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Hyperon polarization in different inclusive production processes in unpolarized
high energy hadron-hadron collisions

Dong Hui* and Liang Zuo-tang†

Department of Physics, Shandong University, Jinan, Shandong 250100, China
~Received 22 February 2004; published 30 July 2004!

We apply the picture proposed in a previous Letter, which relates the hyperon polarization in unpolarized
hadron-hadron collisions to the left-right asymmetry in singly polarized reactions, to the production of different
hyperons in reactions using different projectiles and/or targets. We discuss the different ingredients of the
proposed picture in detail and present the results for hyperon polarization in reactions such aspp, K2p, p6p,
and S2p collisions. We compare the results with the available data and make predictions for future
experiments.
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I. INTRODUCTION

Since its discovery in the 1970s@1,2#, the surprisingly
large transverse polarization of hyperons in unpolarized h
energy hadron-hadron and hadron-nucleus collisions
been a standing hot topic in high energy spin physics~see,
e.g., @1–13# and the references cited therein!. Experimen-
tally, there are a large number of similar experiments t
have been performed at different energies and/or using
ferent projectiles and/or targets and for the production
different hyperons@3#. Theoretically, different models hav
been proposed@4–13#, the aim of which is to understand th
origin~s! of this striking spin effect in high energy reaction
Clearly, such studies should provide us with useful inform
tion on the spin structure of the hadron and the spin dep
dence of strong interactions.

Inspired by the similarities of the corresponding da
@3,14,15#, we proposed a new approach in a recent Le
@10# to understanding the origin~s! of the transverse hypero
polarization in unpolarized hadron-hadron collisions by
lating them to the left-right asymmetries observed@14,15# in
singly polarizedpp collisions. We pointed out that these tw
striking spin phenomena should be closely related to e
other and have the same origin~s!. We showed that, using th
spin correlation deduced from the single-spin left-rig
asymmetries for inclusivep production as input, we can
naturally understand the transverse polarization for a
peron which has one valence quark in common with
projectile, such asS2, J0, or J2 in pp collisions, orL in
K2p collisions. We showed also that, to understand the p
zling transverse polarization ofL in pp collisions, which has
two valence quarks in common with the projectile, we ne
to assume that thes ands̄, which combine, respectively, with
the valence~ud! diquark and the remainingu valence quark
to form the producedL and the associatively producedK1

in the fragmentation region, have opposite spins. Under
assumption, we obtained a good quantitative fit to thexF
dependence ofL polarization in pp collisions ~where xF
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[2pi /As, pi is the longitudinal component of the mome
tum of the produced hyperon, andAs is the total center of
mass energy of thepp system!. The qualitative features ob
tained for the polarizations of other hyperons are all in go
agreement with the available data.

There are two main points in the picture that need to

further tested, i.e., that~i! the s and s̄ that combine, respec
tively, with the valence~ud! diquark and the remainingu
valence quark of the projectile proton to form the produc
L and the associatively producedK1 in the fragmentation
region have opposite spins, and~ii ! the SU~6! wave function
can be used to describe the relation between the spin o
fragmenting quark and that of the hadron produced in
fragmentation process. There have been developments s
the publication of Ref.@10#. We found that exclusive reac
tions such aspp→pLK1 ande2p→e2LK1 are most suit-
able to test point~i!. We therefore applied the picture to the
processes and presented the results obtained in Refs.@11# and
@16#. It is encouraging to see that these results are al
agreement with the available data@17,18#.

It has also been pointed out@19# that the longitudinal
polarization ofL in e1e2 annihilation at theZ0 pole pro-
vides a special test for point~ii !, i.e., whether the SU~6!
wave function can be used in relating the spin of the fra
menting quark to that of the produced hadron. Calculatio
have been made@19,20# and the results obtained are cons
tent with the data@21,22#. Since neither the accuracy nor th
abundance of the data is high enough to give a conclu
judgment, we made a systematic study of hyperon polar
tion in other reactions which can be used to test this po
@19,23#. The results are in agreement with the available d
@21,22,24#, and future experiments are under way.

Encouraged by these developments, in this paper, we
ply the proposed picture to study the polarizations of diff
ent hyperons in different unpolarized hadron-hadron a
hadron-nucleus reactions. We summarize the different ing
dients of the picture and their development in detail in S
II. In Sec. III, we give the method of calculation of hypero
polarization in different processes using the picture. In S
IV, we apply the method to calculate the polarizations
different hyperons produced in unpolarizedpp, K2p, p6p,
and S2p collisions. We present the results obtained a
©2004 The American Physical Society19-1
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compare them with the available data. Finally, a short su
mary and outlook are given in Sec. V.

II. THE PHYSICAL PICTURE

In this section, we summarize the key points of the pict
proposed in Ref.@10#. The basic idea of the picture is tha
there should be a close relation between hyperon polariza
(PH) in unpolarized hadron-hadron collisions and left-rig
asymmetry (AN) in single-spin hadron-hadron collision
Hence, if we extract the essential information encoded in
AN data, we can studyPH based on such information. Ther
are three key points in this physical picture which are su
marized in the following.

A. Correlation between the spin of the quark and the
direction of motion of the produced hadron

It has been pointed out@10# that the existence ofAN in
singly polarized hadron-hadron collisions implies the ex
tence of a spin correlation between the spin of the fragm
ing quark and the direction of momentum of the produc
hadron, i.e., ansWq•nW type of spin correlation in the reaction
@Here,sWq is the spin of the quark,nW [(pW inc3pW h)/upW inc3pW hu
is the unit vector in the direction normal to the producti
plane, andpW inc and pW h are, respectively, the momentum
the incident hadron and that of the produced hadron.# One of
the major ingredients of the picture proposed in Ref.@10# is
that both the existence ofAN and that ofPH are different
manifestations of this spin correlationsWq•nW . Hence we can
use the experimental results forAN as input to determine the
strength of this spin correlation, and then apply it to unp
larized hadron-hadron collisions to studyPH .

We recall that@14,15,25#, in the language commonly use
in describingAN , the polarization direction of the inciden
proton is called upward, and the incident direction is f
ward. The single-spin left-right asymmetryAN is just the
difference between the cross section wherepW h points to the
left and that to the right, which correspond tosWq•nW 51/2 and
sWq•nW 521/2, respectively. The data onAN show that if a
hadron is produced by an upward polarized valence quar
the projectile, it has a large probability of having a transve
momentum pointing to the left@14,15#. AN measures the ex
cess of hadrons produced to the left over those produce
the right. The difference between the probability for the ha
ron to go left and that to go right is denoted byC if the
hadron is produced by an upward polarized quark@25,26#. C
is a constant in the range of 0,C,1. It has been shown tha
@25,26#, to fit the AN data@15# in the transverse momentum
interval 0.7,pT,2.0 GeV/c, C should be taken asC
50.6.

In terms of the spin correlation discussed above, the c
section should be expressed as

s5s01~sWq•nW !s1 , ~1!

wheres0 and s1 are independent ofsWq . The second term
just denotes the existence of thesWq•nW type of spin correla-
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tion. C is just the difference between the cross section wh
sWq•nW 51/2 and that wheresWq•nW 521/2 divided by their sum,
i.e., C5s1 /(2s0).

Now, we assume the same strength for the spin correla
in hyperon production in the same collisions. It follows th
the quark which fragments into the hyperon should be po
ized, and the polarizationPq can be determined by using Eq
~1!. Since both the left-right asymmetry in singly polarize
collisions and the hyperon polarization in unpolarized co
sions exist mainly in the largexF region, we assume that th
spin correlation exists only for valence quarks of the incid
hadrons. For a hyperon produced with momentumpW h , nW is
given. The cross section for production of this hyperon in
fragmentation of a valence quark with spin satisfyingsWq•nW
51/2 is (s01s1/2), and that for a quark with spin satisfyin
sWq•nW 521/2 is (s02s1/2). Hence, the polarization of th
valence quarks which lead to the production of hypero
with that nW is given by

Pq5
~s01s1/2!2~s02s1/2!

~s01s1/2!1~s02s1/2!
5

s1

2s0
5C. ~2!

It should be emphasized thatPqÞ0 just means that the
strength of the spin correlation of the formsWq•nW is nonzero
in the reaction. It means that, due to some spin-depen
interactions, the quarks that have spins along the same d
tion as the normal to the production plane have a large pr
ability of combining with suitable sea quarks to form th
specified hyperons than those which have spins in the op
site direction. It does not imply that the quarks in the unp
larized incident hadrons were polarized in a given directi
which would contradict the general requirement of space
tation invariance. In fact, in an unpolarized reaction, the n
mal to the production plane of the specified hyperons is u
formly distributed in the transverse directions. Henc
averaging over all the normal directions, the quarks are
polarized.

We would like to mention also that a similar idea has be
applied to spin alignments of vector mesons in unpolariz
hadron-hadron collisions@27#. It has been shown that th
existence of spin alignment of the vector mesons in unpo
ized hadron-hadron collision is another manifestation of
existence of thesWq•nW type of spin correlation. The result
obtained are in agreement with the available data@28–30#.

