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A new classification of 70 states, i.e., (l, u) for I = 1 and (I,m, u) for I. " = 2+, as well as a

relativistic formulation of orbital matrix elements for their decays, derived in two earlier papers (I and II of

the series), are employed in this paper to make an extensive analysis of various pseudoscalar decay modes in

the language of "direct" versus "recoil" quark couplings. A 56-70 octet mixing angle (cot8 = —P2), which

was needed in II to produce several important low-energy fits, is also found to play a crucial role in the

present analysis which makes a priori quantum assignments for the various states on the basis of their mass

positions. By making one exception to the rule of SU(6) unsplit states in this theory, i.e., an upward mass

shift of 1(8 ) states so as to overlap with their u counterparts, it is not only possible to understand the

earlier successes of this model on the anomaly implicit in p y and n y photoproduction of D„', but also to

account for a few other similar anomalies fespecially the NK versus Xn. mode of D05(1830)], none of which

are amenable to the usual harmonic-oscillator-type description without elaborate mixing assumptions. On the

other hand, most other u-type states which cause the bulk of the proliferation of the low-lying states in this

theory do not pose a serious problem of immediate detection in view of their generally low partial widths

compared to their 1-type counterparts.

I. INTRODUCTION

The analysis of decay data of baryon resonances,
in particular the~r partial. decay widths, has long
been regarded as an extremely reliable guide to
their classification within any symmetry scheme,
especially, SU(6)~x O(3). It has also been used
as a first check on various dynamical theories
of couplings. Thus in the language of single quark
transitions, decay patterns have helped identify
the distinct roles of the so-called direct and re-
coil terms, ' and with the extra input of a compre-
hensive phenomenological model (e.g. , the rela-
tivistic harmonic-oscillator (h. o) model of Feyn-
man et al. ') these patterns seem to harmonize
with the spectroscopy of states arrived at on the
basis of their mass values.

The sustained interest in the h. o. model' ' has
been primarily due to some of its attractive fea-
tures, especially linear Regge trajectories and,
of course, its general simplicity. However, its
inability to provide an adequate understanding of
several observational features of the mass spec-
tra motivated a proposal for a modification of
the conventional h. o. model so as to suppress the
odd partial waves relative to their even counter-
parts. While this mechanism retains the basical-
ly straight-line behavior of (mass)' with excita-
tion, it also predicts a ground state of (70, 0')
which thus lies below the (70, 1 ). This facilit-
ates (i) an interesting alternative to the conven-
tional" (56, 0'), for the Roper octet and (ii) a
natural candidate for mixing between the 8„mem-
bers of (56, 0') and (70, 0'). Indeed, as suggested

some time ago' and investigated quantitatively in

a recent paper, ' an ideally mixed nucleon i~ the
even-wave h. o. model' is found to harmonize with

three important low-energy parameters, i.e. , the
pion-nucleon coupling constant G&N„, the neutron
P-decay constant -G„/G&, and the P»(1236)-An
width. A (56-70)-mixed nucleon, but with a small-
er mixing angle, has also been suggested by Le
Yaouanc et al. ' within the conventional h. o. model,
where the (70, 0') state belongs to the A = 2 excita-
tion. In the even-wave model on the other hand
this very state is significantly depressed in en-
ergy so as to appear as an effective ground state
of the 70 series, thus providing a more natural
candidate for mixing than in the conventional h. o.
model.

The classification of the various baryonic reso-
nances and the matrix elements describing various
supermultiplet transitions in the even-wave model
have already been dealt with in some detail. in I
and II, respectively. Its applications to resonance
photocouplings, ' using the simple quark transi-
tion picture for magnetic and charge couplings,
has yielded results in good accord with the latest
data, " including some "difficult" cases' such as
P», D» (Py), and F», which are unexplained in
the conventional h. o. model and which seem to
tally with some special feature of the orbital
classification of states brought about by the even-
wave mod.el. '

It is the purpose of this paper to present a sys-
tematic analysis of the pseudoscalar partial widths
predicted by the even-wave theory in relation to
the different states involved and discuss their rel-
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evance to experiment. In doing so we shall find it
necessary to take account of the following aspects
of the even-wave model (EWM) in relation to the
data:

(a) What are the effects of the quantum clas-
sification (I, u, etc. ) of the various baryon reso-
nances on the various partial decay widths'P

Since the model is primarily concerned with or-
bital degrees of freedom, we shall have to go be-
yond the traditional SU(6) content of various states
in this analysis.

(b) What experimental indications are available
on the apparent prol. iferation of low-lying states
predicted by the EWM and where are the latter
located& Since it is not within the scope of this
paper to offer any theory of spin, etc. splittings,
we shall merely use general considerations like
distinguishable decay patterns (preferably without
mass shifts) for the location of these states. We
shall see that certain photoproduction and hadron-
ic decay modes of a comPlementary nature are
useful tools for such identification.

(c ) A general feature of the EWM lies in the
uniformly low partial widths predicted for the u

states because of the significantly smaller over-
laps with the ground states in these cases. Yet
this aspect of the model is important because it
enables us to account for certain decays (e.g. , Do,
—XE) which appear impossible to explain other-
wise. We shall show that, in conjunction with (a)
and (b), this feature enables us to estimate some
mass shifts from the data.

While the detailed arguments ar-e discussed in
the sections to follow, it is useful to draw atten-
tion to some of our main conclusions:

(i') There are strong indications from photopro-
duction and hadronic decay data that even for ex-
tended angular momentum states mhich should be
more easily visible than their J satellites, espe-
cially spin quartets, several resonance effects ob-
served via phase-shift analysis are amenable to
interpretation as two or more overlapping states
with complementary experimental signatures. For
example, we predict two distinct D» states at 1670
MeV, one of which (D») is photoproduced via ny
only, and the other (D»} via Py only, without vio-
lating the Moorhouse rule, "which appl. ies only to
the latter. Similarly we predict tmo D0, states
near 1830 MeV of which D» decays via NK (and
not Zr) and D,', decays via Zn (and not NE).

