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Abstract

We propose to carry out measurements of Single target Spin Asymmetries (SSA)
from semi-inclusive electroproduction of charged pions from a transversely polarized
NH3 target in Deep-Inelastic-Scattering kinematics using 11 and 8.8 GeV electron
beams. This coincidence experiment will be carried out in Hall A with the ap-
proved large acceptance solenoid spectrometer (SoLID). Large azimuthal angular
coverages on φh and φS angles are important in controlling systematic uncertain-
ties in extracting different azimuthal asymmetries. The proposed experiment will
provide 4-D (x, z, PT and Q2) data on the Collins, Sivers and Pretzelosity asym-
metries for the proton through the azimuthal angular dependence of the outgoing
hadron relative to target spin. The results from this experiment, when combined
with the approved SoLID neutron (3He) Collins asymmetry measurement and the
Collins fragmentation function determined from the e+e− collision data, will allow
for a flavor separation of the quark tensor charge, and achieve a determination of
the tensor charge of u/d quark to better than 10% accuracy. The extracted Sivers
and Pretzelosity asymmetries will provide important information to understand the
quark orbital motion and the nucleon/quark spin correlations. We request a total
of 120 days of beam time (polarized) at incident beam energies of 11 and 8.8 GeV
and at a beam current of 100 nA.
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1 An Update to PR12-11-108

The experiment on “Target Single Spin Asymmetry in Semi-Inclusive Deep-Inelastic
p↑(e, e′π±) Reaction on a Transversely Polarized Proton Target” using the new SoLID in-
strumentation was proposed to PAC38 and was conditionally approved with a C2 status.
The conditions were mainly on the target hardware design and background simulations.
In this document we will address the issues raised in the PAC38 report and then give an
update on the progress made on the detectors and simulations since PAC38. The original
PAC38 proposal is attached in the appendix section 2.1. The beam time request remains
unchanged from the original proposal.

The physics motivation to measure single (SSA) and double spin asymmetries (DSA)
using a transversely polarized target remains very high. The clean extraction of transver-
sity and TMDs is one of the most important goals in understanding the nucleon spin
structure. They provide new, fundamental information about the structure of the nu-
cleon by imaging its partonic structure, dynamics, and spin-orbital couplings in three-
momentum space. There is a growing interest, both theoretically and experimentally, to
study transversity and transverse spin effects as evidenced by the recent workshop on
transversity [3]. Also, recently there were two new results that were published from Hall-
A E06-010 measurement - one on SSA [1] and the other on DSA [2] using transversely
polarized 3He target. JLab remains an ideal place to perform such experiments, and can
extend it to much wider kinematical phase space with the 12 GeV upgrade and truely
give a four-dimensional (x,Q2, pT , z) picture of these observables.

Since PAC38, the SoLID collaboration has made excellent progresses in all major
aspects of the design of the SoLID apparatus and is ready for a Director’s review in early
fall. Major milestones include the full support of the Lab management in securing the
CLEO-II magnet, the complete design of the light and heavy gas Cerenkov detectors,
the continued effort in simulations of the entire experiment. The latest setup of the
experiment with CLEO magnet is shwon in Fig 1

The SoLID simulation group is presently active in continuing to develop important
details in the simulation and implement them within GEANT4. We have reconciled the
rates from GEANT3 in the new simulation and are including newer and more accurate
physics models for low energy backgrounds. Work on implementing detailed detector
designs is underway, including realistic GEM responses based on COMPASS data and
their digitization within our electronics, and the design of the Cerenkov and calorimeter
detectors. Evaluation and characterization of several different tracking algorithms will be
underway soon.

1.1 Response to PAC38 report on PR12-11-108

1. The PAC is requesting a complete design and cost estimate for the transversely polar-
ized target and to verify the opening angle of 28 degrees.

Response: We started by re-examining the requirement for the angular coverage. In
our original proposal to PAC38 we presented a possibility of having an opening angle of
28 degrees in the transverse direction for the target magnet. The simulation shows that
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Figure 1: The experimental layout of the SoLID and polarized target in the proposed ex-
periment. The subdetectors are labeled with corresponding colors of the detector regions.

with a 25 degree opening angle, it is sufficient to cover all the proposed kinematics with
very little loss. Fig 2 shows the difference in phase space (Q2 vs. x) for three different
opening angles for the magnet at 11 GeV and 8.8 GeV. With an angle of 25 degree the
reduction in phase space for 11 GeV kinematics is very small and that for 8.8 GeV is
negligible. In order to keep the magnet design on a firm footing and still be able to cover
all the proposed phase space we are pursuing the magnet design with a 25 degree opening
angle.

Don Crabb of University of Virginia has been working with magnet companies on
the design of such a magnet based on an improved version of the original design Oxford
did for the CLAS12 transverse target magnet [6]. The opening angle range of the coil
packages for that magnet in the transverse and vertical direction was already larger than
±25 degree, but the supporting structure blocked the transverse opening to ±22 degrees.
By re-arranging the supporting structure to the longitudinal direction, both Oxford and
another company, Scientific Magnetics, felt confident that this magnet can be designed to
satisfy our specifications (±25 degree openings in transverse/vertical cone and 5T). An
order for this design has placed with Oxford recently and the design is underway. The
design is expected to be completed by mid-June (before this PAC).

2. A detailed calculation of magnetic forces (and their consequences on alignment etc.)
and field homogeneity over the target volume is needed

Response: A detailed Tosca simulation was performed by Hall-A engineer Robin
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Figure 2: Phase space coverage with 11 GeV (left) and 8.8 GeV (right) beam energy at
different transverse opening angles for the target magnet.

Wines. Here is a summary:
The magnetic force due to the target on the iron in front of the SoLID is about 7.7

ton. The magnetic force on the edge of the target coils due to SoLID is about 0.25
ton. These forces will be taken into consideration when designing the SoLID magnet
endcap support and the target supporting structure. The TOSCA simulation results for
the field uniformity is shown in Fig 3. The results are shown for “target only” and with
“target+SoLID” configurations. The field uniformity is at the level of 10−4. Any tiny
distortions in the field uniformity at the target volume can also be controlled by using
a correction coil at the target. The SoLID is designed to have small fringe field at the
target, to be able to run the polarized 3He target [116][118] (at the level of less than 10
gauss).

The g2p/gep experiments [4][5] that are currently running in Hall-A uses 5 T polarized
NH3 target, and two septum magnets with central field of 1.5 T (same field as SoLID).
The distance between septum coil to the target is about 1.1m, which is similar to the
distance between the target and SoLID coil in this proposal (1.2m). Also, the g2p experi-
ment is currently running without any problems related to the issue of induced fields that
can lead to magnet quenchs.

3. A detailed simulation of the “sheet of flame” background, including electrons de-
graded in energy by synchrotron radiation in the Hall A arc dipoles is requested, together
with a full specification of detector modifications (mechanical and/or electrical removal of
affected sectors) and the impact on detector operation and tracking efficiency.

Response: A detailed simulation was performed to study the sheet of flame back-
ground. The details of the simulation are discussed in section 1.2 and 2.11. In summary,
when the target field is in the transverse direction to the beam, most of the low energy
background (up to p ≤ 450 MeV) is swept away by the field, as shown in Fig 5. However
the charged particles (mostly e+/e−) with energy range of about 1-2 GeV are focused in a
very narrow region of the detectors, forming sheet of flame background as shown in Fig 6.
This kind of background remains localized all the way to the last GEM detector. Since
GEM detectors are well segmented into sectors, we plan to turn off those sectors which
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Figure 3: A comparison of field uniformity at the target center with and without SoLID
magnet.
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will get affected by this background. The impact of this on the total acceptance has been
already taken into account in our calculations for the projections. In our simulation, to
have a valid track, we require 3 out of 4 GEM chambers to fire in the large angle region,
and 4 out of 5 on the forward angle region. So any track which do not pass this criteria
is automatically discarded. Moreover, the background rates in the region outside of the
sheet of flame is one order of magnitude lower than the expected background in the ap-
proved 3He-SoLID SIDIS experiments [116][118], where the tracking was shown to work
without any issues.

1.2 Update on Background Studies

Background studies were done using GEANT3 simulations and a detailed description is
given in our original proposal (see appendix section 2.11). The luminosity reached by the
polarized NH3 target is about 10

35 proton/cm2/s, which is an order of magnitude smaller
than that of the approved 3He-SIDIS SoLID experiments [116][118]. Therefore the overall
background rates are expected to be smaller compared to the 3He target. Moreover, due to
the 5 Tesla transverse field at the target, the very low energy charged particle background
will be suppressed at the detectors, the first of which is located about 1.75 meters away
from the target. However, due to this field, the higher energy particles form a sheet of
flame type background. This type of background is highly localized in the acceptance.
This is shown in Fig 6 for all six GEM chambers in the SoLID. The background remains
fairly localized in all six GEM chambers. It consists of mostly e+ and e−(Fig 4) with
momentum distributed around 1 GeV, as shown in Fig 5. We plan to switch off the
affected sectors of GEMs during the experiment. Currently we are also looking into the
possibility of adding a collimator close to the target region in order to suppress this kind
of background. A detailed simulation will reveal whether such collimator will work.

The background rates on the GEM chambers, after “removing” the regions affected by
the sheet of flame background, for two different beam energies (11 GeV and 8.8 GeV) are
shown in Fig 7. The estimated background rates are much smaller than 30 kHz/mm2, at
which GEMs have been used in the COMPASS experiment. At these rates tracking has
been demonstrated to work with the proposed configuration in 3He-SIDIS proposals [114,
115, 116, 118]. The distribution of the background hits on the calorimeter is shown in
Fig 9. The background rates on the calorimeter are shown in Fig 8. The rates are again
comparable to those in the 3He-SIDIS proposals.

1.3 Update on the Detectors

This experiment requires both electron and pion detection. Two Cherenkov detectors will
be an essential part of the particle identification scheme. In what follows we present the
developments in the Cherenkov detectors design and hardware tests since August 2011.

1.3.1 Electron identification: the light-gas Cherenkov

For the Cherenkov detector that will positively identify electrons two options are still in
consideration for photon detectors: 2 inch multi anode photomultiplier tubes (maPMTs),

13
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Figure 4: Type of particles that constitutes the background entering the detectors for 11
GeV(left) and 8 GeV(right). The background is mostly dominated by the e+ and e−
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Figure 5: Momentum distribution of simulated background for 11 (8.8) GeV beam. Low
energy background is suppressed due to the strong transverse field at the target
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Figure 6: GEANT3 simulation results of background with NH3 target field on. The
x-axis is the azimuthal angle in lab frame. The y-axis is the radius of GEM chambers
(1-6). Two lines of flame are clearly shown in two narrow range of azimuthal angle φ.

Hamamatsu model H8500C-03 and gaseous electron multipliers with Cesium Iodide coat-
ing (GEMs + CsI) which acts as photocathode. The main modification to the design
since August 2011 concerns the PMT option. The design with GEMs + CsI as photon
detector has been extensively discussed in the original proposal and no significant changes
have been made since. The Cherenkov light will be focused on the photon detector of
choice by 30 spherical mirrors. Each of the 30 mirrors would be divided in two parts of
different curvature in order to further reduce the Cherenkov light spot size at the photon
detector. Our simulation showed that under this assumption the Cherenkov light could
be focused on 4 inch by 4 inch photon detectors with the aid of cones. Previously, with
spherical mirrors in one piece per sector the required photon detector size was 6 inch by
6 inch. Thus the number of PMTs per sector can be reduced from 9 to 4 resulting in
great cost savings (a H8500C-03 purchased in bulk cost $3000, per Hamamatsu quote).
We optimized with our GEANT4 simulation the placement of the two mirror parts per
sector so that the acceptance and the physics phase space is preserved at their boundaries
(see Fig. 10). The mirrors would be made of Carbon Fiber Reinforced Polymer (CFRP),
a lighter material than glass that would remove the need for double edge support. A
company that specializes in producing mirrors of CFRP, Composite Mirror Applications
(CMA), has already been contacted. CMA has previously supported physics programs by
manufacturing mirrors for the Short Orbit Spectrometer at TJNAF, RICH detectors at
DESY and LHCb 1, the Alpha Magnetic Spectrometer on board of the International Space
Station. They would also assist with designing and implementing the mirrors support that
would satisfy our requirements.
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the forward-angle only.
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Figure 8: The energy flux (in GeV/10cm2/sec) on the calorimeter as a function of its
radius. The left (right) panel shows the background for the forward-angle (large-angle)
detector.
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Figure 9: GEANT3 simulation results of background on large angle calorimeter(left) and
forward calorimeter(right) with target field on. The x-axis is the azimuthal angle in lab
frame. The y-axis is the radius of calorimeter. Two lines of flame are clearly shown in
two narrow range of azimuthal angle φ.