B. Relating the spin of the quark to that of the hadron

As discussed in the above-mentioned subsection, the
istence of thesWq•nW type of spin correlation in hadron-hadro
collisions implies a polarization of the quarkq0 transverse to
the production plane of the hyperon.~Here, we use the su
perscript 0 to denote the quark before fragmentation.! To
study the polarization of the produced hyperon from t
point, we need to know the relation between the spin of
quark and that of the hadron produced in the fragmenta
of this quark. The question of the relation between the s
of the fragmenting quarkq0 and that of the hadron created
the fragmentation ofq0 is usually referred to as ‘‘spin trans
9-2
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fer in a high energy fragmentation process.’’ It contains t
parts: will q0 keep its polarization in the fragmentation? a
what is the relation between the spin ofq0 and that of the
hadron that containsq0?

The answers to these questions depend on the spin s
ture of the hadron and the hadronization mechanism. T
can even be different in the longitudinally polarized ca
from those for the transversely polarized case. Since nei
question can be resolved using perturbative calculation
present, phenomenological studies are need to search fo
answers. Currently, there exist two distinct pictures for
spin structure of the nucleon, i.e., the SU~6! picture based on
the SU~6! wave function of the baryon, and the deeply i
elastic scattering picture based on polarized deeply inela
lepton-nucleon scattering data and other inputs such as s
metry assumptions and data from other experiments. It i
particular interest to know which one is suitable here.

It is clear that to study these questions, one needs to k
the polarization of the quark before fragmentation and m
sure the polarization of the hadron produced in the fragm
tation. Hence, we have the following two possibilities. O
is to study hyperon polarization ine1e2 annihilation at the
Z0 pole, in polarizedepdeeply inelastic scattering or in hig
pT polarizedpp collisions. The other is to study the vecto
meson polarization in these processes.

It has been pointed out that theL polarization ine1e2

annihilation at theZ0 pole provides a very special test of th
applicability of the SU~6! picture in the longitudinally polar-
ized case. This is because, fore1e2→Z0→LX, thess̄ cre-
ated at thee1e2 annihilation vertex is almost completel
longitudinally polarized. In this case, if we assume that
quark keeps its polarization in the fragmentation and use
SU~6! wave function to connect the spin of the quark a
that of the hyperon that contains this quark, we should ob
a maximum for the magnitude ofL polarization since in this
picture the spin of thes quark is completely transferred toL.
Experimental data were obtained fore1e2→Z0→LX by the
ALEPH and OPAL Collaborations at the CERNe1e2 col-
lider LEP @21,22#. We showed that if we assume that theq0

keeps its polarization in fragmentation and the SU~6! wave
function can be used in relating the polarization ofq0 and
that of the produced hyperon which containsq0, we obtain
results that are in agreement with the data@19#. This result is
rather encouraging. But the accuracy and abundance o
data are not enough to make a conclusive judgment. In
ticular, there is no direct measurement available at all in
transversely polarized case. We therefore made a system
calculation for hyperon polarizations in all the different r
actions@23#. There are also data forL polarization in deeply
inelastic scattering@24#; they are also consistent with th
results obtained using the SU~6! picture.

There are in addition data that provide information
vector meson polarization in high energy reactions. The
elements of the helicity density matrices forK* , r, etc., in
e1e2→Z0→VX have been measured by the ALEPH, DE
PHI and OPAL Collaborations at LEP@31–33#. We showed
that these data can also be understood using the SU~6! pic-
ture @34#. Further tests, not only in the longitudinally pola
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ized case but also in the transversely polarized case, are
der way. In this paper, we assume the picture is the sam
the longitudinally and transversely polarized cases and u
in studying hyperon polarization in unpolarized high ener
hadron-hadron collisions.

With the two points discussed in the last and this subs
tions, we can already obtain the polarizations for those
perons that have one valence quark of the same flavor as
of the projectile, e.g.,pp→S2X, K2p→LX, and S2p
→S1X. Some of the qualitative features of the results a
given in Ref.@10#. It is encouraging to see that all of them
are in good agreement with the data@3#.

C. Correlation between the spin ofqs and that of q̄s which
combine with the „qvqv… and remaining qv to form

the produced hyperon and the associated meson

To study the polarization of hyperons such asL in pp
→LX, i.e., those that have two valence quarks with t
same flavors as those of the projectile, we encounter
following question: If a hadron is produced by two valen
quarks~a valence diquark! qvqv of the projectile, the remain-
ing valence quarkqv produces an associated hadron. Wh
are the spin states of theqs and q̄s that combine with the
qvqv and the remainingqv to form, respectively, the pro
duced hyperon and the associatively produced meson in
fragmentation region?

Theoretically, it is quite difficult to derive this since w
are in the very smallx region; the production of such pairs
also of soft nature in general and cannot be calculated u
perturbative theory. To get some clue to this problem, we s
start from the single-spin left-right asymmetryAN . The ex-
isting data@14,15# clearly show thatAN in p↑p→LX is large
in magnitude and negative in sign in the fragmentation
gion. We note that theL in this region is mainly produced by
the valence (uvdv) diquark of the projectile and is associate
with the production of aK1 by the remaininguv . From the
SU~6! wave function we learn that (uvdv) has to be in the
spin zero state and the spin of the proton is carried by
remaininguv . According to thesWq•nW spin correlation dis-
cussed in Sec. II A,AN for the associatively producedK1 is
positive. Hence, to understand the data onAN for L, we
simply need to assume that theL produced by (uvdv) and
the K1 that is associatively produced by the remaininguv
move in opposite transverse directions@35#, which is just a
direct consequence of transverse momentum conserva
Now, we apply this result to unpolarizedpp collisions and
consider the case that aL is produced by (uvdv) together
with an s quark and aK1 is associatively produced by th
remaininguv together with thes̄. According to thesWq•nW spin
correlation mentioned in Sec. II A, the remaininguv should
have a large probability of being polarized in the2nW direc-
tion since the normal to the production plane for theK1 is
opposite to the normalnW to the production plane of theL.
The polarization is2C. SinceK1 is a spin zero object, the
s̄ should have a polarization of1C ~in thenW direction!. The
data forL polarization show thatPL is large and negative
This means that thes quark has a negative polarization. W
9-3
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thus reach the conclusion that, to understand the polariza
of L in pp→LX, we need to assume that thes and s̄ have
opposite spins. Under this assumption, together with the
points mentioned in the last two subsections, we obtaine
good fit to the data onL polarization@10# .

This point, of course, needs to be further studied a
tested experimentally. We found that the simple exclus
process are most suitable for this purpose. Hyperon polar
tions in exclusive processes such aspp→pLK1 and e2p
→e2LK1 are very sensitive to the spin states of thes ands̄

pairs. If thes and s̄ have opposite spins, the results obtain
for L polarization inpp→pLK1 should take the maximum
among the different channels forpp→LX. This is because
here we have a situation where theL is definitely produced
by the (uvdv) valence diquark and is definitely associat
with a K1 that is definitely produced by the remaininguv of
the incident p. Hence, we obtain in this casePL52C
520.6. This is in good agreement with the data obtained
the R608 Collaboration at CERN which show thatPL

520.6260.04 @17#.
We also calculated theL polarization ine2p→e2LK1

in all three possible spin states ofs and s̄, i.e., opposite, the
same, or uncorrelated@16#. We found that the results in th
three cases are quite different from each other. Now, exp
mental data have been obtained forL polarization ine2p
→e2LK1 by the CLAS Collaboration at Jefferson Labor
tory @18#. Comparing to the data, we see that the res
obtained in the case that the spins ofs ands̄ are opposite are
favored. Further tests are also under way.

We now assume that this is true in general, i.e., theqs that
combines with the (qvqv) of the projectile to form the hy-
peron and theq̄s that combines with the remainingqv to
form the associatively produced meson have opposite sp
Under this assumption, we obtain the result that theqs

should be polarized in the2nW direction and the polarization
is 2C. We apply this to the production of different hypero
to calculate the hyperon polarizations in unpolarized h
energy hadron-hadron or hadron-nucleus collisions in
next section.

We emphasize that the above mentioned result is true
the production of hyperons associated with the production
pseudoscalar mesons. The situation should be different if
associatively produced meson is a vector meson. This in
ence will be further investigated in a separate paper@36# and
here we consider only the former case.

III. THE CALCULATION METHOD

Using the picture discussed in the last section, we
calculate the hyperon polarization in different hadron-had
collisions. We now present the formulas used in these ca
lations.

A. General formulas

We consider the processP1T→Hi1X, whereP and T
denote, respectively, the projectile and target hadrons, anHi
denotes thei th kind of hyperon. The hyperon polarizatio
PHi

is defined as
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PHi
~xFus![

N~xF ,Hi ,↑us!2N~xF ,Hi ,↓us!

N~xF ,Hi ,↑us!1N~xF ,Hi ,↓us!

5
DN~xF ,Hi us!

N~xF ,Hi us!
, ~3!

whereN(xF ,Hi ,l us) is the number density ofHi ’s polarized
in the same (l 5↑) or opposite (l 5↓) direction as the norma
(nW ) to the production plane at a givenAs; xF[2pi /As, pi is
the longitudinal momentum ofHi with respect to the inciden
direction ofP, andAs is the total c.m. energy of the colliding
hadron system. It is clear that the denominator is nothing e
but the number density ofHi without specifying the polar-
ization.

To calculateDN(xF ,Hi us), we divide the final hyperons
Hi into the following four groups according to the differe
origins for the production:~A! those directly produced an
containing a valence diquark~two valence quarks! (qvqv)P

of the projectile;~B! those directly produced and containin
a valence quarkqv

P of the projectile;~C! those from the de-
cay of the directly produced heavier hyperonsH j that con-
tain a (qvqv)P or a qv

P ; and ~D! the others. In this way, we
have

N~xF ,Hi us!5N0~xF ,Hi us!1DA~xF ,Hi us!

