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S-wave resonance coupled-channel approach to the reactions +p— n+n and K™ +p—np+A,
and a determination of the yn and »A scattering lengths
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The total cross sections of the reactionS+p— n+n and K™ +p—»+ A near threshold have been
calculated in anS-wave resonance coupled-channel approach. FNescattering length i$0.621+0.040
+i(0.306+0.034)] fm and thepA scattering length i§0.64+0.29+i(0.80+0.30)] fm. The large value of the
nA scattering length leads us to speculate on the possible existengeesic hypernuclei.

PACS numbgs): 13.75.Gx, 13.75.Jz, 21.80a, 25.80-¢

[. INTRODUCTION opens not too far from the resonance pole. The opening of
such a channel causes a cusp in the elastic channel. In the
» production is of special interest for several reasons. speed plot of the elastis-wave amplitude this shows up as
(a) The isospin of then is I=0. So, » production is an extra nonresonant peak which is likely to disturb the
isospin-selective which facilitates the studies of baryon specS-wave resonance shape. The above case is described by
troscopy[1]. For example, in the reactiom +p— n+n three amplitudes
only N(I=1/2) resonances are excited. In contrashy elas-

tic scattering involves a mixture M (1 =1/2) andA(1 =3/2) A(mMN—mN), ()
states. Of particular interest is the threshold region where one
expects mainlyS-wave production. It is remarkable that A(mN—7N) or A(mN—7A), 4

threshold production by pions and photons is dominated by
anS-wave resonance, thg 1(1535, which has an unexpect-
edly large s branching ratid2]. » production byK ™ shows
similar features: there is a stroi$g, resonance, tha (1670,
very close to threshold; there is also 8 resonance, the

A(gN—7yN) or A(nA— gA). (5)

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

2.(1750, which is very close to thep2 threshold[2]. We T,/2 7, (W)e2 oW 1

may expect that the simpleStwave resonance approach is T,(W)= - = - , (6
acceptable and that we can get seve&3alave resonance (Wo—W)—il'/2 2

parameters just fromy production data. .

(b) The 7N scattering length is of particular interest to (W)= VI'alo/2 _ Vi- ”rZ(W)eI[LS”(W)M'Z(W)]
nuclear physics because tBewave N interaction is large 2 (Wo—W)—iT';/2 2i '
and attractive. It has been proposed that a large scattering (7)
length, a,,=0.3 fm, could lead to a new type of nuclear 25 (W)
matter, hadronically bound-mesic nuclei3]. In the same To(W)= I'5/2 _ p(W)em W —1 ®
spirit we like to discuss the possibility of even more exotic s(W)= (Wo—W)—il/2 2i '

systems, thep-mesic hypernuclei. The scattering length is
obtained from# production data near threshold which is whereW is the invariant energyV, the mass of the reso-

straightforward in a coupled-channel approach. nancel’; the total width of the resonancE; andI’, are the
partial widths of the first and second channels and
[=0+T,.
Il. THE S-WAVE RESONANCE For elastic scattering, the amplitud®) is not a real par-
COUPLED-CHANNEL MODEL tial wave amplitude obtained from phase shift analysis, e.g.,

theS;; wave in77N scattering. It is only the resonance part of

nsider meson-nucl interaction h asN . :
Consider meson-nucleom(N) interactions, such asg it. For example, if

or KN scattering, for the special case of &wave reso-

nance. Furth_ermore, a sharp, inelastic two-body channel such 70 (W) 77 (W) 20 (W)+ (W1 _ 1
as  production, T(W)= 5 : 9)
[
T +p—7p+n, ) where §,(W) and §,(W) are the resonance and background

phasesy, (W) and7,(W) are the resonance and background
inelasticity parameters, the resonance part is giver{@y
K +p—7n+A, (2)  This means that with Eq6) we describe only the resonance
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part of the elastic scattering amplitude. The amplitu@®s This formula has a very simple interpretation: the product
and(8) should be the proper ones according to our approacH, ,n(W)I", (W) represents theyN decay channel and the
in which there is only one resonance and no background. productIl’ ., (W)T",_ n(W) represents the 2N decay chan-

One can see from EdZ7) that the cross sections of the nel. Below then production threshold', (W) =0 and in Eqg.
reactions(1l) and (2) do not depend on the phases and arg14) the productl’ ,\(W)I',, n(W)~0 and 7, (W)~ 1. For
proportional only to (+ 7?). This means that the coupling the 27N decay channel the partial inelasticity paraméear
between elastic scattering and production reactions is giveis given by the same Edq14) with I',\(W)=0 in the nu-
only by the inelasticity(absorption parametery, , and it is  merator.
not necessary to describe the phase skiftgeal and imagi- The total cross section in mb for reactiofis and(2) is
nary part$ of the elastic amplitudé€6) or (9). One needs to A
know only the inelasticity parameter. _am 2

