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The Zweig-Iizuka (ZI) rule for meson-meson-meson and meson-baryon-baryon interactions is stated in terms
of SU(3) symmetry. The ZI rule is combined with SU(3) in order to simplify analysis of the q decay modes of
the tensor mesons and spin-parity-~ baryons. The SU(6)~ analysis of the preceding paper is extended to
the g modes of the ~ baryons. There are large contradictions between the predictions and experiment.
There is no good evidence that the g modes of hadronic decays satisfy approximate SU(3) symmetry.

I. INTRODUCTION

The Zweig-Iizuka (ZI) rule states that hadronic
interactions involving disconnected quark lines
are weak. ' This rule was first suggested to ex-
plain certain small interactions of the Q meson,
assumed to have the quark structure ss. (The up,
down, and strange quarks are denoted by u, d,
and s. ) The theoretical importance of this rule
has increased because of the discovery of the J/P
and g' mesons. ' In the most popular model of
these particles, they are of the structure cc,
where c is a heavy quark. The narrow widths of
the J/P and f' are then explained by the ZI rule
and the assumption that the lightest hadron con-
taining a c or c is heavier than half the g' mass.
If this idea is correct, the ZI rule for c quarks
must be valid for many processes involving P
(pseudoscalar) mesons as well as V (vector)
mesons. Clearly, it is important to know to what
extent the rule applies to the ss component in the
P mesons g and g'. The purpose of this paper is
to study this question by considering p-emission
decay modes of various hadrons.

There have been several analyses of SU(3) sym-
metry in the decays of various meson and baryon
resonance multiplets. ' However, the interpreta-
tion of the p decay modes in these analyses is am-
biguous, because there are two extra parameters
in the g interactions. These are the amplitude of
the SU(3}-singlet component in the q wave func-
tion, and the relative interaction strengths of the
singlet and octet components. Some simplif ication
is needed. If the ZI rule and SU(3) symmetry are
both valid, the rule determines the P-singlet in-
teractions in terms of the P-octet interactions,
so that the only extra parameter is the amplitude
of the singlet component. I will make this kind of
simplified analysis of the decays of the mesons of
spin-parity 2' and the —,

' baryons in Sec. IIIA of
this paper. The form of the ZI rule for SU(3)
is given in Sec. II.

Analyses involving only SU(3) symmetry are not

very useful for & and —,
' baryons because of the

presence of significant mixing between states of
different SU(3) multiplets. However, it is shown
in the preceding paper that l broken SU(6)~ is
approximately valid for these states, and one can
make predictions that are independent of mixing
angles by summing contributions of resonances
of the same spin, parity, hyperchange, and iso-
topic spin. ' This technique is used in Sec. III 8;
it is valuable for understanding g-emission decay
mode because three & baryons have large branch-
ing ratios for g emission. Use of the ZI rule is
especially appropriate, because this rule for P
meson decays is satisfied automatically if 1-broken
SU(6}~ is valid, as discussed in Sec. II C.

The ZI rule may be tested in q and q'(958) pro-
duction processes as well as in decay processes.
For example, Lipkin has used the ZI rule and
SU(3) symmetry for kaon-type Regge exchanges
to predict the relation'

v(K-p -r}A)+ o(IC p-q'A-) = v(K-p-~'A)

+ o(w p -K'&) .
This equation is violated by 3.9-GeV/c data. ' In
the present paper I consider only hadronic decays
involving p mesons. Studying these decays has
the advantage that no assumption concerning the
q' is needed, but has the advantage that the num-
ber of suitable processes is limited.

II. THE ZI RULE FOR SU(3) AND SU(6)w

The main purpose of this section is to give the
form of the ZI rule for MMM and MBB (meson-
baryon-baryon) interactions that satisfy SU(3} sym-
metry and involve only the u, d, and s quarks.