(ii) Recalling that the EWM proposed in I was a
theory of orbital sPlitting only and that for (70, 1 )t
vs u states the mass difference was of the order
of 0.37 GeV' the decay data effectively implies an
upward mass shift of t(q) states with respect to
t(d) states, so as to push the latter up to the mass
of a u(q) state. No mass shift of such magnitude

seems to be required for any other state, includ-

ing u as mell as L~2 states and radial excitations,
in conformity with our general philosophy of un-

split states due to spin, so that l(q) states are
more an exception than the rul. e.

(iii) A similar conclusion on trajectories is in-
dicated despite the 70-56 mixing hypothesis for
nucleons. Basically we assume the trajectories,
including the higher recurrences, to be unmixed,
but an exception is made empirically for the low-
est member to meet the compulsions of some low-

energy data (G„/G&, etc). '
In carrying through this analysis of the (L+1)-

wave decays, we shall follow the customary lan-
guage of direct and recoil couplings with separate
reduced coupling constants. ' Of course for the
(L-1)-wave modes it is still an open question as
to whether the interference between the direct and

recoil terms is constructive or not. ""Our nu-
merical results favor the former at least for the
1 states.

There are two free parameters in this analysis,
namely the strengths of the direct and recoil cou-
plings. The former has been fixed from the L=O
decay P»(1236)-N avnd works out to

g"' =4' &3.5431.

The ratio (p) of the recoil to direct couplings has
been estimated from S-wave decays to work out to

p' =-c'-&':c"'= 0.2i3. (2)

We shall also display below the orbital overlaps
for the (56, 3 )-(56,0'} and (70, 3 )-(56,0')
transitions, which were not listed in II but are
required for some of the cases analyzed in this
paper (see Sec. IV).

(56, 3 )-(56,0'):
(i /~3)k;, k; k; (cr ~ k)y~'fo; (4')

(70, 3 }-(70, 0')

direct: (2/3e)'t'(2v/3}3f, (o k)k; k; k; y~',

recoil: p(7/2e)'t'(2r/3)~f, k, k, y,'.
The outline of this paper is as follows. In keep-

(5)

For easy reference we display one explicit exam-
ple of an entire coupling Lagrangian involving both
direct and recoil terms, say 8»(1535)-N((, using
the phase conventions and normalizations given in
II, and in the notation of Dirac spinors given else-
where".

2~2 ( ) 2T 4$
g(N ((N )= c(') ~ f, —
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ing with the nature of the program, i.e. , to check
the even-wave assignments (l or u) from a study
of baryonic decays, we shall display our results
for both (L +1)-wave decays together in the nu-
merical tables. In Sec. II we propose to argue
qualitatively (anticipating, of course, our results
presented later) that the generally depressed spec-
trum of VO states in the EWM, leading to an effec-
tive proliferation of low-lying states, opens up a
fresh approach to baryon spectroscopy. We also
indicate with the help of a "level diagram, *' the
important experimental indications that could en-
able us to distinguish these states and their mass
levels. In Secs. III and IV we discuss the results
obtained in Tables I, II and III, IV for the even-
and odd-parity resonances, respectively, draw-
ing attention to some characteristic features of the
EWM in relation to the suggested SU(6} assign-
ments. In particular, Table IV contains most of
the results that we shall need for our discussion
in Sec. II. Comparison with the standard h.o. re-
sults, as prototyped by FKR, will be given in Secs.
III and IV in the appropriate contexts.

The A states of the (70, 1 ) have been separately
discussed in Sec. V to highlight the inadequacy of
present thinking in the standard h.o. model on the
SU(3) xSU(2) assignments for these states, and to
suggest a pl.ausible reassignment within the con-
text of the EWM. Finally Sec. VI summarizes
some of the main conclusions of this paper.

II. GENERAL CONSIDERATIONS ON I VERSUS u STATES

From the physical point of view the main burden
on this model is in accounting for the apparent
clustering of low-lying stats in relation the ob-
served resonances that have been reported through
various phase-shift analyses in the Particle Data
Group tables, ' but whose picture in the convention-
al HO theory leaves several cases unaccounted for.
We would like to illustrate the nature of the prob-
lems involved in the EWM alternative, as well as
the possibilities of solution, with the help of a few
specific examples. Let us consider the Dyg D»
states, analyzed in I as I, and u, respectively,
each of which has a doublet (d) and a quartet (q)
assignment. To a first approximation we could
assume that spin-orbit, spin-spin effects, etc. ,
are small so that, e.g. , D,', (q} and D»(d) should
lie close to D»(1520) and D»(1670), respectively,
in accordance with the principle of average mass
assignments for (l, u) states. ' The question now
arises: Do the available data on decays support
this point of view, and if so, how far ~

We first consider photoproduction. The experi-
mental observation of D»(py) and D»(ny) tells us

that there are two distinct states which can be
identified as u(q) and l(q), respectively, in this
model for the following reasons:

(i) The Moorhouse selection rule" says that

D»(Py) and D»(ny) have zero and nonzero ampli-
tudes, respectively. This checks with the assign-
ment of D» to an 1 (q} state, remembering that the
nonzero overlap comes from the 56 component of
the nucleon in this case. '

(ii) If on the other hand D» is regarded as a u

state, then D»(Py) becomes visible because of its
nonzero overlap with the VO component of the nu-

cleon. ' However, this matrix element is propor-
tional. to (1+r,) so that this state cannot be photo-
produced' from ny. Apparently both states are
needed to explain both ny and py photoproduction in
this region. Note that the usual h. o. model pre-
dicts only one state here and is therefore unable to
explain Py photoproduction without a nontrivial mix-
ing hypothesis with higher supermultiplets (L = 3?).
In the EWM description, however, there are in-
deed tun states in this mass region, so that in

principle there is no difficulty in explaining both

ny and Py photoproduction. However, the l (q)
state would have to lie somewhat lower in mass
than the u(q} state without some extra assumption
on mass shifts since the theory proposed in I is
basically one of orbital (L, u) splitting only, and
we are not a Priori entitled in this model to make
further splitting assumptions. However, if we
make one single exception to this rule, namely an
ad hoc upward mass shift of only I (q) states by an
amount roughly comparable to the I -u (mass)'
splitting, i.e. , o.'(~3-I)/2=0. 31 GeV', for which
we do not offer any theory, then we are able to
expl. ain in a very simple way the occurrence of
D»(Py) and D»(ny) photoproduction. '

We also find very similar anomalies in some
NK vs Z m decays of Do, (1830) since the l counter-
part of this state (which is the closest analog of the
Do, state of the usual h. o. theory') predicts zero
for XE, in qualitative disagreement with experi-
ment. However, in the present model, there is a
natural facility for a nonzero NK mode, via the u
assignment to this state. Curiously, the Zv mode
of the latter turns out to be zero, thus bringing
out once again the need for both I (q) and u (q) states
in this region.

