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Resonant partial-wave amplitudes in n N ~ vrvrN according to the naive
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We make an extensive comparison of the naive quark-pair-creation model of strong-interaction vertices
for mN ~ N* ~ b, vr, pN, crN ~ mmN with recent experimental results. The model describes any
vertex in terms of a quark-pair creation in the 'Po state and a rearrangement leading to final states.
The hadron states are given by SU(6) harmonic-oscillator wave functions. We show that the model
correctly describes, without any additional assumption, the centrifugal barrier effect and also the
"anti-SU(6)~" coupling signs, features that are present in most reactions (with the important exception
of FP, 5 ~ b, m for the second feature) and are included phenomenologically in the works of Rosner et
at. Both facts are related to the presence, in the limit of elementary meson emission, of recoil terms

depending on internal quark momenta. Contrary to other works, the model predicts the relative
coupling signs for all the two-body baryonic decays leading to mnN. Concerning her and pN channels,
among 18 predictions, 15 agree with experiment, comparing our results to the last report of the
Particle Data Group, and three disagree. One of these three is the very serious failure F P l5 ~ Am,

which is among the best determined experimental coupling signs. We compare our predictions with
parallel works. Unlike the model of Feynman, Kislinger, and Ravndal, in the limit of elementary p
emission, our model presents a recoil term in the spin part of the interaction, o.(i) ~ t(kp k') X &pj.

Thus, for FP35 ~ Np„our model predicts an "anti-SU(6)~" sign, in agreement with experiment and
contrary to the prediction of Moorhouse and Parsons. For the controversial cr production, the model is
contradicted by experiment; we show, however, that the model could be compatible with experiment if
the I = 0, J = 0+ dipion observed is not really a resonance.

I. INTRODUCTION

Important progress has been made recently in
the knowledge of hadronic vertices. Strong meson
and baryon decays have been submitted to exten-
sive experimental studies. A number of experi-
mental results concerning ~N- mmN have recently
been published' [we will refer to them as experi-
ment I); not only the coupling strength but also
the coupling signs of vertices ¹wb,, ¹pN, and
N*vN are given. Such signs are very discrimina-
tive tests of any model trying to describe hadronic
vertices.

Experiment has ruled out the former SU(6)„ver-
tex symmetry for two main reasons: (i) When the
same decay channel implies two different partial
waves, experiment shows in general a damping of
the highest wave, presumably due to a centrifugal
barrier effect; (ii) the relative sign of the two
partial waves seems in most cases to be the op-
posite of the one predicted by SU(6)~. This fact
has been called an "anti-SU(6)~" relative sign. '

Stimulated mainly by Rosner, a great deal of
theoretical work has been made in the frame of
the SU(6)80(3) classification of hadrons to over-
come the failure of SU(6)„. Various models have
been proposed. Petersen and Rosner, ' Faiman
and Plane, ' and Faiman and Rosner' have de-
veloped the "l -broken" SU(6)„model of hadronic

vertices. Moorhouse and Parsons' have used the
elementary-meson-emission quark model of
Feynman, Kislinger, and Ravndal (FKR).' The
"naive" quark-pair creation model (QPCM) of
Micu' has been developed by us' with the help of
SU(6) harmonic-oscillator wave functions and an
explicit 'P, quark-pair creation operator. It has
the advantage of making definite predictions for
all hadron vertices. It includes automatically the
centrifugal barrier effect. An algebraic approach
based on PCAC (partially conserved axial-vector
current} and the Melosh transformation from con-
stituent to current quarks' has been used by Gil-
man, Kugler, and Meshkov. '

All these models have some common features
related to the SU(6) SO(3) classification, namely,
the recoupling coefficients of unitary spin, quark
spin, and quark orbital angular momenta. But
they differ in the detailed dynamical description.
These finer features of various models appear
clearly in the predictions for different partial-
wave decay amplitudes.

Faiman and Rosner' have confronted their model
with the recent experimental analysis (I) of
wN- ~4. The results concerning mN- m~, pN have
been studied by Moorhouse and Parsons. 4 Our
model was confronted to partial data on ~N- n~
—nnN. " The Melosh approach has been compared
to experiment I on mN- nA. '
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Experiment I seems to contradict not only
specific predictions of models, but also some
common predictions of the whole class of models
based on the SU(6)SO(3) classification. At the
Aix-en-Provence Conference of 19't3, Butterworth"
reported a new solution fitting the experimental
data and which agrees much better with the com-
mon features of all classes of models. We will
refer to this solution as II. Recently, some new
results have been published by the Particle Data
Group, " to which we will refer as R.

In the present paper we intend to make a syste-
matic comparison between these last experimental
results and QPCM predictions concerning coupling
signs and coupling strengths. The model predicts
the relative signs for all mN- @AN channels, con-
trary to the above-mentioned models, which can-
not predict, for instance, a relative sign of mN- nb, and wN- p¹We also make a study of N*

-vN which, as far as we know, has not yet been
done.

In Sec. II we recall the basis of the model and

we write the general form of the matrix elements.
In Sec. III we derive the centrifugal barrier and
the anti-SU(6)~ relative signs. In Sec. IV we
formulate selection rules for the couplings 1P'0¹
In Sec. V we compare our predictions to experi-
ment. Section VI is devoted to a comparison of
our model with parallel works.

II. GENERAL FORM OF THE MATRIX ELEMENTS

The principles of the model ha.ve been described
in deta, il elsewhere. ' An intuitive picture underly-
ing it is given by the diagram of Fig. 1. The spec-
tator (Iuarks are supposed not to change their SU(3)
quantum numbers, nor their momentum and spin.
The "created" pair q4q, must be therefore in a
'P, (C =+ 1), SU(3) singlet state of null momentum

k4+k, = 0.
Then, defining the 8 operator

(&, Ml &(A) =»&(&„&, E„}-(&,M-)R)&), (2.1}

we write

d t(, d k—, y 5(') (k, + k—,)g C»(0, 0; m, —m gP (k, —k—,)(X„go),, a,"(k,)bJ(k—,), (2.2)

where i,j are SU(6} indices, at and bt are creation
operators of quarks and antiquarks, Q, is for an
SU(3) singlet, )(, is a triplet state of spin, '((, re-
flects the L=1 angular momentum of the pair, and

y is a dimensionless constant. We take the matrix
elements of R between the SU(6} harmonic-oscilla-
tor quark wave functions of hadrons A and B, M.

Now, let us get the general form of the matrix
element for A. —B+M, where A and B are baryons
and M is a meson. We shall use the notations
Jz, Lz, Sx, fr (X=A, 8, M, P) for the spin, internal
quark orbital momentum, total quark spin, and
isospin of the hadron (A, 8, M} or of the pair (P),

with the coupling Jx = Lx+ Sx. The partial decay
amplitudes M(f, s) for the decay A-B+M are de-
fined with the following conventions for adding
angular momenta and isospins

S,+T„=s,
I+s=j„,
T, +7„=3=3„.

