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UNRAVELLING THE MYSTERIES OF RELATIVISTIC HADRONIC BOUND STATES
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Parton Distribution Functions provide fundamental description
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Study of confined quarks and gluons
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of the structure of the nucleon 
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HADRON’S PARTONIC STRUCTURE
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One large scale (Q) sensitive to particle nature of quark and gluons
One small scale (kT) sensitive to how QCD bounds partons and to the 
detailed structure at ~fm distances.
TMDs provide detailed information on the spin structure
TMDs contain new probes, e.g. qgq operators rather that just qq or gg 
and thus include correlations
TMDs encode 3D structure in the momentum space (complementary to 
GPDs) 

Transverse Momentum Dependent functions (TMDs)

To study the physics of confined motion of quarks and gluons inside of 
the proton one needs a new type “hard probe” with two scales.

P
k

fq/P (x, kT )

longitudinal & transverse

kT

xP



QCD FACTORIZATION IS THE KEY!
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Factorization Probe Structure Power corrections
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We need a probe to “see” quarks and gluons
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TRANSVERSE MOMENTUM DEPENDENT FACTORIZATION
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qT � QSmall scale Large scale

Semi-Inclusive DIS

electron 
p

h 

Drell-Yan Dihadron in e+e-

p p

h1 

h2 h
h1

h2e-

e- e-e+

� � fq/P (x, kT )fq/P (x, kT )

µ+

µ�

Q, qT

The confined motion (kT dependence) is encoded in TMDs

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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FIELD THEORY
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Factorization of regions:  
(1) k//P1, (2) k//P2, (3) k soft, (4) k hard

Collins-Soper Equations

µ = renormalization scale

� = Collins-Soper parameter
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d ln F̃ (x, bT , µ, ⇣)

d lnµ
= �F (µ)
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@ ln F̃ (x, bT , µ, ⇣)

@ ln
p
⇣

= K̃(bT , µ)



Collins, Soper, Sterman (85), Collins (11), Rogers, Collins (15)

OPE/collinear part transverse part, Sudakov FF ✓ Non-perturbative: fitted from data 

✓ The key ingredient – ln(Q) piece is 
spin-independent 

✓ Non-perturbative shape of TMDs is 
to be extracted from data 

✓ One can use information from  
models or ab-initio calculations, 
such as lattice QCD: shape of 
TMDs, non-perturbative kernel.

The evolution is complicated as one evolves in 2 
dimensions 
The presence of a non-perturbative evolution 
kernel makes calculations more involved 
Theoretical constraints exist on both non-
perturbative shape of TMD and the non-
perturbative kernel of evolution 
Perturbative ingredients are known up to N4LL - 
precision science (LL = leading log) 
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FIELD THEORY



kT

xP

TMDs with Polarization

Gluons

Fragmentation functions

Nuclear targets

Nucleon  
Polarization

Quark  
Polarization

Analogous tables for: f1 � fg
1 etc

S �= 1
2

Quark TMDs

�[�+]
q h(x, b) = f1(x, b) + i✏µ⌫T bµs⌫Mf?1 (x, b)
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b? ⇠ 1
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• There are eight TMD 
distributions in leading twist 

• TMD distributions provide a 
more detailed picture of the 
many body parton structure of 
the hadron 

• Interplay with the transverse 
momentum

Helicity

Boer-Mulders

Long-Transversity

Trans-Helicity
Sivers

Transversity

Pretzelosity

T

Kozinian-Mulders, 
“worm” gear

Kozinian-Mulders,“worm” gear

Unpolarized

8

Our understanding of hadron evolves:
Nucleon emerges as a strongly interacting, 

relativistic bound state of quarks and gluons



Unpolarized Drell-Yan cross section at N3LL accuracy in the region of validity of TMD 
factorization

UNPOLARIZED TMD MEASUREMENTS
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➤ Addresses the question of  
partonic confined motion

➤ Evolution with x and Q2

➤ LHC provides precise data

Bertone, Scimemi, Vladimirov, 
JHEP 06 (2019) 028

f

Bacchetta, Delcarro, Pisano, Radici,  
Signori, JHEP 07 (2020) 117
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Figure 4. Comparison between experimental data and theoretical predictions obtained at N3LL
accuracy for a representative subset of the datasets included in this analysis. The upper panel of
each plot displays the absolute qT distributions, while the lower panel displays the same distributions
normalised to the experimental central values. The blue bands represent the 1-! uncertainty of the
theoretical predictions.

