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Helicity and transversity distributions of the nucleon and L hyperon from L fragmentation
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It is shown thatL-hyperon fragmentation in charged lepton deep inelastic scattering on a polarized nucleon
target can provide sensitive information concerning the quark helicity and transversity distributions for both the
nucleon andL hyperon at largex. Numerical predictions are given for the spin transfers of the producedL,
when the target nucleon is polarized either longitudinally or transversely, and with the nucleon andL quark
distributions evaluated both in an SU~6! quark-spectator-diquark model and in a perturbative QCD based
model. It is also shown that the predicted spin transfers have different behaviors for proton and neutron targets,
and this can provide sensitive tests of different predictions for the quark helicity and transversity distributions
of the d valence quark of the proton at largex.
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Trying to understand the spin content of hadrons is a v
challenging research direction of high-energy physics, an
far many unexpected discoveries have been found in con
with naive theoretical considerations. The quark helicity d
tributions of the protonDq(x) have been extensively ex
plored in recent years and our knowledge of them has b
considerably enriched. However, there are still some un
tainties concerning the flavor decomposition of the qu
helicity distributions, especially for the less dominantd va-
lence quark of the proton. For example, there are differ
theoretical predictions for the ratioDd(x)/d(x) at x→1: the
perturbative QCD~PQCD! based counting rule analysis@1#
predicts Dd(x)/d(x)→1, whereas the SU~6! quark-
spectator-diquark model@2# predicts Dd(x)/d(x)→21/3.
The available experimental data are not yet accurate eno
to provide a decisive test of the above two different pred
tions. On the other hand, our knowledge of the quark tra
versity distributionsdq(x) is very poor, since it is difficult to
measure such quantities experimentally, although there h
been attempts in this direction recently@3#. Among some
proposals for measuring the quark transversity distributio
Artru and Mekhfi@4#, and later Jaffe@5#, have noticed that
the L-hyperon transverse polarization, in the current fra
mentation region of charged lepton deep inelastic scatte
~DIS! on the transversely polarized nucleon target, can p
vide information of the quark transversity distribution of th
target. However, such a measurement needs the fragm
tion functions of the transversely polarized quark to tra
versely polarizedL. In the absence of any theoretical es
mate of such a quantity, one possible analysis is to
positivity bounds@6#, but here we will make more specifi
assumptions.
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There has been a suggestion@7# for measuring the
nucleon strange polarizations by the longitudinalL polariza-
tion in the current fragmentation region of charged lept
DIS on a longitudinally polarized nucleon target. Such a p
cess, as pointed out by Jaffe@5#, should be most suitable fo
extracting both the quark helicity distributions of the targ
and the fragmentation functions of the longitudinally pola
ized quark to longitudinally polarizedL. Thus it is possible
to make a systematic study of the quark helicity and tra
versity distributions of nucleons, and of the polarized qua
to polarizedL fragmentations, by using the available faci
ties, such as COMPASS, HERMES, and the Spin Muon C
laboration~SMC!, onL fragmentation in charged lepton DI
on both longitudinally and transversely polarized nucle
targets. The target nucleon can be chosen to be a proton
neutron ~experimentally through2H and 3He targets!, re-
spectively, and this can provide additional information for
clear distinction of different predictions.

We now look at the quark toL fragmentation functions
Dq

L(z). Recently there has been progress in understand
the quark toL fragmentations@8# by using the Gribov-
Lipatov ~GL! relation @9#

Dq
h~z!;zqh~z! ~1!

in order to connect the fragmentation functions with the d
tribution functions. This relation, whereDq

h(z) is the frag-
mentation function for a quarkq splitting into a hadronh
with longitudinal momentum fractionz, and qh(z) is the
quark distribution of finding the quarkq inside the hadronh
carrying a momentum fractionx5z, is only known to be
valid nearz→1 on an energy scaleQ0

2 in leading-order ap-
proximation @10#. However, predictions ofL polarizations
@8# based on quark distributions of theL in the SU~6! quark-
spectator-diquark model and in the PQCD based coun
rule analysis have been found to be supported by all av
able data from longitudinally polarizedL fragmentations in
©2001 The American Physical Society17-1
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e1e2 annihilation @11–13#, polarized charged lepton DIS
process@14,15#, and most recently, neutrino~antineutrino!
DIS process@16#. Thus it is natural to extend the same kin
of analysis from longitudinally to transversely polarize
cases, and then check the validity of the method by com
ing theoretical predictions with experimental data. Such
analysis can also serve as a theoretical guidance to de
future experiments.