(2 3)

l is the orbital angular momentum between M and
B. Then, these amplitudes are expressed in terms
of spatial, spin, and isospin reduced matrix ele-
ments by

M(I s) 6((g, lsl g) Q g(I~l LaL g)6(SA: ss $)()( 1)L~+s z~+ sp [ (2 L + I)(2S + I )]1/2
7 LLf. 1 S 3

L~ Ly e~ S I L~

x(-1) "~& ' ~y[(2da+1)(2J„+1)(2Lq+1)(2L+1)(2S+1)(2s+I)]'~'

' I.y L L
X J„S s

La Sa Ja

L~ Se J (2.4)

L~ S s

The reduced spatial matrix elements Z &', ~ & are defined from the spatial integral
I

(k~}=3y dk, ' dk, (k„k„k,)5(%, +k +k~+k~)

xg~& (k„k,)6$3+k~ —k~)'((p(k„—ks)g„&(k„k~, k3)5(k, +((2+k3)
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by

(k~) = g &/, f/P, ~ (~k~~) g Czq, (IW M»'mz)C& l. (I/M/, 'Msm~)C, z (IM; mM/)YP(k„}
f f Ãl

(2.6)

corresponding to the couplings

L„+L =T, Ls+L„=L/, T+L/=L, (2.7)

($ s) g(IA,'IB I& )@[LA',0, 0) 8( sA,'sB s&)
l, 0;l S

x( 1)~&' ~""[3(2l+1)(2s+1)]'/'

and the spin and isospin reduced matrix elements
8 A' B & and 8 "' " are defined byS

&Xs'(124)X~"(35)lX~"(123)X,"p(45})

Ss '
Cusp($$.

'
}/~pp)Csss (Sp; i"si ~)

S, p

(2.8)

and

(P's(124)g„'& (35)
~
P'&(123)P,(45))

s I 1

and formula (2.6) reduces to

x Y', (k„),
where we take k~ as the axis of quantization.

(2.13)

(2.14)

5„+5~=5,
5, +B„=B

T„+Tp=T=T„,

+I~ =I =IA

(T~=O),

(2.10)

Denoting by S» the spin of the diquark (q,q, )

(which must be the same in A and 8}we can write
an expression for the spin matrix elements

Ss &' » =[(2Ss+1)(2S~+1)(2S„+1)(2S+1)]' '

=6"~"s'~' C, , (I„i„;isi„), (2.9)

where g and Q are spin and isospin wave func-
tions. This corresponds to the couplings

III. SOME SPECIFIC PREDICTIONS OF THE MODEL:
CENTRIFUGAL BARRIER AND ANTI-SU(6)~ SIGNS

For a resonance A. of a supermultiplet of quark
orbital angular momentum LA, decaying into
35(I.~=0)+56(I.s =0), we have, in general, two
partial waves allowed, L = LA a 1. The correspond-
ing spatial matrix elements are given by [from
(2.14}and the Appendix]

g(l g, ) oo(+ If)
I~+10ll~ 1 (2I 3)1/2 ( % N

A+

xC (L +1, 0;00),
A p

~z, „oo~ (+ K) 2I,„+1
Lg 1,0;Ig-1 (2I -1}1/2 2 y hf

S12 2 S ~C, , (LA-1, 0;00),
A p

(3.2)

S„ Sp S

(2.11) where
, Rs (12R„+5R„')K= 3YNANBN„2 "exp -k '

24(3R 2 R 2)

and for the isospin, taking into account T~=0, we

get analogously

„[3(2K+1)] ' 2v
4v p

6(IA;Is I~ ) ( 1 F2 +I ~+lg +I/2

x [-,'(2I ~ 1}(+2I 1s)]+'/'

X

1
12 B 2

1I~ 2 I„ (2.12)

2 24RB +R~
P B + Q y

X
2p

2RB + R„'J= 22
™~

In formula (2.4), we have omitted for simplicity
an additional summation due to the fact that the

hadron wave functions are not of the simple form

P(}isa~)/ but are linear combinations of such pro-
ducts.

Let us now consider the case LB = L~ = 0, i.e. ,

the baryon B is X or 4, the meson M is TT or p.
Formula (2.4) reduces to

1
A 2

M
S

FIG. 1. Intuitive representation of the quark-pair
creation model.
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R~ and R„are baryon and meson wave-function
radii, and N„, N~, N„are normalization constants.

Let us define

menta k;} in effective interactions corresponding
to elementary meson emission. An example of
these is the recoil term of Mitra and Ross in pion
emission, "introduced through Galilean invariance,

x [C~ c (L„+1, 0; 00)] ',
A p

g = g't&A:oo~ (2L 1)~~2
LA-1,0;LA-1 A

x[C~ ~ (L„—1, 0; 00)] ' .

Then, we obtain easily

(3.4)

(3.5)

(3.8)

We have shown in Ref. 7 that our model, in the
limit of elementary meson emission, leads indeed
to effective interactions of the forms for n emis-
sion,

g -k~
(2L„+1)/xyp' -%„' (3.6)

[a(i) (k, —k, )][7 (i) v],
and for p emission,

(3.9a)

(rku)2, with r2= p2 . (3. t)

Relations (3.1) and (3.2} imply also a cancellation
of the lowest partial wave when

2LA+ 1

zy

There is no clear experimental evidence for such
an effect. One might be tempted to explain the ex-
perimental suppression of the wave FP» (the no-
tation is the standard one for partial wave; see
for instance Ref. 12) by this effect, but one must
then suppose R~' and R„' to be about twice as big
as the adopted values.

As we have pointed out in Ref. 7, these phenom-
ena which contradict SU(6)„can be phenomeno-
logically described in terms of the presence of re-
coil terms (dependent on the internal quark mo-

The vertex symmetry SU(6)~ predicts 2'/2 =+1.
This ca.n be easily understood: SU(6}~ is obtained
when we neglect the quark movement in the direc-
tions transversal to the momentum R„. This is
the case when the radii of the wave functions go to
infinity (that is, by the uncertainty relation, no
internal momenta for the quarks); then the first
term in the denominator of (3.6) vanishes.

Now, we see that the model predicts the relative
sign as anti-SU(6)~ (that is, 2 /2 negative) if

2L~+1
xyp'

In fact, if we take realistic radii, that is R~ = 6
GeV ', R„' = 8 GeV ',"then,

, =0.163 GeV '
%'p

and it happens that in all reactions studied in ex-
Periment I toe are in the case of anti-SU(6)~ rela-
tive signs. Let us emphasize that we predict this
effect for mb, as well as for pX decays.

