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Quark models of hadrons are tested in a very limited way when only their spectroscopy is compared with

experiment; at least equally important tests arise from examining the predicted internal structure of the
hadrons via analysis of their decay amplitudes. We present here a compilation of one of the most extensive

calculations of baryon amplitudes to date, encompassing the pseudoscalar and photon couplings of the states

associated with up to two orbital or one radial excitation in the nonrelativistic quark model. These
amplitudes are then combined with the baryon compositions predicted by a quark model incorporating some

of the features expected to arise from quantum chromodynamics. The result is to generate a set of baryon
amplitudes which (1) resolve the problem of "missing" resonances by essentially decoupling a very large
number of states from partial-wave analyses and (2) leave those resonances which remain in remarkable

correspondence to the observed states in both their masses and decay amplitudes.

I. INTRODUCTION

A successful model of hadron structure must
explain many things at once. The most obvious
features of a given hadron are its mass, spin,
flavor, and parity quantum numbers and these
must certainly be given by the model for all ha-
drons. These properties alone, however, are
not very conclusive: The prediction of spin and
parities may simply reflect some underlying sym-
metry of the model, while a given (approximate)
mass spectrum for a limited number of states
may arise from several different patterns of
forces. Much more definitive in some ways are
hadronic properties which are not simply quan-
tum numbers, so that they mirror the internal
structure of the states. Various low-energy pro-
perties such as magnetic moments, charge radii,
etc. , are of this type, but the most useful and
extensive of such properties are decay ampli-
tudes: A hadronic model which predicts with
precision the mass, spin, and parity of a state
can be eliminated if it improperly predicts its
decay widths. These various widths, which
usually involve the matrix elements of consti-
tuent operators, are testing rather directly the
model's predictions for the internal structure of
the hadron in question.

In this paper we discuss the results of an ex-
tensive analysis of baryon couplings based on

, simple models of pseudoscalar-meson and pho-
ton emission and a quark model for baryon struc-
ture with features suggested by chromodynamics.
The primary goal of the work we are describing
here is to test the model for baryon structure.
As a consequence, our approach was very dif-
ferent from that employed in most previous
baryon-decay analyses which have been con-
cerned mainly with testing models for the decay

processes themselves. The strategy employed in
such analyses was to parametrize the baryon
structure in a very general way and then perform
a fit to decay amplitudes subject to variation of
these parameters. In many instances this me-
thod was very successful, so that one could ac-
tually deduce from the decay amplitudes an ap-
proximate description of the structure of certain
of the decaying baryons. Since to a large degree
this strategy tends to "decouple" the decay and
baryon-structure models, it is very desirable.
Unfortunately, once the parametrization of
baryon structure becomes very complex, the
method breaks down. For example, certain sec-
tors of the positive-parity baryons, which we
will discuss below, would require 28 mixing an-
gles for their parametrization while the avail-
able data correspond to only a few measured de-
cay amplitudes. Given our aims and these diffi-
culties, we followed the obvious route: We have
coupled the predicted baryon structure of the
model we are studying with a decay model (about
which we maintain a healthy skepticism) to di-
rectly predict decay amplitudes. This allows us
to compare with essentially every piece of ex-
perimental information, even in complicated sec-
tors such as the one mentioned above.

The amplitudes predicted in this way have the.
property that (1) they essentially decouple a
very large number of resonances from partial-
wave analyses thereby resolving the problem of
"missing" states, and (2) they leave the states
which remain in remarkable correspondence to
-the observed states in both their masses and in
the sign and magnitude of their decay amplitudes.
This indicates to us that both the decay model and
the model for baryon structure are essentially
correct, at least in the sense that they provide
a good overall —even if by no means precise —des-
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cription of baryonic properties. In the next two
sections we will describe these models. In Sec.
II we will give a very brief review of the quark
model with chromodynamics which has been
extensively applied to the study of baryons. In.

Sec. III we will discuss our models for pseudo-
scalar meson and photon emission which are es-
sentially slightly reinterpreted versions of the
standard nonrelativistic models for these pro-
cesses. In the same section we discuss our cal-
culations of the decay amplitudes and present
tabulations which include decay amplitudes for
all the states associated with the low-lying SU(6)
multiplets (56,0'), (70,1 ), (56', 0'), (70,0'),
(56,2'), (70,2'), and (20,1'), i.e., states with up
to two units of orbital angular momentum or up
to one unit of radial excitation in the nonrela-
tivistic quark model. We believe that this is one
of the most extensive tabulations of this type to
date. Drawing on the structure predicted for the
baryons by the model of Sec. II, we then present
in Sec. IV the comparison between the predicted
and measured decay amplitudes for all S=0 and
-1 baryons associated with the above-mentioned
multiplets. Section V contains various comments
and our conclusions.

II. A QUARK MODEL FOR BARYONS WITH
CHROMODYNAMICS

The model' ' for baryon structure which is the
basis of this analysis has been fully described in
several places' '~; we shall restrict ourselves
here to a brief review. The model begins with
the foundations laid by Dalitz, Greenberg,
and their collaborators, who originated the non-
relativistic three-quark model of the baryons,
and builds upon it a structure based on ideas
suggested by —but not derived from —quantum
chromodynamics'~'6 (QCD). The three main new
ingredients of the model are the following:

(1) Quark confinement. It is assumed, based
on the color-flux-tube model, that quarks i and j
are subject to a long-range two-body potential

V (r„)= V(r„),'X, 2X„-— (1)

where V(x ~) is a confining potential which is fla-
vor and spin independent and the X's are the Gell-
Mann SU(3) matrices. "

(2) One-gluon exchange. With the long-range
nonperturbative confinement presumed to be de-
scribed by V, it is next assumed that the remain-
der of the interquark interaction at short dis-
tances can be adequate, ly approximated by one-
gluon exchange.

(3) Approximately pointlike constituent quarks.
With the nonliberation of quarks ensured by the

confinement potential, it is assumed that quark
masses have their pointlike values, i.e., the
values associated with the Dirac moments that
are required to explain the magnetic moments of
the baryons.

