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Abstract: We propose to measure the target single spin asymmetry in
the semi-inclusive deep-inelastic 7i(e,e'7~)X reaction with a transversely
polarized 3He target. The goal of this experiment is to provide the first
measurement on the neutron transversity, complementary to the ongoing
COMPASS and HERMES measurements on the proton. This experiment
focuses on the valence quark region, z = 0.19 ~ 0.34, at Q% = 1.77 ~ 2.73
GeV2. This kinematics is comparable to the HERMES measurement. The
variation of single spin asymmetry as a function of Collins angle will pro-
vide a clear differentiation between the two competing mechanisms—the
chiral-even Sivers effect and the chiral-odd Collins effect. This is a cru-
cial step towards the extraction of the quark transversity distributions in
semi-inclusive deep-inelastic scattering. The variation of single spin asym-
metry relative to z and z will isolate effect of parton distribution from that
of fragmentation. Data from this experiment, when combined with proton
data from HERMES and COMPASS, will provide powerful constraints on
the transversity distributions on both u—quark and d-quark in the valence
region. A total of 24 days of beam time at 6 GeV in Hall A is requested.
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1 Introduction

The topic of single spin asymmetry in semi-inclusive deep-inelastic scattering has
received much attention in the past two years!. This attention was stimulated by
the data from HERMES run-I, in which non-vanishing azimuthal asymmetries were
reported in pion production on a polarized proton target >3. For the first time, it
appears that an observable can be attributed to the effect of the quark transverse
spin, and a time-reversal odd quark fragmentation process can be identified. When
HERMES finishes taking its transversely polarized proton target data by 2004, in-
formation on the u—quark transversity distribution and its 7—odd fragmentation
function should become available®. However, information on the neutron single spin
asymmetry will remain unavailable. This experiment is designed to provide the first
data on the neutron single spin asymmetry through 7i(e, €'7~)X measurement on
a transversely polarized 3He target. At 2 = 0.19 ~ 0.34, Q? = 1.77 ~ 2.73 GeV?,
comparable to the HERMES kinematics, data from this experiment will be com-
plementary to the HERMES run-IT proton data, with which it can be combined to
provide powerful constraints on the transversity distributions of both u—quark and
d—quark.

2 Physics Motivation

2.1 Transversity distributions of the nucleon

At the leading twist, three fundamental quark distributions provide a complete de-
scription of quark momentum and spin in the nucleon ®. The unpolarized quark
distributions are well-known, thanks to the extensive deep-inelastic scattering (DIS)
data collected over the last three decades. The longitudinal polarized quark distribu-
tions are also reasonably known from the polarized DIS data, and more recently from
the semi-inclusive deep-inelastic scattering (SIDIS) data of HERMES and SMC. The
third type of distribution, the “transversity distribution”, despite strong theoretical
and experimental interest, remains practically unknown.

The transversity distribution (h{) can be interpreted as the probability to find
a transversely polarized quark in a transversely polarized nucleon 6. Unlike the
unpolarized and longitudinally polarized distributions (f{ and ¢{), which are chiral-
even quantities, the transversity distribution has a chiral-odd structure. Due to
this chiral-odd nature, the transversity distribution can not be accessed through
inclusive DIS processes because an additional chiral-odd object is required.

The transversity distributions have many interesting theoretical aspects, related
to general properties of QCD as well as to the structure of the nucleon:

e In the non-relativistic quark model (no spin-orbit interaction), where boosts
and rotations commute, the transversity distributions are identical to the lon-
gitudinally polarized distributions. Since the quarks inside the nucleon cannot
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be non-relativistic, the transversity distributions provide a detailed measure
of the relativistic nature of the quarks inside the nucleon.

e The transversity distribution is expected to follow a valence like behavior.
Since the transversity of gluons in a nucleon does not exist, the transversity
distribution does not mix with gluons in its evolution, and is expected to follow
a simple evolution as a flavor non-singlet quantity *.

e The transversity obeys some important inequalities. The first, |h]| < f{,
follows from its interpretation as a difference of probabilities. The second
(Soffer’s bound) has its origins in the positivity of helicity amplitudes®: |hf| <
1(¢a o 4
2 (fl + 91)'

e The lowest moment of h{ measures a simple local operator analogous to the
axial charge, known as the “tensor charge”. Unlike its vector and axial equiv-
alents, the tensor charge evolves with (.

2.2 Single-spin azimuthal asymmetry in semi-inclusive pion electroproduction

It has been proposed that the transversity distribution can manifest itself in SIDIS
reactions through the Collins effect ®, where the transversity distribution can be
probed through a chiral-odd T-odd quark fragmentation function—the Collins func-
tion. Indeed, an analysis of Z° — 2 jets decay indicated that the Collins fragmen-
tation function has a sizable magnitude '°. Recent results on target single spin
azimuthal asymmetries in SIDIS reactions from HERMES and SMC ! offered the
first glimpse of possible effects caused by the transversity distribution.

