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Chiral unitary approach to S-wave meson baryon scattering in the strangenesS=0 sector
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We study theS-wave interaction of mesons with baryons in the strangeBed3 sector in a coupled channel
unitary approach. The basic dynamics is drawn from the lowest order meson-baryon chiral Lagrangians. Small
modifications inspired by models with explicit vector meson exchange ih¢hannel are also considered. In
addition ther 7N channel is included and shown to have an important repercussion in the results, particularly
in the isospin 3/2 sector. TH¢* (1535) resonance is dynamically generated and appears as a pole in the second
Riemann sheet with its mass, width, and branching ratios in fair agreement with experima&ii620)
resonance also appears as a pole at the right position although with a very large width, coming essentially from
the coupling to therN channel, in qualitative agreement with experiment.
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[. INTRODUCTION coupled channels to study meson-baryon interactions at in-
termediate energies has also been exploited in R&751g
The introduction of effective chiral Lagrangians to ac- Using theK-matrix approach, although not within a chiral
count for the basic symmetries of QCD and its applicationCOntext. ) )
throughyP T to the study of meson-meson interactidd or The Bethe—SaIpeter equation was also used in the study of
meson-baryon interactigr2—5] has shed new light on these the meson-baryon interaction in the strangeriss-1 sec-

roblems and allowed temati roach T tor in Ref.[19] and in theS=0 sector around th&* (1535)
problems and aflowed a systematic approach. XELT s region in Ref[20]. In this latter work, aimed at determining
constrained to the low energy region, where it has had r

€the N* N* 7w coupling, only the vicinity of the resonance was
markable success, but makes unaffordable the study of thg,died and no particular attention was given to the region of

intermediate energy region where resonances appear. In rRywer energies. Subsequently a work along the same lines
cent years, however, the combination of the information ofusing the Bethe-Salpeter equation, but considering all the
the chiral Lagrangians, together with the use of nonperturbafreedom of the chiral constraints, was done in R2f] and
tive schemes, has allowed one to make predictions beyona good reproduction of the experimental observables was ob-
those of the chiral perturbation expansion. The main idea thaained for the isospih=1/2 sector. Those works considered
has allowed the extension gfP T to higher energies is the only states of the meson baryon in the coupled channels and
inclusion of unitarity in coupled channels. Within the frame- both in Refs.[20] and[21] the w#N channel was omitted.
work of chiral dynamics, the combination of unitarity in This channel plays a moderate role in thel/2 sectof22]
coupled channels together with a reordering of the chirabut, as we shall see, it plays a crucial role in the3/2
expansion provides a faster convergence and a larger convesector.
gence radius of a new chiral expansion, such that the lowest Our aim in the present work is to extend the chiral unitary
energy resonances are generated within those schemes.approach to account for thewN channel, including simul-
pioneering work along these directions was made in Refstaneously some other corrections inspired by vector meson
[6—8] where the Lippmann-Schwinger equation in coupleddominance(VMD) which finally allows one to have a rea-
channels was used to deal with the meson-baryon interactiosonable description of the meson-baryon interaction up to
in the region of theN*(1535) andA(1405) resonances. meson-baryon energies of around 1600 MeV. Ni&1535)
Similar lines, using the Bethe-Salpeter equation in theresonance is generated dynamically in this approach and the
meson-meson interaction, were followed in RgF] and a  mass, width, and branching ratios are obtained in fair agree-
more elaborate framework was subsequently developed usaent with the experiment. The phase shifts and inelasticities
ing the inverse amplitude methathM) [10] and the N/D  for N scattering in that region are also evaluated and good
method[11]. The IAM method was also extended to the caseagreement with experiment is also found both in kiel/2
of the meson-baryon interaction in Refd2,13 where a andl=3/2 sectors. In addition some trace of th¢1620) is
good reproduction of thé\ resonance was obtained using found, linked to the introduction of thesN channel, with a
second order parameters of natural size. The N/D method hale in the second Riemann sheet with the right energy, al-
also been used forrN scattering[14] and in theK N and  beit a large width.
coupled channels system in REE5]. A review of these uni- A side effect of the calculations is that we determine the
tary methods can be seen in REE6]. The consideration of Swave part of therN— 77N transition amplitude, revising
previous determinations mode in Ref23,24], and together
with the P-wave amplitudes previously determined we obtain
*Email address: inoue@ific.uv.es a good reproduction of the cross sections for these reactions.
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~_ - _ off-shell part of these matrices in the loops could be incor-
@ a \X/ * W porated into a renormalization of the lowest order Lagrang-
ian and hence only the on-shell parts are needed. Thus, they
FIG. 1. Diagrammatic representation of the Bethe-Salpetefactorize out of the integral and the original Bethe-Salpeter
equation. equation is then reduced to an algebraic equation. The stan-
dard approximations used in heavy baryon chiral perturba-
Il. =N SCATTERING IN A TWO-BODY COUPLED tion theory were done in Ref19] to reach this conclusion.
CHANNEL MODEL An independent proof is done in RdfL5] where the N/D
A. Basic two-body model method is used in connection with dispersion relations which

In this section we study the meson-baryon scattering inselect the imaginary part of the loop functions and hence