We also deduce easily from (3.6) and the values
of the radii we have adopted the centrifugal bar
rier effect, since, when k~ is small,

IV. SELECTION RULE FOR 0 EMISSION

Let us consider the process A-B+0, B being
N or b, . Let l' be the orbital angular momentum be-
tween B and a, and JA, PA, and L„ the spin, parity,
and relative quark angular momentum of the had-
ron A. l is determined by JA and P„according to
the relations.

(4.1)

On the other hand, as we shall show below, the
QPCM, on the basis of P„=(-1)~&, implies the
rule

l =LA {4.2)

Therefore, a.ccording as relations (4.1) and (4.2)
are or are not in agreement, the decay A- B+v

will be allowed or forbidden.
If we look at the experimental results I, we see

that in fact all observed ¹ channels are in agree-
ment with (4.2) if we take the usually admitted
values of LA. For instance, the P» resonances
at 14'l0 and 1 f80 MeV (L„=O) decay in the PS»
wave (t =0). On the other hand, the DF» appears
to be nonresonant, in agreement with the usually
admitted LA —1 for the D15 However, this ab-
sence could also be explained by a centrifugal bar-
rier effect. Moreover, the DF» suppression is
the only one to be predicted for the well-estab-
lished resonances. Therefore, experimental
information about the ~ct channel would be very
interesting to test this selection rule. Besides,
the success of this selection rule cannot be con-
sidered as very significant because, as we shall
see in the following section, the quantitative pre-
dictions of the QPCM for a emission are not in
agreement with experiment. On the experimental

f-,'(k, -k;) e~+-,'io(t) [(k~ —R;)xe~)) [r(i) v] .

(3,9b)

These limits of our model will be useful for the
comparison with models of elementary meson
emission, as we shall see in Sec. VI.
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side, the situation is controversial; the 0 pro-
duced is essentially adipion in the s state whose
resonant part is not really isolated

In spite of all these uncertainties, we will never-
theless derive the selection rule (4 .2) since it has
a theoretical interest in our model and maybe
useful for forthcoming experiments. Instead of
deriving it from the machinery of the preceding
section, we will give a more direct proof which
shows how it depends on the angular structure of
the model ~

For the structure of the 0' in the quark model „

we take a 'P, state of a quark and an antiquark
with null isospin.

Let us consider 5», L», J» (X= A, B, M, P), and

as operators acting in the space E of wav e func
tions of four quarks and one antiquark (1, 2, 3, 4, 5).
For example, f is the relative orbital angular mo-
mentum between (124) and (35). Within this space,
the transition matrix element can be expressed
as the scalar product of the initial stateAplus
the quark pair 'P, created by f( and the final state
B,M) . Let P, be the projector on the subspace

P,E satisfying

0

Pz(L„+s, )P; =Pz(1 + s, )P,

L„+s, = 1 + s, implies
~
l —L„~ ~ 1 . So one could

conclude directly that PJP = 0 when
~
/ —L„~ ~ 2 if

P, and Pf w er e commuting operators . Howe ve r,
this is not the case and the conclusion is thus not

so straightforward. We have still to notice that
LA+s3commuteswithP, and 1 +s, with P~. Then,
from (4 .6} we get"

(4 .6}

P~(L„+s3) P; =Pf (1 + s, )'P; (4 .7 )

Decomposing P;E and P& E into eige ns tates of
(L„+s,)'and(1 +e,)', relation(4. 7) implies that
two such e igenstates are orthogonal unless they
correspond to the same eigenvalue. But, under
the condition

~ L&- l~
~ 2 there can be no equal

eigenvalues of (L„+s, )' and (1 + s, )'.
Le t us now quote another selection rule u seful

for thestudyof the transitions P»-a¹a 70,
L„=0 resonance cannot decay into oN (nor (Ya).
We briefly indicate how it can be proved:With
L„=0 and f = 0, relation (4.6) gives

P~ s3P( =P~ s4P(

(s; is the spin of a quark or an antiquark}, we have
finally

L~' = ~~(~~ + 1 )

1 A P

(4 .3 } Making further P; and Pz projections on states
j~=OandT„=O, we have also

(1 ~~ is the orbital angular momentum between A

and P). The system ~A, P ), i.e., the initial had-
ron A. plus the 'P, qq pair, belongs to P,E. Sim-
ilarly, let P&be the projector on the subspace

J„=0

P~ f3P( =P~ T4P(

From these two relations, we can deduce" the
equality of the SU(6) generators and then the
equality of the Casimir operators of A and B
(taken between P; and Pf) so that A and B must
belong to the same representation of SU (6) .

l(l + 1 )

L~ = 0

(4 4 }
V. COMPARISON VfITH EXPERIMENT

Py J~ = 0, P~ L~ = 0

and from the identity

L~ + L~ +&~~ = Ls + L(( +&

we get, using relations(4. 5),

Pj(L„+5„)P.=Pq(f + 5~)P(

According to

L3(( S3 + S33 nP = S4 + S3

(4.5 )

in which a typical state is the final state ~(B, M)
The transition will then be forbidden if Pz P, = 0.

Then, the selection rule will beproved if we have

PzP( = 0 for ~i —I„~~ 2 (the possible values of l

being a priori LA, LA + 2, . . . }.
From the definitions of the pr ojectors P, and P&

we have the relations

The quark-pair creation model predicts unam-

biguous

1�yy
the relative signs of the 4n, Ep, and

¹ channels inn N-em¹ Indeed, all the couplings
depend on the pair creation constant y which re
mains the only free parameter . The relative signs
do not depend on the signs of the hadronic wave

functions either, since all the wave functionsap-
pear twice (the wave function and its complex
conjugate) in the calculation, except the pion one
which appears three times in all the reactions
However, since theo'particle brings in some dif-

ficultieses,

we start discussing the results forked
and Np channels, and make a separatediscussion
of cr production .

A. Coupling signs for b m and 1Vp channels

Let us consider the13couplingsignsunam-
biguouslydeterminedbyexperiment II and cor re
sponding to particles whose quark-model class i-
fication is well known(see Fig. 2}. Then, 1 2 sign
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are in agreement with experiment and one is in
contradiction with it. However, this disagree-
ment is a serious one since it concerns the FP»- Am, which is one of the most solid amplitude
signs of the experimental analysis.

In (R) four signs appear which were not reported
in II and which correspond to unambiguously
classified resonances or to a classification-inde-
pendent QPCM prediction (SD»- 4((). Of these,
three agree with QPCM predictions (EE»- d((,
DD»- A((, SD»- h(() and one disagrees (DS»
-Np, ) No.w let us discuss in some detail the
dubious cases.

FF37- 4n', Np, . The Argand diagrams plotted
in experiment I show the resonant point almost on
the same horizontal line as the center of the
Argand circle. So, it is difficult to say whether
the coupling sign is plus or minus. These signs
are usually tabulated as plus for hm and minus
for Np, because of a large repulsive background,
although the two Argand diagra. ms are quite sim-
ilar. The QPCM predicts plus in both cases.
PP»- n((. The resonance P»(1680) can be con-

sidered as an I., =2 excitation or as a radial ex-
citation with L, =O. The experimental signs agree
with 1.,=0.