As in the D» case, the same assumption of an
upward mass shift of I (q) seems to reconcile both
these modes without any further mixing assump-
tions at the supermultiplet level (which the usual
theory is unable to avoid). In the case of the
D»(1765) for which the I assignment alone seems
to suffice, a similar assumption of an /(q) mass
shift with respect to the D»(1670) helps reconcile
its quantum status with that of a u state, which is
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the appropriate description for D»(1765) in this
model. ' The corresponding decay predictions of
the associated u state are too low to be easily ob-
servable in the more prominent l background.

The foregoing examples illustrate the need for
an extra assumption of an I (q) mass shift as a
single exception to the basic philosophy of unsplit
states in this model. What we are really saying,
in other words, is that states like D», D», etc.
observationally appear like one, but are in real. ity
two states designated in the EWM as D„(q) and

D,",(q), both of which are situated close together
in mass. The more important thing to recognize,
irrespective of the merits of this model, is that
the above anomalies are not easily accountable
within the conventional h. o.-type description which
needs mixing (understandably) with a higher super-
multiplet. In our model this has already been
brought about through the exchange comjonent of
the Berber-type qq interaction, ' which effectively
brings down some Of the high-N c~m low-L states to
the level of the observed region of resonances. '

We shall continue to adhere to basically unsplit
states for other quantum numbers l(d), u(d), and

u(q}. In a similar spirit we shal. l ignore splittings
or mass shifts of L~2 resonances as well as those
of the radially excited states. The last assumption
is in conformity with the unsplit character of u(d)
and u(q) states which really beiong 'to the N = 3 ex-
citation in the HO language.

The F»(1890) is an example of an interplay of a
(70, 2') state out of three such states (f,m, u) pre-
dicted by the EWM, ' with its more familiar (56, 2')
assignment. " The latter accounts for its hadron-
ic (especially Nn) widths, which are predicted to
be too small in terms of the former assignment.
On the other hand, the photoproduction data strong-
ly favor a (70, 2') assignment. " Note that a
(70, 2 } in this vicinity is also indicated by con-
siderations more general" than the EWM, and
its near degeneracy to the (56, 2') need not give
the illusion of a single state. Rather, their di-
verse modes of couplings in various strengths
should help distinguish between their more de-
tailed quantum members. Now the EWM predicts
two more (70, 2') states (l, u), ' but most of their
modes are too small to be easily detectable.

As a natural corollary to the philosophy of
basically unsplit states, we shall keep the Regge
recurrences of the nucl. eon octet unmixed. Thus
the trajectory itself is pure except for the ground
state, the mixing in the latter case being moti-
vated by certain low-energy compulsions" that
need not necessarily linger over the entire trajec-
tory. (This assumption, which seems to check
with L = 2 data, does not bear out a conjecture
made in II on the persistence of mixing for the

entire N trajectory. )
The foregoing discussion represents our basic

strategy to reconcile the problem of clustering of
low-lying states in the EWM with the ones actual-
ly observed. As indicated in above arguments,
this should suffice to a large extent in accounting
for at least the "stretched" angular momentum

states, e.g. , —, , which already seem to pose non-

trivial problems of baryon spectroscopy. Their
J partners are generally expected to be less ob-
servable, unless certain modes are particularly
large, as in the case of S»(1535)-Nq and S»(1700)
-Nn. We would like to conclude this section on

an optimistic note by observing that the only as-
sumption of an l(q) mass shift as a single excep-
tion to our general rule against SU(6) mass mix-
ing facilitates an easy resolution of several con-
tradictory modes of decay, and hence makes a
strong a Priori case for its experimental. test,
possibly through a more careful search for the
"dual partners" of some of the better-established
quartet states.

III. EVEN-PARITY DECAYS

The results for the even-parity resonances are
collected in Tables I and II for the unmixed and

mixed cases, respectively. The former fall into
two broad categories:

(a) The 56 states, the mass positions and form
of the hadronic matrix elements of which remain
unchanged in the EWM relative to the FKR frame-
work.

(b) The 70 states, for which there are few new

states whose positions in the EWM are indicated
in Fig. 1. Table II contains the decay systematics
of the Roper octet consisting of P»(1470) and

P»(1620) as the mixture -sin&~56, 0')+cos8~70, 0')
so as to make it orthogonal to the nucleon octet.

We shall be interested not only in verifying the
quantum assignments (I, m, u) for the higher 70
states, but also to compare, for some important
cases, our results with those obtained by FKR.
The direct coupling governing these matrix ele-
ments is computed using the P»(1236}-Nz as in-
put (110 MeV) and is given in Eq. (1).

