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Chapter 1

Overview: Science, Machine and
Deliverables of the EIC

1.1 Scientific Highlights

1.1.1 Nucleon Spin and its 3D Structure and Tomography

Several decades of experiments on deep inelastic scattering (DIS) of electron or muon beams
o↵ nucleons have taught us about how quarks and gluons (collectively called partons) share
the momentum of a fast-moving nucleon. They have not, however, resolved the question of
how partons share the nucleon’s spin and build up other nucleon intrinsic properties, such
as its mass and magnetic moment. The earlier studies were limited to providing the lon-
gitudinal momentum distribution of quarks and gluons, a one-dimensional view of nucleon
structure. The EIC is designed to yield much greater insight into the nucleon structure
(Fig. 1.1, from left to right), by facilitating multi-dimensional maps of the distributions of
partons in space, momentum (including momentum components transverse to the nucleon
momentum), spin, and flavor.

Figure 1.1: Evolution of our understanding of nucleon spin structure. Left: In the 1980s,
a nucleon’s spin was naively explained by the alignment of the spins of its constituent quarks.
Right: In the current picture, valence quarks, sea quarks and gluons, and their possible orbital
motion are expected to contribute to overall nucleon spin.
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1980’ - the spin of the nucleon
 is due to the valence quarks

Modern concept: valence quarks, sea quarks, 
and gluons together with orbital angular 
momentum are contributing
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– Orbital motion. Most TMDs would vanish in the ab-
sence of parton orbital angular momentum, and thus
enable us to quantify the amount of orbital motion.

– Spin-orbit correlations. Most TMDs and related ob-
servables are due to couplings of the transverse mo-
mentum of quarks with the spin of the nucleon (or
the quark). Spin-orbit correlations in QCD, akin to
those in hydrogen atoms and topological insulators,
can therefore be studied.

– Gauge invariance and universality. The origin of some
TMDs and related spin asymmetries, at the partonic
level, depend on fundamental properties of QCD, such
as its color gauge invariance. This leads to clear differ-
ences between TMDs in different processes, which can
be experimentally tested.

The “simplest” TMD is the unpolarized function
fq
1 (x, kT ), which describes, in a fast moving nucleon,

the probability of finding a quark carrying the longitu-
dinal momentum fraction x of the nucleon momentum,
and a transverse momentum kT = |kT |. It is related to
the collinear (“integrated”) PDF by

∫
d2kT fq

1 (x, kT ) =
fq
1 (x). In addition to fq

1 (x, kT ), there are two other TMDs:
gq
1L(x, kT ) and hq

1(x, kT ), whose integrals correspond to
the collinear PDFs: the longitudinal polarized structure
function discussed in the previous section and the quark
transversity distribution. The latter is related to the ten-
sor charge of the nucleon. These three distributions can
be regarded as a simple transverse-momentum extension
of the associated integrated quark distributions. More im-
portantly, the power and rich possibilities of the TMD
approach arise from the simple fact that kT is a vector,
which allows for various correlations with the other vectors
involved: the nucleon momentum P , the nucleon spin S,
and the parton spin (say a quark, sq). Accordingly, there
are eight independent TMD quark distributions as shown
in fig. 16. Apart from the straightforward extension of the
normal PDFs to the TMDs, there are five TMD quark
distributions, which are sensitive to the direction of kT ,
and will vanish with a simple kT integral.

Because of the correlations between the quark trans-
verse momentum and the nucleon spin, the TMDs natu-
rally provide important information on the dynamics of
partons in the transverse plane in momentum space, as
compared to the GPDs which describe the dynamics of
partons in the transverse plane in position space. Mea-
surements of the TMD quark distributions provide infor-
mation about the correlation between the quark orbital
angular momentum and the nucleon/quark spin because
they require wave function components with nonzero or-
bital angular momentum. Combining the wealth of infor-
mation from all of these functions could thus be invalu-
able for disentangling spin-orbit correlations in the nu-
cleon wave function, and providing important information
about the quark orbital angular momentum. One partic-
ular example is the quark Sivers function f⊥q

1T which de-
scribes the transverse-momentum distribution correlated
with the transverse polarization vector of the nucleon.
As a result, the quark distribution will be azimuthally
asymmetric in the transverse-momentum space in a trans-

Fig. 17. The density in the transverse-momentum plane for
unpolarized quarks with x = 0.1 in a nucleon polarized along
the ŷ direction. The anisotropy due to the proton polarization
is described by the Sivers function, for which the model of [79]
is used. The deep red (blue) indicates large negative (positive)
values for the Sivers function.

versely polarized nucleon. Figure 17 demonstrates the de-
formations of the up and down quark distributions. There
is strong evidence of the Sivers effect in the DIS experi-
ments observed by the HERMES, COMPASS, and JLab
Hall A collaborations [80–82]. An important aspect of the
Sivers functions that has been revealed theoretically in last
few years is the process dependence and the color gauge
invariance [83–86]. Together with the Boer-Mulders func-
tion, they are denoted as naive time-reversal odd (T -odd)
functions. In SIDIS, where a leading hadron is detected
in coincidence with the scattered lepton, the quark Sivers
function arises due to the exchange of (infinitely many)
gluons between the active struck quark and the remnants
of the target, which is referred to as final-state interaction
effects in DIS. On the other hand, for the Drell-Yan lep-
ton pair production process, it is due to the initial-state
interaction effects. As a consequence, the quark Sivers and
Boer-Mulders functions differ by a sign in these two pro-
cesses. This non-universality is a fundamental prediction
from the gauge invariance of QCD [84]. The experimental
check of this sign change is currently one of the outstand-
ing topics in hadronic physics, and Sivers functions from
the Drell-Yan process can be measured at RHIC.