SS»(1535) and SS„(1700)—Np, . Both experi-
mental coupling signs [the first one given in (R)j
agree with a total quark spin -', for SS»(1535) and
—, for SS»(1700). This implies a mixing angle near
90' with the usua, l notations. Fa, iman and Hendry, '

B. Partial widths for Np and ~& decays

We start from the formula (nonrelativistic phase
space)

I'(I, s}=2(( s " ~M(l, s)~',E,E„k
M~

where M(l, s) is the matrix element for a partial
wave decay, introduced in Sec. II. Fa,ctorizing
the quark-pair creation constant y, M(l, s)
=y~A(l, s), where A(l, s) is completely deter-

(5.1)

fitting strong decays in an elementary pion emis-
sion model, find two solutions, 8=35' and 0=90'.
Copley, Karl, and Obryk, "studying pion photo-
production, found 70', and Knies, Moorhouse,
and Oberlack, " recently studying resonant photo-
production in the FKR model, concluded that there
is a strong mixing. Our recent unpublished study
of S»(1535) electroproduction comes to the same
conclusion.

DD»(1520) and DD„(1700)-6((; DS»(1520) and
DS»(1700)-Np, . These four coupling signs agree
with experiment if one takes S, =-,' for D»(1520)
and S, =-,' for D»(1700), that is to say, a small
mixing angle. Faiman and Hendry" found two solu-
tions: 35' and 12'7, which are bigger than our
solution. But Copley, Karl, and Obryk" as well
as Knies, Moorhouse, and Oberlack" conclude,
as we do, that the mixing angle is small. Our
study of D»(1520) electroproduction comes also
to the same conclusion.

p, g„g, D, F„. S„F,, F,, D„F„F,
1535 1700 1860 1520 1700 1688 16g 1650 1910 1680 1670 1890 1950

t t t t
"

t t

('(I (2(
I

No
I

~ ~

I

l

FIG. 2. Summary of comparison of the QPCM with experiment for various production processes. The arrows point
upwards when predicted and experimental coupling signs agree, and downwards when they disagree. The length of the
arrow is proportional to the ratio r. Dashed arrows correspond to productions below threshold (r infinite) or to un-
known partial widths, the sign convention being the same as for finite r. For S«, the bracketed arrows correspond to
a mimng angle of 90'. For the dubious case {E~T), the arrows point horizontally.
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mined by the model, we compute for all observed
partial decay widths the ratio

3Z i/2

8v'(Z, Z„u/I„) ~A. ~'
(5.2)

This ratio gives an estimate of y(3/4v)' '. Note
that there is no theoretical value of y. We simply
hope that y' will not vary too much from one de-
cay to another. Let us first consider ¹ and b, m

channels.
Let us take the median of the y' distribution, that

is, y„'=1.45, and define a "theoretical" partial
width I,» from the formula (5.1), where we take
y' for y. We then plot (Fig. 3) &=I;.,/I'~h for all
partial widths in experiment II. Most values of &

are inside the interval [0.38, 1.8]. Note that we
calculated the "theoretical" width using the mixing
angles and classifications determined in Sec. VA.
Four waves fall outside the above-noted interval:
These are DS»(1520)- 4v, DS»(l'l00)- hw, and
DD»(1520)-hv, which contradict the centrifugal
barrier effect, and S»(1650)-N vwhose ratio r
is very large. "

We did not plot in Fig. 3 the new results in (R}
because experimental uncertainties seem large in
these cases. One can see in Table I that among
seven such new widths, five fall inside the same
interval and two outside: SS»(1535}and SS„(1'100)
—bw.

If we extend the calculation to the partial widths
of hadrons with 1.,=0, that is, to 6-

¹ and to
p-vv [and SU(3)-related decays], we find that &

falls between 1 and 1.5.
Concerning N*-Np, it happens that most of the

observed reactions are below the p-production on
threshold or just at threshold. Therefore, the
predicted partial width would vanish if the p had
zero width because of the kinematical factor k,
and the ratio r would be infinite. Note that this
problem has nothing to do with the specific features
of the QPCM. Assuming that the integral of the
phase space over the tail of the Breit-Wigner dis-
tribution is approximately constant, we compute
r' = ~k' ', which should be roughly constant. The
five observed reactions give &' between 0.28 and

0.9. Once more, the DS» partial width is smaller
than expected. EP»- Np3 is observed although the
predicted partial width has a k' factor at thresh-
old.

When p production happens above threshold (in
three cases}, the ratio r lies between 1.5 and 5,
relatively larger than in ¹ and b,n. channels. So,
in all cases of p production, the experimental
partial widths are larger than the predictions, but
this may be due to phase-space effects when one
goes beyond the narrow-width approximation.

Another positive test for the partial-decay width

predictions of the model is the following: The
amplitudes are observed when their computed val-
ues are large (see Table II). Defining

I./2
2 B Al

MA
(5.3)

C. 0 production

If we assume that the o' resonance is really pro-
duced and dominant in the reactions labeled as o-
resonance production in experiments I and II, the
QPCM is in big trouble in this respect. Three de-
cays are observed, all at threshold. The experi-
mental coupling signs are opposite to the predic-
tions of the model. The wave PD»-Nv is not ob-
served, contrary to I'D»-¹, although the model
predicts the latter to be much smaller than the
former, because there is a cancellation effect for
+D, 5 Ncr.

In fact, as has been noted by experimentalists in

I, it is not at all sure that a o' resonance is ob-
served, but there may be rather a nonresonant
dipion with the 0 quantum numbers. We make the
following hypothesis: We assume that the decays
occur through an intermediate baryonic resonance
(not included in the phenomenological analysis I
or II)

we see that almost all observed amplitudes have a
&0.04. The only exceptions are the above-men-
tioned p -production reactions below threshold. All
amplitudes with a&0.17 are observed, with the
exception I'P35 +77.

0.04
U

0%

DS, (1700)—6 a

I. I I

u& o.s

DS,~(f520) = Zx

PP =+p
DO„(IS20)—z&

2.0 8.0 5'.0 y
a~rP

r+
FF„(19')-Na

S (16S0) -Nx

FIG. 3. We plot the ratio r on a logarithmic scale. Each square represents one reaction whose ~ is defined.
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TABLE I. This table gives for each reaction the ratio r defined in Sec. V. If the sign preceding r is +, this means
that experimental and theoretical coupling signs agree; —means that they do not agree. a(N*- PD, N n) is defined
from the amplitude by a(N* PD, Nn) =Ak' (E&E&8m /MA) . A is the amplitude N*—DP with the total coupling sign
at resonance. It includes the kinematical factors. The "additional coefficients" are defined in the Appendix. They are
necessary to take into account the conventions, and the second-generation decay coupling sign. Experimental partial
widths have been taken from Table III of Cashmore (Ref. 1), and signs have been taken from experiment II. Partial
widths in parentheses have been taken elsewhere, often from the pole residue estimation (Table IV of first paper of
Ref. 1). Signs in parentheses with subscripts R refer to new results in (R).

