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INTRODUCTION

Remarkable progress in the study of spin-dependent structure functions has been made
since the discovery of the “proton spin puzzle" in the late 1980’s. Very active spin-
physics programs have been pursued at many facilities including SLAC, CERN, HERA,
JLab, and RHIC. In recent years, new experimental tools such as semi-inclusive polar-
ized DIS, polarized proton-proton collision, and deeply exclusive reactions have been
employed to address various aspects of the proton spin. In this paper, we present the
plans at the Jefferson Lab to use the semi-inclusive DIS (SIDIS) reactions to measure
various unpolarized and polarized nucleon parton distribution and fragmentation func-
tions. In addition, the prospect of probing the flavor structure of the kaon fragmentation
function is discussed.

TRANSVERSITY

The nucleon unpolarized and polarized quark distributions,q�x�Q2� and ∆q�x�Q2�,
are now rather well known. In contrast, a third quark distribution, called transversity,
is the remaining twist-2 distribution which is practically unmeasured. This helicity-
flip quark distribution,δq�x�Q2�, can be described in quark-parton model as the net
transverse polarization of quarks in a transversely polarized nucleon [1]. The transversity
distributions have many interesting theoretical aspects, related to general properties of
QCD as well as to the structure of the nucleon:

• In the non-relativistic quark model, where boosts and rotations commute, the
transversity distributions are identical to the longitudinally polarized distributions.
The transversity distributions provide a detailed measure of the relativistic nature
of the quarks inside the nucleon.

• The transversity distribution is expected to have a valence like behavior. Since the
transversity of gluons in a nucleon does not exist, the transversity distribution is
expected to follow a simple evolution as a flavor non-singlet quantity [2].

• The transversity obeys some important inequalities. The first,�hq
1
� � f q

1
, follows

from its interpretation as a difference of probabilities. The second (Soffer’s bound)



has its origins in the positivity of helicity amplitudes [3]:�hq
1
� � 1

2� f q
1
�gq

1
�.

• The lowest moment ofhq
1

measures a simple local operator analogous to the axial
charge, known as the “tensor charge”.

Due to the chiral-odd nature of the transversity distribution, it can not be measured
in inclusive DIS experiments. In order to measureδq�x�Q2�, an additional chiral-odd
object is required. For example, the double spin asymmetry,ATT , for Drell-Yan cross
section in transversely polarizedpp collision, is sensitive to transversity sinceATT �

∑i e2
i δqi�x1�δq̄i�x2�. Such a measurement could be carried out at RHIC [4], although

the anticipated effect is small, on the order of 1�2%.
Several other methods for measuring transversity have been proposed for semi-

inclusive DIS. In particular, Collins suggested [5] that a novel chiral-odd fragmentation
function (Collins function) in conjunction with the chiral-odd transversity distribution
would lead to a single-spin azimuthal asymmetry in semi-inclusive pion production.
Results on target single spin azimuthal asymmetries in SIDIS reactions from SMC [6]
and HERMES [7] offered the first glimpse of possible effects caused by the transversity
distribution.

The semi-inclusive DIS is a powerful tool for probing various parton distribution and
fragmentation functions. For producing a spin-zero meson, the SIDIS differential cross
section at the leading order is [8, 9]:
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wherex�y�z�Q2 are the familiar kinematic variables.�SL� and �ST � are the longitudinal
and transverse target spin components with respect to the virtual photon direction, and
λe is the electron helicity. Azimuthal angles are defined relative to the lepton plane,
e.g.φ�

h � φh�φ� is the angle between the hadron plane (�Ph��q) and the lepton plane.
φ�

S � φS � φ� is the angle between the�S ��q plane and the lepton plane.Ph� is the
component of the hadron’s momentum perpendicular to the virtual photon direction.

In Eq. 1, f q
1
�x��gq

1
�x� and hq

1
�x� are the helicity-averaged, helicity-dependent, and

transversity distribution functions, respectively. These three functions survive the in-
tegration of intrinsic quark transverse momentumpT in the initial nucleon. The other
pT -dependent distributions aref�q
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integration after weighting with�p2
T�2M2
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script (n) in Eq. 1.Dq
1

andH�q
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are the regular fragmentation function and the chiral-odd,
T-odd Collins fragmentation function, respectively.

Eq. 1 shows that SIDIS can be used to extract all eight of the twist-2 structure
functions with a judicial selection of beam helicity (λ e), target polarization (SL�ST �,
and the detection of azimuthal angular dependences (φl

h andφl
s).

