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Polarized and unpolarized baryon production: SU„3… revisited
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~Received 17 August 1998; revised manuscript received 9 December 1998; published 27 April 1999!

The production of the octet baryons inep collisions is analyzed based on an SU~3! model for quark
fragmentation into octet baryons. A good fit to currently available data onL production inep scattering is
obtained. The model is extended to include polarization effects and all polarized fragmentation functions
DDq

h(z,Q2) describing the polarized fragmentation into members of the baryon octet are expressed in terms of
three SU~3! symmetric functionsDa(z,Q2), Db(z,Q2), andDg(z,Q2) and an SU~3! breaking parameterl.
From suitable comparisons withL polarization data ine1e2 annihilations at theZ pole,Da(z,Q2) has been
extracted. The fragmentation functions are then evolved using leading order polarized evolution equations and
the polarization ofL in e1e2 andep reactions has been predicted.@S0556-2821~99!08509-4#

PACS number~s!: 13.87.Fh, 13.60.Hb, 13.88.1e
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Polarization phenomena in particle interactions play
fundamental role in determining the spin structure of h
rons. Such studies have posed very interesting problems
most intriguing being the proton spin puzzle, which led
the so-called ‘‘spin crisis.’’ Measurements of the first m
ment of the spin-dependent structure function of the pro
*0

1g1
p(x)dx ~50.126! by the European Muon Collaboratio

~EMC! @1# indicated that very little of the proton spin reside
on the constituent partons. This contradicts the naive pa
model assumption that all of the spin of the proton is carr
by the constituent partons, hence yielding the famous E
Jaffe sum rule—g1

p50.19.
The other area of ignorance lies in the spin-trans

mechanism during the process of fragmentation of a qu
into a hadron. Large transverse polarization of hyperons
unpolarizedpp̄ interactions was reported by Fermilab@2#.
To leading order, if the initial state particles are unpolariz
QCD predicts a zero polarization for final state particles.

Recently, several studies have been reported onL polar-
ization. A review of polarizedL production can be found in
Refs. @3,4#. Most of the investigations have reported pola
ization ofL because the self-analyzing property of the dec
of L into p and p makes it easy to reconstruct its spin.
would be interesting to investigate the polarization of oth
baryons such as the proton andJ, in addition toL. Such an
investigation would provide a firmer foundation to the pr
posed theoretical model. The present work is an effort in
direction.

In the present work, we try to build a model to explain t
transfer of spin from the quark to the baryon it fragme
into. We use an SU~3! model to explain the polarized frag
mentation. This is an extension of an earlier study@5# done
for unpolarized fragmentation functions using SU~3! symme-
try of the baryon octet. The fragmenting quark is conside
to be an SU~3! triplet qi which fragments into a baryon octe
Bi

j and X, so that the probability for the interactionqi→Bi
j

1X is a(z)@b(z),g(z)# whenX is a triplet @antisixplet, fif-
teenplet#. The model yields good agreement with all unp
larized data for baryon production ine1e2 experiments.
More importantly, it shows that there is indeed an SU~3!
symmetry among the members of the baryon octet, up
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symmetry breaking factorl @which arises because the mo
massives-quark breaks the SU~3! symmetry#. Encouraged
by the success of this very simple model, we extend it
include longitudinally polarized fragmentation functions. W
again rely on the SU~3! symmetry of the baryons. Since da
on baryon production~polarized and unpolarized! do not dis-
tinguish between baryon and anti-baryon production, we c
culate only the sum of these. Throughout the text, the te
baryon production implies baryon1 antibaryon production.

The fragmenting quarkqi is longitudinally polarized and
is a member of the quark triplet (q15u, q25d, q35s) and
the hadron under studyhi

j is a member of the baryon octe
so that the process is

q→h1X.

Analogous to the unpolarized functionsa(z,Q), b(z,Q),
andg(z,Q) of Ref. @5#, we introduce the polarized function
Da(z,Q), Db(z,Q), andDg(z,Q). All polarized fragmen-
tation functions can be expressed in terms of these funct
and the suppression factorl. Da(z,Q) is defined as

D
q

i
1

Bi
j 1

1X
2D

q
i
1

Bi
j 2

1X
, ~1!

whereBi
j is a member of the baryon octet,X is a triplet and

Dq
B1X is the probability that the partonq fragments into the

baryon B through the channelq→B1X. Db(z,Q) and
Dg(z,Q) are similarly defined withX being antisixplet and
fifteenplet, respectively. The polarized quark fragmentat
into Bi

j ; i , j 51,...,3 in terms ofDa, Db, andDg is given in
Table I.