1(
f

DB, f~xF ,Hi us!1(
j

DC,H j~xF ,Hi us!,

~4!

where DA(xF ,Hi us), DB, f(xF ,Hi us), and DC,H j(xF ,Hi us)
denote the contributions from groups A, B, and C, resp
tively; the superscriptsf andj denote the flavor ofqv and the
type of H j , respectively;N0 is the contribution from D.

According to the picture discussed in the last section,
perons from groups A, B, and C can be polarized, wh
those from D are not. This means that those from A, B, a
C contribute to the numeratorDN of Eq. ~4!, i.e., we have

DN~xF ,Hi us!5DDA~xF ,Hi us!1(
f

DDB, f~xF ,Hi us!

1(
j

DDC,H j~xF ,Hi us!. ~5!

Since valence quarks usually carry large fractions of
momenta of the incident hadrons, we expect that, for v
largexF , DA(xF ,Hi us) dominates. For smallxF , N0 domi-
nates, while for moderatexF , DB(xF ,Hi us) plays the domi-
nant role. Hence, if we neglect the decay contributions,
expect from Eqs.~3!–~5! that PHi

(xFus) has the following

general properties. ForxF increasing from 0 to 1, it starts
from 0, increases to( fDDB, f(xF ,Hi us)/( fD

B, f(xF ,Hi us),
and finally tends toDDA(xF ,Hi us)/DA(xF ,Hi us) at xF→1.
We will come to this point in the next section for particul
hyperons in the specified reaction. We now first discuss
calculations of all theseD ’s, DD ’s, andN0 in the following.
9-4
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B. Calculations of D ’s and N0

The contributions of hyperons from the different grou
discussed above are entirely determined by the hadroniza
mechanisms in the unpolarized case. They are indepen
of the polarization of the hadrons. We can calculate th
using a hadronization model that gives a good descriptio
the unpolarized data. For this purpose, the simple model u
in Refs.@25,26,35# is a very practical choice. In this mode
hyperons from groups A and B are described as the prod
of the following ‘‘direct-formation’’ or ‘‘direct-fusion’’ pro-
cess. For A, it is

~qvqv!P1qs
T→Hi ,

and for B, it is

qv
P1~qsqs!

T→Hi ,

whereqs
T and (qsqs)

T denote a sea quark or a sea diqua
from the target. The number densities of the hyperons p
duced in these processes are determined by the number
sities of the initial partons. They are given by@25,26,35#

DA~xF ,Hi us!5kHi

d f D
P~xPuqvqv!qs

T~xT!, ~6!

DB, f~xF ,Hi us!5kHi
qv

P~xP! f D
T ~xTuqsqs!, ~7!

wherexP'xF and xT'mHi

2 /(sxF), following from energy-

momentum conservation in the direct formation process
qi(x) is the quark distribution function, whereq denotes the
flavor of the quark and the subscripti 5v or s denotes
whether it is for valence or sea quarks;f D(xuqiqj ) is the
diquark distribution function, whereqiqj denotes the flavor
and whether they are valence or sea quarks, and the s
scriptsP or T denote the name of the hadron;kHi

d andkHi
are

two constants which are fixed by fitting two data points
the largexF region.

Since most of the decay processesH j→Hi1X that we
consider are two-body decays,DC,H j(xF ,Hi us) can be calcu-
lated from a convolution ofDA(xF ,H j us) or DB, f(xF ,H j us)
with the distribution describing the decay process. The c
culations are in principle straightforward, but in practice
little complicated, and detailed information about the tra
verse momentum distribution ofH j is needed. Since the in
fluence is not very large, we use the following approximat
for simplicity. We neglect the distribution caused by the d
cay process and take the average value forxF instead. More
precisely, we takeH j→Hi1M as an example~whereM de-
notes a meson!. For anH j with a given longitudinal momen
tum fractionxF

j , the resultingxF of the producedHi can take
different values. The distribution ofxF at a fixedxF

j can be
obtained from the isotropic distribution of the momenta
the decay products in the rest frame ofH j . This can be
calculated if the transverse momentum ofH j is also given.
The average value of the resultingxF has a simple expres
sion, ^xF(H j→Hi)&5xF

j EHi ,H j
/mH j

, where EHi ,H j
5(mH j

2

1mHi

2 2mM
2 )/(2mH j

) is the energy ofHi in the rest frame of

H j . We see that̂xF(H j→Hi)& is independent of the trans
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verse momentum ofH j . In our calculations, we simply ne
glect the distribution and takexF5^xF(H j→Hi)& for a given
xF

j . In this approximation, we have

DC,H j~xF ,Hi us!'Br~H j→Hi !
mH j

EHi ,H j

FDAS mH j
xF

EHi ,H j

,H j usD
1(

f
DB, fS mH j

xF

EHi ,H j

,H j usD G , ~8!

whereBr(H j→Hi) is the branch ratio for the decay channe
Having calculated all theseD ’s, we can obtain theN0 by

parametrizing the difference of the experimental data us
the number densityN(xF ,Hi us) of producedHi and these
D ’s. We emphasize that the direct-fusion model has b
proposed to describe the production of hadrons in the fr
mentation region. As has been shown by comparing differ
parts of the contributions toN in Refs. @25,26,35#, this
mechanism plays the dominating role in the largexF region
such asxF*0.5–0.6. It is clear that nobody knowsa priori
whether the quark distribution functions can be used in
scribing the quark-fusion process which leads to the hadr
in the fragmentation region with moderately largepT . The
applicability follows from the empirical facts pointed out b
Ochs @37,38#, and the phenomenological work by Das a
Hwa @39# a long time ago. It has been pointed out that va
ous experiments have shown that the longitudinal mom
tum distributions of the produced hadrons in the fragmen
tion region are very similar to those of the correspond
valence quarks in the colliding hadrons@37,38#. The model
follows directly from this observation. It is interesting t
note that this simple model not only is consistent with t
observation of Ochs@37,38# already made in 1977 and th
theoretical work by Das and Hwa@39#, but also has experi-
enced a number of tests such as isospin invariance ofN0, etc.
~for a summary, see Ref.@25#!. Furthermore, the energy de
pendence that is contained inD due to the energy depen
dence ofxT leads@40# naturally to the energy dependence
the single-spin left-right asymmetryAN observed by the
BNL E925 Collaboration@41# compared with those by the
Fermilab E704 Collaboration. We use this model to calcul
the D ’s andN0 in Eq. ~4!. The quark distributions are take
from parametrization at lowQ2 such asQ'1 GeV/c.

C. Calculations of DD ’s

The calculations of the differences, i.e.,DDA, DDB, f , and
DDC,H j , are the core ingredients of this model. They a
described in the following.

1. Calculation of DDA

This is to determine the polarization ofHi coming from
group A, i.e., (qvqv)P1qs

T→Hi . Here, as mentioned in th
last section, we consider only the case that (qvqv)P1qs

T

→Hi is associated with the production ofqv1q̄s→M where
M is a pseudoscalar meson. We recall that, according to
third point discussed in Sec. II,qs should be polarized in the
9-5
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2nW direction and the polarization is2C. Hence, to deter-
mine the polarization ofHi , we need to know the relative
weights for (qvqv)P to be in the different spin state
u(qvqv)sd ,sdn

& where the subscriptssd and sdn denote the

spin and itsn component of the diquarkqvqv . Since the
qvqv is from the projectileP, these relative weights can b
calculated using the SU~6! wave function ofP. In this way,
we obtain the relative weights for the production of (qvqv)qs
er

in
ha
nt

te
r
o

ce

01401
in different spin statesu(qvqv)sd ,sdn
qs

↓&. We denote this rela-
tive weight byw(sd ,sdnuqvqv). After that, we make the pro
jections of these different spin statesu(qvqv)sd ,sdn

qs
↓& to the

wave functionsuHi(sn)& of Hi with different values ofsn

~which denotes the projection of the spin ofHi along thenW
direction! and obtain the relative weights forHi to be in
different spin states. The polarization of suchHi is then
given by
PHi

A 5

(
sn ,sd ,sdn

w~sd ,sdnuqvqv!• z^~qvqv!sd ,sdn
qs

↓uHi~sn!& z2•sn

(
sn ,sd ,sdn

w~sd ,sdnuqvqv!• z^~qvqv!sd ,sdn
qs

↓uHi~sn!& z2•sn,max

C[aHi

A C. ~9!
e

n
g
er-
lar-

dent
Hence, the differenceDDA is given by

DDA~xF ,Hi us!5aHi

A CDA~xF ,Hi us!. ~10!

For different reactions, the correspondingaHi

A ’s are calcu-

lated and the results are presented in the next section.

2. Calculation of DDB,f

The polarization ofHi coming from group B, i.e.,qv
P

1(qsqs)
T→Hi , is determined in the following way.

First, using the first point discussed in Sec. II, we det
mine the polarization ofqv . As given by Eq.~2!, it is polar-
ized in thenW direction and the polarization isC. Second, the
corresponding relative probabilities for all possible sp
states of (qsqs) are taken as the same. This means t
qv(qsqs) has equal probability of 1/4 to be in the differe
spin statesuqv

↑(qsqs)sd ,sdn
& wheresd50,1 andsdn takes all

possible values. Finally, we project the different spin sta
of qv(qsqs) to uHi(sn)& to calculate the relative weights fo
Hi to be in the different spin states. Then the polarization
suchHi is given by

PHi

B, f5

(
sn ,sd ,sdn

z^qv
↑~qsqs!sd ,sdn

uHi~sn!& z2•sn

(
sn ,sd ,sdn

z^qv
↑~qsqs!sd ,sdn

uHi~sn!& z2•sn,max

C[aHi

B, fC.