In practice, several approximations are made
to extract predictions from the model just
sketched. First, the full spin-independent inter-
action between quarks (including the confinement,
Coulomb, orbit-orbit, etc. , interactions) is
written in the form

~2', q+. U(r,)). (2)

and U(r, &) is treated as a perturbation. There are
two approximations here, that U is small, and
that 0 and U remain approximately flavor inde-
pendent. Consistent with the approximation that
U is small, the hyperfine interaction

1 38) 'r, qSq 'r,
q S)( (3)3 ~ 2 f j[

is then treated perturbatively in harmonic-os-
cillator wave functions. Here, in addition to as-
suming that , and m, are not q~ dependent, only
nearest-neighbor (corresponding to states at
+2u& in the harmonic-oscillator model) mixing
is taken into account. Finally, because of the ef-
fects of Thomas precession, in the actual cal-
culations spin-orbit effects are treated rather
empirically. Since they turn out to be small, in
the end the physics of the model may be sum-
marized as consisting simply of flavor-indepen-
dent "confinement" perturbed by hyperfine inter-
actions.

In spite of these approximations —not to men-
tion the nonrelativistic approximation and the
oversimplified model with which we begin —one
can hope that if the dynamics of the model is
basically correct, the resulting picture of the
baryons will reflect the dominant features ob-
served in nature. We shall see in what follows
that this seems to be the case.

III. THE DECAY AMPLITUDES

Since it is our purpose to study decays of
baryons from the quark model reviewed in Sec.
II, it is natural and consistent to describe the decay
amplitudes in the explicit nonrelativistic quark-
model approach. ""We find, in any event, that
the alternatives —namely, the group-theoretical
schemes such as l-broken SU(6)~ (Ref. 21) or
relativistic quark models" —are, once their
parameters have been chosen, very similar in
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their predictions.
In our variation on the classical nonrelativistic

quark-model approach, the decay of a baryon is
assumed to proceed through a single quark tran-
sition as depicted in Figs. 1(a) for photonic and

1(b) for mesonic transitions.

The amplitude for photodecay in the model is
obtained by making a nonrelativistic reduction of
the pointlike y~ quark-photon interaction; upon
sandwiching this interaction between initial and
final states for the process B-B'y one obtains
the T-matrix element

(4)

where e(Kg is the photon polarization vector,
1 ~e„~o„and r, are the charge, spin, and posi-

tion of the third quark, and p', is the momentum
of the third quark in B' (we have used overall
permutation symmetry to set the full decay amp-
litude to three times the amplitude for emission
from the third quark). Since we consider here
only the case where B' is a nucleon, one obtains
at most two in.dependent helicity amplitudes.
Apart from an overall normalization, the result
(4) is that of Copley, Karl, and Obryk" (see
subsection 5 of the Appendix for details of our
amplitude conventions).

The amplitude for pseudoscalar meson emis-
sion is less weQ-founded. In the simplest case,
meson emission can occur by the creation of a
single quark-antiquark pair via the diagrams of
Fig. 2. Analysis of meson decay processes in-
dica, tes that the creation of ue, dd, and ss pairs
is SU(3) symmetric to a good approximation, and

we shall assume here that this is the case, In this
event the diagram of Fig. 2(b) contributes only to
the creation of the SU(3)- singlet meson 'g,
= (I/~3(uu+dd+ ss) and since the g-g' mixing
angle is only about -10', this diagram will have
little effect on our predictions for the rl (we do
not consider rl' decays). There are two reasons
why the effects of Fig. 2(b) may be additionally
suppressed: (1) They are Okubo-Zweig-Iizuka-
rule-violating, and (2) at least part of this dia-

I

gram is automatically taken into a,ccount in the
g-g' mixing angle; as a result, we neglect Fig.
2(b) henceforth. From Fig. 2(a) one can see that
both pion emission (which must come from non-
strange quarks) and I7 emission (which must
come from a strange quark) involve the creation
of a nonstrange quark-antiquark pair. In these
two cases our assumption of SU(3) symmetry
would presumably be on an even better footing
and since most of the data are on the channels
B'm and B'Z, this is. comforting. Finally, on the
question of SU(3) breaking, we mention that we
have explicitly checked the effects of wave-func-
tion distortions in strange states due to the pre-
sence of the heavier strange quark. ' While such
effects are not always negligible, they are not as
large as the discrepancies between theory and
experiment encountered in the nonstrange sector;
we therefore neglect them as being too fine a de-
tail for our simple model.

While it is possible to consider a dynamical
model for meson emission, "we take the simple
approach here of approximating the mesons by
pointlike structures and considering the ampli-
tudes q —qM. This point-like approximation can
be supported by arguments from PCAC (partial
conservation of axial-vector current). 2' In any
event, in this approximation the meson-emission
amplitude must be of the form

B'

FIG. l. (a) A baryon photon emission. (b) A baryon
meson emission.

FIG. 2. (a) Okubo- Zweig-Iizuka (OZI) rule allowed
meson emission. (b) OZI rule forbidden meson emission.
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where g and h are two "elementary" emission
amplitudes reflecting the dynamics of Fig. 2 and
where X, is the flavor operator for emission of
meson' from the third quark with

X"=x„X~= (1/v 2)(~,+t~,),

x = (x, tx,), I"=(, ~, +
(1+v 2 'W2 —1

etc. , in which the X,. are the usual Gell-Mann
matrices, and 1 is the 3 &3 unit matrix. We

have assumed the "perfect" mixing pattern for
the g,

1 &1+v2 v2 —1
(M.. M, ) =I 74+ 7i„(6)

where M„= (1/V 2 )(uu+ dd) and M, = ss, in the
above formula for X", corresponding to an g-g',
mixing angle of - -10'.

The calculation of the transition amplitudes
(4) and (5) is most easily accomplished by choos-
ing K along the +g direction. Apart from flavor
and spin factors, this leads to integrals of the
form

t -I2 2.dxx' "'e "j (Px)
0

P" "' &('(u+~)l (u+v P*

)2~+'~' cK'~ 1'(p+1) ~I, 2 ' ' 4o, 'Ml p+1

(7)
where M(a, b, c)=M(b —a, b, c)e ' is a-confluent
hypergeometric function which has the property
that M(b -a, b, -c) is a polynomial for all the cases

considered here. In terms of the calculated
helicity amplitudes &,,„ the partial widths are
given by

where J~ and M~ are the angular momentum and
mass of the decaying resonance .and s and s' are
the initial and final spins defining a given heli-
city amplitude.

