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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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RHIC: STAR, BRAHMS, PHENIX
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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 
“image” 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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“The RHIC SPIN Program: Achievements and Future Opportunities”, Aschenauer et al (15)
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H
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Qiu-Sterman term
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quark-gluon-quark correlator
Qiu, Sterman (99), Kouvaris, et al (06)
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2M 2 f !
1T (x, k 2

T ) ! f ! (1)
1T (x)
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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)

h1
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To demonstrate the 
common origin of SSAs 
in various processes, we 
combined all available 
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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

Cammarota, Gamberg, Kang, Miller, Pitonyak, Prokudin, Rogers, Sato (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 .

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 #
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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 #
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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 #
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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 #
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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
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to other groups are shown in Fig. 1. We obtain a
good agreement between theory and experiment, as illus-
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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 ßavor charges"q !
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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 #
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Isovector tensor charge gT = 𝜹 u-𝜹 d

gT = 0.89   0.12 compatible with lattice results 


    𝜹 u and 𝜹 d Q2=4 GeV2

   𝜹 u= 0.65     0.22


   𝜹 d= -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 Q2 = 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 Þnd 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 Þrst
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 e! ects 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 Je! erson 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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Assumed accumulated luminosities of 
10 fb-1, 70% polarization, 
conservatively accounted for detector 
smearing and acceptance effects

SoLID at JLab covers a 
complimentary region at higher x and 
lower Q2 with much greater 
luminosity – important to explore the 
effect of multiple measurements in 
different kinematic regions
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Table 1
Summary  of the data used in our  analysis, including  the number  of points  (Npts.) in each reaction.  (Top) EIC pseudo-data  for  the Collins effect  in SIDIS for  different  polarized  
beam types, CM energies, and Þnal states. (Bottom)  Data used in the original  JAM20 global  analysis of SSAs.

EIC Pseudo-data

Observable Reactions CM Energy (
!

S) Npts.

Collins (SIDIS) e + p" # e + ! ± + X

141 GeV
756 (! + )

744 (! $ )

63 GeV
634 (! + )

619 (! $ )

45 GeV
537 (! + )

556 (! $ )

29 GeV
464 (! + )

453 (! $ )

Collins (SIDIS) e + 3He" # e + ! ± + X

85 GeV
647 (! + )

650 (! $ )

63 GeV
622 (! + )

621 (! $ )

29 GeV
461 (! + )

459 (! $ )

Total EIC Npts . 8223

JAM20 [13]

Observable Reactions Experimental Refs. Npts.

Sivers (SIDIS) e + (p, d)" # e + ! ± / ! 0 + X [24,27,47] 126

Sivers (DY) ! $ + p" # µ + + µ $ + X [50] 12

Sivers (DY) p" + p # W ± / Z + X [48] 17

Collins (SIDIS) e + (p, d)" # e + ! ± / ! 0 + X [24,25,27] 126

Collins (SIA) e+ + e$ # ! + + ! $ + X [30Ð33] 176

AN p" + p # ! ± / ! 0 + X [51Ð54] 60

Total JAM20 Npts . 517

Note that  %pT is the transverse  momentum  of the produced  hadron  
with  respect to the fragmenting  parton.  We allow  for  favored  and 
unfavored  Collins functions.

The Gaussian transverse  momentum  parameterizations ( 2), (3)
of JAM20 do not  have the complete  features of TMD evolu-
tion [ 9,36,78Ð80] and instead  assume most  of the transverse  mo-
mentum  is non-perturbative  and thus  related  to intrinsic  proper-
ties of the colliding  hadrons  rather  than  to hard  gluon  radiation.  
The JAM20 analysis also implemented  a DGLAP-type evolution  for  
the collinear  twist-3  functions  analogous to Ref. [81], where  a 
double-logarithmic  Q2-dependent  term  is explicitly  added to the 
parameters.  Such collinear  twist-3  functions  arise from  the opera-
tor  product  expansion  (OPE) of certain  transverse-spin  dependent  
TMDs (e.g., H&(1)

