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Chiral unitary approach to S-wave meson baryon scattering in the strangenessSÄ0 sector
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We study theS-wave interaction of mesons with baryons in the strangenessS50 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 in thet channel are also considered. In
addition theppN channel is included and shown to have an important repercussion in the results, particularly
in the isospin 3/2 sector. TheN* (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 experiment. AD(1620)
resonance also appears as a pole at the right position although with a very large width, coming essentially from
the coupling to theppN channel, in qualitative agreement with experiment.

DOI: 10.1103/PhysRevC.65.035204 PACS number~s!: 12.39.Fe, 12.40.Yx, 13.75.2n
c-
io

e

r
t

n
o
b
o
th

e-
n
ira
v
e
s

ef
led
ti
.
th

u

s

g
h

t in-

l

y of

g
s
of

ines
the

ob-
d
and

.

ry

son
-
to

the
ree-
ties
ood

al-

he

in
ons.
I. INTRODUCTION

The introduction of effective chiral Lagrangians to a
count for the basic symmetries of QCD and its applicat
throughxPT to the study of meson-meson interaction@1# or
meson-baryon interaction@2–5# has shed new light on thes
problems and allowed a systematic approach. Yet,xPT is
constrained to the low energy region, where it has had
markable success, but makes unaffordable the study of
intermediate energy region where resonances appear. I
cent years, however, the combination of the information
the chiral Lagrangians, together with the use of nonpertur
tive schemes, has allowed one to make predictions bey
those of the chiral perturbation expansion. The main idea
has allowed the extension ofxPT to higher energies is the
inclusion of unitarity in coupled channels. Within the fram
work of chiral dynamics, the combination of unitarity i
coupled channels together with a reordering of the ch
expansion provides a faster convergence and a larger con
gence radius of a new chiral expansion, such that the low
energy resonances are generated within those scheme
pioneering work along these directions was made in R
@6–8# where the Lippmann-Schwinger equation in coup
channels was used to deal with the meson-baryon interac
in the region of theN* (1535) andL(1405) resonances
Similar lines, using the Bethe-Salpeter equation in
meson-meson interaction, were followed in Ref.@9# and a
more elaborate framework was subsequently developed
ing the inverse amplitude method~IAM ! @10# and the N/D
method@11#. The IAM method was also extended to the ca
of the meson-baryon interaction in Refs.@12,13# where a
good reproduction of theD resonance was obtained usin
second order parameters of natural size. The N/D method
also been used forpN scattering@14# and in theK2N and
coupled channels system in Ref.@15#. A review of these uni-
tary methods can be seen in Ref.@16#. The consideration of
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coupled channels to study meson-baryon interactions a
termediate energies has also been exploited in Refs.@17,18#
using theK-matrix approach, although not within a chira
context.

The Bethe-Salpeter equation was also used in the stud
the meson-baryon interaction in the strangenessS521 sec-
tor in Ref. @19# and in theS50 sector around theN* (1535)
region in Ref.@20#. In this latter work, aimed at determinin
theN* N* p coupling, only the vicinity of the resonance wa
studied and no particular attention was given to the region
lower energies. Subsequently a work along the same l
using the Bethe-Salpeter equation, but considering all
freedom of the chiral constraints, was done in Ref.@21# and
a good reproduction of the experimental observables was
tained for the isospinI 51/2 sector. Those works considere
only states of the meson baryon in the coupled channels
both in Refs.@20# and @21# the ppN channel was omitted
This channel plays a moderate role in theI 51/2 sector@22#
but, as we shall see, it plays a crucial role in theI 53/2
sector.

Our aim in the present work is to extend the chiral unita
approach to account for theppN channel, including simul-
taneously some other corrections inspired by vector me
dominance~VMD ! which finally allows one to have a rea
sonable description of the meson-baryon interaction up
meson-baryon energies of around 1600 MeV. TheN* (1535)
resonance is generated dynamically in this approach and
mass, width, and branching ratios are obtained in fair ag
ment with the experiment. The phase shifts and inelastici
for pN scattering in that region are also evaluated and g
agreement with experiment is also found both in theI 51/2
andI 53/2 sectors. In addition some trace of theD(1620) is
found, linked to the introduction of theppN channel, with a
pole in the second Riemann sheet with the right energy,
beit a large width.

A side effect of the calculations is that we determine t
S-wave part of thepN→ppN transition amplitude, revising
previous determinations mode in Refs.@23,24#, and together
with theP-wave amplitudes previously determined we obta
a good reproduction of the cross sections for these reacti
©2002 The American Physical Society04-1
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II. pN SCATTERING IN A TWO-BODY COUPLED
CHANNEL MODEL

A. Basic two-body model

In this section we study the meson-baryon scattering
S-wave in the strangenessS50 sector. We shall make use o
the Bethe-Salpeter equation in coupled channels conside
states of a meson of the 02 octet and a baryon of the 1/21

octet, as required by the SU~3! chiral formalism. For total
zero charge we have six channelsp2p, p0n, hn, K1S2,
K0S0, andK0L.

