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Abstract
We propose a measurement of single-target and double spin azimuthal asymmetries (SSAs and

DSAs) in semi-inclusive electroproduction of charged pions, using the upgraded CEBAF electron

beam, the Hall A polarized 3He target as an effective polarized neutron target, and the newly

approved SoLID spectrometer. The hardware setup is similar to that of experiment E12-10-006,

with additional requirements of a longitudinally polarized target and a polarized beam. We also

request a high beam polarization for E12-10-006 to measure DSAs with a transversely polarized

target. The SSAs and DSAs, with longitudinal and transverse target spin, respectively, are related

to two “worm-gear” transverse-momentum-dependent (TMD) parton distributions of the nucleon

at leading twist. Both of the “worm-gear” TMD distributions require an interference between

wave function components that differ by one unit of quark orbital angular momentum (OAM),

as explicitly shown in several models. In addition, the DSAs with a longitudinal target spin will

constrain the flavor decomposition of the quark helicity distribution of the nucleon and provide

information on their transverse momentum dependence. All asymmetries will be measured with

a high precision and a large kinematic coverage in a 4-D phase space of x, z, Ph⊥ and Q2. The

systematic uncertainties are improved by fast target spin flips and a large coverage in the azimuthal

angles. We request 35 PAC days of data taking on the longitudinally polarized 3He target.

∗Electronic address: jinhuang@jlab.org

6

mailto:jinhuang@jlab.org


Contents

1. Introduction 9

1.1. SIDIS Cross Section and Factorization 11

1.2. Asymmetry observables 13

1.3. Overview of the Proposed Measurement 14

2. Physics Motivation 15

2.1. “Worm-gear” functions, g1T and h⊥1L 15

2.1.1. “Worm-gear” functions and their relation to quark orbital motion 15

2.1.2. Lattice QCD calculations 16

2.1.3. Model Predictions 18

2.1.4. Probing h⊥1L and g1T through SIDIS Asymmetries 20

2.2. Helicity distributions, g1L, with transverse momentum dependence 25

2.2.1. SIDIS Study of Helicity Distribution 25

2.2.2. pT Dependence of Helicity TMD Distributions 27

2.3. By-products of the Proposed Measurement 28

3. Proposed Measurement 28

3.1. Experiment Setup 28

3.1.1. Overview 28

3.1.2. CEBAF Polarized Beam 30

3.1.3. Polarized 3He Target 30

3.1.4. Tracking 30

3.1.5. Electron Identification 31

3.1.6. Pion Identification 32

3.1.7. Update of the SoLID Collaboration 32

3.2. Data Coverage and Rate Estimation 33

3.2.1. Data Coverage 33

3.2.2. Rate Estimation 33

3.3. Data Analysis Strategies 34

4. Results and Projections 35

7



4.1. Beam time and statistical uncertainty estimations 35

4.1.1. Beam polarization and time 35

4.1.2. Statistical uncertainty estimation 36

4.2. Systematic Uncertainty Estimation 37

4.2.1. Raw Azimuthal Asymmetry 37

4.2.2. Random Coincidence 42

4.2.3. Cross Talk Between Asymmetries 43

4.2.4. Nuclear Effects of 3He 43

4.2.5. Test of Factorization 43

4.2.6. Target Fragmentation 44

4.2.7. Diffractive Vector Meson Production 44

4.2.8. Radiative Correction 44

4.2.9. Systematic Uncertainty Budget 44

5. Summary 45

A. Full SIDIS Cross Section at Small Transverse Momentum 47

B. Projections for All z-Q2 Bins 48

C. Additional Plots 55

References 58

8



1. INTRODUCTION

Deep inelastic scattering (DIS) has been used extensively as an important testing ground

for QCD. Over the past four decades, many DIS experiments have been devoted to the de-

tailed studies of parton momentum and helicity distributions inside nucleons. Together with

the related hard-scattering processes initiated by nucleons, data from these experiments were

used to extract collinear parton distribution functions (PDFs) in the quark-parton model [1],

which include the parton density distribution, f q
1 , and the parton helicity distribution, gq

1.

Both of distributions are functions of the parton longitudinal momentum fraction, x and

the photon virtuality, Q2. The comparison of unpolarized DIS structure functions in the

large Q2 range with the QCD evolution equation has provided one of the best tests of

QCD. Meanwhile, the spin structure of the nucleon has attracted great interest since the

“spin-crisis” from the European Muon Collaboration (EMC) experiments in the 1980s [2],

which suggested that the helicity of quarks accounts for only a small fraction of the nucleon

spin. The sequential intensive experimental and theoretical investigations that followed the

“spin-crisis” have resulted in a great deal of knowledge on the partonic origin of the nucleon

longitudinal spin structure. We have also learned that the quark orbital motion and the

transverse structure are essential parts of the partonic spin and momentum substructure of

the nucleon.

A new phase of investigation has been started by studying physical observables that are

sensitive to the transverse momentum structure of nucleons. This information is encoded in

the Transverse Momentum Dependent (TMD) parton distributions, which link the intrinsic

motion of partons to their spin and the spin of the parent nucleon. At leading twist,

there are eight TMD distributions, grouped with their characteristic quark and target spin

combinations (Table I). They are functions of x, Q2 and the quark transverse momentum,

pT . Three of them (the unpolarized distribution, f1, the helicity, g1L, and the transversity

distributions, h1) survive after the integration over pT , while the other five vanish. These

five TMDs provide novel information on the spin-orbit correlations:

• the “Worm-gear” functions, g1T and h⊥1L, describe the probability of finding a lon-

gitudinally polarized quark inside a transversely polarized nucleon and transversely

polarized quark inside a longitudinally polarized nucleon, respectively. They provide

important information to understand the correlations between the quark orbital an-

9
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Sivers
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g1L =

Worm Gear

Worm Gear

: Nucleon Spin :Quark Spin

Table I: Illustration of spin correlations of all leading-twist transverse momentum distributions.

The red arrows indicate spin direction of quarks; black arrows indicate spin direction of the parent

nucleon. In the SIDIS process, the longitudinal direction along the virtual photon momentum

transfer is horizontal in the paper.

gular momentum (OAM), the nucleon spin and the quark spin. More specific, both of

the “worm-gear” functions require an interference between wave function components

that differ by one unit of quark OAM, as explicitly shown in several models [3, 4, 5, 6].

• The Boer-Mulder function, h⊥1 , and the Sivers function, f⊥1T , describe the correlations

between the quark’s transverse momentum and the quark spin or nucleon spin. They

are T-odd TMD distributions and survive because of final state interactions (FSI)

experienced by the active quark in a SIDIS experiment. They provide complementary

information on the interference between wave function components that differ by one

unit of OAM, as shown in the quark models [3, 4, 5, 6].

• Finally, the pretzelosity function, h⊥1T , involves an interference between wave function

components that differ by two units of OAM (e.g. P-P or S-D interference).

Combining the wealth of information from all these TMD distributions can be invaluable for

10



understanding the spin-orbit correlations in the nucleon wave function and thus providing

important information about the quark orbital angular momentum.

TMD distributions are mainly studied in semi-inclusive DIS (SIDIS) and hadron-hadron

scatterings. In the SIDIS process, a lepton scatters off a nucleon and the leading hadrons are

detected. The detected hadron carries the information of flavor and transverse momentum

of the struck quark in the nucleon through a fragmentation process. The TMD distribu-

tions lead to dependencies of the SIDIS cross-section on the hadron and the target spin

azimuthal angles. The SIDIS asymmetries were first observed by SMC [7], HERMES [8, 9]

and CLAS [10, 11]. Further studies were performed both with transversely polarized tar-

gets by HERMES (proton) [12], COMPASS (deuteron, proton) [13, 14, 15] and Jefferson

Lab Hall A (3He) [16, 17], and with longitudinally polarized targets by HERMES (proton,

deuteron) [18, 19], COMPASS (deuteron) [20] and CLAS (proton) [21]. Nevertheless, with

the precision of the current world data, our knowledge of the TMDs is still limited. Further

high statistics measurements are needed to fully understand them.

The main goal of this proposal is to provided experimental information on the neutron

TMD distributions, h⊥1L, g1T and g1L, through the measurement of the SIDIS azimuthal

asymmetries on a polarized 3He target with a high statistical precision and a large kinematic

coverage, which is complementary to the approved Hall A [22] and CLAS [23, 24, 25, 26, 27]

TMD programs.