Let us consider the 56 states first. The overall
pattern of theoretical. predictions is quite impres-
sive when evaluated with the experimental data.
This is especially true of P„(1385), F»(1950)
-(ZK, 67), F»(2030), F»(1815), F„(1915), and

F»(1688). Apart from some mismatches as in
=,*~(1530)- - P, F (19350)-Nz, and Fo,(1815)-NK,
our results more or less tally with those obtained
by FKR. The differences can be ascribed to the
following factors: (a) the argument of FKR's ex-
ponential factor is an ad hoc structure unrelated



S. G. KAMATH AND A. N. MITRA

Decay
Partial width in MeV

(SU(6), L )„Expt. EWM FKR

P33 (1236) —N 7t

P»(1385)—A ~
—Z7r

Pf 3 (1530)—

F„(169O)—N W

Ng—AK

Fp5 (1815) NK

F25 (1915)—NK
Ar
Z 7t'

F»(1890)—N71
—ZK

F37 (195o) —N 7r

—ZK

F2 g (2030)—NK

—Z 7t'

(56, o')

(56, 2')

113
32
6
9

84
&0.4

?
16

-51
~1Q

13-17
5-15
20

38
&8

88
&2

~44
-36

9-18

Input 94
42

6 4
17 12

50 64
0.3 0.27
0.09 0.07

22
27 35
12 13
15
3 3

14 15
22 24
60

3
42 109

4 7
63
21
18
11

28
37
17

PBf (1910) N m

ZK
(56, 2'), 30-70 152 151

4 40 54 59

Pf f (1780) N7t'

-AK
—Nq

P«(1750) -NK
Z 7t'

P,f(191O)-N ~
—ZK

(vo, o'), 10
0.3
1
3
2

30-70
4-40 0.2

~40
14
4-40

0.5

P» (1810)—N ~
—AK
—Nq

If5(1860)—N 7t.

Ng

F»(1890)—N 7).

—ZK

F„(1990)—N 7).

Nq

(vo, 2';l ), -4o
~10
&10

(vo, 2';m),

(vo, 2;~), -3s
&8

(vo, 2';u)2

58
16
17

11
0

2
Q. 1

15
0.1

75
22
32

to their input dynamics, unlike in our case, and
(b) the neglect in FKR of the Licht-Pagnamenta-
type Lorentz-contraction effects on the multiple
derivative coupling structures. Both these fea-
tures are crucially connected with the better fits
obtained by FKR for some cases, especiall. y
F»(1950)-Nn and:",*,(1520)- "n. The E», F»,
and F~ are well represented in our calculation as
pure 56 states, while a continuation of the 56-70
mixing hypothesis to the Regge recurrences would

TABLE I ~ Partial widths of the even-parity resonances
predicted by the EWM. The full h.o. predictions proto-
typed by FKR are included for comparison only.

TABLE II. Partial widths of the Roper octet which is
taken as a mixture of the octets of (56, 0') and (70, 0')
with cote= —W2. In the FKR calculation the Roper octet
belongs to (56, 0')2.

Decay
Partial width in MeV

(8U(6), L ) Expt. EWM FKR

P«(1470)—N p

P2f (1620) NK
Ax
Z 7t'

(70, 0+)

120
38

466
93
48

103
54

have suppressed the latter widths by factor 3-4
from the quoted figures. The 56 assignments are
also supported by the Nn and ZK modes of E»(1890)
and P»(1910), respectively. However, these
states have al.so been considered with alternative
70 assignments (see below) to check the corres-
ponding decay predictions of the EWM for some
relevant (70, 0'), and (70, 2') states in this mass
region.

Let us consider the VO states. Some of the well-
established resonances here are P,', (1780),
P»(1810), and E»(1990), the last with a two-star
rating. The EWM predicts the P»(1780) as a
radially excited (70, 0'), some of whose other
members are conceivably P»(1910 and P»(1750).
Our predicted width of -10 MeV for I",, -Nn falls
rather short of the data. However, the latter are
generally ambiguous, e.g. , the mass of P»(1780)
ranges from 1.7 to 1.8 GeV and its Nr width varies
from 20 MeV to 50 MeV. While a clean judgement
on the widths is clearly difficult, one of the im-
portant triumphs of the EWM over the usual h. o.
model lies in the predicted mass values of these
states. For a more meaningful test of the EWM,
it would be desirable to make a better determina-
tion of these parameters (MI„I') of the states in
the relevant mass regipn. However, notice that
the small widths, e.g. , Nn of P»(1910) under this
model mould necessarily make the detection of
such states somewhat more difficult, thus, e.g. ,
enhancing the visibility of the more prominent
P»(1910) member of (56, 2') in relation to its
(70, 0'), counterparts.

Among the (70, 2') listed in Table I, the E»(1990),
E»(1860), and P»(1810) belong to the u, m, and I
quantum classifications, respectively. ' The gen-
eral tendency' for u- (and m-) type states to pre-
dict small partial widths (compared to I states),
as already explained in Sec. II,' should make their
observation difficult. This accounts for the lack of
easy observation of these two states as well as the
F»(1890). Indeed, the latter can show up only via
Py photoproduction because of the convective cur-
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au ss 56
radial

N {1990)

hp{ 182% )

6 (1950)
9 911919)
9 11999 )

N(1860)

N(1810 )

N2(1780)

N (1670)--——--
4 (1650)

N(1688)

N(1~70)

N(1236) = = = = =

N(1520)
Y (1520)

V (1405)

N(S38) = = =- =- =

I

2+ O+j 2

FIG. 1. Schematic representation (not to scale) of the quantum assignments (l, m, u) for various 70 resonances in the
EW'M. A few clear 56 states have been included for comparison. The subscript 2 on some resonances indicates their
radial status in this model. The SU(3) contents, namely 1, 8, and 10, are understood from Y, N, and b„respectively.

rent available here, "and could more hopefully be
looked for in such experiments. In terms of mass,
the P»(1810) fits in rather well as an l state
(P»'-P»' =1 GeV'} and its width also checks with
experiment (with the oPPosite interference between
recoil. and direct couplings). Its m counterpart
P,~(1860) would again be less easy to observe, be-
cause of smail 70-70 overlap effects. ' As to the
resul. ts of the usual h. o. model, prototyped by
FKR, we offer the following comments:

(a) Our 2' states with two units of l excitation
are the nearest counterpart of the 2' states in the
FKR model. However, neither F» nor E„(1890)
are predicted as components of the (70, 2') in that
theory. It is probable that F» as a (70, 2') was not
considered in FKR, presumably because of its
small Nr width as in our case. However, the

E„is an entirely new state in our model. Its
small hadronic widths, e.g. , ¹'will no doubt tend
to obscure its visibility from the more prominent
F» member of (56, 2'). Nevertheless, its super-
multiplet assignment (70, 2')„seems to check
rather well with resonance photocoupling data, "
unlike the 56 F35 thus lending some credibility to
its formal existence (see also Sec. II).

