear FFs [95]. This gives us a total of 20 param-
eters for the collinear functions. There are also 4 pa-
rameters for the transverse momentum widths associated
with h1, f

?
1T

, and H
?
1 : hk2

T
iu

f
?
1T

= hk2
T
id

f
?
1T

⌘ hk2
T
i
f

?
1T

;

hk2
T
iu

h1
= hk2

T
id

h1
⌘ hk2

T
ih1 ; hp2

?ifav

H
?
1

and hp2
?iunf

H
?
1

.
We simultaneously extract unpolarized TMD widths

by including HERMES pion and kaon multiplicities [99]
in our fit, which involves 6 more parameters associated
with the valence and sea unpolarized PDF widths, and fa-
vored and unfavored unpolarized FF widths for pions and
for kaons: hk2

T
ival

f1
, hk2

T
isea

f1
, hp2

?ifav

D
{⇡,K}
1

, hp2
?iunf

D
{⇡,K}
1

. The
pion PDF widths are taken to be the same as those for
the proton. We include normalization parameters for each
data set that vary within the quoted experimental nor-
malization uncertainties. This results in an additional 77
“nuisance” parameters.

We use Bayesian inference in order to sample the pos-
terior distribution for all parameters. Due to the large
dimensionality of the parameter space, we use the multi-
step strategy in the Monte Carlo framework developed
in Ref. [100]. Our partonic distributions are inferred
from about 1000 Monte Carlo samples drawn from the
Bayesian posterior distribution.

We also implement a DGLAP-type evolution of
the collinear functions analogous to Ref. [101], where
a double-logarithmic Q

2-dependent term is explicitly
added to the parameters. Note that the transverse mo-
mentum widths do not vary with Q

2. We leave a more
rigorous treatment of the complete TMD and CT3 evo-
lution for future work.
Phenomenological Results. Using the above method-
ology, we fit SSA data from HERMES [67, 73], COM-
PASS [68, 70, 75], Belle [76], BaBar [77, 78], BESIII [79],
BRAHMS [9], and STAR [7, 10, 13, 74]. For A

Siv
SIDIS,

A
Col
SIDIS, A

Col
SIA, and A

h

N
, we focus on pion production data,

while for A
Siv
DY we use both the µ

+
µ

� pair production data

JAM uses Bayesian inference in order to sample the   
posterior distribution of all parameters.
Multistep strategy in the Monte Carlo framework is used.

Around 1000 MC samples are drawn from Bayesian 
posterior distributions and are analyzed.  

Sato, Andres, Ethier, Melnitchouk  (2019)
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FIG. 1. The extracted functions h1(x), f
?(1)
1T (x), and

H
?(1)
1 (z) at Q

2 = 4 GeV2 from our (JAM20) global analy-
sis (red solid curves with 1-� CL error bands). The functions
from other groups [84, 87–89, 92, 102–104] are also shown.

from COMPASS and the weak gauge boson production
data from STAR. For A

Col
SIA we have only included the so-

called A0 asymmetry since this observable has a TMD
factorization theorem. We only include A

⇡

N
data with

PhT > 1 GeV in order to stay within the regime where
the CT3 formalism is applicable. Similarly, we do not
include low-energy SSA data from JLab due to concerns
about the pion production mechanism at relatively low
energies [105–107]. The standard cuts [108] of 0.2 < z <

0.6, Q
2

> 1.63 GeV
2
, and 0.2 < PhT < 0.9 GeV have

been applied to all SIDIS data sets, giving us a total of
517 SSA data points in the fit along with 807 HERMES
multiplicity [99] data points.

The extracted functions [109] and their comparison
to other groups are shown in Fig. 1. We obtain a
good agreement between theory and experiment, as illus-
trated in Figs. 2–4. Specifically we find (�

2
/Npts.)SSA =

520/517 = 1.01 for SSA data alone, and �
2
/Npts. =

1373/1324 = 1.04 for all data, including HERMES mul-
tiplicities.

FIG. 2. Theory compared to experiment for A
Col
SIA.

FIG. 3. Theory compared to experiment for A
Col/Siv
SIDIS .

FIG. 4. Theory compared to experiment for A
⇡
N and A

Siv
DY.