1.1. SIDIS Cross Section and Factorization

All eight leading-twist TMD distributions can be accessed in SIDIS. Assuming single

photon exchange, the SIDIS cross section can be expressed in a model-independent way by

a set of 18 Structure Functions (SF) [29] (full cross section in Appendix A). Each structure

function is related to a characteristic set of a beam-target-spin combination and an azimuthal

angular modulation. The following two combinations of beam-target polarization are related

to the physics interests of this proposal:

• In case of an unpolarized beam, longitudinally polarized target and large azimuthal

11
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Figure 1: The Trento Conventions: Definition of azimuthal angles for SIDIS in the target rest

frame [28]. Ph⊥ and S⊥ are the components of Ph and S transverse to the photon momentum.

angular coverage, the related cross section can be expressed as

dσ = dσUU + dσUL (1)

∝ FUU,T + εFUU,L + S‖

(
ε sin(2φh)F

sin 2φh

UL +
√

2ε(1− ε) sinφhF
sin φh

UL

)
• In case of a polarized beam, polarized target and large azimuthal angular coverage,

the related cross section can be expressed as

dσ = dσUU + dσLL + dσLT (2)

∝ FUU,T + εFUU,L

+λeS‖

(√
1− ε2FLL +

√
2 ε(1− ε) cosφh F

cos φh

LL

)
+λe |S⊥|

(√
1− ε2 cos(φh − φS)F

cos(φh−φS)
LT

+
√

2 ε(1− ε) cosφS F
cos φS

LT +
√

2 ε(1− ε) cos(2φh − φS)F
cos(2φh−φS)
LT

)
,

where S‖ and S⊥ are longitudinal and transverse component of target spin vector, S, relative

to the virtual photon direction [30], respectively. The sign convention for the longitudinal

spin component is such that the target spin is parallel to the virtual photon momentum

for S‖ = −1. The helicity of the lepton beam is denoted by λe. φh and φS are the hadron

and spin azimuthal angles, respectively as defined in Figure (1) following the Trento Con-

ventions [28]. ε is the ratio of the longitudinal and transverse photon flux, which could

12



be approximated as a function of y [29]. The unpolarized structure functions, F cos φh

UU and

F cos 2φh

UU , whose contribution will be suppressed in a spin/helicity asymmetry measurement

with spin/helicity flips and a large φh coverage [105], are not listed.

At small hadron transverse momentum, Ph⊥ (defined respect to the direction of virtual

photon), the structure functions are factorized as convolutions of TMD parton distribution

functions (PDFs) and fragmentation functions (FFs) [29]:

FUU,T = [f1 ⊗D1] (3)

F sin 2φh

UL =

[
−2(ĥ · kT )(ĥ · pT )− kT · pT

MMh

h⊥1L ⊗H⊥
1

]
(4)

FLL = [g1L ⊗D1] (5)

F
cos(φh−φS)
LT =

[
ĥ · pT

M
g1T ⊗D1

]
, (6)

FUU,L = 0 (7)

F cos φh

LL , F cos φS

LT , F
cos(2φh−φS)
LT ∝ M

Q
(Higher twist), (8)

where ĥ ≡ Ph⊥/|Ph⊥|, kT ≡ −KT/z. KT is the transverse momentum of the leading

hadron, h, with respect to the direction of the fragmenting quark. M and Mh are the mass

of the nucleon and the leading hadron, respectively. The convolution notation
[
wf ⊗ D

]
is

defined in Equation (A12).

1.2. Asymmetry observables

Polarized structure functions can be extracted through asymmetries, which are related

to the ratios of those structure functions to FUU,T . The asymmetries are defined so that the

leading twist cross section of Equation (1) and (2) can be expressed as

dσUU + dσUL ∝ 1 + S‖ sin(2φh)A
sin 2φh

UL

= 1− |S| cos θS sin(2φh)A
sin 2φh

UL (9)

dσUU + dσLL + dσLT ∝ 1 + λe(S‖ALL + |S⊥| cos(φh − φS)A
cos(φh−φS)
LT )

= 1 + λe |S| (− cos θSALL + sin θS cos(φh − φS)A
cos(φh−φS)
LT ), (10)

13



where θS is the polar angle of the target spin vector, S, relative to the direction of the virtual

photon momentum transfer. And,

Asin 2φh

UL ≡ ε
F sin 2φh

UL

FUU,T

∝ h⊥1L ⊗H⊥
1 (11)

A
cos(φh−φS)
LT ≡

√
1− ε2

F
cos(φh−φS)
LT

FUU,T

∝ g1T ⊗D1 (12)

ALL ≡
√

1− ε2
FLL

FUU,T

∝ g1L ⊗D1. (13)

Experimentally, Asin 2φh

UL can be measured through single beam spin asymmetry with a sin 2φh

modulation; Acos(φh−φS)
LT and ALL can be measured through beam-target double spin asym-

metries with angular modulations of cos(φh − φS) and 1, respectively. A detector with 2π

azimuthal angular coverage in the lab frame gains further advantage in reducing systematic

uncertainties coming from angular separations.

1.3. Overview of the Proposed Measurement

We propose a measurement of the Asin 2φh

UL and ALL asymmetries in semi-inclusive electro-

production of charged pions for 35 PAC days, using the upgraded CEBAF electron beam, the

Hall A polarized 3He target as an effective polarized neutron target, and the newly approved

SoLID spectrometer. The hardware setup is similar to that of experiment E12-10-006 [22],

which measures SIDIS single target spin asymmetries with a transversely polarized 3He tar-

get to study TMD PDFs of h1, f⊥1T and h⊥1T . In addition to the setup of E12-10-006, this

measurement will use a longitudinally polarized target and a polarized beam. We also request

a high beam polarization for experiment E12-10-006 to measure the Acos(φh−φS)
LT asymmetry.

Asin 2φh

UL and A
cos(φh−φS)
LT are related to two “worm-gear” TMD PDFs of the nucleon, h⊥1L

and g1T , which involve an interference between different quark orbital angular momentum

states, as explicitly shown in several models [3, 4, 5, 6]. In addition, ALL will constrain the

flavor decomposition of quark helicity distributions of nucleons, g1L, and provide information

on their transverse momentum dependence.

All asymmetries will be measured with high precision and large kinematic coverages in

a 4-D phase space of x, z, Ph⊥ and Q2. The dedicated E12-10-006 data on unpolarized

hydrogen and deuterium targets will be used to study the naive x-z factorization for both

experiments. Systematics uncertainties are improved by the fast target spin flip. The SoLID

14



spectrometer provides a full coverage on the spin azimuthal angle, a large coverage in the

hadron azimuthal angle, which are essential in further reducing systematic uncertainties for

the extraction of different angular modulation terms. Symmetric acceptance for π± also

reduce the uncertainties of combining π± asymmetries for a flavor separation.

2. PHYSICS MOTIVATION

2.1. “Worm-gear” functions, g1T and h⊥1L

The main physics goal of this proposal is to provide direct experimental information for

both “worm-gear” functions, g1T and h⊥1L. They can be accessed through the double spin

asymmetries Acos(φh−φS)
LT with a transversely polarized target and the beam single spin asym-

metries, Asin 2φh

UL , with a longitudinally polarized target, respectively. The physics related

to “worm-gear” functions, their measurement and their current experimental status will be

discussed in this section.

2.1.1. “Worm-gear” functions and their relation to quark orbital motion

g1T and h⊥1L are twist-2 TMD PDFs related to the transverse motion of quark, nucleon

spin and quark spin. Both of them appear at the leading-twist (twist-2) decomposition of

the quark correlation functions [29, 31, 32]. More specifically, g1T describes the distribution

of a longitudinally polarized quark inside a transversely polarized nucleon. On the other

hand, h⊥1L describes the distribution of a transversely polarized quark inside a longitudinally

polarized nucleon. They depend not only on the longitudinal momentum fraction, x, but

also on the transverse momentum, pT . Since both functions link two perpendicular spin

directions of nucleons and quarks, they are also known as “worm-gear” functions [33].

The spin-dependent distributions in transverse-momentum space have an analogy in

terms of spin-dependent distributions in impact parameter space, described by GPDs. This

correspondence hold for 6 of the leading-twist TMD PDFs, but not for the two “worm-gear”

TMD PDFs because of time-reversal symmetry [34, 35, 36]. Therefore, the “worm-gear”

functions can not be generated dynamically from coordinate space densities by final-state

interactions. Their appearance may be seen as a genuine sign of intrinsic transverse motion

of quarks [37].
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Figure 2: Flavorless g
(1)
1T and h

⊥(1)
1L functions (solid curves) and its component contributed from

an interference between (L = 0, L = 1) (dashed curves) and an interference between (L = 1,

L = 2) (dotted curves) as obtained from a light cone constituent quark model [6]. They are the

integral of g1T (x, pT ) and h⊥1L(x, pT ) over pT with a weight factor of p2
T /2M2 (Equation. (A14)).

The distribution functions of definite flavors follow from multiplying by factors of 4/3 for u quarks

and −1/3 for d quarks in the proton.

Both g1T and h⊥1L are related to quark orbital motion inside nucleons. They represent the

real part of an interference between nucleon wave functions that differ by one unit of orbital

angular momentum, while the imaginary parts are related to the better known f⊥1T (Sivers

functions) and h⊥1 (Boer-Mulders functions) [3, 38]. Model studies show that g1T and h⊥1L

are mainly coming from the interference between L = 0 and L = 1 states [5, 6, 39], but may

also contain a small contribution from an interference between L = 1 and L = 2 states [6].

The later part is smaller than 20% over the whole x range as shown in Figure 2.