The Bethe-Salpeter equation of the scattering amplitu
T is given by

T5V1VGT, ~1!

whereV andG are the kernel~potential! and the product of
the meson and baryon propagators, respectively. The
grammatic expression is shown in Fig. 1. Following R
@19# we take the kernel of the Bethe-Salpeter equation fr
the lowest order chiral Lagrangian involving mesons a
baryons, and the transition potentials between our six ch
nels are given by

Vi j 52Ci j

1

4 f 2
ū~p8!gmu~p!~km1km8 ! ~2!

with the initial ~final! baryon spinoru(p)@u(p8)# and the
initial ~final! meson momentumk(k8). The coefficientsCi j ,
reflecting the SU~3! symmetry of the problem, are shown
Table I.

We are interested in the value of theT-matrix element for
the on-shell meson-baryon systems at a certain cente
mass energyAs or P[p1k5(As,0,0,0), and we express
asT(As). Yet, in the diagrammatic expression of the Beth
Salpeter equation, Fig. 1, one can see that theV andT ma-
trices in the second diagram on the right hand side can
~half! off shell, since the Bethe-Salpeter equation is an in
gral equation. However, it was shown in Ref.@19# that the

FIG. 1. Diagrammatic representation of the Bethe-Salpe
equation.

TABLE I. Ci j coefficients in the potential (Ci j 5Cji ).

K1S2 K0S0 K0L p2p p0n hn

K1S2 1 2A2 0 0 2 1
A2

2A3
2

K0S0 0 0 2 1
A2

2
1
2

A3
2

K0L 0 2A 3
2

A3
2 2

3
2

p2p 1 2A2 0

p0n 0 0

hn 0
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off-shell part of these matrices in the loops could be inc
porated into a renormalization of the lowest order Lagra
ian and hence only the on-shell parts are needed. Thus,
factorize out of the integral and the original Bethe-Salpe
equation is then reduced to an algebraic equation. The s
dard approximations used in heavy baryon chiral pertur
tion theory were done in Ref.@19# to reach this conclusion
An independent proof is done in Ref.@15# where the N/D
method is used in connection with dispersion relations wh
select the imaginary part of the loop functions and hen
on-shell magnitudes. There it is concluded that the on-s
factorization is exact if one neglects the left hand cut, whi
as also discussed there, is practically negligible in this p
cess. With the on-shell factorization, the Bethe-Salpe
equation is easily solved with the solution in matrix form,

T~As!5@V~As!212G~As!#21

or

T~As!215V~As!212G~As!, ~3!

where the functionG(As) is a diagonal matrix representin
the loop integral of a meson and a baryon. Thei th element is
thus expressed as

Gi~P!5 i E d4q

~2p!4

2Mi

~P2q!22Mi
21 i e

1

q22mi
21 i e

~4!

with the baryon massMi and meson massmi .
The explicit evaluation of Eq.~2! gives

Vi j ~As!52Ci j

1

4 f i f j
~2As2Mi2M j !

3AMi1Ei~As!

2Mi

AM j1Ej~As!

2M j

, ~5!

where Ei (Ej ) is the energy of the incoming~outgoing!
baryon. Note that we introduce the different weak decay c
stants for each meson. We use the valuesf p593 MeV, f K
51.22f p , and f h51.3f p taken fromxPT @1#.

The meson-baryon loop function of Eq.~4! using the di-
mensional regularization is given by

Gi~As!5
2Mi

~4p!2 H ai~m!1 ln
mi

2

m2
1

Mi
22mi

21s

2s
ln

Mi
2

mi
2

1
Qi~As!

As
@ ln~s2~Mi

22mi
2!12AsQi~As!!

1 ln~s1~Mi
22mi

2!12AsQi~As!!

2 ln~2s1~Mi
22mi

2!12AsQi~As!!

2 ln~2s2~Mi
22mi

2!12AsQi~As!!#J , ~6!

r
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FIG. 2. Scattering amplitude for theS11 andS31 pN partial waves. The continuous~dotted! lines correspond to the calculations~data
analysis, Ref.@26#!.
o

te
e-
ar

a

ich
u
to

tio

f

en-

In

ar
e
the
ifes-

535
the

this
ann

es
whereQi(As) is the on-shell center of mass momentum
the i th meson-baryon system. The first termsai(m) are real
constants and stand for the finite contribution of the coun
terms. We treat theseai(m) as unknown parameters and d
termine them from fits to the data. Note that the imagin
part of the above loop function is

Im@Gi~As!#52
MiQi~As!

4pAs
, ~7!

which by means of Eq.~3! can be recast as

Im@Ti j ~As!#52Tik~As!
MkQk~As!

4pAs
Tk j* ~As!

or

Im@T21~As!# i j 5d i j

M iQi~As!

4pAs
, ~8!

which express the unitarity condition in the present norm
ization @25#.

In order to keep isospin symmetry for the case in wh
the masses of the particles in the same multiplet are eq
we chooseai(m) to be the same for the states belonging
the same isospin multiplet. Hence we have four subtrac
constantsapN(m), ahN(m), aKL(m), andaKS(m). A best fit
to the data with Eq.~3! leads us to the following values o
these parameters:
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f

r-

y

l-

al,

n

m51200 MeV, apN~m!52.0, ahN~m!50.2,

aKL~m!51.6, aKS~m!522.8. ~9!

