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Abstract: This document is an update of the previously approved Hall A
experiment E03-004. In this experiment, we plan to measure the target sin-
gle spin asymmetry (SSA) in the semi-inclusive deep-inelastic n'(e,e'7~)X
reaction with a transversely polarized *He target. The goal of this experi-
ment is to provide the first measurement of the neutron transverse target
SSA complementary to the recent HERMES and COMPASS measurements
on proton and deuteron. The recent results on SSA have generated great
interest in the international hadronic physics community, as evidenced by
the large number of recent workshops dedicated to the topic of SSA. SSA
data on transversely polarized neutron will provide crucial new information
on the flavor dependences of various structure and fragmentation functions
probed by the SSA experiments. This first neutron measurement focuses
on the valence quark region, z = 0.13 ~ 0.41, at Q% = 1.31 ~ 3.1 GeVZ2.
This kinematics is comparable to the HERMES proton measurement, while
COMPASS data are mostly in the low-z region. The variation of single spin
asymmetry as a function of Collins and Sivers angles will provide a clear sep-
aration of the two competing mechanisms—the Sivers effect and the Collins
effect. This is a crucial step toward the extraction of the quark transversity
distributions in semi-inclusive deep-inelastic scattering. Data from this ex-
periment, when combined with the world proton and deuteron data, will
provide powerful constraints on the transversity distributions and Sivers
function for both u—quark and d-quark in the valence region. A re-approval
of 24 days of beam time at 6 GeV in Hall A with a high scientific rating is
requested.
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1 A summary of major developments since PAC23

e New HERMES data with a transversely polarized proton target clearly show
non-zero Collins and Sivers moments. New COMPASS deuteron data show
small (consistent with zero) Collins and Sivers asymmetries. These results
suggest a strong and unexpected flavor dependence of both Collins and Sivers
functions.

e For the first time, Collins fragmentation functions were studied with ete™ —
7w data from Belle at KEK. The data show a significant azimuthal asymmetry
attributed to the Collins function.

e There are rapid new theoretical development in the study and understanding
of the SSA processes. In addition to model (such as quark-soliton models and
di-quark models) calculations of the transversity distributions and lattice cal-
culations of the tensor charges, increasingly large efforts have been devoted to
understanding the reaction mechanisms of the SSA from the fundamental the-
ory of strong interaction, QCD. In particular, the rapid progress in the study
of the Sivers effect and related mechanisms has brought our understanding to
a new level. The link of the SIDIS SSA with other area of hadronic physics,
such as in the Drell-Yan and p — p reactions and multi-hadron production
processes, has not only raised great interest in theoretical efforts, but also in
experimental efforts. Transverse spin physics has become a major goal of a
number of new facilities, including RHIC-spin, J-PARC in Japan, PAX at the
future Facility for Anti-proton and Ion Research (FAIR) at GSI, JLab 12 GeV,
and the future electron-ion collider (EIC).

Experimental developments:

e PAC23 was concerned with the applicability of factorization at JLab kinemat-
ics. Recent SIDIS data from Hall C and Hall B indicate naive z-z factorization
is a reasonable approximation.

e This experiment concentrates on z=0.5. Updated estimates use calculated
SIDIS rates that have been cross checked with recent Hall C E00-108 data.
A full SIDIS physics Monte Carlo simulation code has been developed. We
have optimized kinematics to favor current fragmentation and to have clear
separation of Sivers and Collins moments.

e The BigBite spectrometer has been used to take data for the Short-Range-
Correlation experiment and is ready to take beam for the G, experiment in
February, 2006. Background has been carefully studied with a full GEANT
Monte-Carlo simulation which has been compared with several test run data.

e Rb-K hybrid 3He target cells were demonstrated to have high polarization,
short spin-up time, and much improved success rate in production. The fast
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spin-flip technique has been worked out. Fringe field issue is fully under con-
trol. New optics with a fiber system makes the target system much more
flexible and easier to install.

e Data from HAPPEX running demonstrated the adequacy of the HAPPEX
Lumi detectors for our luminosity monitoring.

e HRS is robust for pion detection. To have kaon data as a by-product, the RICH
detector will be re-installed. The RICH performed well during Hyper-nuclear
and Penta-quark experiments, demonstrating a superb capability for K /7 sep-
aration. The newly designed Heavy Gas Cherenkov for other experiments will
be a back-up.