2.1.2. Lattice QCD calculations

Recent work explores TMD PDFs for the first time using lattice QCD [37, 40], so far mak-

ing use of a simplified definition of TMD PDFs with straight gauge links. The “worm-gear”

functions were the first spin-polarized TMD PDFs addressed with this method. They give

rise to a dipole deformation of the density of quarks in the transverse momentum plane,

clearly visible in Figure 4, where we show x-integrated densities obtained from lattice QCD

at mπ ≈ 500MeV. The size of the dipole deformation can be characterized by an average

transverse momentum shift:
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Figure 3: x-integrated quark density in the transverse momentum space, calculated using lattice

QCD [37] at mπ≈500MeV. (a)\(b): a longitudinally (+z direction) polarized quark u\d density for

a proton polarized in +x direction, which is related to the lowest x-moment of g1T . (c)\(d): trans-

versely (+x direction) polarized quark u\d density for a longitudinally (+z direction) polarized

nucleon, which is related to the lowest x-moment of h⊥1L.

• In a transversely polarized nucleon for a longitudinally polarized quark (TL), the shift

is

〈px〉qTL =
M

nq

� 1

0

dx
(
g

q(1)
1T (x)− ḡ

q(1)
1T (x)

)
(14)

where nu = 2 and nd = 1 denote the number of valence quarks in the proton, and

where ḡq
1T is the anti-quark TMD PDF corresponding to gq

1T . Based on a Gaussian

parametrization of the transverse momentum dependence, the lattice study [40] finds

〈px〉uTL = 69.7± 4.5 MeV and 〈px〉dTL = −30.9± 5.1 MeV.

• In a longitudinally polarized nucleon for a transversely polarized quark (LT ), the shift

is

〈px〉qLT =
M

nq

� 1

0

dx
(
h
⊥q(1)
1L (x)− h̄

⊥q(1)
1L (x)

)
(15)

The lattice calculation yields 〈px〉uLT = −59.1±3.8 MeV and 〈px〉dLT = 18.3±4.1 MeV.

One finds that the u-quark has a larger shift than d-quarks with inverse sign. Also g1T ≈

−h⊥1L. Both of the observations support corresponding results from quark models[5, 6, 41,

42, 43, 44].
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Model extractions of both
� 1

0
dx g

(1)
1T (x) and

� 1

0
dx h

⊥(1)
1L (x) can be significantly constrained

by this proposed measurement, taking advantage of the high statistical precision and the

large kinematic coverage.

2.1.3. Model Predictions

Both g1T and h⊥1L have been estimated by many quark models [5, 41, 42, 44]. Common

features of these estimations suggest that gu
1T is positive, gd

1T is negative, and the peak

amplitude of gu
1T is predicted to be larger than gd

1T . g1T and h⊥1L reach their maximum value

in the valence quark region at a level of a few percent relative to the unpolarized distribution

f q
1 .

a. Relations between g1T and h⊥1L

If cylindrical symmetry around the y direction is preserved, a simple relation between

two “worm-gear” functions can be concluded [35, 36], namely

gq
1T = −h⊥q

1L . (16)

This relation is supported by many quark models without gluons, including a quark-model

framework provided by the Bag Model [44], a Light-Cone Constituent Quark Model [5, 6], a

Chiral Quark Soliton Model [36], a Spectator Model [41] and a Covariant Parton Model [43].

As discussed in Section 2.1.2, this relation is also supported by a Lattice QCD calculation to

the current precisions. However, the relation does not hold in the Diquark Spectator Model

discussed in Reference [39], in the quark-target model [45] and in general in QCD.

With this experiment, g1T and h⊥1L will be probed at identical kinematics with high

statistical precision. A breaking of this relation would suggest the importance of quark-quark

correlations and gluon contributions.

b. Predictions using the Wandzura and Wilczek (WW) Approximation + Lorentz In-

variance Relations (LIRs)

One can establish, among others, the following two so-called Lorentz Invariance Relations

(LIRs) [31] between pT weighted “worm-gear” functions (Equation. (A14)) and pT integrated

twist-3 “collinear” PDFs (which, however, are not valid in general [46] and in QCD satisfied
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Figure 4: WW-type prediction of g
q(1)
1T [42, 51, 52] (Left) and h

⊥q(1)
1L [50] (right) as function of x.

Notice that g
q(1)
1T are plotted normalized to unpolarized PDF f1(x); h

⊥q(1)
1L are plotted normalized

to PDF h1(transversity).

only in an approximation which is analog to the Wandzura-Wilczek approximation [47, 48])

gq
T (x) = gq

1(x) +
d

dx
g

q(1)
1T (x) (17)

ha
L (x) = hq

1(x)−
d

dx
h
⊥q(1)
1L (x). (18)

Then, using the Wandzura and Wilczek (WW) approximation [47, 49, 50]

gq
T (x)

WW≈
1�

x

dy

y
gq
1(y) (19)

ha
L (x)

WW≈ 2x

1�

x

dy

y2
hq

1(y) (20)

the “worm-gear” functions can be related to better understood collinear PDFs, g1 and h1:

g
q(1)
1T (x)

WW−type

≈ x

1�

x

dy

y
gq
1(y) (21)

h
⊥q(1)
1L (x)

WW−type

≈ −x2

1�

x

dy

y2
hq

1(y). (22)

With Equations (21) and (22) [106], numerical evaluations have been performed based on

experimental data of g1 [42, 51, 52] and model predictions of h1 [50, 53, 54]. The predictions

are shown in Figure 4.
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A precise extraction of g1T and h⊥1L and comparison to these calculation are highly desired,

which can verify the following approximations and relations experimentally:

• WW approximation and LIRs are based on assumptions that the twist-3 “interaction

dependent” terms due to quark-gluon-quark correlations and current quark mass terms

are small [47, 50]. However, it was estimated that the violation on WW can be as large

as 15 ∼ 40% [55]. This measurement is designed to provide experimental information

to test this approximation.

• The calculation of h1 can be tested through comparison with h⊥1L indirectly.

c. More models predictions

Following models and reference papers also provided numerical evaluation of gq
1T and/or

h⊥q
1L , which show similar order of magnitude as that of Figure 4:

• Diquark spectator models [4, 41, 56]

• a Light-Cone Constituent Quark Model [5, 6], also shown on Figure 2

• a covariant parton model framework with intrinsic orbital motion [43]

• a quark-model framework provided by the Bag Model [44]

2.1.4. Probing h⊥1L and g1T through SIDIS Asymmetries

h⊥1L and g1T leads to a dependence of the SIDIS cross-section on the hadron and/or target

spin azimuthal angles. The dependency can be experimentally measured by the single target

spin asymmetry, Asin 2φh

UL , and the beam-target double spin asymmetry, Acos(φh−φS)
LT . They

were defined in Equation (11) and (12). By substituting the structure functions defined in

Equations (3) to (6), the asymmetries can be expressed without any ambiguity as

A
cos(φh−φS)
LT =

√
1− ε2

»
ĥ·pT

M
g1T⊗D1

–
/[f1⊗D1] (23)

Asin 2φh

UL = ε
»
− 2(ĥ·kT )(ĥ·pT )−kT ·pT

MMh
h⊥1L⊗H⊥

1

–
/[f1⊗D1], (24)

where the asymmetries are functions of (x, y, z, Ph⊥, Q
2). The y dependency is trivial, which

is only related to depolarization factor
√

1− ε2 and ε. If unfavored fragmentation and sea
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quark contribution is ignored, π+(−) asymmetries are directly proportional to the corre-

sponding u(d) TMD distributions.

The Ph⊥ weighted asymmetries can be defined [39, 42, 51] as

A
|Ph⊥| cos(φh−φS)
LT ≡

√
1− ε2

�
d2Ph⊥

|Ph⊥|
zM

F
cos(φh−φS)
LT�

d2Ph⊥FUU,T

(25)

A
P 2

h⊥ sin 2φh

UL ≡ ε

�
d2Ph⊥

P 2
h⊥

4z2MMh
F sin 2φh

UL�
d2Ph⊥FUU,T

. (26)

Then a simpler relation with weighted g
(1)
1T and h

⊥(1)
1L (Equation A14) can be expressed [39,

42, 51] as

A
|Ph⊥| cos(φh−φS)
LT = 2

√
1− ε2

∑
q e

2
qg

q(1)
1T (x)Dq

1(z)∑
q e

2
qf

q
1 (x)Dq

1(z)
(27)

A
P 2

h⊥ sin 2φh

UL
TMD= 2ε

∑
q e

2
qh

⊥q(1)
1L (x)H

⊥q(1)
1 (z)∑

q e
2
qf

q
1 (x)Dq

1(z)
. (28)

In Equation (28), TMD factorization of Equation (4) has been assumed to hold even though

A
P 2

h⊥ sin 2φh

UL emphasizes high Ph⊥ region due to its weight of P 2
h⊥ (detailed discussion in [57]).

Therefore, by ignoring sea quark contributions, u and d quark TMD distribution functions

(gq(1)
1T (x), h⊥q(1)

1L (x)) can be directly extracted with asymmetries of both π± (in addition to

the inputs of f q
1 (x) and fragmentation functions).