Reaction

S«(1535)—N ~

SD«
SS«-N

SD«Np3
SP i) Ncr

S

1
2
3
2
1
2
1
2
3
2
1
2
1
2

M(l, 8)/W3

+P.13 P.26k'
+0.063 —Q.13k ~

-0.37k
-0.036 +0.075k
+ 0.036 —0.075k

-0.053k
-0.085k

+0.07
+0.035
-0.016
+0.036
-0.036
+0.0
+0.0

+ 0.24
+0.12
+ 0.030
+ 0.0

+0.0
+ 0.0

+ 0.19

(-)p
(0.10)
(0.10)

+ 0.8
+ 1.6
(+)R

(0.46/k' )
(+)z

(-)~(0,18) (0.35/k ) (-)~

Additional A(N* PD) or a(N* —PD) or Experimental
coefficients A (N*—N7t) a(N* N w) sign xI'

S«(1700)-N ~

SD«

SSii N p(

SDi( N p3
SP«Ncr

P i3 (1860) N w

PP i3
PF i) 67t'

PP(3 N p(
PPig Np3
PF i3 Np3
PD&& N cf

3
2
1
2
3
2
1
2
3
2
1.
2
3.
2
3
2

+ 0.063 —0.13k 2

+0.13 P.26k'
-0.18k~
-0.37k

+ 0.036 —0.075k 2

-0.036 + 0.075k
+ 0.053k
-0.042k
-0.085k

+0.019k —0.23A

+0.069k -0.085A'
+0.25k3

-0.16k + 0.19k '
-0.079k + 0.098A'

-0.29A'

-0.074k +0.065k

+0.02
+0.02
-0.03
-0.06
-0.036
+0.036
-0.0
+0.0
+0.0

+ 0.055
+0.024
+0.037
-0.050
-0.024
-0.015
-0.010

+0.08
+ 0.16
-0.10
-0.20
-0.0
+0.0
-0.0
+0.0
+0.0
+0.27
+ 0.10
+0.15
-0.18
-0.08
-0.06
-o.o4

+0.27

+ 0.10

-0.34
-0.34

+0.25

p 44

+1.7

-0.48/k 'i2

+ 0.48/k

-1,4/A i

-O.V/k'"

+ 0.93

+ 2.4

D i3 (1520)
DS )3 Dsr

DD (3 Dn'

DD)3 Np(
DSi3 Np3
DDi3 N p3

DPi3 No

D (3 (1700)
DS,3-&m

DD(3
DDi3 N pi
DS&3 Np3

DD(3 Np3

DP(3 Nv

-0.26k
-0.13 +0.26k 2

-0.026A'

+ 0.075A'

-0.18+0.37k 2

-0.37k
+ 0.042k

+ 0.041
' 0,20 —0.40k

-0.33k
+ 0.024k'

-0.058+ 0.12k '
-0.095k
-0.067k

+0.055
+ 0.11
+O.O1V

+0.0
—0.18
-0.0
+0.0
+0.0145
+0.135
-0.053
-0.0
+0.058
+0.0
+0.0

+0.19
+0.23
+0.04
+ 0.0
-0.0
-0.0

+ 0.060
+ 0.42
-0.16
-0.0
+0.0

+0.0

+0.26
+0.12
+0.095

-0.14

+ 1.3
+ {).52
+ 2.4

+ 0.13/k ii2

-0.32 -O.8/A'"

(0.055) (0,22/k i
)

+ 0.115 + 1.9
+0.13 +p.31

(-)~(0.055) (+ )g(0.34)

(+)„(0.55) +)„(o.»/k'")

D„(16VO)-N~
DD&s

DD~s-N«
DD(s N pg

F ( s (1688) N 7t

FP1s Dz
FF )s —57t'

FF (s Npi
FPis Np3
FF is Np3

FDis Ncj

+ 0.10k'
—0.37k'
+ P.058A'

+ 0.11k2

-0.24k'
+ 0.17k + 0.21k

+ 0.17k
+ 0.19k 3

-0.19k + 0.24k
-O.2Ok'
+ 0.0023k 2

+0.03
-0.048
-0.0
-0.0
+0.045
-0.052
-0.009
-0.0
+0.0
+0.0
-0.0

+p.13
-0.15
-0.0
-0.0
+0.19
-0.16
-Q.035
-0.0
+ 0.0
+ 0.0
-0.0

+0.24
-0.27

+0.28
+ 0 ~ 145

(-)g

+ 0.13

+0.12

+ 1.8
+ 1.8

+ 1.85
-0.9

(+)g

+ p.11/k»2
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Reaction a M(l, s)/v 3

TABLE I. (Continued)

Additional A (N *-PD) or a (N* PD) or Experimental
coefficients A (N * N7r) a (N + N 7i) sign xI'

S3 f (1650) Nn'

SD3( An'

SS3& Np&

SD3) N p3

P3) (1910)—Nn'

PP3(
PP)( N p)
PP3& —N p&

P33 (1680)

PF'33 6n

PP33 N p(
PF33-N p3

3
2

L =2
=0

a
J =2e
L =0a
L =2
L =2

q

+0.045 —0.91k '
+ 0.41k 2

-0.13 +0.26k
+0 15k2

+ 0.15k —0 ~ 19k
+ 0.086k —0.11k3

+0.089k —0.11k
-0.063k + 0.077k '

+0.11k —0.13k

+ 0.27k
+ 0.15k —0.19k

-0.49k
-0.14k

+0.062k -0.077k
+ 0.10k'

+0.018
-0.053
+0.13
+0.0

+0.035
-0.030
+0.020
-0.020

+ 0.038

+ 0.14
-0.045
+0.20
+ 0.0065
+0.0
+0.0

+0.075
-0.16
+ 0.0
+0.0
+ 0.18
-0.12
+ 0.07
—0.07

+0.16

+0.60
-0.13
+ 0.58
+ 0.02
+0.0
+0.0

+0.22
-0.23
+0.22

+0.27

+ 2.9
+1.4

+ 0.28/k '"

+ 1.5

D3) (1670) Nx
DS33 &7r

DD33 Dsr

DD33 N p)
DS33 —N ps

-0.091k
+0.14 —0.29k'

+ 0.29k'
+ 0.26k

+ 0.05 —0.11k'

