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Quasi-two-body decays of nonstrange baryons
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We examine the decays of nonstrange baryons to the final states Dx, Np, Ng, Ng', N~,
N s (1440)m, and b s (1600)n, in a relativized pair-creation ( Po) model which has been developed
in a previous study of the Nm decays of the same baryon states. As it is our goal to provide a guide
for the possible discovery of new baryon states at CEBAF and elsewhere, we examine the decays
of resonances which have already been seen in the partial-wave analyses, along with those of states
which are predicted by the quark model but which remain undiscovered. The level of agreement
between our calculation and the available widths from the partial-wave analyses is encouraging.

PACS number(s): 13.30.Eg, 12.39.Pn, 14.20.Gk

I. INTRODUCTION

The N' program at the Continuous Electron Beam
Accelerator Facility (CEBAF) is designed to study many
interesting aspects of the spectrum and decays of baryon
states. It contains, among others, experiments to search
for the so-called missing nonstrange baryons, to exam-
ine the structure of the Roper resonance [¹(1440)],the
A(1405) and other low-lying resonances, to search for ex-
otic states, and to study the couplings of nucleons to
strange matter.

Most of these experiments are planned for CEBAF's
Hall B, where the CEBAF Large Acceptance Spectrome-
ter (CLAS) will be located. The design goals of the CLAS
include good momentum resolution (typically bp/p
1%), which is necessary for missing mass measurement
of particles such as x, g, and u. This detector also al-
lows good particle identification so that electrons, pions,
kaons, protons, and deuterons can be separated, as well
as neutrals such as photons and neutrons.

Some of these experiments, in particular [1], will ex-
amine the process pp ~ per+sr, with the analysis fo-
cusing on pp m 6++sr, pp ~ 4 m+, and pp -+ pp .
This experiment proposes to search for new (missing and
undiscovered [2]) resonances with masses between the b, vr

threshold (1.3 GeV) and 2.3 GeV. There are other exper-
iments that propose to search in other channels. These
include one [3] which will focus on the decays of such
states to Nrl, one [4] which will examine the Nrl and
Nrl' channels, and one [5] which proposes to measure
N~ decays. The three channels Ng, Ng', and Nu of-
fer the advantage of being isospin selective, in that only
I =

2
N' resonances (as opposed to I = — b, ' reso-

nances) can couple to these final states. Channels with
the b, (1232) substituted for the final-state nucleon may,
in principle, also be investigated, but the increased mul-
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tiplicity of daughter hadrons makes the analysis of such
experiinents more diKcult. However, in [1], for instance,
the plan is to trigger on any event containing one or more
charged particles. This means that multiparticle decays
such as Ag and Au will be present in the data and can,
in principle, be analyzed.

A detailed understanding of baryon physics will also be
required for interpretation of the results of many other
CEBAF experiments. Some examples are experiments to
study the electroproduction of the b (1232) [6], the pro-
duction of baryon resonances at high momentum transfer

[7], and experiments which will determine the polarized
structure functions of the nucleon by electroproduction
of b, (1232) and N2 (1440) [8]. While this list is by
no means representative or exhaustive, it should illus-
trate the pivotal role that baryon physics wiB play in the
CEBAF experimental program.

In view of this proposed program, we believe it is im-

portant to focus some attention on models of baryon
physics which are capable of providing detailed inforrna-
tion pertinent to these experiments. In an earlier ar-
ticle [9] we reported on a study of the baryon spectrum
which focused on the Nx couplings of baryon states. Our

purpose there was twofold: to test an existing model of
the baryon spectrum [10] by looking more carefully at
its predictions for the strong decays, and to investigate a
previously proposed solution to the problem of the miss-

ing baryons [11].
Our conclusions were (i) that the model works quite

well in describing the ¹rdecays of baryon resonances,
and (ii) that, as suggested in [ll], the missing baryons
consistently couple weakly to the Nm channel, and so
should be sought elsewhere. We were also able to identify
aspects of our model which could be improved.

One possibility for producing the missing baryons is
to use photons or electrons incident on nucleon targets.
The photo- and electroproduction amplitudes of baryon
resonances have been recently examined in this model
framework by one of us [12]. Complementary to the work
of Refs. [9] and [12] is an examination of the strong cou-
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plings of the nonstrange baryons to decay channels other
than Nm. The motivation for such a study should be
clear &om the above description of some aspects of the
CEBAF N' program; baryon resonances produced in the
photo- or electroexcitation of a nucleon must decay, and
while some of these states will decay to Nm, other chan-
nels must be explored for the missing resonances. In
particular, channels with more than a single daughter
pion may offer some of the best opportunities for their
discovery.

The multipion final states we study are those in which

the extra pion(s) result from decay of a baryon reso-
nance to the so-called quasi-two-body final states Np,
b,m, N z (1440)m, and b, 2s (1600)n'. In addition, we ex-
amine the Ng, Ng', and Ncu channels, which will also
receive experimental attention in the CEBAF program.

The study of baryon spectroscopy and decays has a
long history; it is clear that we cannot refer to every
article in the vast literature on these topics. Instead, we

mention a few of the more recent papers that deal with
the decays which we discuss here. A more complete list
of references can be found in Refs. [9] and [10]. Using

TABLE I. Results for nucleons in the N = 1 and N = 2 bands in the Nx, Ng, Ng', and Nu channels. Notation for model
states is [J ]„(mass[MeV]), where J is the spin/parity of the state and n its principal quantum number. The Srst row gives
our model results, while the second row lists the corresponding numbers obtained by Manley and Saleski in their partial-wave
analysis, as well as the Particle Data Group name, Nx partial wave, star rating, and Nx amplitude for the state.

Model state
Nm state/rating

[N-,' ],(146O)
N(1535)Sgg****

[N-,' ]s(1535)
N(1650)Sg g

****

[N ]g (1495)—
N(1520)Dgs****

[N —
] s (1625)

N(1700)Dgs***

[N ]g (1630)—
N(1675)Dgs****

[N 2 ]2(1540)
N(1440) Pgg****

[N —,'+]s (1770)
N(1710)Pgg***

[N — ]4(1880)
[N-,'+).(197S)

[N-,"],(1795)
N(1720) Pgs****

[N 2 ]2 (1870)

[N-,'+].(191O)
[N-', +].(19so)
[N-', +].(2o3o)

[N-,'+],(177O)
N(1680)Fgs****

[N s+]s (1980)]
[N-+] (1995)]
N(2000)Eys**

[N%~ ]1(1980)]
N(1990)Egg**

14.7 + 0.5
8.0 6 2.8

12.2 6 0.8
8.7 + 1.9

8.6 6 0.3
8.3 + 0.9
5.8 + 0.6
3.2 6 1.3
5.3 + 0.1
7.7 + 0.7

203+ '
-O.9

19.9 6 3.0
4.2 6 0.1
4.7 + 1.2

2 7+0.6-0.9
2 p+0.2

—0.3

14.1 + 0.1
5.5 + 1.6
61+"—1.2

11.4 + 1.6b

1 p+0.1
—0.2

41+ '—0.7
1.8 + 0.2

6.6 + 0.2
8.7 + 0.9
1.3 + 0.3
0.9 + 0.2
2.0 + 1.2

2.4 + 0.4
4.6 + 1.9

+14.6+",
+8.1 6 0.8

—78+ '—0.0
—2.4 6 1.6

+p 4+2.9—0.4

—0.2 6 0.1

—2.5 6 0.2

+0 0+"—0.0

+5.7 + 0.3

—3 7+"—0.0
+p 1+0.2—0.1

+5.7 + 0.3

—4.6 6 0.3

—0.9 6 0.1
0.0

+0.4 + 0.1

+0.6 + 0.1

—0.8 6 0.2
+1.9 + 0.8

2 2+0.6—0.7

+p p+0.0-2.5

+p p+0.0
303

p 2+0.2—0.6
0.0

+p 2+0.1

0.0

0 1+0.1—0.2
+P 2+0.6—0.2

p 2+0.2—0.5

2

o o+"—0.3

P1
2

p p+0.0
203

4 3+3.6—1.1
3 1+1.1—0.3

P1
2

o o+"—0.2

0.0

—5 8+"—0.9
5 4+2e2-0.4

+0.2—0.2

+2 1+1.3—1.1
p 3+0.2—0.3

—0 8+—0.5

S3
2

p p+0.0—16.2

P3
2

Q Q+OIO-0.4

1 6+1e3—0.2
—0.8 6 0.1

P3
2

p p+1.2—0.0

+44+ '
—4.4

+5 7+0.9—3.4
—3 2+"—0.2
—29+ '

—0.3
P3

2

—17+ '
—0.1

+3 1+"—0.5

fs

+1 4+"—0.7

p p+0.3—0.0

fs

o o+"—0.0

+0.6+"—0.6

p 5+0.4—0.7
+o.7+"—0.6
+p 7+0.6

f
—0.4

—1 1+—0.7
1 6+1.1—1.5

h3
2

0 0+—0.0

p p+16.2—0.0

Q 0+2e3—0.0

4 6+1.1—3.9
3 1+o.3—1.1

p p+1.3—0.0

4 5+1.4—4.4

8 2+1.3—4.9
6.3+"—2.6
3 3+0.5—0.4

2 9+1.3—1.1
3 5+1.3—0.8

1 6+1.0—0.9

From Ref. [25].
Second Pqs found in Ref. [19].
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an elementary pseudoscalar emission model, Koniuk and
Isgur [ll] discuss the ¹r,Em. , and Ng decay channels, as
well as the AK and ZK channels. Similar work has been
done by Blask et al. [13]. Koniuk [14] has also examined
N p and N~ decays in the approximation of treating the p
in the narrow-width limit. In a series of articles, Stancu
and Stassart use a Qux-tube-breaking model to discuss
decays to the Nn [15], Np [16], and N&u [17] channels.

We have chosen not to examine the channel in which the
mx pair are in a relative S wave, with total isospin zero;
Stassart [18] has modeled such decays by treating the ver

pair as resulting &om a cr pseudoresonance with a mass
of about 600 MeV.