The SU~6! quark-spectator-diquark model@2,17,18# starts
from the three quark SU~6! quark model wave function o
the baryon, and if any one of the quarks is probed, one r
ganizes the other two quarks in terms of two quark wa
functions with spin 0 or 1~scalar and vector diquarks!, i.e.,
the diquark serves as an effective particle, called the spe
tor. Some nonperturbative effects such as gluon exchan
between the two spectator quarks or other nonperturba
gluon effects in the hadronic debris can be effectively tak
into account by the mass of the diquark spectator. The m
difference between the scalar and vector diquarks has b
shown to be important for producing consistency with e
perimental observations of the ratioF2

n(x)/F2
p(x)51/4 at x

→1 found in the early experiments@17,18#, and also for the
proton and neutron polarized spin-dependent structure fu
tions at largex @2,18#. The light-cone SU~6! quark-spectator-
diquark model@2# is an extended version of this framewor
taking into account the Melosh-Wigner rotation effec
@19,20#, in order to build up the quark helicity and transve
sity distributions of the nucleon. A detailed discussion
quark helicity and transversity distributions in the light-co
SU~6! quark-diquark model can be found in Ref.@21#. It has
been also shown recently@22# that the predictedx-dependent
transversity distributions are compatible with the availa
HERMES data for the azimuthal asymmetry@3#. The appli-
cation of the model for discussing the quark helicity dist
butions of theL can be found in Ref.@8#, where it is shown
that theu and d quarks inside theL should be positively
polarized at largex, although their net spin contributions t
the L polarization might be zero or negative, and such
prediction was found@8# to be in good agreement with th
experimental data. The extension of this framework to
quark transversity distributions is straightforward, since o
only needs to replace the Melosh-Wigner rotation factor
helicity by that for transversity@20,21#. We found similar
qualitative features between the helicity and transversity
tributions for each quark flavor, as can be seen from Fig

FIG. 1. The predicted ratios~a! Dq(x)/q(x) and~b! dq(x)/q(x)
for proton in the quark-diquark model~thick curves! and the PQCD
based model~thin curves!. Solid curves are foru valence quarks
and dashed curves are ford valence quarks.
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and 2, where the ratiosDq(x)/q(x) anddq(x)/q(x) for the
valence quarks of both proton~Fig. 1! and L ~Fig. 2! are
presented.

We notice that thed quark in the proton is predicted t
have a negative quark helicity distribution atx→1, and this
feature is different from the PQCD counting rule predicti
of ‘‘helicity retention,’’ which means that the helicity of a
valence quark will match that of the parent hadron at largex.
Explicitly, the quark helicity distributions of a hadronh have
been shown to satisfy the counting rule@23#,

qh~x!;~12x!p, ~2!

where

p52n2112DSz . ~3!

Here n is the minimal number of the spectator quarks, a
DSz5uSz

q2Sz
hu50 or 1 for parallel or antiparallel quark an

hadron helicities, respectively@1#. Therefore the antiparalle
helicity quark distributions are suppressed by a relative f
tor (12x)2, and consequentlyDq(x)/q(x)→1 as x→1.
Taking only the leading term, we can write the quark helic
distributions of the valence quarks as

qi
↑~x!5

Ãqi

B3
x21/2~12x!3;

qi
↓~x!5

C̃qi

B5
x21/2~12x!5, ~4!

whereÃq1C̃q5Nq is the valence quark number for quarkq,
Bn5B(1/2,n11) is the b function defined byB(12a,n
11)5*0

1x2a(12x)ndx for a51/2, andB3532/35 andB5

5512/693. The application of the PQCD counting ru
analysis to discuss the unpolarized and polarized struc
functions of nucleons can be found in Ref.@1#, and the ex-
tension to theL can be found in Ref.@8#. Theu andd quarks
inside theL are also predicted to be positively polarized
largex @8#, just as in the quark-diquark model prediction.
is interesting that the predictions based on the PQCD ba
counting rule analysis are also found@8# to be in agreemen
with the experimental data, after some adjustment to the
rameters with higher-order terms included.