The partial widths have a specific energy dependence. In o(W)= H{ Cx0.3894<10° T, (W), (19
the relativistic approach for a8 wave[4] they are

where the isospin coefficie@=2/3 and 1/2, respectively,

Wo and
Fy(W)=Ti(Wo) =y (10
2 1 FWN(W)F‘UN(W)
whereq; is the c.m. momentum of thieh channel andy;, is T2(W)l 4 (WO_W)2+[Ft2(W)/4]
the c.m. momentum at resonand&'£ W,).
The resonance decay branching fractions are just the ra- [1-5i(W)] I ,n(W)

tios of the partial widths to the total width at resonartfce - 4 T (W) +T o (W) (16)
the elastic channel it is the elastigit(;=I";(Wy)/I" (W),
with X;+X,=1. The scattering length of theN or A elastic amplitude

Now let us consider a third important channel, (8) is given by
mN— 7mN. Then the only modification of Eq§5)—(8) will

be in the denominators. We have to add the third part to the lim [T3(W)/q,]=Reap+i Imag. 17
total width, 42—0
T (W) =T 1(W) + T »(W) + T5(W) (11) In the limit g,—0, one can represent the scattering length
' in terms of resonance parameters. If we use the approxima-
and tion suggested by Li{i8]
X1+ Xo+Xg=1. (12) I'i(d2—0) =T'1(Wp) +T'3(Wp), (18)

The energy dependence of the three-particle final state can #aen the scattering length is given by

incorporated in the manner discussed by Cutkofkly or 5 o _1

Manley [6]. a :ﬁ Wo—Win —i(1=X,) (19)
The above scenario describes the case of pion and kaon g, | Wol'(Wo) 2 '

interactions aroung,,~750 MeVk where we have only

three important channelsrN— 7N, 7N— 7N, 7N— 27N whereWy, is the invariant energy at threshold.

and KN—KN,KN— »A,KN—#2. Other reactions are

small and can be ignored. In both cases we have four free IIl. RESULTS
parametersW,, I'i\(W;), X;, andX,, sinceX; is imposed o
by (12). Shown in Fig. 1 are the results of our coupled-channel

For themN interaction we can impose an additional con- parametrization of the reactions under consideration. The
straint coming from the inelastic/#N scattering channels. total cross sectionsoy(7~ +p—#5+n) and o (K™ +p
The two-pion decay mode of t; resonance has;<0.10 —7+A) are taken from Refs.[9,10. For 7 +p
[2]. This value is based on the results of the elastic phase” 7+ N We use the star-evaluated data base of f@#f.The
shift analyses of Refs[5,7] and double-pion production data points close to threshold are obtained using the partial
analysis[6]. The resonance part of this amplitude has thecross section value of Binniet al. [11] assumingS-wave

same form a<7), dominance. The inelasticity parametersmdfl scattering are
taken from the phase-shift analyses of CN&), PNPI[12],
NI and Saclay{13]. The partial inelasticity parameters of the
Ti(W)= m, (13 27N channel are taken from the phase-shift analysis of Ref.

[14]. For KN scattering we applied the constraint from the
. o . PDT [2] for Xxn=0.20+0.05 (Table .
and can be l_Jsqu for the analysis of two-pion productlon data Bhandari and Cha§15] have made an analysis of the
[6]. The Breit-Wigner formula for the inelasticity parameter : _
. S,1(1535H parameters using the accuratep backward elas-
may be obtained from Edb6) ; ' : .
tic scattering data which has a cusplike structure neanthe
threshold. Their results,W,;=1547+6 MeV, I'\(W,)
7 (W) = \/ 1— F”N(W)[FWNZ(W)J;FZWN(W)]_ (149  =139+33 MeV, andX ,=0.297+0.026 are in good agree-
(Wo—W)“+[T'F(W)/4] ment with our values shown in Table I. The vabigy=0.59
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FIG. 1. (a) Experimental results fOl’T.t(ﬂ'T-i-p—»r]-i- n) from FIG. 2. (8) Experimental results fot (7~ +p— 7+n) from
Ref. [9] and the result of our parametrizatiofh) Results of the ¢ [9] compared to a Breit-Wigner shape fav,=1541 MeV

