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It was shown recently that if the three-par-
ticle vertices involving the pseudoscalar and
vector octet and singlet mesons are invariant
to the group SU(6) ~, the one-M (-meson) ex-
change force may bootstrap the M as P-wave,
MM bound states. ' In this model, there are
forces in states of even orbital angular momen-
tum that are of the same order as the P-wave
forces. These even-/ forces will lead to pre-
dicted meson resonances of even parity. The
purpose of this note is to list the quantum num-
bers and relative coupling strengths of differ-
ent decay modes of the predicted even-parity
mesons, and to compare some of the results
with experiment.

The basic odd-parity mesons M are taken
to be degenerate. The SU(6)~-symmetric MMM
vertices are given in Ref. 1; alternatively,
they may be determined from the work of Sa-
kita and Wali. ' The method of calculation in-
volves constructing the vertices so that the
SU(6)~ symmetry is preserved if one particle
is off the mass shell, and then examining the
various one-M-exchange amplitudes in Born
approximation at the physical threshold ener-
gy. The many-channel amplitudes correspond-
ing to particular initial and final orbital angu-
lar momenta are then diagonalized. The thresh-
old value of an eigenamplitude is called the
eigenvalue. It is assumed that resonances or
bound states may be a,ssociated with the largest
positive eigenvalues, and that the relative con-
stants of interaction of the different two-par-
ticle configurations of a composite particle
are equal to the relative components of the
configurations in the corresponding eigenam-
plitude.

Table I. Quantum numbers of the meson states of
pos itive eigenvalue.

Eigenvalue States

(5)+2

(11/4)~»
(5/4) "2

(1, 1)
(1,5)+

(1,3)-, (8, 1), (8'. 5), (8, 3), (8, 3)-

It is shown in Ref. 1 that the one-M-exchange
amplitude at threshold for any specific pair
of MM states may be written in the form A~&
&(k-k')i(k-k'), where i and j label the spatial
axes, k and k' are the initial and final three-
momenta in the center-of-mass system, and

Apj is an operator in the space of the intrinsic
spins of the initial and final mesons. Those
amplitudes that are linear in both k and k' are
P-wave amplitudes. However, amplitudes qua-
dratic in either k or k' are of the same order, '

these amplitudes represent both S-wave scat-
tering and S-D transitions.

At present there is no reliable way to esti-
mate the relative importance of S-S and S-D
amplitudes, since these amplitudes are asso-
ciated with different phase-space factors. '
In this note we will neglect the S-S amplitudes,
because this assumption leads to simple re-
sults, and because D-wave decays of even-par-
ity meson resonances are observed to be im-
portant experimentally.

All S Dtransitions c-orresponding to the SU(3)
representations 10, 10*, and 27 vanish, for
reasons discussed at the end of this note. Since
only S-D transitions are considered, the total
S-wave component and total D-wave component
of each eigenamplitude are of equal magnitude,
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and the eigenvalues occur in pairs of equal
positive and negative values. All eigenampli-
tudes corresponding to positive eigenvalues
are listed in Table I. The eigenvalues are nor-
malized for convenience. The symbol (a, b)1

denotes a multiplet of SU(3) and spin multiplic-
ities a and b, whose Iz = 7'=0 members are
of C parity i. The octet part of this spectrum
is identical to that resulting from the assump-
tion that these resonances are quark-antiquark
states, with all P-wave states resonating. In
the present model, the relative couplings of
the different 8-wave MM states, and of the
D-wave states, are predicted. The results
are

s(»)+ =(-')'"(pp) = (-')'"(VV).,

D(1, 1) = (VV)2,

S(1, 5)+ = ( VV)„
D(1, 5)'

= (3/11)1"(PP) + (1/11)'/ (Vv)2+ (7/11)1' (VV)2,

S(1,3) = (Pv),

D(1, 3) = (Pv),

S(8, 1) =(-,') (PP) +(-,') (VV), ,

D(8, 1) = (VV)2

s(s, 5) = (vv), ,

D(S, 5) =(3/2O) (PP) +(1/2O) (VV),

+ (7/20) (VV)2 + (9/20) (PV)

S(8, 3) = (PV)

D(s, 3) =(-,') (pv) +(-,') (vv), ,

S(8, 3) = (-,') (VV), + (-,') (PV),

D(8, 3) = (-.') ( VV), + (-.') (PV)

The symbols S(a) and D(a) denote the S- and
D-wave functions for the bound state a, and
the subscript on the symbol (VV) denotes the
total intrinsic spin. The relative components
of the singlet-singlet and octet-octet parts of
the SU(3) singlet states are given by the for-
mula