2.3.2 Opportunities for measurements of TMDs at the EIC

To study the transverse-momentum–dependent parton
distributions in high-energy hadronic processes, an addi-
tional hard momentum scale is essential, besides the trans-
verse momentum, for proper interpretation of results. This
hard momentum scale needs to be much larger than the
transverse momentum. At the EIC, DIS processes natu-
rally provide a hard momentum scale: Q, the virtuality
of the photon. More importantly, the wide range of Q2

values presents a unique opportunity to systematically in-
vestigate the strong interaction dynamics associated with
the TMDs. Although there has been tremendous progress
in understanding TMDs, without a new lepton-hadron col-
lider, many aspects of TMDs will remain unexplored —or
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The tensor charge of the nucleon is one of its fundamental charges and is important 
for BSM studies (beta decay, EDM).  Processes sensitive to TMDs can play an 

important role in these efforts (Courtoy, et al. (2015); Yamanaka, et al. (2017), Liu, 
et al. (2018),…).  Lattice QCD has also calculated the tensor charges with great 
precision (Gupta, et al. (2018); Hasan, et al. (2019), Alexandrou, et. (2019),…).
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TRANSVERSE SPIN ASYMMETRIES
Transverse Single Spin Asymmetries (SSAs) have been observed in a variety of processes
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TRANSVERSE SPIN ASYMMETRIES
Transverse Single Spin Asymmetries (SSAs) have been observed in a variety of processes
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TRANSVERSE SPIN ASYMMETRIES
Transverse Single Spin Asymmetries (SSAs) have been observed in a variety of processes
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4 THE CONFINED MOTION OF PARTONS IN NU-
CLEONS  

 
A natural next step in the investigation of nu-

cleon structure is an expansion of our current 
picture of the nucleon by imaging the proton in 
both momentum and impact parameter space. 
From TMD parton distributions we can obtain an 
ÒimageÓ of the proton in transverse as well as in 
longitudinal momentum space (2+1 dimensions).  
At the same time we need to further our under-
standing of color interactions and how they man-
ifest themselves in different processes. This has 
attracted renewed interest, both experimentally 

and theoretically, in transverse single spin 
asymmetries (SSA) in hadronic processes at high 
energies, which have a more than 30 year history. 
Measurements at RHIC have extended the obser-
vations from the fixed-target energy range to the 
collider regime, up to and including the highest 
center-of-mass energies to date in polarized p+p 
collisions. Figure 4-1 summarizes the measured 
asymmetries from different RHIC experiments as 
function of Feynman-x (xF ~ x1-x2). 

 

 
Figure 4-1: Transverse single spin asymmetry measurements for charged and neutral pions at different center-of-mass 
energies as function of Feynman-x. 
 

The surprisingly large asymmetries seen are 
nearly independent of  over a very wide 
range. To understand the observed SSAs one has 
to go beyond the conventional leading twist col-
linear parton picture in the hard processes. Two 
theoretical formalisms have been proposed to 
explain sizable SSAs in the QCD framework: 
These are transverse momentum dependent par-
ton distributions and fragmentation functions, 
such as the Sivers and Collins functions dis-
cussed below, and transverse-momentum inte-
grated (collinear) quark-gluon-quark correlations, 
which are twist-3 distributions in the initial state 
proton or in the fragmentation process. For many 
spin asymmetries, several of these functions can 
contribute and need to be disentangled to under-
stand the experimental observations in detail, in 
particular the dependence on pT measured in the 
final state.  The functions express a spin depend-
ence either in the initial state (such as the Sivers 

distribution or its Twist-3 analog, the Efremov-
Teryaev-Qui-Sterman (ETQS) function [21]) or 
in the final state (via the fragmentation of a po-
larized quarks, such as the Collins function). 

The Sivers function, , describes the corre-
lation of the parton transverse momentum with 
the transverse spin of the nucleon. A non-
vanishing  means that the transverse parton 
momentum distribution is azimuthally asymmet-
ric, with the nucleon spin providing a preferred 
transverse direction. The Sivers function, , is 
correlated with the ETQS functions, Tq,F, through 
the following relation: 

! ! !! ! ! ! ! ! ! ! ! !
! !

!

!
!! !

! ! ! ! ! !
! !!"#"!  [Eq. 4-1].  

In this sense, a measurement constraining the 
ETQS function indirectly also constrains the Siv-
ers function.  We will use this connection repeat-
edly in the following. 
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Qiu-Sterman term

FF T !
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quark-gluon-quark correlator
Qiu, Sterman (99), Kouvaris, et al (06)
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1T (x, k 2
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Boer, et al (03)

TMD and CT3 factorization agree in their overlapping region of applicability
Ji, et al (06); Koike, et a. (08); Zhou, et al (08, 10); Yuan and Zhou (09)

the first moment of Sivers function
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Fragmentation term
collinear transversity

Kanazawa, Koike, Metz, Pitonyak, Schlegel, (16)

Mulders, Tangerman (96); Bacchetta, et al (07)
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To demonstrate the 
common origin of SSAs 
in various processes, we 
combined all available 
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universal set of non 

perturbative functions 
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Observable Reactions Non-Perturbative Function(s) ! 2 / N pts . Exp. Refs.

ASiv
SIDIS e + ( p, d)! ! e + ( ! + , ! " , ! 0) + X f #

1T (x, k 2
T ) 150.0/ 126 = 1.19 [67, 68, 70]

ACol
SIDIS e + ( p, d)! ! e + ( ! + , ! " , ! 0) + X h1(x, k 2

T ), H #
1 (z, z2p2

# ) 111.3/ 126 = 0.88 [68, 70, 73]
ACol

SIA e+ + e" ! ! + ! " (UC, UL) + X H #
1 (z, z2p2

# ) 154.5/ 176 = 0.88 [76Ð79]
ASiv

DY ! " + p! ! µ+ µ" + X f #
1T (x, k 2

T ) 5.96/ 12 = 0.50 [75]
ASiv

DY p! + p ! (W + , W " , Z ) + X f #
1T (x, k 2

T ) 31.8/ 17 = 1.87 [74]
Ah

N p! + p ! (! + , ! " , ! 0) + X h1(x), FF T (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 Þt. There are a total of 18 observables when one accounts for the
various initial and Þnal states. This includes the Òunlike-chargedÓ (UC) and Òunlike-likeÓ (UL) pion combinations forACol

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/N pts . for each observable in our Þt, whereNpts . is the number of data points.