+ 0.028
+ 0.105
+0.035
+0.0
+0.05

~ 0.12
+0.31
+0.105
+0.0
~0.0

+ 0.17
+ 0.415

(+)z

+1.4
~ 1.3
(+)~

(-)g(0.23) (0.85/k ) (-)~

F35(1890) Nn

FP35 Ax
FF35 DT(

FF35-»~
FP35 Np&

FF35 N p3

F )7 (1950) N 7t'

FF»-a~
FF37 Np(
FF~7-Np3

+ 0.07k
+0.18k —0.22k

-0.20k
+ 0.04k'

-0.13k + 0.16k ~

+ 0.15k'

+ 0.15k
-0.21k'
+ 0.09k'
+0.15k'

+0.025
-0.063
+0,031
+0.0028
-0.053
+0.010

+0.061
+0.041
+0.009
+0.015

+0.12
-0.24
~ 0.12
+ 0.009
-0.21
+ 0.04

+0.31
+ 0.18
+ 0.036
+0.06

0.20

+0.12

+0.29
(+ $0.19

(-?)0.19

+ 1.65
0

+ 1

+ 1.75

+ 0.92
(~ ~)1.05

(- ~)3.2

¹-¹'m-¹v
rather than through a o'. We calculate the ampli-
tude for such a reaction to give two pions with the
a quantum numbers. As N*' we take P»(1470),
S»(1535), and D»(1520) [we assume S, = —,

' for
S»(1535)]. We then easily see that these pro-
cesses must theoretically dominate direct a pro-
duction, not only because of kinematical factors
(see Table III), but essentially because the pre-
dicted amplitudes are bigger.

Nevertheless, the F» amplitude still remains
small as compared to the observed widths because
of centrifugal barrier effects (other mechanisms,
such as virtual nucleon exchange could explain
such a partial width with a good coupling sign).
As far as signs are concerned, for D» and E» we

get signs in agreement with experiment, but for
Sj ] (1700) we stil 1 obtain a bad sign.

For P», the predicted sign is plus, and nothing
explains why it is not observed. Note, however,

TABLE II. Number of observed and unobserved amplitudes as a function of a, where a =a(X*—Nn or DP) defined in
Table I.

a &0.04 0.04 &0 &0.1 0.1 &a & 0.17 0.17 &a Total

Observed amplitudes

Unobserved amplitudes

Total

4 below p-production threshold

31 12

29

38
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that the problem is general for all P» decay chan-
nels, since the partial decays P» are unobserved
although the calculated decay widths are relatively
large (third column of Table II).

We can tentatively conclude that the observed
reactions do not occur through a a resonance, but
rather through a nonresonant dipion system with
the same quantum numbers of the o. However,
the production mechanism of this dipion state is
still an open problem.

UI. COMPARISON WITH OTHER WORKS

All the models which try to discuss systematical-
ly the strong-interaction vertices start from the
SU(6) So(3) classification of hadrons. But the de-
scription of the decay process itself is quite dif-
ferent in each model. First, there are models
like the QPCM or "I -broken" SU(6}N, of Rosner
et al."which treat directly the strong-interaction
process, considering all the hadrons on the same
footing. Second, there is the current-algebra ap-
proach of Melosh' which takes the path of re-
placing one meson by a current according to
PCAC, for instance. The covariant quark model
of Feynman, Kislinger, and Ravndal" lies some-
where between the two approaches. On the other
hand, the Melosh approach and I -broken SU(6)~
take a purely algebraic point of view, while the
QPCM and the FKR model consider the interna1.
motion of quarks inside the hadrons in a realistic
way.

The different models will not be different at the
level of the SU(6) vector coupling coefficients, but
will differ in their predictions of the ratio between
the independent partial waves, 2 /2, which con-
sequently must be carefully discussed. "

A. The "(-broken" SU{6)„, model
of Faiman and Rosner

Faiman and Rosner have studied the reaction
mN- N*- mb, in an algebraic approach, namely,
the I -broken SU(6)~ model. "

For strict SU(6)„, the pion emission operator
is such that I, =0 between the initial and final
baryons (Oz is the direction of the pion momentum).
SU(6)~ then implies 2'/2 =+1 [see formula (3.6)].
Now, I -broken SU(6)„admits both L, =0 and
I., =+1 transitions with an arbitrary amount of
each [a Priori different for each SU(6) supermulti-
plet], making the ratio Z'/Z arbitrary. The cou-
pling sign will be the same as in the QPCM if
2 /2 is chosen to be negative, that is, anti-
SU(6)~ relative signs. If 2'/2 is chosen to be
positive, the coupling signs will be different from
those predicted by the QPCM.

The model of Faiman and Rosner was in contra-

diction with the former results of I for wave D]3.
If one reverses the coupl. ing signs below 1600 MeV,
as was done in II, then the Faiman and Rosner
conclusion is that one has anti-SU(6)~ signs for
the (10, L=1 ) supermultiplet, since DS„, SD»,
and DS» agree with this sign. On the other hand,
they choose SU(6)~ signs for the supermultiplet
(56, L, =2 ) since FP„agrees with the SU(6)v-like
solution. " Such a conclusion is not contradictory
with the general algebraic frame of the I -broken
SU(6)~ symmetry, although, in the quark model,
such different behaviors for (t0, L= 1 ) and (56,
I =2') seems puzzling. As we have seen in Sec.
III, we get the same phenomenon of anti-SU(6)~
signs for the resonances belonging to {70, I =1 )
as well as for those belonging to (56, L=2+). The
FP» coupling sign, if it is confirmed, will be a
serious drawback for the QPCM or it will imply
reconsidering the classification of the F» wave.

Recently" Faiman analyzed the results of Np
production and concluded that experimental signs
agree with SU(6)„. This seems violently contra-
dictory with our conclusion since we found only
two signs in contradiction with anti-SU(6)~ (see
Table IV). In order to show why we come to such
different conclusions we have reported in Table V
the respective predictions of the QPCM, SU(6)~,
the experimental results (R), and the experimental
results reported by Faiman, who uses particular
criteria in interpreting the signs of the amplitudes.
Notice that the convention used in Faiman's paper
(baryon first} and the one we use here are differ-
ent. The signs to change conventions can be found
in (R), page 118.

Faiman, using, contrary to us, the l -broken
model, does not predict the relative signs of am-
plitudes Nn —N* —4n - n. mN to Nw —

¹

-p N —v v N.
So he can multiply all signs of the Np channel by
(-1) without changing the signs of Av. In the
QPCM this is impossible without getting wrong all
hm signs. In fact, Faiman's predictions have such
a (-1) coefficient multiplying all Xp channel as
compared to our predictions. Now going from
SU(6)v to anti-SU(6)~ one multiplies by (-1) all
waves whose initial and final orbital numbers
are not the same (FP, DS, PF, SD, . . . ) a.nd we
do not change those whose orbital number are the
same (SS,PP, DD, FF, . . . ). Then combining this
sign with the over-all sign we mentioned above,
we conclude that our predictions will differ from
Faiman's in this second case (SS, PP, . . . ).