The kinematics and the coordinate definition are illustrated in Fig. 1. We define
E’ as the energy of the scattered electron and 0, is the scattering angle, v = E — F’
is the energy transfer. The Bjorken-x, which indicates the fractional momentum
carried by the struck quark, is defined as: x = Q?/(2vMy), My is the nucleon
mass. The momentum of the outgoing pion is p, and the fraction of the virtual
photon energy carried by the pion is: z = E,/v. W is the invariant mass of the
whole hadronic system and W' is the invariant mass of the hadronic system without
the detected pion. We have:

1
W2 = M]2\7 + Qz(_ - 1)7
xr
W” =My +v—FE,)?— |- p.| (1)

The pion transverse momentum relative to ¢ is labeled as P, . At the leading
order, when h is a spin zero particle, the spin-dependent cross sectiont?1* is:

!
dUZJrN»l +h+X 471'&2 s

dGO,LO _

- drdyddtdzd?Py, Q4



Figure 1: The definition of the coordinates.
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where |S| and |S7| are the longitudinal and transverse spin component, ). is the
electron helicity. Azimuthal angles are defined relative to the lepton plane, e.g.
= ¢, — ¢' is the angle between the hadron plane (P, A ¢) and the lepton plane.
¢% = pg — ¢° is the angle between the SA ¢ plane and the lepton plane.
Fig. 2 gives a pictorial representation of the distribution functions. The distri-
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Figure 2: A pictorical representation of the distribution functions”. Three functions, f{(z), g{(z)
and h?(z) survive the integration of quark p.

bution f{(z) is the probability of finding an unpolarized quark in an unpolarized
nucleon; ¢i(z) is for a longitudinally polarized quark in a longitudinally polarized
nucleon and hi(z) is for a transversely polarized quark in a transversely polarized
nucleon. These three functions survive the integration of intrinsic quark transverse
momentum p,- in the initial nucleon. The corresponding p, dependent distributions
are fio!, gii, hi?, hif and hi. They only survive the p, integration after weighting
with (p2./2M%)". Such weighting is indicated by a superscript (n) in Eq. 2.

With unpolarized beam and a transversly polarized target, three terms in Eq. 2
contribute to the single target-spin asymmetry. The sin(@} + ¢%) term is the Collins
effect, which involves the chiral-odd transversity distribution h{(z) and the chiral-
odd and T-odd Collins fragmentation function H;*®. The sin(¢} — ¢%) term is the
Sivers effect, which involves the chiral-even T-odd Sivers distribution function fi7%(x)
and the regular fragmentation function D{. The Sivers function is non-vanishing at
the leading twist 1”18, and is due to the asymmetric distribution of quark transverse
momentum in a nucleon. The sin(3¢§ — ¢%) term, compared to the Collins term,
contains an extra factor of (P, /zMy)? which amounts to only 0.03-0.13 in this

experiment. In addition, one expects that hﬁ@)a(x) < h§(x) due to quark transverse
momentum weighting. Therefore, we assume contribution from the sin(3¢f — ¢%)
term is negligible. Similarly, the cos(2¢L) term of the unpolarized cross section
can be neglected in the asymmetry expression. For a 100% polarized nucleon, the
transverse momentum dependent single target-spin asymmetry is:

AT(xa Z, P}ZLL) - (AT)Collins + (AT)Sivers

1— B
J "L sin(gl + )

— . ) 244 6z21 h?(I)Hqu(Zv P;))
L—y+3y? zM,

Soqc i (@)Di(z, Pjy)




1(1
c P Gt — gty Suacefir @ DI PL)
My h S Yaael fi(x)Di(z, P2 )

2.3 Data from HERMES and SMC and interpretations

The HERMES collaboration has recently reported?? the single spin azimuthal asym-
metries for charged and neutral pion electroproduction based on a SIDIS data sample
of (Q?) = 2.5 GeVZ. Using an unpolarized positron beam on a longitudinally polar-
ized proton target (such that ¢% = 0), the cross section was found to have a sing},
dependence in both 7 and 7° production as shown in Fig. 3.  This single spin
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Figure 3: Analyzing power as a function of ¢ = ¢!, from HERMES?? proton target measurements.
Solid lines indicate fits of P, + P, sin(¢},).

asymmetry can be expressed as the analyzing power in the sing}, moment, and the
result is shown in Fig. 4 as a function of pion fractional energy z, Bjorken x, and the
pion transverse momentum P;. The sing! moment for an unpolarized (U) positron
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Figure 4: Analyzing power in the sin ¢} moment from HERMES 2 proton target measurements.
Solid bands that fit the data assume that the transversity distributions range from h; = ¢; to
hi = (f1 +¢g1)/2. Error bars include the statistical uncertainty only. The bands at the bottom of
the panels represent the systematic uncertainties.

scattered off a longitudinally (L) polarized target contains two main contributions

(singl) o 4S’L%(2 —y1—y> e (th(x)Hqu(z) — hfg(l)(x)ﬁ[(z))
0,q
—257(1 —y) D_ eghf (@) Hi ' (2). (4)
40,

For the HERMES experiment with a longitudinally polarized target, the transverse
component is nonzero with a mean value of Sy =~ 0.15. The observed azimuthal
asymmetry could be a combined effect of h{—the twist-2 transversity distribution,
and h?—the twist-3 distribution function in the longitudinally polarized nucleon *°.
Figure 4 shows that a model calculation!®'6 reproduces the 2, z, and p; dependences
of the m° asymmetry. The striking difference between the 7 and 7~ analyzing power
suggests that the u-quark dominates the proton asymmetry.

If the azimuthal asymmetry observed by HERMES is indeed caused by the hf
transversity distribution, a much larger asymmetry is expected for a transversely
polarized target. An earlier SMC measurement on a transversely polarized proton
target, as shown in Fig. 5, had limited statistics and was inconclusive '*. The
HERMES run-II plans to have a dedicated two-year transversely polarized proton
target run to measure the shape of h¥(z) (and H}(2)).

Complicating the situation, it was recently found that a chiral-even mechanism
previously considered forbidden (the Sivers effect), is actually allowed in SIDIS,
adding contributions in competition with the Collins effect. Using a QCD motivated
quark-diquark model, Brodsky et al.!” demonstrated that the final state interactions
from gluon exchange between the outgoing quark and the target spectator leads to a
sizable single spin asymmetry. This quark final state interaction is interpreted '® as
giving rise to the chiral-even T-odd Sivers function®®. It was further demonstrated?°
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Figure 5: Analyzing power as a function of ¢, = ¢}, + ¢ from SMC!! on a transversely polarized
proton target.

that the quark final-state interactions can be fully accounted for in the light-cone
approach. Both the Collins effect and the Sivers effect can contribute to the observed
single spin asymmetry.