• For measurements with a infinite Ph⊥ coverage, this weighted asymmetry could be

directly extracted from data:

A
|Ph⊥| cos(φh−φS)
LT =

〈
|Ph⊥|
zM

cos(φh − φS)
〉

LT

〈cos2(φh − φS)〉UU

(29)

A
P 2

h⊥ sin 2φh

UL =

〈
P 2

h⊥
4z2MMh

sin 2φh

〉
UL〈

(sin 2φh)
2〉

UU

. (30)

• For measurements with a finite Ph⊥ coverage, the transverse momentum dependency

of TMD PDFs and FFs will became indispensable ingredient in interpreting measured

asymmetries. Under an assumption of Gaussian like transverse momentum depen-

dence, a similar relation as Equation (27) can be established between g1T (x) and

A
cos(φh−φS)
LT , as well as between h⊥1L(x) and Asin 2φh

UL [42, 51, 52]. A measurement with

a large coverage over Ph⊥ will also help to test and to characterize this Gaussian

dependency.
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deuteron target and muon beam [58]
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LT on a po-

larized 3He target separated into 4 x-bins. Neutron results will be generally scaled up by a proton

dilution factor of ~5 (for π+) or ~4 (for π−) [16].

a. Experimental Status

There were no experimental data on A
cos(φh−φS)
LT and Asin 2φh

UL until recent years. Over

the last decade, measurements have been made by the COMPASS collaboration [20, 58],

the HERMES collaboration [9], the Jefferson Lab CLAS collaboration [59] and the Hall A

Neutron Transversity Collaboration [16].

The COMPASS collaboration [58] carried out the first measurement of Acos(φh−φS)
LT with

a polarized muon beam on a polarized deuteron target. The results, which emphasized on

the small x region (Figure 5) showed that deuteron A
cos(φh−φS)
LT is not significant compared

to the experimental uncertainty. A new measurement has been performed by the JLab
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(triangle) collaboration with systematics shown in the lower bands. Noticeably, the CLAS data

show an non-zero asymmetries for both π± channels. The yellow band is a prediction by [50, 60]

using the chiral quark-soliton model and a relation of the Wandzura–Wilczek type.

Neutron Transversity collaboration using a fast-spin-flipping electron beam (30Hz) and a

transversely polarized 3He target (flipped spin every 20 minute) [16]. A non-zero asymmetry

was suggested by the preliminary 3He ALT (π−) results (Figure 6). However, the kinematic

coverage and statistics are limited. A significant portion of the systematic uncertainty comes

from the lack of information on ALL, which appears as a contamination term in the ALT

measurement. The measurement of this proposal will benefit from both the fast beam-target

spin flip to improve systematics and the larger angular coverage for minimal correlations on

the modulations. Besides ALT will be cleanly separated from ALL with the proposed data

with longitudinal-polarized 3He target.

The Asin 2φh

UL asymmetry was first measured by the HERMES collaboration [9] on a po-

larized proton target. Deuteron data were also published in 2003 [18]. Recently, Asin 2φh

UL

measurements were also published by COMPASS on a polarized deuteron target [20] and

the JLab CLAS collaboration on a polarized proton target [59]. Sizable asymmetries were

observed on the proton by the CLAS data (Figure 7) while the measured asymmetries for

the deuteron remains small as on Figure 8. These data suggest a non-zero Asin 2φh

UL in the

neutron case.

The assumption that gu
1T and h⊥u

1L share opposite signs (as discussed in Section 2.1.3 -a)

was favored by current data under naive assumptions (the Asin 2φh

UL asymmetry for the π+

production on a polarized proton target, as Figure 7, and the Acos(φh−φS)
LT asymmetry for the
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calculations by H. Avakian et al. [50] for positive (solid line) and negative (dashed line) hadrons

at the HERMES kinematics.

π− production on a polarized 3He target, as Figure 6, represent the “worm-gear” functions

of h⊥u
1L and gu

1T , respectively).

New experiments, JLab E12-07-107 [24] and E12-09-009 [27], have been approved for

measurement of Asin 2φh

UL for both pion and Kaon channels using the upgraded JLab 11 GeV

polarized electron beam and the CLAS12 detector with a longitudinally polarized proton

and deuteron target.

In this proposal, high precision measurements with a polarized 3He target will be a

complementary study to provide unique information to the “worm-gear” functions of the

neutron and constrain u-d quark flavor separations.

b. Theory Parametrization

The Asin 2φh

UL and Acos(φh−φS)
LT asymmetries were calculated by many models. Ph⊥ integrated

asymmetries were evaluated for the kinematics of this proposal by Barbara Pasquini, et.

al. [5, 6] (Figure 9), Alexei Prokudin, et. al. [42, 51, 52] and Bo-Qiang Ma, et. al. [61, 62].

These predictions are quoted on the data projections plots in Section 4.2 and Appendix B.

The common features suggest that the asymmetries are at a level of a few percent; in most

cases, π± asymmetry have opposite signs. In addition, Asin 2φh

UL and Acos(φh−φS)
LT carry opposite

signs due to the underlying assumed TMD relation, gq
1T = −h⊥q

1L .
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Figure 9: A prediction of Asin 2φh
UL (left) and A

cos(φh−φS)
LT (right) asymmetries based on a light-cone

constituent quark model (LC-CQM) by Barbara Pasquini, et. al [5, 6]. The predicted asymmetries

were integrated over Ph⊥ and evaluated with kinematics of this proposal and fixed Q2 = 2.5GeV2

and z = 0.5. The “depolarization factor”, ε (for Asin 2φh
UL ) and

√
1− ε2 (for A

cos(φh−φS)
LT ), as in

Equations (11) and (12) was not included in this calculation.

2.2. Helicity distributions, g1L, with transverse momentum dependence

With a longitudinally polarized target and a polarized beam, the double spin asymmetry

ALL can be measured in parallel with AUL. The 3He ALL is related to TMD helicity distri-

bution in the neutron and is especially sensitive to the d quark with transverse momentum

dependency.

2.2.1. SIDIS Study of Helicity Distribution

Quark helicity distributions, as described by spin dependent (or polarized) PDFs, carry

important information of the longitudinal spin structure of nucleons. The most precise and
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clearly interpreted data are from inclusive DIS experiments at CERN, SLAC, HERMES

and Jefferson Lab. However, they are also limited by lacking the power of full quark flavor

decomposition. Quark flavor “tagging” is significantly improved by the SIDIS process by

detecting a leading hadron in fragmentation process, as well as in the hadron-hadron scatter-

ings [1]. The existing data included HERMES (proton, deuteron, 3He) [18, 19], COMPASS

(deuteron) [20] and CLAS (proton) [21]. Global next-to-leading-order analysis has been

performed on these data by [63, 64, 65, 66].

This proposed experiment will provide high precision data on the neutron ALL asymmetry.

Once included in the global analysis, this results will dramatically improve the precision of

the polarized PDF of ∆d.

As an illustration of the importance of this data, a leading order extraction method is

discussed in this section.

a. Christova-Leader method for Flavor Separation

A global analysis of ∆q can be performed with ALL from multiple targets and hadrons

tagged in SIDIS, as demonstrated in leading order favor decomposition with HERMES

“purity method” [67]. Christova and Leader suggested a new method [68, 69, 70] by forming

Ah
1 , in the sum or difference of π± cross sections. For 3He,

Aπ+±π−

1 (3−→He) =
1√

1− ε2

(Nπ+

↑↓ −Nπ+

↑↑ )± (Nπ−

↑↓ −Nπ−

↑↑ )

(Nπ+

↑↓ +Nπ+

↑↑ )± (Nπ−
↑↓ +Nπ−

↑↑ )
. (31)

• The Aπ+−π−

1 asymmetries are directly related to valence quark distributions at leading

order if proton polarization is ignored,

Aπ+−π−

1 (3−→He) LO≈ 4∆dv −∆uv

7fuV
+ 2fdv

(32)

In addition, this asymmetry also carries the following advantages

– Simpler next-to-leading-order analysis due to cancellation effect on gluon terms

with σ(π+)− σ(π−)

– Contributions of diffractive ρ also cancels out in the subtraction

By combining proton and deuteron data from CLAS [24] measurements, this exper-

iment will improve the precision of the valence quark polarized PDF, especially on

∆dv.
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Figure 10: CLAS [59] measurement of the proton double spin asymmetry A1 (ALL/
√

1− ε2 as in

this document) as a function of transverse momentum PT = Ph⊥, integrated over all kinematic

variables. The open band corresponds to the systematic uncertainties. The dashed, dotted and

dash-dotted curves are calculations for different ratios of transverse momentum widths for g1L and

f1 (ratios=0.40, 0.68, 1.0) and a fixed width for f1 (0.25 GeV2) [73].

• The Aπ++π−

1 asymmetries on neutron can be further used to cross-check x − z fac-

torization when compared with existing and upcoming 12 GeV high precision A1(
−→n )

data [71, 72] with the assumption that the s quark contribution can be ignored

Aπ++π−

1 (−→n ) LO= A1(
−→n ) (33)

This check will be performed over large ranges of z, Q2 and Ph⊥.

Besides high precision and large coverage, by detecting both π± simultaneously with nearly

identical acceptance, this experiment will further suppress systematic uncertainties for the

analysis with the Christova-Leader method. (Nπ+

↑↓ +Nπ+

↑↑ ) is about 50% larger than (Nπ−

↑↓ +

Nπ−

↑↑ ) in our kinematics, which ensures enough sensitivity of this analysis by preventing

Equation (31) from diverging.

2.2.2. pT Dependence of Helicity TMD Distributions

As shown in Figure 10, there are data [59] and models [52, 73] suggesting a Ph⊥ depen-

dence on ALL. A possible interpretation of the Ph⊥-dependence of the double-spin asymme-

try may involve different widths of the transverse momentum distributions of quarks with
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different flavor and polarizations [73] resulting from different orbital motion of quarks polar-

ized in the direction of the nucleon spin [74]. Clear correlations between quark helicity and

transverse momentum are present in model calculations [39, 44] and lattice QCD studies [40].