– 22 –

Figure 5. The TMD of the down quark at µ =
p

⇣ = Q = 2 GeV (left plot) and 10 GeV (right
plot) as a function of the partonic transverse momentum k? for three different values of x. The
bands give the 1-� uncertainty.

k? for x = 0.001, 0.1, 0.3. The 1-� uncertainty bands are also shown. As expected, TMDs
are suppressed as k? grows and the suppression becomes relatively stronger as Q increases.

4.3 Perturbative convergence

In the previous section we discussed the quality of our fit at N3LL, which is the best accuracy
presently available. In this section we show how the inclusion of perturbative corrections is
crucial to achieve a better description of the experimental data. To this end, we performed
fits at NLL0, NNLL, and NNLL0 (see Sec. 2.4), and compared them to the N3LL fit. We
did not consider LL and NLL accuracies because in both cases the description of the data
is very poor (�2 & 20).

NLL0 NNLL NNLL0 N3LL

Global �2 1126 571 379 360

Table 6. Values of the global �2 of the fits at NLL0, NNLL, NNLL0, and N3LL accuracy.

Tab. 6 reports the values of the global �2 for each of the four accuracies considered.
In order to appreciate the significance of the differences,10 we have reported the absolute
values of the �2 without dividing by the number of data points Ndat. Fig. 6 shows a
graphical representation of Tab. 6. The global quality of the fit improves significantly as
the perturbative accuracy increases. In addition, Fig. 6 shows that the convergence rate
decreases when going to larger perturbative orders. On the one hand, we conclude that it
is necessary to include higher perturbative corrections to obtain a good description of the
data and that N3LL corrections are still significant. On the other hand, it appears that the
perturbative series is nicely converging and N3LL accuracy seems appropriate within the
current experimental uncertainties.

10Note that a difference of n units at the level of the global �2 roughly means a separation of around
p
n

standard deviations.

– 24 –

Global Fits SV19 = Scimemi, Vladimirov  (1912.06532)
Pavia19 = Bachetta, Bertone, Bissolotti, Bozzi, Delcarro, 
                  Piacenza, Radici  (1912.07550)

for TMD PDF & TMD FFFit Results:

Figure 23. (left) Comparison of NNLO RAD extracted in DY fit (NNPDF31), and global fit of DY
and SIDIS (NNPDF31& DSS). Shaded area shows the 1�-uncertainty band. The dashed lines show the
extraction made in refs.[18] and [19] at LO and NNLO of RAD correspondingly. (right) Distribution of
replica points in different fits of RAD. Dashed lines show the mean values of RAD extracted in the global
fit of DY and SIDIS.

Figure 24. Example of extracted (optimal) unpolarized TMD distributions. The color indicates the
relative size of the uncertainty band

variation of BNP up to b4-corrections. The replicas of the global fit (orange points) are scattered in
a much smaller area and this provides a ⇠ 40% smaller error-bands on parameters. Generally, the
inclusion of the SIDIS data drastically constraints the values of BNP, and for that reason they are
very important for the determination of RAD. We conclude that the RAD extracted in the global
fit is more reliable, in comparison to the one done using DY data only.

The RAD that we have extracted is valid for all distributions and it has been used also to
describe the pion-induced DY [21]. For further reduction of the uncertainty of the RAD one should
consider more precise low- and intermediate-energy processes, such as up-coming JLab12 measure-
ments, and the future EIC.