Fortunately, in a measurement involving a transversely polarized target, the two
competing mechanisms can be distinguished by observing single spin asymmetry as a
function of the Collins angle. The Collins effect, which involves transversity distribu-
tions and chiral-odd fragmentation functions, contributes a sin(¢, + ¢%) dependence
to the cross section. The Sivers effect, which involves chiral-even T-odd distribu-
tion functions and chiral-even fragmentation functions, contributes a sin(¢l — ¢k)
dependence. In addition, the two competing contributions have different kinematic
dependences. The Collins effect depends on a kinematic factor of (1—y)/(1—y+3y?)
and is strongly correlated with z, but the Sivers effect is independent of y and not
strongly correlated with z, where y = v/FE and z = E,/v. Therefore, with a trans-
versely polarized target and a broad coverage in Collins angles, y and z, such as in
HERMES run-IT and in this experiment, differentiation between the Collins effect
and the Sivers effect becomes possible.

2.4 Opportunity for a transversity measurement at Jlab on a transversely polarized
3He target

In order to confront theoretical predictions on the transversity distribution and
on transverse single spin asymmetry, precise SIDIS data on both the proton and
the neutron covering a wide range of kinematics is required. The experimental
situation is expected to be significantly improved in the near future with new data
currently being collected at COMPASS and HERMES. If the Collins effect turns out
to dominate the single spin asymmetry, the transversity distribution of the u—quark
is expected to be extracted with reasonable accuracy *. A transversely polarized
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deuteron target run has also been discussed* at HERMES to access the transversity
distribution of h* + h¢, however, it is not clear if such a run can fit into the HERA
schedule in the near future. We point out here that although HERMES has the
advantage of a 27.5 GeV beam, its forward angle geometry and the 103? cm2s7*
polarized target luminosity limit its SIDIS event sample to an average Q? of 2.5
GeV2. A similar Q? range for x = 0.19 ~ 0.34 can be accessed at the Jefferson Lab
Hall A with a 6 GeV electron beam. This is due to the fact that Hall A operates at a
much higher luminosity, 103 cm~=2s~! for polarized 3He, which allows SIDIS events to
be sampled at a much larger scattering angle. Figure 6 shows the expected statistical
precision of this experiment on 7i(e, ¢'7 )X single spin asymmetry together with the

projected precision of HERMES run—II of the j(e, e'7™)X reaction.

e 1 F
<E - JLAB ej'w%e’,ﬁ’x projected
@ 0.37/<z<0.42
* 0.49<z<0.56

0.75~ HERMES ep —>en*X projected

0.1<z<0.2
0.2<z<0.3 ﬁ

0.3<z<0.5
0.5<z<0.7
0.7<z<1.0

0.5 —

T
> EHO®®

[ ]
0.25—
i ?%I EJA

Figure 6: Expected statistical precision of this experiment in comparison with HERMES run-II
projected precision on a proton target . The uncertainties from this experiment are generally
smaller than the plotted symbols.

The transverse single spin asymmetry measurements at both HERMES and COM-
PASS are using polarized proton or deuteron targets, of which the u—quark is the
dominating flavor due to charge weighting. In contrast, this experiment plans to
measure the single spin asymmetry of the 7i(e, /7 ~)X reaction on a transversely
polarized *He target. Since a polarized 3He target is effectively a polarized neutron
target, contributions from both u—quark and d—quark are expected to be compara-
ble. At a Q? similar to the HERMES measurement, this experiment will, for the
first time, provide precision data on neutron single spin asymmetry, complementary
to the proton data from HERMES run-II. Since the same fragmentation functions
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are involved in both cases, this experiment, when combined with the proton data
from HERMES, will provide powerful constraints on the transversity distributions
in the valence region.

2.5 Model predictions of transverse target single spin asymmetry
From Eq. 3, assuming only the Collins effect contributes, the azimuthal asymmetry

AT iS211

Ap(z, 2, P} ) = (5)

l—y (IPH) 3, M (2)Hi (2, PY)
L—y+392 \2My) X, fi(x)Di(z,P7)’
Omitting the explicit Q? notation, the transverse momentum dependent fragmenta-

tion function D{(z, P%) relates to the normal fragmentation function through the
integration of the scattered quark transverse momentum kg = P, /z :

2 / PkpDI(z, P?) = DY(2). (6)

Collins suggested '8 that the analyzing power in transversely polarized quark frag-
mentation follow:

gl B2, P2) Ml -
My Di(2, PT)  MZ+ k7|’

with Ms = 0.3 ~ 1.0 GeV. HERMES analysis takes My = 0.7 GeV as a rough

guess?, which we will follow in our numerical estimates. The transverse momentum
dependence of D{(z, Pi) is assumed to have a Gaussian type shape:

AC(Za kT) =

2

R
Di(z, PY) = Di(2) - ~ean(~R*PY/2?), )

with R? = 22/b?, and b? is the mean-square momentum the hadron acquires in the
quark fragmentation process with b* = 0.25 (GeV/c)? according to HERMES %2.

The predictions?!' of Ay from a quark diquark model and a PQCD based analysis
are shown in Fig. 7 for 7% on a proton and 7~ on a neutron. The calculation
in Fig. 7 has been integrated over z and the pion transverse momentum P, to
demonstrate the z-dependence at the HERMES kinematics of Q? = 2.5 GeV2. A
sizable asymmetry on the neutron is expected in the valence quark region. In this
experiment we will focus on the valance quark region (z = 0.19 ~ 0.34) and measure
ii(e,€'m7)X reaction with a transversely polarized 3He target.