This experiment will provide clean Ph⊥-dependency by the significantly improved statis-

tics and a broad z,Q2, x coverage.

2.3. By-products of the Proposed Measurement

This proposed experiment also provides data for exploring other physics topics, including,

• Single arm electron double spin asymmetry, A1, which is related to quark helicity

distribution.

• When combined with E12-10-006 [22] data, this experiment will provide checks of more

TMD relations of

– g1L − h1
?
=

k2
⊥

2M2h
⊥
1T

– Df1 + g1L
?
= 2h1

– 2h1h
⊥
1T

?
= − (g1L)2.

• By combining data of this experiment and E12-10-006, all 13 structure functions requir-

ing a target polarization for the neutron can be disentangled. In particular, for F sin φh

UL

and F cos φh

LL , their physics motivation are discussed in references [18, 29, 31, 54, 73, 75].

3. PROPOSED MEASUREMENT

3.1. Experiment Setup

3.1.1. Overview

This new experiment will use the identical setup as that of experiment E12-10-006 [22],

which consists of a superconducting solenoid magnet, a detector system of forward-angle de-

tectors and large-angle detectors, and a high-pressure polarized 3He target, located upstream

of the magnet. In addition, high beam polarization will be requested for both experiments.

The experimental layout is shown in Figure 11.
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Figure 11: The experimental layout of the SoLID spectrometer based on the option of using the

CDF magnet.

The acceptance is divided into large-angle and forward-angle regions. The forward angle

detectors cover the polar angle from 6.6 to 12 degrees while the large angle side covers 13 to

22 degrees. Six layers of Gas Electron Multiplier (GEM) detectors will be placed inside the

coils as tracking detectors for both regions. A combination of an electromagnetic calorimeter

(C), gas Čerenkov counters, a layer of Multi-gap Resistive Plate Chamber (MRPC) and a

thin layer of scintillator will be used for particle identification in the forward-angle region.

As only electrons are designed to be clearly identified in the large-angle region, a “shashlyk”-

type [76, 77] electromagnetic calorimeter (LC) will be sufficient to provide the pion rejection.

The simulation of the experiment was done with GEANT 3, details can be found in

Appendix IV of proposal E12-10-006 [22]
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3.1.2. CEBAF Polarized Beam

We plan to use a 15 µA beam with both 8.8 GeV and 11 GeV beam energies. A polariza-

tion of 85% is requested by this proposal. This polarization has been achieved by many JLab

experiments. The beam polarization will be measured with the Hall A Møller and Comp-

ton polarimeters. In addition, the stability of the beam polarization will be continuously

monitored by the Compton polarimeter.

3.1.3. Polarized 3He Target

The polarized 3He target is based on the technique of spin-exchange optical pumping of

hybrid Rb-K alkali atoms. Such a target was used successfully in the recently completed

SSA experiment [78] with a 6-GeV electron beam at JLab, achieving an in-beam polarization

of 60-65%. The upstream endcap plate will keep the magnetic field and its gradients under

control in the target region. In this design, the absolute magnetic field strength in the

target region is about a few Gauss with field gradients < 50 mG/cm. Correction coils

around the target will further reduce field gradients to the desired level of ∼ 30 mG/cm.

Modification of the E12-10-006 target system are needed to polarize the 3He target in the

longitudinal direction. Such a target system, supporting both longitudinal and transverse

target directions was successfully used in a series of polarized 3He experiments in Hall A,

ran from 2008 to 2009 [78, 79, 80, 81].

3.1.4. Tracking

A total of six layers of GEM tracking detectors will be placed inside the magnet to

determine the momentum, angle and vertex of the detected particles. The GEMs are chosen

for their extraordinary performance with high rates, which have been demonstrated during

the COMPASS experiment [82, 83] with a flux of 30 kHz/mm2 which is much higher than

the estimated rates in our configuration. As two of the middle layers of GEMs cover both

regions, five layers of GEM detectors will be used for the forward-angle region while four

layers cover the large-angle region.

With the expected GEM resolution of 200 µm, the average momentum resolution, δp/p, is

about 1.2%, the polar angle resolution is around 0.3 mr, and the azimuthal angular resolution
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is around 6 mr. The average vertex resolution is about 0.8 cm over the entire momentum

range.

3.1.5. Electron Identification

Two sets of electromagnetic calorimeters will be used to identify electrons in the forward

and large-angle regions by measuring the energy deposition in the calorimeter through an

electromagnetic shower. A radiation resistant “shashlyk”-type calorimeter can be used inside

the magnetic field. With a pre-shower/shower splitting, a pion rejection factor of 200:1 can

be achieved at E > 3.5 GeV and over 100:1 at E > 1.0 GeV.

To further improve the electron identification in the forward-angle region, two gas

Čerenkov detectors will be used. Filled with CO2 at 1 atmospheric pressure (n=1.00045),

the light gas Čerenkov has a pion momentum threshold of 4.7 GeV/c. The 2-meter long

setup is expected to produce about 17 photoelectrons for high energy electrons. As the

overall background is estimated to be 40 MHz in such a detector, with 30 sectors and a

20-ns coincidence window, a 40:1 pion rejection can be achieved on-line, and the off-line

pion rejection can be expected to be better than 80:1.

The 80-cm long heavy gas Čerenkov detector filled with C4F10 at 1.5 atmospheric pressure

(n = 1.0021) will provide additional suppression for pions with momentum up to 2.2 GeV/c.

With 60 MHz background and about 25 photoelectrons for electrons in the detector, the

pion rejection is expected to be better than 50:1.

The E06-010 (6 GeV transversity) [78] analysis shows that by requiring coinci-

dence between pions and electrons in the DIS region, the pion contamination can

be further reduced by about a factor of 5. Assuming a similar suppression fac-

tor in the kinematics of this experiment, the pion contamination will be less than

1.5(π/e ratio)/200(Calorimeter)/5(Coincidence)∼0.15% level. At forward angle, the

pion contamination will be less than 100(π/e ratio)/100(Calorimeter)/80(light gas

Čerenkov)/5(Coincidence)∼ 0.25% level.

31



3.1.6. Pion Identification

For the forward-angle region, the identification of π± with momentum between 0.9 to

7.0 GeV/c will be one of the major goals of the SIDIS experiment. The CO2 gas Čerenkov

and heavy gas Čerenkov detectors will separate pion from heavier hadrons with momentum

range of 4.7 − 16 GeV/c and 2.2 − 7.6 GeV/c, respectively. The background rejections are

about 80:1 and 50:1 from the two detectors.

In order to identify low-momentum pions, a multi-resistive plate chamber (MRPC) detec-

tor will be inserted after the two Čherenkov detectors and before the forward-angle calorime-

ter. The MPRC has a typical timing resolution better than 80 ps and is not sensitive to

a magnetic field. Furthermore, according to the study [84], the MRPC can work with a

background rate of up to 0.28 kHz/mm2 while the expected rate is less than 0.1 kHz/mm2

for this proposal. With a total path length of 9 meters from the target to the MRPC plane

and a conservative resolution of 100 ps, charged pions can be identified from charged kaons

at a minimum rejection factor of 20:1 for a momentum range up to 2.5 GeV/c.

In conclusion, the overall contamination in the pion event sample will be controlled to

less than 1% to 0.25% from high to low momenta.

3.1.7. Update of the SoLID Collaboration

Since the approval of the SoLID Transversity [22] and the SoLID PVDIS [85] proposals

at PAC 35, efforts have been put both on the technical studies/simulations and on seeking

contributions from international collaborations, in particular, the Chinese collaboration.

The technical progress will be in the update for the SoLID PVDIS proposal (which is

up for grading) and will be presented at this PAC. With the JLab management support,

the SoLID collaboration had several discussions with the Chinese collaboration, including

holding a dedicated workshop in Beĳing to promote the collaboration between the Chinese

groups and JLab. Several Chinese institutions are interested in the collaboration, including

University of Science and Technology of China (USTC), China Institute of Atomic Energy

(CIAE), Huangshan University, Huazhong University of Science and Technology, Peking

University, Lanzhou University, Shandong University and Tsinghua University. The Chinese

collaboration plan to play a major role in the SoLID detector and the associated physics
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program. The main hardware items identified to be worked on by the Chinese collaboration

are the GEM detector and the MRPC. Several groups have already allocated R&D funds

for these items. A major joint grant application, leading by USTC and CIAE groups, to

build the GEM detector for the SoLID is being prepared and going through initial review

process. The aim is to have the majority part of the GEM detector built in China. One of

the main physics programs is the TMD study, including the transversity (E12-10-006 [22])

and the "worm gear" functions as proposed in this proposal.