Since the~more! massive strange quark is known to bre
SU~3! symmetry, we introduce symmetry breaking effects
in Ref. @5#. The fragmentation function is suppressed by
factor l whenever a strange quark belonging to the vale
of the hadron is produced. All nonstrange fragmentat
functions of strange hadrons are suppressed byl. For ex-
ample,DDu

L is suppressed by a factorl compared toDDs
L .

Gluons being flavor singlets couple to all baryons with t
same strength.l can be different for both the polarized an
unpolarized case. It can even depend on energy of the f
©1999 The American Physical Society12-1
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ANUBHA RASTOGI PHYSICAL REVIEW D 59 114012
menting quark. We follow the procedure adopted in Ref.@5#
to extract these parameters. There is not enough data to
able the extraction of all these parameters and we hav
rely on a few assumptions. For the present study, we ass
l to be the same as for the unpolarized case. The antiq
fragmentation functions are given byDā, Db̄, andDḡ and
are related toDg as in Ref.@5#

Dḡ5Dg, Dā50.75Dg, Db̄50.5Dg. ~2!

Thus, all polarized quark fragmentation functions for t
baryon octet are given by three SU~3! symmetric functions
Da, Db, andDg and a suppression factorl, which are to be
determined by comparison with data.Dg defines the polar-
ized sea fragmentation just asg describes unpolarized se
fragmentation @5#. We separate the quark fragmentati
functions into sea and valence components as

Da5DaV1DaS , Db5DbV1DbS , Dg5DgV1DgS ,

Dā5DaS , Db̄5DbS , Dḡ5DgS . ~3!

As mentioned earlier, there is not enough data on po
ization of baryons to enable the extraction of all of the
fragmentation functions. OnlyL polarization data ine1e2

annihilation experiment at theZ pole exists@6#. We make a
few simplifying assumptions to extract information regar
ing polarized fragmentation functions from the data.

As mentioned in Ref.@7#, strange baryons produced
high energy reactions show strong polarization effects tra
verse to the scattering plane. However, there is very li
polarization in the longitudinal direction. Therefore, we a
sume that quarks produced in the hadronization process
only very weakly polarized. For this reason, we assume

TABLE I. Polarized quark fragmentation functions into mem
bers of the baryon octet in terms of the SU~3! functionsDa, Db,
andDg.

p n

u→p : Da1Db1
3
4 Dg u→n : 2Db1Dg

d→p : 2Db1Dg d→n : Da1Db1
3
4 Dg

s→p : 2Dg s→n : 2Dg
L0 S0

u→L0 : 1
6 Da1

9
6 Db1

9
8 Dg u→S0 : 1

2 Da1
1
2 Db1

11
8 Dg

d→L0 : 1
6 Da1

9
6 Db1

9
8 Dg d→S0 : 1

2 Da1
1
2 Db1

11
8 Dg

s→L0 : 4
6 Da1

9
6 Dg s→S0 : 2Db1Dg

S1 S2

u→S1 : Da1Db1
3
4 Dg u→S2 : 2Dg

d→S1 : 2Dg d→S2 : Da1Db1
3
4 Dg

s→S1 : 2Db1Dg s→S2 : 2Db1Dg
J0 J2

u→J0 : 2Db1Dg u→J2 : 2Dg
d→J0 : 2Dg d→J2 : 2Db1Dg
s→J0 : Da1Db1

3
4 Dg s→J2 : Da1Db1

3
4 Dg
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polarized sea fragmentation functions to be zero. Only
lence fragmentation functions contribute to polarization
fects. Thus,Dg is equal to zero and henceDā, Db̄, andDḡ
are all zero.