(b} Though the P» partial widths have been cal
culated by FKR with a ('l0, 2'} assignment, our l
assignment for this state seems to check some-
what better with the data, while its E» counter-
part has a very small ¹ width and hence causes
no further problems.

Finally, let us consider the results for the Roper
octet given in Table II. The effect of mixing on
P»(1470) is clearly felt through the more reason-
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able order of magnitude (=466 MeV) of its Nv

width, compared to the unacceptable 8 MeV pre-
dicted by FKR with the (56, 0'), assignment. The
mode also checks in order of magnitude, but both

¹ and h~ indicate a smaller mixing angle' than

assumed ln II For the P2 y and P» resonances,
however, the available partial widths are too
tentative to warrant a clean comparison with ex-
periment.

In conclusion, we believe that the results ob-
tained in this section for the even-parity reso-
nances emphasize the following main aspects:

(i) The need to make a cleaner determination of the
masses and widths of states such as (a) P„(1780)and

its partners P»(1910), P»(1750}belonging to the
radially excited (70, 0') and (b) E»(1890),
E»(1860), and E»(1990), each of which has a,

sufficiently small hadronic width so as to make
its observation difficult. In particular, an experi-
mental detection of the different modes of mani-
festation of an apparently single E»(1890), viz. ,

via Py photoproduction for a (70, 2') and via Nrr

and err modes for a (56, 2'), as already explained
in Sec. II, should help to discriminate between
these resonances.

(ii) A gradual disappearance of mixing effects as
one goes up the Regge trajectories of the nucleon
and Roper octets, as a plausible ansatz providing
agreement with the observed partial widths for
E»-type states.

IV. ODD-PARITY DECAYS (EXCEPT A STATES OF 7'0 )

The odd-parity resonances we shall consider in

this paper (Tables III, IV) belong to the (70, 1 },
(56, 3 ), and (70, 3 ) supermultiplets, typical mem-
bers of which are D»(1520}, G»(2100), and

D»(1925), respectively, on the basis of their
mass positions. We have two purposes to achieve
in this section:

(a) Check the (I, u) quantum assignments already
inferred in II for the various states through their
mass levels. As much as possible we shall keep
to the usual SU(6} assignments for these states ex-
cept where alternatives appear much more con-
vincing.

(b) Examine the decay prediction for the less-
established states like D„(1925), the supermulti-
plet assignments for which have again been arrived
at on the basis of their masses in the even-wave
model. These predictions are compared and com-
mented upon in relation to the available data.

As to the A states of L,~ = 1, we have found it
necessary to consider all of them except G~(2100)
separately in Sec. V because of some special fea-
tures of these resonances associated with wide
mass splittings which are not fully resolved.

Let us consider the (70, 1 ) states listed in

Table IV, all of which are l-types states in the
EWM and are the nearest analogs of the L=1

TABLE III. Partial widths predicted by the EWM for
the E-type states of (70, 1 ) which are the nearest ana-
logs to that of the full h.o. model. Both S and D wave
decays have been included.

TABLE IV. Partial widths predicted by the EWM for
the u-type states, which have no analogs in the full h.o.
model. The calculated partial widths for both l (q) and

u (q) assignments have been displayed (see Sec. D of the
text). For the S states, the numbers in parentheses
denote the u (d) predictions.

Decay (SU(6),L }u

Partial width in MeV
Expt. EWM FKR Decay Expt.

Partial width in MeV
EWM

FKR

D(3(1520) Nn'

D23(1670) NK
A7t

Zn'

D33 (1670) Nn'

S«(1535)-N~
Ng

S„(1650)—Nr
4 7t'

D»(1940) —NK
A7t

Z7|

D3,(1925)—Nn

(70,1 ),

(70, 1»

70
31

5—13
& 1Q

10-3p
r 3Q

~9Q
~30
~65

~49
~7P

&46
~9

r ]5
~40

73
33

2
4

41
20
87
66
39

2
10
'37

7
1Q

9
28

102

3
6

49
30

220
71

D»(1670) -N~
Ng

D25(1765) NK
A7)

D25(1765) Z 71

Dp5(1830) NK
Z 7t'

Ag
Sgg(1760) N7t

AK
ZK
Ng

S2,(1750)-NK
A7t

Zg
Z7)

~7Q
c 0.8
78

~43
~]8

~]
& 10

33—71
(4

-83
6

~3

6
8—30
4-15

&6
12—42

12
4

50
31
12

6
0

35
5

25
0

114
88
23
39
25
15

9

12
4
0

0
17
19

0
0.2
5 (13)

14 (10)
7 (5)

29 (0)
0

10 (7)
0
0.5 (-0)

11 (2)

66
25

0
73

6
45

112

14
9
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states in the FKR (usual h.o.) model. These con-
sist of the decays of the D- and S-type states, of
which only the latter receives comparable con-
tributions from "direct" plus "recoil" couplings,
whil, e the former goes entirely via the direct term.
Since the strength of the direct coupling has al-
ready been estimated [see Eq. (1}]from L=O de-
cays, the only free parameter is the ratio of the
"recoil" to "direct" coupling strengths, the mag-
nitude of which [see Eq. (2)] has been adjusted to
obtain optimal agreement with experiment for im-
portant decays like D»(1520)- An, D»(1670)-Ar,
and S»(1535)—Nm,

l-tyPe D states. The clean cases here are
D»(1520), D»(1670), and D»(1670), the partial
widths of which (in both S- and D wave-s) compare
very well with experiment, thus confirming the I
assignment for these states in the even-wave mod-
el. (Note that a An width for D» and D» would
vanish with a u assignment. } We have also in-
cluded in our results the D»(1940), the mass of
which fits in excellently as an l-type radially ex-
cited'7 D»(1670) in the EWM and is not easy to ex-
plain in the usual h. o. model (because of its high
mass for N = 1 excitation, but too low for N = 3).
While its KEY mode is merely comparable within
the experimental limits, its other partial widths
check very well with our assignment for this reso-
nance.

l —tyPe S states. The only clean cases available
are S„(1535)and S„(1650}.From Table IV we see
that our results for S„(1535)-N &, Nq compare ex-
cellently with experiment (in contrast to FKR). For
both these decays the Gell-Mann-Oakes-Renner
(GMOR) factor of (Mz, -m) associated with the re-
coil term has been useful in bringing about better
fits to the data. The somewhat smaller figure ob-
tained for S»(1650)-Nrr is the price of destructive
interference between the direct and recoil terms,
which, however, gives better results for most
other cases. On the other hand the D-wave hr de-
cays of S»(1650) and S»(1535) again check very
well with the l assignments for these resonances.

