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Phase-shift analysis of elasticS¿p scattering
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The phase-shift analysis of elasticS1p scattering at an incident energy (S1) of 12 MeV has been carried
out. Two kinds of solutions have been found, for which the sign of the3S1 phase shift is different. It has been
found that measurement of the polarization inS1p scattering could contribute to distinguishing among various
models forYN scattering.
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Hyperon-nucleon potentials have been provided by v
ous groups@1–4#. In particular, the Nijmegen potentials hav
been applied to hypernuclei. However, many questions h
been raised. Generally speaking, vertex form factors
meson-meson correlations are not well known. This crea
serious uncertainties in the potentials, which reflects the
that the theory of the strong interaction is not yet establish

The Ehime group aims to build an effective model whi
would be useful for studies of hypernuclei andYN interac-
tions, rather than using a microscopic description@2–4#.
One-boson-exchange potentials, 99A@3# and 00A@4#, were
presented forLN and SN systems. The two potentials re
produce equally well the present data of theS1p scattering.
However, 99A generates a bound state in the3S1 wave,
while 00A does not. Thus, the nature of the forces in the t
potentials is quite different.

Measurements to search for theS2n(I 53/2) bound state
were carried out more than 40 years ago@5–7#. Possible
S2n bound-state events were reported, however, final c
clusions were negative for the existence of theS2n bound
state. It is more desirable to carry out the measuremen
search for theS2n(I 53/2) bound state with much highe
statistics. From the experimental point of view of hype
nuclear physics, the existence of a bound state in thI
53/2 channel is not excluded. Therefore, it is important
study the difference in other observables ofS1p scattering
generated by the two kinds of phase parameter sets sugg
by the potentials.

The single-particle potential of theS6 and S0 hyperons
in spin-saturated nuclear matter was calculated by D
rowski @8# in order to compare with the results of the rece
(K2,p6) experiments at Brookhaven National Laborator
~BNL! on the 9Be target @9–12#. Dabrowski suggested
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studying the repulsive interaction betweenS2 and the
nuclear core. Thep2 spectrum in the BNL (K2,p2) experi-
ments indicated that the final state interaction~FSI! of theS
hyperon (S1 andS0) with the nuclear core is less repulsiv
than that in the (K2,p1) reaction, where theS2 is involved
in the FSI, or is possibly even attractive@10#.

In contrast to the experiments concerning the nuclear m
ter calculation, the direct two body scattering experime
for YN scattering are very rare. By carrying out a phase-s
analysis~PSA! of those data, one can obtain phase shifts
partial waves in theYN interaction, which is not an average
one such as the nuclear matter calculation. The COSY-T
collaboration is planning to carry out the polarized spin e
periments in the reactionpp→K0S1p and pp→K1S1n
@13#. Our present work gives an important motivation f
these future experiments, which are expected to provide
significant information about the phase shift of lower (s and
p) partial waves.

On the other hand in nucleon-nucleon scattering the p
tiful experimental data have been analyzed in terms o
phase-shift analysis. Extension of the PSA toYN scattering
is desirable. However, hyperon scattering is a very diffic
experiment, and data from a polarized spin experiment
seldom been reported until now. Therefore, a phase-s
analysis was not carried out. We have examined the kind
spin observable that is important for the determination of
YN scattering amplitudes and what information could be o
tained by using the PSA. In particular, inS1p scattering,
experimental data for differential and total cross sections
ist at low energy and the inelastic channel is not open.
performed a PSA for elasticS1p scattering at anS1 inci-

dent energyTL
S1

512 MeV. The result of our analysis is re
ported below.

In S1p scattering, which involves nonidentical particle
the invariant amplitudes are different from the ones
nucleon-nucleon scattering, and theM matrix is given as a

n-
©2002 The American Physical Society01-1
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sum of seven terms. We had previously performed a PSA
p-3He nonidentical particle scattering@14#. Our computer
code was expanded such that phase-shift analysis
hyperon-nucleon scattering is practical. BecauseS1p scat-
tering is an isospin 3/2 scattering process, the inelastic ch

nel is only a result of particle production atTL
S1

>147 MeV. This is the threshold of the lowest inelas
channel. Therefore, all of the absorption coefficients

taken as 1 atTL
S1

512 MeV, since only elastic scattering
possible. The corresponding impact parameterb for the P( l

51) wave isb;3.74 fm, TL
S1

512 MeV. It becomes 6.48
fm and 9.16 fm forD( l 52) and F( l 53) waves, respec
tively. A stabilized solution was not obtained in the prelim
nary analysis in which theD wave was included. Therefore
the number of the parameter was decreased, and pa
waves with orbital angular momentuml<1 were redeter-
mined in order to obtain a stabilized solution. The existi
experimental data are summarized in Table I. Eiseleet al.
(PL5170 MeV/c,TL512 MeV) provided the most precis
data fords/dV @16#. The polarization rate of the decay o
the S1 to pp0 was also measured by Eiseleet al., and they
reported a value ofP (polarization)50.060.16, and argued
that the contribution of aP wave at this energy would b
very small. The experimental data on the total cross sec
(s t) is plotted in Fig. 1. Figure 1 shows thats t is around 89

mb atPL
S1

5170 MeV/c.

We selected the energy pointTL
S1

512 MeV (PL
S1

5170 MeV/c) to perform the PSA of elasticS1p scattering
considering the situation of the experimental data, see Fig

TABLE I. Experimental data for elasticS1p scattering below

PL
S1

54 GeV/c.

Observables PL
S1

(MeV/c) Total number References

of data~events!

s t 100–1900 1~10! ST61a

140–150 1~4! EI71b

140–175 1~9! RU67c

148–158 1 DO66d

150–160 1~13! EI71
158–168 1 DO66
160–170 1~35! EI71
168–178 1 DO66
170–180 1~69! EI71
500–1500 1~10! CH70
1500–2500 1~8! CH70
2500–4000 1~4! CH70

ds/dV 148–178 6~ 30! DO66
160–180 7~156! EI71
300–600 2~ 11! AH99f

aReference@15#.
bReference@16#.
cReference@17#.
dReference@18#.
eReference@19#.
fReference@20#.
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The number of data used in the phase shift analysis
eight, including the data of Eiseleet al. for the differential
cross section and of Doschet al. @18# for the total cross
section.