This article is organized as follows. In the next section
we brie6y recap the model used to describe the strong
decays, and discuss our treatment of quasi-two-body de-

TABLE II. Results for nucleons in the N = 1 and N = 2 bands in the Ax and Np channels. Notation for model states
is [J ]„(mass[MeV]), where J is the spin/parity of the state and n its principal quantum number. The first row gives our
model results, while the second row lists the numbers obtained by Manley and Saleski in their analysis, as well as the Particle
Data Group name, Nx partial wave, and star rating for the state.

Model state
Nm state/rating

[N ~ ]g(1460)
N(1535)Spy****
[N-,' ],(1535)
N(1650)Sgg****

[N- ]y(1495)
N(1520)Dg3****
[N-', ),(1625)
N(1700)Dg3***

[N ]g (1630)—
N (1675)Dg g

****

[N 2 ]2(1540)
N (1440)Pgg ****
[N 2+]3(1770)
N(1710)Py g

***

[N —,'+]4 (1880)
[N —,'+]5(1975)

[N 3+]
g (1795)

N(1720)Pgs****
[Ns2 ]2(1870)
N(1880)Pg3

[N 2 ]3(1910)
[N-', +],(195O)
[N3 ]5(2030)

[N- ] (1770)
N(1680)Fgg****
[N-', ]2(1980)]
[N-,"].(1995)]
N(2000) Fgs**

+1.4 + 0.3
0.0

+3 6+0.8—0.6
+1.7 6 0.6

5 7+3.6—1.6
—2.6 6 0.8

—27.5 + 1.6
+3.5 6 3.6

cf

+5.7 6 0.4
+9.2 + 0.3

p

+3 3+2+3—1.8
+9.4 + 0.8

—13.9 + 1.5
—15.3 6 3.6

8 7+2.1
—0.4

4 6+0.4—0.2
p

—1.7 + 0.2

+3.8 + 0.5

+16 8+oo2

5 9+0e7
—0.3

—6.6 + 0.4

+1.6 + 0.1
—3.6 + 0.6
+15.0+

+7 8+0.4—0.6
+7.7 + 5.8

5+1o3—3.0
—4.2 6 0.6

+46+ '
—1.3

+14.1 + 5.6

0.0

0+0.2—0.3

—2.2+1.2—1.5

+2 g+1.9—1.4
+5 1+"—2.3
+2 5+"—1.0

+0.5 + 0.1
+1.0 + 0.5

+3 7+1.5—1.1
5 8+2.4—3.9

+1.4 + 9.2
h

1.4 + 0.3
0.0

3 6+0.8-0.6
1.7 6 0.6

59+ '
—3.8

5.0 6 0.6
27 9+—1.8

14.5 6 5.5

5.7 6 0.4
9.2 + 0.3

3 3+2e3—1.8
9.4 + 0.8

13.9 6 1.5
15.3 + 3.6

s 7+"—2.1
4 6+0.2—0.4

2.0 + 0.3

4 4+1.3—1.0

17 0+—3.0
7 s+"—1.9
7.1+"—0.7

1.7 + 0.1
3.7 + 0.6

15.5 + 0.5
9 8+30—1.7

7.9 + 5.9

S1
2

—0.7 + 0.1
—1.? + 0.6

+p g+0.3—0.2
0.0
81

2

—0 1+—0 ~ 3

0.0

+0.2 6 0.0
0.8 6 0.4

—03+ '-0.3

+0.3 6 0.1

+2 3+1.7

+p 7+0.1—0.3
P1

2

2 6+0.7—0.8
+18.2 6 4.6

—14+"—1.0
—14.7 + 2.9
+2.5 6 1.3

+1 0+0.2—0.4
+0.1+—0.0

—0.2 + 0.0

1 8+1.0—0.8
—0.4 + 0.3

d3

+0.4 6 0.1
—1.4 + 0.7
+0.4 6 0.1
+2,2 6 0.9

S3
2

—2 4+"—6.4
—5.1 6 0.6
+0.1 + 0.0
—5.6 + 5.7

d3

—0.4 6 0.0

P3
2

0 5+0e3
—0.5

3 7+0.9
1 0 2

+03+ '—0.1
2 4+1.0—0.4

J'3
2

+1 S+"—0.5

—1.0 + 0.6

2 2+1.1—1.2
+1.1
—1.6

+2.8 + 0.7
P3

2

—3 0+—0.5
—2.8 + 0.7
+0.8 + 0.1

78+—0.2

f
—17.2 + 6.2

p 3+0.2—1.0

p 9+0I 3
—0.6

g3
2

0.0
—0.5 + 0.5

+0 7+—0.2

+02+ '
—0.2

+0.5+—0.4
+1 2+1e3

—0.8
+0 5+—0.4

—0.3 + 0.1
—1.7 + 0.6

+0 8+0.3

—0.2 + 0.1
+8.5 + 5.8

h3

0 8+Oe2—0.1
2.2 + 0.6

1 0+—0.2
2.2 + 0.9

2 5+6.5—1.9
5.1 + 0.6

p 9+0.6-0.4
5.6 + 5.7

0.5 + 0.0
1.0 + 0.4

p 6+0.5—0.3

3 7+1 ~ 2
—1.0

2 3+1.7—1.4
2 5+0.4—1.1

3 3+1.0—0.8
18.2 + 4.6

—1.1
14.7+ 2.9

3 3+1.9—1.7
3 9+1.6—1.8

2.9 + 0.8

3 p+0.5
—0.4

3.3 + 0.7
2.2+"—1.0
7 8+0+2—3.1

19.2 + 6.1

[N2 1~(&98o))
N (1990)Fg y**

+5 p+2.0 0.0 5 0+'-'—1.4 +0.6 + 0.3 1 0+0.6—0.5 0.0 2+0.6—0.7

Second Pqq found in Ref. [19].
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cays. In Sec. III we present our strong decay amplitudes
for the b,m, Np, Nz (1440)vr, b 2 (1600)x, NrI, Nrj',
and N~ channels. To explain our assignment of model
states to states seen in analyses of the experimental data,
we reproduce our model predictions for the N~ couplings
of all states considered here. Our primary source of par-
tial widths with which to compare our model predictions
is the Manley-Saleski recent partial-wave analysis of the
Nmx final state [19]; we have also taken some widths
from the Particle Data Group (PDG) compilation [20].
In Sec. IV we present our conclusions and outlook.

II. DECAY AMPLITUDES

A. The model

The models we use to obtain the baryon spectrum and
strong decay amplitudes are described in some detail else-
where [9, 10, 21]. For completeness we outline these very
brie6y here. The baryon spectrum is obtained by solv-

ing a Schrodinger-like equation in a Fock space consisting
solely of valence quarks. The Hamiltonian used is

where V is a relative-position and relative-momentum-
dependent potential which includes the usual con6ning,
Coulomb, hyperfine, and spin-orbit terms. Wave func-
tions are expanded in a large harmonic oscillator basis,
and a diagonalization procedure is used to find the en-

ergy eigenvalues. One consequence of the procedure is
that none of the terms in the Hamiltonian are treated as
perturbations. As discussed in [9], this has a profound
effect on the wave functions obtained.

The spectrum that results is comparable to those ob-
tained using other methods, including the simpler, non-
relativistic approaches, but the wave functions we use
here have been obtained using a more consistent treat-
ment of all the terms in the Hamiltonian. Furthermore,

TABLE III. Results for 4 states in the N = 0, N = 1, and N = 2 bands in the Nm and Ax channels. Notation as in

Table I.

Model state
Nx state/rating

[b, -' ]i(1555)
b.(1620)Ssi ****

5.1 + 0.7
6.5 + 1.0

p
-4 2+"—1.8

—9.7 + 1.3
4 2+1.8

103
9.7 + 1.3

[a -', ],(1620)
A(1700)Dss****

4.9 + 0.7
6.5 + 2.0

+15 4+"
+21.1 6 4.7

+5 0+2e4

+5.1 6 2.2
16 2+1.7—1.5

21.7 6 4.6

[a -,'+],(1SS5)
B(1740)Psi
[4-'+]s (1675)
6(1910)Psi****

3 9+0.4-0.7
4.9 + 1.3
9.4 + 0.4
6.6 + 1.6

+14 1+Oe7

—8 4+ ~—0.1

14 1+oe7—4.5

8 4+0.1—0.2

[b, -', +],(1260)
b (1232)Pss*s**
[a -', +].(1795)
b, (1600)Pss ***
[a-', +].(1915)
b.(1920)Pss***
[b, s+]4(1965)

[E- ] (1910)
A(1?50)Fss
A(1905)Fss****
[4-', +] (1990)
A(2000)Fss~~

10.4 6 0.1
10.7 + 0.3
8.7 6 0.2
7.6 6 2.3
4.2 6 0.3
7.7 + 2.3

3 3+—1.1

3.4 6 0.3
2.0 + 0.8
5.5 + 2.7
1.2 + 0.3
5.3 + 2.3

+8 4+—3.5
+17.0 + 1.6

8 9+ ~-0.2
—11.2 + 1.7

g 2+0.8—0.6
p

—1.5 + 0.0
+8.4 + 3.6
—2.0 + 2.5
—14.0+—0.1

0.0

+4 4+0.8

3 2+1.4
2\2

+4.7 + 0.6
+11.0 + 2.9
+1.4 6 1.4

+1 5+1.5

8 4+3.6—3.5
17.0 + 1.6
10.0 6 0.5
11.2 + 1.7

g 7+1.4—1.2

4 g+0.6—0.5
13.9 + 3.2
2.4 6 2.2
14 1+—1.6

[&-."](»40)l
D (1950)Fsr ****

7.1 + 0.1
9.8 + 2.7

+4.8 + 0.2
+7.4 + 0.7

0.0 4.8 + 0.2
7.4 + 0.7

First Ps~ state found in Ref. [19].
Reference [19] finds two Fss states; this one and b, (1905)Fss.
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the model is extended, with perhaps surprising success,
to the description of many of the higher lying states.