– 49 –

SV19

Pavia19

Precise determinations for a given fit form.
17
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SPIN STRUCTURE OF THE NUCLEON



Eur. Phys. J. A (2016) 52: 268 Page 21 of 100

– 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 di!er-
ences between TMDs in di!erent 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 e!ect 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
e!ects in DIS. On the other hand, for the Drell-Yan lep-
ton pair production process, it is due to the initial-state
interaction e!ects. As a consequence, the quark Sivers and
Boer-Mulders functions di!er 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

11

Sivers function Transversity
➤ Describes unpolarized quarks inside of 

transversely polarized nucleon 

➤ Encodes the correlation of orbital motion 
with the spin

➤ The only source of information on tensor 
charge of the nucleon

➤ Couples to Collins fragmentation function 
or di-hadron interference fragmentation 
functions in SIDIS

POLARIZED TMD FUNCTIONS

h

�q ⌘ gqT =

Z 1

0
dx

⇥
hq
1(x,Q

2)� hq̄
1(x,Q

2)
⇤

D. PitonyakD. Pitonyak

�q⌘
Z 1

0
dx [hq

1(x)� hq̄
1(x)] gT ⌘ �u� �d

<latexit sha1_base64="unupe33A8Wg0OmC3bDFRh/Hfc7A="></latexit>

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),…).

TMDs

BSM Lattice

Tensor 
charge

8

➤ Sign change of Sivers function is 
fundamental consequence of QCD 

Brodsky, Hwang, Schmidt (2002), Collins (2002)

(a) (b)

(c) (d)

Figure 17. Tomographic scan of the nucleon via the momentum space quark density function
⇢1;q h"(x,kT ,ST , µ) defined in Eq. (4.7) at x = 0.1 and µ = 2 GeV. Panel (a) is for u quarks, panel
(b) is for d quark, panel (c) is for ū quark, and panel (d) is for s quark. The variation of color in the plot
is due to variation of replicas and illustrates the uncertainty of the extraction. The nucleon polarization
vector is along ŷ-direction. White cross indicates the position of the origin (0, 0) in order to highlight the
shift of the distributions along x̂-direction due to the Sivers function.

polarization, we introduce the momentum space quark density function

⇢1;q h"(x,kT ,ST , µ) = f1;q h(x, kT ; µ, µ
2) �

kTx

M
f
?
1T ;q h(x, kT ; µ, µ

2), (4.7)

where kT is a two-dimensional vector (kTx, kTy). This function reflects the TMD density of un-
polarized quark q in the spin-1/2 hadron totally polarized in ŷ-direction, ST = (Sx, Sy), where
Sx = 0, Sy = 1, compare to Eq. (4.2). In Fig. 17 we plot ⇢ at x = 0.1 and µ = 2 GeV. To present
the uncertainty in unpolarized and Sivers function, we randomly select one replica for each point of
a figure. Thus, the color fluctuation roughly reflects the uncertainty band of our extraction. The
presented pictures have a shift of the maximum in kTx, which is the influence of Sivers function that
introduces a dipole modulation of the momentum space quark densities. This shift corresponds to
the correlation of the Orbital Angular Momentum (OAM) of quarks and the nucleon’s spin. One
can see from Fig. 17 that u quark has a negative correlation and d quark has a positive correlation.
Without OAM of quarks, such a correlation and the Sivers function are zero, and thus we can
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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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 The first next-to-next-to-next-to-
leading order N3LO global QCD 
analysis of SIDIS, Drell-Yan and 
W   /Z production data.
 Uses the unpolarized functions 
extracted at the same N3LO 
precision
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FIG. 1. Examples of data description of SIDIS+DY N3LO
fit for HERMES SIDIS [60], COMPASS pion-induced DY [48]
and STAR W±/Z data [49]. Open symbols: data not used in
the fit. Orange line is the CF and the blue box is 68%CI.

scriptions [52], but is not consistent in the resummation-
like schemes e.g. used in Refs [30, 33, 34].