A. MMM interactions

We consider the interaction of three different
octets or nonets, labeled x, y, and z. If two or
three of the multiplets refer to the same particles,
the results are special cases of those given here.
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The interaction constants referring to the antisym-
metric and symmetric octet-octet-octet interac-
tions are labeled g, and g, p g111 is the strength of
the singlet-singlet-singlet interaction, and the
singlet-octet-octet interaction constants are g188,
g„„and g„,. Here the subscripts refer to the

x, y, and z multipleis, respectively. The nor-
malization is such that g,' (or g,') is the sum over
all pairs of particles in two of the octets of the
square of the constant of interaction with any one
particle of the other octet. The constants involving
a singlet are equal to the interaction of the singlet
with a pair of appropriate particles in the other
two multiplets. If x and y are the same nonet, then

g188 g818'
In any meson octet or nonet, the charge-con-

jugation parities of the F =I,=O states are the
same; this is called the C parity of the multiplet.
If the product of the C parities of the three mul-
tiplets is odd, only the g, interaction is possible.
In this ease, no singlet can interact, and it is
easy to show that the ZI rule is satisfied. Hence-
forth, we will consider only the case where the
product of the C parities is even, and the possible
interactions are g„g„„g„„g„„andg«, . If
the y and z multiplets are only octets, then the
only interactions are g, and g,88.

Since the results are independent of the per-
mutations of the quark "flavors" u, d, and s,
I will denote these three flavors by the general
labels a, b, and e. If a multiplet is a nonet, there
are two types of states, aa and ak If a multiplet
is an octet, states of the type aa are not possible,
but states of the type (aa —bb)/V 2 are possible.

If the mesons are all octets, it is easy to see
that no interaction violates the ZI rule. However,
if exactly one of the multiplets (taken to be the x
multiplet) is a nonet, then the ZI rule requires
that interactions of the following types vanish:

g[(aa), (hc), (R)]= 0,

g[(aa, (bb —cc)/v 2, (b5-cc)/v 2] =0.

The convention in Eqs. {1)and (2) is that all three
mesons are being annihilated at the vertex. These
equations may be translated into SU(3) notation. '
For this purpose one may use the quark-structure
equations for K=I, =O members of a meson nonet,
1.e.)

tlon
2 1/2g...—(2) (4)

If the multiplets x and y are nonets and z is an
octet, the only additional SU(3) condition is g„,
=g»8. If all three multiplets are nonets, the ZI
rule implies Eqs. (1) and (2) plus the conditions

g [(aa), (b'f/), (cc)]= 0,

g[(aa), (b&), (&&)]= o,
plus the other two permutations of the states in
Eq. (6). In terms of SU(3) these conditions are
equivalent to Eq. (4) plus the conditions

(6)

(6)

g188 g818 g881 g111 '

B. BBN interactions

I continue to assume SU(3) symmetry. The ZI
rule for BBM interactions is satisfied if the fol-
lowing two conditions axe satisfied:

g[(bbc}, (bbc), (aa)] = 0,
g[(f1I), (I f6), (aa)]=0,

(8)

(9)

where a, 5, and c are the three flavors of light
quark. 'The convention here is that of the decay
B'-BM, i.e., the first baryon B' is annihilated
and the second baryon 8 created at the vertex.
The interaction in Eq. (9) is possible only if both
baryons are deeuplet members. Because of the
SU(2) symmetry of the 6 and c flavors, Eq. (8) im-
plies Eq. (9), so it is sufficient if Eq. (8) is satis
field. The meson multiplet must be a nonet.

The (bbc) baryon state can be part of an octet or
deeuplet, so we need consider only these two bary-
on multiplets. If one of the baryons is a decuplet
member and the other an octet member, SU(2)
symmetry of the hc subgroup implies that Eq. (8)
vanishes, so that the ZI rule is satisfied. (For
example, a 4 cannot decay into a nucleon and an
isosinglet meson. ) If the baryons are both octet
members, Eq. (8) is equivalent to the relation

{&)1/2g (
1 )1/2g (1

The normalization here is the same as that used
in discussing MMM interactions. If the baryons
are both deeuplet members, the corresponding
relation is

1
g1 = —2' g8.

w, = (uu -dZ)/2'/',

2}2= (uu+ da —2ss}/6'/',

21, = (uu+ dd+ ss)/3'/',
(3)

The normalization is such that g,' is the sum of
the squares of the couplings of all BM states to a
particular state of the 8' multiplet.

where the J'-meson symbols m and g ean represent
corresponding states of any meson nonet. Equa-
tions (1) and (2) are equivalent to the SU(3) rela-

C. The ZI rule for SU(6)~

Before relating the ZI rule and SU(6}~, we re-
view briefly a few basic properties of this syrn-
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III. COMPARISON OF THEORY AND EXPERIMENT
FOR 8 EMMISSION