G&z(2100). The mass of this state suggests that
it could easily be regarded in this model as the
L= 3 Regge recurrence of the A(1116) with a
(56, 3 ) assignment. This may be contrasted with
the standard interpretation of this state" as the
first Regge recurrence of the D»(1520), belonging
to the (70, 3 ). We cannot afford to keep this latter
assignment in the EWM because the mass of this
resonance would be predicted too low with three l
excitations (or even one l and Suo u excitations).
Moreover, this assignment also leads to negligible
partial widths, so that the corresponding states
will be hardly observable. With the 56 assignment,
the decay ratio NK/Z~ is of course the same as

would be calculated in the conventional HO model
and works our to -2.5, which is in much less dis-
agreement with the experimental value of -5 than
the (70, 3 } assignment which yields -1 for this
ratio.

Dqq(198'). In a recent analysis of the resonant
states in the -1900-MeV region, Cutkosky et al."
report on a clear evidence for a D»(1925) with a
rather prominent Nn width of about 40 MeV. We
offer two possible interpretations of this reso-
nance in the EWM, both of which have been arrived
at on the basis of its mass position:

(i) as a Regge recurrence of S»(1650), belonging
to (70, 3-),

(ii) as a radial excitation of D»(1670) which
would keep. it in company with D»(1940).

With the first alternative, the Nm width comes
out about two orders of magnitude too low from
the quoted value. This means that in our model,
while this state exists in principle, it is unlikely
to be easily observable. On the other hand, the
decay prediction for the second alternative match-
es rather well (=28 MeV} with the experimental
value. On the basis of this comparison (which
predicts J= -,') we would be strongly inclined to
urge a more satisfactory determination of the J
value of this resonance. We of course agree with
Cutkosky et al."that the usual h. o. model does not
have a natural place for this resonance. However,
our EWM seems to account for this state rather
natural. ly in terms of both the mass position and
width without having to resort to yet another mod-

18

u-tyPe states. Finally, we consider the u states
that are included in Table IV. In displaying the
results for these resonances, we have kept to the
spirit of the discussion in Sec. II by regarding
each of these resonances as manifestations of dis-
tinct states l(q) and u(q). This last point of view
represents our essential, reinterpretation of the
usual picture of single states in the conventional
picture" and, as already emphasized earl. ier, ap-
pears to be a practical way of handling the genuine
problem of incompatible decay modes in the usual
description without resorting to elaborate mixing
hypotheses. "

For the D-type hadronic widths given in Table
IV, the above description does quite well except
for some odd cases with comparable widths in
the (l, u) descriptions, e.g. , in D»-¹', each of
which is small compared to experiment. For S»,
D», and S», it is the l(q) state that shows up
clearly in most decay channels since the neighbor-
ing u(q) or u(d) counterparts have rather small
widths for easy detection in several decay chan-
nels. Some notable exceptions are D»(1830)-NK
and $»(1700)- AK, where the u modes come to
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the rescue without involving assumptions like mix-

ing, etc. , since the L mode is inhibited by selec-
tion rules.

One problem is with the Xn mode which is rather
small but comparable in both / and u assignments.
In this respect, a simple qualitative consideration
that may have relevance is the overlap effect of
these individual partial widths. A detailed discus-
sion of such a picture merits a separate analysis
in terms of the theory of overlapping resonances
which seem to have been rather scantily explored
in the literature. ' " Presumably overlapping
resonances with comparable total widths would ex-
hibit amplitudes quite different in structure (di-
pole shaped?)' from the familiar Breit-Wigner
forms. A similar point of view appears to be in-
dicated for the D~(1520) resonance that is the sub-
ject of the next section. However, a quantitative
discussion of this issue is beyond the scope of this
paper.

8 d

1—d

8—d

—d
1

(A)

(B)

I

1405 1520 )670 1830

V. A STATES OF (70, 1 )

The states we shall discuss in this section com-
prise the A states in the 1400-1800 region. We
believe that these states merit separate considera-
tion from those dealth with in the earlier sections
because of the complex nature of the A's both in
terms of their mass positions (Fig. 2) and the pre-
dicted decay widths in the existing literature. To
quote some examples, what is the D~(1520) vs
So, (1405) mass difference due to '? If it is a
spin-orbit effect, why is the same not observed
for other resonances like D»(1520) vs S»(1535) '?

Again, is SU(3} mixing absolutely essential between

So, (1670) and So, (1405), or D~(1690) and D~(1520)
and, if so, where is the third pair of 8 and D
states which is also predicted to take part in an
elaborate but phenomenological mixing ansatz"
in order to provide fits to the decay patterns of the
observed ones'? Finally, is the D~(1690) vs
D~(1520) mass difference necessarily of SU(3)
origin, i.e. , between singlets and octets, as sug-
gested by FKR&

We wish to systematically study in this section
the interplay of these effects in the context of the
even-wave model. We remember of course, that
the EWM purports to understand the bulk of the
baryon mass spectrum from the point of view of
orbital splitting alone. This is not to deny the ex-
istence of other mass effects like SU(3), spin or-
bit, etc. , but merely to suggest that these are pos-
sibly smaller effects. While this seems to be rea-
sonable for the states (N, Z) considered in earlier
sections, the corresponding ansatz does not seem
to be adequate for the A states. Certainly the
"unsplit" philosophy is not easily borne out for