3 The Proposed Measurement

3.1 Overview

We plan to study the target single spin asymmetry (SSA) in the semi-inclusive
deep-inelastic 7i(e,e'm )X reaction on a polarized *He target in Hall A with a 6

13
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Figure 7: Transverse single-spin asymmetry for the proton target 2!. The upper row corresponds
to predictions of quark diquark model, and the lower row corresponding predictions of the PQCD
based analysis. The solid curves are the calculated results with both favored and unfavored frag-
mentation, the dashed curves are the results with only favored fragmentation.

GeV beam. The average beam current will be &~ 15 pA. Although a polarized beam
is not required to perform the SSA measurements, we request an 80% polarized
electron beam for parasitic double-spin asymmetry measurements. Analysis of SSA
will sum over the two beam helicities. The experiment will use the Hall A left side
high resolution spectrometer (HRSy,) situated at 16° as the hadron arm, and use the
BigBite spectrometer at 30° beam-right as the electron arm. The BigBite detector
configuration will be exactly the same as in the approved Hall A G% experiment 23
(E02013). The drift distance to the BigBite dipole magnet will be 1.50 meter,
instead of the 1.10 meter drift in E02013. The Hall A high luminosity polarized *He
target will be used with a 40 cm long cell. The Helmholtz coils and laser optics need
to be modified to provide a target polarization along two specific orientations: the
vertical direction and 45° off the vertical direction. The experimental arrangement
is illustrated in Fig. 8 and a close-up view near the pivot is shown in Fig. 9.

14
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Figure 8: Experiment arrangement, target polarization is in the plane that is perpendicular to the
plane of ¢A (7 X Pr)-
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Figure 9: A top view near the pivot. The left HRS is shown at 16°, the BigBite dipole magnet
The right HRS is at 90° as a
luminosity monitor. The target coils are arranged to avoid interference with the beam line and the
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Figure 10: The center-of-mass rapidity gap 2* for W = 2.5 GeV (the highest z-bin), above z =
0.37 the current and target fragmentation regimes are separated by Ancy = 3.5. A typical
fragmentation function is shown on the side panel with z = E; /v and zp = pT*/|q].

3.2 The choice of kinematics

We chose to cover the highest possible W with a 6 GeV beam, 2.49 < W < 2.88
GeV, corresponds to 0.19 < z < 0.34 and 1.77 < Q? < 2.73 (GeV/c)?. We also
chose to detect the leading fragmentation pion which carries z = 0.37 ~ 0.56 of the
energy transfer to favor the current fragmentation. In the two-dimensional plot 2*
of z vs the center of mass rapidity 1oy, where noy = %ln?jﬁé defined in the
center of mass frame, as shown in Fig. 10 for the worst case of the = = 0.34 bin
with W = 2.5 GeV, the rapidity gap between the two fragmentation regimes is at
least Ancy = 3.5 when z > 0.37 is required. This requirement is well above the
regularly used Berger’s Criterion of Ancjys = 2.0 for separation of current and target
fragmentation 2.

The value of W’ is also chosen to be as high as possible (1.75~2.29 GeV) to
avoid contributions from resonance structures. The central kinematic values for
each x-bin are listed in Table 1. Because of the large momentum bite of the BigBite
spectrometer, only one BigBite setting is needed to cover all the kinematics listed
in Table 1. Two hadron arm momentum settings, p, = 1.8 and 2.4 GeV/c, will
be taken. The corresponding values of W' z and P, for each z-bin are listed in

Table 1.

3.3 The phase space and Collins angle coverage

The phase space coverage is obtained from a detailed Monte Carlo simulation which
includes realistic spectrometer models as well as target and detector geometry. The
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Table 1: Nominal kinematics for beam energy of E = 6.0 GeV. One BigBite setting will cover all
the kinematics listed. Two HRSy momentum settings will be taken. E' and 6. are the electron
arm momentum and angle. Single electron rates for each z-bin of Az = 0.05 are listed for 15 pA
beam. §, indicates the direction of §. The hadron arm angle is fixed at 16°.

E’ 6. (z) W Q? 0,  Ratere P 2z P, W'
GeV  deg. GeV  GeV?  deg. Hz GeV/c GeV/c GeV

1.10 30.0 0.19 288 1.77 6.22 185 Onrs = 16.0°
1.80 0.37 031  2.29
240 049 041 207
1.30 30.0 0.24 276 2.09 7.60 151 Onrs = 16.0°
1.80 0.38 0.26  2.19
240 051 035 197
1.50 30.0 0.29 2.63 241 9.06 121 Onrs = 16.0°
1.80  0.40 0.22  2.08
240 053 029 1.86
1.70 30.0 0.34 249 2.73 10.63 96 Onrs = 16.0°
1.80 0.42 0.17 1.96
240 056 022 1.75

coverage in the (Q?,x) and (W, z) planes is shown in Fig. 11, and the coverage in
the (W', z) and (P, ) planes is shown in Fig. 12, color coded for each z-bin.

The angular coverage of ¢!, and ¢l is shown in Fig. 13. The coverage of ¢!, is £53°
for the x=0.19 bin, and +73° for the x=0.34 bin. This large ¢} range is due to the
fact that the pions are detected close to the ¢ direction. The coverage of ¢l is £27°
and is due to the large vertical acceptance (£240 mrad) of the BigBite. Overall, the
coverage of ¢l + ¢k is +80° to £100° for a given target spin direction (§T) Two
sets of target spin orientations will be taken at the Pyrs = 1.8 GeV /c setting, with
(¢L) = +90°, 135° and —45°. At the Pyrs = 2.4 GeV/c setting, we will only take
(¢l = £90°.