Swave in the strangene§s=0 sector. We shall make use of on-shell magnitudes. There it is concluded that the on-shell

the Bethe-Salpeter equation in coupled channels considerin?scmrization is exact if one neglects the left hand cut, which,
i _ also discussed there, is practically negligible in this pro-
states of a meson of the Ooctet and a baryon of the 172 P y negig P

octet, as required by the $8) chiral formalism. For total cess. With the on-shell factorization, the Bethe-Salpeter
’ d y I - 0 O ren equation is easily solved with the solution in matrix form,
zero charge we have six channetsp, =°n, »n, K",

K°S0 andKCA. T(Vs)=[V({s) 1=G(ys)]*
The Bethe-Salpeter equation of the scattering amplitudes (\/—) [ (\/—) (\/—)]
T is given by or
T=V+VGT, (1) T(Vs) *=V(Vs) 1= G(Vs), €)

whereV andG are the kerne(potentia) and the product of \\nere the functiorG(/s) is a diagonal matrix representing

the meson and baryon propagators, respectively. The digpg |oop integral of a meson and a baryon. Tteelement is
grammatic expression is shown in Fig. 1. Following Ref.,, o expressed as

[19] we take the kernel of the Bethe-Salpeter equation from
the lowest order chiral Lagrangian involving mesons and

- ) . [ d% 2M; 1
baryons, and the transition potentials between our six chan- Gi(p)=|f 5 — @
nels are given by (2m)* (P—q)>—M?+ie g°>—mi+ie

1_ with the baryon masM; and meson mass), .
Vij=—Cj FU(D')V“U(D)(kM+ K,) 2 The explicit evaluation of Eq(2) gives
1
with the initial (final) baryon spinoru(p)[u(p’)] and the vij(\/§)=—c”7(2J§—Mi—Mj)
initial (final) meson momenturk(k’). The coefficient;; , atif;
rTe;:Lei\gtTg the SIB) symmetry of the problem, are shown in . \/Mi+ E.(V5) \/M1+Ej(\/§) -
We are interested in the value of tlematrix element for 2M; 2M; '

the on-shell meson-baryon systems at a certain center of

mass energy/s or P=p+k=(4/s,0,0,0), and we express it Where E; (E;) is the energy of the incomingoutgoing
asT(4/s). Yet, in the diagrammatic expression of the Bethe-baryon. Note that we introduce the different weak decay con-
Salpeter equation, Fig. 1, one can see thattend T ma-  Stants for each meson. We use the valties 93 MeV, fy
trices in the second diagram on the right hand side can b& 1.2% ,, andf,=1.3f taken fromyPT [1]. _
(half) off shell, since the Bethe-Salpeter equation is an inte- Theé meson-baryon loop function of E@) using the di-
gral equation. However, it was shown in REf9] that the ~Mensional regularization is given by

TABLE I. C;; coefficients in the potentialQ;=Cj). (5= 2M, ai(M)+|nm—i2+Mi2_mi2+S|nM—i2
. . (4m)? 2 2s m?
K™Y K030 KA TP wn 7n K !

- _ 1 _\z Qi(\/s)
Kixmoo 200 Z + =g (= (MP=m) +2/5Q(s)
KO3,0 0 0 -1 ! 3

2 2 +In(s+(M7=mf)+2ysQ(Vs))
KOA ENE] 3 -3 I
—In(—=s+(M?=m?)+2\sQ(\s))

TP 1 -2 0
=N 0 —In(—s—(M?=m?)+2\sQ(Vs) 1,  (6)
7N
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FIG. 2. Scattering amplitude for th®;; and S;; wN partial waves. The continuoyglotted lines correspond to the calculatiofdata

analysis, Ref[26]).

WhereQi(\/E) is the on-shell center of mass momentum of

theith meson-baryon system. The first terméu) are real

p=1200 MeV, a,y(u)=2.0, a(u)=0.2

constants and stand for the finite contribution of the counter- aka(m)=1.6, ags(m)=-2.8. 9

terms. We treat thes® (x) as unknown parameters and de-

termine them from fits to the data. Note that the imaginaryThe G(4/s); obtained with this set of parameters are essen-

part of the above loop function is

MiQi(\s)
477\/5 ’

which by means of Eq(3) can be recast as

IM[Gi(\s)]=— (7)

M
Im[Tﬂ@)k—ﬂAIs)%gs) (Vs)

or

MiQi(\s)

i ®)

Im[T~3(\9) ;= &

tially the same as those obtained in H&0] where the regu-

larization was done using a three-momentum cutdéf] (
<1 GeV).

