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Quark structure of L from L polarization in Z decays
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The flavor and spin structure for the quark distributions of theL baryon is studied in a perturbative QCD
~PQCD! analysis and in the SU~6! quark-diquark model, and then applied to calculate theL polarization of
semi-inclusiveL production ine1e2 annihilation near theZ pole. It is found that the quark-diquark model
gives a very good description of the available experimental data. The PQCD model can also give a good
description of the data by taking into account the suppression of quark helicities compared to the naive SU~6!
quark model spin distributions. Further information is required for a clean distinction between different pre-
dictions concerning the flavor and spin structure of theL.

PACS number~s!: 14.20.Jn, 12.38.Bx, 12.39.Ki, 13.60.Hb
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I. INTRODUCTION

The flavor and spin structure of the nucleons is one of
most active research directions of the high energy phy
community. Though there have been remarkable achie
ments in our knowledge of the quark-gluon structure of
nucleon from three decades of experimental and theore
investigation in various deep inelastic scattering~DIS! pro-
cesses, the detailed flavor and spin structure of the nuc
remains a domain with many unknowns, and there have b
many unexpected surprises with respect to naive theore
considerations. The sea content of the nucleon has rece
extensive investigation concerning its spin structure@1#,
strange content@3,4#, flavor asymmetry@2#, and isospin sym-
metry breaking@5#. Even our knowledge of the valenc
quark is still not well established, reflected from the rec
investigations concerning the flavor and spin structure of
valence quark for the nucleon nearx51. For example, there
are different predictions concerning the ratiod(x)/u(x) at
x→1 from the perturbative QCD~PQCD! analysis@6,7# and
the SU~6! quark-diquark model@8–10#, and there are differ-
ent predictions concerning the value ofF2

n(x)/F2
p(x) at large

x, which has been taken to be 1/4 as in the quark-diqu
model in most parametrizations of quark distributions. A
cent analysis@11# of experimental data from several pro
cesses suggests thatF2

n(x)/F2
p(x)→3/7 asx→1, in favor of

the PQCD prediction. The spin structure of the valen
quarks is also found to be different nearx51 in these mod-
els, and predictions have been made concerning the
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dominant valence down~d! quark, so thatDd(x)/d(x)
521/3 in the quark-diquark model@9,10#, a result which is
different from the PQCD predictionDq(x)/q(x)51 for ei-
theru andd @7#. At the moment, there is still no clear data
order to check these different predictions, although the av
able measurements@12# for the polarizedd quark distribu-
tions seem to be negative at largex, slightly in favor of the
quark-diquark model prediction.

It is important to perform high precision measurements
available physical quantities and/or to measure new qua
ties related to the flavor and spin structure of the nucleon
order to reveal more about the quark-gluon structure of
nucleon. However, it should be more meaningful and e
cient if we can find a new domain where the same phys
concerning the structure of the nucleon can manifest itse
a way that is more easy and clean to be detected
checked. It seems thatL physics is such a new frontier, an
therefore can be used to test various ideas concerning
structure of the nucleon. It was found by Burkardt and Ja
@13# that theu andd quarks inside aL should be negatively
polarized from SU~3! symmetry. It was also pointed out b
Soffer and one of us@14# that the flavor and spin content o
theL can be used to test different predictions concerning
spin structure of the nucleon and the quark-antiquark as
metry of the nucleon sea. Most recently, we found@15# that
the flavor and spin structure of theL nearx51 can provide
clean tests between perturbative QCD~PQCD! and the SU~6!
quark-diquark model predictions. We also found that t
nondominant up~u! and down~d! quarks should be posi
tively polarized at largex, even though their net spin contr
butions to theL might be zero or negative. Thus it is clea
that the quark structure ofL is a frontier which can enrich
our understanding concerning the flavor and spin structur
the nucleon and provides a new domain to test various id
©2000 The American Physical Society17-1
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concerning the hadron structure that come from the availa
nucleon studies.

Unlike the nucleon case where the protons and neutr
~in the nuclei! can be used as targets in various deep inela
scattering~DIS! processes, direct measurement of the qu
distributions of theL is difficult, since theL is a charge-
neutral particle which cannot be accelerated as incident b
and its short lifetime makes it also difficult to be used a
target. However, the quark distributions and the quark fr
mentation functions are interrelated quantities that can
cover the structure of the involved hadron@16,17#. For ex-
ample, the quark distributions inside a hadron are related
crossing symmetry to the fragmentation functions of
same flavor quark to the same hadron, by a simple recip
ity relation @17#

qh~x!}Dq
h~z!, ~1!