The G(As) i obtained with this set of parameters are ess
tially the same as those obtained in Ref.@20# where the regu-
larization was done using a three-momentum cutoff (uqW u
,1 GeV).

The resultingT-matrix elements ofS11 ~isospin 1/2! and
S31 ~isospin 3/2! pN elastic scattering are shown in Fig. 2.
these graphs we plot the quantity

2AMiQi~As!

4pAs
AM jQj~As!

4pAs
Ti j ~As! ~10!

in order to compare with the data of the Center of Nucle
Study analysis@26#. We find a qualitative agreement with th
data in the energy range from threshold to 1600 MeV. In
figure of the experimental analysis one can see the man
tation of the resonancesN* (1535), N* (1650) in theS11
amplitude andD(1620) in theS31 one. The calculatedS11
amplitude also exhibits a resonance structure around 1
MeV. The generation of this resonance is common to all
unitary chiral approaches@6,20,21#. In Sec. IV, after we in-
clude new elements in the theory, we shall investigate
resonance by searching for poles in the second Riem
sheet of the complex plane.

At energies beyond 1600 MeV, the calculated amplitud
are qualitatively different from the data, and theN* (1650)
4-3
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FIG. 3. Phase shifts and inelasticities forS11 andS31 pN scattering. The continuous~dotted! lines correspond to the calculations~data
analysis, Ref.@26#!.
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and D(1620) do not show up. According to the philosop
that the resonances obtained using the lowest order Lagr
ian and the present unitary scheme are simply meson-ba
scattering resonances~qualifying for quasibound meson
baryon states@16#!, the nongeneration of a particular res
nance would indicate that it is mostly a genuine state~ap-
proximately a 3q system!. However, such resonances cou
be also obtained in a unitary approach provided one u
information related to this resonance which would be inc
porated in the higher order Lagrangians. For the case of
meson-meson interaction it is known@27# that the O(p4)
Lagrangian is saturated by the exchange of vector me
resonances, which are not generated in the Bethe-Salp
approach of Ref.@9#. Actually, in Ref. @21# the N* (1650)
03520
g-
on

d
-
he

on
ter

resonance is also reproduced by introducing counterte
which effectively account for higher order corrections, mu
in the way as the~genuine! r resonance was reproduced
the study of the meson-meson scattering in Refs.@28,29#. As
quoted before, the agreement below 1600 MeV is only qu
tative. Indeed, both the real and imaginary parts of theS11
amplitude are somewhat overestimated in the theory, and
is also the case for theS31 amplitude where the theoretica
imaginary part clearly overestimates the experimental on

The phase shifts and inelasticities obtained are show
Fig. 3. In the phase-shifts graph we can see again the q
tative agreement at energies below 1600 MeV. On the o
hand, the inelasticities are not reproduced below the fi
open meson-baryon threshold. In this two-body model
4-4
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CHIRAL UNITARY APPROACH TO S-WAVE MESON . . . PHYSICAL REVIEW C65 035204
threshold of inelastic scattering for theS11 case is thehn
threshold which appears at 1487 MeV. Below this energy,
calculated inelasticities are zero and do not agree with
data. This situation is even clearer in theS31 case. The
threshold of inelastic scattering is in this case theKS thresh-
old which appears at 1690 MeV. The big inelasticities o
served in the data, below that energy, are not reproduce
the present two-body approach. The only inelastic chan
opened below that energy is theppN channel, and the ex
perimental data is telling us that the influence of this chan
on theS31 amplitude should be very important. We will in
clude theppN channel in the next section.

B. Improved two-body model

The vector meson dominance~VMD ! hypothesis is phe-
nomenologically very successful. In this hypothesis,
meson-baryon interaction is provided by vector meson
change. For example, thepN→pN process is described b
r meson exchange in thet channel, as shown in Fig. 4. It i
interesting to note that the result fromr exchange provides
the amplitude obtained from the lowest order chiral Lagra
ian. For example, in the case ofp2p→p2p, r exchange in
the t channel gives~see Ref.@30# for the rNN coupling
within the VMD hypothesis!

i
mrGv

2 f 2
gmem

i

q22mr
2

i
mrGv

f 2
en~k1k8!nU

q250

52 i
1

4 f 2
gm~k1k8!m , ~11!

FIG. 4. The mechanism ofpN→pN interaction in the vector
meson dominance hypothesis.
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which follows from the relationGv
2/ f 251/2, which is a result

of the VMD hypothesis. This indicates that the lowest ord
chiral Lagrangian is an effective manifestation of the VM
mechanism in the vector field representation of the vec
mesons. According to this consideration, we introduce in
chiral coefficient a correction to account for the depende
on the momentum transfer of the vector meson propaga
Thus we replace

Ci j →C̃i j [Ci j 3E dk̂8

4p

2mv
2

~k82k!22mv
2

at

As.Asi j
0 , ~12!

whereAsi j
0 is the energy where the integral of Eq.~12! is

unity, and which appears between the thresholds of the
i , j channels. At very low energies wherexPT is used, this
correction is negligible but this is not the case at the int
mediate energies studied here. For example, the correc
for the p2p→p2p element is calculated as

E dk̂8

4p

2mr
2

~k82k!22mr
2

5
mr

2

4kk8
ln

mr
212k0k8012kk82mp

2 2mp
2

mr
212k0k8022kk82mp

2 2mp
2

~13!

with mr5770 @MeV#, and is shown in at the left in Fig. 5
One can see that ther meson tail reduces the coefficient b
about 25% at energies around 1500 MeV. Similarly, for t
strangeness exchanging process, we considerK* exchange
in the t channel. For example, the correction ofp2p
→K0L is calculated withmK* 5892 MeV and shown in at
the left in Fig. 5.