We use the unpolarized fragmentation functions given
Ref. @5# and use the same suppression factorl ~50.07! for
the polarized case. Consider theL baryon. Due to the small-
ness ofl, Ds

L(z)@Du,d
L (z). Even the polarized gluon frag

mentation function is suppressed. Heavy quarks (c and b)
also fragment to produceL. However, the branching ratio o
b→L is very small@BR(b→LX)5(5.8760.4660.48)%#
@8#. Lc decays to yieldL. Lc data atAs591.2 GeV is
between 15 to 100 times smaller than theL data in the
overlappingz range of about 0.3–0.8@9#. Due to this reason
the contribution ofc and b fragmentation toL has been
ignored in the analysis. Therefore, for this study, we sh
assume thatL production ine1e2 annihilations is almost
entirely due to s-quark fragmentation and in particula
s-valence fragmentation. Thus, the polarization ofL can be
written as@7,10#

PL~As,cosu,z!

5
~ds~As!s1 /d cosu 2ds~As!s2 /d cosu!DDsV

L ~z!

~d s~As!s1 /d cosu1 d s~As!s2 /d cosu!DsV

L ~z!
,

~4!

where As is the c.m. energy,z is Ehadron/Ebeam, u is the
scattering angle,DDq

h(z) is the polarized fragmentation
function, Dq

h(z) is the unpolarized fragmentation function
and a sum over quarks and antiquarks is implied.

Using the expression for polarized fragmentation fun
tions given in Table I and unpolarized fragmentation fun
tions given in Ref. @5#, DDsV

L (z)5 4
6 DaV(z) and DsV

L

5 4
6 aV(z). Our model predicts very small fragmentatio

functions foru and d quarks unlike those of Refs.@11,12#,
where it is shown thatu andd carry significant amount of the
spin of L. At the Z pole, for unpolarizede1 ande2 beams,
the polarization ofL can be expressed as

PL~As591.2 GeV,cosu,z!

5
@a~11cos2 u!1b cosu#DaV~z!

@c~11cos2 u!1d cosu#aV~z!
. ~5!

The expressions fora, b, c, andd can be found in Ref.@7#.
On averaging overu,

PL~As591.2 GeV,z!5
aDaV~z!

caV~z!
. ~6!

We extractDaV(z) from the polarization data ofL in e1e2

annihilations at theZ pole @6#. The polarization ofL is pa-
rametrized as

PL~z!522.9~12z!0.97z2.05,

so that at 91.2 GeV,DaV(z)5(c/a) aV(z)PL(z). DaV(z)
and aV(z) are shown in Fig. 1.uDaV(z)u!aV(z) in the
smallz region. To extractDbV , polarization data for at leas
2-2
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POLARIZED AND UNPOLARIZED BARYON . . . PHYSICAL REVIEW D 59 114012
one more baryon is required. We would like to remark tha
the polarization of one more baryon were known, then us
this model, a leading order approximation of polarization
all the octet baryons can be obtained.

At Q252 GeV2, we parametrizeDaV(z) as

6.9~12z!5.51z1.7~123.96z113.12z2!.

The input parametrization is obtained by tuning the para
eters so that on evolution, we get back the fragmenta
functions at 91.2 GeV. Using this polarized fragmentat
function we calculate the polarization ofL in e1e2 annihi-
lations at 161 GeV. The polarized fragmentation functio
evolve with energy and a review of their evolution is give
for instance, in Ref.@13#. The polarization data@6# of L at
the Z pole is shown in Fig. 2.

The cross section for the reactione1eh1

2→qh2
q̄ is given

by

dsqh2

h1

dV
5

1

64p2s
Sqh2

h1 , ~7!

FIG. 1. The figure shows the unpolarized fragmentation funct
aV and the polarized fragmentation functionDaV at Q591.2 GeV.

FIG. 2. The figure shows the polarization ofL in e1e2 annihi-
lation at theZ pole. The data is the polarization data forL taken
from Ref. @6#. The fit to the data is obtained by the Cernlib routi
Minsq.
11401
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whereh1 is the helicity of the electron,h2 is the helicity of
the quarkq, V is the solid angle,As is the c.m. energy, and
Sqh2

h1 is given in Ref.@10#. We note that forAs,91.2 GeV

~i.e., only g exchange! the helicity-dependent term in th
cross section turns out to be zero on averaging over the s
tering angle.