The strong decays of baryons are treated in a version of
the pair-creation model, spec i6cally the 3Po model. Our
ansatz for the pair creation operator is

B. Quasi-two-body decays

In our previous treatment of the two-body decays A
BC, the decay widths were obtained from the amplitudes
calculated in the Po model by using

I' = 2m dkk M k b M —Eg k —E, k

x ) (l, m; 1, —m[0, 0)y;, P, (p; —p, )

x b~t (p, )dt (p, ) .

Here, Cu' and Fu' are the color and Savor wave functions
of the created pair, both assumed to be singlet, y;~ is
the spin-triplet wave function of the pair, and Pq(p;—
p~) is the vector harmonic indicating that the pair is in
a relative p wave. Using the wave functions described
above, we evaluate the decay amplitude for the process
A ~ BC as M = (BC[T[A). In this form the model has
one parameter, which is the pair creation constant

]M(kp) [ Es(kp)E, (kp)
(4)

and in our version of the model we make the replace-
ments Eg -+ Mg, E, -+ M„and M m M, where M
Mg and M, are the masses of these states in the weak-
binding limit .

We now turn our attention to the quasi-two-body de-

where k is the momentum of either daughter hadron in
the rest frame of the parent, and M(k) is the decay ampli-
tude calculated in the Po model. This eventually leads
to

TABLE IV. Results for 4 states in the N = 0, N = 1, and N = 2 bands in the Np channel. Notation as in Table II.

Model state
N'Ir state/rating

[4—
]y (1555)

E(1620)Ssg ~***

[4 -', ] g (1620)
b, (1700)Dss****

[6—,
' +]g (1835)

6(1740)Psg
[b, —,

' +],(1675)
6(1910)P

[b, s +]g(1230)
b, (1232)Pss****
[b, —',+] (1795)
E(1600)Pss ***
[4-,'+] (1915)
6(1920)Pss**~
[a -',

+].(1965)

[b, —, ]g (1910)
4 (1750)EM
E(1905)Ess****
[A — ] (1990)
6(2000)Ess **

Np

$1
2

—3 6+"—2.5
+6.2 6 0.9

d1
2

1 2+0.6—1.2

pl
2

5+4.6—4.1
—13.8 6 1.9

+5 6+"
+4.9 + 1.1

P1
2

+0 4+0.7

+5.3+"—0.5

6 3+2.6—0.5

—0.7 + 0.2

+2.6+,",

d3

0 3+Oe1—0.2
—2.4 + 0.2

$3
2

+3 4+2.2—1.7
+6.8 6 2.3

P3
2

+4 7+"

+2 6+"

P3
2

0 9+0.6—1.4

6+1.6—0.7

+3.2+", ,
P3

2

+6 3+"
—7.4 + 1.9

+16.8 + 1.3
+3.1 + 1.2

Np

d3

+0 5+0.5—0.2

0.0

—0 7+—0.4

2 2+1.5—1.6

0 7+0.1—0.2

3 1+2.4—3.2

h3

+2.5
—1.3

6.6 + 0.8

3 6+2.5—1.8
6.8 6 2.3

0+5.1-5.7
13.8 + 1.9

1+1.0-0.5
4.9 + 1.1

1 0+1.6
—0.6

8 5+2.0—0.8

7 4+1.2—3.2

6 4+0.8—0.4
7.4 + 1.9

16.8 + 1.3
5 1+4.2—3.0

[&-,"]~(»40)]
A(1950)Esr****

+1.3 + 0.1 —2.3 + 0.2
+11.4 + 0.5

0.0 2.6 + 0.2
11.4 + 0.5

First Psi state found in Ref. [19].
Reference [19] finds two Ess states; this one and b, (1905)E35.
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cays of the baryon resonances, i.e., the decays of the type
A ~ BC, with the subsequent decay of one of the daugh-
ter hadrons, B, say, as illustrated in Fig. 1. One could
use the prescription described above, which amounts to
the narrow-width treatment of both daughter hadrons.
Indeed, this has been done by Koniuk and Isgur [ll] in
their discussion of 6w decays, as well as by Koniuk [14]
in his treatment of Np final states. The treatment of
some final states in the narrow-width limit may, how-

ever, paint a somewhat inaccurate picture of couplings,
particularly for states with masses near the threshold of

the decay channel under consideration. For instance, the
nominal mass of the N2 (1710) resonance lies very close
to the threshold for decays into Np, if the p is treated as
a narrow resonance, so that the result obtained would be
very dependent on the mass chosen for the Nz~ (1710).
Phase space is very limited and the decay width obtained
in this way would be very small. Similarly, misleading re-
sults may be obtained for other states that are close to
threshold.

Our approach is to take the width of the daughter

TABLE V. Results for the lightest few negative-parity nucleon resonances of each J in the N = 3 band in the Nx, Ng,
and Nu channels. Notation as in Table I.

Model state
Nm state/rating

[N~ ]3(1945)
N2 (2090)Sgg*

5 7+0.5—1.6
7.9 6 3.8

+2.4+"
203 3 6+3a3

2 08

S1
2

—0 9+"
242

d3

5 6+1.8—0.7 5.7 6 1.3

[N-,' ]4(2030)
[N-,' ].(2o7o)
[N ~ ]s(2145)
[N-,' ],(219S)

[N-,' ].(196O)
N ~ (2080)Dg3**

3 7+0.5-1.1
2 1+0.8—1.5

0.4 + 0.1
0.1 6 0.1

8.2+"—1.7
5.0 + 2.5

1 0+1.5—1.1
+0 1+0 3

—0.5
p 4+0.4—0.3
p g+0.5—0.3

+4.0 + 0.2

+1.3 + 1.3
1 p+0.6—0.2

+0.6 6 0.6
+p 5+1.0

+2 3+1.3

—0 1+—1.9
—14+"—2.1

+0.2 6 0.0
+0 3+"

d1
2

4 3+1.4—0.4

28+12—0.6
3+2.4-1.3

p 8+0.2—0.1
p 2+0.1-0.0

S3
2

0 2+2 eo
—2.6

d3

4 6+1.5—0.5

2 8+1.1-0.0
6 5+1.9—2.5
p 8+0.1—0.2
p 4+0.4-0.0

6.3+"-1.7

[N-', ]4(2055)
[N~ ]6(2095)
[N ]6(2165)-
[N ~ ]p(2180)

[N~ ]g(2080)
[N2s]g(2095)
N ~ (2200)Dgg**

6 2+0.1—0.6
p 2+0.1-0.2
1 5+0.1—0.2
1 7+0.1—0.2

51+ '-0.8
5 2+0.4-1.0

4.5 + 2.3

+p 4+0.0

p 2+0.1—0.0
—2.4 6 0.1
—1.7 + 0.1

+3.5 + 0.4
+p p+0.4

—0.2

+0.1 6 0.1
—0.2 6 0.1

—16+"—0.5
1 3+OB-0.4

+3 1+0 7

—0.2 6 0.1

+2 p+0.6

3 2+1.1—0.5
—10+"-0.1
—1 9+"—0.2

d1
2

—2 2+"—0.3
—31+"—0.3

1 3+3.1-3.8
1 9+1'-1.9

+0.3 6 0.0
0.0
d3

—03+ '
—0.1

+3 3+0.2—0.9

2 7+1.1—0.7
+3 8+0.4

1 1+0.3-0.1
1 8+0.4—0.2

g3
2

+2 0+1.9

+0 8+0.8

3 6+3.0—0.9
5 3+1.1—1.9
1 5+0.1—0.3
2 6+0.3—0.6

2 g+1.6—1.4
4 6+0.5—1.4

[N~ ]4(2180)
[N2 ]S(2235)
[N2 ]6(2260)
[N~ ]p(2295)
[N-; ].(23os)

[N ~
]g (2090)

N ~ (2190)Ggy****

1 g+0.1-0.3
2 p+0.1-0.3

0.4 6 0.1
0.2 + 0.1
0.3 + 0.1

6.9 + 1.3
7.0 + 3.0

—1.1 6 0.0
+06+ '

—0.1
+0 1+0.1—0.0

1 6+0.3—0.1
p 6+0.1-0.0

+2.5 + 0.7

p 8+0.4-0.2
+p 4+0.1

0.0
—15+"—0.1

0 6+0.2—0.1

+p 6+0.5

13+ '
—0.1

+2 5+"
+2 0+0.0—0.3

+0.1 6 0.0
+1 5+"—0.2

g1
2

—1 5+"—0.7

—1 8+—0.1
+3 1+0.1-0.5
—1.5+"—0.1

1 5+0.2—0.0
—0 5+"—0.0

d3
2

3 7+0.4—0.2

+10+"—0.5
+p g+0.5

0+O.B

+0.4 6 0.2
+0.8 6 0.4

g3
2

1'7+0 7
—0.8

2 4+"—0.6
41+ '

—0.7
2 7+0.3—0.516+"—0.2
1 8+0.2—0.3

4.4 + 0.8

[N 2 ]2(2205)
[N-,' ].(22ss)
[N' — ]g (2305)
[N ~ ]g(2355)

[N 2 ]g (2215)
N ~ (2250)Ggg****

4.0 + 1.1
0.8 + 0.2
0.4 + 0.1
1.1 + 0.3

2.5 + 0.3
5.9 + 1.9

—0.1 + 0.0
0.0

—0.8 + 0.3
+0.4 + 0.1

—2.1 + 0.4

0.0
0.0

—0.3 + 0.2
+0.2 + 0.1

g1
2

—0.7 + 0.3

—0 2+—0.2
+1.8+—0.9

+0.6 + 0.3
+0.1 + 0.0

g3
2

—1.0 + 0.3

5 1+1.0—0.2
—0.3 + 0.0
—1.4 + 0.1

0 8+0.1—0.0
X3

2

+1.7 + 0.5

+0.3 10.2
1 6+0.8—0.9

+0.6 + 0.3
0 6+0.2—0.3

0.0

5 1+0o2—1.0
2 5+'-'—1.2
1 6+0.3—0.2

1.0 + 0.2

2.0 + 0.6



4576 SIMON CAPSTICK AND WINSTON ROBERTS 49

hadron into account by replacing the Dirac b function
in Eq. (3). One inay regard the b-function as arising
&om the narrow-width limit of the energy denominator:

M —Eg —E, —i,c

FIG. 1. The quasi-two-body decay A m (X&X2)&C,
showing the kinematic variables.