With this correction, after retuning the subtraction co
stantsai(m), we obtain theT matrix shown in Fig. 6. As we
can see, the problem of the previous overestimation is ne
solved. Especially, a drastic improvement is achieved for
S31 amplitude. The phase shifts are better reproduced now
shown in Fig. 7. These results show that the correction of
~12! is important and leads to improved results with resp
to the plain use of the standard lowest order chiral Lagra
FIG. 5. Correction factors of the chiral coefficient.
4-5
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FIG. 6. Scattering amplitudes for theS11 andS31 pN partial waves with the improvedCi j . The continuous~dotted! lines correspond to
the calculations~data analysis, Ref.@26#!.
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ian. In the following sections, we employ this modified c
efficient. The calculated inelasticities with this coefficient a
almost the same as before and show the lack of some im
tant channels. We come back to this problem in the n
section.

III. pN SCATTERING IN A TWO –THREE-BODY
COUPLED CHANNEL MODEL

In this section, we extend our model to include theppN
channels. The cross sections of thepN→ppN scattering are
known experimentally and they are sizeable compared w
the two-body cross sections. In this paper, we include o
the transition potential betweenpN andppN and disregard
the coupling between the$KS,KL,hn,ppN% states and the
ppN. This is a simplification forced by the ignorance
such couplings, but the larger mass of these states with
spect topN, and the fact that we are talking about corre
tions, makes this simplification justifiable.

A. pN\ppN process

In the isospin formalism, thepN→ppN transition am-
plitudes can be classified by the total isospinI and the isos-
pin of the final two pionsI pp , and the corresponding ampl
tudes are written asA2II pp

. The amplitudes of the physica
processes are expressed in terms of the following four in
pendent isospin amplitudes:
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A115a11x f
†sW •~kW182kW28!x i , A315a31x f

†sW •~kW182kW28!x i ,

A105a10x f
†sW •kWx i , A325a32x f

†sW •kWx i , ~14!

wherex i andx f are spinors for the initial and final nucleon
andkW , kW18 , andkW28 are the momenta of the pions depicted
Fig. 8. Among these amplitudes, the upper two amplitud
which haveI pp51 correspond to transitions frompN in an
S wave, while the lower two amplitudes correspond to t
transition inP wave.

These amplitudes have been extracted by analyzing
experimental cross sections. In Ref.@23#, the data from
threshold to 1470 MeV are analyzed. The reduced am
tudesai j are assumed to be constant except fora10 which has
a resonance behavior due to a coupling to the Roper r
nance,P11(1440),

a10~As!5a108
M2Asth

M2As2 iG/2 ~As2Asth/M2Asth!2
,

~15!

where Asth;1213 MeV is the threshold energy. The r
duced amplitudes obtained are

a11510.6160.62@mp
23#, a31526.0260.31@mp

23#,

a108 56.6360.21@mp
23#, a3252.7560.13@mp

23#
~16!
4-6
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FIG. 7. Phase shifts forS11 andS31 pN scattering with the improvedCi j . The continuous~dotted! lines correspond to the calculation
~data analysis, Ref.@26#!.
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with M51416614 MeV and G5287643 MeV. In Ref.
@24#, the data close to threshold, including newer data w
respect to Ref.@23#, are analyzed. In this case the reduc
amplitudes are assumed to depend linearly on the cente
mass energy. The reduced amplitudes

a1153.360.81~0.962.0!~As2Asth!/mp @mp
23#,

~17!

a31525.062.21~15.064.2!~As2Asth!/mp @mp
23#,

~18!

a1056.5560.161~10.460.8!~As2Asth!/mp @mp
23#,

~19!

a3252.0760.101~1.9860.33!~As2Asth!/mp @mp
23#

~20!

are obtained.
We plot both empirical reduced amplitudes in Fig. 9. O

can see that the extracted amplitudes ofSwavepN are very
different in both analyses, while those ofP wavepN agree
quite well. These discrepancies reflect the difficulties of
termining the amplitudes of theS wave pN from (p,2p)
cross section data, which look quite natural since most of
processes are dominated by the transition fromP wave.

FIG. 8. pN→ppN process.
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Therefore, in this paper, we leave free theS-wave pN am-
plitudes,a11(As) anda31(As), and determine them throug
the present study so that they are compatible with the dat
pN→pN elastic scattering.

B. The model including the ppN channel

We consider the Bethe-Salpeter equation for the scatte
matrix, Eq. ~1!, with the eight coupled channels includin
ppN, namely, p2p, p0n, hn, K1S2, K0S0, K0L,
p0p2p, andp1p2n. We do not include thep0p0n channel
because it does not couple to theS wavepN state.