3.2. Data Coverage and Rate Estimation

3.2.1. Data Coverage

The kinematic coverage of this proposal is identical to that of E12-10-006 [22]. The polar

angle for electrons and pions coverage is from 6.6◦ to 22◦ and 6.6◦ to 12◦, respectively. The

momentum coverages for electrons and pions are from 1.0 GeV/c to 7.0 GeV/c. To ensure

DIS kinematics, we will add cuts for Q2 > 1(GeV/c)2, W > 2.3GeV and W ’ > 1.6GeV

(missing mass) to avoid the resonance region. The final kinematic coverage is x = 0.05 −

0.65, within which Asin 2φh

UL and A
cos(φh−φS)
LT are predicted to reach maximum signals. By

combining the data with two beam energies settings (8.8 and 11 GeV), the Q2 range covers

from 1.0 − 8.0(GeV/c)2; Ph⊥ covers 0 − 1.6GeV/c. We choose to detect the leading pions

with 0.3 < z < 0.7 to favor the current fragmentation. The φh coverage is identical to

that of experiment E12-10-006, which is improved by the large acceptance of the SoLID

spectrometer. The detailed plots in bins are listed in Appendix III of [22] with more plots in

reference [86]. We used a GEANT3 based simulation (appendix IV of [22]), developed by the

E12-10-006 collaboration to study the correlation between phase spaces for data projections.

The detailed 4-D coverage can be seen in Figures 21 and 22, as well as projection plots of

Figures 15 to 20.

3.2.2. Rate Estimation

The expected rates are also identical to that of experiment E12-10-006. We have assumed

a beam current of 15 µA, a target length of 40 cm with 10 amagats of 3He gas, target

polarization of 60% with a spin flip every 10 minutes. A GEANT3 based simulation (the
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details are discussed in appendix IV of [22]) was developed by the E12-10-006 collaboration,

which was used to estimate the rate at this setup. The details of material and calculated

magnetic field was included in the model. A collimator has been added into the design to

shield high energy electrons and photons, which are generated from the target wall in the

forward-angle detector. The detector background and the momentum cut-off was studied.

The overall detection efficiency is assumed to be 85% which includes the detection efficiency,

computer dead time and electronic dead time. The total coincidence rates are 1.7 kHz (π+)

and 1.1 kHz (π−) with the 11 GeV beam, 0.93 kHz (π+) and 0.63 kHz (π−) with the 8.8 GeV

beam. A complete list of rates is included in Section 10 of [22].

3.3. Data Analysis Strategies

Data will be analyzed with the following procedures:

1. Data from both beam energies will be combined and binned with 6 bins in Q2 and 8

bins in z. For each Q2 and z bin, data will be further separated into Ph⊥ bins (every

0.2MeV) and x bins depending on the statistics. The total bin number will be more

than 1400.

2. For each bin, the 3He angular modulation asymmetries will be extracted according to

the definitions of Equation (11) to (13). Two methods have been developed by the

6 GeV Neutron Transversity Collaboration to extract angular modulated asymmetries

with target spin flips, charge life time correction and imperfect acceptance. Both of

them can be directly applied to the analysis of this experiment

(a) The Maximum Likelihood Method [87], which directly extract the angular mod-

ulated asymmetries on the (θS, φS, φh) phase space, with the corrections on the

biases from luminosity, DAQ live time and partial acceptance.

(b) The angular binning and fitting method [88], which can be further developed into

a form to further cancel out systematic uncertainties as in [22].

A small contribution of events from N2 gas inside the target cell, which do not carry

any target spin related asymmetries, will dilute the measured asymmetry by about

10%. The dilution correction will be directly related to 3He-N2 relative cross sections,
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which will be precisely measured by dedicated N2 and 3He reference cell runs, a well

established procedure for the polarized 3He programs at Jefferson Lab [88].

3. Extraction of neutron asymmetries: 3He asymmetries are related to that of neutron

through effective nucleon polarization in 3He for DIS

A
3He =

AnP nσn + 2ApP pσp

σn + 2σp
(34)

or

An =
1

fpP n

(
A

3He − (1− fp)ApP p
)

(35)

where the proton dilution factor fp ≡ σn/(σn + 2σp), which is only related to relative

proton-neutron cross sections σp/σn will be precisely measured through H2, D2 and
3He reference cell data. The effective polarizations, based on global analysis of nuclear

models [72, 89, 90, 91, 92], are

P n = 0.86+0.036
−0.02 (36)

P p = −0.028+0.009
−0.004 (37)

The proton asymmetry can be estimated through current and future measurements

of [1, 9, 24, 58, 59]. The uncertainty introduced by this method are discussed in

Section 4.2.

4. RESULTS AND PROJECTIONS

4.1. Beam time and statistical uncertainty estimations

4.1.1. Beam polarization and time

We request 35 days of total beam time to match about 50% statistics of experiment

E12-10-006 [22]. The detailed beam time is shown in Table II. The beam are requested to be

15uA with 85% polarization. When combined with experiment E12-10-006, this experiment

will not require any beam time for calibration data, including reference cell runs and detector

calibrations. We also request beam polarization for E12-10-006 to be 85% to produce high

precision data on A
cos(φh−φS)
LT .
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Time (hour) Time (day)

Production on longitudinally polarized 3He with 11 GeV beam 538 22.5

Production on longitudinally polarized 3He with 8.8 GeV beam 228 9.5

Target Overhead (polarimetry, spin flips, etc.) 60 2.5

Total 826 34.5

Table II: Beam time request for longitudinal target running

4.1.2. Statistical uncertainty estimation

With 35 PAC days of longitudinal data, the statistical precision of Asin 2φh

UL and ALL will

reach the same level of the SSA measurements in E12-10-006 [22]. In addition, Acos(φh−φS)
LT

can be cleanly disentangled from ALL by combining both the transverse and longitudinal

target spin data.

A simulation was performed with 35 PAC days of data with a longitudinal target po-

larization. A maximum likelihood method [87] was used to extract angular modulations

with a combined data set from both this measurement and E12-10-006. Data were binned

into 4-dimensional (x, Ph⊥, z, Q
2) bins. For a typical z and Q2 bin (0.40 < z < 0.45,

2GeV2 < Q2 < 3GeV2, one of the total 48 z-Q2 bins), data projections are shown in Fig-

ures 12, 13 and 14, for Asin 2φh

UL , Acos(φh−φS)
LT and ALL, respectively. The center of each red

point corresponds to the kinematics center of each x and Ph⊥ bin and the error bar corre-

sponds to the statistical uncertainty of the asymmetry for each 4-dimensional (x, Ph⊥, z, Q
2)

bin. The scale of the asymmetries and uncertainties is shown on the right side axis. In ad-

dition, projections of all 48 z and Q2 bins are plotted with the same legend in Appendix B,

Figures 15 to 20. In addition to projections, following curves and data are also plotted:

• The theoretical predictions of Asin 2φh

UL and A
cos(φh−φS)
LT are based on the calculation

of Barbara Pasquini, et. al [5, 6] (blue solid lines, shown separately in Figure 9),

Bo-Qiang Ma, et. al. [61, 62] (black solid and dash curves represent two approaches of

parametrizations) and Alexei Prokudin, et. al. [42, 51, 52] (magenta dash-dot curve).

The predicted asymmetries were integrated over Ph⊥, which represent the average size

of the asymmetries in Ph⊥ bins.

• Preliminary uncertainties of the E06-010 [16] results are also shown with A
cos(φh−φS)
LT

36



projections as a comparison with the current precision of the neutron (3He) measure-

ments.

• A next-to-leading order (NLO) analysis of world data [107] was used to predict Ph⊥

integrated ALL as shown in Figures 14, 19 and 20.

4.2. Systematic Uncertainty Estimation

The systematic uncertainties for the neutron asymmetries are estimated in this section.

4.2.1. Raw Azimuthal Asymmetry

The azimuthal asymmetry observables will be directly reconstructed over angular phase

space with the maximum likelihood method [87]. A simplified expression can be expressed

as

AW
Asym =

< SignAsym · PAsym ·W >

< P 2W 2 >
+O(ALumi,AsymA

W
Accep), (38)

where AW
Asym is azimuthal asymmetry with angular modulation of W (θS, φh, φS). Subscript

Asym stand for target spin asymmetry for AUL and SignAsym = 1; It stands for beam spin

asymmetry for ALL, ALT and SignAsym is the sign of beam helicity (It is also possible to form

target spin asymmetry to extract ALL, ALT as [20, 58]. However systematic uncertainties are

significantly improved for Jefferson Lab experiments by forming the beam spin asymmetries,

taking the advantage of the fast CEBAF helicity flips). P is the product polarizations:

PAsym = PTarget for AUL or PAsym = PBeam · PTarget for ALL and ALT . < X > stand for

the sum over the whole data set of a function X, which is evaluated at each event. The

leading correction term is proportional to the product of two asymmetries, ALumi,AsymA
W
Accep:

ALumi,Asym is the luminosity asymmetry between two spin states of beam or target, which

will be controlled to be small by balancing beam charge in each spin state and a large number

of spin flips; AW
Accep is the acceptance asymmetry with modulation W for a single spin state,

which is an integration of W over the phase space.