2 Physics Motivation

At leading twist, three parton distribution functions describe the momentum and
spin of the quarks inside the nucleon. These are the quark density distribution
q(z, @?), the quark helicity distribution Ag(z,@?), and the quark transversity dis-
tribution dq(z, @?). Both ¢(z,Q?) and Ag(z,Q?) are quite well determined from
DIS experiments. In contrast, dq(x, Q?) is practically unknown and remains a ma-
jor frontier in our quest for understanding the spin structure of the nucleon.
Viewed in the helicity basis, the transversity distribution'? dq (or alternatively
h{) corresponds to the forward scattering amplitude involving helicity-flip of both
quark and nucleon, i.e., N7¢* — N<¢7. This chirally-odd nature of dg prevents
its measurement in inclusive DIS which conserves chirality. In the transverse spin
basis, the transversity distribution is related to the probability of finding the quark
transversely polarized along the same direction of a transversely polarized nucleon;
dq = ¢ — ¢™. This is analogous to the helicity distribution which reflects the
probability for a quark to have the same helicity as the nucleon; Aq = ¢77 —
g <. The differences between Aq and dq are expected as a result of the relativistic
motion of the quarks for which boosts and rotations do not commute. Several
model calculations on dg, based on chiral quark-soliton model 2, PQCD model and
quark-diquark model * have been performed. A measurement of the transversity
distribution would provide much insight on the dynamics of quarks in the nucleon.
Although the chirally-odd ¢ can not be measured in inclusive DIS, it can nev-
ertheless be probed in processes which involve another chirally-odd quantity. One
example is the Drell-Yan process involving two transversely polarized nucleons. An-
other process is the semi-inclusive DIS on a transversely polarized nucleon in which
a chirally-odd fragmentation function, called Collins function ®, can lead to an az-
imuthal asymmetry of the detected pseudo-scalar hadron around the direction of a
transversely polarized quark. The Collins function describes the correlation between
quark’s transverse spin and the hadron’s transverse momentum and can be regarded
as a “quark polarimeter” for detecting the transverse spin of the fragmenting quark.
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Beside being chirally-odd, the Collins function is also time-reversal odd, since it
gives rise to a term proportional to (E X Ph1) - 8y in the quark fragmentation process
(E and §, are the momentum and the transverse spin of the fragmenting quark,
and p, is the transverse momentum of the hadron). The existence of this novel
T-odd fragmentation function requires interference of two amplitudes with different
imaginary parts in the fragmentation process. Several recent model calculations® for
the fragmentation process have considered a pion-quark coupling tree-level diagram
together with a pion or a gluon loop, and these calculations suggest a substantial
magnitude for the Collins function. An interesting constraint on the Collins func-
tion has been obtained based on the conservation of transverse momentum during
the parton fragmentation process 7. This Schaefer-Teryaev sum rule shows that
the moment of the Collins function vanishes when the function is summed over all
hadron states. On the experimental side, a recent analysis® of the ete™ — 77 data
from Belle has shown a significant azimuthal asymmetry attributed to the Collins
function. Any new experimental information on the Collins function is of much
interest not only for its connection to the extraction of d¢ in SIDIS, but also for
understanding the nature of this novel T-odd fragmentation function.

An entirely different mechanism can also contribute to the azimuthal asymmetry
in SIDIS. It was suggested by Sivers® that correlations between the transverse spin
of the target nucleon and the transverse momentum of the unpolarized quark could
lead to single-spin asymmetries in various processes. This correlation is expressed
in terms of the “Sivers Function”, which is an example of transverse-momentum-
dependent (TMD) parton distribution functions. An interesting feature of the Sivers
function is that it is related to the forward scattering amplitude of N7¢ — N¢q
where the helicity of the target nucleon is flipped. This helicity flip of the nucleon
must involve the orbital angular momentum of the unpolarized quark. Therefore,
the Sivers function is connected to the quark’s orbital angular momentum.