The potentials of thepN↔ppN transitions are written as

Vp2p,p0p2p5FA2

3
v111

A2

6
v31Gx f

†sW •~kW182kW28!x i

2
A10

10
v32x f

†sW •kWx i , ~21!

Vp2p,p1p2n5F1

3
v112

1

3
v31Gx f

†sW •~kW182kW28!x i

1FA2

3
v102

A5

15
v32Gx f

†sW •kWx i , ~22!

Vp0n,p0p2p5F2
1

3
v111

1

3
v31Gx f

†sW •~kW182kW28!x i

2
A5

5
v32x f

†sW •kWx i , ~23!
4-7
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FIG. 9. Empirical amplitudes
of the pN→ppN transition. The
continuous lines and dotted line
correspond to the amplitudes o
Refs. @23# and @24#, respectively.
The absolute value is plotted fo
a10(As) of Ref. @23#.
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Vp0n,p1p2n5F2
A2

6
v112

A2

3
v31Gx f

†sW •~kW182kW28!x i

1F2
1

3
v102

A10

15
v32Gx f

†sW •kWx i ~24!

in terms of the reduced potentialsv11(As), v31(As),
v10(As), andv32(As), which correspond to the reduced am
plitudes a11(As), a31(As), a10(As), and a32(As), respec-
tively, after solving the Bethe-Salpeter equation with all t
channels. Note that, in our formalism,p1 corresponds to the
2uI 51,I z51& state. The terms ofv10(As) and v32(As) do
not contribute in the presentS-wave scattering.

For the ppN state, we introduce the two-loop integr
corresponding to Fig. 10,

G̃~P!5 i 2E d4q1

~2p!4E d4q2

~2p!4
~qW 12qW 2!2

3
2MN

~P2q12q2!22MN
2 1 i e

1

q1
22mp

2 1 i e

3
1

q2
22mp

2 1 i e
, ~25!

which includes the vertex structure for the factorization.
imaginary part is given by

FIG. 10. Loop for theppN state.
03520
s

Im@G̃~As!#52
MN

4~2p!3E dv1E dv2

3@MN
2 12q1~v1!212q2~v2!2

2~As2v12v2!2#u~12A2!, ~26!

where

A5
~As2v12v2!22MN

2 2q1~v1!22q2~v2!2

2q1~v1!q2~v2!
~27!

with qi(v i)5Av i
22mp

2 . This imaginary part, reflecting the
phase space for the intermediateppN system, is shown in
Fig. 11. On the other hand, the real part ofG̃(As), in the
renormalized model, is not fixed. In a dispersion relatio
given the fact that Im@G̃(As)#3(As)2n goes to zero forn
>6, we would need to do six subtractions, and, in this pap
we treat it as a free function and look for reasonable val
consistent with the experiment.

FIG. 11. Imaginary part ofG̃(As).
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FIG. 12. TheS-wavepN↔ppN amplitudesa11(As) anda31(As). Upper figures in the panel: the thin lines are the potentialv i j (As), the
solid lines are Re@ai j (As)#, and the dashed lines are Im@ai j #. Lower figures in the panel: the calculated Re@ai j #~solid! are compared with
Refs.@23# ~dashed! and @24# ~dotted lines!.

FIG. 13. Scattering amplitudes for theS11 andS31 pN partial waves withppN channels. The continuous~dotted! lines correspond to the
calculations~data analysis, Ref.@26#!.
035204-9
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FIG. 14. Phase shifts and inelasticities ofS11 andS31 pN scattering withppN channels. The continuous~dotted! lines correspond to the
calculations~data analysis, Ref.@26#!.
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C. Final results

By varying the potentialsv11(As) and v31(As), and the
subtraction constantsai(m) and Re@G̃(As)#, we try to repro-
duce the experimental elasticpN T matrix and also the
pN→ppN cross sections. For thev11(As) and v31(As)
functions we employ a real polynomial function, and f
Re@G̃(As)# we test several types of functions.

The subtraction parametersai(m) for the meson-baryon
loop functions that we obtain in the new fit to the data ar

m51200 MeV, apN~m!52.0, ahN~m!50.1,

aKL~m!51.5, aKS~m!522.8, ~28!
03520
which are a little changed from the previous values omitt

the ppN channels. For Re@G̃(As)#, we find that the best
results are obtained with functions compatible with ze

hence we take Re@G̃(As)#50 in what follows. This result is
similar to the one found in Ref.@31# where the real part of
the three pion loop formingf decay was also found to b
negligibly small.

Figure 12 shows the functionsa11(As) and a31(As) de-
termined in this study. In the upper two graphs, the potent
v11(As)@v31(As)# and the amplitudesa11(As)@a31(As)#,
which come after unitarization, are shown. The thin lin
correspond to the following potentials which we finally us
4-10
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FIG. 15. Inelasticities ofS31 pN scattering which correspond to the empiricalpN→ppN amplitudes. The solids line in the left and righ
correspond to Ref.@23# and @24#, respectively. The dotted line is the experimental analysis~Ref. @26#!.
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v11~As!54.011.0~As21213!/mp @mp
23#, ~29!

v31~As!525.60~As21470!/mp21.05~As21470!2/mp
2

11.77~As21470!3/mp
3 10.66~As21470!4/mp

4

20.17~As21470!5/mp
5

20.07~As21470!6/mp
6 @mp

23#. ~30!