1 (z) enters the OPE of the Collins TMD FF [9]). For 
the collinear  twist-2  PDFs and FFs (e.g., f1(x), h1(x), and D1(z)), 
the standard  leading  order  DGLAP evolution  was used. The fact 
that  current  data on SSAs can be described with  a simple  Gaus-
sian ansatz highlights  the need for  the tremendous  Q2 lever  arm 
of the EIC. The ability  to span several decades in  Q2 will  help  con-
strain  the exact nature  of TMD evolution  and study  the interplay  
between  TMD and collinear  approaches.

Our study  was conducted  using replicas  from  the JAM20 analy-
sis as priors  in  a Þt of all  the data in  Table 1 (8740 total  points).  
The results  for  the impact  on the up and down  transversity  PDF 
h1(x) as well  as the Collins function  Þrst moment  H&(1)

1 (z) are 
shown  in  the top  panel of Fig. 1. One clearly  sees a drastic  reduc-
tion  in  the transversity  uncertainty  band once EIC data is included  
compared  to the original  JAM20 results.  Even the uncertainties  for  

Fig. 1. (Top) Plot of the transversity  function  for  up and down  quarks as well  as 
the favored  and unfavored  Collins function  Þrst moment  from  the JAM20 global  
analysis [ 13] (light  red band with  the dashed red line  for  the central  value)  as well  
as a re-Þt  that  includes  EIC Collins effect  pion  production  pseudo-data  for  a proton  
beam only  (cyan band with  the dot-dashed  cyan line  for  the central  value)  and 
for  both  proton  and 3He beams together  (blue  band with  the solid  blue line  for  
the central value).  (Bottom)  Individual  ßavor tensor  charges "u, "d as well  as the 
isovector  charge gT for  the same scenarios. Also shown  are the results  from  two  
recent  lattice  QCD calculations [ 18,21] (purple).  All  results  are at Q2 = 4 GeV2 with  
error  bands at 1-# CL.
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Accuracy vs. precision – a precise 
measurement cannot always 
guarantee a very accurate extraction 
of the distributions, and multiple 
experiments, such as EIC and 
SoLID, should be performed in a 
wide kinematical region in order to 
minimize bias and expose any 
potential tensions between data sets 
(also one reason to have IR2@EIC)


The combined fit that includes both 
EIC and SoLID pseudo-data provides 
the best constraint on transversity 
and the tensor charges, with the 
results more precise than current 
lattice calculations 
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➤ Collins and Sivers effects (3D binned) SIDIS data from HERMES (2020) 
data


             

➤                  (x and z projections only) from HERMES (2020)


➤ AN (xF and pT dependent) data from STAR (2021)


➤ Lattice data on 𝛿u, 𝛿d, gT at the physical pion mass from Alexandrou, et al. 
(2019)


➤ Imposing the Soffer bound on transversity
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�1�S�F�M�J�N�J�O�B�S�Z

The first insight to the twist-3 fragmentation function ÷H
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�1�S�F�M�J�N�J�O�B�S�Z
200 GeV 500 GeV

Description of the new AN STAR data
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�1�S�F�M�J�N�J�O�B�S�Z

�1�S�F�M�J�N�J�O�B�S�Z

Improved extraction of transversity and the tensor charge.
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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

Phenomenological results are consistent with lattice QCD 
in extraction of the isovector tensor charge gT and 
individual contributions from up and down quarks

The future EIC and JLab data will allow to have tensor 
charge extraction at the precision level of lattice QCD 
calculations
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Bury, Prokudin, Vladimirov (2021)

 Comparison to Jam20 (LO) analysis 


Jam20: Cammarota, Gamberg, Kang, Miller, Pitonyak, Prokudin, Rogers, Sato (2020)