phase snift analyses from ';éﬁ:] (Open sduares Re“-d[lhz] (9Pen  (dotted, Wo=1549 MeV/(solid), andWo=1557 MeV (dashed ling
circles, Rrer. triangles, Ref. ac otg, and the results H _ _
of ou? fit. T[he] éashgd S)curve [regrésents thz partial inelasticityWlth T'1(Wo)=169 Mev and X,7N—_O.59._(b) Same as(@ for
) o(K™+p—n+A) from Ref. [10]; W,=1665 MeV (dotted,
parameter from S;;(1650. (c) Experimental results for W,=1669 MeV (solid), and W,=1673 MeV (dashedl with
ot(_K‘+p—>17+A) from Ref.[10] and the result of our parametri- T'(Wp)=21 MeV andX,,=0.30. (c) Variation of the S;,(1549
zation. Breit-Wigner curve with the elasticity;X,y=0.64 (dashed]
X,n=0.59 (solid), and X,=0.54 (dotted with Wy=1549 MeV
is consistent with the experimental data contrary to Liu'sandI'((W;)=169 MeV.(d) Same agc) for Sy;(1669; X, ,=0.35
conclusion[8]. (dashegy X,,=0.30 (solid, and X,,=0.25 (dotted with
The sensitivity to the resonance mass and to the elasticitfo=1669 MeV andl'(Wo)=21 MeV.
is shown in Fig. 2. Figure 3 shows the Argand plots of the
elastic #N and »A amplitudes. One can see a reliable-
looking resonance circle for each amplitude.
The dependence of the real and imaginary parts of the
dimensional amplitudes of E¢L7) on the c.m. variablg3 is
given in Fig. 4 for three values of the mass of the resonance.
This figure shows that a better determination of the resonant 05 |
mass can substantially improve the accuracy of the scattering o4 [
lengths. Note that the nearer the pole of the resonance is to
the threshold, the larger the sensitivity of the scattering
length is to the resonance parameters and the more nonlinear :
is the behavior of the amplitudes near threshold. Considering 0.1 |
that theA (1670 resonance is much closer to threshold than 0 i
the S;1(1539 in the c.m. momentum scalReT=0) and

TR R
500 1600 1700

1

W (MeV)
very narrow, theS-wave dominance assumption is reliable
TABLE |. Resonance parameters used in calculating the curves
of Figs. 1-4. Also shown are the paramet&jf the PDT[2]. A Argand plots for
NN and nA

Symbol Notation Mass Width X; Mode Xi

elastic scattering

N(1535) Si1 1549 169 0.33 #N 0.35-0.55
059 N  0.45-0.55 Bl g
008 2N <01 1900 V)
A(1670 So1 1669 21 0.20 KN 0.15-0.25
030 »A  0.15-035 FIG. 3. Argand plots for the)N elastic scattering,, amplitude

050 #% 0.20-0.60  and theyA elastic scatterings,; amplitude for the parameters of
Table 1.
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FIG. 4. RE(S,9)/q,,, (@ and ImT(S;7)/q,, (b) as a function of
n and RE(Sy))/q,, (¢) and ImT(Sy1)/q,, (d) as a function of
A for the Breit-Wigner resonances from Fig. 2.

FIG. 5. Real and imaginary parts of th&\ (a), »A (b), and 73
(c) scattering lengths as a function of the elasticity given by Eq.
(19); the parameters are given in Table |. Bg¥ scattering the mass
is Wy=1750 MeV and the width id";(Wy)=90 MeV. (d) Mass

above the resonance and we expect that the resonance ﬁigpendence of the real p_arts of the scattering Iengt_hsnEcscat-
rameters can be extracted rather reliably from the productioff"ing. X5 =0.35. The points are the exact calculations.
cross section. o 0.

For 7N scattering we have taken into account the tail of The threshold of the reactioK™ +p—#»+X" is very
the secondS,;(1650 resonance with the 2N branching ~close to the well-knowi,(1750 resonancéW,=1750 MeV,
fractions from Ref[6]. In this case we have multiplied the I't(Wo)=90 MeV, X, =0.15-0.55]. According to the ap-
inelasticity parameter of th8,;(1535 resonanceé14) by the prQX|mate ca!culatlons of Eq19) we find that then2, scat-
same expression for tH®,(1650. This was done according tering I_ength in théSZ_1 resonance approach has the lower and
to the formalism of Ref[6]. The corresponding part of the UPPer limits shown in Fig. &),
partial inelasticity parameter is shown in Fig. 1 by the dashed
line. The 27N branching fractions for thé&,;;(1539 reso-
nance are also taken from R&6].