FIG. 2. Two possible quantum assignments for the A

states of (70, 1 ) in the EWM. The notation for l andu
are solid line l andu, dashed line.

resonances like D~(1520) vs S„(1405}. At the
level of SU(6) we also find that the predictions on

the partial widths that follow from the EWM as-
signments in I for the A states do not readily
check with the experimental data. Before pre-
senting a concrete picture, let us first review
the status of the A's as indicated in I from the
point of view of orbital structures only:

(a) The D~(1690) is an l-type state in company
with D»(1520) and D»(1670). Its u counterpart is
located at 1.8 GeV and is identified with the

Do, (1630) in the absence of any other state in this
region. In an exactly similar manner, the
S„(1670) is an I -type state together with the
S»(1535) and S»(1670). Notice that in contrast to
the usual HO description, the effective doubling
of states in the EWM gives an extra option of as-
sociating a 1„and 8„, with each of the I- and u-
type A' s. This extra degree of freedom no doubt
generates more states but at the same time pro-
vides additional opportunities for interpretation of
the observed states in the 1680 region. Of course,
following the discussion in Sec. II we should expect
the I (8, ) resonances to lie close to the u(8, ) states
in the region of 1830 MeV.

(b) Two resonances whose formal assignments
are still to be made in the EWM (because they are
believed to be 1, states) are D„(1520) and S„(1405).
One possibility that has of course been already
suggested by FKR as well as tacitly assumed in I,
is to regard the (mass)' difference between these
states as due to spin-orbit effects. However, the
EWM provides an interesting alternative, in as
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much as their (mass)' difference (=0.34 GeV') is
nearly equal to that between u and L states, viz. ,

0.37 GeV'. The latter point of view is more in

keeping with the basic spirit of this paper, name-
ly, to keep all splitting other than l-u as minimal
as possible, except for an upward shift of l (q) vs
l (d) states. But this still does not explain why

D»(1690) and D»(1520} are situated so far apart.
In this regard, we shall try to accommodate the
FKR observation of a significant mass difference
between 1 and 8 A states with the help of decay
predictions, but without recourse to a mixing hy-
pothesis. The partial decay widths for the A

states are displayed in Tables IV and V. Qf these
the D»(1830) has essentialLy been covered in the
discussion in Sec. II, which brings out the com-
plementary roles of l(q) and u(q) states in pre-
dicting nonzero widths for Zm and NK decays,
respectively, without any further mixing hypoth-
eses.

As to the rest, we offer two possible pictures
(A and B) of the A spectroscopy in the EWM cover-
ing the region from 1405 MeV to 1830 MeV, and
these are represented in Fig. 2. In A the unsplit
L states start from 1520 MeV, while a spin-orbit
splitting is responsible for pushing down the
So, (1405) state as in FKR. In B however, the un-
split l state starts at the 1405-MeV level, so that
D»(1520) is a u state relative to So, (1405). Three
common features of these two pictures are the
following:

(a} The presence of 1 vs 8 splitting which oper-
ates separately for L and u states in both A and B.
Thus the l (8~) which is expected to lie in the 1520-
MeV region gets pushed upward to D»(1690}be-
cause of this mechanism.

(b) The u vs l mass difference also imitates
the above mechanism and is responsible for push-
ing up the u(1~) state from its l(1,) counterpart
located at 1520 MeV to 1680 MeV.

(c) Finally, the l, u(8, ) A's are located at 1830
MeV with the l (8~) states taken to be 1690 MeV.

Let us now separately consider the decay-width
predictions for the assignments given in the A and
B versions.

Picture A. If the D»(1520) is taken to be a
l(1,) state as in FKR, the predicted decay widths
are in accord with experiment for both NK and Zn
modes. However, the presence of an l (8~) and
u(l, ) state in the 1680-MeV region disturbs the re-
sulting fits to the decay data. Indeed, the extreme-
ly large NK widths predicted with the I (8„}assign-
ment for both D»(1680) and So,(1670), in company
with the FKR prediction, tend to overshadow the
modest figures with the u(1~) assignment for these
states whose formal numerical tally with experi-
ment is thus of no avail.

TABLE V. Partial widths predicted by the EWM for
the A states of (70, 1 ) each with /- and u-type assign-
ments. See Fig. 2 for the two possible pictures that
have been offered in this paper for these & states.

Decay

D03(1690) KK

Partial width in MeV
Mass SU(6)
type Expt. 1~ 8 g 8 tI FKR

12-18 ' 0 63 0
6 24

9-24 ' '' 10 7
7 28

102

Sog(1670) NK

D()3(1520 ) NK

6—14 ''' 163 0
5 21

8-24 ' '' 57 10
2 8 ~ ~ ~

5 5 0 ~ ~

0 7 ~ ~ ~ ~ ~ ~

415

22

6.3 11 12
] 5 ~ ~ ~ ~ ~ ~

12

Sp j(1405)—Z 71' 40 20 2 56

Picture B. By taking an l(8~) state to lie close
to the u(1, ) state of D»(1520), we see that the NK
mode receives dominant contributions from the
former and is also better placed in relation to the
data The Z. rr mode of D»(1520), on the other hand,
has comparable widths from both u(1,} and l(8, )
but each is small compared to the data. Again, we
conjecture a sort of Zr enhancement arising from
overlapping resonance effects" (see also the end
of Sec. IV). On the positive side, the u(8, ) assign-
ment for S»(1670) and D»(1690) is excellently
favored by the data for both NK and Zw modes,
thus remedying a long-standing discrepancy' in
the relative orders of magnitude of these widths
resulting from an l (8,) assignment to these states

There are, however, problems with both these
versions, as shown in the following:

For A, we do not know what the D»(1520) vs
S»(1405) mass difference is caused by (other than
spin-orbit effects), nor do we understand why the
l(~8) resonances at 1690 and 1670 with such large
NK widths (&100 MeV for each) should go unre-
ported in the PDG (Particle Data Group) tables. '

W'hile neither of the preceding difficulties is
present in B, we are unable to offer a clear ex-
planation as to why an octet A state of D»(1520)
should lie so closely to the N state of the D»(1520),
even more so when the corresponding Z is taken
to lie at D»(1670).