The HERMES collaboration recently reported [7] observation of single-spin az-
imuthal asymmetry for charged and neutral hadron electroproduction. Using unpolarized
positron beam on longitudinally polarized hydrogen and deuterium targets, the cross sec-
tion was found to have a sinφl

h dependence. Although a longitudinally polarized target
was used in the HERMES experiment,ST is nonzero with a mean value of� 0�15. Eq. 1
shows that a sinφl

h dependence can arise from the transversity plus collins fragmenta-
tion function (the sin(φl

h �φl
s � term), as well as fromf�1T , the chiral-odd T-odd Sivers

distribution function [10] (the sin(φl
h�φl

s) term). The Collins fragmentation function
represents a correlation between the quark’s transverse spin and the transverse momen-
tum of the leading hadron formed in the fragmentation process. The Sivers distribution
function reflects the correlation between the quark’s transverse spin and its transverse
momentum within the nucleon. For a longitudinally polarized target (φl

s � 0) the Collins
and the Sivers mechanisms can not be distinguished.

If the azimuthal asymmetry observed by HERMES is indeed caused by the nucleon
transversity, a much larger asymmetry is expected for a transversely polarized target.
The HERMES [11] and COMPASS [12] collaborations have collected polarized SIDIS
using transversely polarized hydrogen and LiD targets, respectively. A simultaneous
fit to sin�φl

h � φl
s� and sin�φl

h � φl
s� dependences was applied to the HERMES data

to extract the “Collins moments" and the “Sivers moments", respectively. Nonzero
Collins moments were clearly observed in the HERMES data with positive azimuthal
asymmetry forπ� and negative azimuthal asymmetry forπ�. The unexpectedly large
magnitude for the azimuthal asymmetry ofπ� relative toπ� seems to suggest that the
disfavored Collins function is of comparable magnitude, but opposite sign, to the favored
Collins function. Furthermore, the observation of the sin�φl

h�φl
s � moments shows that

the Sivers function is nonzero and indeed contribute to the azimuthal asymmetry in
SIDIS. Preliminary result [12] from the COMPASS 2002 data shows that the sin(φl

h�φl
s�

azimuthal asymmetry is consistent with zero for transversely polarized LiD target. A
factor of 4 increase in statistics is expected for the COMPASS 2002-2004 data.



FIGURE 1. Expected statistical precision of this experiment in comparison with HERMES run-II
projected precision on a proton target [14].

In order to confront theoretical predictions on the transversity distribution, precise
SIDIS data on both proton and neutron covering a wide range of kinematics is required.
A recently approved JLab proposal [13] plans to measure the single spin asymmetry of
the�n�e�e�π��X reaction on a transversely polarized3He target. The goal of this experi-
ment is to provide the first measurement on the neutron transversity, complementary to
the ongoing HERMES and COMPASS measurements on the proton and deuteron. This
experiment focuses on the valence quark region,x � 0�19� 0�34, atQ2 � 1�77� 2�73
GeV2. This kinematics is comparable to the HERMES measurement. The variation of
single spin asymmetry relative tox andz will isolate effect of parton distribution from
that of fragmentation. Data from this experiment, when combined with data from HER-
MES and COMPASS, will provide powerful constraints on the transversity distributions
on bothu–quark andd-quark in the valence region.

The experiment will use 6 GeV electron beam with the Hall A left-side high resolu-
tion spectrometer (HRSL) situated at 16Æ as the hadron arm, and the BigBite spectrom-
eter located at 30Æ beam-right as the electron arm. A Rb spin-exchange3He target of
50 mg/cm2 and�42% transverse polarization with tunable direction will be used. By
rotating the target polarization direction, the coverage inφl

s is increased, hence facili-
tating the separation of the Collins and the Sivers effects. Figure 1 shows the expected
statistical precision of this experiment for�n�e�e�π��X single spin asymmetry together
with the projected precision[14] of HERMES run–II of the�p�e�e�π��X reaction.