where z52p•q/Q2 is the momentum fraction of the pro
duced hadron from the quark jet in the fragmentation p
cess, andx5Q2/2p•q is the Bjorken scaling variable corre
sponding to the momentum fraction of the quark from t
hadron in the DIS process. Although such a relation may
only valid at a specific scaleQ2 for x→1 andz→1 under
leading order approximation and there are corrections to
relation from experimental observation and theoretical c
siderations@18#, it can provide a reasonable connection b
tween different physical quantities and lead to different p
dictions about the fragmentations based on
understanding of the quark structure of a hadron@14,19#.
Among the various possible hadrons that can be produceL
hyperon is most suitable for studying the polarized fragm
tation due to its self-analyzing property owing to the char
teristic decay modeL→pp2 with a large branching ratio o
64%. Thus we can use variousL fragmentation processes t
investigate the spin and flavor structure of theL and to test
various ideas concerning the hadron structure. From ano
point of view, studying the quark toL fragmentations is also
interesting in itself. We may consider our study as a pheno
enological method to parametrize the quark toL fragmenta-
tion functions, and the validity and reasonableness of
method can be checked by comparison with the experime
data on various quark toL fragmentation functions.

There have been many proposals concerning the mea
ments of theL fragmentations functions in different pro
cesses, for different physical goals@13–15,18–27#, and in
this paper we will focus our attention on the longitudina
polarized case. One promising method to obtain a comp
set of polarized fragmentation functions for different qua
flavors is based on the measurement of the helicity asym
try for semi-inclusive production ofL hyperons ine1e2

annihilation on theZ0 resonance@13#. Measurements of the
light-flavor quark fragmentations intoL have been also sug
gested from polarized electron DIS process@23# and neutrino
DIS process@25#, based on theu-quark dominance assump
tion. It has been also suggested to determine the polar
fragmentation functions by measuring the helicity trans
asymmetry in the processppW→LW X @26#. From its depen-
dence on the rapidity of theL, it is possible to discriminate
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between various parametrizations. There is also a recent
gestion@14# to measure a complete set of quark toL unpo-
larized and polarized fragmentation functions for differe
quark flavors by the systematic exploitation of unpolariz
and polarizedL andL̄ productions in neutrino, antineutrino
and polarized electron DIS processes.

Recently there have been detailed measurements of thL
polarizations from theZ decays ine1e2 annihilation @30–
32#. The measuredL polarization has been compared wi
several theoretical calculations@25,27–29# based on simple
ansatz such asDDq

L(z)5Cq(z)Dq
L(z) with constant coeffi-

cientsCq , or Monte Carlo event generators without a cle
physical motivation. It is the purpose of this paper to calc
late theL polarization ine1e2 annihilation at theZ pole by
using the physics results presented in Ref.@15#. It will be
shown that the quark-diquark model gives a very good
scription of the available experimental data; PQCD can a
give a good description of the data by taking into account
suppression of quark helicities compared to the SU~6! quark
model values of quark spin distributions. Thus the predict
of positive polarizations for theu andd quarks inside theL
at x→1 is supported by the available experimental data.

The paper is organized as follows. In Sec. II of the pa
we will present the formulas for theL polarization in the
e1e2 annihilation near theZ pole. In Sec. III we calculate
the L polarization in the SU~6! quark-diquark model and
find that the model gives a very good description of t
available data. In Sec. IV we present the analysis for th
cases in the PQCD framework and find that we can also g
a good description of the data by taking into account
suppression of quark helicities compared to the naive SU~6!
quark model spin distributions. Finally, we present disc
sions and conclusions in Sec. V.

II. L POLARIZATION IN e1e2 ANNIHILATION NEAR
THE Z POLE

One interesting feature of quark-antiquark (qq̄) produc-
tion in e1e2 annihilation near theZ pole is that the produced
quarks~antiquarks! are polarized due to the interference b
tween the vector and axial vector couplings in the stand
model of electroweak interactions, even though the initiale1

and e2 beams are unpolarized. Such quark~antiquark! po-
larization leads to the polarization of theL (L̄) from the
decays of the quarks, therefore we can study the polar
quark toL fragmentations by the semi-inclusive productio
of L in e1e2 annihilation near theZ pole @13,20,27,28#.

The differential cross section for thee1e2→qq̄ process
near theZ pole is

ds

dV
5Nc

a2~Q2!

4s
$~11cos2u!@eq

222x1vevqeq1x2~ae
21ve

2!

3~aq
21vq

2!#12 cosu@22x1aeaqeq

14x2aeaqvevq#%, ~2!

where
7-2
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x15
1

16 sin2uWcos2uW

s~s2MZ
2!

~s2MZ
2!21MZ

2GZ
2

, ~3!

x25
1

256 sin4uWcos4uW

s2

~s2MZ
2!21MZ

2GZ
2

, ~4!

ae521, ~5!

ve52114 sin2uW , ~6!

aq52T3q , ~7!

vq52T3q24eqsin2uW , ~8!

whereT3q51/2 for u, c, while T3q521/2 for d, s, b quarks,
Nc53 is the color number,eq is the charge of the quark in
units of the proton charge,u is the angle between the outgo
ing quark and the incoming electron,uW is the Weinberg
angle, andMZ andGZ are the mass and width ofZ0.