The resultingT-matrix elements of,; (isospin 1/2 and
S;; (isospin 3/2 N elastic scattering are shown in Fig. 2. In
these graphs we plot the quantity

B \/M@Ms) M;Qi(\s)
477\/5 477\/5

in order to compare with the data of the Center of Nuclear
Study analysi$26]. We find a qualitative agreement with the
data in the energy range from threshold to 1600 MeV. In the
figure of the experimental analysis one can see the manifes-
tation of the resonanceN*(1535), N*(1650) in theS;;

Tij(\/s) (10)

which express the unitarity condition in the present normal-amplitude andA(1620) in theS;; one. The calculate®;;

ization[25].

amplitude also exhibits a resonance structure around 1535

In order to keep isospin symmetry for the case in whichMeV. The generation of this resonance is common to all the
the masses of the particles in the same multiplet are equalnitary chiral approachg$,20,21. In Sec. IV, after we in-
we choosen;(u) to be the same for the states belonging toclude new elements in the theory, we shall investigate this
the same isospin multiplet. Hence we have four subtractiomesonance by searching for poles in the second Riemann

constantsa ;n(u), a,n(u), axa(u), andags(u). A best fit
to the data with Eq(3) leads us to the following values of
these parameters:

sheet of the complex plane.
At energies beyond 1600 MeV, the calculated amplitudes
are qualitatively different from the data, and tN& (1650)
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FIG. 3. Phase shifts and inelasticities 8y, andS;; wN scattering. The continuouslotted lines correspond to the calculatiofdata
analysis, Ref[26]).

and A(1620) do not show up. According to the philosophy resonance is also reproduced by introducing counterterms
that the resonances obtained using the lowest order Lagrangtich effectively account for higher order corrections, much
ian and the present unitary scheme are simply meson-baryan the way as thégenuing p resonance was reproduced in
scattering resonancegualifying for quasibound meson- the study of the meson-meson scattering in Rgf8,29. As
baryon state$16]), the nongeneration of a particular reso- quoted before, the agreement below 1600 MeV is only quali-
nance would indicate that it is mostly a genuine st@e- tative. Indeed, both the real and imaginary parts of $he
proximately a 8 system. However, such resonances could amplitude are somewhat overestimated in the theory, and this
be also obtained in a unitary approach provided one useid also the case for th8;; amplitude where the theoretical
information related to this resonance which would be incorimaginary part clearly overestimates the experimental one.
porated in the higher order Lagrangians. For the case of the The phase shifts and inelasticities obtained are shown in
meson-meson interaction it is know@7] that the O(p%) Fig. 3. In the phase-shifts graph we can see again the quali-
Lagrangian is saturated by the exchange of vector mesomtive agreement at energies below 1600 MeV. On the other
resonances, which are not generated in the Bethe-Salpeteand, the inelasticities are not reproduced below the first
approach of Ref[9]. Actually, in Ref.[21] the N*(1650) open meson-baryon threshold. In this two-body model the
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which follows from the relatioiG?/f?=1/2, which is a result

of the VMD hypothesis. This indicates that the lowest order
chiral Lagrangian is an effective manifestation of the VMD
mechanism in the vector field representation of the vector

— mesons. According to this consideration, we introduce in the
o =0 chiral coefficient a correction to account for the dependence
on the momentum transfer of the vector meson propagator.
Thus we replace
. o - dk  -my
FIG. 4. The mechanism ofN— «N interaction in the vector Cij—Cij=Cjx J e —
meson dominance hypothesis. 4T (k' —k)2—mj

at
threshold of inelastic scattering for tf&; case is theyn

threshold which appears at 1487 MeV. Below this energy, the Js> =y (12)
. . age . 1
calculated inelasticities are zero and do not agree with the

data. This s_ituatio_n is even cI_ea_lrer _in tisg; case. The where\/gﬁ is the energy where the integral of EQ.2) is
threshold of inelastic scattering is in this case K% thresh- unity, and which appears between the thresholds of the two

old which appears at 1690 MeV. The big inelasticities ob—j,j channels. At very low energies whex®T is used, this

served in the data, below that energy, are not reproduced iy rection is negligible but this is not the case at the inter-

the present two-body approach. The only inelastic channej,egiate energies studied here. For example, the correction
opened below that energy is therN channel, and the ex- {5; the 7~ p—m p element is calculated as

perimental data is telling us that the influence of this channel
on the S;; amplitude should be very important. We will in- di’ —m2
clude therwN channel in the next section. -
4T (k' —k)2—m’

B. Improved two-body model m,f m§+ 2kO 04 2kk’ —m

= n

The vector meson dominan€¥MD) hypothesis is phe- 4kk' m2+2k%' 0~ 2kk’ —m
nomenologically very successful. In this hypothesis, the
meson-baryon interaction is provided by vector meson exwith m,=770[MeV], and is shown in at the left in Fig. 5.
change. For example, theN— 7N process is described by One can see that the meson tail reduces the coefficient by
p meson exchange in tiechannel, as shown in Fig. 4. It is about 25% at energies around 1500 MeV. Similarly, for the
interesting to note that the result fromexchange provides Strangeness exchanging process, we condideexchange
the amplitude obtained from the lowest order chiral Lagrangin the t channel. For example, the correction af p
ian. For example, in the case of p— o p, p exchange in —KOA is calculated withmy«» =892 MeV and shown in at
the t channel gives(see Ref.[30] for the pNN coupling the left in Fig. 5.