For the TMD FFs, the unpolarized function is
parametrized as

D h/q
1 (z, z2p2

! ) = D h/q
1 (z) Gh/q

D 1
(z2p2

! ) , (6)

while the Collins FF reads

H ! h/q
1 (z, z2p2

! ) =
2z2M 2

h

!p2
! "h/q

H !
1

H ! (1)
1 h/q (z) Gh/q

H !
1

(z2p2
! ) , (7)

where we have explicitly written its z dependence in
terms of its Þrst 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), FF T (x, x ), H ! (1)
1 (z),

that drive the (TMD) SSAs ASiv
SIDIS , ACol

SIDIS , ASiv
DY , and

ACol
SIA , are the same collinear functions that enter the SSA

Ah
N (along with ÷H (z)). We generically parametrize these

collinear functions as

F q(x)=
Nq xaq (1 # x)bq (1 + ! q x! q (1 # x)" q )

B[aq+2 , bq+1] + ! qB[aq+ " q+2 , bq+ #q+1]
,

(8)
whereF q = hq

1, $F q
F T , 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÷H (z) was consistent
with zero within error bands. Moreover, if one considers
the relative error of the moment F (1) %

! 1
0 dx xF (x) of

the various functions in our Þt, h1(x), $FF T (x, x ), and
H ! (1)

1 (z) all have %F (1) /F (1) ! 1.5, whereas for ÷H (z),
%F (1) /F (1) & 1.5. This indicates that there is no signiÞ-
cant signal for ÷H (z) from Ah

N data alone, and the func-
tion simply emerges as noise in our Þt. Therefore, data
on the aforementioned (PhT -integrated) Asin # S

UT asymme-
try in SIDIS is needed to properly constrain ÷H (z). For
now, we set ÷H (z) to zero, which is consistent with pre-
liminary data from HERMES [97] and COMPASS [98]
showing a smallAsin # S

UT .
For the collinear PDFs hq

1(x) and $F q
F T (x, x ), we only

allow q = u, d and set anti-quark functions to zero. For
both functions we also setbu = 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 forH ! (1)

1 h/q (z), due to

the fact that the data for ACol
SIA has a di! erent shape at

smaller versus largerz. Since those data (and the ones
for ACol

SIDIS ) are at z " 0.2, we set " fav = " unf = 0 ,
similar to what has been done in Þts 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 : !k2

T "u
f !

1T
= !k2

T "d
f !

1T
% !k2

T "f !
1T

;

!k2
T "u

h1
= !k2

T "d
h1

% !k2
T "h1 ; !p2

! "fav
H !

1
and !p2

! "unf
H !

1
.

We simultaneously extract unpolarized TMD widths
by including HERMES pion and kaon multiplicities [99]
in our Þt, 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: !k2

T "val
f 1

, !k2
T "sea

f 1
, !p2

! "fav

D { ! ,K }
1

, !p2
! "unf

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
ÒnuisanceÓ 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 Q2-dependent term is explicitly
added to the parameters. Note that the transverse mo-
mentum widths do not vary with Q2. 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 Þt 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 ASiv

SIDIS ,
ACol

SIDIS , ACol
SIA , and Ah

N , we focus on pion production data,
while for ASiv

DY we use both theµ+ µ" pair production data

18 observables and 6 non-perturbative functions (Sivers up/down; 
transversity up/down; Collins favored/unfavored)

Broad kinematical coverage to test universality
The analysis is performed at parton level leading order, gaussian model is 
used for TMDs, and DGLAP-type evolution is implemented  

Jefferson Lab Angular Momentum Collaboration  
https://www.jlab.org/theory/jam

h1(x ) , FF T (x, x ) , H ! (1)
1 (z) , ÷H (z)

<latexit sha1_base64="a2DCpKTnqUA3QGyg7xjtRsagpvc="></latexit>

Cammarota, Gamberg, Kang, Miller, Pitonyak, Prokudin, Rogers, Sato Phys.Rev.D 102 (2020) 5, 05400 (2020)



UNIVERSAL GLOBAL ANALYSIS 2020

13

Transversity

Collins FF 

Sivers 

h1(x)

<latexit sha1_base64="Srm9hUoZnG+hNes/Ngchl+VnGjk=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquLOix6MVjBfsB7VKyabaNzSZLkhXL0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmhQln2rjut1NYW9/Y3Cpul3Z29/YPyodHLS1TRWiTSC5VJ8SaciZo0zDDaSdRFMchp+1wfDPz249UaSbFvZkkNIjxULCIEWys1Br1verTeb9ccWvuHGiVeDmpQI5Gv/zVG0iSxlQYwrHWXc9NTJBhZRjhdFrqpZommIzxkHYtFTimOsjm107RmVUGKJLKljBorv6eyHCs9SQObWeMzUgvezPxP6+bmugqyJhIUkMFWSyKUo6MRLPX0YApSgyfWIKJYvZWREZYYWJsQCUbgrf88ippXdQ8v+bf+ZX6dR5HEU7gFKrgwSXU4RYa0AQCD/AMr/DmSOfFeXc+Fq0FJ585hj9wPn8AmLeOfg==</latexit>

H ! (1)
1 (z)