We will actually quote our amplitudes, not in
the helicity basis, but in the conventional par-
tial-wave basis; this basis is defined in subsec-
tion 6 of the Appendix. We find that apart from
an overall strength factor, all of the states in a
given SU(6) x O(3) multiplet share common par-
tial-wave amplitudes independent of their flavor
and total angular momentum 8; e.g. , g~' and
N 2' of the (56,2') share the same F -wave Nv

amplitude. The sharing actually goes much fur-
ther: The amplitudes which appear depend only
on the total excitation quantum number N of the
harmonic oscillator and the value of L~, so that
(56,2') and (70,2') decays are governed by the
same ampli tudes. These "universal" nonrela-
tivistic amplitudes are displayed in Table I,
from which one can see that the amplitudes fall
into two classes. The first class, which we call
"structure independent, " consists of &o, &, and
E which have only the momentum dependence dic-
tated by angular momentum considerations along
with the gentle "elastic form factor" e " "'~
The second class of amplitudes, consisting of

TABLE I. The universal partial-vrave amplitudes for pseudoscalar emission to unmixed
gound states. The full amplitudes denoted by the symbols in column bvo are obtained by mul-
tiplying column three by o.' [{X/7t)(E'/Mz)[/~ exp[--[&2/o. t)]. For the definitions of G, G', G",
H', and H" compare to Ref. 22.

Multiplet Amplitude Nonrelativis tie model Relativistic model

(56, 0')

(70, 1-)

(56', 0') and (70, 0')

Po

Po

Eo

[g- -h]

E(g- -h) — + 3h
i

[g--h]—
E(g--h) — + 2h
o.

G' —3H'

G'

G" —2H"

(56, 2+) and (70, 2+) (g--h) — + 5h

[g- -h]—
G II 5HII

P'
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I. , D= F'= [(g —.'-t —.)],
S = [(g ——.'h)z'+ St ],
P = [4(g 3k)z'+ 5h],

P,'= [4(g ——.'-) )z'+2I ].

(»)
(gb)

(9c)

(9d)

Thu.", since z = I, for (g —kh)=+5. 7 and h= —3.4

TABLE II. The values of the reduced partial-wave
amplitudes.

Heduced amplitude Fitted value (Gep ~)

+6

+].1
+12

&, P~, and P we dub 'structure dependent" as
they, in addition to having the required momen-
tum dependence of the first class of amplitudes,
are polynomials in K/o.'which are highly sensi-
tive to the structure of the states. We respond
to this observRtion by taking Rn Rppl oRch that ls
different from the usual one adopted in. explicit
quark models and specifically forego attempting
to calculate the stmctme-dePendent amp/itudes
in terms of g and h. In practice this means that
our decay amplitudes, instead of being described
by only the two parameters g Rnd h, are des-
cribed in terms of four. Recalling that our main
objective here is to test the model for baryon
structure, this relaxation of the decay model
seems to us both sensible and prudent. The ap-
pearance of these two classes of. amplitudes is R

quite general feature of explicit decay models;
in Table I we also show the closely analogous
relativistic amplitudes obtained in the model of
Feynman, Kislinger, and Bavndal. "

We have further chosen to represent the struc-
ture-dependent amplitudes by momentum-inde-
pendent constants multiplying the standard an-

—(1 6)(A / Ot )2gular momentum Rnd e """~' ' factor. This is
done both for simplicity and because we believe
that the emission of a real pion will tend to wash
out any other momentum dependence of these
amplitudes. The values of the reduced partial-
wave amplitudes [i.e. , the amplitudes in square
br ackets in Table I] which we use ln our calcula-
tions are shown in Table II. From our photon
amplitudes we find that + =0.41 GeV in accord
with Copley, Karl, and Qbryk. "

Before proceeding, we would like to mention an
amusing feature of these amplitudes. H one had

an exactly harmonic spectrum, then (&/o)„,
would be approximately 2(&/o')„„==2z and we
would have

we would find &0 =+6, S = -5, & =+6, and &0=+16,
not so dissimilar to the observed pattern. This
example also has the nice feature that the counter-
parts of (g —kh) and h automatically have oppo-
site signs in. the relativistic model of Ref. 22.
However, since the actual multiplet spacing is
rather far from harmonic and since there are
large splittings even within multiplets, these con-
siderations should only be considered illustra-
tive.

The actual calculations of amplitudes are
straightforward. In the Appendix we have
gathered together all of our wave functions and

made all of our phase choices explicit in Rn at-
tempt to enhance the usefulness of our compila-
tion of amplitudes. In Tables III and IV we pre-
sent amplitudes for y and pseudoscalar meson
transitions from states with up to two units of
orbital angular momentum Rnd up to one radial
excitation in the harmonic oscillator model to the
unmixed ground-state configuration. There are
two circumstances in which we have chosen to
extend the calculations beyond those outlined
above. In certain. special cases these amplitudes
may be exactly zero as a result of SU(6) selec-
tion rules. 2'~" In other cases we will find ampli-
tudes that are small for various dynamical rea-
sons. It has been argued" that the observed
violations of SU(6) selection rules are due to
transitions into a color-hyperfine-interaction-
induced admixture of 2S„[or (70,0') in SU(6)
language] configurations into the ground states.
We have found that the resulting violations of
SU(6) selection rules for pseudoscalar meson
decays may be calculated in terms of the known

amplitudes of Table II (see the first half of Table
V). For meson decay amplitudes that turn out to
be small for dynamical reasons, we have also
studied the effects of '~„configurations in the
ground states. We find that these corrections Rre
usually small, with the occasional xception in
the case where the decaying state itself contains
a significant 'S~ or 'S„component; the relevant
amplitudes in this case are shown in the second
half of Table V. One can see from the table that
unlike the SU(6)-violating amplitudes, these amp-
litudes are structure dependent and not calculable
in terms of the parameters of Table II. Further-
more, their structure dependence would lead one
to expect them to be smaller than I'„we have
accordingly neglected them in what follows. The
explicit SU(6)-violating meson and photon ampli-
tudes may be found in Table VI. The notation
used in all of our tables has been developed pre-
viously"' and is detailed in the Appendix. The
actual strong decay amplitudes in Tables IV and

VI are o,„,v'I;„„while Tables VIII-XI will give
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TABLE GI. Photon-decay amplitudes. The full photon amplitudes are obtained hy multi-
plying the entries in this table by the factor (2w/IC)t tp&exp[- (-Kt/o. t)], where p& is the pro-
ton magnetic moment.