1= P + imb (M —Es —E,),M —Eg —E
where e is related to the total width of the "unstable"
final state. For daughter hadrons that are broad, the
energy denominator becomes

TABLE VI. Results for the lightest few negative-parity nucleon resonances of each J in the N = 3 band in the Am and Np
channels. Notation as in Table II.

Model state
Nx state/rating

[N 2 ]8(1945)
N2 (2090)Sii*
[N-,' ]4(2030)
[N-,' ].(2ovo)
[N2' )s(2145)
[N-,' ],(219S)

[N s ]s(1960)
N s (2080)Dis**
[N-,']4(2oss)
[N-', ]s(2095)
[N ]4(2165)-
[N2 ]p(2180)

[N-,' ]2(2080)
[N-,']s(2095)
N 2 (2200)Dis**
[N-,' ]4(2180)
[N-', ]s(2235)
[N-,']s(2260)
[N-,' ],(229S)
[N-,' ].(23os)

[N 2 ] g (2090)
N (2190)Gg y****—
[N-,'],(22os)
[N ~ ]3(2255)
[N-,' ],(23os)
[N ]s(2355)—
[N~ ]g(2215)
N (2250)Gg 9****—

6 7+1+3
—1.5

—5.1 + 5.9
5 7+1.1—1.3

+13 1+"
+1.0 + 0.2
+2.1 6 0.1

1 4+0.5—1.2
—3.9+ 4.0
+2.9+ 0.7

6 1+1.0—4.9
—0.3 + 0.1
+0.1 + 0.1

d

—4.2 6 0.4
+7 8+1.1

5 8+1.2—1.3
+1 8+

6 7+1.3—0.8
4 8+1.1—0.9
4 4+0.9—0.6

d

—1.3 + 0.2

3 7+0.8—0.7
+118+"
—0.3 + 0.1
+0.9 + 0.1

+6 3+2 3—1.8

5 3+0.9—0.8
+9.7 + 4.2
+10 7+ '

+3 3+0.4—0.5
1+Oe7

—0.9
—5.0+—1.3

g

+2 1+'4—1.2
+p g+0.8

—0.4

+2.4+"
1 ~ 2

—6.7+3 2
—5.1

5+1+2
—1.8

+p g+0.6—0.4
—2.S+"—1.8

—2 6+—1.3

+5 4+4e3—2.6
1+0.7—0.5

+4 3+'-'—2.0
p 1+0.0—0.1

'C

0.0

6 7+"
1 ~ 3

5.1 + 5.9
5 7+1e3

—1 ~ 1

13 1+"
2 ~ 7

1.0 6 0.2
2.1 6 0.1

55+ '
—1.0

10.5 + 4.2
11.1+ '

2 02

6 9+"—1.1
3 1+0.9-0.7
5 p+1.3—1.1

4 7+1.8—0.8
7 9+1r2

—1.3

6 2+2'—1.5
7 0+5.1

302

1+1o5
—1.6

4 g+1.0—1.2
5.2+"—1.4

2 g+1.3—0.9

6 5+'-'—2.5
11 9+1.6

2%3

4 3+2.8—2.0
0.9 + 0.1

6 3+—1.8

81
2

+2.3 6 0.6
+14.2 + 4.3
—0.5 + 0.2

+3 6+1.3

0 1+0.0-0.1
p 4+0.1—0 ~ 3

dl
2

4 4+1.9—0.7

5 1+2e7—0.8
+2 1+0.6

+1 3+0.7—0.2
+p 7+0.4—0.1

dl
2

3 g+0.9—2.1
p 8+0.3—0.4

+0.1+0'0

3 5+0.7—1.6
2 2+0.6—0.9

+1.2+0.2—0.4
—1.4+ '

—0.2
gl

2

1 g+0.7—1.5

—1 1+—1.4
2 p+1.1—1.9

—0.1 + 0.1
1 p+0.6

—Q.3
gl

2

+0 g+0.5—0.4

—17.9+"—3.8
0.0 6 2.0

—0.9 6 0.3
6 9+—1.3

+2 3+1.4

+3 5+2.0—0.5
83

2

—6.2 + 2.4
—10.7 6 3.5

—2 2+"—0.5
+1.0 6 0.2
+0.2 6 0.1
+0.1 + 0.0

d3
2

+5 g+3.1
—1.4

+0 8+—0.4

+2 2+1.2
5+0.1—0.2

+18+ '
—0.5

—0.4 6 0.1
+0 6+"—0.2

d3
2

—11 4+—3.8
—12.5 + 1.2

1 g+0.3—1.0
—1.2+—0.4
+1 9+—0.6

—2.0 + 0.5
g3

2

—1 5+—0.9

-113+"—1.6

—53—0.6
—2.S+'-'—0.5
+1 1+0.6

+1 5+0.8—0.2
g3

2

+53+ '

+2 1+"—1.2

+0 2+'
+1 7+—0.9
—0 3+-0.3
—25+ '

—1.8
p g+0.5—0.6

g3
2

3.7—3.0

—2 3+"—3.0
+0 8+—0.4

—0.3 + 0.2
—0 s+'-'—0.3

l3
2

0.0

18.1+7'3

14.2 6 4.3
1.1 6 0.4

7 8+1 7-3.5
2 3+1.4-0.6
3 5+2.0—0.5

136+ '
—5.8

10.? + 3.5
? 7+1.1-3.9
3 6+0.8—1.4
1 7+0.9-0.3
1 6+"—0.2

88+ '
—3.0

2 3+2.4—1.3

2 2+12—0.3
4 0+2.4—1.0
2 g+1.1—0.8
2 8+1.7—1.4
1 8+0.6—0.7

12.1+; 4

12.5 + 1.2
3 2+3.3—1.1
2 4+2.1—1.1

0+0.3—0.7
2.4+—Q.7

1 8+1.0—0.7
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1 M~ —Eg —E, + i~2

M. —E, —E.—i~r, (M. E, E )'+ ~r'

implying the replacement

b(M —Es —E,) m
~ (M. —E& —E.) + ~ (7)

The decay rate for A -+ (XqX2)~C then generalizes
to [22]

k2 ]M(k) ]
I'g (k)

o [M —Es(k) —E,(k)] +

where I'q(k) is the energy-dependent total width of the
unstable daughter hadron, B in this case. Our prescrip-
tion for this quantity depends on the daughter hadron
being studied. For states such as the b, and the p, where

(k)""k'+ '
I' (k) = I'~ (k) +0.31'o ~—

(ko) koz+ ~' (9)

where I'0 is the total width of the Roper at the pole po-
sition. The first term is the energy-dependent Nm width
of the Roper, calculated in the Po model. The second
term is the width of the Roper for decays into other final
states such as N7rx. Here ko is a reference momentum,
chosen to be the momentum of the 6 in the Am de-
cay of the Roper measured in its rest frame, and K is a
phenomenological constant, chosen to be 0.35 MeV. The

the hadron decays with a branching fraction of close
to 100% into a single two-body final state, we use the
energy-dependent width as calculated in our version of
the sPs model. For a state such as the Roper resonance
N 2 (1440), which has a branching fraction of about 70%
to Nor, we write

TABLE VII. Results for nucleons in the N = 3 band in the b, (1600)x and N(1440)x channels. Notation as in Table II.

Model state

Nm state/rating

A(1600)s. E(1600)s stot
n(1600)~ N(1440) x

[Ns ]s(1945)
Ns (2090)Sgg*
[N-,' ]4(2O3O)

[N-,' ],(2o7o)
[N-', ]s(2145)
[N-,' ],(219s)

[N-', ].(196O)
N s (2080)Dgs**
[N-,'].(2oss)
[N-', ].(2oos)
[N-,' ].(216s)
[N s ]r(2180)

[N s ]s(2080)
[N-,' ],(2o9s)
N s (2200)Dgs~*

[N2s]4(2180)
[N s ]5(2235)
[N-,'].(226O)

[N-,'],(229s)
[N-,'],(23os)

[N-', ]g(2090)
N ~ (2190)Ggr****
[N ~ ]2(2205)
[N- ]s(2255)
[N-,' ].(23os)
[N ~ ]s(2355)

6 4+3o4-2.8

4 2+2.5—2.0
—1 2+"—0.1

—0.1 6 0.0
2 4+1.6—1.1

8

3.8 + 0.3

4 6+0.2—0.8
7 7+0.5—1.7

0.6 6 0.1
—0.2 6 0.0

d

5.0 6 2.3
6 4+2+7-3.0

2 3+0.7—0.8
17+ '

—0.7
3 2+1.5—2.1
2 6+0.6—0.7
p 4+0.1—0.0

d

0.2 + 0.0

0.6 + 0.1
—1.7 + 0.1

p 0+0.1—0.0
—0.2+ 0.0

9+3o2
—2.6

—3.3 6 1.3
4 6+2.0—2.5
p 2+0.1—0.0

1.8 6 0.6

—o.6+"—0.7
p 3+0.1—0.3

p 7+0.4—0.6
2 p+1.5—1.0
o 8+"—0.4

—0 3+—0.2
o s+'-'—0.4

p 8+0.4—0.3

1 6+0.8—1.3
—0.3 + 0.2

—1 2+'-'—0.8
0.0 + 0.0

6 4+3.4—2.8

4 2+—2.0
1 2+o.1—0.3

0.1 6 0.0
24+ '

—1.1

7 p+2.9
2 w2

5 6+o.9—1.4
g p+1.9—2.4

0.6 6 0.1
1.9 6 0.6

5 o+"
2%3

6 4+"
2 \7

2.4 6 0.8
2 6+1.8—1.2
3 3+2.2—1.5
2 6+0.7—0.8
p g+0.5—0.3

p 8+0.4—0.3

1 7+1.3—0.8
+0.2—0.1

1.2+"—0.6
0.2 + 0.1

2.9 6 0.4
—11.1 6 4.4

26+ '
—0.3

—5.4 6 0.2
—0.3 6 0.0

0.4 6 0.1

—6 3+"—1.3

2 4+"—1.3
—4 2+"—1.7

—0.3 + 0.0
p 6+0.1—0.0

—1 1+o.8-1.6
3 7+1.1—0.8

p 3+0.2—0.4
0 4+oe3—0.4
1 7+0.5—0.4

0.4 6 0.1
—01+ '—0.1

2 5+0.8—1.0

—14+'-'—0.9
—0.3 + 0.1
—0.1 + 0.1

p 4+0.1—0.2

[N~ ]g(2215)
N ~ (2250)Ggs****

1 g+0.6—0.7 0.0 + 0.0 1 g+0.7—0.6 —1.0 10.3
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power 2S+ 1 represents the dependence of the energy-
dependent width on angular moment»m, and is chosen
here to be unity. We note that the results we present
are largely insensitive to changes in ~, E, and ko,. nor are
they overly sensitive to the inclusion of the second term
in Eq. (9.)