3.4 The electron arm spectrometer BigBite.

The BigBite spectrometer will be located at 30° and at a drift distance of 1.50
meter, instead of the 1.1 meter drift in E02013. The BigBite detector package will
be exactly the same as in E02013. Three sets of MWDC chambers will be used to
provide tracking information followed by two planes of scintillators (24 pieces each
plane) to provide trigger and timing information. A preshower and shower lead
glass array at the end will provide particle ID for the electrons. The BigBite dipole
magnet will be set at the full current with |B| = 1.2 T. Charged particles with
momentum less than 0.2 GeV /¢ will be bent away as shown in Fig. 14.

The BigBite collaboration has decided to build three sets of horizontal drift cham-
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Figure 11: Available phase space in the (Q?, ) and (W, z) planes with each z-bin in different colors.
A cut off of E' < 1.8 GeV has been applied, assuming good track and momentum reconstruction
in BigBite. The kinematic coverage is wider than the nominal values listed in Table 1. Lower
z-region and higher z-region are plotted as light colored contours.
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Figure 12: Same as in Fig. 11, phase space coverage in (W' ) and (P, ) planes. Lower z-region
and higher z-region are plotted as light colored contours.
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Figure 13: Color coded the same way as in Fig. 11, angular coverage of ¢, and ¢ are shown for
each z-bin. In (a), viewed along ¢, while the scattered electron defines the z-direction, the two
components (P, and Py, ) of P, are plotted, showing the range of ¢, In (b), viewed along the
beam, the two components (Ej and E,) of the scattered electron are plotted, showing the range

of ¢k. Two sets of target spin orientations (Sr) are shown in (b).

preshower
shower

target magn“‘et_ MWDCs S1+52

Figure 14: Typical charged particle trajectories through the BigBite spectrometer and its detector
package. Particles with p = 0.2 and 1.8 GeV/c are shown starting from vertical angles of 8; = £240
mrad. The upward bending tracks are negatively charged particles, and the downward bending
tracks are positively charged particles. The location of wire chambers, trigger scintillator planes,
preshower and shower lead glass arrays are also indicated.
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Figure 15: BigBite acceptance as a function of particle momentum (left) and as a function of
interaction point (right).

bers, each has U-U’, V-V’ and X-X’ planes. The sense wire separation is 2.0 cm,
corresponds to a drift cell size of 1.0 cm and a maximum drift time of 100 ns. A
GEANT Monte Carlo simulation ?* shown that with a typical chamber resolution
of 200 pm, the momentum resolution (dp/p) is ~ 2%. The angular resolution is 3.0
mrad in each direction, causing a few MeV uncertainty in P, reconstruction. The
vertex resolution will be better than 2.0 cm along the beam. Since this experiment
does not seek to resolve any structure in the final states, and the SIDIS events will
be grouped in rather large x-bins, the designed momentum and angular resolution
of E02013 will be adequate for this experiment.

The electron’s particle ID will be provided by a set of preshower and shower
detectors. The preshower blocks are made of TF-5 lead glass, 10 x 10 x 37 cm? each,
covering an active area of 210 x 74 cm?, with 10 ¢cm (3 r.l.) along the particle’s
direction. The total absorption shower blocks are made of TF-2 lead glass, 8.5 x
8.5 x 34 ¢cm? each, covering an active area of 221 x 85 cm?, with 34 cm (13 r.1.) along
the particle’s direction. The total depth of lead glass is enough to contain electron
showers with energies up to 10 GeV, with an energy resolution of 8.0%/vE. A
typical pion rejection factor of 100:1 is expected.

The BigBite acceptance as functions of particle momentum and interaction point
are shown in Fig. 15. An average solid angle of 64 msr is expected, with the vertical
angle A, = £240 mrad (£13.7°) and the horizontal angle A¢, = £67 mrad (£3.8°).
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Single particle background and track reconstruction in BigBite

The background rates in the BigBite detectors are calculated using the Monte Carlo
simulation code GDINR . For particles with momentum above 200 MeV/c, the
integrated electron rate is less than 100 kHz, the 7~ rate is less than 150 kHz. The
positron rate is less than 1 kHz, the 7" rate is less than 300 kHz. The majority of
the charge particle background comes from protons with p > 200 MeV/c (7, > 21
MeV). Such proton’s rate is 3 MHz, comparable to the situation of E02013, and can
be tolerated by the drift chambers.

The low energy photon background in the BigBite is the major concern of this
experiment. According to the Monte Carlo, total photon rate could reach 50~100
MHz, similar to the situation of E02013. Since the maximum drift time in MWDC
is 100 ns, the average multiplicity on each plane could reach 5~ 10 hits per trigger.
This relatively high level of chamber activity could cause a large number of candidate
tracks for a single arm experiment, or an (e, e'n) type measurement *’, such as in
E02013. In a coincidence measurement, however, in which the trigger involves the
timing coincidence of two charged particles from two spectrometers, high resolution
vertex information from a long target helps in reducing the tracking ambiguity in
the BigBite %", especially when the HRS; arm is clean. For the BigBite tracking,
in the transverse direction, a straight line between the HRS;, reconstructed vertex
and the center of shower at the calorimeter serves as the starting point of track
reconstruction. In the dispersion direction, the location of shower also helps in track
selection. Furthermore, the reconstructed particle momentum has to be consistent
with the energy deposit in the calorimeter.

By taking the BigBite to 1.5 meter drift, extra space is available before the magnet
to build shielding and to install collimators. Parasitic background tests for the Big-
Bite spectrometer has been planned in Hall A in the coming year, and improvements
on the design of the detectors and shielding are expected. In addition, several other
experiments are planning to use the BigBite before this experiment starts. Knowl-
edge on the background will certainly help this experiment to improve the shielding
and the tracking algorithm.

3.5 The hadron arm spectrometer HRS],

In addition to the standard tracking and trigger detectors, the hadron arm HRS;,
will also have two aerogel Cherenkov detectors, a gas Cherenkov detector, and two
layers of lead-glass calorimeter blocks. The aerogel detectors Al (n=1.015) and A2
(n=1.055) will provide clean 7~ /K~ separation ?® their momentum thresholds are
shown in Fig. 16. The gas Cherenkov (efficiency ~ 99%) and the lead-glass detectors
(efficiency ~ 99%) will provide clean electron identification 2°.