In the parton-quark model, the differential cross sect
for the semi-inclusive hadron~h! production processe1e2

→h1X is obtained by summing over the above cross s
tion, weighted with the probabilityDq

h(z,Q2) that a quark
with momentumP/z fragments into a hadronh with momen-
tum P,

d2sh

dVdz
5(

q

ds

dV
Dq

h~z,Q2!, ~9!

where theDq
h(z,Q2) are normalized so that

(
h
E zDq

h~z,Q2!dz51. ~10!
03401
n

-

The corresponding cross section for the production of po
ized hadronh production can be written as@13#

d2Ds

dVdz
52Nc

a2~Q2!

2s (
q

ˆ2eqx1$aqve@DDq
h~z!2DDq̄

h
~z!#

3~11cos2u!12aevq@DDq
h~z!1DDq̄

h
~z!#cosu%

1x2$~ve
21ae

2!vqaq@DDq
h~z!2DDq̄

h
~z!#~11cos2u!

12veae~vq
21aq

2!@DDq
h~z!1DDq̄

h
~z!#cosu%‰. ~11!

The polarizations of the initial quarks frome1e2 annihi-
lation are given by

Pq52
Aq~11cos2u!1Bqcosu

Cq~11cos2u!1Dqcosu
, ~12!

where

Aq52x2~ve
21ae

2!vqaq22eqx1aqve , ~13!

Bq54x2veae~vq
21aq

2!24eqx1aevq , ~14!

Cq5eq
222x1vevqeq1x2~ae

21ve
2!~aq

21vq
2!, ~15!

Dq58x2aeaqvevq24x1aeaqeq . ~16!

Averaging overu, one obtainsPq520.67 for q5u, c, and
Pq520.94 forq5d, s, andb at theZ pole. From the cross
section formulas for the unpolarized and polarizedh produc-
tion, we can write the formula for theL polarization
PL~u!52

(
q

$Aq~11cos2u!@DDq
h~z!2DDq̄

h
~z!#1Bqcosu@DDq

h~z!1DDq̄
h
~z!#%

(
q

$Cq~11cos2u!@Dq
h~z!1Dq̄

h
~z!#1Dqcosu@Dq

h~z!1Dq̄
h
~z!#%

. ~17!
at

an

nd

ck-

ea
By averaging overu we obtain

PL52

(
q

Aq@DDq
h~z!2DDq̄

h
~z!#

(
q

Cq@Dq
h~z!1Dq̄

h
~z!#

. ~18!

There have been measurements of theL polarization near
the Z pole @30–32#. The ALEPH Collaboration@30# mea-
sured theL polarization by combining data of bothL and
L̄. Since theq̄ quark helicity is expected to be opposite th
of the q quark, the identical polarizationPL is assumed for
eitherL andL̄ in the treatment of the data. Therefore we c
consider their data asPL for L production by Eq.~18!. From
Eq. ~18! it can be found that we need both the quark a
antiquark distributions to calculate theL polarizationPL at
all x. However, the main purpose of this paper aims at che
ing the flavor and spin structure of theL at largex predicted
in Ref. @15#, thus we neglect the contribution from the s
quarks in our calculations of theL polarization in the fol-
lowing discussions.
7-3
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III. L POLARIZATION IN THE SU „6… QUARK-DIQUARK
MODEL

Before we look into the details of the flavor and sp
structure for the valence quarks of theL, we briefly review
the analysis of the unpolarized and polarized quark distri
tions in light-cone SU~6! quark-spectator-diquark model@9#,
which can be considered as a revised version of the orig
SU~6! quark-diquark models@8#. The light-cone formalism
provides a convenient framework for the relativistic descr
tion of hadrons in terms of quark and gluon degrees of fr
dom @33–35#. Light-cone quantization has a number
unique features that make it appealing, most notably,
ground state of the free theory is also a ground state of
full theory, and the Fock expansion constructed on t
vacuum state provides a complete relativistic many-part
basis for diagonalizing the full theory@36#.

As we know, it is proper to describe deep inelastic sc
tering as the sum of incoherent scatterings of the incid
lepton on the partons in the infinite momentum frame or
the light-cone formalism. The unpolarized valence quark d
tributionsuv(x) anddv(x) are given in this model by

uv~x!5
1

2
aS~x!1

1

6
aV~x!,

dv~x!5
1

3
aV~x!, ~19!

whereaD(x) (D5S for scalar spectator orV for axial vec-
tor spectator! is normalized such that*0

1dxaD(x)53, and it
denotes the amplitude for quarkq to be scattered while the
spectator is in the diquark stateD. Exact SU~6! symmetry
provides the relationaS(x)5aV(x), which implies the va-
lence flavor symmetryuv(x)52dv(x). This gives the pre-
diction F2

n(x)/F2
p(x)>2/3 for all x, which is ruled out by the

experimental observationF2
n(x)/F2

p(x),1/2 for x→1. The
SU~6! quark-diquark model@8# introduces a breaking to th
exact SU~6! symmetry by the mass difference between
scalar and vector diquarks and predictsd(x)/u(x)→0 at x
→1, leading to a ratioF2

n(x)/F2
p(x)→1/4, which could fit

the data and has been accepted in most parametrizatio
quark distributions for the nucleon. It has been shown t
the SU~6! quark-spectator-diquark model can reproduce
u and d valence quark asymmetry that accounts for the
served ratioF2

n(x)/F2
p(x) at largex @9#. This supports the

quark-spectator picture of deep inelastic scattering in wh
the difference between the mass of the scalar and ve
spectators is essential in order to reproduce the exp
SU~6! symmetry breaking while the bulk SU~6! symmetry of
the quark model still holds.