Figure 5 gives our extracted tensor charges of the nu-
cleon. The individual flavor charges �q ⌘

R 1
0 dx [h

q

1(x) �
h

q̄

1(x)] are shown along with the isovector combination
gT ⌘ �u � �d. We compare our results to those from lat-
tice computations at the physical point [110–112], other
phenomenological extractions [84, 87, 102–104, 113, 114],
and a calculation using Dyson-Schwinger equations [115].
One clearly notices the strong impact of including more
SSA data sets in our fit, which highlights the importance
of carrying out a simultaneous extraction of partonic
functions in a global analysis. In going from SIDIS !
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FIG. 1. The extracted functions h1(x), f
?(1)
1T (x), and

H
?(1)
1 (z) at Q

2 = 4 GeV2 from our (JAM20) global analy-
sis (red solid curves with 1-� CL error bands). The functions
from other groups [84, 87–89, 92, 102–104] are also shown.

from COMPASS and the weak gauge boson production
data from STAR. For A

Col
SIA we have only included the so-

called A0 asymmetry since this observable has a TMD
factorization theorem. We only include A

⇡

N
data with

PhT > 1 GeV in order to stay within the regime where
the CT3 formalism is applicable. Similarly, we do not
include low-energy SSA data from JLab due to concerns
about the pion production mechanism at relatively low
energies [105–107]. The standard cuts [108] of 0.2 < z <

0.6, Q
2

> 1.63 GeV
2
, and 0.2 < PhT < 0.9 GeV have

been applied to all SIDIS data sets, giving us a total of
517 SSA data points in the fit along with 807 HERMES
multiplicity [99] data points.

The extracted functions [109] and their comparison
to other groups are shown in Fig. 1. We obtain a
good agreement between theory and experiment, as illus-
trated in Figs. 2–4. Specifically we find (�

2
/Npts.)SSA =

520/517 = 1.01 for SSA data alone, and �
2
/Npts. =

1373/1324 = 1.04 for all data, including HERMES mul-
tiplicities.

FIG. 2. Theory compared to experiment for A
Col
SIA.
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FIG. 3. Theory compared to experiment for A
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FIG. 4. Theory compared to experiment for A
⇡
N and A

Siv
DY.

Figure 5 gives our extracted tensor charges of the nu-
cleon. The individual flavor charges �q ⌘

R 1
0 dx [h

q

1(x) �
h

q̄

1(x)] are shown along with the isovector combination
gT ⌘ �u � �d. We compare our results to those from lat-
tice computations at the physical point [110–112], other
phenomenological extractions [84, 87, 102–104, 113, 114],
and a calculation using Dyson-Schwinger equations [115].
One clearly notices the strong impact of including more
SSA data sets in our fit, which highlights the importance
of carrying out a simultaneous extraction of partonic
functions in a global analysis. In going from SIDIS !



UNIVERSAL GLOBAL FIT 2020

18

Cammarota, Gamberg, Kang, Miller, Pitonyak, Prokudin, Rogers, Sato (2020)

proton-proton AN

�2

npoints
=

72.0

60
= 1.2

<latexit sha1_base64="ITGy0wUeC2CHIn1OoXaHwV97dW4=">AAACF3icbVDLSsNAFJ34rPUVdelmsAiuQhKKdSMU3bisYB/QxDKZTtqhk0mYmQgl5C/c+CtuXCjiVnf+jZM2C209cOFwzr3ce0+QMCqVbX8bK6tr6xubla3q9s7u3r55cNiRcSowaeOYxaIXIEkY5aStqGKklwiCooCRbjC5LvzuAxGSxvxOTRPiR2jEaUgxUloamJYXCoQzD4/pvZtnPIkpVzKHl3BuNFzLzrNzu1Acyx2YNduyZ4DLxClJDZRoDcwvbxjjNCJcYYak7Dt2ovwMCUUxI3nVSyVJEJ6gEelrylFEpJ/N/srhqVaGMIyFLq7gTP09kaFIymkU6M4IqbFc9ArxP6+fqvDCzyhPUkU4ni8KUwZVDIuQ4JAKghWbaoKwoPpWiMdI56F0lFUdgrP48jLpuJZTt+q39VrzqoyjAo7BCTgDDmiAJrgBLdAGGDyCZ/AK3own48V4Nz7mrStGOXME/sD4/AGGAJ4x</latexit>

4

FIG. 1. The extracted functions h1(x), f
?(1)
1T (x), and

H
?(1)
1 (z) at Q

2 = 4 GeV2 from our (JAM20) global analy-
sis (red solid curves with 1-� CL error bands). The functions
from other groups [84, 87–89, 92, 102–104] are also shown.