Fit of the data. The TMD factorization theorems
are derived in the limit of large-Q and a small relative
transverse momentum �, defined as � = |PhT |/(zQ) in
SIDIS, � = |qT |/Q in DY. We apply the following selec-
tion criteria [37, 38] onto the experimental data

hQi > 2 GeV and � < 0.3. (12)

The Sivers asymmetry has been measured in SIDIS and
DY [48, 49, 60–64]. In total, after data selection cuts (12),
we use 76 experimental points. We have 63 points from
SIDIS measurements collected in ⇡± and K± production
off polarized proton target at HERMES [60], off deu-
terium target from COMPASS [62], and 3He target from
JLab [64, 65], h± data on the proton target from COM-
PASS [66]. We use 13 points from DY measurements
of W±/Z production from STAR [49] and pion-induced
DY from COMPASS [48]. Let us emphasize that the re-
cent 3D binned data [60] from HERMES allowed us to
select sufficient number of data (46 points) from SIDIS
measurements. COMPASS and JLab measurements in
SIDIS are done by projecting the same data onto x, z,
and PhT . In order not to use the same data multiple
times and for better adjustment to TMD factorization
limit, we use only PhT -projections.

The evaluation of the theory prediction for a given set
of model parameters is made by artemide [67]. The es-
timation of uncertainties utilizes the replica method [68],
which consists of the fits of data replicas generated in
accordance with experimental uncertainties. From the
obtained distribution of 500 replicas, we determine the
values and the errors on parameters and observables, in-
cluding, for the first time, propagation of the errors due

(a)

(b)

FIG. 2. The three-dimensional (b, x)-landscape of the op-
timal Sivers function f?1T ;q p(x, b) for u-quark (a) and d-
quark (b). The grid shows the CF value, whereas the shaded
(blue and brown) regions on the boundaries demonstrate the
68%CI.

to the unpolarized TMDs. We use the mean value of
the resulting distributions due to SV19 uncertainty as the
central fit value (CF value), which is our best estimate of
the true values for the free parameters. The uncertainty
is given by a 68% confidence interval (68%CI) is com-
puted by the bootstrap method. The resulting replicas
are available as a part of artemide [69].

We performed several fits with different setups. In par-
ticular, we distinguish the fits with and without the in-
clusion of DY data. We found that the Sivers function
extracted in SIDIS-only fit nicely describes the DY data
without extra tuning. Indeed, N3LO SIDIS-only fit has
�2/Npt = 0.87 and without any adjustment describes also
DY data with �2/Npt = 1.23.

The combined SIDIS+DY fit reaches a very good over-
all �2/Npt = 0.88 for all 76 DY and SIDIS data points,
with �2/Npt = 0.88 for SIDIS and �2/Npt = 0.90 for DY.
Parameters of Sivers function resulting from SIDIS-only
and SIDIS+DY fits are compatible with each other [70].
The quality of data description in SIDIS+DY N3LO fit
can be seen in Fig. 1.

We have performed a fit without the sign change of
Sivers function from Eq. (1) in order to estimate the
significance of the sign change from the data. The re-
sulting fit does exhibit tensions between DY and SIDIS
data sets, however, the fit has �2/Npt = 1.0 and can-
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DY [48, 49, 60–64]. In total, after data selection cuts (12),
we use 76 experimental points. We have 63 points from
SIDIS measurements collected in ⇡± and K± production
off polarized proton target at HERMES [60], off deu-
terium target from COMPASS [62], and 3He target from
JLab [64, 65], h± data on the proton target from COM-
PASS [66]. We use 13 points from DY measurements
of W±/Z production from STAR [49] and pion-induced
DY from COMPASS [48]. Let us emphasize that the re-
cent 3D binned data [60] from HERMES allowed us to
select sufficient number of data (46 points) from SIDIS
measurements. COMPASS and JLab measurements in
SIDIS are done by projecting the same data onto x, z,
and PhT . In order not to use the same data multiple
times and for better adjustment to TMD factorization
limit, we use only PhT -projections.