As a time-reversal odd object, the Sivers function requires initial /final state inter-
actions via a soft gluon. As shown recently'%'%!2 such interactions are incorporated
in a natural fashion by the gauge link that is required for a gauge-invariant definition
of the TMD parton distribution. A striking prediction!!, based on the time-reversal
symmetry of QCD, is that the Sivers function as deduced from SIDIS will change
sign in the Drell-Yan process. If confirmed by experiment, this would shed much
light on the issue of universality for the TMD parton distributions. Several model
calculations for the Sivers function have been carried out recently. Most of these cal-
culations use the spectator model with scalar and axial-vector diquarks 103141516
A calculation based on the MIT bag model has also been performed !”. Note that
T-odd distribution functions vanish in chiral soliton model, where gluonic degrees
of freedom are absent '®. An unambiguous measurement of Sivers function would be
very valuable for understanding the nature of the TMD parton distributions.

Several recent measurements at HERMES using longitudinally polarized hydrogen
and deuterium targets have observed azimuthal asymmetries in SIDIS °. However,
separation of the Collins from the Sivers mechanism is hindered by the fact that
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both mechanisms have a common sin¢g;, azimuthal behavior. Moreover, subleading-
twist effects could also have a large contribution. These difficulties are avoided
when transversely polarized targets are used. The additional degree of freedom
associated with the azimuthal angle ¢g of the target nucleon polarization direction
allows an unambiguous separation of these two mechanisms, namely, a sin(¢p, — ¢5)
dependence for the Sivers mechanism and a sin(¢y, + @) distribution for the Collins
mechanism 2°.

Both the HERMES and the COMPASS experiments have recently reported first
results from SIDIS data collected with transversely polarized targets. The HERMES
experiment uses 27.6 GeV positron beam bombarding a transversely polarized hydro-
gen gas target. Scattered positrons were detected in coincidence with charged pions
and the mean values of the kinematic parameters are (z) = 0.09, (y) = 0.54, (Q?) =
2.41 GeV?, (z) = 0.36, and (P,,) = 0.41 GeV/c. In a recent HERMES publica-
tion 2!, signals for both the Collins and Sivers mechanisms were reported for data
recorded in the 2002-2003 running period. Very recently, preliminary HERMES
results based on nearly five times more statistics have been presented 2. Fig. 1
shows the Collins and Sivers moments as a function of x, z and P,,. The average
Collins moment is positive for 7+ and negative for 7=. This behavior is expected
if the transversity distributions resemble the helicity distribution such that du is
positive and dd is negative. It is quite surprising that the magnitude of the 7~
moment is at least as large as that for 7, since one expects |du| > |dd| in analogy
with |Au| > |Ad|. This expectation is based on the assumption that the disfa-
vored Collins fragmentation function is small compared with the favored one. The
HERMES result suggests that this assumption might not be valid.

Figure 1 also shows that the Sivers moment is non-zero and positive for 7+. This
result provides the first evidence for a T-odd parton distribution function in SIDIS.
With the sign convention 2 adopted by HERMES and the expectation that the
7t moment is dominated by u quark, the positive Sivers moment for 7% implies
a negative value for the Sivers function for the u quark. Figure 1 shows that the
Sivers moment for 7~ is consistent with zero, in striking contrast to the 7™ result.

The COMPASS experiment has also reported ?* the first measurement of Collins
and Sivers azimuthal asymmetries for 160 GeV/c muon beam incident on trans-
versely polarized ®LiD target. Figure 2 shows that both the Collins and the Sivers
asymmetries are consistent with zero.