The variable of integration in the expression above is

k, the magnitude of the three-momentum of the daugh-
ter hadron B. In the rest kame of A, this ranges &om
k = 0 (Xi and Xq back to back, with q, = —qs) to
k (Xi and Xq collinear). These limits correspond to
Ms(k) = M —M„and Ms(k) = Mx, + Mx„respec-
tively, where Ms(k) is the momentum-dependent effective
mass of daughter hadron B.

TABI,E VIII. Results in the Nm and Avr channels for the lightest few negative-parity 6 resonances of each J in the N = 3

and, and for the lightest few 4 resonances for J values which first appear in the N = 4, 5, and 6 bands. Notation as in

Table I.

Model state
Nn state/rating

[b. s' ]s(2035)
b, -' (1900)Ssg***
[b s ]s(2140)

(2150)Ssg*

1.2 6 0.2
4.1 6 2.2

3 1+0.4—1.1
4.0 + 1.5

+8 2+0.6

+6.4 6 1.9
—44+ '

—0 ~ 7

8 2+"-0.7
6.4 6 1.9

4 4+os 7-0.8

[b. -', ]s(2080)
b, s (1940)Dss*
[b, —', ]s(2145)

[a-', ],(21ss)
b, s (1930)Dss***
[4-', ]s(2165)
[4-,']s(2265)

(2350)Dss*
[b, -,'],(232S)
[b, —, ]g(2230)

(2200)Gsv*

[b,— ]s (2295)

2 2+0.1—0.2
3.2 + 1.4

2.2+0.1—0.3

5.2 6 0.1
5.0 6 2.3
0.6 + 0.1

2 4+0.5—0.7
7.7 + 5.3
0.1 6 0.1
2.1 6 0.6
5.2 6 1.9
1.8 6 0.4

+3.1 6 0.7
+5.5 + 6.3
—3.4 6 0.8

d

+3.9 6 0.2

+7 0+1.3

5 4+0+ 7-0.5

4 6+0.8—0.4
+6.9+1'2

1 ~ 3

7 4+1.4-0.9

+6 6+1.4

+13.7 + 7.8
+6 3+1.0

g

—0.7+ 0.1

+4 1+3.5—2.0
+3.6+1.4—1.2

+3.2+2.0—1.5
+3 8+3+1

—1.8

+4 4+2.9

7 4+1.6-2.0
14.7+ 7.6

7 1+1 3
—1.4

4 0+0.2—0.3

8 1+3.1—2.1
6.5 + 1.2

+1.6
—1.5

7.8+"—2.0

8 7+
2 I 2

[4-', ]g(2295)
(2400)Gss **

4.8 6 0.9
4.1 + 2.1

+7 0+4.4 0.0 0+4 4
—3.7

[4-,'+]s (2370)
b — (2390)Fsr *

[41, +]s(2460)
[b, s +]g(2420)

(2300)Hss**
[~-',+],(2sos)

[b.—", ]g(2450)
(2420)HS yy****

[b,—' ]g(2955)

[E—' ]g(2750)
(2750)Is ps**

15+ '
—0.9

4.9 6 2.0
1.1 + 0.1

12+ '
—0.4

5.1 6 2.2
0.4 + 0.1

2.9 6 0.7
6.7 + 2.8
0.8 + 0.2
0.2 + 0.1

2.2 + 0.4
3.7 + 1.5

+5 7+0.4—1.3

3 9+1+1-0.8
—0.4 + 0.1

+1.4-0.3
h

+3 7+1.8

—0.1+0.0
—3.3+ 0.1

+3 8+"-0.8

0.0

+3 7+2.5

6+2e2—1.4

+1 1+0.5

2

0.0

+2 8+11—0.9
+0.5 + 0.2

k

0.0

57+ '
—1.3

5 4+2 e4
—2.0
+2o2—1.4

76+—1.4

3 7+1.8—1.5

2 8+1.1—0.9
3.4 + 0.1

3 8+"—0.8

[b,—"+]
g (2920)

(2950)Ks ps **

[E—'~ +]s (3085)

1.6 + 0.3
3.6 + 1.5
0.4 + 0.1

+2.8+0'6
\

+0.8 + 0.2

0.0

0.0

2 8+—0.6

0.8 + 0.2
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TABLE IX. Results in the Np channel for the lightest few negative-parity 4 resonances of each J in the N = 3 band, and
for the lightest few A resonances for J values which Brst appear in the N = 4, 5, and 6 bands. Notation as in Table II.

Model state
Nm state/rating

Np Np Np

[b, s ]s(2035)
(1900)Ssg***

[a-,' ].(214o)
(2150)Ssr *

[4-', ]g(2080)
(1940)Dss*

[4-, ]s(2145)

[6-', ]g(2155)
(1930)Dss***

[b, -,'],(2185)
[6-', ].(2285)

(2350)Dss ~

[b, —', ]4(2325)

[A2 ]g(2230)
(2200)Gsr*

[4- ]s(2295)

[b, -', ],(2295)
(2400)Gss**

[b, —,
' ],(237O)

(2390)I sr*
[b-, ]s(2460)

[b, —', ],(242O)
(2300)Hss**

[b, -', ],(2sos)

[& q ]r(2450)
(2420)Hs

[b,—", ],(2sso)
[&—", ].(29ss)

[&—", ],(27so)
(2750)Is ps

++

[&—", ]g(2920)
(2950)Its as**

[& 2 ]s(3085)

2

+2.5 6 0.6
—3.5 6 2.7
—2.2 6 0.6

d1

3 8+2.3—2.5

+p 4+0.2—0.1
d1

2

+0.1 6 0.0

+6 2+3.1—0.9
+2 5+"—O.B

+1 5+"—0.5
g1

2

—2 8+"
3 ~ 7

+1 4+1.0—0.8
g1

2

+3.O+"—1.9

+1.7 + 0.4

+2 g+0.0—1.2
h1

2

—o 6+"-0.5

+2.9 6 1.0
h1

2

+1 5+o'4—0.6

$1
2

p 6+0.3—0.5
+2 4+1.8—1.2

&1
2

+y 3+0.6—0.4

$1
2

+1 4+0.6—0.5

+0.5+ 0.2

d3

+1 5+"—0.3
—9.3 6 1.7

+2 3+1.0—0.4

83
2

+1.0 + 0.3

+2.5 + 0.7
d3

2

2 g+0.5—0.8

1 7+0.2—0.8
+3 8+0.2—1.0

+5 0+'4-1.8
d3

2

+3 p+1.6—0.4

+4 8+0.9—1.5
g3

2

4 9+3+1—1.4

—3.0 + 0.7

+4 5+0.1—1.9

+3 1+1.1—1.4

+1.3 6 Q.1
h3

2

2 4+1.0—0.6

h3

+1 6+0.6-0.5
+0.6 + 0.2

X3
2

—2 0+'-'—0.9

23
2

—2.1+"—1.0

—0.7 + 0.3

+14+o..—0.8

3 g+0.7—1.7
g3

2

0 1+o.o—0.1

1 1+1.5—0.5
2 8+12—0.8

—1O+"—0.5
g3

2

+p 7+1.0
~ 0 4

3 3+1.9
2 %3

$3
2

0.0

h3
2

0.0

—11+"
~ 0

h3
2

p 7+0.4—0.6

—2.8 + 1.0
23

2

0.0

23
2

-0 8+'-'—0.7
—2 2+"—1.6

k3
2

0.0

l3

0.0

0.0

2 9+"-O.B

9.9 + 1.9
3 2+1.2—0.7

4 2+2.7—2.4

4 7+1.8—1.0

2 g+0.8—0.5

6 6+"-1.0
5 3+0.6—1.5

5 3+0.5—1.9

4 2+4.0—1.2

Q+ 2m 3
—2.4

5 7+1.6—3.B

3.5 + 0.8

4+0+2
2 \3

3.2+"-1.5

4 2+1.4—1.3

2 8+0.7-1.2

1 g+1.0—0.6
3 3+2.4—1.6

2 4+1.1—0.7

2 5+1.2—0.9

0.8 + 0.4
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In what follows we present decay amplitudes for de-

cays to An, Np, Nrj, Nri', Nu, N2 (1440)m, and

(1600)s. For most of these channels we use the pre-
scription described above. For Ng and N~, the unstable
daughter hadrons are sufEciently narrow that we ignore
their widths. This is because a total width of less than 10

MeV is well within the expected accuracy of the model,
so that such states may be safely treated as being narrow.

We end this subsection with a comparison of the
method we use for treating quasi-two-body decays with
other prescriptions found in the literature. In their treat-
ment of Np decays, Stancu and Stassart [16] use the pre-

TABLE X. Results in the b(1600)s and N(1440)s channels for the lightest few negative-parity 4 resonances in the N = 3
band, and for the lightest fear A resonances for J values that first appear in the N = 4, 5, and 6 bands. Notation as in
Table II.