The h�1 quark distributions

In addition to the Svers function, the other T-odd quark distribution is theh�1 �x�
function. h�1 is interpreted as the distribution of a transversely polarized quark with
nonzero transverse momentum inside an unpolarized nucleon. Eq. 1 shows that theh�1 �x�



can be extracted by isolating the cos�2φl
h� azimuthal dependence. It would be of great

interest if existing and future SIDIS experiments can shed some light on the T-oddh�1 �x�
quark distributions.

h�1 can also lead to a cos2φ dependence in unpolarized Drell-Yan process [15]. The
azimuthal angle in this case is the angle betweenl� and the plane formed by the
beam and the virtual photon. As a time-odd quantity,h�1 in the Drell-Yan process is
predicted [16] to have an opposite sign relative to theh�1 in the SIDIS process. However,
this prediction remains to be confirmed by experiments. A large cos2φ dependence was
observed in pion-induced Drell-Yan process, and a first attempt to extracth�1 information
from these data has been made [15]. The cos2φ dependence has never been extracted
for the proton-induced Drell-Yan data. The recent FNAL E866 experiment has collected
� 2�5� 105 p� p and p� d Drell-Yan events using 800 GeV/c proton beams. These
data are being analysed to determine the cos2φ dependence. A comparison of proton
Drell-Yan data with the pion Drell-Yan data could provide additional light on the role of
h�1 on the cos2φ dependence in the Drell-Yan process.

Other SIDIS initiaves at JLab

A new JLab Hall-C approved proposal [17] plans to measure spin asymmetries in
�e�p� e�hX and�e�d � e�hX SIDIS reactions. Taking advantage of the high flux electron
beam and a large-acceptance BETA spectrometer for electron detection, this experiment
aims at a high statistics measurement of∆u�∆d�∆ū�∆d̄ over the 0�1� x � 0�45 range.
This experiment could address the important unresolved issue on the flavor structure of
polarized sea-quark distributions. Recent polarized SIDIS results from HERMES have
already provided a first measurement of the∆ū and∆d̄ [18].

Another new JLab proposal [19] plans to measure unpolarized�e�e�π�� and�e�e�K��
reactions. The pion SIDIS measurement aims at a determination ofd̄� ū with better
statistical accuracy than the existing HERMES data [20]. The kaon SIDIS measurement
is motivated by a search for the ¯u� d̄ asymmetry in the kaon fragmentation function. The
interest for such a study is discussed in the next Section.

FLAVOR ASYMMETRY OF FRAGMENTATION FUNCTIONS

Thed̄�ū asymmetry in the proton is now well established [21]. It is of interest to examine
the flavor structure of sea quark distributions in other hadrons. Alberg et al. [22] have
considered the sea-quark distributions inΣ�. The meson-cloud model implies ād�ū
asymmetry in theΣ� even larger than that of the proton. The opposite effect, however, is
expected from SU(3) symmetry. A Drell-Yan experiment using aΣ� hyperon beam has
been considered [22] for such study, but appears quite challenging.

An alternative area of investigation is in the meson sector. A flavor asymmetry in the
π� sea would show up asusea �� dsea, which is equivalent to ¯u �� d. However, the charge-
conjugation symmetry and isospin symmetry dictate that ¯u� d in theπ�. Therefore, the
sea quark distributions in charged pions areu�d symmetric. This is readily understood



in the Pauli-blocking picture. The presence of theu and d̄ valence quarks inπ� would
equally block theuū and thed̄d sea.

The situation is quite different for charged kaons. One anticipates and̄�ū asymmetry
based on the Pauli-blocking picture. The presence ofu quark inK� would inhibit the
ū sea relative to thēd sea inK�. Therefore, one expects̄d � ū in K�, analogous to
the situation for proton. Unfortunately, the putative ¯u�d̄ flavor asymmetry inK� is not
accessible in DIS experiments.

A promising avenue for probing the possible ¯u�d̄ asymmetry inK� is the measure-
ment of kaon fragmentation functions. The sea-quark flavor asymmetry would imply that
ū and d̄ would have unequal probability to hadronize into aK�, namely,DK�

ū �� DK�

d̄
.

A possible evidence for such asymmetry might already exist. Kaon fragmentation func-
tions have been extracted by Kniehl et al. [23] who fitted the hadron production data
from e�e� annihilation. They obtain the following surprising result:

� 1

0�05
dx x DK�

u�s �x�Q
2
0� � 0�19�

� 1

0�05
dx x DK�

u�s �x�Q
2
0� � 0�25 (2)

This result shows that thed quark, which is a sea quark forK�, has a higher probability
to fragment intoK� than for the valenceu ands quarks. This surprising result might
reflects a largēd�ū flavor asymmmtry in the kaon sea. Clearly, additional data on kaon
fragmentation function would be of great interest. The JLab proposal [19] plans to
measure kaon SIDIS to examine possible flavor asymmetry of the kaon fragmentation
functions.
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