2 2
> (13

within the VMD hypothesis With this correction, after retuning the subtraction con-
stantsa;(u), we obtain thel matrix shown in Fig. 6. As we
.m,G, i .omG, | , can see, the problem of the previous overestimation is nearly
! 5f2 Yie, 2—m2| £2 e"(k+k"), solved. Especially, a drastic improvement is achieved for the
q P 92=0 S;; amplitude. The phase shifts are better reproduced now as
shown in Fig. 7. These results show that the correction of Eq.
it : is i d leads o i d results with t
= —i—y"(k+k'),, 1y (12is important and leads to improved results with respec
4f to the plain use of the standard lowest order chiral Lagrang-
TP > T - 0
> p p 5 Tp > KA
1.5 1.5
0.5 0.5
1100 1300 1500 1700 1100 1300 1500 1700
\s [MeV] \s [MeV]

FIG. 5. Correction factors of the chiral coefficient.
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FIG. 6. Scattering amplitudes for ti8; andS;; 7N partial waves with the improve@;; . The continuougdotted lines correspond to
the calculationgdata analysis, Ref26]).

ian. In the following sections, we employ this modified co-
efficient. The calculated inelasticities with this coefficient are
almost the same as before and show the lack of some impor-
tant channels. We come back to this problem in the next
section.

A= allX;rU'(ki_ké)Xi v Az ale;rU‘ (k1= k) xi
Aro=a10xi0-Kxi,  As=asxio-kxi, (14

wherey; andy; are spinors for the initial and final nucleons,
andk, k;, andk} are the momenta of the pions depicted in
. =N SCATTERING IN A TWO —THREE-BODY Fig. 8. Among these amplitudes, the upper two amplitudes
COUPLED CHANNEL MODEL which havel ;=1 correspond to transitions fromN in an
S wave, while the lower two amplitudes correspond to the
In this section, we extend our model to include theN transition inP wave.
channels. The cross sections of the— 77N scattering are These amplitudes have been extracted by analyzing the
known experimentally and they are sizeable compared witlexperimental cross sections. In Ré23], the data from
the two-body cross sections. In this paper, we include onlythreshold to 1470 MeV are analyzed. The reduced ampli-
the transition potential betweerN and 77N and disregard  tudesa;; are assumed to be constant excepefgywhich has
the coupling between thgKX ,KA, »n, 7N} states and the a resonance behavior due to a coupling to the Roper reso-
«7N. This is a simplification forced by the ignorance of nance,P,,(1440),
such couplings, but the larger mass of these states with re-
spect torN, and the fact that we are talking about correc- \/_ ’ M — \/gth
tions, makes this simplification justifiable. azo( Vs) alOM o= iT/2(Jo— \/gth/M _ \/gth)y
(1

5

A. miN— N .
TN Process where \/s;,~1213 MeV is the threshold energy. The re-

In the isospin formalism, therN— 77N transition am-  duced amplitudes obtained are
plitudes can be classified by the total isospiand the isos-
pin of the final two piond ., and the corresponding ampli- a;;=10.61+0.62lm_3%], az=-6.02+0.31]m_3],
tudes are written ady . The amplitudes of the physical
processes are expressed in terms of the following four inde-  a;,=6.63+ 0.21[m;3], ag,=2.75+ 0.13[m;3]
pendent isospin amplitudes: (16
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FIG. 7. Phase shifts fd8,; and S;; 7N scattering with the improve@;; . The continuougdotted lines correspond to the calculations

(data analysis, Ref26]).

with M =1416+14 MeV andI'=287+43 MeV. In Ref.

Therefore, in this paper, we leave free tBevave 7N am-

[24], the data close to threshold, including newer data withplitudes,a;4(1/s) andagy(y/s), and determine them through
respect to Ref[23], are analyzed. In this case the reducedthe present study so that they are compatible with the data of
amplitudes are assumed to depend linearly on the center gfN— 7N elastic scattering.

mass energy. The reduced amplitudes

a,,=3.3+0.8+(0.9+2.0)(\/s— V/syn)/m,, [m_°],
17

ag= — 5.0+ 2.2+ (15.0:4.2) (Vs — Vs)/m,, [m, 7],
(18)

a10=6.55+ 0.16+ (10.4+0.8)(ys— \/syp)/m,, [m_ 3],
(19

a3,=2.07+0.10+ (1.98+ 0.33)(\/s— \/sy)/m,, [m_ 2]
(20

are obtained.

We plot both empirical reduced amplitudes in Fig. 9. One
can see that the extracted amplitudeSefave N are very
different in both analyses, while those Bfwave wN agree

B. The model including the N channel

We consider the Bethe-Salpeter equation for the scattering
matrix, Eq. (1), with the eight coupled channels including
amN, namely, 7 p, #°n, 7n, K37, K30 KOA,
m%7~p, and7 " 7 n. We do not include ther®7°n channel
because it does not couple to tBevave wN state.

The potentials of therN« 77N transitions are written as

Z

— vy t—=v
3 11 6 31

o

_1_0032Xf‘;'|2)(i1 (21)

\Y

xio (Ki—ky)xi

'n"p,woﬂ"p:

quite well. These discrepancies reflect the difficulties of de-

termining the amplitudes of th& wave =N from (,27)

cross section data, which look quite natural since most of the
processes are dominated by the transition frBnwave.

n T

> > N
> >

FIG. 8. iN— 77N process.

