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Unveiling partonic structures of the nucleon is one of the missions of Jefferson Lab (JLab). Ex-
tracting the transverse momentum dependent parton distributions (TMDs), which provide three-
dimensional imagings of the nucleon in the momentum space, is a main physics program at JLab.
Many explorations have been made in 6 GeV experiments. A comprehensive TMD program with
semi-inclusive deep inelastic scattering experiments in multiple halls will take place in the 12
GeV era, aiming at a profound understanding of the reaction mechanism and precise extractions
of TMDs particularly in the valence quark region. Taking SoLID as an example, we show the
impact of these experiments on TMD physics. Besides, some measurements can also advance the
search for new physics beyond the standard model.
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1. Introduction

The nucleon spin structure is one of the most active frontiers in nuclear and particle physics.
In late 1980s, the EMC collaboration first measured the quark spin contribution to the proton spin
and found that it only contributed a small fraction [1, 2]. This discovery severely deviates from
the naive quark model in which the proton spin is all from the quark spin. It is known as the
“proton spin puzzle”. During the last 30 years, many efforts have been made to understand the
“missing spin” both theoretically and experimentally. Nowadays, the remaining proton spin is
usually attributed to the gluon spin and orbital angular momenta, though there are still different
decomposition appoaches: the canonical and the kinetic ones [3]. Experimentally, the quark spin
part has been measured to a relatively good precision. The gluon spin part is started being known,
particularly from STAR and PHENIX polarized proton-proton data. A first lattice QCD calculation
of the gluon spin was also recently reported [4]. However, the orbital terms are still very poorly
extracted. To fully understand the nucleon spin structure, one has to go beyond one dimension to
access three dimensional imaging of the nucleon.

A unified framework of partonic structures of the nucleon is provided by the generalized trans-
verse momentum dependent parton distributions (GTMDs) or via a Fourier transform by the Wigner
distributions, which contain the most complete one parton distribution information. When the
transverse coordinates or the transverse momenta are integrated out, they will respectively reduce
to the transverse momentum dependent parton distributions (TMDs) and the generalized parton
distributions (GPDs). If transverse variables are all integrated out, they will further reduce to the
collinear parton distributions functions (PDFs). In this talk, we focus on the TMDs, which is one
of the main physics programs at JLab during the 12 GeV era.
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Figure 1: Leading twist quark TMDs of the nucleon. The black arrows represent the nucleon spin, and the
red arrows represent the quark spin. U, L and T stand for unpolarized, longitudinal polarized and transversely
polarized respectively.
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2. SIDIS experiments at JLab

The TMDs can be measured in various hard scattering processes, including the semi-inclusive
deep inelastic scattering (SIDIS) and the Drell-Yan processes. Here we only focus on the SIDIS
process. With one photon exchange approximation, its differential cross section can be expressed
in terms of 18 structures functions according to different beam and target polarization configura-
tions and azimuthal modulations of the final detected hadron [5]. Within the TMD factorization,
the structure functions can be expressed as convolutions between TMD distribution functions and
fragmentation functions. At the leading twist, eight quark TMDs are defined, as shown in Fig. 1. At
the forward limit, only the unpolarized distribution, helicity distribution, and the transversity dis-
tribution survive. The red ones in Fig. 1 are known as the naively time-reversal odd TMDs, which
arise from nontrivial Wilson lines that gaurantee the QCD gauge invariance [6], or physically from
the final or initial state interactions [7, 8]. The QCD factorization theorem predicts a sign change
of these time-reversal odd quark TMDs between SIDIS and Drell-Yan processes [9].

In the 6 GeV era, some explorations have been made, such as the transversity experiment (E06-
010) in Hall A, which is the first polarized neutron SIDIS experiment [10]. The BigBite detector
served as the electron arm, and the HRS detector served as the hadron arm. A 40 cm transversely
polarized *He target is used as the effective polarized neutron target since its polarization is mainly
from the neutron spin. Averaged in-beam polarization reached 55%. Many results have been
published from this experiment.

Nowadays, we are moving from explorations to precise measurements of TMDs. The 12 GeV
energy upgrade of CEBAF provides a unique opportunity to study quark TMDs, particularly in the
valence quark region. A comprehensive TMD program using SIDIS measurements is planned at
JLab-12. It takes advantages of the complementary capabilities of different detectors in Hall A,
Hall B, and Hall C.

The SBS SIDIS experiment in Hall A will use the existing BigBite spectrometer and a new
super BigBite spectrometer on a transversely polarized *He target. The super BigBite spectrometer
with moderate solid angle and wide momentum acceptance takes place of the HRS used in the
6 GeV experiment. The designed luminosity is increased roughly by a factor of five. Compared
to the 6 GeV experiment, the statistical figure-of-merit is roughly improved by a factor of one
thousand.