The continuous line and dashed line correspond to the
and imaginary parts ofa11(As)@a31(As)#, respectively. One
can see that the imaginary parts are almost negligible as
sumed in Refs.@23# and @24#. In the lower two graphs, the
real part ofa11(As)@a31(As)# is plotted in comparison with
the two empirical ones. The lower energy part of the cal
lated a11(As) agrees with that of Ref.@24# but it is quite
different from the one of Ref.@23#. On the other hand ou
calculateda31(As) amplitude is different from both Ref.@23#
and @24#. We should note that, while it is possible to repr
duce thepN→ppN cross sections with the three set
amplitudes, a simultaneous description of thepN→ppN
cross sections and thepN→pN scattering data is not pos
sible with the amplitude of Ref.@23# and @24#. We shall
elaborate further on this issue below.

The T-matrix elements obtained are shown in Fig. 1
One can see that theT-matrix elements are fairly reproduce
at energies below 1600 MeV in both theS11 andS31 cases.
The phase shifts and inelasticities are shown in Fig. 14.
inclusion of theppN channels improves slightly the phas
shifts in S11 andS31. The important thing to note is that, a
seen in Fig. 14, the inelasticities at low energies in bothS11
andS31 are well reproduced with the inclusion of theppN
channels. The presenta11(As) function is essentially the
same as that of Ref.@24# in the range of energies studie
03520
al

s-
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.

e

there. Should we take the amplitude of Ref.@23#, the inelas-
ticities would be much overestimated at energies aro
1400 MeV. The presenta31(As) amplitude is different from
both empiricala31(As) determinations. It has a node at th
energy 1470 MeV which is reflected in the inelasticiti
shown in the figure. The inelasticities are quite sensitive
the a31(As) amplitude used. For example, the two empiric
a31(As) correspond to the inelasticities shown in Fig. 1
which differ appreciably from those obtained with the fun
tion determined here. We should note that for this test
have used a functionv31(As) such that after unitarization i
leads to scattering amplitudes identical to the empiri
a31(As). The unitarization procedure modifies only slight
the potential as is visible in upper right box of Fig. 12 for o
case. The opposite sign of oura31(As) also provides the
same inelasticities and hence is compatible with theS31 pN
scattering data. However, it leads to unacceptable results
the pN→ppN cross section.

Figure 16 shows thepN→ppN cross sections. They ar
calculated with the presentS-wave amplitudes and the
P-wave amplitudes of Ref.@23#. The dashed lines correspon
to the cross section when we drop theS-wave contributions.
The two processes,p2p→p0p0n andp1p→p1p1n, are
purely P wavepN and have noS-wavepN contribution. In
the p2p→p1p2n reaction, theP-wave contribution is
large and dominates the process. The effect of theS wave is
not visible in the figure. However, in thep2p→p0p2p and
p1p→p0p1p processes we can see that theP-wave contri-
butions are small and do not explain the size of the data
one can see, the presentS-wave amplitude provides enoug
strength to account for the cross section data. In thep2p
→p0p2p process, theS-wave amplitude is a mixture o
a11(As) and a31(As). In order to obtain the contribution
of the S wave shown in the figure, the amplitudesa11(As)
4-11
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FIG. 16. The cross sections ofpN→ppN scattering. Data points are taken from Ref.@24#.
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and a31(As) should interfere constructively close to th
ppN threshold. The relative sign betweena11(As) and
a31(As) @v11(As) andv31(As)# is determined by this condi
tion. The value ofa11/a31 at threshold is about11/2, which
is in contrast to the one pion exchange prediction,22 @32#.
However, more elaborate models for two pion product
@33–38# contain many more terms that change the value
this ratio. The amplitudesa11(As) and a31(As) determined
in this study account for both thepN elastic scattering data
and thepN→ppN cross section data simultaneously.

In Fig. 17 we also show the result for thep2p→hn cross
section. We can see that the agreement is good up to 1
MeV, above which higher partial waves, as demonstrate
Ref. @39#, become relevant. We have also evaluated the s
tering lengths in our approach which are listed in Table
The thresholds for theK0L, K0S0, and K1S2are As
03520
n
f

50
in
t-

.

51613, 1690, and 1691 MeV, respectively. These energ
particularly the last two, are already in the region of energ
where the theory deviates from experiment in the ph
shifts and inelasticities, therefore we should take these n
bers only as indicative. On the other hand, the fitting to
data has been done around theN* (1535) energy. Thus, ou
prediction for the hn scattering length, ahn50.26
1 i0.25 fm, should be rather accurate. This number is
agreement with the result quoted in Ref.@8#, ahn50.20
1 i0.26 fm, although a bit more attractive. Still, the real p
is about a factor of 3 smaller than in Ref.@22# and a factor of
4 smaller than in Ref.@40#. In spite of that, it was argued in
Ref. @8# that even the small value Re@ahn#50.2 fm is not
unrealistically small. This scattering length is important sin
it plays a crucial role in the possibility to haveh bound
states in nuclei@41,42#. The scattering lengths forp0n and
4-12
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CHIRAL UNITARY APPROACH TO S-WAVE MESON . . . PHYSICAL REVIEW C65 035204
p2p have not been imposed in the fit to the data, which w
concentrated in theN* (1535) region, as already mentione
In this sense, the agreement with the data about 450 M
below that resonance should be considered an unexpe
success. We obtain isospin 3/2 and isospin 1/2 scatte
lengths a3520.0875mp

21 , a150.1272mp
21 , to be com-

pared with the experimental numbers@43# a3
exp520.0852

60.0027mp
21 , a1

exp50.175260.0041mp
21 . The agreemen

is good for the isospin 3/2 scattering length, but the isos
1/2 one is about 25% smaller than experiment.