~11!

We note that, for a spin 1/2 hyperonHi , we have

aHi

B, f52^sf ,n&, ~12!

which is nothing else but the polarization of the valen
quarkq of flavor f in Hi

↑ along the polarization ofHi . It is
just the fragmentation spin transfer factortHi , f

F , which is

defined as the probability for the polarization ofqv to be
transferred toHi in the fragmentationqv→Hi1X in the case
-

t

s

f

that the qv is contained inHi @23#. Obviously, using the
SU~6! wave function ofHi , we can calculate thesetHi , f

F ’s for

differentHi and quark flavorf. The results are given in Tabl
I. Hence, the differenceDDB, f is given by

DDB, f~xF ,Hi us!5CtHi , f
F DB, f~xF ,Hi us!. ~13!

3. Calculation of DDC,H j

To determine the polarization ofHi from the decay pro-
cessH j→Hi1X, we should first determine the polarizatio
of H j . SinceH j is directly produced and the origins belon
to group A or B discussed above, its polarization is det
mined in the same way as in the last two cases. The po
ization of H j can be transferred toHi in the decay process
H j→Hi1X. The probability is denoted byt i , j

D and is called
the decay spin transfer factor. This means that

DDC,H j~xF ,Hi us!'Cti , j
D Br~H j→Hi !

3
mH j

EHi ,H j

FaH j

A DAS mH j
xF

EHi ,H j

,H j usD
1(

f
tH j , f
F DB, fS mH j

xF

EHi ,H j

,H j usD G .

~14!

The decay spin transfer factort i , j
D is universal in the sense

that it is determined by the decay process and is indepen
of the process by whichH j is produced. ForS0→Lg, it is

TABLE I. Fragmentation spin transfer factortHi , f
F obtained us-

ing the SU~6! wave function.

L S1 S0 S2 J0 J2

u 0 2/3 2/3 0 21/3 0
d 0 0 2/3 2/3 0 21/3
s 1 21/3 21/3 21/3 2/3 2/3
9-6
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determined astL,S0
D

521/3 @42#; and for J→Lp, tL,J
D

5(112g)/3, whereg50.87 is a constant and can be foun
in the ‘‘Review of Particle Properties’’@43#.

IV. RESULTS AND DISCUSSIONS

In this section, we apply the calculation method given
last section to hyperons in different reactions, and presen
results obtained.

A. Hyperon polarization in p¿p\H i¿X

We first considerpp or pA collisions and present the re
sults for different hyperons. As we can see from the l
section, the hyperon polarizations in the proposed pict
depend on the valence quarks of the projectile and the se
the target. Hence, if we neglect the small influence from
differences between the sea of the proton and that of
neutron, we should obtain the same results forpp, pn, or pA
collisions.

1. p¿p\L¿X

The calculations ofPL in pp→LX have been given in
Ref. @10#. For completeness, we summarize the results h

For L production inpp collisions, there is one contribut
ing process from group A, i.e., (uvdv)P1ss

T→L. There are
two contributing processes from B, i.e.,uv

P1(dsss)
T→L and

dv
P1(usss)

T→L. Thus, we have

DA~xF ,Lus!5kL
d f D~xPuuvdv!ss~xT!, ~15!

DB,u~xF ,Lus!5kLuv~xP! f D~xTudsss!, ~16!

DB,d~xF ,Lus!5kLdv~xP! f D~xTuusss!, ~17!

where xP'xF and xT'mL
2 /(sxF), following from energy-

momentum conservation in the direct-formation process
kL

d and kL are two constants. Here, as usual, we omit
superscripts of the distribution functions when they are
protons.

We take the contributions ofJP5(1/2)1 hyperon decay
into account. ForL, we haveS0→Lg andJ0,2→Lp0,2.
For pp→S0X, we have similar contributing processes fro
groups A and B as those forpp→LX, i.e., (uvdv)P1ss

T

→S0, uv
P1(dsss)

T→S0, anddv
P1(usss)

T→S0. The num-
ber densities ofS0 from these processes are given by

DA~xF ,S0us!5kS0
d f D~xPuuvdv!ss~xT!, ~18!

DB,u~xF ,S0us!5kSuv~xP! f D~xTudsss!, ~19!

DB,d~xF ,S0us!5kSdv~xP! f D~xTuusss!, ~20!

respectively. Here,xP'xF and xT'mS
2 /(sxF), kS0

d and kS

are two corresponding constants forS0 production. Forpp
→J0X and pp→J2X, we have no contributing proces
from A but some from B. They areuv

P1(ssss)
T→J0 and

dv
P1(ssss)

T→J2, respectively. The corresponding numb
densities are given by
01401
he

t
re
of
e
e

e.
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e
r

DB,u~xF ,J0us!5kJuv~xP! f D~xTussss!, ~21!

DB,d~xF ,J2us!5kJdv~xP! f D~xTussss!, ~22!

wherexP'xF andxT'mJ
2 /(sxF).

As discussed in Sec. III, their contributions toL produc-
tion are given by

DC,S0
~xF ,Lus!'

mS

EL,S0
FDAS mSxF

EL,S0

,S0usD
1 (

f 5u,d
DB, fS mSxF

EL,S0

,S0usD G , ~23!

DC,J0
~xF ,Lus!'

mJ

EL,J
DB,uS mJxF

EL,J
,J0usD , ~24!

DC,J2
~xF ,Lus!'

mJ

EL,J
DB,dS mJxF

EL,J
,J2usD , ~25!

respectively. Hence, we obtain

N~xF ,Lus!5N0~xF ,Lus!1DA~xF ,Lus!

1 (
f 5u,d

DB, f~xF ,Lus!

1 (
H j 5S0,J0,J2

DC,H j~xF ,Lus!. ~26!

The different weightsw(sd ,sdnuuvdv) for (uvdv) from
protons in different spin states can be calculated by rewrit
the SU~6! wave function of the proton as follows:

up↑&5
1

2A3
@3u↑~ud!0,01u↑~ud!1,02A2u↓~ud!1,1#.

~27!

Taking into account that the proton is unpolarized and th
has equal probabilities to be inup↑& and up↓&, we obtain the
results forw(sd ,sdnuuvdv) as shown in Table II. We then
project the different spin states of (uvdv)ss on the wave
function ofL and obtain the relative weights for the produ
tion of L from this process in different spin states in Table
From these results, we obtain also theaL

A as shown in the
table. Hence its contribution toDN(xF ,Lus), i.e.,
DDA(xF ,Lus)5CaL

ADA(xF ,Lus), can also be calculated
Similarly, we obtain the corresponding results forS0 produc-
tion and show them in the same table. From these results
obtain that

DN~xF ,Lus!5CaL
ADA~xF ,Lus!

1 (
H j 5S0,J0,J2

DDC,H j~xF ,Lus!, ~28!
9-7
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TABLE II. Relative weightsw(sd ,sdnuuvdv) for theuvdv diquark from the proton in different spin state
those for the producedL andS0, the correspondingaL

A andaS0
A , and the total weightswL

A andwS0
A .

Possible spin states (uvdv)0,0ss
↓ (uvdv)1,0ss

↓ (uvdv)1,1ss
↓

w(sd ,sdnuuvdv) 3/4 1/12 1/6
Possible products L↓ S0↓ L↓ S0↓ L↑ S0↑

z^(qvqv)sd ,sdn
qs

↓uHi(sn)& z2 1 0 0 1/3 0 2/3
The final relative weights 3/4 0 0 1/36 0 1/9
The resultingwHi

A andaHi
A L: 3/4, 21; S0: 5/36, 3/5
es
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DDC,S0
~xF ,Lus!'CtL,S0

D mS

EL,S0
FaS0

A DAS mSxF

EL,S0

,S0usD
1 (

f 5u,d
tS0, f
F DB, fS mSxF

EL,S0

,S0usD G ,

~29!

DDC,J0
~xF ,Lus!'CtL,J

D tJ0,u
F mJ

EL,J
DB,uS mJxF

EL,J
,J0usD ,

~30!

DDC,J2
~xF ,Lus!'CtL,J

D tJ2,d
F mJ

EL,J
DB,dS mJxF

EL,J
,J2usD ,

~31!

where the fragmentation spin transfer factorstH j , f
F for differ-

ent quark flavorsf and different hyperonsH j are listed in
Table I, and the decay spin transfer factorstL,H j

D are given in

Sec. III.
Using the results given by Eqs.~15!–~31!, we can now

calculatePL(xFus) as a function ofxF . Before we show the
numerical results, we first look at the qualitative featur
Just as mentioned at the end of Sec. III A forpp→LX, we
expect that DA(xF ,Lus), i.e., the contribution from
(uvdv)P1ss

T→L, dominates N(xF ,Lus) at xF→1.
N0(xF ,Lus) dominates for very small xF , while
DB,u(xF ,Lus) and DB,d(xF ,Lus), i.e., those from uv

P

1(dsss)
T→L and dv

P1(usss)
T→L, play the dominating

role for moderatexF . SinceaL
A521 andtL,u

F 5tL,d
F 50, we

expect that, if the decay contribution can be neglected, foxF
going from 0 to 1,PL(xFus) starts from 0, becomes nonze
quite slowly, and tends toCaL

A52C at xF51. Taking the
decay contribution into account, we expect a significant c
tribution from S0→Lg which leads to a negativePL(xFus)
at moderatexF and makes theuPL(xFus)u less thanC at xF
near 1.