Figure 10: Setup of the light-gas Cherenkov: a system of 30 spherical mirrors divided in
two parts per sector will focus the Cherenkov photons created by the passage of electrons
through a radiator gas onto PMTs.
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Figure 11: Optical system for the heavy-gas Cherenkov: a ring of 30 spherical mirrors
(grey) will focus the Cherenkov photons created by the passage of negative (left panel)
and positive (right panel) pions through the C4F8O radiator gas onto PMTs (cyan) with
the aid of straight cones (red).

1.3.2 Pion identification: the heavy-gas Cherenkov

A Cherenkov detector filled with C4F8O at 1.5 atm would be placed right after the light-
gas Cherenkov to provide positive identification of pions (pion-proton/kaon separation)
in a momentum range from 2.5 to 7.6 GeV.

A GEANT4 simulation has been used to optimize the design for this detector. The
photon detector of choice right now would be the H8500C-03 maPMT. C4F8O cannot
be used as avalanche gas for GEMs. GEMs + CsI could still be considered for photon
detection if their avalanche gas (CF4, for example) would be separated from the radiator
gas.

Fig. 11 displays the current design: 30 spherical mirrors and straight cones will reflect
the Cherenkov light produced by the passage of pions through C4F8O on 30 tiles each
made of 9 H8500C-03 maPMTs arranged in 3 by 3 arrays. The mirrors will be kept in
one piece per sector: two pieces of different curvature would not be enough to focus the
light on smaller size photon detectors.

In this configuration the photoelectron yield is expected to be between 10 and 40 with
a safety factor of 0.5 (0.5 is applied to the simulation output as an overall correction;
the simulation already takes into account the loss of photons due to imperfect mirror
reflectivity, the quantum efficiency of the PMT and the absorption of photons in the
radiator gas). The variation in the yield is due to the proximity of the Cherenkov threshold
for a pion in C4F8O to the pion momentum range of interest.
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1.3.3 Cerenkov Hardware Tests

The H8500C-03 has been extensively tested on the bench to map its resistance in magnetic
field and to assess its capability of resolving the single photoelectron signals. The tests
have been performed at TJNAF starting with October of 2011. We found that H8500C-03
is suitable for single photoelectron detection. For the magnetic field oriented perpendicular
to the face of the PMT (longitudinal orientation) the reduction in the relative output is
no larger than 30% up to 300 Gauss. Longitudinal magnetic field tests on the single
photoelectron response showed that this reduction is mostly due to the loss of gain down
the dynode chain and not to the loss of photolelectrons extracted from the photocathode.
These results are very encouraging as they suggest that the effect of the magnetic field
component which is difficult to shield, the longitudinal one, could be mostly addressed
by superficial shielding and additional amplification of the PMT signal to compensate for
the gain loss down the dynode chain. The PMT is more sensitive to the transverse field
components but this is not of great concern as it can be easily shielded.

1.3.4 Other Hardware Tests

A prototype of Multi-gap Resistive Plate Chamber (MRPC) is currently being tested in
Hall-A to understand the time resolution with beam condition. A prototye of “shashlyk”
type calorimeter is being tested in the Hall-B tagger area with electron beam to study
the energy resolution. We hope to learn more about these detectors after the tests are
finished.

1.4 Summary

We are proposing a precise measurement of SSA from semi-inclusive electroproduction of
charged pions from a transversely polarized proton target in DIS region. The proposed
experiment will provide precise 4-D (x, Q2, z and PT ) data on the Collins, Sivers and
pretzelosity asymmetries on the proton. In particular, the Collins asymmetry on the
proton will provide direct information about the tensor charge. These data together with
the results from a transversely polarized “neutron” (3He) target in a similar x region will
enable a model-independent determination of the u and d quark tensor charge. To carry
out the experiment, we will use the approved SoLID spectrometer and a transversely
polarized NH3 target. On the progress of the proposal, a new target magnet design study
is currently underway at Oxford Instruments. A detailed simulation was done to study
the effect of sheet of flame background and a TOSCA simulation was done to estimate the
magnetic forces between SoLID and target. We believe that we addressed all the issues
and concerns raised by the PAC38 in this update. The beam time request remains same
as the original proposal (section 2.23). We request a total number of 120 days of beam
time at incident electron beam energies of 11 and 8.8 GeV.
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2 Appendix A : Original proposal to PAC38

2.1 Introduction

Understanding the internal structure of nucleon and nucleus in terms of quarks and glu-
ons, the fundamental degrees of freedom of Quantum Chromodynamics (QCD), has been
and still is the frontier of subatomic physics research. QCD as a theory of the strong
interaction has been well-tested by observables with a large momentum transfer in high
energy experiments. Our knowledge on the universal parton distribution functions (PDFs)
and fragmentation functions (FFs), which connect the partonic dynamics to the observed
hadrons, has been dramatically improved in recent years [7]. As a probability density
to find a parton (quark or gluon) inside a hadron with the parton carrying the hadron’s
longitudinal momentum fraction x, the PDFs have provided us with the nontrivial and
quantitative information about the partonic structure of a hadron.

In recent years, the hadronic physics community has extended its investigation of par-
tonic structure of hadrons beyond the PDFs by exploring the parton’s motion and its spa-
tial distribution in the direction perpendicular to the parent hadron’s momentum. Such
effort is closely connected to the study and extraction of two new types of parton distribu-
tions: the transverse momentum dependent parton distributions (TMDs) [8, 9, 10, 11, 12,
13, 14, 15], and the generalized parton distributions (GPDs) [14, 16, 17, 18, 19, 20, 21, 22].
The ultimate knowledge of finding a single parton inside a hadron – involving both mo-
mentum and space information – could be encoded in the phase-space distributions of
quantum mechanics, such as the Wigner distribution W (~k,~b),whose integration over the

parton spatial dependence (~b) leads to the TMDs, while its integration over transverse

momentum (~k) provides the parton’s spatial distribution that is relevant to the GPDs.
A quantum field theory version of the phase-space distributions, in terms of the matrix
element of the Wigner operator, was discussed in Ref. [23]. Understanding both the mo-
mentum and spatial distributions of a parton inside a hadron in terms of the more general
Wigner distributions could be the central object of future studies on partonic structure.
Knowledge of TMDs is also crucial for understanding some novel phenomena in high en-
ergy hadronic scattering processes, such as, the single transverse spin asymmetries [24,
25, 26, 27, 28, 29, 30] and small-x saturation phenomena [31, 32, 33, 34, 35, 36, 37, 38].

Like the PDFs, the TMDs and GPDs carry rich information on hadron’s partonic struc-
ture, while they are not direct physical observables due to the color confinement of QCD
dynamics. It is the leading power QCD collinear factorization theorem [39] that connects
the PDFs to the hadronic cross sections with large momentum transfers: Q’s ≫ ΛQCD.
In order to study the TMDs, we need the corresponding TMD factorization theorem for
physical observables that are sensitive to parton’s transverse motion and the TMDs. Such
observables often involve two very different momentum scales: Q1 ≫ Q2 & ΛQCD, where
the large Q1 is necessary to ensure any perturbative QCD calculation while the small
scale Q2 is needed so that these observables are sensitive to the parton’s transverse mo-
tion. The transverse momentum distribution of single hadron production in semi-inclusive
deep inelastic lepton-hadron scattering (SIDIS) and Drell-Yan lepton pair production in
hadronic collisions are two natural examples. The TMD factorization for these two pro-
cesses have been carefully examined [40, 41, 42]. However, the TMD factorization in QCD
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is much more restrictive than the leading power collinear factorization. The conventional
TMD factorization works for three-types of observables with only two identified hadrons:
single hadron pT distribution in SIDIS, the pT distribution of Drell-Yan type process, and
two-hadron momentum imbalance in e+e− collisions. But it has been shown to fail for
observables with more than two identified hadrons [43, 44, 45, 46, 47].

Important aspects of the TMD parton distributions, such as the gauge invariance,
the role of gauge links, and the universality, have been explored in recent years [26, 27,
28, 29, 30, 48, 49, 50]. Like the PDFs, the definition of TMDs is closely connected to
the factorization of physical cross sections, and it is necessary for the TMDs to include
all leading power long-distance contributions to the physical cross sections if they could
be factorized. All leading power collinear gluon interactions are summed into the gauge
links in the definition of the TMDs. It is the gauge link that makes the TMDs gauge
invariant and provides the necessary phase for generating a sizable single transverse spin
asymmetry (SSA) in SIDIS and Drell-Yan processes [24, 25, 26, 27, 28, 29]. However,
unlike the PDFs, which are universal, the TMDs could be process dependent due to the
fact that the initial-state and final-state collinear gluon interactions are summed into
two different gauge links. That is, the TMDs extracted from SIDIS could be different
from those extracted from Drell-Yan processes because of the difference in gauge links.
Although the TMDs are not in general universal, it could be shown from the parity
and time-reversal invariance of QCD dynamics that the process dependence of the spin-
averaged as well as spin-dependent TMDs is only a sign, which was referred to as the
parity and time-reversal modified universality [26, 30]. An important example of the
modified universality is that the Sivers function extracted from the SIDIS measurements
is opposite in sign from the Sivers function extracted from the Drell-Yan process. The
test of the sign change of the Sivers function from SIDIS to Drell-Yan is a critical test of
the TMD factorization.

TMDs provide new, fundamental information about the structure of the nucleon by
imaging its partonic structure, dynamics, and spin-orbital couplings in three-momentum
space. At leading twist there are eight TMD quark distributions [15]: three of them, the
unpolarized, the helicity and the transversity distributions, survive in the collinear limit,
while the other five vanish in such a limit. All eight TMDs are categorized in fig. 12
by the nucleon and parton spin information. Each TMD quark distribution explores
one unique feature of the quark inside a polarized or unpolarized nucleon. An intuitive
interpretation of the transversity distribution, h1, is that it gives the probability of find-
ing a transversely polarized parton inside a transversely polarized nucleon with certain
longitudinal momentum fraction x and certain transverse momentum kT . The Sivers func-
tion [9, 51],f⊥

1T , provides the number density of unpolarized partons inside a transversely
polarized proton, while the Boer-Mulders function [12], h⊥

1 , gives the number density
of transversely polarized quarks inside an unpolarized proton. Both the Sivers function
f⊥
1T and the Boer Mulders function h⊥

1 require wave function components with nonzero
orbital angular momentum and thus provide information about the correlation between
the quark orbital angular momentum (OAM) and the nucleon/quark spin, respectively.
Furthermore, they are (naive) T-odd functions which rely on the final state interactions
(FSI) experienced by the active quark in a SIDIS experiment as both functions vanish
without FSI. Although FSIs are usually unwelcome phenomena because they tend to be
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inextricably intertwined with the structure information one is interested in, they also
provide important information of QCD. The Sivers and Boer-Mulders function provide a
clean probe of the QCD FSI. In contrast to f⊥

1T and h⊥
1 , the functions g1T and h⊥

1L are
(naive) T-even, and thus do not require FSI to be nonzero. Nevertheless, they also require
interference between wave function components that differ by one unit of OAM and thus
require OAM to be nonzero. Finally, the ‘pretzelosity’ h⊥

1T requires 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 functions could thus be invaluable
for disentangling the spin orbit correlations in the nucleon wave function, thus providing
important information about the quark orbital angular momentum, and for imaging of
the nucleon in full momentum space.