Model state

Nm state/rating

a(1600)~ E(1600)s' /tot
a(1600)~ N(1440) m

[a-,' ].(2o3s)
b

g
(1900)Ssy***

[4-,' ]g(2140)
(2150)Ssg *

—40+ '
—1.0

1 4+0.8—1.3

0+1.0-0.9

14+ '
—0.8

1.8 + O.l
—4.1 6 2.8

—51+ '
—0.1

[4- ]g(2080)
b g (1940)Dss*
[6 g ]s(2145)

[b, —', ]g(2155)
b g (1930)Dss***
[a-,'],(216s)
[z-,' ].(226s)

(2350)Dss*
[4-', ]4(2325)
[b.—, ]g(2230)

(2200)Gsr *

[b, —,
' ],(229S)

[&-,' ] (2295)
b g (2400)Gsg**

—5.0 + 0.5

+0.8-0.4
d

p 6+0.2-0.1

p 6+0.4—1.0
1 5+0.1—0 ~ 2

p 7+0.7—0.4
—1.0 + 0.1

1.0 6 0.0

2 1+1.1—1.5

—3 3+"—2.4

2 g+2.4
—1.5

g

0.2 6 0.0

1 2+0.6—1.1
1 1+0.3-0.4

p g+0.4
—0.6

1+0.6—0.9

1 3+0.6—0.9
2

0.0 6 0.0

6.0+1.a—103

4 7+2so—1.5

0 6+0.2—0.1

1 3+1,4—0.8
1.8 + 0.3

1+0.9-0.6
1 5+0.8—0.5

1 7+"—0.5

2 1+1.5—1.1

—2 0+—1.0

1 7+1.0—0.7

1.0 6 0.2

1 8+0.8—0.7
p 4+0.1—0.3

—0.9 6 0.3
p 7+0.3-0.5

Q 6+Oo2—0.3

—1 g+"—1.1

[4-, ]g(2370)
(2390)Esp*

[4-', +]g (2460)
[b, -,'+] (2420)

(2300)Hgg**
[b, —,

'+] (2505)

[dE —",+] (2450)
a —",+(242O)H. „****

[4—
]g (2955)

[A —', ]g (2750)
(2750)Ig ps**

5 8+2.1
2 ~ 1

0 8+—0.2
0.1 6 0.0

1.3 + 0.1
h

—1 2+"—0.7

0.0 + 0.0
1.2 + 0.1

—1.7+—0.6

0.0 + 0.0

1+0.6-0.9
p 8+0.4—0.7

p 3+0.1—0.2
2

0.0 + 0.0

—1.6+ '"
—0.9

0 3+0.1—0.2
k

0.0 + 0.0

5 8+2.1—2.1

1 4+0.8-0.6
0 8+0.7—0.4

1.3 6 0.1

1 2+0.7—0.5

1 6+o.a—0.7
1.2 + 0.1

7+0.6—0.5

—5.0+"—1.3

—0.4 + 0.0
—0.3 + 0.2

0 3+0.1—0.2

1 2+0.4—0.6

Q 6+0+2—0.3
—0.2 + 0.1

1 5+0.4—0.5

[E—'+] (2920)
(2950)Kg yg**

[A —'~ +]g (3085)

7+0.5—0.6

0 6+0.2—0.3

0.0 + 0.0

0.0 + 0.0

1 7+0.6—0.5

06+—0.2

—1.5+-0.5

5+o.1—0.2
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scription of Cutkosky et at. [23] by including a relativistic
Breit-Wigner mass distribution cr, and integrating over
the mass of the p. Their width to Np is then

(M~ —MN )
I' = dm cr(m )I'R~pgp(m ),

{2m, )~

with

r, (m', )m, ~~
(m2) =

(M —m )2+ I'2(m2)m2

and where

(10)
is the energy-dependent width of the p. This last form is
suggested by Gottfried and Jackson [24], with M~ = 770
MeV, I'~(M2) = 153 MeV, ke ——k(M2), and where

k(m2) is the relative momentum of the pions in the de-

cay p ~ sar. We have compared the results of using
this prescription to our results, and find no significant
differences.

'FABLE XI. Results in the Ex and Np channels for the lightest few nucleon resonances for J values which Srst appear in
the N = 4, 5 and 6 bands. Notation as in Table II.

Model state
Nw state/rating

[N ~s+]s(2065)
N -', (2100)Pg g

s

[N- ] (2210)

[N 2 ]2 (2390)
[N 2 ]5(2410)
[Ni+]4(2455)

[N s ]x(2345)
N-', (2220)H„~***
[N s ]s(2500)
[N s+]s (2490)

[N V ]1(2490)
[N —]2(2600)

[N'~' ]g(2600)
N

& (2600)Ig yg***

[N'~' ]s(2670)
[N'~' ]s(2700)
[N —", ]4(2770)
[N —", ]s(2855)

[N —", ]g(2820)
N 2 (2700)Ky ps**

[N s ]2(2930)
[N —'~ ]s(2955)

[N s ]g(2715)
[N—]s (2845)

[N s +]g(2940)
[N'~ ]s(3005)

—19+ '
—2.8

7 p+4.3-B.4

+0.1 6 0.0
+4.9 + 0.5

5 5+1e2-0.4

+0.4 6 0.1

—0.6 + 0.0
+g 5+G.B—1.9

h

+5 2+2.6

+2.4 6 0.9

p 4+0.1-0.0

Q+0 2-0.1
+6 8+o.1-0.8

+0.3 + 0.0
+p 5+0.0—0.1

h

+0.2+ O.P

—P.1 6 0.0
+4.4 + 0.1

+4 6+1.8—1.6
+1.3 + 0.4

2

+3 3+1.2—1.0
+1 4+'-'—0.4

1 8+0.9-1.2
—0.2 + 0.1

4 0+1e8
202

h

+Q 5+0+3

7 4+3.2—3.6
+0.5 + 0.2

2

0.0
P.o

-12+"—0.6

+4 6+"—107

+0.5 + 0.2
+3 3+"—1.0
+p 5+0.2—0.1

2

+p 3+0.2—0.1

4 2+—1.6
+0.9 6 0.3

k

0.0
0.0

l

0.0
0.0

1 9+"-1.0

7 p+6.4—4.3

1 8+1.2—0.9
4.9 + 0.5

6 8+1.8—2.0

p 7+0.3—0.2

7 4+3.6-3.1
g 5+0.6—1.9

5 2+2.6
202

2.4 6 0.9

1 3+—0.5

4 7+1.9-1.7
68+ '-0.8
33+ '-1.0
p 7+0.1—0.2

p 4+0.2—0.1

4 2+1.6—1.3
4.4 + 0.2

4 6+1.8—1.6
1.3 + 0.4

3 3+"—1.0
1 4+0.5—0.4

J'1
2

+1 4+3.1

—2 O+"-1.8

—S 2+"-0.0
+0.7 + 0.1
—1.4 + 0.2

h1

—10+ '-1.0

+0.1 6 0.1
—1 8+o.7-0.6

h1
2

+p 7+0.2

+p 4+0.2-0.1
&1

2

—1 S+"-0.9

p g+0.3-0.6
1 3+0.4-0.9

—01+ '
—0.1

p 6+0.3-0.5
j7 1

2

—1 0+—O.9

—0.1+0.1
—1 5+—1.1

X1
2

+0 6+—0.2
+0.2 + 0.1

$1
2

+0 6+—0.3
+0.3 + 0.2

Np

J'3
2

+5.7 + 2.9

f
—2.6 + 1.2

+4 7+0.0

—1.4+ 0.2
+0.1 6 0.0

5 4+1+5-2.9

—4.3 + 0.2
—1.0 6 0.1

h3

—1.1 + 0.4
p 6+0.1—0.3

g3
2

5 9+oo3—0.8

—0.9+ 0.1
p 4+0.0—0.1

+1 p+0.2-0.1
—O 8+"-0.3

h3
2

3 2+0.6—1.2

2 2+0.6—0.7
—0.1 + 0.1

X3
2

p g+0.3—0.7
p 3+0.1—0.2

23
2

p g+0.4—0.7
p 5+0.2—0.3

Np

+6 4+2.5
307

—O 3+"—0.1
1 P+0.5—0.3

h3
2

—16+"—1.5

—0.7 + 0.2
+0.7 6 0.2

23
2

0.0
0.0
i3

2

2 5+0.8—1.6

—15+ '
—1.1

+p 6+0.4—0.2
—0.1 + 0.1

p 5+0.2—0.4
23

2

—1 S+'-'—1.3

p 4+0.2—0.3
+0 7+"

k3
2

0.0
0.0
l3

0.0
0.0

5 g+3.9—2.8

3 3+2.1—1.3

g 5+1.8—4.6
1.6 + 0.3
1.8 + 0.4

5 8+3+4—1.7

4.3 6 0.3
2 2+0.6-0.7

1.4 + 0.5
p 7+0.3-0.2

6 6+1eB-0.7

2 p+1.2-0.5
1 4+1.0-0.5
1O+"-0.2
11+ '-0.4

3 7+1.9—0.9

2.3 + 0.7
1 6+1.2—0.8

1 1+0.8—0.4
O 3+"—0.1

1 1+—0.5
0 6+-0.3
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C. Parameters

The parameters of the model are the pair-creation
strength p, and the Gaussian parameters of the meson
and baryon wave functions. For consistency, the param-
eters that this work has in common with Ref. [9] have not
been changed from the values used there, so that p = 2.6,
and the Gaussian parameters o. of all baryon wave func-
tions are set to 0.5 GeV (a common value is necessary in
a decay calculation in order to maintain orthogonality of
the initial and final baryon wave functions). In addition
the corresponding parameters for all the mesons are set
to P=0.4 GeV.

An additional parameter for this work is K, discussed
in the previous subsection. However, as mentioned there,
the results that we present are largely independent of ~;
we use a value of 0.35 GeV.

III. RESULTS

Our results are presented in the form of several tables.
In order to list as many of our results as possible in a form
that makes various comparisons relatively easy to carry
out, these tables are necessarily dense; accordingly we
have included the following guide to their organization.

TABLE XII. Results in the Nx, Ng, and N~ channels for the lightest few nucleon resonances for J values which 6rst
appear in the N = 4, 5, and 6 bands. Notation as in Table I.