We now use Eqs.~15!–~31! to get the numerical result
for PL(xFus) as a function ofxF . The only unknown param
eters are thek ’s, which should be determined by the unp
larized experimental data on the number densities for
corresponding hyperons. To reduce the arbitrariness in d
mining thesek ’s, we take the samekHi

’s for different hyper-
ons produced in processes of group B. For those from gr
A, we take thekHi

d ’s for different hyperons as
01401
.

-

e
er-

p

kHi

d 5wHi

d
•kd, ~32!

wherekd is taken as a constant independent ofHi , and

wHi

d [ (
sd ,sdn ,sn

w~sd ,sdnuqvqv!• z^~qvqv!sd ,sdn
qs

↓uHi~sn!& z2

~33!

is the total relative weight for the production ofHi from
(qvqv)P1qs

T→Hi . This means that only theHi dependence
of kHi

d from the spin statistics is taken into account. T

wHi

d ’s for L and S0 are given in Table II. In this way, we

have only two freek ’s, i.e., kd for (qvqv)P1qs
T→Hi and

kHi[k for qv
P1(qsqs)

T→Hi . We determine them by using
the data forN(xF ,Lus) @44#.

Having thek ’s, we calculatePL(xFus) as a function of
xF . For the unpolarized quark distribution functions, we u
the Glück-Reya-Vogt~GRV! 98 leading order~LO!set @45#.
For the unpolarized diquark distributionf D(xPuqvqv), we
use the parametrization given in Ref.@46#. For the unpolar-
ized diquark distributionf D(xTuqsqs), we simply use a con-
volution ofqs(x) for the two sea quarks. The results obtain
for PL(xFus) are given in Fig. 1. The data in the figure a
only those forpT.1 GeV/c, because theC that we used in
the calculations was determined byAN for the pT interval
0.7,pT,2.0 GeV/c. We see clearly that, asxF changes
from 0 to 1, thePL(xFus) obtained indeed starts from 0, goe
slowly to about215%, and finally to about250% at xF

FIG. 1. Calculated results for the polarization ofL in pp colli-
sions as a function ofxF . Data are taken from Refs.@47–49#.
9-8
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TABLE III. Relative weightsw(sd ,sdnuuvuv) for the uvuv diquark from protons in different spin state
those for the producedS1, the correspondingaS1

A , and the total relative weightwS1
A .

Possible spin states (uvuv)1,0ss
↓ (uvuv)1,1ss

↓

w(sd ,sdnuuvuv) 1/3 2/3
Possible products S1↓ S1↑

u^(uvuv)sd ,sdn
ss

↓uS1(sn)&u2 1/3 2/3
The final relative weights 1/9 4/9

The resultingwS1
A andaS1

A wS1
A

55/9, aS1
A

53/5
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→1. These qualitative features are the same as we ex
from the qualitative analysis above and are in good ag
ment with the data@47–49#.

It should be mentioned that, in the calculations presen
above, we considered only the associated production of
perons of group A, i.e., (qvqv)P1qs

T→Hi , with a pseudo-

scalar mesonM, i.e., qv
P1q̄s

T→M . It is clear that the asso
ciatively produced hadron can also be a vector mes
Taking this into account, we expect that the correlations
tween the spins of these quarks will be reduced. As a co
quence, the polarizations of hyperons from group A sho
be slightly reduced. Since such mesons contribute mainl
large xF , this effect should makeuPLu smaller than those
presented in Fig. 1 in the largexF region. From the figure
we also see that there is indeed room left for such an eff
Similar effects exist for pp→S1X and S2p
→S2(or J2)X which will be discussed in the following
How large this effect can be is determined by the hadron
tion mechanisms. Presently, we are working on an esti
tion. The results will be published separately@36#.

2. p¿p\SÁ(or J0,À
…¿X

In a completely similar way, we calculate hyperon pol
izations forpp→S6 or J0,2)X. The results are given in th
following.

For pp→S1X, there is one contributing process fro
group A, i.e., (uvuv)P1ss

T→S1, and one from group B, i.e.
uv

P1(usss)
T→S1. The corresponding number densities a

given by

DA~xF ,S1us!5kS1
d f D~xPuuvuv!ss~xT!, ~34!

DB,u~xF ,S1us!5kuv~xP! f D~xTuusss!, ~35!

wherexP'xF and xT'mS
2 /(sxF). In the case that onlyJP

5(1/2)1 hyperon decay is taken into account, there is
contribution from hyperon decay toS1 production. Hence,
we have

N~xF ,S1us!5N0~xF ,S1us!1DA~xF ,S1us!

1DB,u~xF ,S1us!, ~36!

DN~xF ,S1us!5C@aS1
A DA~xF ,S1us!

1tS1,u
F DB,u~xF ,S1us!#, ~37!
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where tS1,u
F is given in Table I.aS1

A is calculated in com-
pletely the same way asaL

A in the last subsection. The resul
are given in Table III. Thus, we have

PS1~xFus!

5C
aS1

A DA~xF ,S1us!1tS1,u
F DB,u~xF ,S1us!

N0~xF ,S1us!1DA~xF ,S1us!1DB,u~xF ,S1us!
.

~38!
The situations for the production ofS2, J0, andJ2 in

pp collisions are even simpler: There is no contributing p
cess from group A and only one contributing process from
When onlyJP5(1/2)1 hyperon decay is taken into accoun
there is also no contribution from hyperon decay to the
hyperons. Hence, we have

PS2~xFus!5C
tS2,d
F DB,d~xF ,S2us!

N0~xF ,S2us!1DB,d~xF ,S2us!
, ~39!

PJ0~xFus!5C
tJ0,u
F DB,u~xF ,J0us!

N0~xF ,J0us!1DB,u~xF ,J0us!
,

~40!

PJ2~xFus!5C
tJ2,d
F DB,d~xF ,J2us!

N0~xF ,J2us!1DB,d~xF ,J2us!
,

~41!

where thetHi , f
F ’s are given in Table I;

DB,d~xF ,S2us!5kdv~xP! f D~xTudsss!, ~42!

andDB,u(xF ,J0us), andDB,d(xF ,J2us) are given by Eqs.
~21! and ~22!.

From these equations, we can calculatePS6(xFus) and
PJ(xFus) in pp collisions. Just as we mentioned at the end
Sec. III A that forpp→S1X we expect thatDA(xF ,S1us)
dominates at largexF , DB,u(xF ,S1us) plays the dominating
role at moderatexF . Hence, we expect from Eq.~38! that
PS1(xFus)50 for xF near 0, increases toCtS1,u

F
50.4, and

finally tends toCaS1
A

50.36 with increasingxF . The situa-
tions forS2, J0, andJ2 are even simpler since there is n
contributing process from group A. Here,N0 dominates at
small xF , while DB dominates at largexF . We thus expect
that PS2(xFus)50 for xF near 0 and increases toCtS2,d

F

9-9
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50.4 with increasingxF . ForJ, PJ(xFus)50 for xF near 0
and increases toCtJ, f

F 520.2 with increasingxF . To sum-
marize, we expect that bothPS1(xFus) and PS2(xFus) are
positive in sign and increase fast to about 40% with incre
ing xF . On the other hand, bothPJ0(xFus) and PJ2(xFus)
are negative in sign, and they decrease to220% with in-
creasingxF . The magnitudes ofPS6 are expected to be
larger than those ofPJ . These qualitative features are
agreement with the available data@50–55#.

We now use Eqs.~38!–~41! to obtain the numerical re
sults forPS6(xFus) andPJ(xFus) in pp collisions. The only
unknown isN0 for the corresponding hyperon. As we me
tioned earlier in Sec. III,N0 is independent of the polariza
tion properties and can be determined using the data
N(xF ,Hi us). Since there are no suitable data available
different hyperons, we make the following estimation bas
on our result forN0(xF ,Lus). We simply assume that thexF
dependences of all theseN0(xF ,Hi us)’s are the same. Hence
we have N0(xF ,Hi us)5N0(xF ,Lus)^nHi

&/^nL&, where

^nHi
& is the average number ofHi in the central region. For

directly produced hyperons, we take^nS1&5^nS2&5^nS0&
5^nL

dir&, and ^nJ&5l^nS&, where l50.3 denotes the
strangeness suppression factor. We takeS0 and J decays
into account, and obtain that^nL&5(212l)^nL

dir&. In this
way, we obtain a rough estimation of theN0(xF ,Hi us). Us-
ing this, we obtain the numerical results forPS6(or J)(xFus)
at pinc5400 GeV/c as shown in Fig. 2, and those atpinc
5800 GeV/c in Fig. 3. We see that the results show clea
the qualitative features mentioned above and that these
tures are in agreement with the data@50–55#.