If we exclude the PP» waves which we do not
consider in our analysis [as compared to (R), one
sign is compatible with Faiman's prediction and
one with the QPCM's], there are five waves of
the second case: both SSzy Npy SS3y Npy,
PPy3 Np„and FF37 Np 3 SS]] predictions de-
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pend on the mixing angle. Experiment agrees with
Faiman's prediction for an angle of 0' and with the
QPCM's prediction for 90' (see Sec. V A}.
disagrees with Faiman's prediction as noticed in
Ref, 20. PP» disagrees also with Faiman's pre-
diction if one takes the sign reported in (R), but
it agrees if one uses Faiman's criteria for inter-
preting the experiment. FF» disagrees with the
QPCM. DS»-Np„as reported in (R) disagrees
with both models, but following Faiman's criteria
it agrees with both.

As a conclusion one can say that, as far as only
the Np channel is concerned, Faiman's predic-
tions disagree with results of (R) in three cases,
and the results of the QPCM disagree in two cases.
So we can say that the Np channel alone is not
conclusive. We would like to stress once more
here that one advantage of the QPCM is that it has
no freedom to change an over-all sign with respect
to the bm channel.

B. Algebraic approach based on the
Melosh transformation

In this model, used by Gilman, Kugler, and
Meshkov' to study the ¹

—4n couplings, pion
emission is related via PCAC to the axial-charge
Q, matrix elements. The algebraic behavior of

Q,
" under the SU(6) group of the hadron classifica-

tion is then abstracted from the quark model.
More pre" isely, if the hadron states are de-
scribed b» the definite SU(3) SSU(3) representation
of the quark-model classification, the axial charge
is the sum of two terms, one behaving like
[(8, 1) —(1, 8)] and one like [(3, 8) —(3, 3)] . In terms
of the quark model, the operator [(8, 1) —(1, 8)]
corresponds to r I., =AS, =0, and [(3, 3) —(8, 3)] to
d I., = AS, =+1. Strict SU(6)~ is equivalent to the
contribution of the term [(8, 1) —(1, 8)] alone. As
shown in Ref. 22 by Hey, Rosner, and Weyers,
this model is indeed equivalent to the l -broken
symmetry scheme, as long as we deal with pionic
reactions. As in I -broken SU(6}„, there are two
arbitrary parameters for each irreducible repre-
sentation of SU(6).

[o(z) (k„-1j)][v(i) v] (6 2)

(where k; is the initial momentum of the emitting
quark). SU(6)v is equivalent to the coupling with-
out recoil term,

QE 'TS 7T (6 3)

So, we understand why Moorhouse and Parsons
find, for N*- Av decays, anti-SU(6)~ signs as in
our model.

Now, what happens for p emission? Moorhouse
and Parsons use a coupling which is equivalent to
the nonrelativistic one for the electromagnetic in-
teraction

-(k& —zkp) 'e p+ i 2 o(i) ' (kp x e p) (6.4)

to be compared with the elementary p-emission
limit of our model'

2(k, -k, } a~+i 2 g(i) ~ [(k~ —k,. )xZ~] . (6 5)

Both models disagree with SU(6)v, which would
correspond to"

kp Ep+ io'(i'}(kpxep) (6.6)

However, they are not similar in the case of p
emission because the spin teem is different in our
model: It contains a recoil term absent in the
FKR model or SU(6)„. Then both models will lead
to different predictions in transitions N* -Np,
where the total quark spin for the N* is S, = ~

since then only the spin term of the interaction
contributes.

Moorhouse and Parsons calculate the following
resonance decays to Np: DS»(1520)-Np„FP»-Np„FP»- Np„PP»- Np„FF» -Np, . In the
case of FP35 Np3 since the quark spin is ~ in
the initial state, only the spin term contributes.

~(i) (k, ——'k;) [v(') ] .

Now, as we recalled in Sec. III, we have shown in
a preceding paper' that, in the limit of elementary
pion emission, the QPCM is also similar to the
Mitra and Ross interaction. In this limit we have
obtained indeed the coupling

C. Calculations in the quark model of Feynman,
Kislinger, and Ravndal

This model' has been used by Moorhouse and
Parsons' to study the vertices ¹bn and ¹Np.
In this model, the emission of a pion (or a p) is
treated through PCAC (or vector-meson domi-
nance) by the coupling of an axial-vector current
(or a vector current) to the quarks. The mesons
are then treated as elementary quanta. FKR have
shown that, for pion emission, their model is
equivalent to the interaction of Mitra and Ross"

Reaction
Moorhouse and

Parsons QPCM Experiment II

DS&3 (1520) N p3
FP f 5 (1688) —N p3
FP)g(1890) N p3
PP(3 (1860)~Np)
EF37(1950) N p3 —?

TABLE IV. Comparison of predictions of QPGM and
those of Moorhouse and Parsons with experiment II for
p production.
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Indeed, in these cases, Moorhouse and Parsons
get SU(6)„-like signs. The predicted sign is differ-
ent [anti-SU(6)~] in our model only for FP», since
for FF37 the sign is fixed by spin and isospin vec-
tor coupling coefficients. For the other three reso-
nances, both convective and spin terms come in.
The convective term of interaction (6.4) (depen-
dent on k;) is bigger in magnitude than the spin
term. Then, for these transitions one can expect
anti-SU(6)„signs in the FKR model as well as in

the QPCM, although the emission interaction is
different. The predictions of Moorhouse and
Parsons agree indeed with our model for these
resonances.

In conclusion, we think that our model compares
favorably with the model used by Moorhouse and
Parsons since it solves the problem with the FP35
wave and leaves unexplained only the FF37 sign,
which seems dubious on the experimental side.

VII. CONCLUSION

The naive quark-pair creation model describes
completely the structure of baryon two-body de-
cays with the help of a very simple hypothesis,
and introducing only one over-all arbitrary factor:

the pair creation constant y.
If we take the signs reported in (R) concerning

the channels Np and b, m, and compare them to the
predictions of the QPCM which do not depend on
questionable resonance classifications or mixing
angles, we find that 15 signs agree and three dis-
agree (FP„-dv, DS» —Np„and FF» —Np, ).
The trouble is that one of these three is FP»- An,

which is usually considered as one of the most
firmly determined of the experimental analysis,
and it is the only sign which discriminates be-
tween SU(6)~ and anti-SU(6)„ for 1.,=2 baryons
decaying into b,n. Concerning the Np channel, if
one considers this channel by itself one cannot
discriminate now between SU(6)~ and anti-SU(6)~
signs. Our model predicts the relative coupling
signs between bm and Np channels, and predicts
anti-SU(6)~ for Np, too. This prediction disagrees
with 2 experimental signs in (R) (these two do not
seem to be very firmly determined experimental-
ly) and agrees with four classification-independent
signs and three more signs with proper mixing
angles. Concerning o production, the QPCM pre-
dictions are systematically in contradiction with
experimental results. However, the interpretation
of experiment as v production is still very dubious.