FIG. 2. The predicted ratios~a! Dq(x)/q(x) and~b! dq(x)/q(x)
for L in the quark-diquark model~thick curves! and the PQCD
based model~thin curves!. Solid curves are fors valence quarks and
dashed curves are foru andd valence quarks.
7-2
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TABLE I. The parameters for quark distributions of the nucleon andL in the PQCD based model.

Baryon q1 q2 Ãq1
C̃q1

Ãq2
C̃q2

Âq1
Ĉq1

Âq2
Ĉq2

p u d 1.375 0.625 0.275 0.725 1.52 0.48 0.305 0.69
n d u 1.375 0.625 0.275 0.725 1.52 0.48 0.305 0.69
L s u(d) 0.825 0.175 0.4125 0.5875 0.912 0.088 0.457 0.54
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The quark transversity distributions are closely related
the quark helicity distributions. A useful inequality has be
obtained@24#, which constrains the quark transversity dist
butions by the quark unpolarized and polarized distributio
and there also exists an approximate relation@21# which con-
nects the quark transversity distributions with the quark
licity and spin distributions. Two sum rules@21#, connecting
the integrated quark transversities with some measured q
tities and two model correction factors with limited unce
tainties, have been also recently obtained. For example, i
assume the saturation of the inequality@24#

2udq~x!u<q~x!1Dq~x!, ~5!

then we obtaindq5 1
2 @q(x)1Dq(x)#5q↑(x), and this sug-

gests that in general we may expressdq(x) in terms ofq↑(x)
andq↓(x). All these considerations indicate that it is conv
nient to parametrize the valence quark transversity distr
tions in a similar form as the helicity distributions. Therefo
we use as a second model

dq~x!5
Âq

B3
x21/2~12x!32

Ĉq

B5
x21/2~12x!5, ~6!

which clearly satisfies the inequality~5!. These quark trans
versity distributions are constrained bydQ5*0

1dq(x) dx

from the two sum rules in Ref.@21#. We also takeÂq1Ĉq
5Nq as in the case of the helicity distributions, in order
reduce the number of uncertain parameters. In addition
quark distributions for the valence quarks of nucleons a
the L are assumed to be connected between each othe
the SU~3! symmetry relation

up5dn5
2

3
uL1

4

3
sL;

dp5un5
4

3
uL2

1

3
sL. ~7!

With the inputs of the quark helicity sumS5DU1DD
1DS'0.3, the Bjorken sum ruleGp2Gn5 1

6 (DU2DD)
5 1

6 gA /gV'0.2, both obtained in charged lepton DIS expe
ments@21#, and taking the two model correction factors bo
to be equal to 1 for the two sum rules of quark transversi
@21#, we obtain DU50.75, DD520.45, dU51.04, and
dD520.39 for the proton, assumingDS50. Such a sce-
nario should be able to reflect the bulk features of the
lence quarks for the octet baryons, although it might be
rough for their sea content. ThedU anddD so obtained are
compatible with those from a chiral soliton model@25#. We
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may readjust the values when experimental constraints
come available, or if we believe other models are more r
sonable@21#. It is encouraging that the obtained transvers
distributions for the nucleons have been found to give c
sistent descriptions@22# of the available HERMES data fo
the azimuthal asymmetry. The parameters for the nucle
andL quark distributions can be found in Table I. The rati
Dq(x)/q(x) and dq(x)/q(x) for the valence quarks of the
proton and theL in the PQCD based model are also pr
sented in Figs. 1 and 2, respectively. Notice that the helic
and transversity distributions are close to each other at la
x. This comes from the fact that the Wigner-Melosh rotati
factors reduce to 1 at the limitx→1.

For L production in the current fragmentation regio
along the virtual photon direction, the spin transfer to t
longitudinal polarizedL is written as@5,7#

AL~x,z!5

(
q

eq
2DqN~x,Q2!DDq

L~z,Q2!

(
q

eq
2qN~x,Q2!Dq

L~z,Q2!