State A"3/

Q(48s)-

N (4P~)-

3

N( P@)-

N (~P~)-
2

N (~Pg)—

4(~P~)—
2

4( P@)-

N( Ss)-

~(4gI }3+
S

N( S@)-

APSE)
q

N (~Ds)-

N(D )-

A(4Ds)-

6(4Ds)-

6(4Ds)-

(4Ds)

2

N (~D~)-

N( P~) )

N(~P~)-

2~3
3

1K3
+

9 n2

~io
15'

~10
15
Mv ~'
63 n~

~3S X'
105 n~

~10 E'
45 n~

15
vg

+—E15

15

——E15

2——K
3

+ 1—

~6 X'
18 n~

~3 Z'

~s x~
18 n'

~S K3
54n~

~6( E')

H].05 E'
315 n

~70 K3

315 n
vS() E'
135 n~

vip E'
135 n'

0

~10 X'
15 n

~15 E'
15 n

1 E'3
+

18 n~

+
63 n~

105 n~

~10 E'
+

90 n

15-
vg——E15

~g E'
15 n
~5 X'
45 n
1K~

~e K3

27 n

VS K~
+

54 n~

VS K3

54 n~

45 n~

2~30 E'
135 n

&105E'
315 n~

~vp E'
630 n
~30 E'
270 n
~30 E'
27p n
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TABLE IV. Pseudoscalar decay amplitudes. Amplitudes for pseudoscalar-octet decays may be taken from this table
by the use of standard SU(3) isoscalar factors (see, e.g. , the compilation of Ref. 25); for q decays use Eq. (6) and the
relations A(B8-B&pq) =~2A(N- N&8) and A(Bqo-Bqp'0g) =V 2A (6 6Q 8) ~ We have suppressed a factor of +i in front of
all Pz amplitudes.

State
8 8 8

D type E type Bio B8~8 B8 B10M8 10 io 8 Bi 88M8

104S -"$2

8 P~
3

8P„-4
2

3

1
2

2

N2

5+
8 Ds

2

2 3+
8 Ds-

2

1—D
3

vg,——D18

+ S

~15
+—D

18

+ S

+ 0 P1

9

vg
+—D

15
~30

+—D
90

vg——S
9

5~3
+—D

18
ws

+ -S

45

45

vg——D
9

——S
9

0

6
5~6 2~6
18 ' 9

S, ——D

~30
18

~15 ~15
+ S, — D

9
~30——S

9

~30 ~5
48 ' 45

~5 ~5——P, + E
45 ' 15

~6
9 ' 9

9

+—D
3

+—S
3

4 f +
10 Ds-

2

104Ds&

10 Ds-4 3+

4 1+
1O Ds-

2

282ss—
2

1O4S,'-'
2

4 3+

2

1+
2

10 S

1+
2

N2

4 5+

3+
8 D~&

4 1+
8 D„-

2

5+
2

3+
8 2D

2

18

v].p+ Po36

PI
36

vy
+—E

42
~14
126
1——P

18
vp——P
18
vp
36

36

+—P'
g 0

Pl
0

5-Po
38

210
~70
630

+ —,P
.9'0

+ Pvip
90

~io
36

410
36

+ E105-
&70
135

45
Bio
45

+—P'
g 0

1 I+ ~8 Po.

vg
+—P

g 0

5~2
+ Po 0F o

18-

42
+05 P 4~70
90 ' 315

2V5 V5
+ - P, +—E

45 ' 30
1

+—P18
~15 ~10
45 ' 45

~10 ~10
90 ' 30

&210
105

~42 ieR
45 ' 315

+ P, + E
~io

+ P

+ gP0 0F0

2 I+-Po
9

PI
0
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TABLE IV. (Continued, )

State
Bs SsM

D type ~ type Bio-BSMB Bs -Bio~s Bio Bio~s B( B8ilda

102D
2

2
3+

10 Dg-

5+

2

2
3'
2

2
3'8P
2

2
1'

8 P~-
2

Is+1P
2

4 3+1P
2

1

2

OP'

OP'

OP'

OP'

~10+
90

+ --Pvip
90

OP', OZ~

OP 1

45 ' 45
2 2——P, +—'E

45 ' 15
vg—j'
15
vg——P15

OP'

OP'

OP'

TABLE V. Some universal partial-wave amplitudes for pseudoscalar emission to impuri-
ties in the ground states. The full amplitudes denoted by the symbols in column three are
obtained by multiplying column four by oI [(ff/&) (B'/Nfs) t/2 exp[—(E /u 2) ).

Initial state

As'P~

N 4P@

As 4D

As Sz4

As S~
2

N S

N S~

b, Sg

Zs 4S„

~s's„

Su

Final state

N'S„

As S„

Ai 2S~

N 2S~

As S~

N 2S~

N 'S„

f S~

N 2S~

N'S„

S@

N 2S~

N 2S~

Amplitude

Dzo (=D)

Dzo (=D

zo (=D

(-Q)

5'zo (=5')

(-+)

zo

Pb

Pc

Pzo

Pzo

Pzo

Pzo

Nonrelativistic model

K 2

-Ig —,'al (—
X 2

I'g--'I )—8 QI

I,--al(&)'
3

.Ig--,hl( —)
fg- —,'h]—

3

[g- ~a)(—)
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TABLE UI. Amplitudes of some SU(6)-violating pro-
cesses. We have suppressed a factor of +i in front of
all P~ amplitudes; note also that the full photon ampli-
tudes are obtained from these by multiplying by the
factor (2r/E) p&exp[--(K /e )], where p&is the pro-
ton magnetic moment.

4& P~2 -P Sz- V
2

2 2

5 2 1
8 2

Z 2 j
A8 D~- N S~- K

2 2

4 5
m

2

Z+
N4D~-

2
1'A)S-8 A/2

f +-A2S - &
N2

1+
-A8'S~-

2

2-A, 2S„- Z
2

A 3~]2 ———

Ay2 =—P

Amplitude

2415 K p

S4Z Z'
189 A

~15
45

&105
315

~3O
+ D

vip————D
45

~210
315-

~210
315

~3p X'
45 e

2~7p x'
315 ~2

the numerical valises of o,.„o«,4~p«, where o,n(p«)
is the sign of the ingoing (outgoing) amplitude
and ~,„, is the partial width of the outgoing decay
channel.