B. Hyperon polarization in KÀ¿p\H i¿X

There exist also data for hyperon polarization inK2p
→LX. The data show thatPL in this process is also signifi

FIG. 2. Calculated results for the polarizations ofS6 andJ0,2

at pinc5400 GeV/c in pp collisions as functions ofxF . Data are
taken from Refs.@50–53#.
01401
s-

or
r
d

a-

cantly different from zero for largexF . Furthermore, com-
pared with those forPL in pp→LX, the data show thatPL

in K2p→LX has a different sign from that forpp→LX.
For xF from 0 to 1,PL in K2p→LX begins withPL'0 and
increases monotonically to about 40% atxF→1. Now we
apply the proposed picture to this process, compare the
sults with the data, and make predictions for other hypero

1. KÀ¿p\L¿X

Since we have a meson as projectile, there is no cont
uting process from group A toK2p→LX. There is one con-
tributing process from B, i.e.,sv

P1(usds)
T→L. Thus, we

have

DB,s~xF ,Lus!5ksv
K~xP! f D~xTuusds!, ~43!

wherexP'xF andxT'mL
2 /(sxF). The superscriptK for the

quark distribution functions denotes that they are for qua
in a K meson.

Just aspp→LX, there are also contributions from hy
peron decays toK2p→LX. In K2p collisions, we have
similar contributing processes from group B toS0 and J
production, i.e.,sv

P1(usds)
T→S0, sv

P1(usss)
T→J0 and

sv
P1(dsss)

T→J2, respectively. The corresponding numb
densities are given by

DB,s~xF ,S0us!5ksv
K~xP! f D~xTuusds!, ~44!

DB,s~xF ,J0us!5ksv
K~xP! f D~xTuusss!, ~45!

DB,s~xF ,J2us!5ksv
K~xP! f D~xTudsss!, ~46!

respectively.
Hence, we obtain

FIG. 3. Calculated results for the polarizations ofS6 andJ0,2

at pinc5800 GeV/c in pp collisions as functions ofxF . Data are
taken from Refs.@54,55#.
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PL~xFus!5C

tL,s
F DB,s~xF ,Lus!1 (

H j 5S0,J0,J2
tL,H j

D tH j ,s
F DC,H j~xF ,Lus!

, ~47!

HYPERON POLARIZATION IN DIFFERENT INCLUSIVE . . . PHYSICAL REVIEW D 70, 014019 ~2004!
N0~xF ,Lus!1DB,s~xF ,Lus!1 (
H j 5S0,J0,J2

DC,H j~xF ,Lus!

DC,H j~xF ,Lus!'
mH j

EL,H j

DB,sS mH j
xF

EL,H j

,H j usD , ~48!
of

a
d,

e

r
e
re
n
.
e
r

-

c

co

ns,

to
where the fragmentation spin transfer factorstH j ,s
F for quark

flavorss and different hyperonsH j are given in Table I, and
the decay spin transfer factorstL,H j

D are given in Sec. III.

Using Eq.~47!, we can now calculatePL(xFus) in K2p
collisions as a function ofxF . Just as mentioned at the end
Sec. III A, for K2p→LX, we expect thatN0 dominates at
small xF , while DB(xF ,Lus) dominates at largexF since
there is no contributing process from group A. It is clear th
PL(xFus).0 and, if the decay contribution is neglecte
PL(xFus)50 for xF near 0 and increases toCtL,s

F 5C50.6
with increasingxF . The decay contribution should mak
PL(xFus) slightly less than C at xF→1 because 0
,tL,H j

D tH j ,s
F ,tL,s

F for all H j5S0,J0,J2.

We now use Eq.~47! to obtain the numerical results fo
PL(xFus) in K2p collisions in order to get a more precis
feeling for the above-mentioned qualitative features. He
for the unpolarized quark distribution function of the kao
we use the GRV-P LO set@56# for that of the pion instead
For N0(xF ,Hi us) in this process, we simply assume it to b
the same as that inpp collisions. The results obtained fo
PL(xFus) are given in Fig. 4. We see clearly that, asxF
increases from 0 to 1, thePL(xFus) obtained starts from 0
and increases to about 40% atxF→1. These qualitative fea
tures are in good agreement with the data@57–61#.

2. KÀ¿p\SÁ (or J0,À
…¿X

Similar to K2p→LX in K2p collisions, there is also
only one contributing process from group B to the produ
tion of each of these hyperons. ForS1 and S2, they are
sv

P1(usus)
T→S1 andsv

P1(dsds)
T→S2, respectively. The

corresponding number densities are given by

DB,s~xF ,S1us!5ksv
K~xP! f D~xTuusus!, ~49!

DB,s~xF ,S2us!5ksv
K~xP! f D~xTudsds!, ~50!

respectively. The contributing processes from B toJ pro-
duction have been given in the last subsection and their
responding number densities are given by Eqs.~45! and~46!.
Thus, we have

PS1~xFus!5C
tS1,s
F DB,s~xF ,S1us!

N0~xF ,S1us!1DB,s~xF ,S1us!
, ~51!
01401
t

,
,

-

r-

PS2~xFus!5C
tS2,s
F DB,s~xF ,S2us!

N0~xF ,S2us!1DB,s~xF ,S2us!
,

~52!

PJ0~xFus!5C
tJ0,s
F DB,s~xF ,J0us!

N0~xF ,J0us!1DB,s~xF ,J0us!
,

~53!

PJ2~xFus!5C
tJ2,s
F DB,s~xF ,J2us!

N0~xF ,J2us!1DB,s~xF ,J2us!
,

~54!

where thetHi ,s
F ’s are given in Table I.

It is also clear that, for the productions of these hypero
N0 dominates at smallxF , while DB plays the dominating
role at largexF . We expect that, forS6 in K2p collisions,
PS6(xFus)50 for xF near 0 and decreases toCtS,s

F 520.2
with increasingxF . For K2p→JX, PJ(xFus)50 for xF

near 0 and increases toCtJ,s
F 50.4 with increasingxF . This

means thatPS6(xFus) is negative in sign and decreases

FIG. 4. Calculated results for the polarization ofL in K2p
collisions as a function ofxF . Data are taken from Refs.@57–61#.
9-11
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DONG HUI AND LIANG ZUO-TANG PHYSICAL REVIEW D 70, 014019 ~2004!
220% with increasingxF , while PJ(xFus) is positive in
sign and increases fast to 40% with increasingxF . The mag-
nitudes ofPS6 should be smaller than those ofPJ . These
qualitative features are different from those forpp collisions
and can be checked by future experiments.

By using Eqs.~51!–~54!, we also obtain numerical result
for PS6(xFus) andPJ(xFus) as functions ofxF in K2p col-
lisions. They are given in Fig. 5. At present, there are d
available only forJ2 @62,63# among these hyperons. We s

FIG. 5. Calculated results for the polarizations ofS6 andJ0,2

in K2p collisions as functions ofxF . Data forJ2 are taken from
Refs.@62,63#.
y

in

01401
a

that the results show clearly the qualitative features m
tioned above and that those forJ2 are consistent with the
available data. They can all be further checked by furt
experiments.

C. Hyperon polarization in pÁ¿p\H i¿X

Now, we apply the proposed picture top6p collisions.
From the isospin symmetry, we obtain thatPL in p1p
→LX is the same as that inp2p→LX, andPS1 and PJ0

in p1p collisions are the same asPS2 and PJ2 in p2p
collisions, respectively. So we give only the calculations
p21p→Hi1X.

1. pÀ¿p\L¿X

Similar to K2p→LX, there is also no contributing pro
cess from group A top2p→LX. There is one contributing
process from B, i.e.,dv

P1(usss)
T→L. Thus, we have

DB,d~xF ,Lus!5kdv
p~xP! f D~xTuusss!, ~55!

wherexP'xF andxT'mL
2 /(sxF).

Just as inpp→LX, there are also contributions from hy
peron decays top2p→LX. In p2p collisions, we have
similar contributing processes from group B toS0 and J2

production, i.e.,dv
P1(usss)

T→S0 and dv
P1(ssss)

T→J2,
respectively. Their corresponding number densities are gi
by

DB,d~xF ,S0us!5kdv
p~xP! f D~xTuusss!, ~56!

DB,d~xF ,J2us!5kdv
p~xP! f D~xTussss!, ~57!

respectively.
Finally, we have
PL~xFus!5

C (
H j 5S0,J2

tL,H j

D tH j ,d
F DC,H j~xF ,Lus!

N0~xF ,Lus!1DB,d~xF ,Lus!1 (
H j 5S0,J2

DC,H j~xF ,Lus!

, ~58!

DC,H j~xF ,Lus!'
mH j

EL,H j

DB,dS mH j
xF

EL,H j

,H j usD , ~59!
-
,

e

out
e-
where the fragmentation spin transfer factorstH j ,d
F for quark

flavor d and different hyperonsH j are given in Table I, and
the decay spin transfer factorstL,H j

D are given in

Sec. III.
From Eq. ~58!, we see immediately that, sincetL,d

F 50,
PL(xFus) in pp→LX should be equal to zero if the deca
contributions are neglected. The nonzeroPL in this process
comes purely from the decays of heavier hyperons. Tak
these decay contributions into account, we expect a sm
g
all

and negativePL(xFus) at large xF becauseCtL,S0
D tS0,d

F

520.13 andCtL,J
D tJ2,d

F
520.18. The numerical results ob

tained from Eq.~58! are given in Fig. 6. In the calculations
we use the GRV-P LO set@56# for the unpolarized quark
distribution function of pion and simply assum
N0(xF ,Hi us) in this process to be the same as that inpp
collisions. We clearly see that, asxF goes from 0 to 1, the
PL(xFus) obtained starts from 0 and decreases to ab
210% at largexF . These qualitative features are in agre
9-12
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HYPERON POLARIZATION IN DIFFERENT INCLUSIVE . . . PHYSICAL REVIEW D 70, 014019 ~2004!
ment with the data@64,65#.