The quark helicity distributions for theu andd quarks can
be written as@9#
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Duv~x!5uv
↑~x!2uv

↓~x!

52
1

18
aV~x!Wq

V~x!1
1

2
aS~x!Wq

S~x!,

Ddv~x!5dv
↑~x!2dv

↓~x!52
1

9
aV~x!Wq

V~x!, ~20!

in which Wq
S(x) and Wq

V(x) are the Melosh-Wigner correc
tion factors @9,37,38# for the scalar and axial vecto
spectator-diquark cases. They are obtained by averaging
~21! over k' with k15xM and M 25(mq

21k'
2 )/x1(mD

2

1k'
2 )/(12x), wheremD is the mass of the diquark spect

tor, and are unequal due to unequal spectator masses, w
leads to unequalk' distributions. The explicit expression fo
the Melosh-Wigner rotation factor@37# is

Wq~x,k'!5
~k11m!22k'

2

~k11m!21k'
2

, ~21!

which ranges between 0→1 due to the quark intrinsic trans
verse motions. From Eq.~19! one gets

aS~x!52uv~x!2dv~x!;,

aV~x!53dv~x!. ~22!

Combining Eqs.~20! and ~22! we have

Duv~x!5Fuv~x!2
1

2
dv~x!GWq

S~x!2
1

6
dv~x!Wq

V~x!,

Ddv~x!52
1

3
dv~x!Wq

V~x!. ~23!

Thus we arrive at simple relations@9# between the polarized
and unpolarized quark distributions for the valenceu and d
quarks. The relations~23! can be considered as the results
the conventional SU~6! quark model, and which explicitly
take into account the Melosh-Wigner rotation effect@37# and
the flavor asymmetry introduced by the mass difference
tween the scalar and vector spectators@9#. The calculated
polarization asymmetriesA1

N52xg1
N(x)/F2

N(x), including
the Melosh-Wigner rotation, have been found@9# to be in
reasonable agreement with the experimental data, at leas
x>0.1. A large asymmetry betweenWq

S(x) andWq
V(x) leads

to a better fit to the data than that obtained from a sm
asymmetry.

One interesting feature predicted from the relation is t
Du(x)/u(x)→1 andDd(x)/d(x)→21/3 atx→1. The pre-
diction Dd(x)/d(x)→21/3 is different from the PQCD pre
diction Dd(x)/d(x)→1 at largex, and with the available
data it is still not possible to make a clear distinction betwe
the two predictions. Thus theDd(x)/d(x) behavior atx
→1 can provide a new test between PQCD and the qu
diquark model predictions.

In the following we analyze the valence quark distrib
tions of the L by extending the SU~6! quark-spectator-
7-4
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diquark model@9# from the nucleon case to theL. The L
wave function in the conventional SU~6! quark model is
written as

uL↑&5
1

2A3
@~u↑d↓1d↓u↑!2~u↓d↑1d↑u↓!#s↑

1~cyclic permutation!. ~24!

The SU~6! quark-diquark model wave function for theL is
written as

CL
↑,↓5sinuwVuqV&↑,↓1cosuwSuqS&↑,↓, ~25!

with

uqV&↑,↓56
1

A6
@V0~ds!u↑,↓2V0~us!d↑,↓

2A2V6~ds!u↓,↑1A2V6~us!d↓,↑#,

uqS&↑,↓5
1

A6
@S~ds!u↑,↓1S~us!d↑,↓22S~ud!s↑,↓#,

~26!

whereVsz
(q1q2) stands for aq1q2 vector diquark Fock state

with third spin componentsz , S(q1q2) stands for aq1q2
scalar diquark Fock state, andwD stands for the momentum
space wave function of the quark-diquark withD represent-
ing the vector~V! or scalar~S! diquarks. The angleu is a
mixing angle that breaks the SU~6! symmetry atuÞp/4 and
in this paper we choose the bulk SU~6! symmetry caseu
5p/4.