IV. COMPARISON TO EXPERIMENT AND
CONCLUSIONS

To compare to experiment" ""we simply com-
bine the decay amplitudes of Sec. III with the
baryon compositions of the model described in
Sec. II. The ground-state compositions have not
been quoted elsew'here and so are given in the
Appendix. The &-wave and positive-parity baryon
compositions have been published, "but in con-
ventions which differ somewhat from those used
here, so in the Appendix we also provide a short
dictionary for translating these compositions into
our present "standard" conventions.

The results of the calculation are shown in
Tables VII-XI. For each predicted resonance
(we use the standard partial-wave notation L~,z
for S =0 states and Ll,+for & = -1 states) we
show the theoretical mass and amplitudes while
just underneath we give the experimental mass
of the resonance w'e interpret as corresponding
to the theoretical one and its amplitudes. We
have usually not calculated rare amplitudes
(:"K, LX, Z*m, &y, etc.) for weak or unseen re-
sonances; when required they may be constructed
from the tables of the preceding section.

For the most part we believe that the tables
speak for themselves. They argue convincingly
that at least the main features of baryon physics
have been captured by, the structure and decay
models described here. The tables are so detailed,
how'ever, that it is perhaps worthwhile for us to
try to summarize our findings.

The first feature we would like to emphasize
is that the model explains the apparent absence
of many predicted states from the partial-wave
analyses; usually they are far too inelastic to
be readily seen. This is illustrated in the case
of the positive-parity excited baryons (similar effects
occur in the negative-parity states) in Figs. 3 and 4
which compare the observed resonances (denoted
by open boxes representing the regions in which
the masses of the resonances most likely lie"' )
with predicted resonances represented by bars
whose lengths indicate their visibility relative to
the strongest resonance in the partial wave. These
diagrams illustrate that the "problem" of missing
states is not a problem —the states are only
weakly coupled and should eventually be seen.
One of the best examples of this is in the ~~'
sector where only one of the seven predicted
resonances couples significantly to NZ. This re-
sult has a very simple interpretation, first dis-
cussed in Refs. 2, 3, and 4: The presence of the
heavier strange quark causes a segregation of
states into those in which the two nonstrange
quarks oscillate and those in which the strange
quark oscillates against the nonstrange pair.
This leads naturally to the introduction of the
"uds basis" and the classification of states as
p (nonstrange) and & (strange) oscillations; the
former trivially decouple from ÃE and related
channels ln the single-quark transition picture. "
In addition to confirming the decouplings that
could be seen easily in the uds basis, this cal-
culation reveals further extensive decouplings
in the 8 =-1 states (especially in the Z's) that
yieM the full results of Fig. 4. Equally remark-
able are the results of the calculation for de-
couplings in the 8 = 0 sector. The N&' states
serve as an example equally striking to ~~'—even
if less immediately interpretable. The five states
predicted in this channel have elastic branching
ratios predicted to be roughly in the ratio
1.0:0.16:0.01:0.01:0.00 (see the caption to Fig.
3 for a description of how these branching ratios
have been estimated) indicating that only the
lowest state should be readily observed, as is
the case. We stress that in view of the coupling/
decoupling picture shown in the figures, it seems
reasonable to conclude that the complete baryon
spectrum anticipated by the naive nonrelativistic
quark model is present and that there is no need
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TABI E VII. Photon amplitudes (theory versus experiment). The experimental numbers
quoted are rough averages of the available data including not only the values listed by the
Particle Data Group (PDG) (Bef. 25) but also more recent results (Bef. 26). The experimental
values are given under the theoretical values.

State

D15+ggg

$1]

S11++++

$3]

Q 17 )fc g

Q 15 QQQQ

'P13 +++

+1] ofc++ojc

Pll ggg

+35QQQQ

Mass (Me V)

1240
1230-1235

1670
1650-1685

1535
1510-1530

1745
1660-1710

1490
1500-1545

1655
1660-1700

1685
1620-1720

1685
1600-1695

1955
1970-2000

1715
1670-1690

1710
1650-1750

1405
1390-1470

1705
1650-1750

1915
1910-1950

1940
1860-1910

1780
1650-1900

1925
1780-1960

A3(2

-179
-255 + 10

+]6 R

+20+10
+128
+165+ 20
+ll
-10+15

+105
+100+25

-10
0+?

+91
+125 ~ 25

+46
-35 + 30

-69
-70 + 20
-33
-35+ 20.
-46
-10+40

-103
-140+ 5

+12 '
+15*10
-23
-15+10

—15+15
+147

+65 +20
+88
+50 + 20

+100
+100~ 30

+59
(+)40 ~25

-8 a

+25 +?
~0

-10+ 10
-133

+50 ~ 50
-24
-70 +25
-47
+45 + 25
-50
-60 + 20

+8b
+30 + 20
-16

0 +30
~0

-20 + 20

A3(2

-53
-60 R 20

-122
-130+ 20
-76

(+)40+40

-23
-70+ P

-25 b

-30 +15
-lg
+50 + 30

A Pl

-37
-50 +20

45
-70 &20
-15

(+)30 +40
-119
-60 + 35
-35 b

-50 + 25.

-18
-85 +?
+26
+30+10
+57
+15+25
+16
+40 +20
-21
+30 +25

SU(6) violations due to impurities in the ground state; see Bef. 24.
Sign change due to mixing.

for schemes to eliminate, for example, the 70-
even SU(6) supermultiplets. " Of course, the fi-
gures show much more: They show that in addi-
tion, the dynamics of the quark model of Sec. II
predicts those states that do couple to be near
their observed masses.

This last observation leads us to examine the
details of the amplitudes more closely. To some
extent the success of the model in predicting the
signs and magnitudes of the decay amplitudes—
especially with our method of dealing with the
"structure-dependent" amplitudes —is simply re-
flecting the well-established success of the SU(6)I,
decay scheme. " In view of this it is probably
worthwhile mentioning some of the ways in which
our model is being tested beyond this level:

(1) The SU(6),„model does not, of course, pre-
dict where the resonances whose decays it fits
will be found, nor what their structures will be.
As mentioned in the Introduction this becomes es-
pecially important when the complexity of possible
mixings increases —as it soon does —to the point
where SU(6)~ loses its predictive power (unless
it makes ad hoc assumptions on mixing angles).

(2) Even with the "structure-dependent" ampli-
tudes, our scheme successfully relates decays
in different multiplets while SU(6)~ cannot. We
have not only the very nice relation +0
between the structure-independent amplitudes,
but also it should be noted that I' and F are am-
plitudes common to both the (56, 2') and (V0, 2')
supermultiplets, and that I'0 is common to
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TABLE IX. & pseudoscalar decays (theory versus experiment}. See caption to Table VII.