In the Ehime model by Tominaga@3# and Ueda@4#, two
possibilities were indicated for thed(3S1) phase shift, and
they are, respectively, about 170°@3# and210° @4#. There is
a difference of onlyp in the phase shift, and there seems
be no difference in the representation of the experime
data. However, a difference appears in the spin observa
involving the mixing parameter, since theS matrix for
coupled waves betweenl 5J21 and l 5J11 in the spin
triplet states@14# are given by

SJ5FA12urJ
1u2exp~2id2! irJ

1exp$ i ~d21d1!%

irJ
1exp$ i ~d21d1!% A12urJ

1u2exp~2id1!
G .

HererJ
1 is the mixing parameter for the coupled channels

the spin triplet waves.d2 and d1 are the phase shifts fo

FIG. 1. The total cross section of elasticS1p scattering~Refs.
@6–10#!. The cross (3) shows the values predicted by the prese
PSA.

FIG. 2. The ds/d cos(u) of elastic S1p scattering atTL

512 MeV ~Ref. @7#!. The solid and dotted lines show the valu
predicted by solutionsa andb, respectively.
1-2
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TABLE II. The solutions determined by the present PSA. T
total number of the experimental data is eight. Here,x2

5( i , j$(u i , j
ex2u i , j

th )/Du i , j
ex%2, whereu i , j

ex is the experimental datum fo
observablei from the j th experiment, with experimental erro
Du i j

ex , andu i j
th is its theoretical value.

Partial waves d( °) andrJ
6

(a) (b)
1S0 26.97 26.01
3S1 172.84 27.42
3P0 23.72 1.09
1P1 1.88 3.07
3P1 20.17 20.99
3P2 20.05 20.26
r1

2 20.2501 20.2501
r1

1 0.1774 0.1774
x2 2.96 2.59

FIG. 3. The spin observables (A0y , DNN , andDLS) of elastic
S1p scattering atTL512 MeV predicted by the present PSA. Th
solid and dotted lines show the values predicted by solutionsa and
b, respectively.
06100
l 5J21 andl 5J11. J andl are the total and orbital angula
momenta, respectively. The difference ofp in the phase shift
for the 3S1( l 5J21) wave influences only the off-diagona
elements in this equation.

In YN scattering, the spin singlet state also couples to
spin triplet state in the case ofl 5J as follows:

SJ
ST5FA12urJ

2u2exp~2idJ! irJ
2exp$ i ~dJ1dJ,J!%

irJ
2exp$ i ~dJ1dJ,J!% A12urJ

2u2exp~2idJ,J!
G ,

whererJ
2 is the mixing parameter for the coupled chann

of the spin singlet and triplet states.dJ anddJ,J are the phase
shifts of the spin singlet and triplet states withl 5J. The
difference ofp in the phase shift for the3S1 wave does not
influence SJ

ST since there is no spin singlet state whic
couples to the3S1 wave.

In the present PSA, we searched solutions whered( 3S1)
came close to the value suggested by the Ehime model.
kinds of solutions (a and b) were obtained. By fixing the

FIG. 4. The spin observables (DSL , DSS, andDLL) of elastic
S1p scattering atTL512 MeV predicted by the present PSA. Th
solid and dotted lines show the values predicted by solutionsa and
b, respectively.
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mixing parameters as the values of solutiona, solution b
was obtained. The solutions obtained are given in Table
The corresponding predicted values of various spin obs
ables are given in Figs. 3 and 4. Here, we made the mix
parameters in solutionsa and b to be the same values t
examine how the difference ofd( 3S1) appears in the spin
observables. InAyy andDNN the mixing parametersrJ

2 are
included only in the form ofurJ

2u2, and there is no effec
from the difference of the sign. Such a consideration is u
ful to examine the influence ofd(3S1), because the uncer
tainty of the sign can be disregarded in the observab
There are large differences inAyy , Amm, A, DNN , andDLS
between solutionsa andb. The experiments ofA0y , DNN ,
DLS , DSL , DSS, andDLL , in which the polarization quan
tity of target and recoil protons are measured, would be p
formed more precisely than other experiments in which
polarization ofS1 has to be detected.

In conclusion, we have carried out the phase-shift anal

of elasticS1p scattering atTL
S1

512 MeV using the data on
C

-

ag
n

tt,
Re

t.

R

06100
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v-
g
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s.
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e

is

total and differential cross sections. Here, analysis was d
without any approximation on the mass differences of p
ticles unlike other model analyses. The phase shifts of thS
andP waves were determined, and the values of various s
observables were calculated by two kinds of solutions.
the determination ofd(3S1), it has been found that measur
ments of observables which were influenced largely by m
ing parameters were very useful. The phase-shift analysi
elasticS1p scattering becomes more interesting in the e
ergy region where theP and D waves have large contribu

tions. The experiment of KEK@20# corresponds toTL
S1

;80 MeV, and the contributions from these waves are to
expected. A more detailed discussion aboutd( 3S1) will be
possible if the data on spin observables become availab
this energy region.

This work has been supported in part by the Grant-in-A
for Scientific Research~Grant No. 11640281! from the Japa-
nese Ministry of Education, Science and Culture.
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