Because of the importance of the parton transverse momentum in fully understanding
the nucleon structure and the QCD dynamics, the field of TMD is rapidly growing and
major theoretical progresses have been made in the last a couple of years both in lat-
tice QCD calculations and in various quark models. Recently, the first numerical results
on T -even, “process-independent” TMDs were reported [52, 53] on the lattice. These
calculations are performed with the direct, straight gauge link between the quark fields
(“process-independent”), as such at the present time they can not be compared with those
from experimental mesurements of SIDIS and Drell-Yan processes. However, these first
lattice QCD calculations represent major advancements in the study of TMD physics.
In principle, calculations on the lattice relevant to SIDIS or Drell-Yan processes could
be feasible if one can create a staplelike gauge link, but major technical challenges need
to be overcome such as handling diminishing signal-to-noise ratios for increasing nucleon
momenta and the statistical noise created by the long gauge link. At the DIS2011 work-
shop, preliminary results on Sivers and Boer-Mulders functions were reported [54] using
a staplelike gauge link.

Although explicit gluon degrees of freedom are lacking in quark models, major pro-
gresses have been made utilizing quark models in gaining insight about TMDs and pro-
viding tools for analyzing SIDIS and Drell-Yan data in a phenomenolgical way. We do
not attempt to review the entire area of quark model studies of TMDs, rather we discuss
briefly few of them.

Recently, a study of six leading-twist and eight subleading-twist TMDs (14 T− even
TMDs in total) in the bag model were reported [55] . This is the first paper in which
twist-3 TMDs in a quark model are presented and the authors have shown that there are
9 linear and 2 nonlinear relations among these 14 T -even leading and subleading-twist
TMDs. One of those linear relations connects the moment of pretzelosity to the difference
of gq1 and hq

1. Such a difference between the helicity and transversity distributions is found
to be related to quark orbital angular momentum (OAM) in a light-cone SU(6) quark-
diquark model [56, 57], and provides a connection of a TMD (pretzelosity distribution) to
OAM in a model dependent way beyond the intuitive picture that TMDs are connected
to OAM [55],

L3
q = (−1)

∫

dxh
⊥(1)q
1T (x)

This finding also agrees with that from a light-cone SU(6) quark-diquark model [58] at
leading twist. Another finding of [55], which is important to the phenomenology of
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Figure 12: All eight TMDs at leading twist are categorized by the nucleon and parton
spin information.

TMDs, concerns the factorization of x and pT in TMDs. Often a Gaussian form has been
assumed for the pT dependence. In the valence quark region, the effective Gaussian Ansatz
approximates reasonably well the extracted results from the model up to pT ≤ O(MN).
For a comprehensive discussion of various quark models, linear and nonlinear, flavor-
dependent and independent relationships of various TMDs at twist two, we refer to a
recent paper [59].

Most recently, five-dimensional Wigner functions in transverse position and three-
momentum of the quark relative to the nucleon are studied [60]. The Wigner functions
are obtained by Fourier transform in the transverse space of the generalized transverse-
momentum dependent parton distributions [61]. Quark OAMs are then calculated using
these Wiger functions within different light-cone quark models and the results are com-
pared to different definitions of OAM using generalized parton distributions and TMDs.
While results for individual quark flavor are different using different OAM definitions, the
sum of quark OAM is found to be the same using all three definitions.

In the experimental front, although we have gained a lot of information on the collinear
PDFs and helicity distributions, we know very little about quark’s and gluon’s intrinsic
transverse motion inside a nucleon. Recent measurements of multiplicities and double spin
asymmetries as a function of the final transverse momentum of pions in SIDIS at JLab [62,
63] suggest that transverse momentum distributions may depend on the polarization of
quarks and possibly also on their flavor. Calculations of transverse momentum dependence
of TMDs in different models [64, 65, 66, 67] and on lattice [52, 53] indicate that dependence
of transverse momentum distributions on the quark polarization and flavor may be very
significant. The recent discovery of a “sign mismatch” [68] between the Sivers function and
the corresponding twist-three quark-gluon correlation function Tq,F (x, x) extracted from
SIDIS and single hadron production from pp collision highlights further the importance
of new, precision data in multi-dimensions of the phase space. Therefore, experiments
with both polarized “neutron” and proton targets using the same experimental apparatus
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with a wide kinematic coverage for all four important kinematic variables (x, z, PT , Q
2)

of SIDIS are crucial.

2.2 The Phenomenology SSAs and TMDs

All eight leading twist TMDs can be accessed in SIDIS. Four of them (transversity, sivers,
pretzelosity and g1T ) can be accessed through a transversely polarized target. There are
three mechanisms which can lead to the Single (transversely polarized target) Spin az-
imuthal Asymmetry (SSA) for semi-inclusive DIS electroproduction of pions. They are the
so-called Collins asymmetry, the Sivers asymmetry and the Pretzelosity asymmetry. The
quark transversity function in combination with the chiral-odd Collins fragmentation func-
tion [69] gives rise to an azimuthal (Collins) asymmetry in sin(φh+φS), where azimuthal
angles of both the hadron (pion) (φh) and the target spin (φS) are about the virtual photon
axis and relative to the lepton scattering plane. The Sivers asymmetry [9, 70, 71] refers to
the azimuthal asymmetry in sin(φh − φS) due to the correlation between the transverse
target polarization of the nucleon and the transverse momentum of the quarks, which
involves the orbital angular momentum of the unpolarized quarks [24, 72]. The Pretzelos-
ity asymmetry is similar to Collins asymmetry except the polarization is due to quarks
polarized perpendicularly to the nucleon spin direction in the transverse plane inside a
transversely polarized nucleon. It has an azimuthal angular dependence of sin(3φh−φS).
One can disentangle these angular distributions by taking the azimuthal moments of the
asymmetries as has been done by the HERMES Collaboration [73] and the COMPASS
Collaboration [74]. Studying SSA on transversely polarized target with longitudinally
polarized beam can give access to g1T in < cos(Φh − ΦS) > azimuthal modulation, g1T
being T-even couples to unpolarized fragmentation function D1. Another interesting op-
portunity is the study of < cos 2Φh > azimuthal modulation of unpolarized cross section
that is due to Boer-Mulders function h⊥

1 that describes transversely polarized quarks in
an unpolarized hadron and couples to Collins fragmentation function H⊥

1 .
In recent years a great deal of understanding of transverse spin effects, final state

interactions, and the spin orbit structure of partonic-hadronic interactions has been gained
from model calculations of the TMDs and fragmentation functions. In particular the final
state interactions in TSSAs through the Sivers function has been studied in spectator
models and the light-cone wave function approach [24, 27, 64, 75, 76, 77, 78, 79] as well
as the bag model [80]. The Collins function has been calculated in [81, 82] while studies
of the universality of T-odd fragmentation functions have been carried out in [42, 83,
84]. The Boer-Mulders function has been calculated in [85, 75, 86, 77, 79] and the spin
orbit effects of the pretzelosity function have been studied in both light-cone constituent
quarks models [87, 58, 88, 89], while model predictions of azimuthal and transverse spin
asymmetries have been predicted in [77, 90, 91].

Among the TMDs vanishing in the collinear limit, the Sivers function is the best known
and has been phenomenologically extracted by several groups mainly from analyzing the
azimuthal distribution of a single hadron in SIDIS [92, 93, 94, 95, 96]. The extracted
Sivers functions from [96] are shown in Fig. 13. However, in the case of positive hadrons,
where a signal has been seen, the measurements of HERMES [97] and COMPASS [98]
experiments are only marginally compatible: the asymmetries measured by COMPASS
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Figure 13: From [96], the Sivers distribution functions for u and d flavors, at the scale
Q2 = 2.4 (GeV/c)2, as determined by an updated model-dependent fit (solid lines) are
compared with those of an earlier fit [92] of SIDIS data (dashed lines), where π0 and kaon
productions were not considered and only valence quark contributions were taken into
account. This plot shows that the Sivers functions previously found are consistent, within
the statistical uncertainty bands, with the Sivers functions obtained in [96].

are somewhat smaller, and seem to indicate an unexpected dependence on W , the mass
of the hadronic final state. The first model dependent extractions of the transversity
distribution have been carried out [99] by combining SIDIS [73, 97, 100, 101] data with
e+e− data [102] on the Collins function (see Figure 14). Within the uncertainties, the
Soffer bound is respected.

Complementing the data from the HERMES [73, 97], COMPASS [101], and BELLE [102]
experiments, the recent release from the Jefferson Lab HallA experiment E06-010 [105]
on the neutron (with polarized 3He) will facilitate a flavor decomposition of the transver-
sity distribution function, h1 [106, 107] and the Sivers distribution function f⊥

1T [9] in the
overlapping kinematic region. The extracted neutron Collins/Sivers moments from [105]
are shown in Fig. 15. The Collins moments are compared with the predictions based on
phenomenological fits of other data [99], a light-cone quark model calculation [66, 108]
and quark-diquark model [89, 109] calculations. The phenomenological fit and the model
calculations, which assume Soffer’s bound [104], predict rather small Collins asymmetries
which are mostly consistent with the data shown in fig. 15. However, the π+ Collins
moment at x = 0.34 is suggestive of a noticeably more negative value at the 2σ level.
These new neutron data favor negative π+ Sivers moments, while the π− moments are
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Figure 14: From [103], the transversity distribution functions for u and d flavors as
determined by a global fit analysis, at Q2 = 2.4 GeV2 [103]. The Soffer bound [104]
(highest or lowest lines) and the (wider) uncertainty bands of a previous extraction [99]
are displayed.

close to zero. Such behavior independently supports a negative d quark Sivers function,
which has been suggested by the phenomenological fit [92, 110] to HERMES and COM-
PASS data, a light-cone quark model calculation [111, 112], and an axial diquark model
calculation[113]. In addition, the central values of these new data are slightly smaller in
magnitude than the phenomenological fit.

Information on the rest of the TMDs is rather scarce. Nevertheless, these recent results
have already generated great excitement, which is evident from the increasingly active
theoretical activities, including modeling [59] and lattice QCD calculations [52, 53, 54],
and planning of future experiments 1. However, a model-independent determination of
these leading twist functions requires data in a wider kinematic range with high precision
in four dimensions (Q2, x, z, PT ). Recently, a new experiment [114, 115, 116] with an
11-Gev electron beam, a high-pressure polarized 3He target, and a solenoid detection
system (SoLID) [117] has been approved. This new experiment will provide data on the
neutron with very high statistical accuracy and excellent systematic precision. over a
Q2 range of 1 - 8 (GeV/c)2 and a large range of x, z, and PT values. Another SoLID
proposal [118] has been approved in which asymmetries in semi-inclusive deep-inelastic
electroproduction of charged pions on a longitidinally polarized 3He target at 8.8 and 11
GeV will be measured. In this proposal, the main focus is to measure the Collins, Sivers

1COMPASS II and new experiments discussed in this proposal.
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Figure 15: The extracted neutron Collins and Sivers moments with uncertainty bands for
both π+ and π− electro-production. For details, see Ref. [105].

and Pretzelosity SSAs with an unpolarized beam and a transversely polarized proton
target. This new experiment together with previously approved neutron experiment (3He
target) will not only provide precise determination of the Collins, Sivers and pretzelosity
asymmetries from neutron and proton, but also allow for a flavor separation of TMDs,
which is very important to test theoretical predictions of TMDs and to improve our
understanding of QCD. In particular, the results from this experiment, when combined
with the approved SoLID neutron (3He) Collins asymmetry measurement and the Collins
fragmentation function determined from the e+e− collision data, will allow for a flavor
separation of the quark tensor charge, and achieve a determination of the tensor charge of
u/d quark to better than 10% accuracy. Such an accuracy is essential for testing lattice
QCD predictions which are becoming more precise.
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2.3 Formalism for SIDIS

2.4 Transverse target spin related SIDIS cross sections

The differential cross section in a SIDIS (e, e′h) reaction, in which the beam is not po-
larized and the target is transversely polarized, can be expressed as the sum of target
spin-independent and target spin-dependent terms at leading twist:

dσh

dxBdydφSdzhdφhdP 2
h⊥

≡ dσh = dσUU + dσUT , (1)

= dσUU + dσCollins
UT + dσSivers

UT + dσPretzelosity
UT

Each term in Eq. 1 can be expressed as convolutions of transverse momentum dependent
parton distribution functions (TMDs) and fragmentation functions [119]:

dσUU =
α2

xyQ2

y2

2(1− ǫ)
(1 +

γ2

2x
)(FUU + ǫ cos(2φh)F

cos 2φh

UU ), (2)

dσCollins
UT =

α2

xyQ2

y2

2(1− ǫ)
(1 +

γ2

2x
)|ST |ǫ sin(φh + φS)F

sin(φh+φS)
UT , (3)

dσSivers
UT =

α2

xyQ2

y2

2(1− ǫ)
(1 +

γ2

2x
)|ST | sin(φh − φS)F

sin(φh−φS)
UT , (4)

dσPretzelosity
UT =

α2

xyQ2

y2

2(1− ǫ)
(1 +

γ2

2x
)|ST |ǫ sin(3φh − φS)F

sin(3φh−φS)
UT . (5)

where γ is defined as 2Mx
Q

and ǫ is defined as
1−y− 1

4
γ2y2

1−y+ 1

2
y2+ 1

4
γ2y2

. The x is defined as Q2

2Mν
, y is

defined as ν/E and ν is E − E ′, where E ′ is the energy of the scattered electron.
The azimuthal angles are defined according to the Trento conventions [120] as shown

in Fig. 16. The “F” functions in Eq.2-Eq. 5 are defined as:

y
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hadron plane
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l0
l S?
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Figure 16: The definition of φh and φS according to the Trento conventions.