From Eq.~25! we get the unpolarized quark distribution
for the three valenceu, d, ands quarks for theL,

uv~x!5dv~x!5
1

4
aV(qs)~x!1

1

12
aS(qs)~x!,

sv~x!5
1

3
aS(ud)~x!, ~27!

where aD(q1q2)(x)}*@d2kW'#uw(x,kW')u2 (D5S or V) de-
notes the amplitude for the quarkq being scattered while the
spectator is in the diquark stateD, and is normalized such
that *0

1aD(q1q2)(x)dx53. We assume theu andd symmetry

D(qs)5D(us)5D(ds), from theu andd symmetry inside
L.

We get from Eq.~25! the spin distribution probabilities in
the quark-diquark model

uV
↑ 5dV

↑ 51/12, uV
↓ 5dV

↓ 51/6,

uS
↑5dS

↑51/12, uS
↓5dS

↓50,
~28!

sV
↑ 50, sV

↓ 50,

sS
↑51/3, sS

↓50.
03401
Similar to the nucleon case, the quark spin distributions
the three valence quarks can be expressed as

Duv~x!5Ddv~x!

52
1

12
aV(qs)~x!WV(qs)~x!1

1

12
aS(qs)~x!WS(qs)~x!,

Dsv~x!5
1

3
aS(ud)~x!WS(ud)~x!, ~29!

where WD(x) is the correction factor due to the Melosh
Wigner rotation and is expressed as

WD(q1q2)~x!5E @d2kW'#WD(q1q2)~x!

3~x,kW'!uw~x,kW'!u2/aD(q1q2)~x!. ~30!

One can turn off the Melosh-Wigner rotation effect by s
ting WD(x)51, which should be only true atx→1. This
case was discussed in Ref.@15#.

In order to perform the calculation, we employ th
Brodsky-Huang-Lepage~BHL! prescription@35# of the light-
cone momentum space wave function for the quark-spect

w~x,kW'!5ADexpH 2
1

8aD
2 Fmq

21kW'
2

x
1

mD
2 1kW'

2

12x
G J ,

~31!

with parameters~in units of MeV! mq5330 for q5u andd,
ms5480, aD5330, mS(ud)5600, mS(qs)5750, andmV(qs)
5950, following Ref. @9#. The differences in the diquark
massesmS(ud) , mS(qs) , and mV(qs) cause the symmetry
breaking betweenaD(q1q2)(x) in a way that aS(ud)(x)

.aS(qs)(x).aV(qs)(x) at largex.
In Fig. 1 we present the ratiou(x)/s(x) calculated from

the quark-diquark model. We also present in Fig. 2 the ra
Ds(x)/s(x) for the dominant valences quark which provides
the quantum numbers of strangeness and spin of theL, and
the ratioDu(x)/u(x) for the nondominant valenceu and d
quarks. We find that the ratioDs(x)/s(x) is not a constant
equal to 1 as is the case without Melosh-Wigner rotati
The ratioDu(x)/u(x), presented in Fig. 3, is also suppress
at xÞ1. But the end-point behaviors atx→1 is unchanged.

FIG. 1. The ratiou(x)/s(x) of theL in the SU~6! quark-diquark
model.
7-5
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Thus the quark-diquark model predicts, in the limitx→1,
that u(x)/s(x)→0 for the unpolarized quark distributions
Ds(x)/s(x)→1 for the dominant valences quark, and also
Du(x)/u(x)→1 for the nondominant valenceu and d
quarks.

In Fig. 4 we present our calculated result for theL polar-
ization PL(z) and we find that the theoretical results fro
the quark-diquark model fit the data very well within i
present precision, at least in the largez region. Thus the
quark-diquark model provides a successful description of
L polarizationPL(z), in addition to its successful descrip
tions of the ratioF2

n(x)/F2
p(x) and the polarized structur

functions for the proton and neutron. It is necessary to po
out that the quark-diquark model with simple wave functio
such as the BHL prescription can provide good descripti
of the relations between different quantities where the un
tainties in the model can be canceled between each othe
is impractical to expect a good description of the absol
magnitude and shape for a basic physical quantity, suc
the detailed feature of the cross section, within such a mo
with simple wave functions. In fact there have been calcu
tions of the explicit shapes for the quark fragmentation fu
tions in a quark-diquark model@39# and for the quark distri-
butions inside theL in the MIT bag model@40#. We are very
interested to notice that the two works arrived at the sa
qualitative conclusion as ours for a positiveu and d polar-
ization insideL at large x with small magnitude, though
there are some differences in detailed quantitative featur

FIG. 2. The ratioDs(x)/s(x) for the valence strange quark o
the L in the SU~6! quark-diquark model. The solid and dotte
curves are the corresponding results with~solid! and without~dot-
ted! the Melosh-Wigner rotation.

FIG. 3. The ratioDu(x)/u(x) for the up and down valence
quarks of theL in the SU~6! quark-diquark model. The solid an
dotted curves are the corresponding results with~solid! and without
~dotted! the Melosh-Wigner rotation.
03401
e

t
s
s
r-
. It
e
as
el
-
-

e

s.