Based on data collected during E94010, we estimated that in this experiment the
single 7~ rate in HRSy will be at a few kHz level, single electron rate will also be
at the kHz level.
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Figure 16: The Cherenkov thresholds for pions, kaons and protons in the two aerogel detectors.

3.6 Trigger, data aquisition and offline event selection

A coincidence time window of 50 ns will be enough to form the coincidence trigger.
Trajectory corrected time-of-flight resolution is expected to be about 2 ns. The
raw accidental coincidence rate will be at the 500 Hz level, caused by (e,p) or
(m~,p) accidentals. After the BigBite calorimeter ADC cut and the HRS; gas
Cherenkov veto cut, accidental coincidence events are not expected to survive. Two-
arm vertex consistency cut is expected to further eliminate the accidental events, by
an additional factor of 10, if there is any left. The true (e,e'n~) coincidence event
rate is expected to be at a few Hz level when all z-bins are summed over.

As a backup plan, the HRS;, single arm trigger will have the gas Cherenkov sum
signal available as an option for electron veto in the trigger. On the BigBite side, the
preshower and shower sum signal will also be made available, and could be added
to the electron-arm trigger as an option.

Parked at an angle of 90° the right side HRS spectrometer will be run in a parasitic
mode as an independent luminosity monitor collecting data through a separated data
aquisition system.

3.7 The polarized ® He target.

The Hall A polarized 3He target was successfully used for the experiments E94-
0103 and E95-001 3! in 1998-1999, and E99-117 32 and E97-103 33 in 2001. The
polarized *He target uses optically pumped rubidium vapor to polarize *He nuclei
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via spin exchange. For a 40 cm long target with target density corresponding to 10
atm at 0°C, average in-beam target polarization is about 42% with beam current
of 10-15 pA. Two kinds of polarimetry, NMR and EPR (Electron-Paramagnetic-
Resonance), are used to measure the polarization of the target. The uncertainty in
the polarization is less than 4%.

Currently, with two sets of Helmholtz coils, the target can be polarized along
any direction in the horizontal plane. Two sets of diode lasers (=~ 100 watts each)
and optics are used to polarize the target along the longitudinal and the transverse
directions. For this experiment, one additional set of coils will be added for the
vertical direction. With 3 sets of coils, target polarization along any direction will
be possible. The horizontal coils will be oriented to avoid interference with the
spectrometer entrances and the beam line, as shown in Fig. 9. The target cell will
be kept in the same shape as the current configuration except for the pull-off tip
and the placement inside the scattering chamber. While the target chamber (lower
chamber) will be kept unchanged, the pumping chamber (upper chamber) will be
tilted 45° to the beam right. The oven for the pumping cell will be modified to be
offset with a connection piece to link with the original target ladder. The motion
and target ladder system will be kept as it is now with a minor modification of an
extension rod to keep the motor and any parts containing magnetic material further
away from the target field region. A mirror will be mounted on top of the pumping
cell such that the laser light will be reflected into the pumping cell from the top.
Another set of mirrors will be placed such that the second laser beam line goes into
the pumping cell at 45 degrees off the vertical direction. The mirrors will be chosen
to be polarization-preserving mirrors as the ones used in E95-001. A schematic of
the target system is shown in Fig. 17 for the side view and the view from beam.

The target spin needs to be flipped frequently to minimize systematic effects. To
flip the target spin, the holding field needs to be rotated adiabatically and a half
wave plate needs to be inserted or extracted to reverse the laser light polarization
direction. Currently rotating the field by 180° takes about 5 minutes due to the
limitation of the digital electronic control system. During the Los Alamos muon
capture experiment, the spin direction was flipped every two minutes 3*. With
modification in the electronics, we expect to be able to rotate the holding field in
less than 1 minute. The insertion of a half wave plate can also be accomplished in 1
minute. In summary, the spin flip can be done within about 1 minute, and we plan
to flip the spin once every hour.

The target polarization will be measured with both NMR and EPR once every
few hours. For NMR measurements, the target spin will be rotated to be along the
beam direction. EPR measurements can be performed without change in the target
spin direction.

The BigBite magnet will be 1.5 meters away from the target center. Its fringe
field can cause a field gradient in the target region. We plan to use a field clamp,
similar to the design of E02013, to suppress the field gradient. A 1 cm thick p-metal
plate will be enough to shield the target region from the BigBite field. One needs
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Figure 17: The schematic of the polarized *He target, side view (left) and beam view (right).

also to consider the effect of the induced field of the field clamp from the Helmholtz
coils. Recently, to deal with fringe field from the septum magnets for the E97-1103°
experiment, we performed Tosca calculations and also performed test measurements
with a steel plate placed at various locations away from the target. The calculation
as well as the test measurements show that for a field clamp placed at 1.3 meters
away from the target center, the induced field gradient is less than 30 mG/cm,
which should have a negligible effect on the target polarization. To further reduce
the field gradient, and to make minimal polarization loss due to AFP flip during a
polarization measurement, two pairs of active correction coils will be installed (as
in E97-110), which are expected to be able to reduce the field gradient down to the
10 mG/cm level.

The polarized target system has gone through upgrades and improvements con-
stantly. All the numbers we used for our rate estimate are based on achieved per-
formance. We expect the target to perform even better.

4 Rate Estimate and Beam Time Request

4.1 Cross section and rate estimate

The model of coincident cross sections has the following inputs:
e The inclusive *He(e, €') cross section.

e A parameterization of the fragmentation functions D*(z) and D~ (z).
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e A model of the transverse momentum distributions of pions as fragmentation
products.