A. SU(3)-symmetric analysis

The physical p meson may be written in terms
of SU(3)-octet and -singlet terms as

g= cos8g, -sin8q, , (12)

where the quark structures of p, and p, are given
by Eq. (3). The sign convention is the usual one,
in which the component of ss in the g is smaller

metry. " SU(6)~ is formed by combining SU(3) gen-
erators with the quark "W-spin" operators a„
Pa„, and Pa, . It is applied to three-hadron ver-
tices by taking the z axis to be the interaction di-
rection and assuming that the x and y components
of the momenta of all the initial and final quarks
are zero. The spin and W spin of a quark are the
same. 'The effect of the J3 in W„and W, is to
change the phase relation between the spin-up and
spin-down states of antiquarks. Consequently,
in qq states, a spin singlet is part of a W-spin
triplet, and a W-spin singlet is part of a spin
triplet.

The following theorem is known to many physi-
cists, but, as far as I know, it is not stated simply
in the journals: If SU(6)~ symmetry or I-broken
SU(6)~ is valid the ZI rule applies automatically
to B'BP interactions and to the P-singlet parts of
MMM interactions. A simple proof has been given
by Lipkin. ' SU(6)~ symmetry implies that the W

spin of each of the three quark flavors is conserved
separately. If a P meson is of the structure aa
(where a is any of the three flavors}, and the other
hadrons contain no a or a quarks, W-spin conser-
vation of the a flavor implies that W spin of the P
meson is zero. This is a contradiction, since a
P meson is part of a W-spin triplet. This is suf-
ficient to imply the ZI rule for all B'BP interac-
tions, since the satisfaction of Eq. (8) implies the
rule. In Sec. III we shall be concerned also with
PP decays of tensor mesons. If the tensor meson
is an octet member, the above argument implies
the ZI rule. That is, Eq. (4) must be satisfied,
where the singlet is the P singlet.

If the different interactions that must be related
by the ZI rule correspond to different SU(6} rep-
resentations, then the SU(6)~ symmetry does not
imply the rule, in general. For example, if one
considers the B'BVp interactions, where Vp is a
vector meson with helicity zero in the decay di-
rection, the SU(3)-singlet component of the V
nonet is an SU(6) singlet in the SU(6)~ classifica-
tion. In this case the ZI rule is not guaranteed by
SU(6)~ symmetry, but requires a relation between
the interactions of the meson multiplets 35 and 1.

for negative 8 than for zero 8. The absolute mag-
nitude of 8 that results from application of the
quadratic Gell-Mann-Okubo mass formula' is
10.4', while the ~8~ corresponding to the linear
mass formula is 23.7 . The analysis of Bolotov
et al. of w p -gn and ~ p -g'n cross sections pro-
vides evidence that 8 is negative. "

The partial width for every two-hadron decay
mode of a resonance is written in the form used
in R1, i.e.,

g 2p 2lq+ t/M (13)

where M„ is the mass of the resonance, p, is the
decay momentum, li is the orbital angular mo-
mentum of the decay, and g„,. is the interaction
constant. It is assumed that the g„,. corresponding
to the same l,. and same particle multiplets are
related by SU(3) symmetry or (in Sec. III B) by
SU(6)„symmetry. If the decay mode includes one
or two q's, the factor F„,(8) is defined by

2 2~
~ri gris ri & (14)

where g„,, is the coupling constant that would apply
if the g were pure octet.

If there is just one q in the decay, and the other
final hadron and the resonance are composed only
of u and d quarks and antiquarks, F has a simple
form, denoted by F„„,

F„~= (cos8 —0 2 sin8)'. (15)

This applies, for example, if the baryon reso-
nance is nonstrange or if the meson resonance is
an isotriplet. Equation (15) may be derived from
the formulas of Sec. II, but follows more simply
from Eqs. (3) and (12) and the condition that the
ss component of the q does not interact. The fac-
tor F~ is expected to be significantly different
from unity. The values corresponding to the 8's
of the quadratic and linear mass formulas are

F~(-10.4') = 1.53, F~(-23.'I') = 2.20. (16)

One of the most accurately known decay widths
involving the g is the gn partial width of the tensor
meson A, (1310). If one uses SU(3} symmetry and

Eq. (4), the predicted qv/KK interaction ratio of
the A, is

g„,'/err-' (theory) = ', F~. —

The experimental data and the phase-space for-
mula of Eq. (13}yield the experimental value"

g„'/grr-' (exp} = 1.10 +0.15.

This is in agreement with the prediction, since
F„, is expected to be on the order of the values of
Eq. (16).