1
VﬂTp,7T+7Tn:|:§vll_ 5031

B

3 Ui0— Evs

xio- (ki—k)xi

+ o xio ki, (22

1 1 T2 Wi "~
VﬁOn,w%—p: - §Ull+ §031 Xro - (Ki—K3)xi

5

- ?U3zXfT<;‘|ZXia (23

035204-7



T. INOUE, E. OSET, AND M. J. VICENTE VACAS PHYSICAL REVIEW ®5 035204

15 15
K s
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v} ]
-1 -15 FIG. 9. Empirical amplitudes
1250 1350 1450 1250 1350 1450 of the #N— 7arN transition. The
\s [MeV] s [Mev] continuous lines and dotted lines

correspond to the amplitudes of
Refs.[23] and[24], respectively.

e A o The absolute value is plotted for
e > - ay(\/s) of Ref.[23].

g 2 g I,
e -5 a -5
Ly
-15 -15
1250 1350 1450 1250 1350 1450
Vs [MeV] Vs [MeV]
V2 2 I M
N I _ = T . ' ) = _ N
Vwon,vﬁrrn_[ g v 3 va|Xio (k=) IM[G(Vs)]= 4(277)3[ dwlf dw,
1 10 .o 2 2 2
Lo ek 2 XIMR+203(0y)+ 20 02)

~(Vs— w1~ w)?10(1-A%),  (26)
in terms of the reduced potentialsy;(v/s), vai(\s),
v1o(\/S), andvz,(1/S), which correspond to the reduced am- where
plitudes a;4(V/s), az(ys), ai(\/s), and azy(\s), respec-
tively, after solving the Bethe-Salpeter equation with all the 2 2 2 2
channels. Note that, in our formalism,” corresponds to the A (V5= 01— 02)*~ M}~ Qu(01) >~ Gz( )
—|1=1,,=1) state. The terms af;o(\/s) andv,(y/s) do 20;(w1)q2(w3)
not contribute in the prese@wave scattering.

For the 7?'7TN sta_lte, we introduce the two-loop integral \yiin gi(w;) = m This imaginary part, reflecting the
corresponding to Fig. 10, phase space for the intermediaterN system, is shown in

Fig. 11. On the other hand, the real part®¢y/s), in the

(27)

4 4
é(p):iZJ' &f d’a, (Q1— )2 renormalized model, is not fixed. In a dispersion relation,
2m*) 2m* given the fact that IfiG(1/s)]x (v/s) " goes to zero fon
5 =6, we would need to do six subtractions, and, in this paper,
% My 1 we treat it as a free function and look for reasonable values
(P—q1— )2~ MZ3+ieq?—mi+ie consistent with the experiment.
1 200
X (29) -
Oo—m_+le 9, 150
(0]
o o 2 100
which includes the vertex structure for the factorization. Its ‘= 0
imaginary part is given by =
— 0
r @y, a:) W -50
~ -100
(O]
‘e -150
S
5-(3-9) > S (9-3) 1100 1300 1500 1700
N (B-a-a, - T-T) Vs [Mev]
FIG. 10. Loop for theraN state. FIG. 11. Imaginary part 06(+/s).
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solid lines are F{eaij(\/é)], and the dashed lines are[lay]. Lower figures in the panel: the calculated[Rg](solid) are compared with
Refs.[23] (dashed and[24] (dotted lines.
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FIG. 13. Scattering amplitudes for ti%g; andS;; 7N partial waves withm N channels. The continuoydotted lines correspond to the
calculations(data analysis, Ref26]).
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FIG. 14. Phase shifts and inelasticitiesSf andS;; =N scattering withm N channels. The continuoddotted lines correspond to the

calculations(data analysis, Ref26]).

C. Final results

By varying the potential® ;1(\/s) andvg(y/s), and the
subtraction constants(x) and R€G(4/s)], we try to repro-
duce the experimental elastieN T matrix and also the
mN— 77N cross sections. For the;;(v/s) and vz (y/s)

which are a little changed from the previous values omitting
the w7N channels. For H&(4/s)], we find that the best
results are obtained with functions compatible with zero,

hence we take R&(+/s)]=0 in what follows. This result is
similar to the one found in Ref31] where the real part of

functions we employ a real polynomial function, and for the three pion loop formingb decay was also found to be

R G(4/s)] we test several types of functions.
The subtraction parametees(u) for the meson-baryon

negligibly small.
Figure 12 shows the functiores,;(1/s) andas(\/s) de-

loop functions that we obtain in the new fit to the data are termined in this study. In the upper two graphs, the potentials

p=1200 MeV, a,y(u)=2.0, a,n(u)=0.1,

aga(p) =15, ags(u)=-2.8, (28)

v12(VS)[vai(V/s)] and the amplitudesa; (v's)[asi(y/s)],

which come after unitarization, are shown. The thin lines
correspond to the following potentials which we finally use:
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S31 — Theory & Data S3;1 - Theory & Data

1200 1300 1400 1500 1200 1300 1400 '1500
\s [MeV] \s [MeV]

FIG. 15. Inelasticities 083, 7N scattering which correspond to the empiriedl— 77N amplitudes. The solids line in the left and right
correspond to Ref23] and[24], respectively. The dotted line is the experimental analgRef. [26]).