<latexit sha1_base64="+JKpJ3Fss+4i6ZrRfrMfi7IroZU=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovQbkoiBV0W3XRZwT6gjWEynbRDJ5NhZiLWkF9x40IRt/6IO//GaZuFth64cDjnXu69JxCMKu0431ZhY3Nre6e4W9rbPzg8so/LXRUnEpMOjlks+wFShFFOOppqRvpCEhQFjPSC6c3c7z0QqWjM7/RMEC9CY05DipE2km+XW757nw4FkQJW3VpWfar5dsWpOwvAdeLmpAJytH37aziKcRIRrjFDSg1cR2gvRVJTzEhWGiaKCISnaEwGhnIUEeWli9szeG6UEQxjaYpruFB/T6QoUmoWBaYzQnqiVr25+J83SHR45aWUi0QTjpeLwoRBHcN5EHBEJcGazQxBWFJzK8QTJBHWJq6SCcFdfXmddC/qbqPeuG1Umtd5HEVwCs5AFbjgEjRBC7RBB2DwCJ7BK3izMuvFerc+lq0FK585AX9gff4A7nqTFA==</latexit>

f ! (1)
1T (x)

<latexit sha1_base64="0B+x8VuNAYJ7Ts0a/yvCJ0uRR2g=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1iEdlMSKeiy6MZlhb6gjWEynbRDJ5NhZiKWEPBX3LhQxK3f4c6/cdpmoa0HLhzOuZd77wkEo0o7zrdVWFvf2Nwqbpd2dvf2D+zDo46KE4lJG8cslr0AKcIoJ21NNSM9IQmKAka6weRm5ncfiFQ05i09FcSL0IjTkGKkjeTbJ6Gfuq3sPh0IIgWsuNWs8lj17bJTc+aAq8TNSRnkaPr212AY4yQiXGOGlOq7jtBeiqSmmJGsNEgUEQhP0Ij0DeUoIspL5+dn8NwoQxjG0hTXcK7+nkhRpNQ0CkxnhPRYLXsz8T+vn+jwykspF4kmHC8WhQmDOoazLOCQSoI1mxqCsKTmVojHSCKsTWIlE4K7/PIq6VzU3HqtflcvN67zOIrgFJyBCnDBJWiAW9AEbYBBCp7BK3iznqwX6936WLQWrHzmGPyB9fkDmaKUmg==</latexit>

4

0.2 0.4 0.6 0.8 x
0.0

0.2

0.4

xh
1
(x

) u

0.2 0.4 0.6 0.8 x

0.0

! 0.1

! 0.2 d

0.2 0.4 0.6 x

0.00

! 0.02

! 0.04xf
!

(1
)

1
T

(x
)

u

JAM20

0.2 0.4 0.6 x0.00

0.02

0.04

d

Echevarria et al Ô14
Anselmino et al Ô17

0.4 0.6 0.8 z
0.1

0.2

0.3

zH
!

(1
)

1
(z

)

fav

Anselmino et al Ô13
Anselmino et al Ô15
Kang et al Ô15

0.4 0.6 0.8 z

0.0

! 0.4

unf

Radici , Bacchetta Ô18
Benel et al Ô19
D ! Alesio et al Ô20

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

H ! (1)
1 (z) at Q2 = 4 GeV2 from our (JAM20) global analy-

sis (red solid curves with 1-! CL error bands). The functions
from other groups [84, 87Ð89, 92, 102Ð104] are also shown.

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

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 [105Ð107]. The standard cuts [108] of0.2 < z <
0.6, Q2 > 1.63 GeV2, and 0.2 < P hT < 0.9 GeV have
been applied to all SIDIS data sets, giving us a total of
517 SSA data points in the Þt 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. 2Ð4. SpeciÞcally we Þnd(! 2/N pts . )SSA =
520/ 517 = 1.01 for SSA data alone, and ! 2/N pts . =
1373/ 1324 = 1.04 for all data, including HERMES mul-
tiplicities.

FIG. 2. Theory compared to experiment for ACol
SIA .

FIG. 3. Theory compared to experiment for ACol / Siv
SIDIS .

FIG. 4. Theory compared to experiment for A!
N and ASiv

DY .

Figure 5 gives our extracted tensor charges of the nu-
cleon. The individual ßavor charges"q !

! 1
0 dx [hq

1(x) "
høq

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 [110Ð112], other
phenomenological extractions [84, 87, 102Ð104, 113, 114],
and a calculation using Dyson-Schwinger equations [115].
One clearly notices the strong impact of including more
SSA data sets in our Þt, which highlights the importance
of carrying out a simultaneous extraction of partonic
functions in a global analysis. In going from SIDIS #

Cammarota, Gamberg, Kang, Miller, Pitonyak, Prokudin, Rogers, Sato Phys.Rev.D 102 (2020) 5, 05400 (2020)
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FIG. 1. The extracted functions h1(x), f ! (1)
1T (x), and

H ! (1)
1 (z) at Q2 = 4 GeV2 from our (JAM20) global analy-

sis (red solid curves with 1-! CL error bands). The functions
from other groups [84, 87Ð89, 92, 102Ð104] are also shown.

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

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 [105Ð107]. The standard cuts [108] of0.2 < z <
0.6, Q2 > 1.63 GeV2, and 0.2 < P hT < 0.9 GeV have
been applied to all SIDIS data sets, giving us a total of
517 SSA data points in the Þt 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. 2Ð4. SpeciÞcally we Þnd(! 2/N pts . )SSA =
520/ 517 = 1.01 for SSA data alone, and ! 2/N pts . =
1373/ 1324 = 1.04 for all data, including HERMES mul-
tiplicities.

FIG. 2. Theory compared to experiment for ACol
SIA .
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FIG. 3. Theory compared to experiment for ACol / Siv
SIDIS .

FIG. 4. Theory compared to experiment for A!
N and ASiv

DY .

Figure 5 gives our extracted tensor charges of the nu-
cleon. The individual ßavor charges"q !

! 1
0 dx [hq

1(x) "
høq

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 [110Ð112], other
phenomenological extractions [84, 87, 102Ð104, 113, 114],
and a calculation using Dyson-Schwinger equations [115].
One clearly notices the strong impact of including more
SSA data sets in our Þt, which highlights the importance
of carrying out a simultaneous extraction of partonic
functions in a global analysis. In going from SIDIS #

Cammarota, Gamberg, Kang, Miller, Pitonyak, Prokudin, Rogers, Sato Phys.Rev.D 102 (2020) 5, 05400 (2020)
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FIG. 1. The extracted functions h1(x), f ! (1)
1T (x), and

H ! (1)
1 (z) at Q2 = 4 GeV2 from our (JAM20) global analy-

sis (red solid curves with 1-! CL error bands). The functions
from other groups [84, 87Ð89, 92, 102Ð104] are also shown.