FUU = [f1 ⊗D1] , (6)
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F cos 2φh

UU =

[

−2(ĥ · kT)(ĥ · pT)− kT · pT

MMh

h⊥
i ⊗H⊥

1

]

, (7)

F
sin(φh+φS)
UT =

[

− ĥ · kT

Mh

h1 ⊗H⊥
1

]

, (8)

F
sin(φh−φS)
UT =

[

− ĥ · pT

M
f⊥
1T ⊗D1

]

, (9)

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

]

.(10)

The definition of all TMDs can be found in Fig. 12. D1 is the unpolarized fragmentation
function and H⊥

1 is the Collins fragmentation function. The unit vector ĥ = Ph⊥/|Ph⊥|
and the convolution in Eq. 6-Eq. 10 represents an integration over transverse momentum
of initial (pT) and final quark (kT) with proper weighting [119], i.e.

[..⊗ ..] = x
∑

q

e2q

∫

d2pTd
2kTδ

(2)(pT − Ph⊥

z
− kT)[...]. (11)

These convolutions can be reduced to simple products if the |Ph⊥|-weighted integrations
covers an infinite |Ph⊥| or explicit pT and kT dependencies (like Gaussian distributions)
are introduced.

2.5 Transverse target single-spin asymmetry

The target SSA is defined as:

AUT ≡ 1

|ST |
dσUT

dσUU

(12)

The Collins, Sivers and Pretzelosity asymmetries have different angular dependence 2:

AUT (φh, φS) ≡ 1

|ST |
dσ(φh, φS)− dσ(φh, φS + π)

dσ(φh, φS) + dσ(φh, φS + π)
, (13)

= ACollins
UT sin(φh + φS) + ASivers

UT sin(φh − φS) (14)

+ APretzelosity
UT sin(3φh − φS). (15)

The HERMES [73] and the COMPASS [74] papers used the notation:

ACollins
UT ≡ 2〈sin(φh + φS)〉UT ·Dnn (16)

ASivers
UT ≡ 2〈sin(φh − φS)〉UT (17)

and

〈sin(φ)〉 = 1

π

∫ π

0

AUT sinφdφ (18)

2In this SSA expression we have not included the Boer-Mulders effect.
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where Dnn ≡ (1−y)/(1−y+ y2

2
) for COMPASS. The HERMES definition of Dnn includes

the longitudinal virtual photon effect R = σL/σT and is expressed as B(y)/A(x, y) where

B(y) = (1−y), A(x, y) = y2

2
+(1−y)1+R(x,y)

1+Q2/ν2
. The differences between the HERMES and

COMPASS defined Dnn are rather small, only at a few percent level.
From Eq. 2-5 we have:

ACollins
UT ≡ Dnn · 2〈sin(φh + φS)〉UT = Dnn ·

[

− ĥ·kT

Mh

h1 ⊗H⊥
1

]

[f1 ⊗D1]
, (19)

ASivers
UT ≡ 2〈sin(φh − φS)〉UT =

[

− ĥ·pT

M
f⊥
1T ⊗D1

]

[f1 ⊗D1]
. (20)

APretzelosity
UT ≡ Dnn · 2〈sin(3φh − φS)〉UT (21)

= Dnn ·
[
2(ĥ·pT)(pT·kT)+p2

T
(ĥ·kT)−4(ĥ·pT)2(ĥ·kT)

2M2Mh

h⊥
1T ⊗H⊥

1 ]

[f1 ⊗D1]

Although Eq. 19 and Eq. 20 are defined without any ambiguity, in reality however,
different experiments often cover different ranges in the convolution of Eq. 11 due to
finite P h

⊥ coverages, making often impossible a direct comparison between AUT results
from different experiments. Only after explicit pT and kT dependencies are introduced,
such a comparison becomes meaningful. For an ideal experiment with infinite P⊥ coverage,
SSA asymmetries can be weighted by |P h

⊥/zhMh|, such that the convolutions in Eq. 11
reduce to products:

ACollins
UT =

(1− y)

(1− y + y2

2
)

∑

q e
2
qh

q
1(x) ·H

⊥(1)q
1 (z)

∑

q e
2
qf

q
1 (x) ·Dq

1(z)
, (22)

ASivers
UT =

∑

q e
2
qf

⊥(1)q
1T (x) ·Dq

1(z)
∑

q e
2
qf

q
1 (x) ·Dq

1(z)
. (23)

A slightly different approach, based on an assumed explicit transverse dependence of
the TMDs, is followed in Refs. [9, 100, 121].
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2.6 The Proposed Experiment

2.7 Overview

We propose to make precision measurements of the target single spin asymmetry (SSA)
in the semi-inclusive deep-inelastic ~p(e, e′π±)X reaction on a 3 cm long upgraded NH3

target transversely polarized in Hall A with a 100 nA electron beam with energies of
8.8 and 11 GeV. Since the Collins, Sivers, pretzelosity, and other TMD asymmetries are
functions of four variables (x, z, PT and Q2), precision measurements require both a high
luminosity and a large acceptance detection. In the proposed experiment, large coverages
of azimuthal angles are important for the separation of different asymmetries which have
different azimuthal angular dependence.

The layout of the experiment, as shown in Fig. 17, is the same as that of the approved
experiments [114, 118] except using the a polarized proton target instead of a polarized
3He target. The entire detector system consists of two parts: forward-angle detectors and
large-angle detectors. The polar angle coverage for the forward-angle detectors is from
9◦ to 14.3◦ and the momentum coverage is from 1.0 GeV/c to 7.0 GeV/c. The total
solid angle is about 80 msr for this momentum coverage. GEM detectors will be used
as tracking detectors (Six layers of the GEM detectors are placed inside the coils. Five
of them will be used in tracking for the forward-angle detection). A combination of an
electromagnetic calorimeter, gas Cerenkov counters, a layer of Multi-gap Resistive Plate
Chamber (MRPC) and a thin layer of scintillator will be used for particle identifications.
Although, a 3-bounce Cerenkov geometry is shown in Fig. 17, we plan to use a 1-bounce
geometry for the gas Cerenkov. The polar angle coverage for the large-angle detectors
is from 17◦ to 24◦ which provides additional 160 msr solid angle. They are mainly used
for electron detection for a momentum range of 3.5-8.0 GeV/c. The expected π/e ratio
is smaller than 1.5. The shashlyk-type calorimeter proposed originally to PAC 35 [114]
will be sufficient to provide the pion rejection (200:1). Most recent studies show that a
calorimeter based on scintillator fiber (SciFi) technique is also viable. Currently, more
detailed studies of performance and cost for both options are ongoing. Four layers of
GEM detectors will be used as tracking detectors. The total solid angle is about 240 msr
for this momentum range. The acceptance is shown in Fig. 21 and Fig. 22 for electron
and pion, respectively.

With the combination of the proposed SoLID, the polarized NH3 target with its spin
which can be polarized both longitudinal and transverse directions and the Jefferson Lab
longitudinally polarized electron beam, one can study all leadint twist TMDs discussed
in Sec. 2.1 through SIDIS charged pion and kaon measurements 3. For SSA asymmetry
measurements which are the focus of this proposal, one does not need a polarized electron
beam. However, with a polarized electron beam, one can take parasitic measurements of
double-spin asymmetry ALT to access g1T .

In this proposal, we focus on measurements of SIDIS charged pions with

a transversely polarized NH3 target to access the proton Collins, Sivers and

the Pretzelosity azimuthal asymmetries.

3Additional detectors in addition to what have been proposed for SoLID will be needed for kaon
detection.
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We plan to use the JLab/UVa/SLAC polarized NH3 target with an upgrade. The po-
larized NH3 target has been successfully used in several experiments in Hall C (SANE, RSS
and Gen) and at SLAC (E143, E155 and E155x). The target is currently being installed
in Hall A for the g2p/GEp experiments, which are scheduled to run from November, 2011
to May 2012. The target is based on the principle of dynamic nuclear polarization (DNP)
by using microwave pumping to reach high proton polarizations. The target is operating
at a low temperature of 1 K and a strong magnetic field of 5 T. The NH3 material is
chosen because of its proven property of excellent radiation-resistance to electron beam
damage to the target polarization. The current achieved best performance for double-
polarization experiments with a polarized lepton beam on a polarized proton target was
with this target reaching a polarized luminosity of 1035 proton/cm2/s with an in-beam
polarization of 80%. Details of the target are described in Sec. 2.8.

A solenoid spectrometer (Solenoidal Large Intensity Device (SoLID)) was proposed
for three approved experiments. These include a 11 GeV PVDIS experiment [117], and
two SIDIS experiments [114, 115, 118]. Several solenoids with a bore diameter of about 3
m and central field of about 1.5 T have been used in recent experiments (see Table. 2.7).
The best magnet option for SIDIS program is the BABAR maget. In this proposal, our
study is based on the BABAR solenoid [122], but it will be very similar if we use the
Cleo-II magnet, and the kinematic coverage will be reduced by about 20% were the CDF
magnet used.

Experiment B (Tesla) Bore D (m) Length (m) MJ X0

BaBar 1.5 2.8 3.46 27 <1.4
Cleo-II 1.5 2.9 3.8 25 2.5
CDF 1.5 2.90 5.00 30 0.85

Table 1: Parameters of recently used solenoidal magnets.

33



Solenoidal detector for SIDIS
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Figure 17: The experimental layout of the SoLID with a polarized NH3 target. For forward
angle detection, there are five layers of GEM detectors (“FGEM”) inside the coils in the
upstream of the Gas Čerenkov. A 2 m long light Gas Čerenkov is used to separate the
electrons and pions. A heavy gas Čerenkov (“HG”, 50 cm long) is placed after the light
gas Čerenkov to exclude the kaons and the protons from the pions. The shower detector
(“S”) will be used to provide the trigger, coincidence timing and additional electron/pion
separation, especially at high momentum. For the large angle detector, four layers of
the GEM detectors (“LGEM”) are placed inside the coils. A “shashlyk”-type calorimeter
(“LS”) will be used to provide trigger, coincidence timing and electron/pion separation.
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2.8 Polarized NH3 target

We propose to us an upgraded version of the JLab/UVa/SLAC polarized NH3 target. The
main upgrade will be to use a new magnet to replace the aging Helmholtz-coil magnet
and to have fast spin-flip capability with the AFP technique. The target is based on the
principle of dynamic nuclear polarization (DNP) by using microwave pumping to reach
high proton polarizations [123, 124].