v11(Vs)=4.0+1.0(ys—1213/m_ [m_%], (29)  there. Should we take the amplitude of R3], the inelas-
ticities would be much overestimated at energies around
v31(VS) = —5.60 S— 1470/m,— 1.05 \5— 14702/ m? 1400 MeV. The preserty( \/5)_ amplitude is different from
both empiricalas;(\/s) determinations. It has a node at the
+1.77\s— 14703 m3 +0.66 \/s— 1470*/m* energy 1470 MeV which is reflected in the inelasticities
55 shown in the figure. The inelasticities are quite sensitive to
—0.17 ‘/g_ 1470°/m;, the a31(\/§) amplitude used. For example, the two empirical
—0.07\s—1470%m® [m_3]. (30) asy(V/s) correspond to the inelasticities shown in Fig. 15
which differ appreciably from those obtained with the func-
The continuous line and dashed line correspond to the redion determined here. We should note that for this test we
and imaginary parts odi;;( \/5)[331( \/5)], respectively. One have used a functionsy( Js) such that after unitarization it
can see that the imaginary parts are almost negligible as akads to scattering amplitudes identical to the empirical
sumed in Refs[23] and[24]. In the lower two graphs, the aay( Js). The unitarization procedure modifies only slightly
real part ofa,;(y/s)[as;(y/s)] is plotted in comparison with the potential as is visible in upper right box of Fig. 12 for our
the two empirical ones. The lower energy part of the calcucase. The opposite sign of oag;(\/s) also provides the
lated a;,(1/S) agrees with that of Ref.24] but it is quite  same inelasticities and hence is compatible withSgemN
different from the one of Ref.23]. On the other hand our scattering data. However, it leads to unacceptable results for
calculatedas,(\/s) amplitude is different from both Reff23]  the mN— N cross section.
and[24]. We should note that, while it is possible to repro-  Figure 16 shows therN— 77N cross sections. They are
duce themN— N cross sections with the three set of calculated with the presenSwave amplitudes and the
amplitudes, a simultaneous description of thé&l— 7N P-wave amplitudes of Ref23]. The dashed lines correspond
cross sections and theN— 7N scattering data is not pos- to the cross section when we drop tBevave contributions.
sible with the amplitude of Ref{23] and [24]. We shall ~The two processest p— w%7°n and 7" p—=" 7 "n, are
elaborate further on this issue below. purely P wave wN and have n&wave 7N contribution. In
The T-matrix elements obtained are shown in Fig. 13.the 7 p—a T n reaction, theP-wave contribution is
One can see that tiematrix elements are fairly reproduced large and dominates the process. The effect ofShave is
at energies below 1600 MeV in both ti8; and S;; cases. not visible in the figure. However, in the” p— w7~ p and
The phase shifts and inelasticities are shown in Fig. 14. Ther* p— 707" p processes we can see that Frvave contri-
inclusion of thewr#N channels improves slightly the phase butions are small and do not explain the size of the data. As
shifts in S;; and S;. The important thing to note is that, as one can see, the prese®itvave amplitude provides enough
seen in Fig. 14, the inelasticities at low energies in ®th  strength to account for the cross section data. Inhe
and S, are well reproduced with the inclusion of therN — w7 p process, theSwave amplitude is a mixture of
channels. The presert;(y/s) function is essentially the a;1(v/s) and ag(y/s). In order to obtain the contribution
same as that of Ref24] in the range of energies studied of the S wave shown in the figure, the amplitudag,( \Js)
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FIG. 16. The cross sections afN— 7N scattering. Data points are taken from Re&#].

and as(y/s) should interfere constructively close to the =1613, 1690, and 1691 MeV, respectively. These energies,
#wN threshold. The relative sign between,(\s) and particularly the last two, are already in the region of energies
az1(V/s) [v11(y/s) andvsy(+/s)] is determined by this condi- where the theory deviates from experiment in the phase
tion. The value ofa;,/a, at threshold is about 1/2, which  shifts and inelasticities, therefore we should take these num-
is in contrast to the one pion exchange predictier2, [32].  bers only as indicative. On the other hand, the fitting to the
However, more elaborate models for two pion productiondata has been done around t&(1535) energy. Thus, our
[33—38 contain many more terms that change the value oprediction for the 7n scattering length, a,,=0.26
this ratio. The amplitudes,;(\/s) andag(y/s) determined +i0.25 fm, should be rather accurate. This number is in
in this study account for both theN elastic scattering data agreement with the result quoted in R¢8], a,,=0.20
and thewN— 7N cross section data simultaneously. +i0.26 fm, although a bit more attractive. Still, the real part
In Fig. 17 we also show the result for the p— »n cross  is about a factor of 3 smaller than in RE22] and a factor of
section. We can see that the agreement is good up to 15%0smaller than in Ref.40Q]. In spite of that, it was argued in
MeV, above which higher partial waves, as demonstrated ifRef. [8] that even the small value Re,,]=0.2 fm is not
Ref.[39], become relevant. We have also evaluated the scatinrealistically small. This scattering length is important since
tering lengths in our approach which are listed in Table ILit plays a crucial role in the possibility to have bound
The thresholds for theK®A, K°3° and K™S~are s states in nucle[41,42. The scattering lengths fo#°n and
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aiip_| GiPO At R4Po]=sT,
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Meto
1 with \/s% theith channel threshold energy. We need also to
§ + i ] extrapolate5(/s) to the complex plane. For this purpose we

parametrize the result for [G(\/s)] above the wmN
threshold in the real axis as

IM[G(/s)]=—0.638 ys—1213/m_,
1500 1550 1600 1650 B 2 2
Ve [MeV] +1.124 \s—1213%/m?