The CLAS12 in Hall B is designed similar to the CLAS detector from 6 GeV. It is a general
purpose detector for charged and neutral particles with large acceptance. Compared to CLAS, the
designed luminosity is increased by one order of magnitude. The approved SIDIS experiments
include unpolarized targets and longitudinally polarized targets as NH3 and ND3, and also a trans-
versely polarized HD-ice target.

Hall Cin the 12 GeV era hosts the existing high momentum spectrometer (HMS) and a new Su-
per HMS (SHMS) detector, which is capable to reach more forward scattering angles with maximal
momentum of 11 GeV. These small acceptance focusing magnetic spectrometers have well defined
acceptance and excellent momentum and angular resolutions. The unpolarized SIDIS experiments
in Hall C will measure cross sections with high precision at targeted kinematics to provide detailed
understanding of the reaction mechanism, like the factorization framework and the L-T separations.
They also provide a powerful cross check for data from large acceptance experiments.
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SoLID is proposed for Hall A beyond the 12 GeV upgrade with broad physics interest. It

2.s7! for the SIDIS setup, and combines

is capable to handle high luminosities, about 1037 cm™
large acceptance with a full azimuthal angle coverage, which can help a lot in the separation of
different modulation terms in the SIDIS reaction. Three SIDIS experiments, respectively using
transversely polarized NHj3 target, longitudinally polarized *He target, and transversely polarized
3He target, as well as some run-group experiments have been approved with high ratings, aiming
at unprecedented precise measurements of quark TMDs in the valence region. Both 11 GeV and
8.8 GeV beams will be used for a wide kinematics coverage. The combination of data from proton
and effective neutron targets can provide the flavor separation. The high statistics allows a four

dimensional binning with high precision.

3. The impact of SoLID SIDIS experiment

To see the impact of the SIDIS program at JLab-12, we study the SoLID case for the ex-
pected improvement of TMD extractions. We take the transversity distribution as an example. The
transversity distribution, which has both collinear and TMD definitions, is a leading twist distribu-
tion function that decribes the density of transversely polarized quarks in a transversely polarized
nucleon. Unlike the helicity distribution, which describes the density of longitudinally polarized
quarks in a longitudinally polarized nucleon, the transversity distribution is a chiral odd quantity.
Hence it does not mix with gluons and is valence quark dominant.

As a chiral odd function the transversity distribution decouples from the inclusive DIS at the
leading twist, which makes the measurement more difficult. One can instead extract the it from
observables that include its convolution with another chiral odd quantity, like the Collins fragmen-
tation function, dihadron fragmentation function, or another chiral odd distribution function. In
SIDIS, one can measure the transversity distribution via a target transverse single spin asymme-
try, the Collins asymmetry [6], which arises from its convolution with the Collins fragmentation
functions within the TMD factorization.

We simulate the Collins asymmetry for SoLID SIDIS experiments using the parametrization
in Ref. [11], which is a global analysis of Collin asymmetries in back-to-back dihadron production
in ete™ annilations measured by Belle and BaBar and SIDIS data from HERMES, COMPASS and
JLab Hall A including the TMD evolution effect. As shown in Fig. 2, SoLID SIDIS experiments are
expected to reduce the uncertainties of up and down quark transversity distributions by about one
order of magnitude [12]. In this study, both statistical and systematic uncertainties of world data
and SoLID projected data are included and added in quadrature. The uncertainties of transversity
distributions are estimated via the hessian matrix, which encodes the errors of each parameter and
the error correlations of each pair of parameters.

In the parton model, one can evaluate the tensor charge from the transversity distribution via
an integral,

8r = /O 1[h? (x) = (x)]dx. (3.1)
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Figure 2: The impact of SoLID SIDIS experiments on the extraction of transversity distributions. The
red stands for the up quark results, and the blue stands for the down quark results. The outer bands are
uncertainties by fitting the world data. The inner bands are expected uncertainties after SoLID. The vertical
dashed lines indicates the typical coverage of the SoLID data.

The tensor charge is a fundamental QCD quantity defined by the matrix element of the tensor
current,

(p,o|w,ic*Vy,|p,c) = gli(p,o)ic* u(p, o). (3.2)

It has been calculated in many phenomenological models [13, 14, 15, 16, 17, 18, 19, 20, 21, 22],
and with some nonperturbative methods such as the Dyson-Schwinger equation [23, 24] and the
Euclidean lattice simulation [25, 26, 27, 28, 29, 30]. It is also referred to as a benchmark of
lattice QCD. As shown in Fig. 3, the SoLID SIDIS experiments will improve the precision of
tensor charge extractions by about one order of magnitude, reaching the precision of lattice QCD
calculations [12].