The target is operating at a low temperature of 1 K and a strong magnetic field of
5 T. The NH3 material is chosen because of its proven property of excellent radiation-
resistance to electron beam damage to the target polarization. The current achieved best
performance for such kind of experiments with a polarized lepton-beam on a polarized
proton target was with this target which reached a luminosity of 1035 proton/cm2/s
with an in-beam average polarization of 80%. In this experiment, the ability to flip the
target polarization frequently is important for the proposed SSA measurements in terms
of reducing systematics. Adiabatic fast passage (AFP) NMR has been demonstrated as
an effective (90% efficiency) way of spin flip for a DNP target with 7LiH as a target
material [125], no AFP spin flip test has been reported for NH3 in the literature. The
most current information on the efficiency of AFP spin-flip for NH3 is in a proceeding
from a recent workshop [126] in which it was expected to be about 50% for the condition
at 5T/1K. This proposal will use this number as the base for calculating the average
polarization with spin flip. While AFT spin flip R&D tests [127] for NH3 are being
planned for the near future, 7LiH is another possible target material with even a better
dilution factor (∼ 0.25) than that of NH3 (∼ 0.18) for this experiment, while the main
drawback would be the slow spin-up time.

A set of superconducting Helmholtz coils provide a 5-T field with a highly uniform area,
about 3 cm × 3 cm × 3 cm in the center. The existing magnet was designed mainly for
longitudinal polarization while also allowing transverse polarization. In the longitudinal
case, it has a large opening in the forward region (±45◦) for scattered particles to be able
to reach the spectrometer/detector system, while in the transverse case, it has only about
±17◦ nominal opening in the forward region. The new design will optimize to allow both
transverse and longitudinal to have a nominal forward opening of more than ±28◦, while
maintain the same maximum field and uniform field region in the center.

A couple of target cells with length of 3 cm are immersed in a vessel filled with liquid
helium which was maintained at 1 K by a series of large pumping system. The target
cell is filled with beads of solid NH3 material with a typical packing factor of about
50% with the rest of the space filled with helium. It may be possible to increase the
packing fraction to 70 − 80% by changing NH3 beads to disks. The R&D efforts related
to this issue are being planned by the JLab polarized target group. The target material
is usually prepared by irradiation before-hand at a low energy electron facility, such as
NIST. During the experiment, the target material is exposed to 140 GHz microwaves to
drive the hyperfine transition which aligns the proton spins. The DNP technique produces
proton polarizations of greater than 90% in the NH3 target. The heating of the target
by the beam causes a drop of a few percent in the polarization, and the polarization
slowly decreases with time due to radiation damage. Most of the radiation damage can
be repaired by annealing the target at about 80 K, until the accumulated dose reached
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is greater than about 17 × 1015 e−/cm2, at which time the target material needs to be
replaced.

Target polarization is measured with an NMR system, which is calibrated with a
measurement of polarization in thermal equilibrium (TE). Typical precision reached in
the polarization measurement is about 3%.

Figure 18: Polarized target system

For transverse polarization, the target field is perpendicular to the beam axis. This
creates a deflection of electron beam (which is more significant for lower beam energies).
To ensure proper transport of the beam, a chicane will be employed. A beam chicane
system has been developed for the g2p/GEp experiments which will be more than enough
to satisfy the need of this proposed experiment. Th electron beam will be pre-bended
such that the outgoing beam after the target will be going straight to the regular Hall
Abeam dump. No local beam dump will be necessary as in the g2p/GEp case.

To reduce the target depolarization due to beam, a large size (2.5 cm) raster system
(slow-raster) will be used in addition to the existing Hall A fast-raster system. The typical
beam current this target can tolerate is about 100 nA. Beam diagnostic system (beam
current and position measurement system) which can handle such a low current will be
needed.

Fortunately, all of the above beam-line system has been developed and is being imple-
mented for the upcoming g2p/GEp experiments. The beam diagnostic system is compat-
ible with the high beam energies. Minor modifications will be needed to make the slow
raster working with high beam energies.
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2.9 Acceptance and Kinematic Coverage

With the target field, the polar angle coverage for electrons θe is from 3◦ to 28◦. Although
the current UVA/JLab polarized NH3 target has about ±160 forward opening in the
transverse spin configuration, the planned upgrade will have a new magnet designed to
have optimized geometry for transverse polarization such that it will have forward opening
of more than ±28◦. The acceptance study assumed the upgraded configuration with no
forward angle limitation.

The effect on the azimuthal angular coverage from the polarized NH3 target field is
significant, and has been studied by GEANT3 Monte Carlo simulation which includes
realistic spectrometer models, detector geometries, and the target field 4. A very impor-
tant experimental issue associated with such a target in a strong transverse field, known
as “line of flame” is clearly shown in our simulations, where extremely high backgrounds
are seen in highly localized areas of the acceptance. As an example, Fig. 19 shows the
radius vs. azimuthal angular coverage in lab frame on GEM chamber 1. One way to
get around this issue is to “remove” certain areas of the detectors where “line of flame”
passes through as shown in 20 by turning off part of the detectors. The other way is
to add collimators in the target region to block these high rate regions more efficiently.
The corresponding acceptance for electron (charged pion detection) is shown in Fig. 21
(Fig. 22). While the simulation results show that the θ angular distribution of acceptance
extends to both smaller and larger angles, the acceptance of φ at forward angle decreases
by 30 % and at large angle by 20%. Based on our previous GEANT3 studies for SoLID ex-
periment PR12-10-014 and E12-10-006, resolutions are not issues for the proposed SIDIS
experiment. Reconstruction of angles is more important which can be addressed by care-
ful simulations of the optics before the experiment and calibration during the experiment.
Optics studies based on Monte Carlo simulations have been completed recently for the
g2p/GEp experiment employing also the transversely polarized NH3 target in Hall-A, and
a careful optics study with beam is being planned for the these experiments. Our pro-
posed experiment will benefit from the experience of the upcoming g2p/GEp experiments
which are scheduled to run in the fall of 2011.

The kinematic coverages are shown in Fig. 23 (Fig. 24) for 11 GeV (8.8 GeV) with
cuts for Q2 ≥ 1 (GeV/c)2 (DIS), W ≥ 2.3 GeV, W’ ≥ 1.6 GeV (avoid resonance region)
and 0.3 < z < 0.7 ( current fragmentation and factorization). The two-dimensional az-
imuthal angular coverage for both forward and large angle regions for Collins, Sivers, and
pretzelosity asymmetry measurements at 11 GeV (8 GeV) are shown in Fig. 25 (Fig. 28),
and Fig. 26 (Fig. 28), respectively. The final kinematic coverage is x = 0.05 - 0.68, Q2

= 1.0 - 9.0 (GeV/c)2. The resulting transverse momentum of the hadron, pT coverage is
between 0 and 1.8 GeV/c for the 11 GeV incident beam with the target field. We organize
the kinematic binnings as following: Q2 coverage (from 1 to 9 (GeV/c)2) is divided into
8 bins; transverse momentum PT coverage (from 0 to 1.8 GeV/c) is divided into 9 bins; z
coverage of 0.3 to 0.7 is divided into 8 bins, and the x coverage from 0.05 to 0.68 is divided
according to the projected statistics within the bin. In the projection, the total number
of bins is more than 650, and these results will allow for a map of the Single target Spin

4The exisiting SLAC/UVA/JLab NH3 target field map is used in the GEANT3 simulations, though a
new magnet optimized for the proposed experiment will be needed.
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Figure 19: GEANT3 simulation results of “line of flame” with NH3 target field on. The
x-axis is the azimuthal angle in lab frame. The y-axis is the radius of GEM chamber 1.
Two lines of flame are clearly shown in two narrow range of azimuthal angle φ.

Asymmetries in four dimensions (x, Q2, z and pT ).

2.10 Estimation of Rates

For the SIDIS (e, e′π±) reaction, we have assumed a beam current of 100 nA, a target
length of 3 cm mixture of NH3 and 4He and an average in-beam target polarization of
70% (with a spin flip every 60 minutes). The overall detection efficiency is assumed to be
70% which includes the detection efficiency, computer dead time and electronic dead time.
Singles rates from various processes have also been calculated using a realistic detector and
target geometry in the GEANT3 simulation. The regions corresponding to “lines of flame”
(shown in Fig. 20) are also removed for this calculation. The singles rates were estimated
using Whitlow/QFS and Wiser codes. These codes have been previously checked and
matched with the Hall-A E06-010 data. Table 2 shows the coincidence rates and singles
rates for electrons and pions. For the forward detection the low momentum cut-off is about
1.0 GeV/c and for the large angle detection the cut-off is about 3.5 GeV/c. In general,
the estimated rates are lower by a factor of 5-10 than those of 3He proposal [114, 118].
Such a difference in rates are consistent with the difference in unpolarized luminosities.
Similarly, the high energy photon background from πo decay is also not an issue based on
the same argument of luminosity difference.
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Figure 20: Cuts shown in detector acceptance to remove “line of flame”. The top six panels
show the acceptance on GEM chambers. The 7th and 8th panel shows the acceptance on
forward and large angle calorimeters. The last panel shows the acceptance of MRPC.
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Figure 21: GEANT3 simulation results of electron acceptance with NH3 target field on
with certain area removed to avoid “line of flame”. Top and bottom panels show the
acceptance of large and forward angle detection, respectively. The total solid angle in the
accepted momentum range are also listed.

Process Forward angle Large angle Forward angle Large angle
11 GeV 11 GeV 8.8 GeV 8.8 GeV

(e,eπ+) 187 Hz 11.6 Hz 161 Hz 7.3 Hz
(e,eπ−) 243 Hz 14.6 Hz 235 Hz 10.5 Hz
single e− 22.2 kHz 0.65 kHz 34.5 kHz 0.87 kHz
single π− 299 kHz 0.65 kHz 260 kHz 0.39 kHz
single π+ 520 kHz 2.73 kHz 455 kHz 1.65 kHz

Table 2: Singles rates for different particles with 11 GeV and 8.8 GeV beam.
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Figure 22: GEANT3 simulation results of charged pion acceptance with NH3 target field
on at forward angle with certain area removed to avoid “line of flame”. Top and bottom
panels show the acceptance for positive and negative charged pions, respectively. The
total solid angle in the accepted momentum range are also listed.
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Figure 23: SIDIS kinematic coverage for an 11 GeV electron beam with polarized NH3

target field on. The coverage for the forward-angle (large-angle) detectors are shown as
black (green) points.
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Figure 24: SIDIS kinematic coverage for an 8.8 GeV electron beam with polarized NH3

target field on. The coverage for the forward-angle (large-angle) detectors are shown as
black (green) points.
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Figure 25: Two-dimensional azimuthal angular coverage for Collins, Sivers and pretzelos-
ity asymmetry measurements in the forward angle region for an 11 GeV electron beam
with a transversely polarized NH3 target.
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Figure 26: Two-dimensional azimuthal angular coverage for Collins, Sivers, and pretzelos-
ity asymmetry measurements in the large angle region for an 11 GeV electron beam with
a transversely polarized NH3 target.
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Figure 27: Two-dimensional azimuthal angular coverage for Collins, Sivers, and pretzelos-
ity asymmetry measurements in the forward angle region for an 8.8 GeV electron beam
with a transversely polarized NH3 target.
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Figure 28: Two-dimensional azimuthal angular coverage for Collins, Sivers, and pretzelos-
ity asymmetry measurements in the large angle region for an 8.8 GeV electron beam with
a transversely polarized NH3 target.
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2.11 Detectors

In this experiment, we propose to use the same setup as in the approved 3He SoLID SIDIS
proposals [114, 115, 118] with cerntain regions of detectors disabled (or removed) for the
“line of flames”. In this section, we will focus on the new dedicated studies on the current
setup.

2.11.1 GEM Trackers and Background Rates

A total of six GEM trackers will be used to provide the momentum, angle and interaction
vertex of the detected particle. For the forward-angle detection, except for the first layer,
all other layers will be used. For the large-angle detection, the first four layers of GEMs
will be used, where the background rate is expected to be smaller than the forward-angle.
The detector configuration is shown in Fig. 17.

The background rates on the GEM detectors were estimated using GEANT3 simula-
tion with all the physics processes(such as Moller/Mott etc) turned on. The background
simulation after removing the “line of flame” shows that the rates on the GEM chambers
similar to those estimated for the 3He proposal. Fig. 29 shows the results obtained from
the simulation for two different beam energies ( 11 GeV and 8.8 GeV). The estimated
background rates are much smaller than 30 KHz/mm2, in which GEMs have been used in
the COMPASS experiment. At the proposed background rates, tracking has been sucess-
fully demonstrated with the proposed configuration in 3He proposal [114, 115, 116, 118].