Model state
Ns state/rating

[N ~+]s(2065)
N2 (2100)Pgg*

[N ~ ]p(2210)

[N —,'+]g (2390)
[N ~+]3(2410)
[N-,'+],(24ss)

[N-', +),(234S)
N ~+(2220)Hgg****

[N ~~+]2 (2500)
[N ~+]3(2490)

[N —"+] (2490)
[N 'g'+) g (2600)

[N —", ] g (2600)
N

&
(2600)Iy yy*

[N —", ]2(2670)
[N —", ].(27oo)
[N'~' ]4(2770)
[N —", ].(2sss)

[N ~ ]g(2620)
N

& (2700)Ky yp**

[N —",+],(293O)

[N '~~ ]g(2955)

7 7+"-2.9
5.0 + 2.0

p 3+0.2—0.1

4 g+0.1
—0.4

0 4+Oe2—0.4
0.5 6 0.1

3 6+"-0.8
8.5 + 2.0
0.4 6 0.1
0.6 + 0.2

1.3 6 0.4
0.7 6 0.2

3 3+1.1-0.9
4.5 6 1.5
1.8 + 0.5
0.3 6 0.1
0.2 + 0.1
0.6 6 0.1

0+1.0—0.8
3.7 + 1.2
0.2 + 0.1
0.2 + 0.1

+1.1 + 1.1

1+0.8—0.7

+1.7 6 0.1
—1 1+—0 ~ 1

0 7+0.1—0.0

+0.8 6 0.3

+1 3+0.5—0.4
+0.1 6 0.0

1 3+0.4—0.5
—0.5 6 0.1

+1 2+0.5—0.4

—0.1 + 0.0
0.0

5+0.1—0.2
+0.1 6 0.0

+p 6+0.3

+0.7 + 0.2
—0.1 + 0.0

Ng'

—0.6 6 0.5

+0 6+"—0.9

+1 3+0.3

—11+"-0.1
p 5+0.2—0.1

+p 2+0.2—0 ~ 1

+0 6+"
0.0

0 6+0.3—0.4
—0.3 + —0.1

+0 5+"—0.3

0.0
0.0

—0.3 6 0.1
+0.1 6 0.0

+p 2+0.2

+0.4 + 0.2
0.0

+0 6+'-'

+2.1 6 1.8

—0.8 6 0.1
—0.7 + 0.1

+1 7+0.0—0 ~ 2

h1
2

p 3+0.1—0.2

1+0.4—0.5
+1 4+oe7—0.6

h1
2

p 7+0.3—0.4
—0.3 6 0.1

&1
2

0 7+0.3—0.4

0.0
1+0.5—0.4

+p 4+Oe2—0.1
+0.1 6 0.0

21
2

—0 3+—0.2

—0.5 + 0.2
+1 0+'4—0.3

Z1
2

P3
2

0 4+2o9
3 ~ 7

f
—1.5 6 0.3

+2 1+0.2

+1.3 6 0.1

2 g+0.6—0.5

+1.3+", ,
—0.1 + 0.0

h3
2

+1 2+0.6

+0.5 6 0.2
g3

2

1 7+0.3—0.1

1 8+0.2-0.1
—0.1 6 0.0
—0.5 + 0.0
—0.3 6 0.0

h3

l 3+0.3—0.2

+0.5+ 0.0
—0.2+ 0.0

Z3
2

h3

+2 p+1.2—O.9
0.0

+p 7+0.4—0.3
h3

2

—0.6 6 0.3

1 O+"—0.5
1 2+0.5—o.6

23
2

0.0
0.0
X3

2

—1 0+—0.5

+0.1 6 0.1
0 g+0.3-0.4

+0 4+0.2—0.1
—0.2 6 0.1

23
2

p 5+0.2—0.3

0 6+0.2—0.3
—o 7+"—0.3

k3
2

0 7+3+5—0.7

2 5+1.7—1.3

3 p+1.0—0.9
1.5 6 0.1

1 9+o—0.3

2 g+0.6-0.7

1 g+0.6
—0.5

1 9+o.9-0.8

1 4+0.7-0.6
0.6 6 0.2

2.1 + 0.5

1 8+o.1-0.2
1 5+Oe7—0.5
0 8+0.2—0.1

0.4 6 0.1

1 4+—0.4

0.9 + 0.3
1 2+—0.4

[N —", ],(271S)
[N —", ],(2s4s)

[N—
) (2940)

[N —",+],(3oos)

1.1 + 0.3
0.2 + 0.1

0.7 + 0.1
0.4 + 0.1

1 p+0.3—0.4
—0.3 + 0.1

$1
2

p 7+0.2—0.3
—0.3 + 0.1

p 5+0.2—0.3
—0.2 + 0.1

23
2

—0.4 + 0.2
—0.2 + 0.1

—0
—0.2

—0.5
—0.2

6+0.2—0.3
+ 0.1

2

+ 0.2
+ P.l

+1.0 + 0.4
+0.3 + O. l

+o 7+"—0.2
+0.3 + 0.1

0.0
0.0

0.0
0.0

1.1+—0.4
0.4 + 0.1

0.8 + 0.3
0.3 + 0.1
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For each set of nucleon resonances, there are three ta-
bles. The first of these lists the model state, its decay am-

plitudes into the Nw, Nrl, Nrl' channels, and its helicity
partial-wave and total decay amplitudes for the Nu chan-
nel. The second table lists the helicity partial-wave and
total decay amplitudes for each state in the Avr and Np
channels, while for the nucleons beyond the N = 2 band,
the third table lists the corresponding quantities for the
b, (1600)m and N(1440)x channels (we do not present the
latter type of table for nucleons in the N & 2 bands).
The format for presentation of the decay amplitudes for
the b, resonances is similar, although we have split some
of the larger tables. In addition to this division among
the tables, for each state there are two rows of entries.
The first row lists our model predictions, the second the

values published in the recent Nx~ partial-wave analysis
of Manley and Saleski [19],along with the Particle Data
Group [20] name, Nm partial wave, star rating, and Nm

amplitude for this state. In all cases, the predicted N~
amplitudes in the flrst row are the same as in Ref. [9],
reproduced here for ease of comparison. The association
of a given state from the partial-wave analyses with a
model state in our tables is designed to make explicit our
assigment of model states to established states.

For all but the Nx channels, we give the sign of the
amplitude along with its magnitude. This sign must be
understood as the sign relative to the unmeasurable sign
of the Nx production amplitude. In other words, the
signs presented with our model amplitudes are the prod-
uct (N (gM of the sign for the Nm entrance channel

TABLE XIII. Results in the E(1600)s' and N(1440)s' channels for the lightest few nucleon
resonances for J values which Srst appear in the N = 4, 5, and 6 bands. Notation as in Table II.

Model state

Nn state/rating

6(1600)s E(1600)7t' stot
a(1600)~ N(1440) 7r

[Ns ]s(2065)
N s (2100)Pgg*
[N-,'+],(221O)

9.1+"—2.5

S.1 6 0.5

g 1+1.5—2.5

S.1 6 0.5

7.9 6 0.4

2 1+0.0-0.3

[N-,'+].(239O)

[N s+]s(2410)
[N —,'+]4(2455)

[N 2+]g (2345)
N s (2220)Hgs****
[N-', +].(25oo)
[N ~s ]$(2490)

[N '~'+] g (2490)
[N 'g'+] s (2600)

—0.1+0.0
4 4+1.3-1.1
1 S+0.2-0.4

—0.1 6 0.0

0.1 + 0.0
—1.6 6 0.1

h

1 7+0.8—1.1
—o s+"—0.5

p 5+0.4-0.3
0.1 6 0.0
13+"-0.6

h

—0.2 6 0.1

2 3+1.5—1.1
—0.2 6 0.1

2

0.0 + 0.0
0.0 6 0.0

06+ '
~ 0 3

4 4+1.1—1.3
2 2+"—0.6

0.2 6 0.1

2 3+1.5-1.1
1.6 6 0.1

1 7+1.1—0.8
o s+"—0.3

—1.6+ 0.1
—0.4 6 0.0
—0.2 + 0.1

1 3+0.5-0.7

p 4+0.1-0.2
—0.4 6 0.2

—0.4 + 0.2
—0.7 6 0.3

[N —", ],(26oo)
N

& (2600)Ig gg***
[N-", ].(267O)
[N'~' ]s(2700)
[N —", ],(277O)

[N 2 ]s(2855)

[N —",+] (2820)
N

&
+(2700)Ky ps**

[N '~ +]2(2930)
[N —",+] (2955)

[N —", ] (2715)
[N —' ]s(2845)

[N —",+],(294O)

[N V ]2(3005)

0.1 + 0.0

0.2 6 0.0
—1.7+ 0.1

0.0 6 0.0
—0.2 + 0.0

h

—0.1+0.0

0.0 + 0.0
—1.5 + 0.1

—2 O+'-'—1.2
—o 7+"—0.4

2

2 p+0.8—1.1
p g+0.4—0.5

p 5+0.3-0.2

—19+ '
—1.2

—0.2+ 0.1
1 5+0.6—0.8

—0.2 + 0.1

—0.2+ 0.1

2 5+"—1.0
p 6+0.2—0.3

k

0.0 6 0.0
0.0 + 0.0

l

0.0 + 0.0
0.0 + 0.0

0 5+0e3
—0.2

1 g+1.2—0.8
1.7 6 0.1

1 5+0.8-0.6
0.3 + 0.1

0.2 + 0.1

2 5+1.4—1.0
1.6 6 0.2

2 p+1.2—0.8
p 7+0.4—0.3

2 p+1.1—0.8
p g+0.5—0.4

2 4+1.0-1.4

1 3+0.5-0.7
—0.2 6 0.1
—0.1 6 0.0

p 4+0.1-0.2

1 7+0.8—1.1

—0.5 + 0.2
p 3+0.1—0.2

—o g+"—0.4
—0.1+0.0

—0.5+ 0.2
p 6+0.2—0.3
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times that of the decay channel being considered (one
can extract the sign for the amplitude with the pN en-
trance channel by taking the product of the sign (~~(~
for the photocoupling amplitudes from Ref. [12) and the
signs in the tables in this paper).

All theoretical amplitudes are also given with upper
and lower limits, along with the central value, in order
to convey the uncertainty in our results due to the un-
certainty in the resonance's mass. These correspond to
our predictions for the amplitudes for a resonance whose
mass is set to the upper and lower limits, and to the cen-
tral value, of the experimentally determined mass. For
states as yet unseen in the analyses of the data, we have
adopted a "standard" uncertainty in the mass of 150 MeV
and used the model predictions for the state's mass as the
central value.