TABLE V. Comparison of QPCM and Faiman's predictions with experimental results (R)
and with experiment as reported by Faiman. We have multiplied all results in (R) by (-1) in
order to make the sign convention agree with that of Table I. All signs in Faiman's paper are
in the "baryon-first convention". The signs to be multiplied in order to change to the conven-
tions we use here can be read in (R), p. 118.

Reaction SU(6)% QPCM

Experiment
reported in

(R) multiplied
by (-1)

Experiment
reported by

Faiman

P i( (1470) Xpg

P«(1700) -Xp,
S (( (1520) N p )

s =-,'
S 3

(I 2

Ssf f (1700) N p~

+ ?
+ ?

+ (-)

DS f3 (1520) =Xp3

s =-'
Ef

Dsi3 (1700) N p3

S 2

SS3$ (1650) N p3
zP»(1690) -xp3
DS33 (1670) N p3
PP )3(1860)—N pg

EP35 (1890) N p3
zz»(1950) -~p3

+?

+
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Alternative interpretations of the data compatible
with the QPCM exist except for one coupling.

Compared to the other models which have actual-
ly tried to explain the baryon decays, the model
has the great advantage of giving a much more
complete description of hadron states and of the
decay process. It is able to include the success-
ful aspects of various other approaches, particu-
larly the phenomenological proper ties emphasized
by Rosner etal. : coplanar SU(3)SSU(3) sym-
metry" and anti-SU(6)~ signs. ' At the same time,
it goes beyond any of these approaches, since it
fixes in the right way the quantities that are left
arbitrary by the algebraic approaches (thus the
centrifugal barrier is predicted quantitatively).
Moreover, it treats in a unified manner the vari-
ous possible meson emissions which are treated
separately in the approaches based on currents.
Thus, the general relative phase between the bn. ,

Np, and Nv decays is predicted.
In fact, no freedom is left. For instance,

choosing SU(6)~ or anti-SU(6}~ signs according to
the SU(6) multiplets is not allowed. Anti-SU(6)~
signs are implied for all the known cases. These
more stringent predictions of the model are in
general confirmed by experiment for the most
reliable decays N~-4n and Np and not for the
¹ decays which are dubious. In one case, the
model is in open conflict with the definite predic-
tions of another model (Moorhouse and Parsons,
for FP»-Np3) and there the data favor the
QPCM.

The model, in its present state, is too simple
mainly because it does not treat relativistically
the rapid motions of quarks and hadrons and be-
cause it lacks crossing symmetry. It must be
considered as a first step in a complete treat-
ment of the decay process. This first step con-
sists in building up one relativistic phenomenon:
quark-pair creation in hadrons, which seems of
most immediate consequence for the decay pro-
cess. Other steps shouM not destroy the good
features obtained in the first step. We have given
in other papers" some other elements of a rela-
tivistic treatment of hadron phenomena, concern-
ing the spin and the spatial wave functions of had-
rons. These aspects certainly have to be included
in these further steps.

Our method, if not our results, is rather differ-
ent from another approach to a relativistic quark
model of hadron decays, using Bethe-Salpeter
amplitudes and the Mandelstam formalism. This
approach has been developed mainly by Kitazoe
etal. ,

' Kaiba etal. ,
"and Bohm, Joos, and

Kramers. " One advantage of this approach is
that covariance and also crossing symmetry are
automatically introduced with the field theory.

The general description of the process (triangle
graphs) ha. s something in common with the QPCM.
Moreover, under its most recent version, "the
structure of the matrix element and some quanti-
tative results, contrary to older versions, are
rather similar to the QPCM for &1 pm and
B-~m, although there remain definite diver-
gences.

However, the formalism and the calculations
are very difficult and there is a rather wide range
of possible types of potentials and couplings. So
the comparison with experiment and the test of
the various dynamical hypothesis is by no means
direct and easy (baryon decay calculations would
be very lengthy and have not yet been done).

We think it better at present to develop the rela-
tivistic quark model with a much lighter and
simpler formalism such as the QPCM for de-
scribing the pair creation.

APPENDIX: CONVENTIONS

In order to compare all nN-mnN channels and to
compute the second-generation decay amplitudes
A-Nn, p-wm, and o-nw, we have to make pre-
cise conventions. We will choose our conventions
so as to make the comparison with experiment I
easy. Let us define A, (wN-¹) by

(N*(J„I,)iN(p, „,I,"};v(I,"))

= Q C, ,I,(JJ, ; m, —p„}C,g, (II, ; I,I,")

xA, (vN- N*)Y, (ka} .
Now define A, ~(Na -PD), where P is a stable par-
ticle (N or s) and D a resonance (6,p, a):

(P(s~, Ir};D(ss, I~)i¹(J,I, ))

C, s(JJ, ; m, S, +Sa )CsJ~n(s, Sa +Sf; Sa, S, )
l i Q les

xC~ip(IIa, IaIa)A, s(¹-PD)Y,(k~) .

Let us define the second-generation decay ampli-
tude A, ~ (D-P, Pa}, where P, is a nucleon N
when D is a 4 (l' =1 for p or 6, f' =0 for o),

(P'(S', I,' ), P'(S,'I,' )i D(S,I,'))

r', m, s'r)

xCg ga(IaIa& IaIa)A gaai(lD P P )

x Y"„(k,) .

In the preceding formulas, angular momenta are
quantized along R, R~, and k„respectively. Using
the formulas of Sec. I, we find

M(~-Ns) =
-1

10;1
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Further on we shall denote by e(x) the sign of any
real number x. From (3.1), we see that

e(M(a- Ns)) = e (y},
where y is the quark-pair creation. constant.
Furthermore, comparing formulas of Sec. II and
the convention we fixed above, we easily see that
we have to permute I, and I~ in the isospin
Clebsch-Gordan coefficients in mN-¹. We have
also to replace fc, with k„ in the 'JJ |(k„) of d, - Nw

Then we have

e [A, (pN- N*)A. ..I2(N*- b w)A, g2(4 —Nw)]

With formulas similar to those of Sec. II, we get

e[A, ,(p - ww)] = e-(y),

a[A, ,(cr- mw)] = -e(y) .

Comparing Sec. II with the above-mentioned con-
ventions we see that we have to permute I„and
I„, I„and I„, and to replace'g P (k„) with '3P (k„).
Then

e [A, (wN- N+}A, , (N* -pN)A, 0(p —wn)]

= [-& (y )] & [M(I, z)g*-g. ]& [M(I ' ')~+-~~](-1}'

e [A((mN N+)A
ii(¹ oN)ADO(~ &~)]

= (-1)[-e(y)] e [M(f, z)~*-,.l

xe[M(l', —,)„*„,](-1)'
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