( 1)l/2g + (8/9)1/2q

The superscripts f and d denote P-type octet-

octet-octet coupling, and D-type nonet-nonet-
nonet coupling. The relative components of
the octet-octet and octet-singlet parts of the
D-type octet wave functions are given by the
formula

g =(5/9) g„+(4/9)d 1/2 1/2

In order to indicate the possible effect of co-cp

mixing on the decays of the (PV) states, we
list the terms of these wave functions that in-
volve the SU(3) singlet and octet isoscala, r V

mesons ~, and (u, '.

g(f = 1) = (2/9)'"(E~, )-(-,')'"(»,) +

g(1 = 0) = (2/9)'"(X(u2) + (2/9)'"(ll(ul)

~ ( l)1/2(~~ ) +. . .

y(I = —,') = (2/9)'"(A'&u ) + (1/38)'/2(K(u ) + ~ ~ ~ . (2)

The ~-y mixing that corresponds to "quark-
model type" symmetry breaking is'

(2)1/2~ (l)1/2 ~ (1)1/2~ + (2)1/2 (3)

where ~ and y are the observed particles.
The experimental data concerning even-par-

ity meson resonances are rather skimpy and
have been summarized by several authors. '
We discuss here only a few salient points re-
lated to the data. Since the momentum depen-
dences at threshold of P-P and S-D amplitudes
are the same, we have normalized the 8-D
eigenvalues to be consistent with the P-P ei-
genvalues of Ref. 1, i.e., the ratio of any two
eigenvalues is the ratio of the corresponding
S-matrix elements in Born approximation.
The eigenvalue describing the P-wave states
associated with the P nonet and t/' octet is 2.'
If the even-parity (S D) state (1, 1)+ is i-denti-

fied with the Pomeranchuk trajectory, or with
some low-energy phenomenon in ~m scattering,
its mass is smaller than the average M mass.
Therefore, it is reasonable that the eigenval-
ue of this state is larger than 2. The eigenval-
ue (11/4)'" of the spin-2 singlet of Table I is
a little disturbing, since the experimental da-
ta favor a spin-2 singlet and octet of compar-
able masses. ' However, the eigenvalues are
only rough indications of the expected mass-
es, since the large mass splitting of the M
multiplet has not been taken into account. It
is reasonable that the observed spin-0, even-
parity octet be lighter than the spin-2 octet,
because of the strong coupling of the former
to S-wave PP states.
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If the 1220-MeV 8 meson corresponds to
the isovector member of the multiplet (8, 3)
and if the a-y mixing is that of Eq. (3), then
the predicted vp/vw branching ratio is zero,
as may be seen from Eq. (2). This is consis-
tent with experimental indications. ' The 1320-
MeV A, meson, assumed here to be the iso-
vector member of the spin-2 octet, provides
a good test of predicted relative PP/PV decay
rates, as these modes are both D-wave modes,
and the thresholds for the vp, KK, and vq cha, n-
nels are comparable. The predicted branch-
ing ratios, uncorrected for phase-space dif-
ferences are ~p.EA:Ttg = 18:3:2.' This agrees
with the observed dominance of the 7t p mode.
More data will make many other experimen-
tal comparisons possible. It is interesting
to note that if the -1500-MeV f ' meson is a
linear combination of the two isoscalar spin-2
mesons, the tail of the p-p decay mode should
be observable.

Vfe now discuss the reason that certain S-D
transitions vanish. Such transitions must van-
ish for all states of an SU(3) representation
R that satisfies the condition

both occur in the wave function gm. (An exam-
ple is an MM wave function of Iz =2„which
must include two proton qua, rks and two neu-
tron antiquarks. ) For such a wave function,
8 may be replaced by the expression +a&W,
where ai is chosen to be 1 if the quark i occurs,
or —1 if the antiquark i occurs. This expres-
sion commutes with Tc, so the condition of
Eq. (4) is valid. The representations 10, 10~,
and 27 contain states of internal quantum num-
bers that cannot be formed from a single quark-
antiquark pair, and thus are of the type dis-
cussed above. Hence, no S-D transitions are
possible for these representations in our SU(6) W-
symmetric model.

A similar theorem applies to other, related
calculations. For example, SU(6) W-symmet-
ric one-particle exchange contributions to the
scattering of a meson M from a member of
the 56-fold baryon supermultiplet can lead to
S Dtransi-tions only for states of the SU(3)
representations 1, 8, and 10.