Next we consider the J = —,'baryon resonance
octet. The predicted qv/nN coupling ratio of the
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N, i, -(1665) is given by

1 I 3(-f/d} '
g,»' 9 „1+(f/d)

where f/d is related to the g, and g, of Eq. (10) by

(f/d) = (-,')"g,/g,

If f/d= —&, as predicted by SU(6)~ for the quark-
spin —,

' octet of the 70," then g„„'/g,„'=1 and the
predicted value of g„N' is

g„„' (theory}= (3.51+0 5)F~.GeV ',
where the experimental value and error used in R1
for N-mN have been used in the computation. The
corresponding experimental value is

g„»' (exp)(0.64 GeV '.
Here I have used a conservative upper limit of leap

for the gN branching ratio, as opposed to the limit
0.5% listed in Ref. 12. If one had used the value
f/d = -0.136 obtained from an SU(3) analysis of
the -', resonances, ' the prediction would have been

g„„' (theory) = (1.05+0.15)F~ GeV '.
This is somewhat better, but there is still a con-
flict, since one expects F~ to be at least as large
as 1.5.

These comparisons are significant because
SU(3} works very well for the non-q decay modes
of the 2' mesons and the —,

' baryons. In order to
make this clear I will show the results of SU(3)
analyses of these multiplets, although the experi-
mental numbers have not changed much from those
used in earlier analyses. ' The tensor-meson re-
sults, with g modes included, are shown in Table
I; the experimental pa, rtial widths, phase-space
factors, and errors are determined by the same
procedure used in R1. The overall normalization
of the theoretical values was chosen to minimize
the sum Z,[g,' (exp) -g, ' (th)]' over the decays A,
-KK, f- mm, and K*- nK. The F factors of the

g-emission modes are listed below.

F(A, —qv)=F„, =(cos8 —v 2sine)',

F(f-rig) = (cos8- v 2sin8)',

F(f ' - r)q) = [cos8+ (2}'i'sin8]',

F(K*-riK) = [cos8+ M8sin8]'.

'Table II shows the comparison between theory
and experiment for the -', decays, with the f/d
ratio taken as the value of Ref. 3. 'The experimen-
tal errors are the same in 'Table I of R1. The
normalization of the theoretical numbers was
chosen to minimize the sum Z;[g, ' (exp)-g, ' (th)]'
over those modes with experimental errors in

g,.' smaller than 1 GeV '.

B. SU(6)~ symmetry

We next consider pN, qA, and pZ decay modes
of —,

' and —,
' resonances. In these cases there is

mixing between different SU(3) multiplets. There-
fore, I will follow the procedure of R1 and sum

g„,' over resonances of the same spin, parity,
hypercharge, isotopic spin, and (presumably} the
same quark-model level. The result is then com-
pared with I-broken SU(6)v, and is independent of
mixing angles. It is shown in R1 that the predic-
tions are satisfied fairly well for m- and K-emis-
sion modes.

'The g modes of the —,
' resonances have not been

seen. However, the N, i, (1512), A, i, (1519), and

Z, &,-(1582) are close to or below q-emission
threshold. Therefore, appreciable g couplings of
these resonances may exist and may have escaped
detection, so that no violation of the predictions
is implied.

We turn to the —,
' resonances. The A, i, (1405)

and Z, i, (1620}are also below the q-emission
thresholds. However, the measured q-emission
rates of other baryons of this spin parity are
large. The decays are S-wave decays. The ex-

Decay g2 (exp) g2 (theory)

TABLE I. Experimental and theoretical values of
g«[in (GeV) ] for the PP decays of the tensor mesons. TABLE II. Experimental and theoretical values of g„;

in (GeV) for PB decays of J+=&5 resonances. The fjd
for g (theory) is -0.138.