Before concluding this analysis of A states, it
is of interest to consider s till another possibility
within the EWM framework for D»(1830) in view
of its unusually high mass. Indeed, the relation
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D„'-D '=]. Qep' strongly suggests considering
the L = 3 assignment with three l -type excitations
(&m'0. 5 GeV'). Such a state with quark spin--,'

has both NI7 and Z v modes via the (I -1) wave
without any mixing hypothesis, in principle. How-

ever, the partial. widths are much too small to
make this state easily detectable despite its form-
al existence in this model.

To conclude this EWM analysis of the A decays
vis-a-vis the usual h. o. picture, we believe that
the quantum classification (l vs u) in the EWM
has provided an extra physical dimension to help
reduce the heavy parametric dependence of mass
splittings on unknown dynamical effects. We have
already seen in Sec. III that this picture works
reasonably well for the N and Z (albeit with one
assumption), and we now find that it solves at
least some of the issues concerning A states which
the conventional h. o. model does not, yet it seems
to leave enough to be desired for the EWM to de-
velop.

VI. SUMMARY AND CONCLUSIONS

It has been the basic aim of this paper to use
the hadronic decay data to check the quantum as-
signments for the various resonances inferred in
the EWM on the basis of thei. r mass positions. In

carrying through this analysis, we have kept in

view some of the basic problems of the standard
(h. o. -oriented} approach manifest in the Particle
Data Group tables and elsewhere, and the formal
opportunities which the EWM provides for remedy-
ing at least some of them.

The usual problems have been mainly in the
nature of the following: (i) large mass splittings
requiring elaborate parametric representations
of the mass operator, " and (ii) several incompat-
ible modes of decay which demand elaborate con-
figuration mixing programs often involving more
than one supermultiplet. The EWM accounts for a
major portion of these splittings through the (l, u)
and (l, m, u) assignments for 70 states of I.~
=1,2', respectively, even before involving spin-
orbit, etc. effects and thus provides a Priori
identification of their extended quantum numbers
for further tests via decay predictions. In calcu-
lating decay prediction via EWM, we have made
use of its unique facility for a nontrivial 56-70
octet mixing through the availabil. ity of the ground
state of (70, 0'), and a new set of selection rules
for u-state transitions which occur only to the 70
component of the nucleon octet. These u transi-
tions are generally characterized by small widths,
a fact which can be understood by recognizing that
the u states, though relatively low-lying in the
EWM, correspond to fairly high (&3) values of the

total quantum number X of the usual HO descrip-
tion. ' On the other hand, the l states of the EWM,
despite the low magnitudes (d, M' =0.5 GeV'} of
their excitations, are the nearest analogs of the
(70, 1 ), (70, 2'), etc. states of the conventional

description.
Indeed, the generally depressed spectrum of 70

states compared with the full h. o. model is main-

ly caused by the exchange part of the q-q interac-
tion in the EWM, and gives rise to an apparent
proliferation of states in the low-lying region,
with several interesting possibilities for under-
standing some difficult data in relation to the
standard h. o. description, though not entirely with-

out problems. Exampl. es of such data include the
photoproduction of D» via Py and ny, photoproduc-
tion of F»(1890), which is not easy to understand
with a 56 assignment to this state, and hadronic
decays like S»(1535)-Ãn, Nt} and D»(1830)-NK
In the course of the analysis made in this paper,
we have attempted, apparently with some success,
to tie up these photoproduction data and the low

partial. widths suggested for u states with the help
of the extra low-lying states referred to above
through a single additional assumption of a mass
shift between quartets versus doublets for only the
f states of (70, 1 ), over and above the orbital
mass splitting between l and u, which is already
present as a dynamical attribute of the model. . The
extent of this mass shift is such that there are
really two quartet (f and u) states instead of one
in a given mass region.

We have then found that photoproduction data for
D»(ny) and D»(Py} are due to the l and u states of
D j 5 respectively, and not vice versa. This com-
plementary aspect is again evident for D„(1830),
whose l state decays via Zv only (and not NK as
in the standard h. o. description) and whose u

counterpart decays via NK only (and not via Z~).
This is also observed at the 2' level for the
F»(1890}, whose decay widths support a 56 as-
signment only (and not a 70), while the photopro-
duction data support a 70 assignment only (and not
a 56). Some other results obtained in this paper
are the following:

(a) The D»(1940) fits in very well as a radial
mode of the D»(1670). Similarly, we have ven-
tured to suggest that the D»(1925) observed by
Cutkosky ef aL" is really a —,

'- state and a radial
excitation of D»(1670}.

(b) The pure 56 states have good fits in almost
all cases, with predictions that tall. y quite favor-
abLy with FKR. The G»(2100} has been found to
give better overlap with the decay data as an 4=3
recurrence of a 56 A(1116) instead of as a Regge
recurrence of D„(1520), having the (70, 3 ) as-
s ignment.
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(c) We have also suggested that the effect of
mixing on the nucleon octet should not be con-
tinued further up on its Regge trajectory. Inter-
estingly enough, this suggestion appears to be in

company with similar ideas relating to mixing ef-
fects on vector-meson (P) trajectories, proposed
in a deeper theoretical. context. "

Finally, in comparing our results in this paper
to those of the conventional h. o. model we have
found that the EWM does at least as well, and fre-
quentj. y better, than the former in most of the
cases, in addition to providing the requisite under-
standing on the mass position of the states. Also,
its problems do not appear to be serious enough

to inhibit further investigations, one of which,
bearing on a rather sensitive role of 70 versus 56
mixing in explaining the sign and magnitude of the

neutron charge radius in relation to the shape of
the n, p structure functions, ' has just been for-
mally completed in this model. " %e would
therefore urge a closer-search program for de-
tection of states, especially in the 1 region, pre-
ferably within the framework of an overlapping-
resonance formalism so as to provide a cleaner
background for comparison with the more usual
theory.
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