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

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 [105Ð107]. The standard cuts [108] of0.2 < z <
0.6, Q2 > 1.63 GeV2, and 0.2 < P hT < 0.9 GeV have
been applied to all SIDIS data sets, giving us a total of
517 SSA data points in the Þt 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. 2Ð4. SpeciÞcally we Þnd(! 2/N pts . )SSA =
520/ 517 = 1.01 for SSA data alone, and ! 2/N pts . =
1373/ 1324 = 1.04 for all data, including HERMES mul-
tiplicities.
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FIG. 2. Theory compared to experiment for ACol
SIA .

FIG. 3. Theory compared to experiment for ACol / Siv
SIDIS .

FIG. 4. Theory compared to experiment for A!
N and ASiv

DY .

Figure 5 gives our extracted tensor charges of the nu-
cleon. The individual ßavor charges"q !

! 1
0 dx [hq

1(x) "
høq

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 [110Ð112], other
phenomenological extractions [84, 87, 102Ð104, 113, 114],
and a calculation using Dyson-Schwinger equations [115].
One clearly notices the strong impact of including more
SSA data sets in our Þt, which highlights the importance
of carrying out a simultaneous extraction of partonic
functions in a global analysis. In going from SIDIS #

Cammarota, Gamberg, Kang, Miller, Pitonyak, Prokudin, Rogers, Sato Phys.Rev.D 102 (2020) 5, 05400 (2020)
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FIG. 1. The extracted functions h1(x), f ! (1)
1T (x), and

H ! (1)
1 (z) at Q2 = 4 GeV2 from our (JAM20) global analy-

sis (red solid curves with 1-! CL error bands). The functions
from other groups [84, 87Ð89, 92, 102Ð104] are also shown.

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

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 [105Ð107]. The standard cuts [108] of0.2 < z <
0.6, Q2 > 1.63 GeV2, and 0.2 < P hT < 0.9 GeV have
been applied to all SIDIS data sets, giving us a total of
517 SSA data points in the Þt 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. 2Ð4. SpeciÞcally we Þnd(! 2/N pts . )SSA =
520/ 517 = 1.01 for SSA data alone, and ! 2/N pts . =
1373/ 1324 = 1.04 for all data, including HERMES mul-
tiplicities.

FIG. 2. Theory compared to experiment for ACol
SIA .

FIG. 3. Theory compared to experiment for ACol / Siv
SIDIS .
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Figure 5 gives our extracted tensor charges of the nu-
cleon. The individual ßavor charges"q !

! 1
0 dx [hq

1(x) "
høq

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 [110Ð112], other
phenomenological extractions [84, 87, 102Ð104, 113, 114],
and a calculation using Dyson-Schwinger equations [115].
One clearly notices the strong impact of including more
SSA data sets in our Þt, which highlights the importance
of carrying out a simultaneous extraction of partonic
functions in a global analysis. In going from SIDIS #

Cammarota, Gamberg, Kang, Miller, Pitonyak, Prokudin, Rogers, Sato Phys.Rev.D 102 (2020) 5, 05400 (2020)

<latexit sha1_base64="kBoF+IWEbmttNBS20urJ3898L90=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwFZLSVl0IRTcuK9gHNLVMppN26GQSZiZCCfkLN/6KGxeKuNWdf+OkzUJbD1w4nHMv997jRYxKZdvfRmFldW19o7hZ2tre2d0z9w/aMowFJi0cslB0PSQJo5y0FFWMdCNBUOAx0vEm15nfeSBC0pDfqWlE+gEacepTjJSWBqbl+gLhxMVjel9JEx6FlCuZwks4N2rWRT1NnEqm2FZtYJZty54BLhMnJ2WQozkwv9xhiOOAcIUZkrLn2JHqJ0goihlJS24sSYTwBI1IT1OOAiL7yeyvFJ5oZQj9UOjiCs7U3xMJCqScBp7uDJAay0UvE//zerHyz/sJ5VGsCMfzRX7MoAphFhIcUkGwYlNNEBZU3wrxGOk8lI6ypENwFl9eJu2K5dSt6m213LjK4yiCI3AMToEDzkAD3IAmaAEMHsEzeAVvxpPxYrwbH/PWgpHPHII/MD5/AJYqnj0=</latexit>

! 2

npoints
=

5.96
12

= 0 .5
<latexit sha1_base64="yghcP4QJ55t1/P8KTFuCBTe7Ndk=">AAACGHicbZDLSsNAFIYn9VbrLerSzWARXNWkFtuNUHTjsoK9QBPLZDpph04mYWYilJDHcOOruHGhiNvufBsnbRbaemDg4//P4cz5vYhRqSzr2yisrW9sbhW3Szu7e/sH5uFRR4axwKSNQxaKnockYZSTtqKKkV4kCAo8Rrre5Dbzu09ESBryBzWNiBugEac+xUhpaWBeOL5AOHHwmD5W04RHIeVKpvAaLoxLu9JIE7ueKRrrA7NsVax5wVWwcyiDvFoDc+YMQxwHhCvMkJR924qUmyChKGYkLTmxJBHCEzQifY0cBUS6yfywFJ5pZQj9UOjHFZyrvycSFEg5DTzdGSA1lsteJv7n9WPlN9yE8ihWhOPFIj9mUIUwSwkOqSBYsakGhAXVf4V4jHQgSmdZ0iHYyyevQqdasa8qtftauXmTx1EEJ+AUnAMb1EET3IEWaAMMnsEreAcfxovxZnwaX4vWgpHPHIM/Zcx+AB/2nn8=</latexit>

! 2

npoints
=

31.8
17

= 1 .87



UNIVERSAL GLOBAL ANALYSIS 2020

17

proton-proton AN

4

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

H ! (1)
1 (z) at Q2 = 4 GeV2 from our (JAM20) global analy-

sis (red solid curves with 1-! CL error bands). The functions
from other groups [84, 87Ð89, 92, 102Ð104] are also shown.