The striking pion-charge dependences of the Collins and Sivers moments observed
by HERMES, as well as the remarkable difference between the HERMES and COM-
PASS results on proton and deuteron targets, suggest a strong and unexpected flavor
dependence of both the Collins and Sivers functions. The HERMES and COMPASS
data have been analyzed >2627 very recently to extract the Collins and Sivers func-
tions. Using a parameterization of the Collins functions with the form:

Hi 7% (2) = Crapz(1 = 2)DI™(2), H{"™(2) = Cunjanz(1 — 2)DI*(2), (1)
and adopting a parameterization ?® of the transversity distribution based on satura-
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Figure 1: Collins and Sivers moments from the HERMES preliminary results on transversely

polarized hydrogen data ?2.
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Figure 2: Collins asymmetry and Sivers asymmetry from COMPASS using a transversely polarized
SLiD target 24.

tion of the Soffer inequality 2°, the authors of ref.? fitted the HERMES data?? and
obtained

Clap = —0.29 4 0.04, Cupsan = 0.33 4 0.04, (2)

where the subscripts fav and unfav refer to the favored and unfavored fragmen-
tation functions. The result that the unfavored Collins function is approximately
equal to the favored one with opposite sign is actually consistent with an expectation
based on a conjecture 2 motivated by the Schaefer-Teryaev sum rule. A descrip-
tion of Collins fragmentation function from string breaking 3° also gives opposite
signs for the favored and unfavored function. It would be very important to test
this interesting result with additional measurements. The authors of ref. ?® found
that their calculations of the Collins asymmetries for deuteron target are consis-
tent with the very small asymmetries observed by COMPASS. The small predicted
Collins asymmetries are attributed to the partial cancellation between the proton
and neutron contributions, as well as the presumably small sea-quark transversity
distributions at small z region. A measurement of the Collins asymmetries at the
valence-quark region using a transversely polarized *He target, as proposed in this
proposal, would provide very valuable new inputs for understanding the difference
between the HERMES and the COMPASS results.

Several analysis 25262731 of the HERMES data for extracting the Sivers functions
have all shown that d quark Sivers function is larger in magnitude than the u quark
one, and with opposite sign, as shown in Fig. 3. This result reflects the striking dif-
ference of the Sivers asymmetries observed for 7™ and 7~. It is interesting that the
signs of the u and d Sivers functions are consistent with the expectations in ref. 32,
where a connection of the quark’s Sivers function to the quark’s contribution to pro-
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ton’s anomalous magnetic moment is made. The vanishing Sivers moments found
by COMPASS can be well reproduced by these authors. The smallness of the Sivers
asymmetries is again attributed to the small-z kinematic region of COMPASS and
the cancellation of contributions from proton and neutron in the target. The mea-
surement proposed here would provide crucial new information for understanding
the flavor structure of the Sivers function.
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Figure 3: The first moment of the Sivers functions for 4 and d quarks extracted from fits3! to the
HERMES data?2.

2.1 Transverse target spin related SIDIS cross sections

The differential cross section in a SIDIS (e, €'h) reaction, in which the beam is not
polarized and the target is transversely polarized, can be expressed at leading-twist
as the sum of a target spin-independent and a target spin-dependent term:
do"
— = do" = doyy + doyr, 3
d$dethd¢h vu vr ( )
— dUUU +d0_g%llins + do_gijyers + do_g,%ers‘

Each term in Eq. 3 can be expressed as convolutions of parton density and fragmen-

tation functions33:
4ra’s y? o0 eq ¢
dO’UU:W(l_y'i_E)Zeq[fl ® Df], (4)
q
ollins 47ra25 :
dogp'™" = 0 1S7|(1 — y) sin(¢n + 6s) D _ g [h(f ® qu] ; (5)
q
Sivers 471'0[28 y2 : 2 Lqg q
dogr™” = O 1S7|(1—y + 5) sin(én — @s) Zeq [ 17 ® D1] ’ (6)
q
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The convolution in Eq. 4-Eq. 5 represents an integration over transverse momen-
tum of initial (k) and final quark (pr) with proper weighting 3, i.e.

[®.]= / Eprd?kpd® (pp — % —k)[..]. 8)

These convolutions can be reduced to simple products if the | P, |-weighted inte-
grations cover to infinite | P, | or explicit pr and kr dependencies (like Gaussian
distributions) are introduced.