Mass (MeV) Comments

P33 )fc Q Q )fc

D33 QQQ

E35++++

E35 not seen
P33

P33

P33 not seen
P31

P31

1240
1230-1235

1685
1620-1720

1685
1600-1695

1915
1910-1950

1940
1860-1910

1975
1780 (theory)

, 1650-1950 (expt)
1925 (theory)

1975
1875 (theory)

1780-1960 (ezpt)
1925 (theory)

ll
11 +1
4.9
6.7+1
33
5.5 ~1
7.5
9.8+1,
4 0
6.1+2
1.0
5.4
6.1~2
5.2

0.1
2.7
6.6+2
5.3

no

-small
+0.4 + 0.4
-small.

-1.9
-0.8

+]

-1.9
+0.8 + 0.8

302

-1.3
+3.6 +1
-3.4

no

$:-10.3
S:-97~1

+8.0
+8.4 ~1

E -5 5
F:(-)6.7 ~1
P:-3 2
P:small
P:6.2
P:-8.6
P:-ll ~2
P:+3.2

P:+0.5
+ 7.6

(-)2
-5.9

D:-6.3
D:-2.5 + 1

H:0.0
H:small
E:-5.5
F:(-)6.6 ~2
F:-1.4
F:-0.1
E:(+)2~1
E+14

E".-7.7

weak &N coupling
PDG comments &(1690)

may include more than
one resonance; see also
Ref. 26

decouples from &N

(56', 0') and (70, 0').
(3) Next we would like to try to highlight those

features of our results which provide some evid-
ence for the @CD-like components of the quark
model of Sec. II. The purely spectroscopic evid-
ence has been discussed in Refs. 1-11, so here
we concentrate onl.y on the evidence from the de-
cay amplitudes. In general, these amplitudes
show that the spectroscopic successes of the mo-
del are not accidental in that the coincidences be-
tween theoretical and experimental masses are
substantiated by coinciding theoretical and experi-
mental internal structures for the states. We have
already mentioned the uds basis and the extensive
decouplings in the 8 =-1 sector which result from
the dynamical segregation of states into "p"- and
"X"-type states. This segregation indicates that
the confinement is flavor independent, as this is
the main assumption on which it is based, sup-
porting the idea that flavor-symmetry breaking is
entirely due to the quark mass differences. In
addition to this "confinement mixing" of states,
the hyperfine interactions also produce very im-
portant mixing effects:

(a) In the N ,' sector in the abs-ence of mixing
the N(1700) would have twice the Nri width of the
N(1535); with the mixing its Nriwidth is predicted
to be ten times smaller as observed. These mix-
ings also produce substantial effects in the
strange states and in photon decays; for example,
the large value of At„ for Sll(1700} is entirely
due to mixing. As explained in Refs. 1, 3, and 8
these successes indicate that the tensor piece of

the hyperfine interaction (3) is present with
the expected sign and strength relative to the con-
tract term.

(b) Hyperf inc interactions produce extensive
mixing between the (56, 2'} and (70, 2') multiplets
which has several important effects. In the N—,

"
sector it predicts that N(1688) will be much more
strongly coupled to Nm than the two higher reson-
ances in this channel, as observed; the unmixed
N 'D~ and N'D& would have ha, d about equal coup-
lings. A similar effect occurs in the &—,

"sec-
tor." Here the strong 'D~-'D„ tensor mixing es-
sentially decouples the upper state from Nw (only
one state is seen) while itproduces an otherwise un-
expected dominant+-wave nw decay of the &(1890)as
observed. We have already mentioned the N —,

"
sector in praise of its decoupling properties.
These are also partly due to (56, 2')-(70, 2') mix-
ing as once again the unmixed N 'D~ a,nd N 2D„
would have had Nm couplings of about the same
strength. Similar effects, sometimes partially
masked by the p-~ effect, a.re present in the S=-1
sector as well. As an example of the effects of
the mixing on photon decays, we mention the
F15(1688) where the A,"y, amplitude arises en-
tirely from mixing which, at the same time,
leaves undisturbed the famous near-zero in the
A.~~, amplitude. "

(c) The tensor interaction also produces mixing
of L =0 and I.=2 states. The neatest example of
this is in the 4&' sector where there is almost
50-50 mixing of '8& and ~D& which essentially
decouples one state from Nx and leaves the other
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TABLE XI. Z pseudoscalar decays (theory versus experiment). See caption to Table VII.

Mass (MeV) Comments

1390
1385+ 5

no -2.8 +6.6
+ 2.1+0.3 (+)5.7 + 0.4

no no

D15 QQQQ

D13+QQQ

1760
1775+ 10

1675
1675+10

6.7
7 +1

2.1
2.1 + 1.1

+3.0
+1.5+0.3

+6.6
+4.6 + 2.3

-4.7
-4.3+0.6

+2.4
+2.3 + 1.0

D:+2.9
D:+3.2 + 0.4

ii
G:0.0
G:&+0.5
:+0.9
:(+)2.5 ~1.5
:+0.5

D13 not seen

D] 3)jc+Q

1805

1815
1860-1950

0.3

4.3
4 +3

+3.9

-4.0
(-)4

3 4

-0.4
-3 +1

S:+2.5
D:+5.5
S:-11
s:(-)3~2
D '-1.7
D:&+1.5

S:+6.2
S:(+)7+3
D:-6.0
D:(+)7~3

decoupled from EN
&k signs are

measured relative
to E17(2030)

Sll

Sll

E17 not seen

1650
1610-1635

1750 (theory)
.1730-1820 (expt)

1810 (theory)

2015
2020-2040

2115

5.3
2.5 6 1.0
4.1
4 +2
2.5

54
5.9 ~ 1.1

+9.9
+4.5 +2
-0.5
+2 ~1
-4.1

2 \2

-2.9+1.5

+4.1

0.0
+4 +2
-5.3
-2.8 + 1.0
+0.5

+3 2
+5.8+1.1

-0.1

+0.4
(+)4 + 3

+7.4
E:-2.1
F:(-)4.4 + 1.5
H:0.0
H:&+1

{F:+4.5
H:0,0

E:-3.8
E —4+2
H:0.0
H:&0.5

-1.8
+5+2

30l
0.6

-0.6 + 0.3
note "E and &g
sign conventional and
opposite to
Litchfield (Ref. 27)
relatively weak
to KV