2. pÀ¿p\SÀ (or JÀ
…¿X

In p2p collisions, there is one contributing process fro
group B to the production ofS2 andJ2. For S2, it is dv

P

1(dsss)
T→S2. The corresponding number density is giv

by

DB,d~xF ,S2us!5kdv
p~xP! f D~xTudsss!. ~60!

The contributing process from B toJ2 production was
given in the last subsection and its corresponding num
density is given by Eq.~57!. Thus, we have

PS2~xFus!5C
tS2,d
F DB,d~xF ,S2us!

N0~xF ,S2us!1DB,d~xF ,S2us!
, ~61!

PJ2~xFus!5C
tJ2,d
F DB,d~xF ,J2us!

N0~xF ,J2us!1DB,d~xF ,J2us!
. ~62!

As given in Table I,tS2,d
F

52/3 andtJ2,d
F

521/3. We thus
expect thatPS2(xFus)50 for xF near 0 and increases t
CtS2,d

F
50.4 with increasingxF . For J2, PJ(xFus)50 for

xF near 0 and decreases toCtJ2,d
F

520.2 with increasing
xF . This implies thatPS2(xFus) is positive in sign and in-
creases fast to 40% with increasingxF , while PJ2(xFus) is
negative in sign and decreases to220% with increasingxF .
The magnitude ofPS2 should be larger than that ofPJ2.

Using these equations, we obtain the numerical results
PS2(xFus) and PJ2(xFus) in p2p collisions as shown in

FIG. 6. Calculated results for the polarizations ofL, S6, and
J0,2 in pp collisions as functions ofxF . Data forL are taken from
Refs.@64,65#.
01401
er

or

Fig. 6. We see that the results show clearly the qualita
features mentioned above. These features can be teste
future experiments.

D. Hyperon polarization in SÀ¿p\H i¿X

It is interesting to note that experiments on hyperon p
larization in reactions usingS2 beams have also been ca
ried out by the WA89 Collaboration at CERN. Some of t
results have already been published@66# and more results are
coming. We now apply the proposed picture to this proce

1. SÀ¿p\L¿X

Similar topp→LX, for S2p→LX, there is one contrib-
uting process from group A, i.e., (dvsv)P1us

T→L, and two
contributing processes from B, i.e.,dv

P1(usss)
T→L and

sv
P1(usds)

T→L. Thus, we have

DA~xF ,Lus!5kL
d f D

S2

~xPudvsv!us~xT!, ~63!

DB,d~xF ,Lus!5kdv
S2

~xP! f D~xTuusss!, ~64!

DB,s~xF ,Lus!5ksv
S2

~xP! f D~xTuusds!. ~65!

There are also contributions from hyperon decays
S2p→LX. For S2p→S0(or J2)X, we have similar con-
tributing processes from groups A and B as those forS2p
→LX. For S0, they are (dvsv)P1us

T→S0, dv
P1(usss)

T

→S0 and sv
P1(usds)

T→S0. The number densities ofS0

from these processes are given by

DA~xF ,S0us!5kS0
d f D

S2

~xPudvsv!us~xT!, ~66!

DB,d~xF ,S0us!5kdv
S2

~xP! f D~xTuusss!, ~67!

DB,s~xF ,S0us!5ksv
S2

~xP! f D~xTuusds!, ~68!

respectively.
For J2, they are (dvsv)P1ss

T→J2, dv
P1(ssss)

T

→J2, and sv
P1(dsss)

T→J2. The corresponding numbe
densities are given by

DA~xF ,J2us!5kJ2
d f D

S2

~xPudvsv!ss~xT!, ~69!

DB,d~xF ,J2us!5kdv
S2

~xP! f D~xTussss!, ~70!

DB,s~xF ,J2us!5ksv
S2

~xP! f D~xTudsss!, ~71!

respectively.
For S2p→J0X, there is one contributing process fro

B, i.e., sv
P1(usss)

T→J0. The corresponding number den
sity is given by

DB,s~xF ,J0us!5ksv
S2

~xP! f D~xTuusss!. ~72!

Thus, we obtain that
9-13
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TABLE IV. Relative weightsw(sd ,sdnudvsv) for thedvsv diquark fromS2 in different spin states, those
for the producedL andS0, the correspondingaL

A andaS0
A , and the total weightswL

A andwS0
A .

Possible spin states (dvsv)0,0us
↓ (dvsv)1,0us

↓ (dvsv)1,1us
↓

w(sd ,sdnudvsv) 3/4 1/12 1/6
Possible products L↓ S0↓ L↓ S0↓ L↑ S0↑

z^(qvqv)sd ,sdn
qs

↓uHi(sn)& z2 1/4 3/4 1/4 1/12 1/2 1/6
The final relative weights 3/16 9/16 1/48 1/144 1/12 1/36
The resultingwHi

A andaHi
A L: 7/24, 23/7; S0: 43/72,239/43
e tri-
t
in

u-

nd

me
N~xF ,Lus!5N0~xF ,Lus!1DA~xF ,Lus!

1 (
f 5d,s

DB, f~xF ,Lus!

1 (
H j 5S0,J0,J2

DC,H j~xF ,Lus!, ~73!

DC,S0
~xF ,Lus!'

mS

EL,S0
FDAS mSxF

EL,S0

,S0usD
1 (

f 5d,s
DB, fS mSxF

EL,S0

,S0usD G , ~74!

DC,J0
~xF ,Lus!'

mJ

EL,J
DB,sS mJxF

EL,J
,J0usD , ~75!

DC,J2
~xF ,Lus!'

mJ

EL,J
FDAS mJxF

EL,J
,J2usD

1 (
f 5d,s

DB, f S mJxF

EL,J
,J2usD G . ~76!

In the same way as that forpp→LX, we calculatewL
A ,

the total relative weight for the production ofL from group
A, andaL

A . The results are shown in Table IV. Similarly, w
obtain the corresponding results forS0 production as shown
in the same table and those forJ2 production as shown in
Table V. From these results, we obtain

DN~xF ,Lus!5CaL
ADA~xF ,Lus!1CtL,s

F DB,s~xF ,Lus!

1 (
H j 5S0,J0,J2

DDC,H j~xF ,Lus!, ~77!
01401
DDC,S0
~xF ,Lus!'CtL,S0

D mS

EL,S0
FaS0

A DAS mSxF

EL,S0

,S0usD
1 (

f 5d,s
tS0, f
F DB, fS mSxF

EL,S0

,S0usD G ,

~78!

DDC,J0
~xF ,Lus!'CtL,J

D tJ0,s
F mJ

EL,J
DB,sS mJxF

EL,J
,J0usD ,

~79!

DDC,J2
~xF ,Lus!'CtL,J

D mJ

EL,J
FaJ2

A DAS mJxF

EL,J
,J2usD

1 (
f 5d,s

tJ2, f
F DB, f S mJxF

EL,J
,J2usD G ,

~80!

where the fragmentation spin transfer factorstH j , f
F for differ-

ent quark flavorsf and different hyperonsH j are given in
Table I, and the decay spin transfer factorstL,H j

D are given in

Sec. III.
Using the results given by Eqs.~63!–~80!, we can now

calculatePL(xFus) in S2p collisions as a function ofxF .
Between the two contributing processes from B, the con
bution from sv

P1(usds)
T→L is more important than tha

from dv
P1(usss)

T→L due to the strangeness suppression
the sea quarks of the target. We note thataL

A523/7, tL,d
F

50, andtL,s
F 51. Hence, if we neglect the decay contrib

tions, we expect that, forxF increasing from 0 to 1,
PL(xFus) starts from 0, increases to some positive value, a
then decreases toCaL

A523C/7 atxF→1. We also note that
aS0

A
5239/43, which is large in magnitude and has the sa
TABLE V. Relative weightsw(sd ,sdnudvsv) for the dvsv diquark fromS2 in different spin states, those
for the producedJ2, the correspondingaJ2

A , and the total weightwJ2
A .

Possible spin states (dvsv)0,0ss
↓ (dvsv)1,0ss

↓ (dvsv)1,1ss
↓

w(sd ,sdnudvsv) 3/4 1/12 1/6
Possible products J2↓ J2↓ J2↑

z^(qvqv)sd ,sdn
qs

↓uHi(sn)& z2 3/4 1/12 1/6
The final relative weights 9/16 1/144 1/36
The resultingwHi

A andaHi
A J2: 43/72,239/43
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sign asaL
A . This is quite different from the situation inpp

→LX whereaS0
A has a different sign and smaller magnitu

compared toaL
A . Since the decay spin transfer factortL,S0

D

521/3, we thus expect a very significant contribution fro
the S0 decay toPL in S2p→LX, and this contribution
cancels that from the directly producedL at largexF . As a
consequence, taking the decay contributions into accoun
particular the significant contribution fromS0→Lg, we ex-
pect that, forxF going from 0 to 1,PL(xFus) starts from 0,
increases slowly to some positive value at moderatexF , and
then begins to decrease at somexF and finally reaches som
negative value; but the magnitude is less than 3C/7 as xF
→1.