2.2  Transverse target single-spin asymmetry

Neglecting the 3¢; term, which is expected to be small by most model calculations,
the target SSA can be defined as:

_ 1 doyr _ 1 do(¢n,ds) — do(¢n, ps + )
~ |Sr| doyy |St| do(n, ¢s) + do(dn, ps + ) :

The Collins and Sivers asymmetry have different angular dependences:
Aur(én, ds) = AGF™ sin(dp + bs) + AZF sin(dp — bs). (10)
The HERMES 222 and the COMPASS ?* paper used the notation of moments
2(sin(¢y, + ¢s))ur and 2(sin(¢, — ¢s))ur, which are corresponding to:
AGF™ = 2(sin(¢n + 6s))ur - Dny (11)
A7 = 2sin(én — ¢s))ur (12)
13

AUT (9)




where Dy, = (1—y)/(1—y+%) for COMPASS. The definition of HERMES includes

the longitudinal virtual photon effect R = o1, /or to replace Dy, with B(y)/A(z,y)

where B(y) = (1 — y), and A(z,y) = % +(1-y) ig(;;gg For this experiment, the

differences between D,, and B(y)/A(x,y) are rather small, at a few percent level.
From Eq. 4-5 we have:

L
€ [h‘{ ® Hj q]
el @ DY)
i

q 62 [ Hg & D il]
Yeeglfi®Di]

Although Eq. 13 and Eq. 14 are defined without any ambiguity, different exper-
iments usually cover different ranges in the convolution of Eq. 8 due to finite P!
coverages, making it very difficult or impossible for a direct comparison between
Ay results from different experiments. Only after explicit pr and k1 dependencies
are introduced is such a comparison meaningful. For an ideal experiment with in-

finite P, coverage, SSA asymmetries can be weighted by |P?/z, M|, such that the
convolutions in Eq. 8 reduce to products:

Agf}llins _ (1-y) _ eﬁh?(m) : Hf(l)q(z),
(I—y+2) Y,e2fi(z)-Diz)
>, e2fii Y (x) - Di(2)
>, 2 fi(@) - DI(z)

AT = Dpp2(sin(¢n + ¢5))ur = Dpn - (13)

Ajipers = 2(sin(¢n — ¢s))ur = (14)

Sivers __
AUT -

2.8 Factorization in SIDIS and recent JLab data

Recently, QCD factorization in SIDIS has been proved by Ji, Ma and Yuan explic-
itly 3 in the case of hadrons emitted in the current fragmentation region with low
transverse momentum P,;, < ). QCD factorization of spin-dependent cross sec-
tions in SIDIS has also been proved for the low P, case3®. Most importantly, recent
JLab data have shown that even the leading order z-z factorization assumption,
under which the parton densities (z-dependent) and the fragmentation functions
(z-dependent) are factorized, works reasonably well at JLab energies.

In Fig. 5, preliminary SIDIS cross sections from Hall C E00-108 in p(e,e'n ")
and p(e,e'n") reactions *® at x = 0.3 are shown to agree with a SIDIS Monte
Carlo simulation which assumed z-z factorization. This agreement indicates that
information on the quark distributions is well-preserved in SIDIS reactions at JLab
energies. The lack of any resonance structures at z < 0.70 (W' > 1.5 GeV) indicates
that the contributions from exclusive resonance production are not large when W' >
M, confirming earlier observations of Cornell experiments 3738 at Ey = 11 GeV.

The existing double-spin asymmetry data 3 also suggest leading order z-z fac-
torization at 6 GeV. Clear agreement of A’{; between HERMES and CLAS data
indicates the strong domination of current-quark fragmentation at JLab energy.
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Figure 5: Preliminary SIDIS cross sections from Hall C E00-108. The cross sections in p(e, e'n™)
and p(e,e'nt) at x = 0.3 are shown to agree with a SIDIS Monte Carlo simulation which assumed
z-z factorization (solid line).