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

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 [105Ð107]. The standard cuts [108] of0.2 < z <
0.6, Q2 > 1.63 GeV2, and 0.2 < P hT < 0.9 GeV have
been applied to all SIDIS data sets, giving us a total of
517 SSA data points in the Þt 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. 2Ð4. SpeciÞcally we Þnd(! 2/N pts . )SSA =
520/ 517 = 1.01 for SSA data alone, and ! 2/N pts . =
1373/ 1324 = 1.04 for all data, including HERMES mul-
tiplicities.

FIG. 2. Theory compared to experiment for ACol
SIA .

FIG. 3. Theory compared to experiment for ACol / Siv
SIDIS .
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DY .

Figure 5 gives our extracted tensor charges of the nu-
cleon. The individual ßavor charges"q !

! 1
0 dx [hq

1(x) "
høq

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 [110Ð112], other
phenomenological extractions [84, 87, 102Ð104, 113, 114],
and a calculation using Dyson-Schwinger equations [115].
One clearly notices the strong impact of including more
SSA data sets in our Þt, which highlights the importance
of carrying out a simultaneous extraction of partonic
functions in a global analysis. In going from SIDIS #

Cammarota, Gamberg, Kang, Miller, Pitonyak, Prokudin, Rogers, Sato Phys.Rev.D 102 (2020) 5, 05400 (2020)
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Isovector tensor charge gT = 𝜹 u-𝜹 d
gT = 0.87   0.11 compatible with lattice results 

    𝜹 u and 𝜹 d Q2=4 GeV2

   𝜹 u= 0.72     0.19

   𝜹 d= -0.15    0.16

Tensor charge  from up and down quarks
 is constrained and compatible with lattice 
 results 

±

±

±

Cammarota, Gamberg, Kang, Miller, Pitonyak, Prokudin, Rogers, Sato Phys.Rev.D 102 (2020) 5, 05400 (2020)

We now perform our simultaneous QCD global analysis
of the SSA data summarized in TableI. The standard cuts
of 0.2 < z < 0.6; Q2 > 1.63 GeV2, and 0.2 < P hT <
0.9 GeV have been applied to all SIDIS datasets[97],
and PhT > 1 GeV has been applied to allA!

N datasets
[83,84], giving us a total of 517 SSA data points in the fit

along with 807 HERMES multiplicity[116] data points.
The extracted functions[118]and their comparison to other
groups are shown in Fig.2. We obtain a good agreement
between theory and experiment, as one sees in Figs.3Ð5.
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 multiplicities.

Figure 6 displays our extracted tensor charges of the
nucleon. The individual flavor charges#q !

R
1
0 dx$hq

1!x" !
høq

1!x"%are shown along with the isovector combination
gT ! #u ! #d. We compare our results to those from lattice
QCD computations at the physical point[121Ð123], other
phenomenological extractions[82,95,115,119,120,124,125],
and a calculation using Dyson-Schwinger equations[126].
From Fig. 6, the strong impact of including more SSA
datasets is clear, highlighting the importance of carrying
out a simultaneous extraction of partonic functions in
a global analysis. In going from SIDIS! !SIDIS& SIA" !
GLOBAL (where GLOBAL in particular includesA!

N), we
find gT # 1.4!6" ! 0.87!25" ! 0.87!11". This is the most
precise phenomenological determination ofgT to date. All of
the inferred tensor charges (#u, #d, andgT) are in excellent
agreement with lattice QCD data. As can be seen from Fig.6,
includingA!

N is crucial to achieve the agreement between our
results#u # 0.72!19"; #d # ! 0.15!16" and those from lat-
tice QCD.

V. CONCLUSIONS

In this paper, we have performed the first simultaneous
QCD global analysis of the available SSA data in SIDIS,
DY, e&e! annihilation, and proton-proton collisions. The
predictive power exhibited by the results of the combined
analysis indicates SSAs have a common origin. Namely,
they are due to the intrinsic quantum-mechanical interfer-
ence from multiparton states. Our findings imply that the
effects are predominantly nonperturbative and intrinsic to
hadronic wave functions. Also, the extracted up and down
quark tensor charges are in excellent agreement with
lattice QCD.

FIG. 4. Theory compared to experiment forACol=Siv
SIDIS .

FIG. 5. Theory compared to experiment forA!
N andASiv

DY.

FIG. 6. The tensor charges#u, #d, andgT. Our (JAM20) results
atQ2 # 4 GeV2 along with others from phenomenology (black),
lattice QCD (purple), and Dyson-Schwinger (cyan).
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➤ Collins and Sivers  (3D binned) SIDIS data from HERMES (2020)
             
➤                  (x and z projections only) from HERMES (2020)

➤ All other data sets are the same as in JAM20, except for the new HERMES 
data that supersedes previous sets

➤ 19 observables and 8 non-perturbative functions (Sivers up/down; 
transversity up/down; Collins fav/unf,      fav/unf)

➤ Lattice data on gT at the physical pion mass from Alexandrou, et al. (2020)

➤ Imposing the Soffer bound on transversity
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Fig. 4. Distributions  of the tensor  charges for  uv (upper  panel)  and dv (lower  panel)  
at Q 2 = 4 GeV2. The tensor  charges are calculated  using the extracted  transversity  
distributions  of Fig. 1, integrated  over the full  range 0 ! x ! 1. Labels Òusing SBÓ 
and Òno SBÓ have the same meaning  as in Fig. 1.