IV. L-POLARIZATION IN PQCD ANALYSIS

We now look at the PQCD analysis of the quark distrib
tions. In the regionx→1 PQCD can give rigorous predic
tions for the behavior of distribution functions@7#. In par-
ticular, it predicts ‘‘helicity retention,’’ which means that th
helicity of a valence quark will match that of the pare
nucleon. Explicitly, the quark distributions of a hadronh
have been shown to satisfy the counting rule@41#

qh~x!;~12x!p, ~32!

where

p52n2112DSz . ~33!

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@7#. With such power-law be-
haviors of quark distributions, the ratiod(x)/u(x) of the
nucleon was predicted@6# to be 1/5 asx→1, and this gives
F2

n(x)/F2
p(x)53/7, which is ~comparatively! close to the

quark-diquark model prediction 1/4. From the differe
power-law behaviors for parallel and antiparallel quarks, o
easily finds thatDq/q51 asx→1 for any quark with flavor
q unless theq quark is completely negatively polarized@7#.
Such prediction are quite different from the quark-diqua
model prediction thatDd(x)/d(x)521/3 asx→1 for the
nucleon@9,10#. The most recent analysis@11# of experimen-
tal data for several processes supports the PQCD predic
of the unpolarized quark behaviorsd(x)/u(x)51/5 as x
→1, but there is still no definite test of the polarized qua
behaviorsDd(x)/d(x) since thed quark is the nondominan
quark for the proton and does not play a dominant role
largex.

We extend the PQCD analysis from the proton case to
L. From the SU~6! wave function of theL we get the ex-
plicit spin distributions for each valence quark,

FIG. 4. The comparison of the experimental data@30–32# for
the longitudinalL polarizationPL in e1e2-annihilation process a
the Z pole with the theoretical calculations in the SU~6! quark-
diquark model. The solid and dotted curves are the correspon
results with~solid! and without~dotted! the Melosh-Wigner rota-
tion.
7-6
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u↑5d↑5
1

2
, u↓5d↓5

1

2
,

s↑51, s↓50. ~34!

In PQCD and at largex, the antiparallel helicity distributions
can be neglected relative to the parallel ones, thus SU~6! is
broken to SU~3!↑3SU~3!↓. Nevertheless, the ratiou↑/s↑ is
still 1/2 @7#. Thus helicity retention implies immediately tha
u(x)/s(x)→1/2 andDq(x)/q(x)→1 ~for q5u, d, and s)
for x→1, and therefore the flavor structure of theL nearx
51 is a region in which accurate tests of PQCD can
made.

From the power-law behaviors of Eq.~32!, we write down
f
e
ar
pe
’

sh
an
u

03401
e

a simple model formula for the valence quark distribution

q↑~x!;x2a~12x!3, q↓~x!;x2a~12x!5, ~35!

where q↑(x) and q↓(x) are the parallel and anti-paralle
quark helicity distributions anda is controlled by Regge
exchanges witha'1/2 for nondiffractive valence quarks
This model is not meant to give a detailed description of
quark distributions but to outline its main features in t
large x region. We defineBn5B(1/2,n11) whereB(1/2,n
11) is the b-function defined by B(12a,n11)
5*0

1x2a(12x)ndx for a51/2. Combining Eq.~35! with
Eq. ~34!, we get
u↑~x!5d↑~x!5
1

2B3
x21/2~12x!3, u↓~x!5d↓~x!5

1

2B5
x21/2~12x!5,

~36!

s↑~x!5
1

B3
x21/2~12x!3, s↓~x!50,
hat
m

ci-
s
as-
be

ect
he
which obviously satisfies that u(x)/s(x)51/2 and
Dq(x)/q(x)51 ~for q5u, d ands) asx→1, and it is easy
to find thatB3532/35 andB55512/693.

However, the above simple model satisfies the SU~6!
quark model spin distributions,Ds51 andDu5Dd50, and
the spin sumSDq51 which means that the helicity sum o
the quarks equals to theL spin. From the nucleon case w
know that this is not true in the real situation and the qu
helicity sum is much more suppressed than the naive ex
tations from the famous ‘‘spin crisis’’ or ‘‘spin puzzle’
@1,3#. As emphasized in Ref.@37#, the helicity distributions
measured on the light-cone are related by the Melo
Wigner rotation to the ordinary spins of the quarks in
equal-time rest-frame wave function description. Thus, d
k
c-

-

e

to the noncollinearity of the quarks, one cannot expect t
the quark helicities will sum simply to the proton spin. Fro
the SU~3! symmetry argument of Burkardt-Jaffe@13#, we
know that thes quark helicityDs5*0

1Ds(x)dx is suppressed
from the simple quark model value 1 toDs'0.6 and theu
andd quarks are also negatively polarized with quark heli
ties Du5Dd'20.2. The reduction in the quark helicitie
might be from sea quarks, but in this paper we simply
sume that the Burkardt-Jaffe values of quark helicities can
attributed to the valence quarks, in order to amplify the eff
due to the reduction of the quark helicity distributions in t
valence quark region at largex (z). For this purpose we
adopt a more general expression1 for the quark distributions
u↑~x!5d↑~x!5Aux21/2~12x!3, u↓~x!5d↓~x!5Cux21/2~12x!5,

s↑~x!5Asx
21/2~12x!3, s↓~x!5Csx

21/2~12x!5, ~37!
m-
with the following parameters:

Au50.4/B3 , Cu50.6/B5 ,

As50.8/B3 , Cs50.2/B5 . ~38!