F15

F15
E15 not seen
E15 not seen
P13*

P13 not seen
P13
P13

P13
P13 not seen
P13 not seen
P13 not seen

Pll
Pll not seen
Pll not seen
Pll not seen

1940
1905-1930

1.1
3+1-

2035 (theory) 2.9
2050-2100 (expt)

2060 (theory) 1.2
2105 0.6
2160 1.3
1865 3.9

1800-1850 7+2
1935 0.8
2005 (theory) 4.3
2045 (theory) 0.3

I2070-2130 (exPt)
2080 (theory) 1.1
2100 0.1
2120 0.0
2165 0.5
1640 1.2

1580-1690 ' 3+2
1910 (theory) 1.8

1850-1990 (expt) 3 + 3
1955 (theory) 3.5
2025 2.4
2080 0.3
2165 0.9

-5.3
-4+2

-0.2
+large
+4.3
-0.1
+1.8
-2.1

(-)2+2
-5.6
+0.7
+4.0

-0.6
-1.0
-1.3
+1.1

307

-6+4
+7.1
+8a3
-4.0
-0.2
-1.1
+0 4

3Q 3
-3+1

+1.9

-0.1
+3.0
-2.4
+3~3
+2 +2

2 Q 1
-0.1
-3.9
(-) '7

+3.1
+0.4
-1.0
—2.9
+3+2
+l.9
3+2

+l~l
+1.3
+4.9
-1.8

-0 8
:&0.3
:+0.5
:(-)1.2+ 0.5

P:-2.7 F:-2.3

P:-1.1 F:+2.2
P:+3.4 F:-3.3
P:+4.8 F:+4.1
P:-8.2

P
P:+3.6
P:+1.6

P:+5.3
P-+2 0
P:-0.8
P:-2.1

+1.5

+2.2
-6.6
+0.1
-0.7

weakly coupled to EN
weakly coupled to XV

weakly coupled to XV

decoupled from ~
decoupled from ~
decoupled from ~

relatively inel, astic
decoupled from XN
decoupled from IQf



1882 ROMAN KO'NIUK AND NATHAN ISGUR

2100-
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( )
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1700-

E 1600-

1500-

1400-

N—2 2 N—2
5
2

I+
2

FIG. 3. The pattern of decouplings in the S= 0 positive-parity excited baryons. The regions in which the masses of
observed resonances probably lie are denoted by open boxes, in which are given the resonances' ratings according to
Ref. 25. The predicted resonances are denoted by bars whose lengths indicate their predicted visibility relative to the
strongest resonance in the partial wave. The legend is {1)full-length bar: greater than 3 of the peak elastic amplitude
of the strongest resonance; (2) 3-length bar: —to —,

' of the peak elastic amplitude of the strongest resonance; (3) stub:
less than

6
of the peak elastic amplitude of the strongest resonance. For these purposes we have used a very crude

semiempirical formula for the total width of resonance R: I'„„&=- 3(Mz- Mo)9(M~-Mo)+ I',&„ where I',~ is the
width we calculate into quasi-two-body modes, Mo

——1550 MeV, and &(x)=0 or 1 as x is &0 or &0.

2200-

2100

M
M

0

2000-

& 1900-

1800-
O
E

1700-

1600-

g l+
2

FIG. 4. The pattern of decouplings in the S= —1 positive-parity excited baryons. The coding here is as in Fig. 3 ex-
cept that the elastic amplitude is taken to be the sum of the magnitudes of the peak amplitudes from NE' to NE:, gx, and
«and Mo is taken to be 1700 MeV to allow for the higher 8=-1 inelastic threshold.
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with the correct couplings to both Nm and 4n;
(d) To complete this partial listing of hyperfine

interaction mixing effects, we mention the hyperfine-
induced admixture of non-'S~ configurations into the
ground-state octet." This admixture provides expla-
nations for the nonzero values of A(1830)—,

' —NK,
N(16VO) & Py in A f'&, and A~,g„A(2020) L2' AtK,

fi'(1990)+'-Py in'~)2 and A. iS„N(16'l0)2 AK,
and N(1990)~2'-AK.

The preceding praises of our model have been so
ardent that we now feel obliged to point out that
while it does adequately reproduce hundreds
of amplitudes, there are a few probable discrep-
ancies as well (see, e.g. , the P13 photon ampli-
tudes).

On this note we conclude our brief discussion of
the tables. The model is clearly crude and of
limited numerical accuracy; we nevertheless be-
lieve that the evidence is that it provides a good
basis for an understanding of at least the salient
features of baryon physics.

1
P(0= (sus -uss) .

v2

~-type octet:

P~ = —(udu+ duu —Scud),
~1

1
pz+= ——(suu+usu -2uus),

M8

X
yA

= —(usd —dsu+ sud —sd4),

/no = (sus+uss -2ssu).
ve

Decuplet:

Qgm =uuu
q

S

fr+ + (uus+usu+ suu) ~

S

v3

s 1
(ssu+ sus+uss),

(A4)

(A8)

(Av)

(Al. 0)

(A11)
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APPENDIX

In order to maximize the usefulness of our com-
pilations, we devote this appendix to making all
of our conventions explicit by displaying our wave
functions, Clebsch-Gordan conventions, partial-
wave-helicity conversions, etc.

Singlet:

(u ds —du s —u sd+ dsu + sud —sdu) .
Ws

(A13)

All other wave functions follow from the Condon-
Shortley convention. These wave functions have
themselves been chosen to conform to the SU(3)
conventions of de Swart, "'"and differ from the
~ave functinns used in Iiefs. 1-4 by various
minus signs. A dictionary for translating the
results of these references into the present "stan-
dard" conventions is given in subsection 7 of this
Appendix.

2. Spm wave functions

p-type spin &.

x', = -(tt& —t&&).
1

v2

X-type spin —,':

p-type octet:

1. Flavor wave functions

Spin &.'

(t4t

fthm

—2t tk) .
ve

(A15)

1
(udu —duu),

1
Qs+ = — (suu usu) q (A2)

(A18)

All others follow from the Condon-Shortley con-
vention.