0.9 ! gT ! 1.1, and with  very  tiny  errors,  for  instance 0.926(32)
from  a recent  study  in  Ref. [50]. It  is then  interesting  to explore  the 
impact  of the results  presented  in Section 2 on the phenomenolog-
ical estimates  of the tensor  charges.

By integrating  the two  couples of extracted  transversity  func-
tions  of Fig. 1, we calculate  for  every MC set the corresponding  
tensor  charges, ! uv and ! dv , and thus  the corresponding  isovector  
tensor  charge, gT . The corresponding  central  values and errors  are 
again computed  according  to Eqs. (11) and (12).

To begin with,  we can check the effect  of relaxing  the hypoth-
esis |NT

q | ! 1 on the tensor  charge distributions.  Fig. 4 shows the 
distribution  of ! uv (upper  panel)  and ! dv (lower  panel)  calculated  
at Q 2 = 4 GeV2, the usual energy scale adopted  to compare  ten-
sor charges calculated  on the basis of phenomenological  analyses 
and lattice  QCD estimates.  The labels Òusing SBÓ and Òno SBÓ have 
the same meaning  as in  Fig. 1. As one could  expect, when  relaxing  
the initial  constraint,  the ! uv distribution  does not  change much,  
thus  reßecting  the very  small  difference  observed in  the extracted  
huv

1 in  Fig. 1. At variance with  this,  the ! dv distribution  dramati-
cally  changes, reßecting  once more  what  has been observed for  the 
Þtted  dv transversity  function  in  Fig. 1.

For the individual  quark  distributions,  we Þnd that  both  ! uv

and ! dv are different  from  lattice  computations,  0.716(28) and 
" 0.210(11) respectively  found  in  Ref. [50], see Table 1. Although  
these results  do not  ease the tension  between  phenomenological  
and lattice  QCD estimates  of ! uv and ! dv , they  actually  have an 
effect  on the isovector  tensor  charge estimates.

Fig. 5 shows the distribution  of gT values at Q 2 = 4 GeV2 for  
the Òusing SBÓ and Òno SBÓ case. In relaxing  the initial  constraint  
on the NT

q parameters,  the gT distribution  broadens. This broaden-
ing is due to the changes in  the ! dv distribution,  and mitigates  the 
existing  tension  between  phenomenological  calculation  and lattice  

Table 1
Summary  of the results  at Q 2 = 4 GeV2 for  the tensor  charges and the isovector  
tensor  charge calculations,  under  the Òusing SBÓ and the Òno SBÓ hypotheses. Expec-
tation  values and standard  deviations  are calculated  using Eq. (11) and the square 
root  of Eq. (12). The quoted  errors  are at 2" .

! uv ! dv gT

Q 2 = 4 GeV2

using SB 0.42 ± 0.09 " 0.15 ± 0.11 0.57 ± 0.13
no SB 0.40 ± 0.09 " 0.29 ± 0.22 0.69 ± 0.21

Fig. 5. Distributions  of the isovector  tensor  charge, gT , at Q 2 = 4 GeV2. The calcula-
tion  is performed  using the extracted  transversity  distributions  of Fig. 1, integrated  
over the full  range 0 ! x ! 1. Labels Òusing SBÓ and Òno SBÓ have the same meaning  
as in Fig. 1.

QCD estimates.  Indeed, the peak of the Òno SBÓ gT distribution  
moves toward  the range of lattice  gT estimates,  and its  tail  over-
laps with  the lattice  QCD range, 0.9 ! gT ! 1.1. In this  sense, by 
relaxing  the initial  request  of automatic  fulÞllment  of the Soffer 
bound,  the phenomenological  analysis is able to explore  portion  of 
the parameter  space that  are less in  tension  with  gT estimates  on 
the lattice.

A summary  of the results  for  the tensor  charges, ! uv and ! dv , 
and for  the isovector  tensor  charge, gT calculated  at Q 2 = 4 GeV2, 
is presented  in  Table 1. Expectation  values and standard  deviations  
are calculated  using Eq. (11) and the square root  of Eq. (12). The 
quoted  errors  are at 2" .

A word  of caution  and some comments  are in  order.  There are 
in  fact some aspects to be stressed, that  would  help  in  enlighten  
the current  knowledge  on transversity  and on tensor  charges.

As already  mentioned,  the covered x range in  the phenomeno-
logical  extractions  is quite  limited,  namely  0.035 ! x ! 0.29. This 
means that,  when  calculating  ! q and gT , most  of the computa-
tion  is given by an extrapolation  based on the adopted  model  and 
outside  this  x range. In this  respect, loosening  some initial  con-
straints  can help  in  reducing  the effect  of such extrapolation,  but  
also lead to different  results  and, in  turn,  different  interpretation.  
Furthermore,  we have to stress that  lattice  calculations  are also 
based on some speciÞc assumptions  such as choice of the action,  
lattice  spacing, etc, and that  are performed  considering  matrix  el-
ements  over the full  x range. Therefore, the comparison  between  
phenomenological  and lattice  results  should  be done prudently.

We also notice  that  a similar  analysis has been performed  by 
including  lattice  data on gT directly  into  the Þt procedure [ 6]. The 
two  transversity  parametrizations  used here and by Lin et al. are 
quite  similar,  but  the Þt of Ref. [6] was performed  with  differ-
ent  sets of Þt parameters  and different  choices for  the collinear  
PDFs and FFs. Moreover,  in  order  to impose  the SB, we parametrize  
the transversity  proportional  to the SB itself,  while  Ref. [6] used a 
generic x-dependent  form.  Nonetheless, the results  presented  in  
Fig. 3 of Ref. [6] are compatible  with  ours. Notice  that  in  Ref. [6]

Recent phenomenology indicates 
substantial influence of imposing 
the Soffer bounds  

U. DÕAlesio, C. Flore, A. Prokudin 
Phys.Lett.B 803 (2020) 135347
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Sivers 
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The first insight to the twist-3 fragmentation function 

JAM22, in preparation
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Compatible with signs to the model calculation
and previous phenomenology 

Z. Lu and I. Schmidt Phys.Lett.B 747 (2015)

K. Kanazawa, Y. Koike, A. Metz, D. Pitonyak, 
Phys.Rev.D 89 (2014) 11, 111501
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FIG. 1. Fit results for A ! 0

N (data from [35Ð37]) and A! ±

N (data
from [38]) for the SV1 input. The dashed line (dotted line in
the case of! ! ) means öH "

F U switched o! .