The evaluation of the theory prediction for a given set
of model parameters is made by artemide [67]. The es-
timation of uncertainties utilizes the replica method [68],
which consists of the fits of data replicas generated in
accordance with experimental uncertainties. From the
obtained distribution of 500 replicas, we determine the
values and the errors on parameters and observables, in-
cluding, for the first time, propagation of the errors due
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to the unpolarized TMDs. We use the mean value of
the resulting distributions due to SV19 uncertainty as the
central fit value (CF value), which is our best estimate of
the true values for the free parameters. The uncertainty
is given by a 68% confidence interval (68%CI) is com-
puted by the bootstrap method. The resulting replicas
are available as a part of artemide [69].

We performed several fits with different setups. In par-
ticular, we distinguish the fits with and without the in-
clusion of DY data. We found that the Sivers function
extracted in SIDIS-only fit nicely describes the DY data
without extra tuning. Indeed, N3LO SIDIS-only fit has
�2/Npt = 0.87 and without any adjustment describes also
DY data with �2/Npt = 1.23.

The combined SIDIS+DY fit reaches a very good over-
all �2/Npt = 0.88 for all 76 DY and SIDIS data points,
with �2/Npt = 0.88 for SIDIS and �2/Npt = 0.90 for DY.
Parameters of Sivers function resulting from SIDIS-only
and SIDIS+DY fits are compatible with each other [70].
The quality of data description in SIDIS+DY N3LO fit
can be seen in Fig. 1.

We have performed a fit without the sign change of
Sivers function from Eq. (1) in order to estimate the
significance of the sign change from the data. The re-
sulting fit does exhibit tensions between DY and SIDIS
data sets, however, the fit has �2/Npt = 1.0 and can-
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Compares well with 
JAM 20 (LO) 

PV20 (NLL) 

EKT20 (N2LL) 

Sea quark functions  
is still a mystery to be  
explored at the EIC

(a) (b)

(c) (d)

Figure 20. Qiu-Sterman function at µ = 10 GeV for different quark flavors, derived from the Sivers
function (4.11). Our results are labeled as BPV20. The black line shows the CF value. Blue band shows
68%CI without gluon contribution added. The green band shows the band obtained by adding the gluon
contribution estimated to be G

(+) = ±(|Td|+|Tu|) as described in the text. Our results are compared
to JAM20 [30] (gray dashed line with the error corridor hatched), PV20 [29] (magenta hatched region),
EKT20 [31] (violet hatched region, dashed line).

reliable in this approach as the corresponding value of b ⇠ 0.5 GeV�1 is relatively large, and the
power corrections become to be not negligible. The gluon function G(+) is also unknown, so we
set it to be zero. The resulting QS functions are shown in Fig. 20 by the black line, with 68%CI
(blue band). To estimate the uncertainty due to the unknown gluon contribution we approximate
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 The impact of the EIC is very substantial
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(a) (b)

(c) (d)

Figure 17. Tomographic scan of the nucleon via the momentum space quark density function
⇢1;q h"(x,kT ,ST , µ) defined in Eq. (4.7) at x = 0.1 and µ = 2 GeV. Panel (a) is for u quarks, panel
(b) is for d quark, panel (c) is for ū quark, and panel (d) is for s quark. The variation of color in the plot
is due to variation of replicas and illustrates the uncertainty of the extraction. The nucleon polarization
vector is along ŷ-direction. White cross indicates the position of the origin (0, 0) in order to highlight the
shift of the distributions along x̂-direction due to the Sivers function.