By examining the tables one can see the significant
mass dependence in some of the decay amplitudes. One
example is the Np decay of the N(1520)Dis (Table II).
At its central mass value, the amplitude for this decay is

1
2.5 MeV2, while if the mass is increased by the uncer-
tainty from the partial-wave analyses (150 MeV in this

1
case), the amplitude becomes 9.0 MeV2, corresponding
to a factor of more than 12 in the decay width. Although
this is an extreme example, many amplitudes exhibit sim-
ilar dependencies.

A. N' resonances in the N ( 2 bands

The model predictions for nucleon resonances in the
N & 2 bands (Tables I and II) are in generally good
agreement with the analyses of the experimental data.
The larger predicted amplitudes correspond to larger
measured amplitudes, although the magnitudes of the
theoretical and measured amplitudes may di6'er. Pre-
dicted signs of amplitudes are also mostly in agreement
with the experimentally reported signs; most of those
that are in disagreement with their experimental counter-
parts correspond to small measured amplitudes. Notable
exceptions are the 8- and d-wave Ax partial amplitudes
of Dis(1700) (although we successfully predict a rela-
tively large total width to b,m for this state), and the N p
amplitudes of the Pis(1720) and Fis(2000) resonances.
In addition, Manley and Saleski [19] also find a second
light Pis resonance, Pis(1880), in the Np channel. In
our model, none of the missing P&3 states in the N = 2

band (whose masses are in this region) are predicted to
have large Np widths.

As far as the missing states are concerned, we predict
sizable amplitudes in the Avr channel for the predicted
states [N 2 ]4(1880), [N 2 ]s(1975), [N — )3(1910),

[N2 ]4(1950), [N2 ]s(2030), and [N2 ]s(1995). Thus,
our model predicts that these states should be clearly
seen in the experiment proposed in Ref. [1], and can be
viewed as a guide to which channels and partial vraves

show the greatest potential for their discovery. Note
in Tables I and II we have also reassigned the two-star

state N(2000)Fis from the model state [N2 ]2(1980) to

[N 2 ]3(1995), on the basis of its E7r and Np decays;

the assignment from Ref. [9] based on the (small) ¹r
amplitudes of these model states was at best tentative.

All of the b, (1600)n. and N(1440)~ amplitudes for
these states are small, the largest correspondiDg to a
width of about 16 MeV. Thus we do not show tables
for these channels in this sector. This result implies little
hope of discovering missing baryon resonances in either
of these two channels. We note, however, that the small
amplitudes in the N(1440)vr channel are in contradiction
with some large amplitudes reported in Ref. [19], and
may point to possible shortcomings in the model. In par-
ticular, all of our predictions, but especially the couplings
to broad final states such as Roper m, may be modified
by the inclusion of decay-channel-coupling eKects in the
spectrum and wave functions, which we plan to address
in a later study.

In the Ng, Ng', and Ncu channels, there are not many
extracted amplitudes published. Our prediction for the
Sii(1535) is compatible with the measured amplitude,
but that for its heavier counterpart Sii(1650) is too large.
Note, however, that there is recent controversy about ex-
isting analyses of the Nrl final state [26]. Most states
in this sector have little or no phase space for decays to
these three channels, and so it is not surprising to find
small amplitudes. The exceptions to this are the states

[N2 ]2(1870), [N2 ]s(1910), and [N2 ]4(1950), all of
which couple strongly to N~, and slightly less strongly to
Ng. This suggests that these channels offer good oppor-
tunities for the discovery or confirmation of these states;
they should therefore be seen in the experiments pro-
posed in Refs. [3—5].

B. A resonances in the 1V ( 2 bands

The magnitudes and signs of most Acr and Np ampli-
tudes are well reproduced in this sector (see Tables III
and IV). The most notable exceptions are the signs of
the s i N p partial amplitude of the Ssi(1620) and of the

2

fs Np partial amplitude of Fs7(1950). Our calculation
2

suggests that the new state 6(1740)Psi found by Man-

ley and Saleski [19] is the formerly missing first 62i
state; we predict a sizable Np amplitude for this state
in the partial wave in which it was discovered. However,
we also predict a sizable b,vr amplitude for this state,
whereas the Manley-Saleski analysis shows no evidence
for such a state in this channel. Our results also suggest
that the other missing state here, the fourth 62, should
be visible in both the Am and Np channels.

This sector also contains a puzzle, which is the
Fss(1750) state reported in Ref. [19). The lowest-lying

model state in this sector is the [b.z ]i state at 1910
MeV. On the basis of our calculated Nm, Am, and
Np amplitudes, this state corresponds most closely to
Fss(1905). The three-quark spectruiri therefore cannot
easily accommodate the state Fss(1750), unless all of the

J =
2

A's are reassigned. This is also problematic
since there are just two states in the N = 2 band in the
nonrelativistic quark model, and one of these three states
would have to be reassigned to the N = 4 band, for which
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it is significantly too light.
As is the case with the nucleons in these bands, the

couplings of the 4's to the 4(1600)x and N(1440) vr chan-
nels are all small, with the largest partial width into one
of these channels being around 16 MeV.

C. N' resonances in the N = 3 band

The number of widths extracted from the data with
which we can compare our model diminishes significantly
as we increase the masses of the baryon resonances we
consider, and this begins to be apparent in this band.
There are few extracted widths for these nucleons in the
b,m and N p channels (Table VI) and none in the Nri, Nri',
and Nu channels (Table V). In the Lh, z' and N p channels,
the agreement of the model with the partial-wave analysis
of Manley and Saleski is comparable to that obtained in
other sectors. Discrepancies occur in the description of
the Np partial amplitudes of Sii(2090) and in the signs
of the amplitudes of the Az and Np amplitudes of the
Dis(2080), although in both cases the total widths are
in reasonable agreement with experiment.

Many of the as-yet-unseen states couple strongly to the
b,n and Np channels (Table VI). The most noticeable of
these is the predicted state [N2 ]s(2070) which has a b,z

1
amplitude in excess of 13 MeV2. Thus, these channels
ofFer good opportunities for discovery of many of these
missing resonances.

In the Nri, NrI', and Nu channels (Table V), some
undiscovered states have appreciable couplings, but
few of these will be likely to yield what may be
termed "smoking-gun" signals, with the possible ex-

ceptions of the states [N2 ]s(2070) and [N2 ]q(2205)
in the Nu channel. Our results (Table VII) in-

dicate that weak evidence for the existence of the
lowest-lying N = 3 band resonances N2 (2090)Sii,

N2 (2080)Dis, and N2 (2200)Dis could be strength-
ened with A(1600)z or N(1440)z' experiments in this
mass range. In the 6(1600)vr channel, a few undiscov-
ered states have appreciable couplings, most noticeably

[N2 ]s(2095), [N& ]2(2080), and [N2 ]4(2055). In the

N(1440)z' channel, only the model states [N2 ]s(2070)
and [N z]s (2095) have appreciable couplings.

D. K resonances in the N & 3 bands

In this sector, there is general agreexnent between
our model and the partial-wave analyses in the
channel (Table VIII), although there are few extracted
widths with which to compare. However, the Np cou-
plings (Table IX) of Ssi(1900) are not well reproduced.
Most of the states in this sector may be classified as
undiscovered, a,nd most of these have sizable partial
widths in the Am and Np channels. These channels
should, therefore, allow for the discovery of many new
baryon states. In the E(1600)7r channel (Table X), only
the [b, 2 ]s(2145) ofFers a good possibility for discov-
ery, although it should be possible to confirm the exis-

tence of the state b, 2 (1900)Ssi, and the weakly estab-

lished states 6z (1940)Dss and b, z (2390)Fs7 which
appear in the Nm analyses [20]. In the N(1440)vr chan-
nel, we predict no real possibilities for discovering new
baryons, although confirxnation of the tentatively estab-
lished states b, z (2150)Ssi and b, z (2390)F37 should
be possible.

E. N' resonances in the N ) 4 bands

Very few of this group of states predicted by the quark
model have been seen; our results (Table XI) indicate
that many of these states should be discovered in the
Lx and Np channels. Partial widths into the Ng, Ng',
and Nu channels (Table XII) are generally small. The
two lightest N = 4 band N2 states both have siz-
able couplings to the b, (1600)x channel (Table XIII); we
have assigned the lightest of these to the tentative state

N2 (2100)Pii from the Nn analyses. Verification of the
existence of this state and discovery of the second state

([N 2 ]y(2210) in our model) appear to be possible in this
channel. None of the states we have considered in this
sector, with the exception of the Nz (2100)Pii, have
appreciable couplings to N(1440)z.

IV. CONCLUSIONS AND OUTLOOK

Our results indicate that many of the baryon states
predicted by the quark model but as yet unseen in the
partial-wave analyses should appear first in analyses of
decays to the Nmn channel through the b,n. and Np
quasi-two-body channels. The rough agreement of the
signs and magnitudes of our predicted amplitudes with
the majority of the existing data in these channels also
suggests that our predictions can act as a rough guide
to the specific channel, partial wave, and mass range in
which to look for these new states. The same is also
true for the lighter missing and undiscovered N (I = 2)
states in the Ng, Ng', and Nu channels. These ampli-
tudes tend to be quite small for the higher-mass states
studied here.

As mentioned above, our model tends to predict small
amplitudes for the lighter (N & 2) baryons to decay to
N(1440)x and b, (1600)vr. This can be traced back to
the node in the radial part of the moment»m-space wave
functions of these final baryon states, which are described
as radial excitations in our xnodel. We expect that this
aspect of our xnodel, which disagrees with some of the
Manley-Saleski results [19], will be afFected by includ-
ing decay-channel couplings into the spectrum and wave
functions [note that N(1440) is an exceptionally broad
state in our model and in the recent analyses]. We in-
tend to address this problexn in a later study. We have,
however, displayed some results &oxn our calculation for
decays of heavier baryons into these final states, as in
this case there can be appreciable amplitudes; it is possi-
ble that the larger amplitudes will remain large after the
necessary corrections are applied.
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