To summarize the result of Secs. II and III, we can s
that the chiral unitary approach including theppN channels
is a very efficient tool to study theS-wavepN scattering. It
can reproduce, with few parameters, not only the isospin
part but also the isospin 3/2 part, which could not be o
tained before@6,20,21#, when only meson-baryon channe
were considered. Particularly, theppN channel was found
essential to reproduce the isospin 3/2 scattering.

IV. THE N* „1535… AND D„1620… RESONANCES

As shown in Fig. 13, the calculatedT(S11) has a reso-
nance behavior around 1535 MeV indicating that the w
known negative parity baryonN* (1535) is generated in thi
approach. To find the pole corresponding to the resonanc
extend our calculation of theT matrix to the complexP0
plane. We evaluate theT-matrix elements by means of

T~P0!5@V~P0!212G~P0!#21 ~31!

and look for poles in the complexP0 plane. In this plane the
function G(P0) has cuts on the real axis. For example, t
left of Fig. 18 shows Im@Gp2p(P0)# in the physical sheet
namely, the first Riemann sheet. We also plot to the righ
Fig. 18 the sheet connecting the first Riemann sheet
Im@P0#>0 with the second Riemann sheet for Im@P0#,0,
which is defined as

FIG. 17. The cross section ofpN→hn scattering.
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II ~P0!5H Gi

I~P0! at Re@P0#<As0
i ,

Gi
I~P0!22i Im@Gi

I~P0!# at Re@P0#.As0
i

~32!

with As0
i the i th channel threshold energy. We need also

extrapolateG̃(As) to the complex plane. For this purpose w
parametrize the result for Im@G̃(As)# above the ppN
threshold in the real axis as

Im@G̃~As!#520.638~As21213!/mp

11.124~As21213!2/mp
2

20.882~As21213!3/mp
3 , ~33!

which allows for an analytical continuation for Re@P0#
above that threshold.

We search for poles of the isospin 1/2T-matrix elements
on this sheet, and obtain a pole at

P0
R[15432 i46 MeV. ~34!

The structure of theT matrix guarantees that we find the po
in all the elements which have an isospin 1/2 component.
example, the left of Fig. 19 showsuT(S11)u, where we can
see a pole clearly. This result tells us that the decay width
the resonance is about 93 MeV. This value is smaller than
Paricle Data Group~PDG! estimation of 100–250 MeV@44#,
but agrees with the new data from Beijing Electron-Posit
Collider ~BEPC!, 95615 MeV @45#.

On the other hand, in the elements of pure isospin 3/2
find a pole around 16252 i215 MeV, which is reminiscen
of theD(1620) resonance, although with a larger width th
the nominal one of the PDG of about 120–160 MeV. In t
right of Fig. 19 we showuT(S31)u, where a pole is clearly
visible. We should consider the position of the pole only
qualitative in our approach since aroundAs51600 MeV is
where we start having noticeable discrepancies with the
and furthermore we had to go far in the complex plane wh
the analytic extrapolation of theppN loop function becomes
less accurate. This resonance is responsible for the chan
curvature in ImT(S31) shown in Fig. 13. It is interesting to
note that the introduction of theppN channels is what ha
induced the appearance of this resonance, which does
show in our approach when theppN channels are not con
sidered. In this respect it is interesting to note that
D(1620) resonance couples mostly to theppN channel
@44#.

For P0 near the pole theT-matrix elements are approx
mated by

Ti j ~P0!.
gigj

P02P0
R

~35!
TABLE II. The calculated meson-baryon scattering lengths in units of femtometers.

p0n p2p hn K0L K0S0 K1S2

ai ~fm! 20.023 0.0801 i0.003 0.2641 i0.245 20.1481 i0.165 20.2051 i0.068 20.2841 i0.090
-13
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FIG. 18. The imaginary part of the loop function for thep2p system.
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with gi the couplings of the resonance to thei th channel. We
obtain the size of the couplings by evaluating the residue
the diagonal elementsTii (P0). The values obtained are liste
in Table III. We find that the resonanceN* (1535) couples
strongly to theKS and hn channels with couplings fou
times larger than those for thepN channels. The coupling
to the KL are also large compared to thepN channels. In
short, we get

ugpNu,ugKLu,ughnu;ugKSu. ~36!