Therefore, systematic uncertainties on the azimuthal asymmetry extraction include the

following contributions: angular reconstruction, polarimetry, normalization errors and the

detector efficiency drift.
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Figure 12: Projections of Asin 2φh
UL for coincidence e′π+ channel (upper plot) and e′π− channel

(lower plot) in a single z and Q2 bin (0.40 < z < 0.45, 2GeV2 < Q2 < 3GeV2). The blue curve

is predicted asymmetry with a light-cone constituent quark models, evaluated at Q2 = 2.5GeV2

and z = 0.5 by Barbara Pasquini, et. al [5, 6]; the black curves (solid and dash represent two

approaches of parametrizations) are predicted asymmetries with a light-cone quark-diquark model

with the Melosh-Wigner rotation effect [93, 94] taken into account, calculated by Bo-Qiang Ma,

et. al. [61, 62]; The magenta dash-dot curve is prediction based on the WW-type relations by

Alexei Prokudin, et. al. [42, 51, 52]. All theory predictions are integrated over Ph⊥.
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Figure 13: Projections of A
cos(φh−φS)
LT for coincidence e′π+ channel (upper plot) and e′π− channel

(lower plot) in a single z and Q2 bin (0.40 < z < 0.45, 2GeV2 < Q2 < 3GeV2). The blue curve

was predicted asymmetries with a light-cone constituent quark models, evaluated at Q2 = 2.5GeV2

and z = 0.5 by Barbara Pasquini, et. al [5, 6]; the black curves (solid and dash represent two

approaches of parametrizations) are predicted asymmetries with a light-cone quark-diquark model

with the Melosh-Wigner rotation effect [93, 94] taken into account, calculated by Bo-Qiang Ma,

et. al. [61, 62]; The magenta dash-dot curve is prediction based on the WW-type relations by

Alexei Prokudin, et. al. [42, 51, 52]. All theory predictions are integrated over Ph⊥. The black

data points are preliminary statistical uncertainties of E06-010 data. The (x, y) coordinate of the

E06-010 data are at kinematic center of (x, Ph⊥).
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Figure 14: Projections of ALL, for coincidence e′π+ channel (upper plot) and e′π− channel (lower

plot) in a single z and Q2 bin (0.40 < z < 0.45, 2GeV2 < Q2 < 3GeV2). The blue lines are Ph⊥

integrated ALL prediction at Q2 = 2.0GeV2 and z = 0.425, based on the next-to-leading order

(NLO) parametrization of unpolarized PDF [95], polarized PDF [96] and unpolarized FF [97].

a. Angular Reconstruction Errors

• ALL measurement do not require knowledge of angular modulations

• Uncertainties on the azimuthal angle (φh, φS) reconstructions contribute to angular

modulation measurements of Asin 2φh

UL and A
cos(φh−φS)
LT . There are two category of un-
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certainties:

– Statistical uncertainties due to tracking precision and random background: It

was demonstrated that the statistical fluctuation of φh reconstruction is less than

2◦ as shown on Figure. 16 of [22]. The fluctuation on the φS reconstruction

is better, since it only involve the fluctuations on the electron azimuthal angle

reconstruction at the leading order. Following Equation. (38), the random fluctu-

ation will cancel out at leading order during sum over events. The residue effect

is suppressed by 1/
√
Nevent and become negligible.

– The systematical shifts during angular reconstruction, which include two contri-

butions: optics angular calibration uncertainty of the SoLID spectrometer, which

was estimated around 0.2◦ with sieve calibration, and precision of was target spin

angle, which was also around 0.2◦ based on the precision of the target holding

field measurement. Therefore, the total shift uncertainties on both φh and φS are

around
√

2× 0.2◦ ≈ 0.3◦.

∗ For the angular modulation measurement of cos(φh−φS) for ALT , the φh−φS

coverage is symmetric and complete. The shift contribute to the measure-

ment as 2nd order dilution, which is estimated by [∆ (φh − φS)]2 ∼ 5× 10−5.

It corresponds to the neutron asymmetries to the level of 3× 10−4 (relative).

∗ For angular modulation measurement of sin 2φh for AUL, the shift contribute

at 1st order shift at the worse possible cases of partial φh coverages. For-

tunately, for the final target asymmetry measurement with fast target spin

flips, the systematic uncertainty on angular modulation was canceled out to

the first order and suppressed by the target spin related luminosity asymme-

try. Therefore, the total contribution is on the level of ∆φh × ALumi,Spin ∼

3.5mrad× 10%(max ALumi for a 20 min spin pair)÷
√

2300(# spin flips) ∼

7ppm (absolute).

In conclusion, the systematic uncertainties due to angular reconstruction errors are negligi-

ble.
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b. Polarimetry Errors

The relative uncertainties on polarimetry are 3% for both target [108] and beam polar-

ization, respectively. This gives a 3% (relative) uncertainty to AUL measurements and a 4%

(relative) uncertainty to both ALL and ALT .

c. Normalization Errors

Normalization errors, which are related to luminosity and acceptance, correspond to

correction terms of O(ALumi,AsymA
W
Accep). For this ALL measurement, AW

Accep = A− cos θS
Accep is

suppressed due to the target spin flips; for the Acos(φh−φS)
LT case, Asin θS cos(φh−φS)

Accep is suppressed

due to the double cancellation of the (rotational) symmetric coverage of φS and the target

spin flips. For Asin 2φh

UL , AW
Accep = A− cos θS sin 2φh

Accep is suppressed by (reflectional) symmetric

coverage of φh. There are triple systematics cancellation effects for the A
cos(φh−φS)
LT mea-

surement (double spin flip+symmetric angular coverage); double cancellation for the ALL

measurement (double spin flip); and double cancellation effects for the Asin 2φh

UL measurement

(target spin flip + symmetric coverage of φh ).

d. Detector efficiency drift

• Asin 2φh

UL : the uncertainty due to the time dependent drift of detector efficiency drift is

suppressed by the fast target spin flips. Target spin flips ever 10 min, for total 32 days

of production running, resulting ∼ 2300 spin pairs. With in a 10 min spin state, the

detector efficiency will be monitored to a precision of 1% by single electron/pion rate.

The systematic uncertainty due to the detector efficiency drift is 1%/
√

2300 ≈ 2×10−4,

which translate into neutron physics asymmetry of ∼ 1× 10−3 (absolute).

• A
cos(φh−φS)
LT and ALL: such a systematic uncertainty is further suppressed by flipping

beam helicity at 30Hz. The efficiency drift is negligible for this proposed measurement.

4.2.2. Random Coincidence

With a 6 ns coincidence window [109], the average random coincidence background is 2%

for both π± channels. The background will be further suppressed by a factor of 4 due to

vertex coincidence [110]. On average less than a 0.5% (relative) systematic uncertainty from
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the background. In the worst case scenario, such as at high Ph⊥ bins, the signal-to-noise

ratio is about 5.

4.2.3. Cross Talk Between Asymmetries

The asymmetries produced in Section 4.1.2 are fitted with all leading-twist asymmetries.

The longitudinal and transverse spin components are cleanly separated by combining data

with both spin directions.

The high-twist terms will be another source of the systematic uncertainties. Those terms

are modulated by different azimuthal angular functions than the leading twist ones. Size of

the high-twist terms can be directly measured by including them in the fitting procedure.

The cross talk between angular modulations is suppressed with the large azimuthal angle

acceptance provided by the SoLID spectrometer.

4.2.4. Nuclear Effects of 3He

The 3He to neutron extraction was discussed in Section 3.3. There is a small offset due

to the proton effective polarization (−2.8%). The proton asymmetry can be estimated

from the measurements of [1, 9, 24, 58, 59]. The uncertainty of the proton polariza-

tion is estimated at 0.7%(uncertainty on proton polarization)× 2(max asymmetry ratio)×

3(max cross section ratio, 2σp/σn) = 4.2% (relative). Data with large kinematic coverage

from this experiment will also help understand 3He nuclear system.

4.2.5. Test of Factorization

The universality of the quark and gluon distribution and fragmentation functions and

their scale dependence are implied by the existence of QCD factorization theorems. A fac-

torization theorem for SIDIS with Ph⊥ � Q was argued by theory work of [98, 99]. The

validity of leading order x-z factorization were also tested experimentally by the HER-

MES [100], Jefferson Lab Hall C [22] and Hall B [101] collaborations. For kinematics of

this experiment, we plan to use the dedicated E12-10-006 data on unpolarized hydrogen and

deuterium targets [22] to further test the naive x-z factorization.

43



4.2.6. Target Fragmentation

We cut on z > 0.3 to avoid the target fragmentation region. A Study [102] based on

HERMES LUND fragmentation parametrization [103] suggested that the target fragmen-

tation contamination is small at the coverage of z of this experiment (0.3 < z < 0.7, after

kinematics cuts for SIDIS asymmetry measurements). Further studies can be performed

with the expected data sets of both this experiment and E12-10-006, taking advantage of

the large z coverage (which extends to larger than 0.3 < z < 0.7).

4.2.7. Diffractive Vector Meson Production

The diffractive vector meson contamination is expected to be the same as that of

E12-10-006, as discussed in [22] for the identical kinematics. The contribution of the pi-

ons from the decay of the diffractive production is estimated based on the HERMES tuned

Pythia simulation. The average contamination from the diffractive production on neutron

is about 7% and 8% for π+ and π−, respectively (shown in Figure 23). The correction is

treated as a dilution effect. Assuming a 30% relative uncertainty on the diffractive cross

section estimation based on Pythia, a 3% (relative) uncertainty is contributed by this con-

tamination.