polarization, we introduce the momentum space quark density function

⇢1;q h"(x,kT ,ST , µ) = f1;q h(x, kT ; µ, µ
2) �

kTx

M
f
?
1T ;q h(x, kT ; µ, µ

2), (4.7)

where kT is a two-dimensional vector (kTx, kTy). This function reflects the TMD density of un-
polarized quark q in the spin-1/2 hadron totally polarized in ŷ-direction, ST = (Sx, Sy), where
Sx = 0, Sy = 1, compare to Eq. (4.2). In Fig. 17 we plot ⇢ at x = 0.1 and µ = 2 GeV. To present
the uncertainty in unpolarized and Sivers function, we randomly select one replica for each point of
a figure. Thus, the color fluctuation roughly reflects the uncertainty band of our extraction. The
presented pictures have a shift of the maximum in kTx, which is the influence of Sivers function that
introduces a dipole modulation of the momentum space quark densities. This shift corresponds to
the correlation of the Orbital Angular Momentum (OAM) of quarks and the nucleon’s spin. One
can see from Fig. 17 that u quark has a negative correlation and d quark has a positive correlation.
Without OAM of quarks, such a correlation and the Sivers function are zero, and thus we can
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4

FIG. 2. The density distribution ⇢ap" of an unpolarized quark with flavor a in a proton polarized along the +y direction and
moving towards the reader, as a function of (kx, ky) at Q2 = 4 GeV2. Left panels for the up quark, right panels for the down
quark. Upper panels for results at x = 0.1, lower panels at x = 0.01. For each panel, lower ancillary plots represent the 68%
uncertainty band of the distribution at ky = 0 (where the effect of the distortion due to the Sivers function is maximal) while
left ancillary plots at kx = 0 (where the distribution is the same as for an unpolarized proton). Results in the contour plots
and the solid lines in the projections correspond to replica 105.

induced distortion is positive along the +x direction for
the up quark (left panels), and opposite for the down
quark (right panels).

At x = 0.1 the distortion due to the Sivers effect is
evident, since we are close to the maximum value of the
function shown in Fig. 1. The distortion is opposite for
up and down quarks, reflecting the opposite sign of the
Sivers function. It is more pronounced for down quarks,
because the Sivers function is larger and at the same time
the unpolarized TMD is smaller. At lower values of x, the
distortion disappears. These plots suggest that a virtual
photon hitting a transversely polarized proton effectively
“sees” more up quarks to its right and more down quarks
to its left in momentum space. The peak positions are ap-
proximately (kx)max ⇡ 0.1 GeV for up quarks and �0.15
GeV for down quarks. To have a feeling of the order of
magnitude of this distortion, we can estimate the expres-
sion eq/(kx)max ⇡ 2 ⇥ 10�34C ⇥ m ⇡ 0.6 ⇥ 10�4 debye,

which is about 3 ⇥ 10�5 times the electric dipole of a
water molecule.

The existence of this distortion requires two ingredi-
ents. First of all, the wavefunction describing quarks
inside the proton must have a component with nonvan-
ishing angular momentum. Secondly, effects due to final
state interactions should be present [36], which in Feyn-
man gauge can be described as the exchange of Coulomb
gluons between the quark and the rest of the proton [37].
In simplified models [38], it is possible to separate these
two ingredients and obtain an estimate of the angular
momentum carried by each quark [39]. It turns out that
up quarks give almost 50% contribution to the proton’s
spin, while all other quarks and antiquarks give less than
10% [14]. We will leave this model-dependent study to
a future publication. A model-independent estimate of
quark angular momentum requires the determination of
parton distributions that depend simultaneously on mo-

Bacchetta, Delcarro, Pisano, Radici (2020)
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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 (COMPASS, BELLE, RHIC), 
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 “using SB” 
and “no SB” 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 |N T

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 “using SB” and “no SB” 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 reflecting the very small difference observed in the extracted 
huv

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

For the individual quark distributions, we find 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 “using SB” and “no SB” case. In relaxing the initial constraint 
on the N T

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 “using SB” and the “no SB” 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 “using SB” and “no SB” have the same meaning 
as in Fig. 1.

