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S-wave resonance coupled-channel approach to the reactionsp21p˜h1n and K21p˜h1L,
and a determination of thehn and hL scattering lengths

V. V. Abaev
St. Petersburg Institute of Nuclear Physics, Gatchina, Russia

B. M. K. Nefkens
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~Received 21 November 1994!

The total cross sections of the reactionsp21p→h1n and K21p→h1L near threshold have been
calculated in anS-wave resonance coupled-channel approach. ThehN scattering length is@0.62160.040
1i (0.30660.034)] fm and thehL scattering length is@0.6460.291i (0.8060.30)] fm. The large value of the
hL scattering length leads us to speculate on the possible existence ofh-mesic hypernuclei.

PACS number~s!: 13.75.Gx, 13.75.Jz, 21.80.1a, 25.80.2e
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I. INTRODUCTION

h production is of special interest for several reasons.
~a! The isospin of theh is I50. So, h production is

isospin-selective which facilitates the studies of baryon spe
troscopy @1#. For example, in the reactionp21p→h1n
only N(I51/2! resonances are excited. In contrast,pN elas-
tic scattering involves a mixture ofN(I51/2! andD(I53/2!
states. Of particular interest is the threshold region where o
expects mainlyS-wave production. It is remarkable thath
threshold production by pions and photons is dominated
anS-wave resonance, theS11~1535!, which has an unexpect-
edly largeh branching ratio@2#. h production byK2 shows
similar features: there is a strongS01 resonance, theL~1670!,
very close to threshold; there is also anS21 resonance, the
S~1750!, which is very close to thehS threshold@2#. We
may expect that the simplestS-wave resonance approach i
acceptable and that we can get severalS-wave resonance
parameters just fromh production data.

~b! The hN scattering length is of particular interest to
nuclear physics because theS-wavehN interaction is large
and attractive. It has been proposed that a large scatte
length, ahN>0.3 fm, could lead to a new type of nuclea
matter, hadronically boundh-mesic nuclei@3#. In the same
spirit we like to discuss the possibility of even more exot
systems, theh-mesic hypernuclei. The scattering length i
obtained fromh production data near threshold which i
straightforward in a coupled-channel approach.

II. THE S-WAVE RESONANCE
COUPLED-CHANNEL MODEL

Consider meson-nucleon (mN) interactions, such aspN
or KN scattering, for the special case of anS-wave reso-
nance. Furthermore, a sharp, inelastic two-body channel s
ash production,

p21p→h1n, ~1!

K21p→h1L, ~2!
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opens not too far from the resonance pole. The opening
such a channel causes a cusp in the elastic channel. In
speed plot of the elasticS-wave amplitude this shows up a
an extra nonresonant peak which is likely to disturb t
S-wave resonance shape. The above case is describe
three amplitudes

A~mN→mN!, ~3!

A~mN→hN! or A~mN→hL!, ~4!

A~hN→hN! or A~hL→hL!. ~5!

The resonance part of these amplitudes may be written
simple Breit-Wigner form

T1~W!5
G1/2

~W02W!2 iG t/2
5

h r~W!e2idr1~W!21

2i
, ~6!

T2~W!5
AG1G2/2

~W02W!2 iG t /2
5

A12h r
2~W!ei @dr1~

W!1dr2~
W!#

2i
,

~7!

T3~W!5
G2/2

~W02W!2 iG t/2
5

h r~W!e2idr2~W!21

2i
, ~8!

whereW is the invariant energy,W0 the mass of the reso-
nance,G t the total width of the resonance,G1 andG2 are the
partial widths of the first and second channels a
G t5G11G2.

For elastic scattering, the amplitude~6! is not a real par-
tial wave amplitude obtained from phase shift analysis, e
theS11 wave inpN scattering. It is only the resonance part o
it. For example, if

T~W!5
h r~W!hb~W!e2i @dr ~W!1db~W!#21

2i
, ~9!

whered r(W) anddb(W) are the resonance and backgroun
phases,h r(W) andhb(W) are the resonance and backgroun
inelasticity parameters, the resonance part is given by~6!.
This means that with Eq.~6! we describe only the resonanc
385 © 1996 The American Physical Society
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part of the elastic scattering amplitude. The amplitudes~7!
and~8! should be the proper ones according to our approa
in which there is only one resonance and no background

One can see from Eq.~7! that the cross sections of the
reactions~1! and ~2! do not depend on the phases and a
proportional only to (12h r

2). This means that the coupling
between elastic scattering and production reactions is giv
only by the inelasticity~absorption! parameterh r , and it is
not necessary to describe the phase shifts~or real and imagi-
nary parts! of the elastic amplitude~6! or ~9!. One needs to
know only the inelasticity parameter.