from COMPASS and the weak gauge boson production
data from STAR. For A

Col
SIA we have only included the so-

called A0 asymmetry since this observable has a TMD
factorization theorem. We only include A

⇡

N
data with

PhT > 1 GeV in order to stay within the regime where
the CT3 formalism is applicable. Similarly, we do not
include low-energy SSA data from JLab due to concerns
about the pion production mechanism at relatively low
energies [105–107]. The standard cuts [108] of 0.2 < z <

0.6, Q
2

> 1.63 GeV
2
, and 0.2 < PhT < 0.9 GeV have

been applied to all SIDIS data sets, giving us a total of
517 SSA data points in the fit along with 807 HERMES
multiplicity [99] data points.

The extracted functions [109] and their comparison
to other groups are shown in Fig. 1. We obtain a
good agreement between theory and experiment, as illus-
trated in Figs. 2–4. Specifically we find (�

2
/Npts.)SSA =

520/517 = 1.01 for SSA data alone, and �
2
/Npts. =

1373/1324 = 1.04 for all data, including HERMES mul-
tiplicities.
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Figure 5 gives our extracted tensor charges of the nu-
cleon. The individual flavor charges �q ⌘

R 1
0 dx [h

q

1(x) �
h

q̄

1(x)] are shown along with the isovector combination
gT ⌘ �u � �d. We compare our results to those from lat-
tice computations at the physical point [110–112], other
phenomenological extractions [84, 87, 102–104, 113, 114],
and a calculation using Dyson-Schwinger equations [115].
One clearly notices the strong impact of including more
SSA data sets in our fit, which highlights the importance
of carrying out a simultaneous extraction of partonic
functions in a global analysis. In going from SIDIS !
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Isovector tensor charge gT = 𝜹u-𝜹d
gT = 0.89   0.12 compatible with lattice results 

    𝜹u and 𝜹d Q2=4 GeV2

   𝜹u= 0.65     0.22

   𝜹d= -0.24    0.2

Tensor charge  from up and down quarks
 is constrained and compatible with lattice 
 results 
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FIG. 5. The tensor charges �u, �d, and gT . Our (JAM20) re-
sults at Q

2 = 4 GeV2 along with others from phenomenology
(black), lattice (purple), and Dyson-Schwinger (cyan).

(SIDIS + SIA) ! GLOBAL (where GLOBAL in partic-
ular includes A

⇡

N
), we find gT = 1.4(6) ! 0.87(25) !

0.87(11). This is the most precise phenomenological de-
termination of gT to date.

Remarkably, all of the inferred tensor charges (�u, �d,
and gT ) are in excellent agreement with lattice data.
We stress that the inclusion of A

⇡

N
is crucial in or-

der to achieve the agreement between our results �u =

0.72(19), �d = �0.15(16) and those from lattice. We
emphasize that future experiments will be essential to
reduce the uncertainty associated with extrapolation be-
yond regions constrained by current measurements.
Conclusions. In this letter we have performed the first
global analysis of the available SSA data in SIDIS, DY,
e
+
e
� annihilation, and proton-proton collisions. The

predictive power exhibited by the combined analysis sug-
gests a common physical origin of SSAs. Namely, they
are due to the intrinsic quantum-mechanical interference
from multi-parton states. The success achieved with a
Gaussian ansatz for the transverse momentum depen-
dence further implies that the effects are dominantly non-
perturbative and intrinsic to hadronic wavefunctions. We
also observe that the extracted up and down quark ten-
sor charges are in excellent agreement with lattice QCD.
Moreover, the future data coming from Jefferson Lab
12 GeV, COMPASS, an upgraded RHIC, Belle II, and
the Electron-Ion Collider will help to reduce the uncer-
tainties of the extracted functions and ultimately lead to
a better understanding of hadronic structure.
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TMD AND LATTICE

First JAM analysis of SIDIS data including lattice QCD constraints on gT
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Any analysis based on a single fit would have given a wrong result on gT

Analysis of probability density distribution of results used in JAM is crucial
in obtaining correct results
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THEORETICAL AND PHENOMENOLOGICAL DEVELOPMENT
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Shown for the first time that transverse spin asymmetries in 
a variety of processes SIDIS, Drell-Yan, e+e-, and proton 
proton scattering have the same origin
Extracted a universal set of non perturbative functions 
responsible for spin asymmetries
Shown consistency of phenomenological results with lattice 
QCD in extraction of isovector tensor charge and individual 
contributions from up and down quark