QCD estimates. Indeed, the peak of the “no SB” 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 fulfillment 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 specific 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 fit procedure [6]. The 
two transversity parametrizations used here and by Lin et al. are 
quite similar, but the fit of Ref. [6] was performed with differ-
ent sets of fit 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. D’Alesio, C. Flore, A. Prokudin 
Phys.Lett.B 803 (2020) 135347 

JAM22: Gamberg, Malda, Miller, Pitonyak, Prokudin, 
Sato, Phys.Rev.D 106 (2022) 3, 034014
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Transversity

Collins FF 

Sivers 

h1(x)
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JAM3D-22

First direct 
information 
from 
experiment 
on  
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The raw lattice data for Egerer, et al. and Alexandrou, et al. are compatible, but
the former uses pseudo-PDFs and the latter quasi-PDFs

The behavior at large x for the up quark in Alexandrou, et al. is due to
systematics in the reconstruction of the x dependence in the quasi-PDF approach

We find good agreement with lattice calculations of transversity

Now that the lattice gT data point is included in JAM3D-22, the uncertainties in the 
phenomenological extraction of transversity are compatible with lattice
     

! Comments on comparison to other lattice calculations of transversity:

• The raw lattice data for Egerer, et al. and Alexandrou, et al. are compatible, but 
the former uses pseudo-PDFs and the latter quasi-PDFs 

• The behavior at large x for the up quark in Alexandrou, et al. is due to 
systematics in the reconstruction of the x dependence in the quasi-PDF approach

• We find good agreement with lattice calculations of transversity

• Now that the lattice gT data point is included in JAM3D-22, the uncertainties in 
the phenomenological extraction of transversity are compatible with lattice

D. Pitonyak
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JAM22: Gamberg, Malda, Miller, Pitonyak, Prokudin, 
Sato, Phys.Rev.D 106 (2022) 3, 034014
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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.

    𝜹u and 𝜹d Q2=4 GeV2

   𝜹u= 0.74     0.11

   𝜹d= -0.15    0.12

   gT=  0.89    0.06

Tensor charge  from up and down quarks
and gT = 𝜹u-𝜹d are well constrained and 
compatible with both lattice results and the 
Soffer bound 

±
±
±

D. Pitonyak

23

! The tensor charge extractions are more precise from including the lattice gT
data point

! Note that because of the SB, one initially finds more tension with lattice, but 
this does not imply phenomenology and lattice are incompatible – one can 
only fully answer this by including lattice data in the analysis

! Once the the lattice gT data point is included, we find the non-perturbative 
functions can accommodate it along with the experimental data

JAM22: Gamberg, Malda, Miller, Pitonyak, Prokudin, 
Sato, Phys.Rev.D 106 (2022) 3, 034014
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L. Gamberg, Z.-B. Kang, D. Pitonyak et al. Physics Letters B 816 (2021) 136255

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 final 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 [30–33] 176

AN p" + p # !±/!0 + X [51–54] 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 [9,36,78–80] 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 Q 2-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 Q 2 lever arm 
of the EIC. The ability to span several decades in Q 2 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 fit 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 first 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 first moment from the JAM20 global 
analysis [13] (light red band with the dashed red line for the central value) as well 
as a re-fit 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 flavor 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 Q 2 = 4 GeV2 with 
error bands at 1-# CL.
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Fig. 5. (Top) The ratio of the error of transversity to its central value for u, d, and u !d as a function of x at Q 2 = 4 GeV2 for JAM20 (red dashed line), JAM20+EIC pseudo-data 
(blue dash-dotted line), JAM20+SoLID pseudo-data (green dotted line), and JAM20+EIC+SoLID pseudo-data (gold solid line). (Bottom) The ratio of the error of the first moment 
of the Collins FF to its central value as a function of z for favored and unfavored Collins FF.