The inclusive deep inelastic (e,e’) cross section can be expressed in the quark
parton model as:
d*c 21+ (1—-y)?) E )
dQdE sxy? My v 2 ¢ fi(@), )

9,9

where s = 2E My + M3. The unpolarized quark distribution functions f{(z) and
fi(z) are taken from the CTEQ5M global fits **. The semi-inclusive (e,€'h) cross

section relates to the quark fragmentation function Dg(z) and the total inclusive
cross section oy, through:

1 do(e,e'h)  Ygqeafi(z)Dh(z)
Otot dz 2q.d egff (2)

For the light quark fragmentation functions D*(z) and D~ (z), close to Q% = 2.5

GeV?, we follow the parameterization of Kretzer, Leader and Christova 37:

D+(Z) — 0.689271.039(1 - 2)1.241
D (z) = 0.2172 1895(1 — 2)2037 (11)

(10)

Existing data indicate that the fragmented products follow a Gaussian-like dis-
tribution in transverse momentum. For the N(e,e'r)X reaction, recent HERMES
preliminary data showed that the pion transverse momentum (P, ) distribution fol-
lows the form of e(=*"1) with a = 3.76 (GeV/c)~2, corresponding to an average
quark transverse momentum of (P?) = 0.26 (GeV/c)?. We used this pion distribu-
tion and realistic spectrometer acceptances in a Monte Carlo simulation to estimate
the count rates. The issue of pion decay is considered in the rate estimation, typical
survival factors for a pion after a flight-path of 25.0 m in HRS;, are 0.78 for p,=1.8
GeV/c and 0.83 for p,=2.4 GeV/c.

4.2 Beam time request

The beam time is chosen such that the statistical accuracies in the measured raw
asymmetry in the z = 0.24 bin is &~ 0.21%. Table 2 lists the beam time request.
Table 3 lists the coincidence rates, total number of events, the statistical accuracies
of the raw asymmetry Ay (He) and the corrected asymmetry Ar(n) in each z-bin.

5 Expected Results

5.1 From the 3He asymmetry to the neutron asymmetry

Raw measurements of *He (e, e'7 ) single spin asymmetry need to be converted to
the neutron asymmetry. We have:

Ar(CHe) = Poye - (fo - o - Ar(n) +2f, - 1p - Ar(p)) (12)
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Table 2: Beam time request.

Pyrs (GeV/c) Time (Hour)
1.80 (two target spin settings) | 125 x 2 = 250
2.40 (one target spin setting) 290
Time on Pol. *He Cell 540
Time on Reference Cell 15
Optics and Detector Check 5
Target Spin Rotation and
Polarization Measurement 15
HRS; Momentum Change 1
| Total Time Request | 576 (24 days) |

Table 3: Estimated coincidence rates, total number of coincidence events, statistical accuracies of
raw asymmetry Ar(*He) and corrected asymmetry Ar(n) in each Az = 0.05 bin for two HRSf
momentum settings. The average = values for each bin are listed. The rates are based on 15
A beam on a 40 cm long polarized 3He target. For the Pgrs=1.8 GeV/c setting, statistics
corresponding to only one target spin settings are listed. Data from the two target spin settings
of this kinematics will be combined to produce the final statistical uncertainties.

(z) 0.19[0.24 [ 0.29 | 0.34

two target spin settings | Pyrs=1.8 GeV/c (for each spin setting)
Rate (Hz) 0.58 | 0.45 | 0.34 0.25
Number of event (k) | 260 | 204 | 149 112
A7 (3He) (+%) 0.20 | 0.22 | 0.25 0.29
§Ar(n) (£%) 15 | 1.7 | 1.9 2.3

one target spin setting Prrs=2.4 GeV/c

Rate (Hz) 0.27 [ 0.22 ] 0.18 0.13
Number of event (k) | 282 | 232 | 183 136
A7 (3He) (+%) 0.19 [ 0.21 | 0.23 0.27
§Ar(n) (£%) 1.3 | 1.5 | 1.6 1.9
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This conversion requires the inputs of:
e the 3He target polarization, which is about Py, = (42 + 4)%;

o f, and f,: the effective polarization of the proton and the neutron within the
3He nucleus;

e the dilution factor 7, and 7, which is defined as: the ratio of (e, e'm).X events
on neutron (or proton) over the total >He(e, e'm) X events.

The admixture of S' and D states complicates the nucleon polarization in *He.
The effective nucleon polarization has been computed using three-body Fadeev cal-
culation *®. In deep inelastic scattering reactions, especially at the valence region of
x = 0.2 ~ 0.3, one expects: f, = 0.86 £ 0.02 and f, = —0.028 £ 0.004.

The yield of p(e,e'm~)X reaction at each kinematics will be quickly measured
with the reference cell which will be filled with hydrogen gas at a pressure of ~ 10
atm. From the yield ratio of p(e,e'n™)X vs *He(e, e'7~) X, dilution factors 7, and
1, can be determined easily to a statistical accuracy of a few percent. At z =~ 0.5,
one expects that 1, ~ 0.32 and 7, ~ 0.34.

Not only the proton has a 3% polarization in *He, the A7 (p) asymmetry is
also expected to be small, supported by the existing HERMES data. We used a
numerical model calculation?!, and confirmed that the correction on A% (n) in this
experiment due to the contribution of A7 (p) is indeed negligible. Therefore, as a
rough guidance, we have: A% (3He) ~ 0.13A% (n).

5.2 Single-spin asymmetry

The expected statistical accuracies of neutron single-spin asymmetry measurements
are shown in Fig. 18. The different curves in the figure are predictions which consider
the contributions from the Collins effect only, with the assumptions of:

u =gt  with h¢ = 0;

e u—quark only and hf{, =

e d—quark only and h‘fn = g‘fn, with hf, = 0;
e both u—quark and d-quark contribute, with h{, = ¢{, and h'fn = gllin;
e at the Soffer’s bound, with |h% | = (f& +¢%,)/2 and |h¢,| = (fE + ¢¢.)/2.