The author would like to thank Dr. Paul Au-
vil and Dr. J.J. Brehm for several interest-
ing conversations concerning this problem.

where T is the scattering amplitude, S and
I are the total intrinsic spin and the orbital
angular momentum, and the g& represent
arbitrary spin states of any specific internal
state m of the representation R. Any S-D tran-
sition must contribute in the forward and back-
wa, rd directions, so we may limit attention
to the collinear amplitudes T~. In our model

Tc are SU(6) W symmetric, and hence commute
with all SU(6) W generators. Since S = W, '
T~ commutes with S, so that it is sufficient
to consider the spin-lowering operator S in

Eq. (4). The transformation properties of the
mesons are described conveniently if they are
considered as quark-antiquark S states, formed
from the three (proton, neutron, and A) quarks.
(The quarks are not postulated to be physical
particles. ) The quark-spin- and W-spin-low-
ering operators Si and R'i may be defined
so that their matrix elements with respect to
the quark i are equal, in which case their ma-
trix elements for the antiquark i are of oppo-
site sign. In general, S = Sp +S„+SA
is not a linear combination of SU(6) W gener-
ators. However, a s implif ication occurs if,
for each i, the quark i a,nd a,ntiquark i do not
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-K'+p+ w++ w'

-K'+n+ m++ m+,

K +P+w +w +w

K +p+w +w +w +w

(3)

(4)

(5)

Kmw-1170. —A Kmw interaction at 1170 MeV
was first reported by Wangler, Erwin, and
Walker' in the reaction w +p -K+ 1'+ 2w. This
particular peak was later verified by Miller
et al. 2 at Purdue. Higher energy wP interactions
did not seem to show the presence of such an
enhancement in the Kmm mass spectra. We have
observed a peak in the K w+w+ mass spectrum
from Reaction (4) which agrees in mass and

In the last two years a number of strangeness-
one resonances have been reported in the liter-
ature. There have been resonances involving
one E meson and two m mesons reported at ener-
gies of 1170 1215, ~ 1275, 1320 -8 and 1400
MeV. s '2 Except for the case of the K~(1400),
relatively little firm information exists so far
as spin and parity quantum numbers are con-
cerned. If one could make definite quantum
number assignments to these rather numerous
resonances, then it might be possible to estab-
lish the existence of families of such resonances
and perhaps understand what sort of symrne-
try scheme is valid for these relatively ener-
getic systems.

In the process of studying K+-proton inter-
actions at an energy of 3.54 BeV/c in the 80-
inch Brookhaven National Laboratory bubble
chamber, we have found evidence for sever-
al of these resonant states. We have measured
all events consisting of two and four prongs
with associated V"s in a series of 50000 pic-
tures. These topologies are particularly use-
ful ones in that they present less ambiguous
cases than the other topological classes. The
reactions that we have studied are listed below.

K+iP-K'+P+w+,

width with the K*(1170)previously reported.
The interaction is predominantly associated
with K m+m+ combinations in which one K'm+

pair forms a K*(892). The data are shown in
Fig. 1(a). This establishes the isotopic spin
of our peak as 2, but its existence as a reso-
nant particle is more in doubt.

An analysis of a Dalitz plot of the K'm+m+

combinations in the 1170-MeV region suggests
that this enhancement may be caused by the
final-state interaction shown in the inset in

Fig. 1(a). The triangle diagram causes aKww

enhancement for the range of 1030 to -I180
MeV and also forces the m+m+ system into a
mass range less than -2.5m&." We find a 3.8-
standard-deviation excess of w+m+ pairs in this
mass range for K'~+~+ combinations in the
1170-MeV peak. This enhancement occurs
at the low-mass end of the K+(892) band in a
Dalitz plot of M'(K'w+) versus M'(w+w+). No

such effect is observed for K'm+w+ combinations
in a control mass region above 1170 MeV.

K*(1400).—The K*(1400), which was initial-
ly reported by Haque et al. 9 and later seen in
a number of experiments, ' ' has been assigned
to a 2+ nonet by Glashow and Socolow. '~ We
see the effect of the K*(1400) resonance in sev-
eral channels; in particular, the mass spec-
trum of the K'w+ system from Reaction (1) shown
in Fig. 1(b)." We also see an indication of the
1400-MeV resonance in Reaction (2) in which
there is a peak above phase space in the region
of 1400 MeV for the K'm'm+ mass spectrum as
shown in Fig. 1(c). Although we have also looked
for the presence of the decay of the K*(1400)
into K + ~ and K'+ g, we have found no defi-
nite evidence for such decay modes, but can
only set an upper limit for the branching ratio
into these channels. We have also sought evi-
dence for the K*(1400) in Reaction (3). A plot
of the mass distribution for the K'» in Fig.
1(d) yields no indication of the K*(1400) in this
channel which has an Iz of &. This is strong
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