4.2.8. Radiative Correction

The radiative correction was studied at the same kinematics in [102], which indicated that

the kinematic smearing effect is less than 20%. The effect for double spin asymmetry cases

was suggested to be small (∼ 1%) in reference [104]. The contamination from exclusive

channels is less than 3%. In addition, the low W data taken by this experiment will help

study the exclusive asymmetries and reduce the systematic uncertainty.

4.2.9. Systematic Uncertainty Budget

Table III summarizes the budget for the systematic uncertainties, which is much smaller

than the statistical uncertainties.
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Source Type Asin 2φh
UL A

cos(φh−φS)
LT ALL

Raw Asymmetries absolute 1× 10−3 negligible negligible

Random Coinc. Background Subtraction relative 1% 1% 1%

polarimetry relative 3% 4% 4%

Nuclear Effects relative 4% 4% 4%

Diffractive Vector Meson relative 3% 3% 3%

Radiative Corrections relative 2% 3% 3%

Total
absolute 1× 10−3 negligible negligible

relative 7% 7% 7%

Stat. Uncertainty for a Typical Bin absolute 5× 10−3 4× 10−3 4× 10−3

Table III: Budget for systematic uncertainties. Statistical uncertainty for a typical bin are shown

on the last row, which are plotted in Figure 15 to 20.

5. SUMMARY

We propose a measurement of the neutron azimuthal asymmetries of Asin 2φh

UL and ALL

in semi-inclusive electroproduction of charged pions for 35 PAC days, using the upgraded

CEBAF electron beam, the Hall A polarized 3He target and the newly approved SoLID

spectrometer. In addition, high beam polarization is requested to measure a beam-target

double spin asymmetry, Acos(φh−φS)
LT .

The Asin 2φh

UL and A
cos(φh−φS)
LT asymmetries are related to two “worm-gear” TMD distri-

butions of nucleons, h⊥1L and g1T , which provide important information to understand the

correlations between the quark orbital angular momentum (OAM), the nucleon spin and

the quark spin. High precision, 4-D (x, z, Ph⊥, Q2) data will expand our knowledge of

the nucleon spin structure in terms of the orbital motions of underlying quarks and gluons

described by the QCD dynamics. In addition, ALL data will improve the precision of global

analysis on helicity distributions in nucleon, especially for the d quark.

The measurement shares the setup with experiment E12-10-006 [22] with additional re-

quirements of a longitudinally polarized target and a polarized beam. Active efforts has

been put both on the technical studies/simulations and on seeking contributions from in-

ternational collaborations. Encouraging responds have been received. Together, these two
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SoLID TMD experiments will define the precision of world data of SIDIS on an effective

polarized neutron target.
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Appendix A: FULL SIDIS CROSS SECTION AT SMALL TRANSVERSE MO-

MENTUM

Assuming single photon exchange, the lepton-hadron cross section can be expressed in

a model-independent way by a set of structure functions. We follow the notation of refer-

ence [29] that,

dσ

dx dy dψ dz dφh dP 2
h⊥

=
α2

xyQ2

y2

2 (1− ε)

(
1 +

γ2

2x

)
×{

FUU,T + εFUU,L +
√

2 ε(1 + ε) cosφh F
cos φh

UU

+ε cos(2φh)F
cos 2φh

UU + λe

√
2 ε(1− ε) sinφh F

sin φh

LU

+S‖

[√
2 ε(1 + ε) sinφh F

sin φh

UL + ε sin(2φh)F
sin 2φh

UL

]

+S‖λe

[
√

1− ε2 FLL +
√

2 ε(1− ε) cosφh F
cos φh

LL

]

+|S⊥|

[
sin(φh − φS)

(
F

sin(φh−φS)
UT,T + ε F

sin(φh−φS)
UT,L

)
+ε sin(φh + φS)F

sin(φh+φS)
UT + ε sin(3φh − φS)F

sin(3φh−φS)
UT

+
√

2 ε(1 + ε) sinφS F
sin φS

UT +
√

2 ε(1 + ε) sin(2φh − φS)F
sin(2φh−φS)
UT

]

+|S⊥|λe

[
√

1− ε2 cos(φh − φS)F
cos(φh−φS)
LT +

√
2 ε(1− ε) cosφS F

cos φS

LT

+
√

2 ε(1− ε) cos(2φh − φS)F
cos(2φh−φS)
LT

]}
(A1)

For low transverse momentum of the detected hadron, the structure functions were cal-

culated at tree level in terms of transverse-momentum-dependent parton distribution and

fragmentation functions [29]. The result on leading twist structure functions are quoted
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below.

FUU,T =
[
f1 ⊗D1

]
(A2)

FUU,L = 0 (A3)

F cos 2φh

UU =

[
−

2
(
ĥ ·kT

) (
ĥ ·pT

)
− kT ·pT

MMh

h⊥1 ⊗H⊥
1

]
(A4)

F sin 2φh

UL =

[
−

2
(
ĥ ·kT

) (
ĥ ·pT

)
− kT ·pT

MMh

h⊥1L ⊗H⊥
1

]
(A5)

FLL =
[
g1L ⊗D1

]
(A6)

F
sin(φh−φS)
UT,T =

[
−ĥ ·pT

M
f⊥1T ⊗D1

]
(A7)

F
sin(φh−φS)
UT,L = 0 (A8)

F
sin(φh+φS)
UT =

[
−ĥ ·kT

Mh

h1 ⊗H⊥
1

]
(A9)

F
sin(3φh−φS)
UT =

[
2
(
ĥ ·pT

) (
pT ·kT

)
+ p2

T

(
ĥ ·kT

)
− 4 (ĥ ·pT )2 (ĥ ·kT )

2M2Mh

h⊥1T ⊗H⊥
1

]
(A10)

F
cos(φh−φS)
LT =

[
ĥ ·pT

M
g1T ⊗D1

]
(A11)

where the convolution notation
[
wf ⊗ D

]
is defined as

[
wf ⊗ D

]
≡ x

∑
a

e2a

�
d2pT d

2KT δ
(2)

(
zpT + KT − Ph⊥

)
w(pT ,KT ) fa(x, p2

T )Da(z,K2
T )

(A12)

For the convenience of the discussions, pT moments of a general TMD PDF, f q(x, p2
T ),

and FF, Dq(z,K2
T ), are defined [111] as following

f q(x) ≡
�
d2pTf

q(x, p2
T ) (A13)

f q(n)(x) ≡
�
d2pT

(
p2

T

2M2

)n

f q(x, p2
T ) (A14)

D(z) ≡
�
d2KTD

q(z,K2
T ) (A15)

D(n)(z) ≡
�
d2KT

(
K2

T

2z2M2
h

)n

Dq(z,K2
T ) (A16)

Appendix B: PROJECTIONS FOR ALL z-Q2 BINS

Projections of forty-eight z and Q2 bins are plotted in Figure 15 to 20.
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Figure 15: Projections of Asin 2φh
UL for coincidence e′π+ channel for all z and Q2 bins. The legend

for these plots is identical to that of Figure 12.
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Figure 16: Projections of Asin 2φh
UL for coincidence e′π− channel for all z and Q2 bins. The legend

for these plots is identical to that of Figure 12.
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Figure 17: Projections of A
cos(φh−φS)
LT for coincidence e′π+ channel for all z and Q2 bins. The

legend for these plots is identical to that of Figure 13.
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Figure 18: Projections of A
cos(φh−φS)
LT for coincidence e′π− channel for all z and Q2 bins. The

legend for these plots is identical to that of Figure 13.
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Figure 19: Projections of ALL for coincidence e′π+ channel for all z and Q2 bins. The legend for

these plots is identical to that of Figure 14.
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Figure 20: Projections of ALL for coincidence e′π− channel for all z and Q2 bins. The legend for

these plots is identical to that of Figure 14.
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Appendix C: ADDITIONAL PLOTS

• Kinematic coverage for 11 GeV (Figure 21) and 8.8 GeV data (Figure 22)

• diffractive ρ production: Figure 23
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Figure 23: Kinematic coverage for the solenoid detector with a 11 GeV electron beam.
The black points show the coverage for the forward-angle detectors and the green points
show the coverage for the large-angle detectors.

46

Figure 21: Kinematic coverage for the solenoid detector with a 11 GeV electron beam. The black

points show the coverage for the forward-angle detectors and the green points show the coverage for

the large-angle detectors. The red grid is the suggested boundaries for kinematic binning. Quoted

from [22].
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Figure 24: Kinematic coverage for the solenoid detector with a 8.8 GeV electron beam.
The black points show the coverage for the forward-angle detectors and the green points
show the coverage for the large-angle detectors.
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Figure 22: Kinematic coverage for the solenoid detector with a 8.8 GeV electron beam. The black

points show the coverage for the forward-angle detectors and the green points show the coverage for

the large-angle detectors. The red grid is the suggested boundaries for kinematic binning. Quoted

from [22].
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Figure 36: The contamination from the diffractive ρ production is shown for neutron for
both π+ and π−. In addition, we also plot the pion production from the DIS ρ production
for comparison.

Figure 37: The momentum distribution of ρ meson is shown on the left panel. The
distribution of the polar angle θ in respect of the momentum are shown on the right
panel.
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Figure 23: The black curve shows the contamination from the diffractive ρ production for neutron

π± contamination, quoted from a study in [22].
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