To get some quantitative feeling, we now use Eqs.~63!–
~80! to calculatePL(xFus) in S2p collisions numerically.
Since our purpose is to get a feeling for thexF dependence o
PL(xFus), we simply make the following simplifications
For the unpolarized quark distribution functions inS2, we
use those in the proton@45# as approximations
N0(xF ,Hi us), is taken as the same as that inpp collisions.
The numerical results obtained forPL(xFus) are given in
Fig. 7. We see clearly that, asxF increases from 0 to 1, the
PL(xFus) obtained first increases from 0 to some posit
value, and then decreases even to negative atxF→1. These
qualitative features are just those expected above. They
be checked by further experiments.

2. SÀ¿p\SÁ (or J0,À
…¿X

First, we look atS2 production inS2p collisions. For
S2p→S2X, there are two contributing processes fro
group A, i.e., (dvsv)P1ds

T→S2 and (dvdv)P1ss
T→S2,

and two from B, i.e.,dv
P1(dsss)

T→S2 and sv
P1(dsds)

T

→S2. The corresponding number densities are given by
s

ua
in

e

01401
in

an
DA,ds~xF ,S2us!5kS2

d f D
S2

~xPudvsv!ds~xT!, ~81!

DA,dd~xF ,S2us!5kS2
d f D

S2

~xPudvdv!ss~xT!, ~82!

DB,d~xF ,S2us!5kdv
S2

~xP! f D~xTudsss!, ~83!

DB,s~xF ,S2us!5ksv
S2

~xP! f D~xTudsds!. ~84!

Hence, we have

FIG. 7. Calculated results for the polarizations ofL, S6, and
J0,2 as functions ofxF . The thin dotted curve represents the p
larization ofL. Data forJ2 are taken from Ref.@66#.
PS2~xFus!5C

(
f 5ds,dd

aS2
A, f DA, f~xF ,S2us!1 (

f 5d,s
tS2, f
F DB, f~xF ,S2us!

N0~xF ,S2us!1 (
f 5ds,dd

DA, f~xF ,S2us!1 (
f 5d,s

DB, f~xF ,S2us!

, ~85!
t

od-
where thetS2, f
F ’s are given in Table I;aS2

A, f and other related
quantities describingS2 from the two contributing processe
from A are shown in Tables VI and VII, respectively.

Because of the strangeness suppression in the sea q
of the target, we expect that the most important contribut
process to the production ofS2 from A is (dvsv)P1ds

T

→S2 and that from B issv
P1(dsds)

T→S2. From Tables VI
and I, we see thataS2

A,ds
5239/43 andtS2,s

F
521/3. Both of

them contribute negatively to the polarization ofS2 in
S2p→S2X. On the contrary, from Tables VII and I, we se
rks
g

that aS2
A,dd

53/5 and tS2,d
F

52/3. Both of them are positive
andaS2

A,dd
,uaS2

A,dsu, but tS2,d
F

52utS2,s
F u. We thus expect tha

a large portion of the contribution fromsv
P1(dsds)

T→S2 to
PS2 is canceled by that fromdv

P1(dsss)
T→S2, while a

relatively small fraction of the contribution from (dvsv)P

1ds
T→S2 is canceled by that from (dvdv)P1ss

T→S2.
Hence, forxF from 0 to 1,PS2(xFus) in S2p→S2X should
start from 0, decrease slowly to some negative value at m
erate xF , and then tend to a result betweenC(aS2

A,ds

1aS2
A,dd)520.18 andCaS2

A,ds
520.54 atxF→1.
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TABLE VI. Relative weightsw(sd ,sdnudvsv) for thedvsv diquark fromS2 in different spin states, those
for the producedS2, the correspondingaS2

A,ds , and the total weightwS2
A,ds .

Possible spin states (dvsv)0,0ds
↓ (dvsv)1,0ds

↓ (dvsv)1,1ds
↓

w(sd ,sdnudvsv) 3/4 1/12 1/6
Possible products S2↓ S2↓ S2↑

z^(qvqv)sd ,sdn
qs

↓uHi(sn)& z2 3/4 1/12 1/6
The final relative weights 9/16 1/144 1/36
The resultingwHi

A andaHi
A S2: 43/72,239/43
ha

ly

s

n

n
nsi-
Using Eq.~85!, we calculatePS2(xFus) in this process.
The numerical results for it are given in Fig. 7. We see t
PS2(xFus) indeed starts from 0, decreases to about220% at
moderatexF , and reaches about240% at xF→1. These
features are the same as those from the qualitative ana
and can be tested by future experiments.

Then we look at the production ofS1, J0, andJ2 in
S2p collisions. ForS1, there is no contributing proces
from group A but one contributing process from B, i.e.,sv

P

01401
t

sis

1(usus)
T→S1. The corresponding number density is give

by

DB,s~xF ,S1us!5ksv
S2

~xP! f D~xTuusus!. ~86!

The contributing processes toJ production have been give
in the last subsection and their corresponding number de
ties are given by Eqs.~69!–~72!. Hence, we have
PS1~xFus!5C
tS1,s
F DB,s~xF ,S1us!

N0~xF ,S1us!1DB,s~xF ,S1us!
, ~87!

PJ0~xFus!5C
tJ0,s
F DB,s~xF ,J0us!

N0~xF ,J0us!1DB,s~xF ,J0us!
, ~88!

PJ2~xFus!5C

aJ2
A DA~xF ,J2us!1 (

f 5d,s
tJ2, f
F DB, f~xF ,J2us!

N0~xF ,J2us!1DA~xF ,J2us!1 (
f 5d,s

DB, f~xF ,J2us!

, ~89!
de

,
lue
where thetHi , f
F ’s are given in Table I andaJ2

A is given in

Table V.
We recall that tS1,s

F
521/3 and tJ0,s

F
52/3. Thus,

PS1(xFus) should start from 0 and decrease toCtS1,s
F

520.2 with increasingxF , while PJ0(xFus) begins from 0
and increases toCtJ0,s

F
50.4. This means thatPS1 in this
process is negative in sign and relatively small in magnitu
but PJ0 is positive and large. ForJ2 production, we have
aJ2

A
5239/43, tJ2,s

F
52/3, and tJ2,d

F
521/3. Hence, we

expect from Eq.~89! that, asxF increases from 0 to 1
PJ2(xFus) starts from 0, increases to some positive va
below CtJ2,s

F
50.4, begins to decrease at somexF , and fi-
TABLE VII. Relative weightsw(sd ,sdnudvdv) for the dvdv diquark fromS2 in different spin states,
those for the producedS2, the correspondingaS2

A,dd , and the total weightwS2
A,dd .

Possible spin states (dvdv)0,0ss
↓ (dvdv)1,0ss

↓ (dvdv)1,1ss
↓

w(sd ,sdnudvdv) 0 1/3 2/3
Possible products S2↓ S2↓ S2↑

z^(qvqv)sd ,sdn
qs

↓uHi(sn)& z2 — 1/3 2/3
The final relative weights — 1/9 4/9
The resultingwHi

A andaHi
A S2: 5/9, 3/5
9-16
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nally reachesCaJ2
A

520.54. In Fig. 7, we show the ob
tained numerical results as functions ofxF . We see clearly
that the results indeed show the above-mentioned qualita
features. These features can be checked by future ex
ments.

We emphasize again that the most important purpos
the numerical results presented in this section is to show
qualitative features of hyperon polarization in different rea
tions obtained in the proposed picture. For this purpose,
make several simplifications to reduce the free paramete
connection with the number densities in unpolarized re
tions. Further improvements can be made if more accu
data are available.

V. SUMMARY AND OUTLOOK

In summary, we have calculated the polarizations of d
ferent hyperons as functions ofxF in the inclusivepp, K2p,
p6p, andS2p collisions. We used the picture proposed in
previous Letter@10#, which relates the hyperon polarizatio
in unpolarized hadron-hadron collisions to the left-rig
asymmetry in singly polarized reactions. We discussed
qualitative features for hyperon polarizations in these re
tions and presented the corresponding numerical res
These qualitative features are all in agreement with the av
able data. Predictions for future experiments have b
made. These predictions can be used as good tests fo
picture.

It should be emphasized that several points need to
further developed in the model. One of them is the influen
of the vector meson production associated with the hype
that contains a valence diquark of the projectile as mentio
ys
ge
m

.

01401
ve
ri-

of
e

-
e
in
-
te

-

t
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c-
ts.
il-
n

the

e
e
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at the end of Sec. II. Such a study is under way. Another v
important aspect is the transverse momentum dependen
the hyperon polarization. It is clear that the general formu
given in Sec. III can be extended to include thepT depen-
dence. We can use them to calculate thepT dependence of
PH in the model. This is also a very important aspect of t
existing data and should be taken as a further challeng
the model. As can be seen from the formulas in Sec. III,
pT dependence ofPH should come from thepT dependence
of C and the interplay of thepT-dependentN0 andD. ThepT
dependence of the direct-formation contributionD comes
mainly from those of the quark distributions. TheN0 part can
be parametrized from the data on unpolarized cross secti
But to get thepT dependence ofC we need data on thepT
dependence ofAN . Presently, there are no such data ava
able. We get only an averageC in the pT interval 0.7,pT
,2.0 GeV/c. This is the largest difficulty in calculating th
pT dependence ofPH at the present stage. Nevertheless
phenomenological analysis can and should be made. S
studies are under way. The results we obtained in Sec
should be taken as the average results in the correspon
pT region. Since many of the data are from fixed angle
periments, the comparison of our results with the data
only be regarded as qualitative.
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