They are fixed by the constraints

s5E
0

1

s~x!dx51, u5d5E
0

1

u~x!dx51, ~39!
which is exact for the valence quarks due to the quark nu
ber conservation, and

Ds5E
0

1

Ds~x!dx50.6, Du5Dd5E
0

1

Du~x!dx520.2,

~40!

1The coefficientsAq , Bq , Cq andDq (q5u,d,s) in this section
are different from those in Sec. II.
7-7
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which should be strictly true only for total quark contrib
tions ~valence1sea!. We consider Eq.~37! as only a simpli-
fied model case in order to check the effect of the qu
helicity suppression, but cannot be really true due to
absence of the sea contributions. We find that the SU~6!
large-x relation

Au5As/2 ~41!

is automatically satisfied for this case.
In Fig. 5 we present the calculatedL polarizationPL for

the above two simple cases of the PQCD analysis. For
case~case 1! of the naive SU~6! quark model spin distribu-
tions for the quark helicities, i.e., Eq.~36!, we find that the
absolute magnitude is larger than the experimental data
also than the previous calculations@27,28#, which means that
there should be a source to reduce the quark helicities.
large magnitude ofPL is due to the large positive contribu
tions from u and d quarks, i.e., positiveDu(x), at largex
from the PQCD prediction. It is interesting to find that in th
case of the Burkardt-Jaffe values of the valence quark he
ties ~case 2!, i.e., Eq.~37!, one can describe the data well b
with a magnitude still slightly bigger, a result which is di
ferent from previous calculations@27,28# in which the reduc-
tion in the quark helicities causes much smaller magnitu
of PL than the data. This means that the reduction of qu
helicities from the naive values of the SU~6! quark spin dis-
tributions should provide a more physical picture for the r
world to describe the experimental data, contrary to previ
conclusions@27,28# that the naive SU~6! quark model pre-
dictions fit the data better.

In fact, the above two simple PQCD cases still suf
from the crudeness of the detailed shapes of the quark
tributions with only the leading term contributions. For
better reflection of the complicated real situation we ad
the canonical form for the quark distributions, following Re
@7#,

FIG. 5. The comparison of the experimental data@30–32# for
the longitudinalL polarizationPL in e1e2-annihilation process a
the Z pole with the theoretical calculations in the the PQCD ana
sis with three different cases:~a! case 1: the SU~6! quark-model
spin distributions for the quark helicities, Eq.~36! ~dotted curves!;
~b! case 2: the Burkardt-Jaffe values for the quark helicities,
~37! ~dashed curves!; ~c! case 3: the canonical form of quark distr
butions, Eq.~42! ~solid curves!.
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u↑~x!5d↑~x!5Aux21/2~12x!31Bux21/2~12x!4,

u↓~x!5d↓~x!5Cux21/2~12x!51Dux21/2~12x!6,
~42!

s↑~x!5Asx
21/2~12x!31Bsx

21/2~12x!4,

s↓~x!5Csx
21/2~12x!51Dsx

21/2~12x!6.

From the above constraints Eq.~39!, we get

s5AsB31BsB41CsB51DsB651,
~43!

u5AuB31BuB41CuB51DuB651,

where theb functions B45256/315 andB652048/3003.
From Eq.~40!, we get

Ds5AsB31BsB42CsB52DsB650.7,
~44!

Du5AuB31BuB42CuB52DuB6520.1,

in which we have changed the valence quark helicities fr
the Burkardt-Jaffe valuesDs50.6 and Du520.2 to Ds
50.7 andDu520.1, to reflect the situation that the se
quarks might contribute partially to the totalDs50.6 and
Du520.2. Combining with the SU~6! large-x relation ~41!
with Eqs.~43! and~44!, we have only 5 constraints for the
parameters and there are still large degrees of freedom
adjust the parameters for a better fit of theL-polarization
data. For example, we chooseAu51/B3 , Cu52/B5, and
Cs52/B5 as inputs, and then have the following set of p
rameters:

Au51/B3 , Bu520.55/B4 ,

Cu52/B5 , Du521.45/B6 ,
~45!