2.11.2 Expected Resolutions

The optics of the BaBar magnet is studied which includes the target field of the current
UVA/JLab polarized proton target. Fig 30 shows the resolutions obtained from the
simulation for different polar angles (θ), and shown as a function of momentum of the
scattered particle. The interaction vertex position resolution is assumed to be 1.5 cm,
which is determined by the target length. A 200 µm position resolution on GEM is
assumed. The resulting momentum resolution δp

p
is about 1% (σ), with a larger resolution

at high momentum. For angular resolution, instead of using the common polar angle θ
and azimuthal angle φ in the lab frame, we decided to use dx

dz
and dy

dz
. Here, dx

dz
is the

slope of tracks in the plane perpendicular to the target holding field. dy
dz

is the slope of
the tracks in the plane of the target holding field and the incident beam direction. The
average dx

dz
and dy

dz
are about 0.007 and 0.0012, respectively. The main reason that the

resolution on dx
dz

is much larger than dy
dz

is due to the extended target length.
Fig. 31 shows the resolutions of the kinematic variables x, Q2, z, PT , φs and φh,

after including the resolution on momenta of the scatterted electron and the leading
hadron and slopes of directions of incident electron, scattered electron and the leading
hadron. The resolution in x, Q2, z, and PT are much smaller than the proposed bin size.
Furthermore, the maximum resolution in φs and φh are 1.14◦ (small x) and 5.7◦ (small
PT ), respectively. The systematic uncertainties on Collins and Sivers effect are below 0.5%
(relative), assuming a resolution of 1.14◦ and 5.7◦ of φs and φh. The effect on pretzlosity
is below 2.5% (relative) in comparison.
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Figure 29: The simulated background for 11 (8.8) GeV beam is shown in upper (lower)
panel. The rate on each GEM layer is plotted as a function of its radius. The label
“L1” denotes the first layer in the large-angle. “LF2”, “LF3” and “LF4” are shared
between the large-angle and forward-angle detection. The “LF5” and “F6” are used in
the forward-angle only.
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Figure 30: The resolutions of dx/dz, dy/dz and momentum. The x axis is the momentum
of the particle.

2.11.3 Electromagnetic Calorimeter

A “shashlyk” type electromagnetic calorimeter will be used in both forward and larger an-
gle to identify electrons and hadrons. The calorimeter will be split into preshower/shower
type configuration, which can give a pion rejection factor of 100:1 with E > 1.0 GeV and
an energy resolution of ≤ 5%/

√
E.

The Shashlyk type calorimeter is a sampling type calorimeter constructed from alter-
nating layers of scintillator and heavy absorber. The scintillation light is carried to the
photon detector by a wave-length shifting optical fibers running longitudinally through
the calorimeter. The calorimeter design is currently being studied using a GEANT4 sim-
ulation. An optimal design is considered to reach the required goals on the pion-rejection
and energy resolution. In a typical design, each layer consists of 1.5 mm thick scintillator
plate and a 0.6 mm thick absorber. The effective radiation length (X0) is about 21 mm.
More details on the status of the calorimeter design can be found in the updated proposal
E12-11-007 to PAC38 [118].

The background rates on the calorimeter have been calculated using the GEANT3
simulation for this experiment, and the results are shown in Fig. 32. With further opti-
mization of the setup we can reduce the background rates on the calorimeter. Overall the
background level is at most comparable to that of the approved experiments using the
3He target [114, 118].

2.11.4 Particle Identification Detectors

For electron detection, a light gas Cerenkov will be used to combine the electromagnetic
calorimeter system at forward angle. An E&M calorimeter will be enough to provide
electron PID at large angle, where the pion/e ratio is expected to be smaller than 1.5
for particles with momentum larger than 3.5 GeV. The pion PID will be provided by a
MRPC time-of-flight detector (separate from protons, and kaons at low momentum), gas
Cerenkov and E&M calorimeter (separate from electrons), and a heavy gas Cerenkov (sep-
arate from kaons at high momentum). The background rate of MRPC is also simulated
through GEANT3 program and shown in Fig. 29. The baseline parameters of detectors
are assumed to be same as in Ref. [114, 118]. A beam test of a prototype MRPC for
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Figure 31: The resolutions of kinematic variables x, Q2, φs, z, PT , φh.
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Figure 32: The energy flux (in GeV/10cm2/sec) on the calorimeter as a function of its
radius. The left (right) panel shows the background for the forward-angle (large-angle)
detector.
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SoLID in Hall A is planned for fall 2011.

2.11.5 Update on Cerenkov Detectors

This experiment requires both electron and pion detection. In order to unambiguously
identify both electrons and pions several PID detectors will be required. Two Cherenkov
detectors will be an essential part of the PID scheme.

Electron identification: the light-gas Cherenkov

A Cherenkov detector filled with CO2 at 1 atm would ensure electron-pion separation
up to a momentum of 4.65 GeV. This detector, extending 2.1 m along the beam line,
would be positioned immediately after the SoLID coil. The close proximity to the SoLID
magnet requires careful consideration of various options for the photon detectors. In
addition, the detector optical system is expected to provide full coverage in the azimuthal
angle.

Recently a GEANT4 simulation was used to optimize the design of the optical system.
It was found that with just one system of 30 spherical mirrors (following the SoLID
sectoring) near perfect collection efficiency, > 95%, can be achieved with a 12′′ by 12′′

photon detector (active area). This size could be easily scaled down to 6′′ by 6′′ by
employing Winston cones. A schematic of this setup is shown in Fig. 1 where Cherenkov
photons (green) produced by the passage of electrons (red) through the radiator gas are
reflected by 30 spherical mirrors (grey) and focused onto the photon detectors (cyan).

The one-mirror optical system is a significant improvement over the three-mirror design
outlined in the proposal presented to PAC35. The Cherenkov photon yield lost due to
reflections off multiple mirrors is reduced. This is particularly important for the GEM
+ CsI option where is technically challenging to manufacture and maintain mirrors with
good reflectivity in the UV region. In addition the one-mirror design is more practical
and cost efficient form the manufacturing and installation point of view.

The same GEANT4 simulation has been used to describe the photon detector response
and this is yet another improvement since PAC35. Two options have been considered for
the photon detectors: magnetic field resistant photomultiplier tubes, PMTs, (Fig. 1, left
panel) to be used in combination with Winston cones and gaseous electron multipliers
with Cesium Iodide coating, GEMs + CsI, (Fig. 1, right panel).

For the PMT option the Hamamatsu model H10966A-100 was considered. This is a
2′′ multi-anode PMT with up to 94% photocathode coverage and good quantum efficiency
down to wavelengths of 200 nm. These characteristics make this model ideal for tiling
and we plan to use 9 such PMTs per sector, in a 3 by 3 array, to cover a 6′′ by 6′′

area. It is fairly resistant in magnetic field: such unshielded PMT experiences up to 60%
gain reduction in 100 Guass field according to data provided by Hamamatsu. This is a
significant improvement when compared to a regular 5′′ PMT which,if unshielded, would
experience a similar gain reduction at only 4 Gauss. To establish whether H10966A-100
could withstand the magnetic field of SoLID we plan to test it with shielding this Summer
at Temple University. If the magnetic field test results are satisfactory we plan additional
tests at Jefferson Lab to ensure suitability in high-background environment.

An estimate of the number of photoelectrons for this option with the configuration
described above (Fig. 1, left panel) yields between 25 and 35 photoelectrons. The number
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Figure 33: Setup of the light-gas Cherenkov: a system of 30 spherical mirrors (grey) will
focus the Cherenkov photons (green) created by the passage of electrons (red) through a
radiator gas onto photon detectors (cyan). Left panel: setup for the PMT option, side
view (see text). Right panel: setup for the GEM + CsI option, back view - as seen from
the beam dump (see text).

depends slightly on the electron polar angle: because of the mirror positioning in the tank
electrons with higher polar angles traverse a longer path in the radiator gas than those
with lower polar angles. This estimate includes wavelength dependent corrections like
mirror and Winston cones reflectivities and the PMTs quantum efficiency as well as an
overall correction of 0.8 to account for the reduction in the photocathode effective area
as a result of tiling.

The GEM + CsI is an alternative to the PMT option and has the clear advantage of
being resistant in magnetic filed. This has been used successfully as a photon detector
during PHENIX experiment at BNL in a Hadron Blind Detector [128] and a similar
setup is being developed in Japan for use in JPARC experiments [129]. The photon
detector consists of three layers of GEMs the first being covered with CsI which acts as
a photocathode. The operational regime for CsI is the ultraviolet (UV) region, between
120 and 200 nm [130]. This requires a radiator gas with good transparency in the UV and
with very good purity to avoid photon absorption by impurities. Thus for the GEM + CsI
option, a suitable gas choice would be CF4 which, unlike CO2, is transmissive between 120
nm and 200 nm [131]. This gas would still give an acceptable threshold for electron-pion
separation and it was the gas of choice for the successful PHENIX run.

The number of photoelectrons for this option was estimated using the GEANT4 simu-
lation and assuming a 12′′ by 12′′ photon detector (Fig. 1, right panel). A signal of 20 to
30 photoelectrons was obtained. Wavelength dependent corrections as mirror reflectivity
and quantum efficiency of CsI were taken into account as well as an overall correction of
0.54 to account for loss of signal due to gas transparency, reduced photocathode coverage
of the GEM (about 20% of the GEM surface is occupied by holes), transport efficiency of
avalanche electrons through gas, etc.

Pion identification: the heavy-gas Cherenkov

54



Figure 34: Optical system for the heavy-gas Cherenkov: a ring of 30 spherical mirrors
(grey) will focus the Cherenkov photons (green) created by the passage of positive (left
panel) and negative (center panel) pions through the C4F10 radiator gas onto photon de-
tectors (cyan). The placement of the mirrors and photon detectors in the tank (magenta)
is also shown (right panel).

A Cherenkov detector filled with C4F10 at 1.5 atm would be placed right after the
light-gas Cherenkov to provide pion-proton/kaon separation in a momentum range from
2.2 to 7.6 GeV. A GEANT4 simulation is underway for this detector and the same design
ideas and concepts will be used as for the light-gas Cherenkov.

Figure 2 displays preliminary results from this simulation: focusing of Cherenkov light
with one spherical mirror is shown for both positive (left panel) and negative pions (center
panel). The photon detector size is set to be 12′′ by 12′′ just as for the light-gas Cherenkov.
With this setup the light collection efficiency is very good for the entire kinematic range
of interest.

2.11.6 Trigger Setup and DAQ

As shown in Sec. 2.10, the single rate in this experiment will be about factor 5-10 lower
than the sister experiment with a polarized 3He target [114, 118]. Therefore, the design
of trigger setup and DAQ of the 3He experiment will satisfy our needs in this setup.

2.12 Beamline Instrumentation

2.12.1 Beam Chicane

In this experiment the polarization direction of the proton target will be held transverse
to the beam direction. The strong magnetic field of the target will create a non-negligible
deflection of the electron beam. To ensure the proper transport of the beam into the
downstream exit beam pipe, a chicane will be employed. Two chicane magnets will be
used for this purpose. The first one will be located 10m upstream of the target and this
will bend the beam out of the horizontal plane to vertically down. The second magnet
which will be located about 4m upstream of the target will bend back the beam at an
angle that will compensate the 5 Tesla target field. We will choose the bend angle such
that the beam will pass through the exit beam pipe after interacting with the target. A
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Figure 35: Event display of the beam transport at the target region with the initial bend
of the beam before hitting the target. The red color denotes the 11 GeV beam and the
blue color denotes the uncharged particles (mostly bremsstrahlung photons). The NH3

target field direction is pointing into the page.

GEANT3 simulation was performed to optimize the bend angle. The simulations included
physics processes such as synchrotron radiation and Bremsstrahlung. Fig. 35 shows an
event display for the 11 GeV beam. Beam position monitors will be used before and after
the chicane for the proper transport of the beam. They will also be used in determining
the beam positions at the target.