Fig. 6. Individual flavor tensor charges !u, !d as well as the isovector charge gT for 
the same scenarios as Fig. 5.

extraction of the tensor charges for both EIC and SoLID mea-
surements. However, the 68% CL regions for the individual flavor 
charges do not overlap. Thus, the precision of the extracted ten-
sor charges may not correspond to the same high accuracy of the 
result once there are measurements (actual data) from multiple 
facilities. The reason is an incomplete kinematical region of the 
experiments and the unavoidable parametrization bias of our ex-
traction. The parametrization bias may be tamed partly by utilizing 
more flexible parameterizations, such as neural nets. The kinemat-
ical coverage of the experiments, on the other hand, is defined by 
the experimental setup, and it is di!cult (if not impossible) to 
have one experiment cover the whole kinematical region needed 
for the most accurate extraction. In addition, using data from only 
one experiment may bias the extractions, as the systematic errors 
are quite di!cult to account for in an unbiased way. Therefore, 
multiple experimental measurements covering the largest possible 
kinematical region are needed to achieve a precise and simulta-
neously accurate extraction of the tensor charge. SoLID will offer 
needed complementary measurements to the EIC in order to test 
that a consistent picture emerges across multiple experiments on 
the extracted value of the tensor charge. Only when a bulk of ex-

periments give consistent central values for quantities of interest, 
like the tensor charge, can one claim to have accurate results.

5. Conclusion

In this letter, we have studied the impact on the tensor charge 
from EIC pseudo-data of the SIDIS Collins effect using the results 
of the JAM20 global analysis of SSAs [13]. Both transversely po-
larized proton and 3He beams are considered across multiple CM 
energies for charged pions in the final state. We find that the EIC 
will drastically reduce the uncertainty in both the individual fla-
vor tensor charges !u, !d as well as their isovector combination 
gT . The 3He data is especially crucial for a precise determination 
of the down quark transversity TMD PDF and for up and down fla-
vor separation. Consequently, the EIC, from the combined data in 
measurements at five different energy settings with transversely 
polarized proton and 3He beams, will allow for phenomenologi-
cal extractions of the tensor charges to be as precise as the cur-
rent lattice QCD calculations. This will ultimately show whether 
a tension exists between experimental and lattice data. In addi-
tion, we performed a similar study on SoLID pseudo-data of the 
SIDIS Collins effect to be measured in a complementary kinemat-
ical region to the EIC and found that the proposed experiment at 
Jefferson Lab will also significantly decrease the uncertainty in the 
tensor charge. The combined fit that included both EIC and SoLID 
pseudo-data provides the best constraint on transversity and the 
tensor charges, with the results for the latter more precise than 
current lattice calculations. We emphasize that a precise measure-
ment 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 min-
imize bias and expose any potential tensions between data sets. In 
order to minimize the bias from the global QCD fit procedure, one 
may ultimately combine the data from different ways of accessing 
transversity, such as SIDIS single hadron and the di-hadron mea-
surements. Given that the tensor charge is a fundamental charge of 
the nucleon and connected to searches for BSM physics [14,16,17], 
future precision measurements from the EIC and Jefferson Lab sen-
sitive to transversity are of utmost importance and necessary to 
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JAM20: Cammarota, Gamberg, Kang, Miller, 
Pitonyak, Prokudin, Rogers, Sato, Phys.Rev.D 102 (2020)

EIC data will allow to have gT 
extraction at the precision at 
the level of lattice QCD 
calculations  
 

JLab 12 data will allow to 
have complementary 
information on tensor charge 
to test the consistency of the 
extraction and expand the 
kinematical region
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TMD studies have made great progress, they are 
synergistic with many other areas: lattice QCD, SCET, 
small-x, jets, etc
Current: HERMES, COMPASS, JLab 12, BELLE, RHIC 
spin, and LHC provide great experimental measurements 
for TMD physics
Future: ElC, together with other experiments such as 
SoLID and BELLE II, will make significant contributions to 
TMD physics

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.

1
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SIDIS
Collins asymmetry 

Sivers asymmetry 

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.

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

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 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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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 !

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 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
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SIA.

FIG. 3. Theory compared to experiment for A
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SIDIS .
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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 !

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 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
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SIA.

FIG. 3. Theory compared to experiment for A
Col/Siv
SIDIS .
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FIG. 4. Theory compared to experiment for A
⇡
N and A

Siv
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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 !

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