Our results could be refined by considering the nonresok X,s~0.5 then one finds the same large attraction in the
nant background in they production channel. We estimate 72 interaction as ingA. The resonance mass dependence on
the changes to be small and the accuracy of the existing dathe real part of the scattering lengths is shown in Figl).5
does not warrant a more elaborate analysis. Better data on The width and elasticity for the case g and »A scattering
production is needed to resolve the inconsistencies of thare taken from Table |. Fory3 scattering they are
existing data set. An experiment is under way at the AGS td’;(W;)=90 MeV andX, s =0.35. One can see that the maxi-
obtain bettero; and do/dQ) information[16]. For theKN mum value occurs when the resonance mass is very close to
interaction the experimental situation is much worse than fothe threshold\Wy~W,,+(0.1-0.25I",(W,).
the N interaction. The large value ofa,, enhances the likelihood for the

Our value of theyN scattering lengti{Fig. 1) is consis-  existence ofy-mesic nuclei proposed by Liu and oth¢&.
tent with the result of Wilkin 17], a,=(0.476+i0.279 fm. A search for this via the two-body reactian’ +°0—p+
The smaller value reported by Lii8], a,y=(0.27+i0.22 1’0 has been unsuccessful9]. This could be because the
fm, is related directly to his using a small,\ value. The  »-mesic nuclei have a large width. Another possibility is that
large value given by Arimeet al. [18], a,5=(0.98+i0.37) the choice of the incident momentum of 800 MeWas too
fm, is related to using a large production cross section. large; see Fig. ). Above the resonance, the real part of the

Our result for thepA scattering lengtiiFig. 1) is a first ~ »N amplitude turns from positive to negative, i.e., th
determination and indicates thafA and nN scattering at interaction becomes repulsive; see Fig. 3. The best momen-
threshold are not very different. tum is near the threshold of the above reaction, where the

The calculations based on the convenient approximatiom-nucleus c¢.m. momentum is small and the interaction is

2
q
qg

7

a,s=[0.10-1.16-1(0.35-2.20] fm. (20)

of Eq. (19) give nearly the same results. In Figgapand
5(b) one can see the dependence of #i¢ and A scatter-

ing lengths on the value of the branching rati

N and

attractive. The important advantage of the threshold mea-
surements is a zero degree detection of all outgoing particles,
i.e., we measure the total cross section. We suggest to repeat

X, » for the masses and widths given in Table I. The pointshe experiment at a lower incident momentum in the sub-
indicate the calculation based on Ed7).

threshold region of reactio(l).
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The finding thata,, is also large has prompted us to because thg!B is a well-known hypernucleus with a large

speculate on the possible existence of an even more exotitinding energy of 10.24 MeV.

nuclear species, namelymesic hypernuclei. They can be  There is an intriguing indication for the existence of a
searched for in a similar manner withka™ beam quasiboundn-mesic nuclear state in the total cross section
near threshold and in the 180° excitation function of
p+d— n+3He [20]. Furthermore there is some evidence
- that the cross section of the reactisn+°He— »+3H [21] is
—n+t i (A-D), (22)  also large and isotropic. The quasiboumghypernuclear
state could be found close to threshold of the reaction

K™+ 2A—p+ 2 %(A-1), (21

-t ICA, (23) K~ +2A— p+?,*A. We suggest to measure the excitation
7.1 function of the reaction
— 70+ 2 A, (24)
4 4
et n%\A' (25) K™+ *"He—n+ {H (27)

In this case the mechanism is more difficult than in thenear threshold.

pion-nucleus reaction and should have two stages: the pro- Finally we would like to mention that the-mesic nuclei
duction of anypA pair on a nuclear proto(2) and the rescat- and hypernuclei could be observed by an indirect method
tering of the » and/or A on the second nucleon or virtual like measuring the cusps in elastic pion and kaon-nucleus
pion of the nucleugspectator. The measurements should be scattering. At the threshold of the above reactions one ex-
performed in the threshold region of these reactions and ipects to see a threshold cusp and below it the anomaly
the subthreshold region of the reacti®). We suggest the caused by theFmesic nucleus or hypernucleus. The shape
reaction and the magnitude are unpredictable and at some angles the
cusp could disappear. This experiment is very simple, but it

- 11 _ : ; .
K™+ 'C—n+ ,iB, (26)  is not direct evidence for the-mesic states.
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