The tensor charge is an important quantity not only for nucleon structures but also for new
physics. One example is the electric dipole moment (EDM). A permanent EDM of any particle
with a nondegenerate ground state violates both parity (P) and time-reversal (T) symmetries. As-
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Figure 3: Tensor charge results. The round (green) points are from Dyson-Schwinger equation calcula-
tions [23, 24], the square (blue) points are from lattice QCD calculations [25, 26, 27, 28, 29, 30], the triangle
(magenta) points are from model calculations [13, 14, 15, 16, 17, 18, 19, 20, 21, 22], the filled diamond
(black) points are phenomenological extractions from data [11, 31, 32, 33, 12], and the hollow diamond
(red) points are the projection of SoLID experiments based on the global analysis [12].
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Figure 4: Constraints on quark EDMs from the proton EDM (left) and the neutron EDM (right) upper limits.
The blue bands represent the current constraints, the red ones represents the constraints after SoLID, and the
black ones represents the constraints after SOLID and next generation neutron and proton EDM experiments.
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suming CPT invariance, it is a signal of CP violation. Since the EDM of light quarks from the
complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix is highly suppressed by the fla-
vor changing interactions at the three-loop level, the Kobayashi-Maskawa mechanism only results
in an extremely small quark EDM [34, 35, 36]. Thus, it is one of the most sensitive probes to new
physics beyond the standard model. Due to the confinement property of strong interaction, how-
ever, the quark EDM is not directly measurable, but one can instead derive it from nucleon EDM
measurements. The tensor charge plays as a bridge that relates the quark EDM to the nucleon
EDM.

We study the experimental constraint on quark EDMs by combining the nucleon EDM mea-
surements and the tensor charge extractions. The current upper limit on the neutron EDM from
direct measurements is 3.0 x 1072%¢-cm (90% C.L.) [37]. The current upper limit on the proton
EDM is derived from the mercury atomic EDM limit with the Schiff moment method [38], and the
most recent measurement sets the upper limit of '*Hg atoms to 7.4 x 1073 ¢-cm (95% C.L.) [39].
Including the uncertainty from the nuclear effect, we get the derived upper limit on the proton EDM
as 2.6 x 1072 ¢ cm [40]. With the tensor charge extracted from the global analysis of the Collins
asymmetry, one can derive the constraints on quark EDMs from the proton and neutron EDM mea-
surements. As the strange quark transversity is set to zero in the global fit, we adopt the value from
a lattice QCD calculation [41] to include its effect. The derived constraints on quark EDMs are
shown in Fig. 4. To improve the constraint, efforts from both tensor charge extractions and from
nucleon EDM measurements are required. As mentioned above, SoLID SIDIS experiments will
significantly reduce the tensor charge uncertainty. On the other hand, the next generation neutron
EDM experiments will improve the sensitivity by two orders of magnitude to 10728 ¢ - cm [42],
and the proposed storage ring proton EDM experiment will have direct measurement of the proton
EDM with the sensitivity of 1072% ¢-cm [43]. The impact of these future experiments are shown in
Fig. 4.

Combining the results from the proton EDM and neutron EDM limits, we can have the flavor
separation. The current upper limits are 1.27 x 10~>*¢ - cm for the up quark and 1.17 x 10~2%¢
cm for the down quark, where 10% isospin symmetry breaking uncertainties are included. After
SoLID SIDIS experiments and the next generation nucleon EDM measurements, the upper limits
are expected to be improved by about three orders of magnitude [40].

Apart from the study of the transversity distribution with the Collins asymmetry, we take
another example, the Sivers asymmetry, which arises from the convolution between the Sivers
function and unpolarized fragmentation function. Similar to the transversity case, a global fit to
world data is used to simulate SoLID Sivers asymmetry values. In this study, we adopt the Monte
Carlo analysis using the nested sampling algorithm [44]. The preliminary results are shown in
Fig. 5.

4. Summary

The lepton scattering is a powerful tool to probe nucleon internal structures. Three dimen-
sional imagings of the nucleon can help understand the remaining puzzle to the proton spin and
uncover rich dynamics of the strong interaction. Many efforts have been made in JLab 6 GeV
SIDIS experiments. A rich TMD program with SIDIS experiments in multiple halls will happen
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Figure 5: The impact of SoLID SIDIS experiments on the extraction of the Sivers function. The inner bands
are expected uncertainties after SoLID. The vertical dashed lines indicates the typical coverage of the SoLID
data.

in the 12 GeV era. It will have significant improvement of TMD extractions in the valence quark
region. Some measurements, such as the tensor charge from the transversity distribution, can also
help the search for new physics beyond the standard model.
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