The partial widths have a specific energy dependence.
the relativistic approach for anS wave @4# they are

G i~W!5G i~W0!
2W0

W01W

qi
qi0

, ~10!

whereqi is the c.m. momentum of thei th channel andqi0 is
the c.m. momentum at resonance (W5W0!.

The resonance decay branching fractions are just the
tios of the partial widths to the total width at resonance~for
the elastic channel it is the elasticity! Xi5G i(W0)/G t(W0),
with X11X251.

Now let us consider a third important channe
mN→pmN. Then the only modification of Eqs.~6!–~8! will
be in the denominators. We have to add the third part to t
total width,

G t~W!5G1~W!1G2~W!1G3~W! ~11!

and

X11X21X351. ~12!

The energy dependence of the three-particle final state can
incorporated in the manner discussed by Cutkosky@5# or
Manley @6#.

The above scenario describes the case of pion and k
interactions aroundplab'750 MeV/c where we have only
three important channels:pN→pN,pN→hN,pN→2pN
and KN→KN,KN→hL,KN→pS. Other reactions are
small and can be ignored. In both cases we have four f
parameters:W0 , G t(W0), X1 , andX2 , sinceX3 is imposed
by ~12!.

For thepN interaction we can impose an additional con
straint coming from the inelastic 2pN scattering channels.
The two-pion decay mode of theS11 resonance hasX3<0.10
@2#. This value is based on the results of the elastic pha
shift analyses of Refs.@5,7# and double-pion production
analysis@6#. The resonance part of this amplitude has th
same form as~7!,

T4~W!5
AG1G3/2

~W02W!2 iG t/2
, ~13!

and can be used for the analysis of two-pion production d
@6#. The Breit-Wigner formula for the inelasticity paramete
may be obtained from Eq.~6!

h r~W!5A12
GpN~W!@GhN~W!1G2pN~W!#

~W02W!21@G t
2~W!/4#

. ~14!
ch,
.
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This formula has a very simple interpretation: the produ
GpN(W)GhN(W) represents thehN decay channel and the
productGpN(W)G2pN(W) represents the 2pN decay chan-
nel. Below theh production thresholdGhN(W)50 and in Eq.
~14! the productGpN(W)G2pN(W)'0 andh r(W)'1. For
the 2pN decay channel the partial inelasticity parameter@6#
is given by the same Eq.~14! with GhN(W)50 in the nu-
merator.

The total cross section in mb for reactions~1! and ~2! is

s t~W!5
4p

q1
2 C30.38943106uT2~W!u2, ~15!

where the isospin coefficientC52/3 and 1/2, respectively,
and

uT2~W!u25
1

4

GpN~W!GhN~W!

~W02W!21@G t
2~W!/4#

5
@12h r

2~W!#

4

GhN~W!

GhN~W!1G2pN~W!
. ~16!

The scattering length of thehN or hL elastic amplitude
~8! is given by

lim
q2→0

@T3~W!/q2#5Rea01 i Ima0 . ~17!

In the limit q2→0, one can represent the scattering leng
in terms of resonance parameters. If we use the approxi
tion suggested by Liu@8#

G t~q2→0!5G1~W0!1G3~W0!, ~18!

then the scattering length is given by

a05
X2

q2
F W0

22Wth
2

W0G t~W0!
2 i ~12X2!G21

, ~19!

whereWth is the invariant energy at threshold.

III. RESULTS

Shown in Fig. 1 are the results of our coupled-chann
parametrization of the reactions under consideration. T
total cross sectionss t(p

21p→h1n) and s t(K
21p

→h1L) are taken from Refs. @9,10#. For p21p
→h1n we use the star-evaluated data base of Ref.@9#. The
data points close to threshold are obtained using the pa
cross section value of Binnieet al. @11# assumingS-wave
dominance. The inelasticity parameters ofpN scattering are
taken from the phase-shift analyses of CMU@5#, PNPI @12#,
and Saclay@13#. The partial inelasticity parameters of th
2pN channel are taken from the phase-shift analysis of R
@14#. For KN scattering we applied the constraint from th
PDT @2# for XKN50.2060.05 ~Table I!.

Bhandari and Chao@15# have made an analysis of th
S11~1535! parameters using the accuratep2p backward elas-
tic scattering data which has a cusplike structure near thehN
threshold. Their results,W05154766 MeV, G t(W0!
5139633 MeV, andXpN50.29760.026 are in good agree
ment with our values shown in Table I. The valueXhN50.59
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is consistent with the experimental data contrary to Liu
conclusion@8#.