—0.882 \/s—1213%m?, (33

c [mb]
N
-

FIG. 17. The cross section afN— 7n scattering.

which allows for an analytical continuation for
m p have not been imposed in the fit to the data, which was,p e that threshold. Y Feo]

concentrated in th&l* (1535) region, as already mentioned.  \ve search for poles of the isospin If2matrix elements
In this sense, the agreement with the data about 450 Mey, ihis sheet, and obtain a pole at

below that resonance should be considered an unexpected

success. We obtain isospin 3/2 and isospin 1/2 scattering P§zlS43—i46 MeV. (34
lengths a;=—0.0875m_*, a;=0.1272m_*, to be com- _ .
pared with the experimental numbe43] aS*P= —0.0852 The structure of th@ matrix guarantees that we find the pole

—1 _exp_ 1 in all the elements which have an isospin 1/2 component. For
*+0.0027m,, , a,"=0.1752£0.0041m,, *. The agreement .example, the left of Fig. 19 showd (S,,)|, where we can

'13/2900d for tge |tsc2>§$n 3/2"scatt:1er|ng Iength, btUt the ISOSPINee pole clearly. This result tells us that the decay width of
one 1s abou o Smaller than experiment. the resonance is about 93 MeV. This value is smaller than the

To summarize the result of Secs. Il and Ill, we can SEEI o
. i . ) ' aricle Data GroupPDG) estimation of 100—250 MeY44],
Fhat the Ch'r.al. unitary approach including therN chqnnels but agrees with the new data from Beijing Electron-Positron
is a very efficient tool to study th8wave 7N scattering. It Eollider (BEPO, 95+ 15 MeV [45]
can reproduce, with few parameters, not only the isospin 1/ o ' : :
part but also the isospin 3/2 part, which could not be ob- On the other hand, in the elements of pure isospin 3/2 we

tained beforeg6,20,21, when only meson-baryon channels find a pole around 1625i215 MeV, which is reminiscent
were considered. Particularly, themN channel was found of the A(1620) resonance, although with a larger width than

essential to reproduce the isospin 3/2 scattering t_he nommal one of the PDG of about 120-160 I_\/IeV. In the
' right of Fig. 19 we showT(S;;)|, where a pole is clearly
visible. We should consider the position of the pole only as
IV. THE N*(1535 AND A (1620 RESONANCES qualitative in our approach since arougd=1600 MeV is
where we start having noticeable discrepancies with the data
@and furthermore we had to go far in the complex plane where
the analytic extrapolation of thezrN loop function becomes
V\;gss accurate. This resonance is responsible for the change of
curvature in InT(Sz;) shown in Fig. 13. It is interesting to
note that the introduction of the7N channels is what has
induced the appearance of this resonance, which does not
_ -1_ -1 show in our approach when thewN channels are not con-
T(Po)=[V(Po) "~ G(Po)] G Sidered. In this respect it is interesting to note that the
A(1620) resonance couples mostly to therN channel
[44].

As shown in Fig. 13, the calculatefi(S;;) has a reso-
nance behavior around 1535 MeV indicating that the wel
known negative parity baryoN* (1535) is generated in this
approach. To find the pole corresponding to the resonance
extend our calculation of th& matrix to the complexP,
plane. We evaluate th&-matrix elements by means of

and look for poles in the compleR, plane. In this plane the
function G(P,) has cuts on the real axis. For example, the

left of Fig. 18 shows IFG,,-,(Pg)] in the physical sheet, For Py near the pole th@-matrix elements are approxi-
namely, the first Riemann sheet. We also plot to the right O{nated by

Fig. 18 the sheet connecting the first Riemann sheet for 9.0

Im[Po]=0 with the second Riemann sheet for[I3]<O0, Tij(Po):'—JR (35)
which is defined as 0~ Po

TABLE Il. The calculated meson-baryon scattering lengths in units of femtometers.

w°n TP nn K°A KO0 K*s~

a; (fm) —0.023 0.086-i0.003 0.264-i0.245 —0.148+i0.165 —0.205+i0.068 —0.284+i0.090
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FIG. 18. The imaginary part of the loop function for the p system.

with g; the couplings of the resonance to iltle channel. We  ger than the PDG estimation of 30—55%. Ot fraction is
obtain the size of the couplings by evaluating the residues aémaller than the PDG estimation, 35—-55%, while theN
the diagonal elements; (P,). The values obtained are listed fraction is compatible with the PDG estimatios,10%.
in Table IlIl. We find that the resonand¢* (1535) couples The lower part of Table Ill shows the same quantities
strongly to theKX and »n channels with couplings four obtained from a Breit-Wigner fit of the real energy scattering
times larger than those for theN channels. The couplings amplitudesTij(\/g). We fit them by the Breit-Wigner form
to the KA are also large compared to theN channels. In  together with a background
short, we get
|g7rN|<|gKA|<|g17n|~|gK2| (36) Tll(\/g)zglgjm+a”+b”(\/g—145Q
Using these couplings we calculate the partial decay (39
widths of the open channels by means of
at 1450<.s<1650 MeV. The unknown parameters;
[i=-2Im[G;(My+)1lgil?, (37)  xgj, a;, andb;; are determined by the method of least
squares. We obtain the valuesgffrom theg, < g; corre-
where we takeM y« =Rd P§]=1543 MeV. The partial de- sponding to theyn final state amplitudes. Their absolute
cay rates and the branching ratios obtained are also listed walues agree fairly well with the values obtained from the
Table lll. The calculated branching ratios @N, »N, and  pole residues and gives us confidence about our numerical
77N decay modes are 22%, 70%, and 7%, respectively. Thevaluation of the couplings. For instance, th#l, »n, and
fraction of the N mode is large, which is known to be z 7N branching ratios are now 24%, 67%, and 9%, respec-
characteristic of this resonance although our fraction is bigtively.