2.12.2 Beam Charge Monitors

Typically low beam currents (up to 100 nA) are used for the polarized proton target to
reduce the depolarization effects and any significant changes to the density. The standard
Hall-A BCM cavities are linear down to 1 µ A. An upgrade of the beam diagnostic elements
such as BCM, BPM and Harps are planned for the g2p experiment (E08-028) in Hall-A,
which uses the polarized proton target, and is scheduled to run in Oct 2011. The planned
upgrade will allow us to measure the beam charge and positions up to 50 nA current. In
order to calibrate the beam charge a tungsten calorimeter will be used. This device is
also being refurbished and will be used in Hall-A during winter 2011 running. Tungsten
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calorimeter can provide an absolute calibration of Hall A BCM with an accuracy of better
than 2%.

2.12.3 Slow and Fast Raster

Along with the existing Hall-A faster raster we will use a slow raster just upstream of the
target. The fast raster will have a 2 mm x 2 mm pattern and the slow raster will cover a
circle of 20 mm diameter. This is done in order to uniformly cover most of the surface of
the target cell which has a 25 mm diameter.

57



2.13 Systematics

To achieve the proposed precision, it is very important to control the systematic uncer-
tainties. The large azimuthal angular coverage plays an important role in reducing the
experimental systematic uncertainties. The large signal-to-noise ratio will also help to
reduce the systematic uncertainties in subtracting backgrounds.

2.14 Target spin flip

To minimize systematic uncertainty, frequent target spin reversal is necessary. Due to
the strong target magnetic field (5T), it is difficult to rotate the target field direction to
realize the spin reversal. The practical method is to use RF spin flip with the adiabatic-
fast-passage (AFP) technique. There was an extensive study done by Haulte et al. [125]
many years ago. It was shown that with 7LiH, the efficiency of AFP spin flip reached up
to 90%. 7LiH, with its excellent radiation resistance and high dilution factor, could be
a good candidate as a target material. No extensive study has been done yet on NH3.
Studies are planned in the near future both for the SSA in SIDIS and for SSA in polarized
Drell-Yan experiments. The most current information on the efficiency of AFP spin-flip
for NH3 is in a proceedings paper from a recent workshop [126] in which it is expected
to be about 50% for the condition at 5T/1K. With its spin-up (recovering) time of about
20 minutes, if we keep the spin flip frequency to be every two-hour, the net effect will be
a loss of about 10% of the polarization. Combining the spin-flip effect together with the
beam depolarization, the average in-beam polarization with spin flip will be roughly 70%
with a 2-hour interval of spin flip.

2.15 The experimental observable

In this experiment, we will form the target SSA Ah
UT (φh, φS) directly from the luminosity-

normalized yield:

Ah
UT (φh, φS) =

1

(pT )
· N1(φh, φS)−N2(φh, φS + π)

N1(φh, φS) +N2(φh, φS + π)
(24)

The relative luminosity was monitored by various spectrometer singles rates and the
downstream luminosity monitors. In addition, the target spin will be flipped every one
hour with an relative polarization loss of 10%.

2.16 Raw Asymmetry

From Eq. 24, the major systematic uncertainties are from time-dependent luminosity,
acceptance, polarization and detector efficeincy. The time-independent part of these un-
certainties will be cancelled in the first order. In general, the time-dependent part of
luminosity/acceptance/detector efficiency can be monitored using single’s electron/pion
rates as well as luminosity monitors. We expect to control the systematic uncertainties
to be less than 2% in each pair. With a 2-hour spin flip rate, we will have 1000 pairs of
spin flip in 82.5 days of running with transversely polarized target. Then the systematic
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uncertainties for the raw asymmetry is about 2.0%/
√
1000 about 6.3e-4 level, which is

much smaller than the average statistical uncertainties 2e-3.
The second one is the systematic uncertainty corresponding to the knowledge of the

target polarization. The knowledge on the target polarization is at 3% level, which will
give a 3% relative uncertainty.

The third one is the systematic uncertainty corresponding to the knowledge of the
target polarization direction. The knowledge on this direction is about 0.2◦. The effect
on each asymmetry can be estimated as 1 − cos(∆θ) ≈ ∆θ2

2
≈ 1e − 5. (relative) The

knowledge of the electron scattering azimuthal angle is also about 0.2◦. The largest effect
is on the pretzelosity asymmetry which is about 1− cos(2∆θ) ≈ 4∆θ2

2
≈ 4e− 5. (relative)

The combined effect of these two angles will not bigger than 1e−4 (relative). In addition,
the effect of the asymmetry mixing due to the inaccuracy of the two angles is negligible
due to the integration over them (φh and φS).

2.17 Incomplete Azimuthal Angular Coverage

As stated in the experimental sections, the lines of flames will lead to a much higher
background on certain regions of our detectors. We have to disable or remove those
detectors as indicated in Fig. 20. This would result an incomplete azimuthal angular
coverage in φh and φS, as shown in Figs. 25,28,26,28. The incomplete coverage in az-
imuthal angular coverage would lead to an reduction of statistical precision of each terms
(Collins/Sivers/pretzlosity) fitted from the azimuthal angular coverage. Such reduction
is well understood as illustrated in the appendix of E12-10-006 proposal. We include this
reduction factor in precisions in our projections through the generated φh vs. φs coverage
through GEANT3 simulation.

2.18 Azimuthal Angular Asymmetry in AUL

In the lab frame, when the 3He is transversely polarized with respect to the beam direc-
tion. However, in the definition of AUT , the ST is defined as the transverse polarization
with respect to the virtual photon direction, which has a small angle with the z-axis.
Therefore, there will be a small SL component. When the target spin is flipped, The
SL will also flip. Thus there will be a false asymmetry from the SL contamination. The
average SL values are 0.1 and 0.15 with 11 GeV and 8.8 GeV incident beam energies,
respectively. Dedicated data (4 days) will be taken with a longitudinally polarized target
to measure the AUL directly.

2.19 Dilution Factors

For the target dilutions studies we will take several different sets of data including empty
cell (with 4He/windows/shielding etc.) runs and solid target runs such as 12C and CH2.
Typically, with this target, 12C data is used to approximate the nitrogen contributions.
The packing factor and dilutions can be studied with both elastic as well as DIS settings.
There were many studies done on the extraction of packing factor/dilution factor from
the previous experiments (E143, E155, E155x, GEn-I and GEn-II, RSS and SANE).
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2.20 Higher Twist effect

The higher twist effects will be studied in the approved experiment [114] using the un-
polarized Hydrogen and Deuterium data from the factorization test. In addition, one
important feature for the single-target spin asymmetry is that some of the higher twist
terms have different azimuthal angular dependence. In this case, a direct fitting of the
data with more azimuthal angular dependence terms provide a direct measure of the
higher twist data.

2.21 Systematic Uncertainty Budget

The systematic uncertainties are summarized in Table. 3.

Sources Type Collins Collins Sivers Sivers
π+ π− π+ π−

Raw asymmetry absolute 6.5E-3 6.5E-3 6.5E-3 6.5E-3
Background Subtraction relative 0.1% 0.1% 0.1% 0.1%
Diffractive Vector Meson relative 3% 2% 3% 2%
Radiative Correction relative 2% 2% 2% 2%
Target Polarization relative 3% +0.5% 3% + 0.5% 3% +0.5% 3% + 0.5%

Table 3: Systematic uncertainties on the separated asymmetries for the proposed experi-
ment. The average statistical uncertainties on the separated asymmetries will be around
1.4e-2 (absolute) with 674 bins.
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2.22 Beam Time Request and Projections

2.23 Beam time request

The beam time request is listed in Table 3. We request 94 days of total beam time with
100 nA, 11/8.8 GeV electron beams on a 3-cm (0.5 cm) long, polarized NH3 target. The
8.8 GeV beam energy will provide precision data on the radiative corrections along with
the increased Q2 coverage. 90 days are for beam on a transversely polarized NH3 target
including, and 7.5 days for dilution measurements, optics, and detector calibrations. We
also request 4 days with a longitudinal target polarization to study the systematics of
AUL contamination. Although beam polarization is not required for the proposed SSA
measurements, we request a longitudinally polarized beam for a parasitic measurement of
the ALT which can be used to access another leading twist distribution, g1T . In addition,
there will be an overhead time of 26 days for regular target annealing which does not
need an electron beam. This overhead time can be shared with other regular activities
such as detector maintenance, etc. Some of this target annealing activities can also be
arranged to coincide with the scheduled accelerator maintenance activities in order to
reduce overhead time.

Time (Hour) Time (Day)
Trans. Pol. NH3 at 11 GeV 1320 55
Trans. Pol. NH3 at 8.8 GeV 660 27.5

Longi. Pol. NH3 at 11 GeV 60 2.5
Longi. Pol. NH3 at 8.8 GeV 36 1.5

Dilution measurements 36 1.5
optics and detector calibration 144 6

Target Overhead
regular annealing 624 26

Total Time Request 2256+624 94+26 days

Table 4: Details of the beam time request.

2.24 Projections

The projections combine both 11 GeV data and 8.8 GeV data. All projections were done
after taking into account the partial loss in the azimuthal coverage due to “line of flames”
and details about taking into account the acceptance effect are given in Appendix A.
Both the dilution factor and packing fraction have been taken into account in projecting
the proposed measurements. The projected results for π+ Collins, Sivers, and pretzelosity
asymmetries at one typical kinematic bin, 0.45 > z > 0.4, 3 > Q2 > 2, are shown in Fig. 36,
Fig. 37, Fig. 38, respectively. The corresponding projections for the π− asymmetries are
shown in Fig. 39, Fig. 40, Fig. 41. The x-axis is xbj. The y-axis on the left side is
PT which is the transverse momentum. The y-axis on the right side shows the scale
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of the asymmetry. The y-position of the projections shows the average PT value for the
corresponding kinematic bin. The statistical uncertainties follow the scale on the right side
of y-axis. The scale of the theoretical calculations follow the right side y-axis. Also shown
in these figures are data from the HERMES and COMPASS (proton) collaborations,
and theoretical predictions from Anselmino et al. [99], Ma et al. [132], Pasquini [66] and
Vogelsang and Yuan [133] for the Collins asymmetry. For prezelosity projections, we show
theoretical predictions from Ma et al. [109], Pasquini [66], and we show predictions from
Anselmino et al. [92, 110] for the Sivers case together with its model uncertainty.
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Figure 36: 12 GeV Projections with SoLID and a transversely polarized NH3 target for
π+ Collins asymmetries at 0.45 > z > 0.4, 3 > Q2 > 2.

The complete projections for π+ Collins/Sivers/pretzelosity asymmetries are shown in
terms of 4-D (x, z, PT and Q2) kinematic bin in Fig. 42, Fig. 43, and Fig. 44. Theoretical
predictions from same groups as discussed previously are shown in the first panel only
for better visibility. The Q2 and z values for these calculations are the average value
of the entire kinematics. The x-dependence of asymmetries in different z bins is shown
in different panels. The corresponding complete projections for π− Collins, Sivers and
pretzelosity asymmetries are shown in terms of 4-D (x, z, PT and Q2) kinematic bin in
Fig. 45, Fig. 46, and Fig. 47.
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Figure 37: 12 GeV Projections with SoLID and a transversely polarized NH3 target for
π+ Sivers asymmetries at 0.45 > z > 0.4, 3 > Q2 > 2.
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Figure 38: 12 GeV Projections with SoLID and a transversely polarized NH3 target for
π+ pretzelosity asymmetries at 0.45 > z > 0.4, 3 > Q2 > 2.
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Figure 39: 12 GeV Projections with SoLID and a transversely polarized NH3 target for
π− Collins asymmetries at 0.45 > z > 0.4, 3 > Q2 > 2.
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Figure 40: 12 GeV Projections with SoLID and a transversely polarized NH3 target for
π− Sivers asymmetries at 0.45 > z > 0.4, 3 > Q2 > 2.
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Figure 41: 12 GeV Projections with SoLID and a transversely polarized NH3 target for
π+ pretzelosity asymmetries at 0.45 > z > 0.4, 3 > Q2 > 2.
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2.25 Impact of this Measurement

From the projections, we can see that the results from the proposed experiment will
have great impact on the current theoretical understanding of the transverse spin physics.
Firstly, we will extend the study of the SIDIS to a real 4-D manner (x, Q2, z and PT ).
Secondly, we will extend the measurement of the transversity distribution to the large x
region which is essential in extracting the tensor charge. Thirdly, the Sivers distribution
and pretzelosity distribution functions, which are crucial to understand the relativistic
effect and the role of quark orbital angular momentum, will be mapped precisely in 4-D.
Further, we will cover a large PT region which is important in testing various theoretical
approaches and modeling of the TMDs. Finally, we will cover a relatively large Q2 region
which can study higher-twist contributions 5.