3. Spatial wave functions

(2uds —2@ls+usd —dsu —sud+ sdu) ~

1

412
%'ith

1
p= (r, —r ),

2
(A17)
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(1'1+ r2 —21'3) ~

We
(A18)

I
A1'L~(L+-')'& = (x!4i~ - x'. 4i, ) 43, (Ass)+ II + II, Al

we choose the three-body harmonic-oscillator
wave tunctions in t:he SU(3) limit to be

where withe, =—A, +iA, we have

I
A1'L~(L+ 2) & =x.'3&20", &"„. (As4)

States with & & L +S are constructed by using
standard tables" in the L 8 order with the above
states as a guide for overall minus sigris; states
with smaller J, follow from the Condon-Shortley
convention.

0 =1

(4'„,, e'„)=o.(p., Z.),
(A2o)

(A21) 5. Photon-amplitude conventions

o.2( p'+X2 —sn '),1

vs
(A22)

(@oo1 'Co) = ~ (2P X~ P —X ) ~

Ws

@S L1 ~2(p2+ x2)

4,",= o.2(p, x, —p,x,) .

(A24)

(A25)

(A28)

As usual, the remaining wave functions follow
from the Condon-Shortley convention.

t&.'L. (L+-.)') = ~ (x,'0x+x.'4x)4„+ X (A2V)

I&.'L (L+.-) &
= —(x'. 4xP +x'.0'0'

2

+x'&x4is —x' 4'xiii)

I&,'L„(L+-) &= — (4' 'P' +0' 0', )x..~. ,
vY

(Aso)

!~.2L (L+-')'& = b:t'.+x'. t'.»', (Asl)
V2

lo Ls(L+ 2) ) X+3/ ~x42I, t {A32)

4. SU{6) X O{3)wave functions

We use interchangeably the two notations

I~2s+1M[p LP]J'P& —IX 2s+lL gPs

where X =p, n, . . . , M and p. are the SU(3) and
SU(e) multiplicities, S, L, P, and & are the total
quark spin, total orbital angular momentum,
pari. ty, and total angular momentum, and 0 is the
symmetry of p, (8=symmetric —58, M=mixed—'IO, and A =antisymmetric —2O). We prefer the
latter notation since it is readily extended to the
uds basis which is so useful when SU(3) is broken.
For the states of highest 4=1-+S we take

We follow the conventions of the Particle Data
Group ' and others by quoting in Table VII the
values of the photon amplitudes obtained via
Table III times the sign of the &»,Nm amplitude
(see subsection 8 below) with an additional factor
of —1 (+ 1) for the photoproduction of an N* (&*)
resonance.

6. Conversion from the helicity to the partial-wave basis

The text provides a description of how-to cal-
culate helicity amplitudes. We use these essen-
tially directly for photons (see subsection 5 of this
Appendix), but for pseudoscalar emission we
always convert to the more common partial-wave
basis. Table XG provides the conversion factors.
In addition to this conversion the amplitudes quoted
in the tables have been multiplied by (2 J„+1)' '
so that their squares are actually the channel par-
tial widths. [See Eq. (8) and note that the kine-
matic factors have been included in our definitions
of the partial-wave amplitudes of Tables I and V.]

7. A translation dictionary for baryon compositions

There are many sign conventions in the litera-
ture; in this paper we have attempted to establish
a convenient and explicit set of conventions both
for the baryons and the emitted mesons (for
example, the X~ of Sec. GI also satisfy the de
Swart conventions). Since the authors of Hefs.
1-4 arranged their conventions to facilitate com-
parison with previous decay analyses, they are
not always identical to the ones used here. Since
the baryon compositions and the decay ampli-
tudes must be in the same conventions before
they are folded together, we provide here a set
of rules for converting these published baryon
compositions to the standard conventions of this
paper:

(1) In the (70, 1 ) the mixing coefficients of
ga q kf P 8 Af2 q 8Pilf2 q ZBPN

and 'Z8 P„& in Ref. 3 must have their signs
changed [for the .'s see (3) below].

(2) In the positive-parity excited states all A,
and Z8 mixing coefficients in Ref. 4 must have
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TABLE XII. Conversion from helicity to partial-wave amplitudes.

Jlnitiai initial ~final ~P =3'
final 2

5
2

Ai/2 =+AS

Ai/2=-AP

Ai/2 =+AP

A i/2 AD

A i/2 —+AD

Ai/2 =-Ay

Ai/2 =+A~

Ai/2 =-Ag

6 i/2 i i/2

~ i/2 ~ i/2A»2=+(, } AP+(5)

5 i/2 i i/2
A3/2 =- (6) AZ- (6) Aa

5 i/2 9 i/2

i i/2 6 i/2

3 i/2 2 i/2
A, /, =+(-,) AP- {-,)

i i/2 5 i/2
Ai /2=- (8) AP+(6) A~

S i/2 5 i/2
A»2=+(~i) A -(~)

Ai/2 =+Ay)

Ai/2 =-AP

9 i/2 ~ i/2 «/2 9 i/2A 3/2 (io) AP (i0) A E ~ A i/2 (io) AP (io) A E
i i/2 i i/2 i i/2 i i/2

A 3/2 (Y) A S {2) AD ~ A i/2 (2) A S (2) AD

their signs changes. Note that there are-two
errors in 'Table VI of Ref. 4: Z„'D~-, should read
Z, 'D&-', , and A, 'D„—, should be interchanged with

A, 'D~2 .
(3) All other coefficients are unchanged provided

that all:- compositions are taken from the more
recent Ref. .v and not from Ref. 3.

one obtains

A'(940) =0.90A' S~ —0.34N~S~

—0.2VN S -0.06K D (A35)

A(1115)= 0.93A, S~ —0.30A, 'S~ —0.20A, 'S„
-0.05A, S~ —0.03AB D~, (A36)

8. Composition of the ground-state baryons with J
The calculation of SU(6)-violating amplitudes

which proceed via the admixture of non-'Ss com-
ponents in the ground states requires knowledge of
the mixing coefficients of the various impurities,
and especially of the 'S„components. With the
exception of the nucleon, these have not been given
previously; by the methods discussed in Ref. 24

Z(1195)=0.9VZ, 'S~ —0.18Z, S'~ —0.16ZS'S~

-0.02Zio S&-0.05Z8 D~+0 02~go D

(A37)

"(1320)=0.95:"8 S~ —0.25:",2S~ —0.16:",'S~

-0.01~&o Sg —0.03~8 D~ —0.01~io D
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