The sensitivity to the resonance mass and to the elastic
is shown in Fig. 2. Figure 3 shows the Argand plots of th
elastic hN and hL amplitudes. One can see a reliable
looking resonance circle for each amplitude.

The dependence of the real and imaginary parts of t
dimensional amplitudes of Eq.~17! on the c.m. variableq 2

2 is
given in Fig. 4 for three values of the mass of the resonan
This figure shows that a better determination of the reson
mass can substantially improve the accuracy of the scatter
lengths. Note that the nearer the pole of the resonance is
the threshold, the larger the sensitivity of the scatterin
length is to the resonance parameters and the more nonlin
is the behavior of the amplitudes near threshold. Consider
that theL~1670! resonance is much closer to threshold tha
the S11~1535! in the c.m. momentum scale~ReT50! and
very narrow, theS-wave dominance assumption is reliabl

FIG. 1. ~a! Experimental results fors t(p
21p→h1n) from

Ref. @9# and the result of our parametrization.~b! Results of the
phase shift analyses from Ref.@5# ~open squares!, Ref. @12# ~open
circles!, Ref. @13# ~triangles!, Ref. @14# ~black dots!, and the results
of our fit. The dashed curve represents the partial inelastic
parameter from S11~1650!. ~c! Experimental results for
s t(K

21p→h1L) from Ref.@10# and the result of our parametri-
zation.

TABLE I. Resonance parameters used in calculating the curv
of Figs. 1–4. Also shown are the parametersXi of the PDT@2#.

Symbol Notation Mass Width Xi Mode Xi

N(1535) S11 1549 169 0.33 pN 0.35–0.55
0.59 hN 0.45–0.55
0.08 2pN <0.1

L~1670! S01 1669 21 0.20 KN 0.15–0.25
0.30 hL 0.15–0.35
0.50 pS 0.20–0.60
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FIG. 2. ~a! Experimental results fors t(p
21p→h1n) from

Ref. @9# compared to a Breit-Wigner shape forW051541 MeV
~dotted!,W051549 MeV~solid!, andW051557 MeV~dashed line!
with G t(W0!5169 MeV and XhN50.59. ~b! Same as~a! for
s t(K

21p→h1L) from Ref. @10#; W051665 MeV ~dotted!,
W051669 MeV ~solid!, and W051673 MeV ~dashed! with
G t(W0!521 MeV andXhL50.30. ~c! Variation of theS11~1549!
Breit-Wigner curve with the elasticity;XhN50.64 ~dashed!,
XhN50.59 ~solid!, and XhN50.54 ~dotted! with W051549 MeV
andG t(W0!5169 MeV. ~d! Same as~c! for S01~1669!; XhL50.35
~dashed!, XhL50.30 ~solid!, and XhL50.25 ~dotted! with
W051669 MeV andG t(W0!521 MeV.

FIG. 3. Argand plots for thehN elastic scatteringS11 amplitude
and thehL elastic scatteringS01 amplitude for the parameters of
Table I.
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388 53V. V. ABAEV AND B. M. K. NEFKENS
above the resonance and we expect that the resonance
rameters can be extracted rather reliably from the product
cross section.

For pN scattering we have taken into account the tail
the secondS11~1650! resonance with the 2pN branching
fractions from Ref.@6#. In this case we have multiplied the
inelasticity parameter of theS11~1535! resonance~14! by the
same expression for theS11~1650!. This was done according
to the formalism of Ref.@6#. The corresponding part of the
partial inelasticity parameter is shown in Fig. 1 by the dash
line. The 2pN branching fractions for theS11~1535! reso-
nance are also taken from Ref.@6#.

Our results could be refined by considering the nonre
nant background in theh production channel. We estimat
the changes to be small and the accuracy of the existing d
does not warrant a more elaborate analysis. Better data oh
production is needed to resolve the inconsistencies of
existing data set. An experiment is under way at the AGS
obtain betters t and ds/dV information @16#. For theKN
interaction the experimental situation is much worse than
thepN interaction.

Our value of thehN scattering length~Fig. 1! is consis-
tent with the result of Wilkin@17#, ahN5~0.4761i0.279! fm.
The smaller value reported by Liu@3#, ahN5~0.271i0.22!
fm, is related directly to his using a smallXhN value. The
large value given by Arimaet al. @18#, ahN5~0.981i0.37!
fm, is related to using a largeh production cross section.

Our result for thehL scattering length~Fig. 1! is a first
determination and indicates thathL and hN scattering at
threshold are not very different.