For the case of unpolarizede1e2 annihilation at theZ
pole, the polarization ofL is negative. To study polarization
effects ine1e2 process below theZ pole, it is necessary to
study the angular distribution of the cross section.

At As5161 GeV and for the unpolarizede1e2 interac-
tion, the polarization decreases in magnitude. This is du
the fact that theg-exchange term is significant at this energ
but does not contribute to the polarized case. The resul
polarization is shown in Fig. 3.

The case where thee2 beam is polarized is also studied
The results are almost the same as those for the unpola
case and are shown in Fig. 3.

We now turn our attention to baryon production in se
inclusive deep inelasticep process. We study the productio
of unpolarized and longitudinally polarized baryons inep
scattering. To leading order the unpolarized cross sectio
expressed as

1

s tot

dsh

dz
5

(
q

eq
2q~x,Q2!Dq

h~z,Q2!

(
q

eq
2q~x,Q2!

, ~8!

whereeq is the charge of the quarkq, q(x,Q2) is the distri-
bution function for a quark of flavorq, Dq

h(z,Q2) is the
fragmentation function for a quarkq into a hadronh, and a
sum overq and q̄ is implied. x and z are the usual DIS
variables.Q25xys, z5PHPN /PNq, y is the energy fraction
of the incident lepton carried by the virtual photon, andx is
the energy fraction of the incident nucleon carried by t
interacting quark.PH and PN are the outgoing hadron an

n
FIG. 3. The figure shows the polarization ofL in e1e2 annihi-

lation atAs 5 161 GeV. The central graph corresponds to unpol
ized e1e2 scattering, the graph at the top corresponds to the c
when thee2 beam has positive helicity and the bottom graph c
responds to the case when thee2 has negative helicity.
2-3
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ANUBHA RASTOGI PHYSICAL REVIEW D 59 114012
incoming nucleon momentum,s is the usual Mandelstam
variable andq252Q2. Equation ~8! is valid only in the
current fragmentation region.

The study of unpolarized particle production inep scat-
tering can give a more concrete determination of the fla
dependence of fragmentation functions, which thee1e2 data
fails to provide. We calculate the cross section forp, L, S,
andJ2. The cross section forL is compared with the data
@14# and the results show good agreement with data.
data shows the inclusive production ofL, i.e., it also shows
L ’s which are produced in nonstrange decays of higher re
nances (S ’s andJ ’s!. To compare our results with the dat
we calculate the inclusive cross section forL:

L inc5Lexc11.0S011.0J211.0J0.

Unfortunately, there is not enough data to enable us to m
a clearer statement regarding production of baryons inep
scattering. The three points in the data are in theQ2 range
10,Q2,70 GeV2. In effect, each point could be at a diffe
ent Q2. However, evolution does not change the fragmen
tion functions significantly in this region. We note that th
momentum fractionx used in the distribution functions doe
not make a significant change in the cross section. In
result, we have included the contribution due to decay ofS0

andJ into L andS1 andL into p. Hence the fragmentation
functions do not contain the contribution of these decays
L. The contribution of the higher resonances (S ’s andJ ’s!
should also not be included in the fragmentation functio
Our model is very simple and cannot incorporate decu
baryons. However, the data ofS* andJ is very small com-
pared toL. So we do not expect a significant contributio
from these decays. In the analysis, we have ignored this
tribution. The various cross sections are shown in Fig. 4

We now consider longitudinal polarization inep pro-
cesses. To leading order, the longitudinal polarization o
hadronh in polarized SIDIS is given by@3#

Ph~x,y,z!5

(
q

eq
2@PBD~y!q~x!1PTDq~x!#DDq

h~z!

(
q

eq
2@q~x!1PBD~y!PTDq~x!#Dq

h~z!

,

~9!

FIG. 4. The figure shows the unpolarized cross section of
baryons inep scattering for 10,Q2,70 GeV2. The data is theL
production data at HERA taken from Ref.@14#.
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wherePB and PT are the beam and target longitudinal p
larizations,eq is the charge of the quarkq, q(x) andDq(x)
are the unpolarized and polarized quark distribution fu
tions. D(y) is referred to as the longitudinal depolarizatio
factor

D~y!5
12~12y!2

11~12y!2 ,

y being the energy fraction of the incident lepton carried
the virtual photon.