A2 (1310) KK
A, (1310)—q~

f(1271)—7l7f

f(1271) KK
f (1271)—qg
f'(1516)—KK
f'(1516)—v)7]

K*(1421)—~K
K*(1421)—~

0.57 +0.07
0.63 +0.06
2.57 +0.29
0.82 +0.21

&1.7
1.50 + 0.53

&0.8
1.38 +0.14

&0.35

0.84
0.56F
2.53
0.84
0-09F
1.69
0.75F
1.27
0.14E

Decay

N(1665) 7TN

N(1665) ZN
A (1827) KN
A(1827) 7t'Z

Z(1768)-XN
Z(1768)-~A
Z(1758)—~Z

g (exp)

3.51
&0.64
0.37
4.63
4.99
1.37
0.16

g (theory)

3.74
1.12Fu d

0.38
6.71
4.34
2.24
0.26



q MESON AND HADRONIC INTERACTION SYMMETRY 175

perimental and theoretical values of G,.'= Z„g„,'
for the q modes of this multiplet are shown in
Table III. The experimental numbers and errors
are determined as in R1, and the overall normal-
ization of the theoretical G,.' is that of Table II of
R1. The F factors are

F„„=F~= (cos8 —v 2 sin8)',

F„~= cos'8 —(2v 2/7)sin8 cos8+ (-')sin'8,

F„c= cos'8+ (2v 2/3)sin8 cos8+ (-')sin'8.

The experimental value of G' for the Z -qZ is not
included in 'Table III because the errors in the
mass and qZ branching ratio of the Z», (1750)
are so large that the G' would not be very meaning-
ful. The contributions to the gN and gA couplings
come entirely from the N, &, (1516) and A, &, (1672).

It should be borne in mind that if the qA coupling
of the A„, (1405) were known and included, the
experimental G'(qA) would be larger. For 8 in the
range -24' to 0, F„ is in the range 1 to 1.2. Since
F~ is expected to be in the range 1.5 to 2.2 [see
Eq. (16)], a large violation of the SU(6)~ predic-
tion is present for the qN couplings

IV. CONCLUDING REMARKS

There are hadronic decays involving the p other
than those considered here. However, in those
cases where fairly accurate measurements have
been made, various difficulties obscure the ques-
tion of the applicability of SU(3) to the q vertices.
An example is the qy partial width of the P me-
son. This can be compared with other V -Py
interactions, if one assumes SU(3) symmetry and
vector dominance. " Unfortunately, these as-
sumptions are in conflict with some VPy interac-
tion ratios that do not involve q's. If one accepts
the fg - zy width as a standard, the predicted p
-~y and K*'-K'y widths are more than twice too
large. " This cannot be explained as a ZI viola-
tion for the P or V mesons, since the only P-
or V-singlet component involved is that in the ~,
and the known small Q —~p/~- vp interaction ra-
tio supports the ZI rule for the V nonet. The dis-
crepancy cannot be explained by attributing an
SU(3)-singlet component to the y, because a sin-
glet component of such sign to decrease the p - vy

TABLE III. Experimental and theoretical values of
G; (in GeV ) for g-emission modes of J =

& baryons.

Decay G; (exp) G; (theory)

N —qN
A —gA
Z qZ

106 +40
43.5+ 23

uncertain

15F
26F
f 1.1F

interaction will increase the K*'-K'y interac-
tion. " Because of this difficulty, V -Py decays
are not very suitable for studying the SU(3) prop-
erties of the g.

My main conclusion is that the two assumptions
of SU(3) symmetry and the Zweig-fizuka rule
lead to contradictions with experimental measure-
ments of q-emission decay modes of various had-
rons. The measured A, -qm width is in agreement
with predictions for a reasonable value of the g-
q' mixing angle. Qn the other hand, an appreciable
qN decay of the N, &, (1665) is predicted, in con-
tradiction with experiment. The large observed
qN decay width of the N, &, (1516) is in violation
of the combination of the ZI rule and l-broken
SU(6)~, although this symmetry works fairly well
for non-q decay modes of the odd-parity baryon
resonances. There is no good evidence from had-
ronic decays that q interactions satisfy approxi-
mate SU (3) sy m met ry.

The la, rge q modes of the J = —, baryons N(1516),
A(1672), and Z(1750) are sometimes called
"threshold effects" since these resonances are
close to the g-emission thresholds. It is con-
ceivable that the g-emission reaction is crucial
in whatever dynamics determines the masses of
these resonances, and that their locations near
the thresholds are not coincidential. If this is so,
it is another way in which the q is different from
other hadrons. No such striking threshold effects
have been observed for pion or kaon emission,
or for ~~ decays. In this connection, it is interest-
ing to note that the quark-model assignments of
these three baryons are quite different in most
analyses. In the analysis of Hey, Litchfield, and
Cashmore, for example, " the largest components
in the wave functions for the —, baryons N(1516),
A(1672), and Z(1750) are of quark-spin and SU(3)
multiplicities '8, '8, and '10, respectively.
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