As an illustration, the extraction of raw asymmetry A7 (*He), for the case of z = 0.56
x = 0.34 point, is shown in Fig. 19.

Sources of systematic uncertainties that contribute to the raw Ar(*He) asymmetry
would likely come from target spin correlated luminosity fluctuations. To the first
order, this type of fluctuation can be largely canceled out by weighting each coin-
cidence event with the instantaneous single electron rate obtained from the “clean”
spectrometer.
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Figure 18: Expected statistical precision for 7i(e, e’7~)X measurements.
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Figure 19: An illustration of raw asymmetry Ar(3He) extraction for the case of z = 0.56 z = 0.34
point, assuming the Collins effect dominates the asymmetry. The angles are taken as ¢, = 180° +
50° and ¢ = 90° & 25°. The input of the 1.0% raw asymmetry corresponds to the assumption
of h¥, = 0, h¥, = gl,. A statistical significance of 3.70 can be achieved on the asymmetry
determination in this illustration.

In (e, e'm) reactions, the effects of radiative corrections are expected to be less
serious than in the inclusive scattering. In addition, radiative corrections will not
generate any single spin asymmetry at the leading order. Therefore, the effect of
radiative corrections in this experiment is the alteration of the average values of
kinematic variable.

5.8  By-products

As by-products, charged kaon yields are expected to be about at the 10% level
compared to the pion yields. Target single spin asymmetries of 7i(e, ¢/ K ) X reaction
will be extracted. Coincidence data will also produce double-spin asymmetries Ay
on the 7i(e, ¢'7~)X reaction, which is sensitive to the quark distribution of g;r. In
single arm (€, ¢') data, inclusive asymmetries on a transversely polarized target are
sensitive to gr (gr = g1 + g2, which is very sensitive to the higher-twist effects.
Events in higher-z region can be reconstructed from calorimeter alone and asym-
metries can also be extracted with less statistical accuracies. Events in the lower-x
region, with a lower Q% but a higher W can also be used to extract asymmetries.

6 Relation with other experiments

There will be an intense experimental effort aimed at measuring quark transverse
polarization in the nucleon in the near future by many collaborations around the
world 3:
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e HERMES run-II plans to take data during the period of 2002-2006. Two
years of time will be dedicated to the transversely polarized proton target run
to measure SSA. Unlike the CEBAF machine, in which the beam helicity can
be flipped at a rate of 30 Hz, the positron beam helicity at HERA can not be
flipped as frequent, introducing systematic uncertainties in luminosity when
the single spin asymmetries are formed.

e Transverse single spin asymmetry measurements are also among the main
physics goals of the fixed target COMPASS experiment at CERN 0. COM-
PASS uses polarized muons of 100-200 GeV scattering off polarized proton
and deuteron targets. These measurements will determine the transversity to
~ 10% level in the intermediate-z region.

e In the future plans of the ELFE and TESLA-N projects, transversity measure-
ments, which include single-spin azimuthal asymmetries and two-pion corre-
lations *!, represent a significant part of the physics program.

e At the Brookhaven National Laboratory, with an average center-of-mass en-
ergy of 500 GeV, the spin-physics program at RHIC will study reactions in-
volving two polarized proton beams with both longitudinal and transverse spin
orientations. Transversity distributions are to be studied through Drell-Yan
lepton pair production mediated by v* or Z°. However, since the transversity
of sea quarks are involved, the expected Drell-Yan double-spin asymmetries
are at the 1 ~ 2% level 2.

At the Jefferson Lab, efforts are also underway to consider single spin asymme-
try measurements in Hall B using a transversely polarized NHj3 target with 6 GeV
beam. The technical difficulties involved in running a transversely polarized tar-
get within CLAS are the major challenges to such a physics program. Analysis of
the existing egla data of Hall B, with a beam energy of 4.2 GeV and a longitudi-
nally polarized NH3 target, has indicated noticeable single spin asymmetries on the
proton %3.

In summary, probing quark transverse polarization is among the goals of several
ongoing and future experiments. The experimental study of transverse polarization
distributions, which is now only at its inception, promises to have a rather exciting
future. Understanding the transversity distributions for different quark flavors is
certainly a complex task which demands the collection of a large amount of experi-
mental data in many different reaction channels spanning a wide kinematic range.

7 Summary

This experiment is the first effort in Jefferson Lab to measure the transverse target
single spin asymmetry. The precision data on the neutron from this experiment,
when combined with the proton data from HERMES and COMPASS, will provide
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powerful constraints on the transversity distributions on both u—quark and d-quark
in the valence region.

On the technical side, running this experiment in Hall A requires no additional
hardware, except those already under development for the approved Hall A G,
experiment (E02013). If the two experiments can be scheduled to run next to
each other, no major installation time is needed. The only hardware change this
experiment requires is the addition of an extra set of target Helmholtz coils and the
alternation of laser optics.

We believe that this experiment will have strong physics impacts and yet demands
a rather modest investment from the Lab. The success of this experiment will guide
the way for the future transversity measurements at the upgraded JLab. A total of
24 days of beam time is requested at 6 GeV.
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Appendix: HERMES preliminary data on the deuteron

For completeness, the HERMES preliminary single spin asymmetry results on a lon-
gitudinally polarized deuteron target are shown in Fig. 20. Single spin asymmetries
are clearly noticeable, but the contributions from the neutron can not be clearly
identified by comparing the deuteron data with the proton data as shown in Fig. 21.
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Figure 20: Analyzing power as a function of ¢ from HERMES 2 deuteron target measurements.
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