Probing TMDs, in particular transversity distribution, the least known leading-twist
quark distribution function, which is non-zero upon integrating over the quark transverse
momentum, is among the goals of several ongoing and future experiments. The experi-
mental study of TMDs, which is now only at its inception, promises to have a very exciting
future. Understanding the TMDs for different quark flavors is certainly a complex task
which demands major efforts in different laboratories in studying many different processes
ranging over a wide kinematic region.

This is a fast evolving field with growing interests worldwide. It is important for JLab
to be a major player in this important frontier. Measuring the transversity distribution
and probing the TMDs through SIDIS at Jefferson Lab has attracted a lot of attentions
by many theorists and experimentalists [114] already. A combined analysis of the proton
and neutron data using the SoLID will provide the best precision in 4-d on u and d-
quark TMDs and transversity distribution functions. It will have impact on other related
programs and particularly on the design of future facilities with TMDs study as one of
their important physics goals, for example the EIC, the FAIR project at GSI, and J-PARC.
The proposed 11 GeV experiment will also help to move theory forward in understanding
and in modeling the quark TMDs significantly.

A combined analysis between our proton results and the neutron results from polarized
3He measurement, will be carried out to extract the tensor charge of the u and d quark.
The high statistics data from both the proton and the neutron will lead to a unprecedented
precise determination of tensor charge (less than 10%) in a model-independent way. Such
a precision will provide important tests of Lattice QCD predictions for the tensor charge.

5Higher twist effects can also be observed with contributions with sin(φS) and sin(2φh − φS) angular
modulations.
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2.26 Relations to other SIDIS experiments on TMDs

With the reach of an 11-GeV electron beam energy upon the 12-GeV energy upgrade
of CEBAF, a coherent program on SIDIS is emerging at JLab which is poised to make
major advancements in our understanding of partonic structure of the nucleon in terms
of flavor, momentum and spin. The proposed experiment is a very important part of this
overarching program. For a detailed introduction of the entire JLab SIDIS program, we
refer the readers to the document prepared by H. Avakian et al. which was submitted to
PAC37 and PAC38. In this section, we will discuss more specifically the relationship of
this experiment to the other proposed SIDIS experiments with a focus on TMDs.

There are two approved SoLID SIDIS experiments on TMD physics using a high-
pressure transversely (longitudinally) polarized 3He target: E12-10-006 (E12-11-007). The
aim of E12-10-006 is a precise measurement of Collins, Sivers and prezelosity asymmetries
in a 4-D kinematic space of (Q2, z, x, PT ) in order to access the transversity, Sivers and
the pretzelosity distributions of the neutron. This experiment is complemented by E12-
11-007 in which the two additional TMDs, h⊥

1L and g1T will be measured with precision on
the neutron. The proposed experiment is an isospin counterpart of E12-10-006 which will
provide precise information on the proton in 4-D space. The combination of E12-10-006
and this experiment will allow for a flavor separation and determination of the tensor
charge of the d and u quark to 10%, a precision important for crucial test of lattice QCD
predictions of this intrinsic property of the nucleon.

The conditionally approved SIDIS experiment C12-09-018 in Hall A will use the Super-
Bigbite spectrometer for detecting mesons and the Bigbite spectrometer for detecting
the scattered electrons with an upgraded transversely polarized 3He target. A RICH
detector (based on the components of the HERMES’ RICH is also planned to allow for
the identification of kaons in addition to pions). The proposed experiment will provide
precise data on the neutron as a function of x and z, integrated over PT and Q2. The
experiment proposes two beam energies: 8.8 GeV and 11 GeV in order to have two values
of Q2 for each bin of (x, z). Further, Experiment C12-09-018 will provide data on neutral
pions also. As such this experiment is complementary to our proposed experiment on the
proton in which precise data will be obtained in fine binnings in the (x, z, PT , Q

2) 4-D
phase space.

Hall B has an extensive SIDIS program accessing TMDs. The program includes the
approved experiments: E12-06-112, E12-07-107, E12-07-007, E12-09-009 and E12-09-008
using unpolarized and longitudinally polarized proton and deuteron targets. The planned
CLAS12 program will also include charged kaon detection using a RICH detector which is
anticipated to be added to the CLAS12 detection system. Therefore, the approved CLAS
program on TMD physics is completely complementary to our proposed experiment. We
are aware that a new proposal [134] from CLAS using a transversely polarized HDice
target will be submitted to PAC38. The proposed kinematics and precision are similar
to what we are proposing, though our projected figure-of-merit is a factor of 2.4 of that
projected in the new CLAS proposal, and SoLID has full azimuthal coverge which is crucial
for controlling the systematics. Given the importance of TMD physics, it is crucial and
necessary to probe the same physics using different apparatus with different systematics.
We believe both experiments should be pursued vigorously so that the 12-GeV TMD
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program will be a complete success with confidence.

2.27 Collaboration and Responsibilities

The proposed experiment requires the SoLID apparatus which was proposed already for
two approved SIDIS experiments [114, 116] and the approved PVDIS experiment [117].
The SoLID apparatus consists of a solenoid magnet with a field strength of 1.5 Tesla and
various detectors for charged particles detections. The PVDIS experiment requires the
same device with a slightly different configuration regarding the target and the detectors.
Since the approval of these experiments, the SIDIS and the PVDIS collaborations have
formed the SoLID collaboration and have studied a number of different options for a
solenoid magnet. The conclusion based on the physics impact of both programs and the
likelihood of getting a magnet is that the CLEO-II magnet is the preferred choice to
pursue for SoLID. The SoLID collaboration will work closely with JLab management and
DOE in securing this magnet. The PVDIS experiment [117] will require GEM detectors for
tracking, an electromagnetic calorimeter and gas Cerenkov counter for trigger and electron
identification. The SIDIS experiments will require in addition to the aforementioned
detectors: a heavy gas Cerenkov detector and a MRPC TOF detector for charge pion
identifications. The SoLID collaboration will work closely with JLab in securing funding
for the construction of various detectors. A stronger Chinese collaboration has formed
since the PAC35 approval of E12-10-006 experiment [114, 116]. The Chinese collaboration
has taken on the major responsibilities of the GEM detector with CIAE, Lanzhou. USTC,
Tsinghua being the major players in this effort. Tsinghua University has also taken on
the major responsibility of the construction of the MRPC TOF for SIDIS. The Chinese
collaboration is also actively applying for funding from the National Science Foundation
of China, Ministry of Science and Technology and Chinese Academy of Sciences for the
construction of the GEM detectors. For a more detailed breakdown of responsibilities of
leading institutions in the collaboration, we refer to PAC34 proposal [115].

2.28 Summary

We are proposing a precise measurement of SSA from semi-inclusive electroproduction of
charged pions from a transversely polarized proton target in DIS region. The proposed
experiment will provide precise 4-D (x, Q2, z and PT ) data on the Collins, Sivers and
pretzelosity asymmetries on the proton. In particular, the Collins asymmetry on the
proton will provide direct information about the tensor charge. These data together with
the results from a transversely polarized “neutron” (3He) target in a similar x region
will enable a model-independent determination of the u and d quark tensor charge. The
projection of the proposed experiment is to reach a less 10% relative precision on the u/d
quark tensor charge. Such a precision will allow for a meaningful test of lattice QCD
predictions of this intrinsic property of the nucleon. To carry out the experiment, we
will use the approved SoLID spectrometer and a transversely polarized NH3 target. We
request a total number of 120 days of beam time at incident electron beam energies of
11/8.8 GeV.
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Appendix B: Estimation of Statistical Uncertainties

In the estimation of statistical uncertainties, the Collins, Sivers and pretzelosity asym-
metries need to be estimated separately. The separated statistical uncertainties depend
on the acceptance, azimuthal angular coverage, detection efficiency, the number of events
in each kinematic bin, and the number of terms used in the fitting procedure. In the
projected results, we only consider the leading twist contributions (Collins, Sivers, and
pretzelosity) in the fitting procedure. In this experiment, the acceptance is no longer flat
because of the cuts to remove the “line of flame” and the deflection of charged particles in
the target field. The formalism includes the acceptance effect is described in this section.
In general, the transverse single target spin asymmetry can be written in leading twist as:

AUT = ASiverssin(φh − φs) + ACollinssin(φh + φs) + APretzelositysin(3φh − φs)

= asin(φ) + (b+ c)sin(2φh)cosφ+ (c− b)cos(2φh)sin(φ) (25)

where φ ≡ φh−φs is the Sivers angle, a, b and c represent Collins, Sivers and pretzelosity
asymmetries, respectively. For generated events in our simulations, the coverage for both
φh and φs is 2π. However, the output event distribution is uneven due to the acceptance
effect. We define g(φi, φh,j) = Ni,j/Nmean as the acceptance factor, where Ni,j and Nmean

are the corresponding accepted and generated events for each kinematic bin. We then
multiply sin(φ)g(φi, φh,j), sin(2φh−φ)g(φi, φh,j), and sin(2φh+φ)g(φi, φh,j) to both sides
of Eqn. 25, we have

I1 =

∫

2π

∫

2π

AUT sin(φ)g(φ, φh)dφdφh

=

∫

2π

∫

2π

(asin(φ) + bsin(2φh − φ) + csin(2φh + φ))sin(φ)g(φ, φh)dφdφh

I2 =

∫

2π

∫

2π

AUT sin(2φh)cos(φ)g(φ, φh)dφdφh

=

∫

2π

∫

2π

(asin(φ) + bsin(2φh − φ) + csin(2φh + φ))sin(2φh)cos(φ)g(φ, φh)dφdφh

I3 =

∫

2π

∫

2π

AUT cos(2φh)sin(φ)g(φ, φh)dφdφh

=

∫

2π

∫

2π

(asin(φ) + bsin(2φh − φ) + csin(2φh + φ))cos(2φh)sin(φ)g(φ, φh)dφdφh

These equations can be rewritten into matrix format:




I1
I2
I3



 = M





a
b
c





M =

∫

2π

∫

2π

Sg(φ, φh)dφdφh (26)

S =





sin2(φ) sin(φ)sin(2φh − φ) sin(φ)sin(2φh + φ))
sin(φ)sin(2φh)cos(φ) sin(2φh − φ)sin(2φh)cos(φ) sin(2φh + φ))sin(2φh)cos(φ)
sin(φ)cos(2φh)sin(φ) sin(2φh − φ)cos(2φh)sin(φ) sin(2φh + φ)cos(2φh)sin(φ)
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whereM is defined as the coefficient matrix of (a, b, c), and the acceptance factor g(φi, φh,j)
is obtained according to from simulations. We can obtain the results of the asymmetries
by inverting the coefficient matrix M , if we assume:

M−1 =





a11 a12 a13
a21 a22 a23
a31 a32 a33



 (27)

Then the separated asymmetries can be written as:

a =

∫

2π

∫

2π

AUT (a11sin(φ) + a12sin(2φh)cos(φ) + a13cos(2φh)sinφ)dφdφh

b =

∫

2π

∫

2π

AUT (a21sin(φ) + a22sin(2φh)cos(φ) + a23cos(2φh)sinφ)dφdφh

c =

∫

2π

∫

2π

AUT (a31sin(φ) + a32sin(2φh)cos(φ) + a33cos(2φh)sinφ)dφdφh

Thus:

δa =

√

∫

2π

∫

2π

[δAUT (a11sin(φ) + a12sin(2φh)cos(φ) + a13cos(2φh)sinφ)]2d2φd2φh (28)

δb =

√

∫

2π

∫

2π

[δAUT (a21sin(φ) + a22sin(2φh)cos(φ) + a23cos(2φh)sinφ)]2d2φd2φh (29)

δc =

√

∫

2π

∫

2π

[δAUT (a31sin(φ) + a32sin(2φh)cos(φ) + a33cos(2φh)sinφ)]2d2φd2φh (30)

The statistical uncertainties of separated asymmetries can be estimated by these formulae,
which include the acceptance effect.
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