~8!

for charged lepton DIS on a longitudinally polarized nucle
N target, and that to the transversely polarizedL is written as
@4,5#

ÂL~x,z!5

(
q

eq
2dqN~x,Q2!dDq

L~z,Q2!

(
q

eq
2qN~x,Q2!Dq

L~z,Q2!

~9!

for charged lepton DIS on a transversely polarized nucleoN
target. Now we have the quark distributionsq(x), Dq(x),
anddq(x) for the valence quarks of nucleons and theL in
both the SU~6! quark-diquark model and the PQCD inspire
analysis. For the quark toL fragmentation functionsDq

L(z),
DDq

L(z), and dDq
L(z), we use the Gribov-Lipatov relation

Eq. ~1!, in order to connect them with the correspondi
quark distributions of theL in the two models. Therefore we
have the necessary inputs for a first numerical evaluation
the two spin transfers Eqs.~8! and ~9! in the largex and z
regions, where the valence quarks are dominant inside
baryons. Extension to the smallx region requires the knowl-
edge of quark helicity and transversity distributions of t
target in this region, where we may use theoretical estim
tions or parametrizations from other kinds of experiments
inputs. Similarly, we can also use other experiments or t
oretical considerations to constrain the various quark toL
fragmentation functions, and extend our knowledge from
7-3
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largez region to the smallz region. From the previous suc
cessful predictions@8# of longitudinal L polarizations, sup-
ported by all available data, we expect that our results w
have some predictive power even in the smallz region. Fur-
thermore, by using the measured spin transfers for b
AL(x,z) and ÂL(x,z), we can double check our prediction
from different models, and get a deeper insight into the s
structure of both nucleons and theL.

In the nucleon target, there are onlyu and d valence
quarks, therefore the dominant contribution to the two s
transfersAL(x,z) and ÂL(x,z) should come from theu and
d quark contributions in the largex and z regions. In the
specific case of the proton target, theu quarks are dominan
inside the target, its squared charges is 4/9, larger than 1
thed quark, and also the ratiosDu(x)/u(x) anddu(x)/u(x)
are positive values close to 1, which causes the dominanc
u quark contributions inside the target. Therefore the m
features of the two spin transfersAL(x,z) and ÂL(x,z) are
mainly determined by the ratiosDDu

L(z)/Du
L(z) and

dDu
L(z)/Du

L(z), as can be seen from Fig. 3. Thus we c
check the predictedDDu

L(z)/Du
L(z) and dDu

L(z)/Du
L(z) by

the measured spin transfersAL(x,z) and ÂL(x,z) from a
proton target.

The two models have qualitatively similar features for t
ratios Du(x)/u(x) and du(x)/u(x) for the L, and conse-

FIG. 3. Thex-integrated spin transfersAL(x,z) andÂL(x,z) of
L production in charged lepton DIS process on the longitudina
and transversely polarized proton and neutron targets, with the
tegratedx range of 0.6→1 for the solid curves and 0.3→1 for the
dashed curves. The thick curves correspond to the results
quark distributions and fragmentation functions from the qua
diquark model and the thin curves correspond to these from
PQCD based model. The data are taken from E665@15# and HER-
MES @14# Collaborations. Notice that the cuts of the data a
slightly different from that of the prediction, but this does n
change the qualitative trends.
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quently, we have qualitatively similarDDq
L(z)/Dq

L(z) and
dDq

L(z)/Dq
L(z) for the inputs to Eqs.~8! and ~9!, as can be

seen from Fig. 2. In the nonrelativistic model, the helic
and transversity distributions are the same as the quark
distributions in the quark model. Therefore the differen
between the helicity and transversity distributions reflects
quark relativistic motion inside the nucleon. As we me
tioned before, the helicity and transversity distributions a
close to each other at largex, because the Wigner-Melos
rotation factors reduces to 1 at the limitx→1. As a conse-

quence we find not much difference betweenA andÂ. How-
ever, at small and mediumx when the sea quark contributio
cannot be neglected, the different chiral properties betw
the helicity and transversity distributions will show up, an
their difference is ideal in order to study the chiral propert
of the nucleon.