We calculate the polarization ofL in the ep experiment
at DESY ep collider HERA energy. At present, the proto
beam is unpolarized, although the electron-positron be
has a natural polarization. It would be interesting to study
polarization of the baryons for the case when the collid
particles are polarized. Thex, y, andQ2 values for the cal-
culation are taken from Ref.@15#.

The polarization ofL for the case when the proton bea
is unpolarized is shown in Fig. 5. The polarization is sho
for x55.631024 andQ2518 GeV2. Thex, y, andQ2 values
are taken from Ref.@15#. We assume thate2 beam has a
polarization of 0.7. The unpolarized quark distribution fun
tions are from Ref.@16#, and the polarized quark distributio
functions are from Ref.@17#. When the electron-positron
beam is unpolarized and the proton is polarized, the po
ization of L is very small and consistent with zero.

Finally, we also calculate the polarization ofL for the
case where both the electron as well as the proton bea
polarized. The polarization is same as in the first case~i.e.,
proton unpolarized,e2/ positron polarized! when we assume
PB and PT50.7. This is because at smallx, the polarized
quark distribution functions are very small@17# so that the
target polarization term does not contribute significantly
the polarization ofL. The results are similar to those ob
tained using the fragmentation functions of scenario 3
Ref. @4#.

In conclusion we have proposed a simple model for lo
gitudinally polarized quark fragmentation into a longitud
nally polarized octet baryon using the SU~3! symmetry of

e
FIG. 5. The figure shows the polarization ofL in ep processes

for the case when the electron is polarized and the proton is un
larized forQ2518 GeV2 andx55.631024. The x andQ2 values
are from Ref.@15#.
2-4
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POLARIZED AND UNPOLARIZED BARYON . . . PHYSICAL REVIEW D 59 114012
quarks and the baryons in the octet. All the polarized qu
fragmentation functions have been described in terms
three SU~3! symmetric functionsDaV(z,Q2), DbV(z,Q2),
and DgV(z,Q2) and an SU~3! breaking parameterl. The
model is very simple and is able to express all the 48 fr
mentation functions of three quarks and three antiquarks
eight baryons in terms of these SU~3! symmetric functions
and the parameterl, thus, vastly reducing the number o
unknown parameters. We have chosenl for the polarized
case to be the same as that for the unpolarized case~5 0.07!.
In effect the suppression factorl for the two cases can b
different. However, in the absence of more data on polar
tion of baryons, we cannot make any guess about the v
of l and hence choose it to be the same as in the unpolar
case.

We have extracted the functionDaV(z,Q2) from the data
on L polarization at theZ pole @6#, and have used this to
predict the polarization ofL in polarized and unpolarized
e1e2 processes and polarizedep processes.

The polarization ofL is found to be negative ine1e2

processes atAs 5 91.2 GeV and 161 GeV. The polarizatio
of L is smaller atAs5161 GeV than at 91.2 GeV.

Three cases of polarizedep processes have been studie
We have analyzed the process for HERA kinematics fox
55.631024 andQ2518 GeV2. The results are in agreeme
with those predicted by scenario 3 of Ref.@4#. When more
data on the polarization of various baryons is available
more complete determination of the various parameters u
rg
ff

C

g,

. D
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in the study will be possible. We can then parametrize
complete set of fragmentation functions for theu and d
quarks as well. However, because of the smallness ofl, we
expect DDu

L and DDd
L to be negligible compared to th

DDs
L . This is in contradiction to the model proposed in R

@11#, where the possibility that the polarized quark and an
quark content ofL is reflected in the polarized fragmentatio
functions is examined. We do not delve into this correlati
and instead use a different approach.

We have also predicted the unpolarized cross sections
the octet baryons inep scattering experiments using the fra
mentation functions of Ref.@5#. The cross section forL pro-
duction in ep processes shows good agreement with d
@14#.

In the above analysis, we have considered polarization
baryons to be a result of direct fragmentation. We have
considered the contribution to polarization resulting from t
decay of heavier resonances into these baryons as our m
is very simple and there is not enough data to enable suc
analysis. Experiments on other polarized processes will p
vide deeper insight into the spin transfer mechanism and
whether or not the SU~3! symmetry extends to polarized phe
nomena.
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