3 The Proposed Measurement

3.1 Overview

We plan to study the target single spin asymmetry (SSA) in the semi-inclusive deep-
inelastic n' (e, ¢'7~) X reaction on a transversely polarized *He target in Hall A with
a 6 GeV beam. (e,e¢’K~) events will be treated as by-products. 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 (HRS)
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 Hall
A G% experiment *® (E02013), which is scheduled to take production data in early
2006. The drift distance to the BigBite dipole magnet will be 1.50 m, instead of the
1.10 m in E02013. Since this experiment is a coincidence experiment with the HRS,
at a relatively low rate, the HRS spectrometer can be used for interaction vertex
reconstruction such that most of the complications associated with the BigBite wire
chamber track reconstruction can be eliminated, in contrast to the case of the G g,
experiment. In addition, when a tight coincidence timing cut is further required we
expect that the majority of the background tracks and random hits in the BigBite
wire chambers can be easily eliminated.
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Figure 6: Experiment arrangement.
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Figure 7: A top view near the pivot. The left HRS is shown at 16°, the BigBite dipole magnet

is shown at 30° beam right and at a 1.5 meter drift distance.

The right HRS is at 90° as a

luminosity monitor. The target coils are arranged to avoid interference with the beam line and the

spectrometers.

16



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 transverse in-
plane relative to the beam direction. The experimental arrangement is illustrated
in Fig. 6 and a close-up view near the pivot is shown in Fig. 7.

3.2 The choice of kinematics

The definitions of the kinematic variables are the following: Bjorken-z, which in-
dicates the fractional momentum carried by the struck quark, is z = Q?/(2vMy),
where My is the nucleon mass. The momentum of the outgoing hadron is p, and
the fraction of the virtual photon energy carried by the hadron 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 hadron. We have:

1
W? =M} + QQ(E - 1),
W? =My +v—E,)?—|7— . (17)

We chose to cover the highest possible W with a 6 GeV beam, 2.33 < W < 3.05
GeV, corresponds to 0.135 < x < 0.405 and 1.31 < @Q* < 3.10 (GeV/c)?. We also
chose to detect the leading fragmentation pion which carries z = 0.5 of the energy
transfer to favor current fragmentation. The value of W’ is also chosen to be as
high as possible with a cut of W’ > 1.5 GeV to avoid contributions from resonance
production channels. The kinematics for each z-bin center 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. Only one hadron arm
momentum setting, p, = 2.4 GeV/c will be taken. The corresponding values of W'
and z are listed in Table 1.

Table 1: Nominal kinematics of each x-bin center for beam energy of £ = 6.0 GeV. One BigBite
setting will cover all the kinematics listed. E' and 6, are the electron arm momentum and angle.
0, indicates the direction of ¢. The hadron arm angle is fixed at 16°.

E 0, (x) W Q? 6, Zn D w!
GeV  deg. GeV  GeV?  deg. GeV/c GeV
0, = 16.0°
0.815 30.0 0.135 3.050 1.310 4.40 || 0.46 2.40 2.20
1.246 30.0 0.225 2.793 2.003 7.22 | 0.51 2.40 1.99
1.612 30.0 0.315 2.554 2.592 9.93 | 0.56 2.40 1.80
1.925 30.0 0.405 2.331 3.095 12.52 1 0.59  2.40 1.62
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3.8 Phase spaces, Collins angle and Sivers 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
coverage in the (Q?% z) and (W, z) planes is shown in Fig. 8, and the coverage in the
(W', z) and (P, z) planes is shown in Fig. 9, color coded for each z-bin.

The angular coverage of ¢! and ¢% is shown in Fig. 10 and Fig. 11. Four settings
of target spin orientation will be taken with (¢%) = 0°,90°,180° and 270°. For every
2-bin in this experiment, the full 27 range of the Collins angle is covered. Collins
angle coverage is shown in Fig. 12. Sivers angle coverage is shown in Fig. 13.

Q* ( GeV/c)?

0 0.05 0.1 015 02 025 03 035 04 045 05

Figure 8: Available phase space in the (@2, z) and (W, z) planes with each z-bin in different colors.
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