As52/B3 , Bs521.15/B4 ,

Cs52/B5 , Ds521.85/B6 ,

which is denoted as case 3. This case is not meant to
totally realistic but only to show that one can have a be
description of the availablePL data with more reasonabl
picture for the flavor and spin structure of theL. We also
present the results for this case in Figs. 5–8. The ra
Ds(x)/s(x) andDu(x)/u(x) in this case have similar behav
iors as those in the quark-diquark model with the Melos
Wigner rotation effect. The calculatedL-polarizationPL can
also give a good description of the data at largez, as can be
seen from Fig. 5, though the ratio ofu(x)/s(x) has the
PQCD behavior rather than the quark-diquark type, as s
by comparing Fig. 6 with Fig. 1. For the three cases
PQCD analysis in our work, the ratios ofu(x)/s(x) for the
unpolarized quark distributions,Ds(x)/s(x) for the strange
polarized quark distribution, andDu(x)/u(x) for theu andd

-

.
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QUARK STRUCTURE OFL FROM L POLARIZATION IN . . . PHYSICAL REVIEW D 61 034017
polarized quark distributions are presented in Figs. 6–8.
quark momenta are also calculated for the three cases an
find

^xu&5^xd&50.094, ^xs&50.111,

(
q

^xq&50.299 ~case 1!,

^xu&5^xd&50.091, ^xs&50.104,

(
q

^xq&50.285 ~case 2!, ~46!

^xu&5^xd&50.118, ^xs&50.148,

(
q

^xq&50.385 ~case 3!.

It is interesting to notice that the ‘‘most unlikely’’ sce
nario 3 in Ref.@28# is found to be better in reproducing th
data. From our work we know that their scenario 3 with
flavor of quarks positively polarized is closer to our pictu
with Dq(x)/q(x)51 at x→1 for all quark flavors from the
PQCD analysis, thus it is not strange that this scenario
give a better description of the data than the other two. Bu
the PQCD analysis the net quark helicities for the valencu
andd quarks should be zero or negative, which is differe
from their scenario 3 in which theu andd quark helicities are
positive.

There are other contributions that need to be conside
for a detailed description of the polarization. Those com

FIG. 6. The ratiou(x)/s(x) of theL in the PQCD analysis with
three cases: case 1~dotted curve!; case 2~dashed curve!; and case 3
~solid curve!.

FIG. 7. The ratioDs(x)/s(x) for the valence strange quark i
the PQCD analysis with three cases: case 1~dotted curve!; case 2
~dashed curve!; and case 3~solid curve!.
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from sea quarks and gluons have not been considered in
work, and consequently the detailed features at smallx in
Figs. 4 and 5 should be unreliable. The contributions of th
L ’s from the decay of other hyperons have been discus
and the corrections are found to be small@20,27#, therefore
we can neglect them as a first approximation. In our work
connection between the quark distributions and the qu
fragmentations should be only valid at low energy scale
around a few GeV. The evolution effects on the fragmen
tion functions have been analyzed in Ref.@26#, and from
reproducing the results in that work we notice that the e
lution has a very small influence on theL polarization.
Therefore theL polarization frome1e2 annihilation near
the Z pole at the high energy scale does not alter the disc
sions concerning theL quark structure at the scale of ou
study. Of course, all these contributions deserve furt
study, along with the progress of the experimental precis
and a deeper understanding concerning various quark tL
fragmentations.

V. DISCUSSIONS AND SUMMARY

From the above results in the paper, we found that
quark-diquark model gives a very good description of t
available experimental data of theL polarization ine1e2

annihilation near theZ pole. The PQCD analysis can als
describe the data well by taking into account the suppres
in the quark helicities compared to the naive SU~6! quark
model spin distributions. Unfortunately, it is still not possib
to make a clear distinction between the two different pred
tions of the flavor and spin structure of theL by only theL
polarization ine1e2 annihilation near theZ pole. This can
be easily understood since the quark polarizations,Pd5Ps
520.94 andPu520.67, are close to each other, and t
same behaviors of Ds(x)/s(x), Du(x)/u(x), and
Dd(x)/d(x) near x→1 render it difficult to make a clean
separation of the contributions from different flavors. Th
new information from other quantities related to the flav
and spin structure of theL are needed before we can have
clean distinction between different predictions, and it see
that L (L̄) production in the neutrino~antineutrino! DIS
processes@14# are more sensitive to different flavors.

In summary, we studied the flavor and spin structure
theL at largex in a PQCD analysis and in the quark-diqua
model, and then applied the results to discuss theL polar-
ization of L production ine1e2-annihilation process nea

FIG. 8. The ratioDu(x)/u(x) for the up and down valence
quarks of theL in the PQCD analysis with three cases: case
~dotted curve!; case 2~dashed curve!; and case 3~solid curve!.
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the Z pole. We found that the two theoretical framewor
give a better description of the available experimental d
than previous calculations and also provide more a rea
able picture, close to the real situation. Thus the result
this paper can be considered as a phenomenological su
to our prediction@15# that the u and d quarks should be
positively polarized at largex, even though their net helici
ties might be zero or negative. More attention, both theor
cally and experimentally, is needed to study the flavor a
,

B

03401
ta
n-
in
ort

i-
d

spin structure of theL for the purpose of making a clea
distinction between different predictions.
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