The calculations based on the convenient approximat
of Eq. ~19! give nearly the same results. In Figs. 5~a! and
5~b! one can see the dependence of thehN andhL scatter-
ing lengths on the value of the branching ratios,XhN and
XhL , for the masses and widths given in Table I. The poin
indicate the calculation based on Eq.~17!.

FIG. 4. ReT(S11!/qhn ~a! and ImT(S11)/qhn ~b! as a function of
qhn
2 and ReT(S01)/qhL ~c! and ImT(S01)/qhL ~d! as a function of

qhL
2 for the Breit-Wigner resonances from Fig. 2.
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The threshold of the reactionK21p→h1S0 is very
close to the well-knownS~1750! resonance@W051750 MeV,
G t(W0!590 MeV, XhS50.1520.55#. According to the ap-
proximate calculations of Eq.~19! we find that thehS scat-
tering length in theS21 resonance approach has the lower an
upper limits shown in Fig. 5~c!,

ahS5@0.10–1.101 i ~0.35–2.20!# fm. ~20!

If XhS'0.5 then one finds the same large attraction in th
hS interaction as inhL. The resonance mass dependence o
the real part of the scattering lengths is shown in Fig. 5~d!.
The width and elasticity for the case ofhN andhL scattering
are taken from Table I. ForhS scattering they are
G t(W0!590 MeV andXhS50.35. One can see that the maxi
mum value occurs when the resonance mass is very close
the threshold,W0'Wth1~0.1–0.25!G t(W0).

The large value ofahN enhances the likelihood for the
existence ofh-mesic nuclei proposed by Liu and others@3#.
A search for this via the two-body reactionp1116O→p1

h
15O has been unsuccessful@19#. This could be because the
h-mesic nuclei have a large width. Another possibility is tha
the choice of the incident momentum of 800 MeV/c was too
large; see Fig. 1~a!. Above the resonance, the real part of th
hN amplitude turns from positive to negative, i.e., thehN
interaction becomes repulsive; see Fig. 3. The best mom
tum is near the threshold of the above reaction, where t
h-nucleus c.m. momentum is small and the interaction
attractive. The important advantage of the threshold me
surements is a zero degree detection of all outgoing particl
i.e., we measure the total cross section. We suggest to rep
the experiment at a lower incident momentum in the su
threshold region of reaction~1!.

FIG. 5. Real and imaginary parts of thehN ~a!, hL ~b!, andhS
~c! scattering lengths as a function of the elasticity given by E
~19!; the parameters are given in Table I. ForhS scattering the mass
is W051750 MeV and the width isG t(W0!590 MeV. ~d! Mass
dependence of the real parts of the scattering lengths. ForhS scat-
tering,XhS50.35. The points are the exact calculations.
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The finding thatahL is also large has prompted us to
speculate on the possible existence of an even more ex
nuclear species, namelyh-mesic hypernuclei. They can be
searched for in a similar manner with aK2 beam

K21 ZA→p1 hL
Z22~A21!, ~21!

→n1 hL
Z21~A21!, ~22!

→p11 hL
Z22A, ~23!

→p01 hL
Z21A, ~24!

→p21 hL
Z A. ~25!

In this case the mechanism is more difficult than in th
pion-nucleus reaction and should have two stages: the p
duction of anhL pair on a nuclear proton~2! and the rescat-
tering of theh and/orL on the second nucleon or virtua
pion of the nucleus~spectator!. The measurements should b
performed in the threshold region of these reactions and
the subthreshold region of the reaction~2!. We suggest the
reaction

K21 12C→n1 hL
11B, ~26!
otic

e
ro-

l
e
in

because theL
11B is a well-known hypernucleus with a large

binding energy of 10.24 MeV.
There is an intriguing indication for the existence of

quasiboundh-mesic nuclear state in the total cross secti
near threshold and in the 180° excitation function
p1d→h13He @20#. Furthermore there is some evidenc
that the cross section of the reactionp213He→h13H @21# is
also large and isotropic. The quasiboundh-hypernuclear
state could be found close to threshold of the reacti
K21ZA→h1 L

Z21A. We suggest to measure the excitatio
function of the reaction

K21 4He→h1 L
4 H ~27!

near threshold.
Finally we would like to mention that theh-mesic nuclei

and hypernuclei could be observed by an indirect meth
like measuring the cusps in elastic pion and kaon-nucle
scattering. At the threshold of the above reactions one
pects to see a threshold cusp and below it the anom
caused by theh-mesic nucleus or hypernucleus. The sha
and the magnitude are unpredictable and at some angles
cusp could disappear. This experiment is very simple, bu
is not direct evidence for theh-mesic states.
-
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