(i = u + øu, øu) is deÞned as

I i =
Ni (K 1,fav + ! i K 2,fav )

B [2 + " i , #i + 1] + ! i B [2 + " i , #i + $i + 1]
,

with K 1,fav = B [" !
fav + " i + 1 , #!

fav + #i ] , (7)

K 2,fav = B [" !
fav + " i + 1 , #!

fav + #i + $i ] ,

and B [a, b] the Euler #-function. The parameters Ni ,
" i , #i , ! i , and $i come from D FFs at the initial scale
and are given in Table III of [42]. Note that D ! + /u in
Ref. [42] di! ers from D ! + / ød. Jfav in (6) is similarly de-
Þned asJfav ! Ju+øu " Jøu , whereJi (i = u + øu, øu) follows
from I i through " !

fav # (" fav + 4), #!
fav # (#fav + 1).

The factor 1/ (2I fav Jfav ) in (6) is convenient and implies
! 1

0 dz z H! + /u
(3) (z) = Nfav at the initial scale, where H(3)

represents the entire second term on the r.h.s. of (5).

For the disfavored FFs öH ! + / (d, øu) ,"
F U we make an ansatz in

full analogy to (6), introducing the additional parameters
Ndis , " dis , " !

dis , #dis , #!
dis . (I dis and Jdis are calculated

using D ! + /d = D ! + / øu from [42].) The %# FFs are then
Þxed through charge conjugation, and the%0 FFs are
given by the average of the FFs for%+ and %# . The FFs
H ! /q are computed by means of (5). All parton correla-
tion functions are evaluated at the scalePh$ with leading
order evolution of the collinear functions.

Using the MINUIT package we Þt the fragmentation
contribution to data for A! 0

N [35Ð37] andA! ±

N [38]. To fa-

cilitate the Þt we only keep 7 parameters in öH ! + /q, "
F U free.
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the text) for the SV1 input. Also shown is H ! + /q without
the contribution from öH "

F U (dashed line).
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We also allow the#-parameters#T
u = #T

d of the transver-
sity to vary within the error range given in [33]. All
integrations are done using the Gauss-Legendre method
with 250 steps. For the SV1 input the result of our 8-
parameter Þt is shown in Tab. I. Note that the values for
#!

fav = #!
dis and #fav are at their lower limits, which we

introduce to guarantee a Þnite integration uponz1 in (3)
and a proper behavior ofAN at large xF , respectively.
For the SV2 input the values of the Þt parameters are
similar, with an equally successful Þt (&2/ d.o.f. = 1.10).

TABLE I. Fit parameters for SV1 input.

" 2/ d.o.f. = 1 .03

Nfav = ! 0.0338 Ndis = 0 .216
#fav = ##

fav = ! 0.198 $fav = 0 .0
$#

fav = $#
dis = ! 0.180 #dis = ##

dis = 3 .99
$dis = 3 .34 $T

u = $T
d = 1 .10

The very good description of AN is also reßected
by Fig. 1. We emphasize that such a positive out-
come is non-trivial if one keeps in mind the constraint
in (5) and the need to simultaneously Þt data for A! 0

N

and A! ±

N . Results for the FFs H ! + /q and ÷H ! + /q
F U !

! %
z

dz1
z2

1

1
1
z # 1

z 1

1
"

öH ! + /q, "
F U (z, z1) are displayed in Fig. 2. In

either case the favored and disfavored FFs have opposite
signs. This is like for H $

1 where such reversed signs are
actually ÒpreferredÓ by the Sch¬afer-Teryaev (ST) sum
rule

"
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Sh
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ST sum rule, in combination with (5), implies a con-
straint on a certain linear combination of H h/q and (an
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JAM22, in preparation
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Extracted Sivers functions are compatible within the errors with JAM20, the increase in 
magnitude and the error is due to the new HERMES 3D data.
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JAM22: COLLINS FRAGMENTATION FUNCTIONS
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JAM22, in preparation

Extracted Collins FFs are compatible within the errors with JAM20, e+e- data constrains 
those functions well.



JAM22: TRANSVERSITY AND THE SOFFER BOUND
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Extracted transversity is compared to the Soffer bound (the data generated by JAM 
extraction of unpolarized and helicity distributions)

Extracted transversity is compatible with the Soffer bound and within the errors with JAM20

JAM22, in preparation
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The tension with diFF method, Radici, Bacchetta (2018) 
becomes more pronounced: is it due to the data, theory, 
methodology? Both methods should be scrutinized.

    𝜹 u and 𝜹 d Q2=4 GeV2

   𝜹 u= 0.74     0.11

   𝜹 d= -0.15    0.12

   gT=  0.89    0.06

Tensor charge  from up and down quarks
and gT = 𝜹 u-𝜹 d are well constrained and 
compatible with both lattice results and the 
Soffer bound 
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The transverse spin asymmetries in a variety of processes SIDIS, 
Drell-Yan, e+e-, and proton proton scattering have the same origin: 
(multi) parton correlation functions 
These effects have predominantly non perturbative origin and are 
universal
New extraction is consistent with lattice QCD in extraction of the 
isovector tensor charge gT and individual contributions from up and 
down quarks and with the Soffer bound.
The new 3D HERMES data allows for extraction of       which plays 
a key role in maintaining good description of AN observed in proton-
proton scattering.
The future development will include analysis of the data sets with 
new observables, such as pion in jet asymmetries (STAR), jet 
asymmetries (STAR, AnDY), new AN from STAR, sensitive to the 
transverse spin structure.
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