Also we haveu↔d symmetry for the quark toL frag-
mentation functions. This implies that any big qualitati
difference of our predictions between the proton and neut
targets are not mainly produced by the different inputs
various quark toL fragmentation functions in the two mod
els, but by theu and d difference in the quark helicity and
transversity distributions of the targets. Therefore the diff
ent trends between the predictions of the spin transfers
the proton and neutron targets, as can be seen in Fig. 3, c
mainly from the difference of the quark helicity and tran
versity distributions for nucleons in the two models. This c
be easily understood because the weights of squared cha
are different foru andd quarks, and in the neutron target th
less dominantu valence quark has more weight, therefo
Dun(x)/un(x)→21/3 @which isDdp(x)/dp(x) from isospin
symmetry# provides a bigger contribution than for the proto
target. This indicates that the predicted spin transfers for
neutron target are more suppressed in the quark-diqu
model, whereas they are less suppressed in the PQCD b
model, as can be confirmed by Fig. 3. Thus we conclude
the spin transfersAL(x,z) and ÂL(x,z) measured in both
largex and largez regions for the proton and neutron targe
can provide a check of the two different predictions of t
quark helicity and transversity distributions for the le
dominantd valence quark in the proton. They can also
used to test the prediction of positively polarizedu and d
quarks inside theL at largex for both models.

There are available data of the spin transfer to the lon
tudinal polarizedL in charged lepton proton DIS scatterin
by E665 @15# and HERMES@14# Collaborations, respec
tively, and we can compare the data with our predictions
shown in Fig. 3~a!. The precision of the data is still roug
and the data are compatible with both model predictions
medium to largez range. High precision experiments a
needed in order to make clear distinction between differ
predictions and we notice that the physics of theL polariza-
tion is strongly emphasized in the forthcoming COMPAS
experiment@26#. We also present the spin transfers int
grated overz in Fig. 4, and find that thex dependence is no
strong for the proton target, especially for the quark-diqu
model in which thex dependence of the ratiosDq(x)/q(x)
anddq(x)/q(x) is not strong. Therefore we can use a wi
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integratedx range to increase the statistics of the data.
should stress that our predictions should be considered t
valid more qualitatively than quantitatively, especially f
the PQCD based model. In this case there is still freedom

FIG. 4. Thez-integrated spin transfersAL(x,z) andÂL(x,z) of
L production in charged lepton DIS process on the longitudina
and transversely polarized proton and neutron targets, with the
tegratedz range of 0.6→1 for the solid curves and 0.3→1 for the
dashed curves. The thick curves correspond to the results
quark distributions and fragmentation functions from the qua
diquark model and the thin curves correspond to these from
PQCD based model.
ng

l.
,

01401
e
be

to

include higher-order terms and to adjust the parameter
the PQCD based model from the constraints of the d
Varying x and z in different regions can provide us mor
information concerning the quark helicity and transvers
distributions of the target, as well as the quark toL fragmen-
tation functions. We would like to mention that a simila
analysis can be also made for the spin transfers of o
members of the octet baryons. The analysis and main c
clusion for the spin transfers of the octet baryons fragmen
tion, when the target nucleon is polarized either longitu
nally or transversely, should be similar to those found
hadron longitudinal polarizations of the octet baryons in p
larized charged lepton DIS processes@8#.

In conclusion, we showed in this paper that t
L-hyperon fragmentation in charged lepton DIS on the p
larized nucleon target can provide sensitive information c
cerning the quark helicity and transversity distributions
both nucleons and theL hyperon at largex. We calculated
the spin transfers of the producedL when the target nucleon
is polarized either longitudinally or transversely, with th
nucleon andL quark distributions evaluated both in th
SU~6! quark-spectator-diquark model and in a PQCD ba
model. We found that the predicted spin transfers have q
different behaviors for the proton and neutron targets in
two models, and this can provide a sensitive test of differ
predictions for the quark helicity and transversity distrib
tions for thed valence quark of the proton at largex.

This work is partially supported by the National Natur
Science Foundation of China under Grant Nos. 100255
19975052, and 19875024, by Fondecyt~Chile! under Grant
No. 3990048, by the cooperation programs Ecos-Conicyt
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~Chile! Grant Nos. 1990806 and 8000017, and by Ca´tedra
~Chile!.
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