FIG. 19. |T(S;y)| (left) and|T(Ssy)| (right) in the complex energy plane. The poleshf(1535) andA(1620) are seen at the energies
1543-i46 MeV and 16251215 MeV, respectively.
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TABLE lll. Coupling constants and decay widths N (1535).

Kts— KO0 KA TP m°n 7N 7 p atmn
il 2.12 150  0.92 0.56 0.39 1.84 0.57m_? 0.40m_2
T (MeV) 141 70 657 4.6 2.4
Branching ratio(%) 15.0 7.4 70.1 4.9 25
gi -236 167 —1.28 -057 039 177 -0.61m_,?> -0.43m_?
T (MeV) 150 7.1 608 5.4 2.6
Branching ratio(%) 16.5 7.8 66.9 5.9 2.9

This latter analysis allows us to determine the sign of thehe chiral coefficient and the N channels are important to
couplings. The signs given are relative to thatggf,. Itis  obtain a more accuraté matrix, especially in isospin 3/2.
instructive to decompose the resonance in thé3gltepre-  Our analysis allowed us to determine tBevave amplitudes
sentations. In fact, our result, ignoring the coupling to thefor #N— 77N and we found that the isospin 3/2

77N channel, leads to 7N« 77N amplitude is different from the two previous em-
pirical ones.
gs=—2.52, gg:=2.62, g10=0.43, gr=—0.47 (39 The resonancdi* (1535) is generated dynamically and

qualifies as a quasibound state of meson and baryon. The
corresponding pole is seen in tfiematrix on the complex
plane. We calculate the total and partial decay widths of the
resonance. The total width obtained, about 80 MeV, is
Smaller than the PDG estimation, but agrees with the new
data from BEPC. Also the largen branching ratio observed

in the data is reproduced.

V. CONCLUSIONS The present study has served to show the potential of the

We have studied th&wave =N scattering, together with chiral_unitary approach exten_ding t_he predictions to higher
that of coupled channels, in a chiral unitary model in the€Nergies than would be possible with the usey8fT. Yet,
region of center of mass energies from threshold to 1604V€ @S0 saw that improvements in the basic information of
MeV. We calculated thé matrix using the Bethe-Salpeter the lowest order chiral Lagrangians to account for phenom-
equation in the eight coupled channels including six meson€n0l0gy of VMD are welcome. On the other hand we found
baryon channels and twa=N channels. We took the tran- Mandatory the inclusion of thewN channels in order to
sition potentials between the meson-baryon systems from tHi'd & more accurate reproduction of the data, particularly
lowest order chiral Lagrangian and improved them takingthOS? in the isospin 3/2 sector..We also found that the mtrp-
into account the vector meson dominance hypothesis. Thefiiction of these channels, forcing them to reproduce the in-
we introduced the appropriateN« wN transition poten- elasticities and other data, has as an indirect consequence
tials which influence both the elastic scattering and the piorihat the A(1620) resonance appears then as a pole in the
production processes. In the present model the renormalizOMPlex plane indicating a large mixing of this resonance
tion due to higher order contributions is included by meandVith mmN states. This interpretation would be consistent
of subtraction constants in the real part of the loop functiondVith the large experimental coupling of this resonance to the
of the two- or three-body systems, which are taken as fre@ 7N channel.
parameters and determined through comparison withTthe
matrix of the data analysis. The imaginary part of the meson-
baryon orm#N loop functions is fixed and ensures unitarity
in the S matrix. A realisticT matrix is obtained with a few We would like to acknowledge discussions with J. C.
free parameters for energies up to 1600 MeV. The phasblacher. One of us, T.I., would like to thank J. A. Oller and A.
shifts and the inelasticities up to 1600 MeV are fairly repro-Hosaka for useful discussions. This work was partly sup-
duced, particularly taking into account the limited amount ofported by the Spanish Ministry of Education in the program
free parameters. The agreement is somewhat worse in tH&stancias de Doctores y Teclugos Extranjeros en Es-
isospin 3/2 channel but in any case this represents a consigarg,” by DGICYT Contract No. BFM2000-1326, and by
erable improvement with respect to earlier works where theghe EU TMR network Eurodaphne, Contract No.
77N channels were omitted. We find that the correction of ERBFMRX-CT98-0169.

and tells us that th&l* (1535) resonance is almost an equal
weight mixture of theR-parity even SW3) octet 8 and the
R-parity odd SU3) octet 8. It would be interesting to com-
pare these results with the results from other models or la
tice QCD simulations.
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