Using these couplings we calculate the partial de
widths of the open channels by means of

G i522Im@Gi~MN* !#ugi u2, ~37!

where we takeMN* 5Re@P0
R#51543 MeV. The partial de-

cay rates and the branching ratios obtained are also liste
Table III. The calculated branching ratios ofpN, hN, and
ppN decay modes are 22%, 70%, and 7%, respectively.
fraction of the hN mode is large, which is known to b
characteristic of this resonance although our fraction is b
03520
of

y

in

e

-

ger than the PDG estimation of 30–55%. OurpN fraction is
smaller than the PDG estimation, 35–55%, while theppN
fraction is compatible with the PDG estimation,<10%.

The lower part of Table III shows the same quantiti
obtained from a Breit-Wigner fit of the real energy scatteri
amplitudesTi j (As). We fit them by the Breit-Wigner form
together with a background

Ti j ~As!5gigj

1

As215431 i46
1ai j 1bi j ~As21450!

~38!

at 1450<As<1650 MeV. The unknown parametersgi
3gj , ai j , and bi j are determined by the method of lea
squares. We obtain the values ofgi from theghn3gi corre-
sponding to thehn final state amplitudes. Their absolu
values agree fairly well with the values obtained from t
pole residues and gives us confidence about our nume
evaluation of the couplings. For instance, thepN, hn, and
ppN branching ratios are now 24%, 67%, and 9%, resp
tively.
s
FIG. 19. uT(S11)u ~left! and uT(S31)u ~right! in the complex energy plane. The poles ofN* (1535) andD(1620) are seen at the energie
15432 i46 MeV and 16252 i215 MeV, respectively.
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TABLE III. Coupling constants and decay widths ofN* (1535).

K1S2 K0S0 K0L p2p p0n hn p0p2p p1p2n

ugi u 2.12 1.50 0.92 0.56 0.39 1.84 0.57mp
22 0.40mp

22

G i ~MeV! 14.1 7.0 65.7 4.6 2.4
Branching ratio~%! 15.0 7.4 70.1 4.9 2.5

gi 22.36 1.67 21.28 20.57 0.39 1.77 20.61mp
22 20.43mp

22

G i ~MeV! 15.0 7.1 60.8 5.4 2.6
Branching ratio~%! 16.5 7.8 66.9 5.9 2.9
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This latter analysis allows us to determine the sign of
couplings. The signs given are relative to that ofghn . It is
instructive to decompose the resonance in the SU~3! repre-
sentations. In fact, our result, ignoring the coupling to t
ppN channel, leads to

g8522.52, g8852.62, g1050.43, g27520.47 ~39!

and tells us that theN* (1535) resonance is almost an equ
weight mixture of theR-parity even SU~3! octet 8 and the
R-parity odd SU~3! octet 88. It would be interesting to com
pare these results with the results from other models or
tice QCD simulations.

V. CONCLUSIONS

We have studied theS-wavepN scattering, together with
that of coupled channels, in a chiral unitary model in t
region of center of mass energies from threshold to 1
MeV. We calculated theT matrix using the Bethe-Salpete
equation in the eight coupled channels including six mes
baryon channels and twoppN channels. We took the tran
sition potentials between the meson-baryon systems from
lowest order chiral Lagrangian and improved them tak
into account the vector meson dominance hypothesis. T
we introduced the appropriatepN↔ppN transition poten-
tials which influence both the elastic scattering and the p
production processes. In the present model the renorma
tion due to higher order contributions is included by mea
of subtraction constants in the real part of the loop functio
of the two- or three-body systems, which are taken as
parameters and determined through comparison with thT
matrix of the data analysis. The imaginary part of the mes
baryon orppN loop functions is fixed and ensures unitari
in the S matrix. A realisticT matrix is obtained with a few
free parameters for energies up to 1600 MeV. The ph
shifts and the inelasticities up to 1600 MeV are fairly rep
duced, particularly taking into account the limited amount
free parameters. The agreement is somewhat worse in
isospin 3/2 channel but in any case this represents a con
erable improvement with respect to earlier works where
ppN channels were omitted. We find that the correction
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the chiral coefficient and theppN channels are important to
obtain a more accurateT matrix, especially in isospin 3/2
Our analysis allowed us to determine theS-wave amplitudes
for pN→ppN and we found that the isospin 3/
pN↔ppN amplitude is different from the two previous em
pirical ones.

The resonanceN* (1535) is generated dynamically an
qualifies as a quasibound state of meson and baryon.
corresponding pole is seen in theT matrix on the complex
plane. We calculate the total and partial decay widths of
resonance. The total width obtained, about 80 MeV,
smaller than the PDG estimation, but agrees with the n
data from BEPC. Also the largehn branching ratio observed
in the data is reproduced.

The present study has served to show the potential of
chiral unitary approach extending the predictions to hig
energies than would be possible with the use ofxPT. Yet,
we also saw that improvements in the basic information
the lowest order chiral Lagrangians to account for pheno
enology of VMD are welcome. On the other hand we fou
mandatory the inclusion of theppN channels in order to
find a more accurate reproduction of the data, particula
those in the isospin 3/2 sector. We also found that the in
duction of these channels, forcing them to reproduce the
elasticities and other data, has as an indirect consequ
that theD(1620) resonance appears then as a pole in
complex plane indicating a large mixing of this resonan
with ppN states. This interpretation would be consiste
with the large experimental coupling of this resonance to
ppN channel.
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