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A J+ =3 nonet consisting of the states p(1670), w (1680), K*(1760), and $(1820) is proposed.
These mesons are taken to be the Regge recurrences of the 1 nonet, and their various decays
into 0 and 1 mesons are studied. A consistent scheme emerges, in which the 3 nonet and
its couplings to the lower-lying mesons may be described in terms of SU(3) symmetry and the
quark model. Of particular interest is the result that the isosinglet members of the 3 nonet
appear to mix "ideally. "

In the past few years the possibility that Regge
trajectories rise linearly to infinity has been seri-
ously entertained. There has been some support-
ing evidence for this view, the most notable per-
haps being the p(1670) or g meson with J~ =3
which is assumed to be the recurrence of the p
meson. It is well known that the linear Regge tra-
jectory determined by the p and g mesons has an
intercept at s = 0 approximately equal to the value
(=-,') which is obtained from the analysis of wN

charge-exchange scattering experiments. In this
note we want to present evidence for the existence
of a nonet of J~ =3 resonances which are the lin-
ear recurrences of the vector-meson nonet.
These are

p(1670): I'=1', Y=O,

~(1680): I~ =0-, Y=0 (see Ref. 1),

K*(1760): I = —,', Y = +1,

P(1820): I~ =0, Y=0.

With these assignments all 3 trajectories (p, &u,

K*, and P) on the Chew-Frautschi plots are close-
ly parallel to one another.

While the assignment of these resonances to the
3 nonet is tentative, we find that a consistent pic-
ture emerges in which the couplings of these reso-
nances to lower-lying mesons are governed by
SU(3) symmetry and the quark model.

We begin with a brief summary of the experi-
mental status of these resonances.

Recent studies indicate that the main decay modes
of the g meson are nn, KK, K*K, and 4m. Spin-
parity analysis has been possible only on the nm

channel. There is some controversy as to the
identity of the 4m enhancement which appears at a
mass slightly higher than the 2m g meson. The 4m

decay is further shown to be mainly to pp and con,

but not to A,m. ' We have based our analysis on a
tentative assumption that the 4m decay mode ex-
clusive of the ~m mode is due to pp. Experimen-
tally, it is difficult to separate the p2w (2s not in p)
mode from the pp mode. The branching ratios
used for the present analysis are given in Table I ~

4m and (dn branching fractions are from Ref. 7 and
the KK and the K*K branching fractions are from
Ref. 4.

E*(1760)

The observation of a I =-,', J =3 resonance de-
caying to (Kv) and (Kwm)o, final states in K'd reac-
tions at 9 GeV/c was first reported by Carmony
et al.' The presence of a resonant Km amplitude
at about this mass with J~ =3 was also reported
by Firestone et al. ' However, strong interference
with the background processes prevented them
from making reliable determination of the mass
and the width. We have used for our study the
mass and the width given by Carmony et al.,
M =1759+10 MeV and I' =60+ 20 MeV, respective-
ly. The two branching fractions reported by Car-
mony et al. are listed in Table I.

p(1670) or g Meson

The spin-parity of the g meson is well estab-
lished to be 3 .' ' However, the mass and the
width are subject to wild fluctuations from one ex-
periment to another. Relying heavily on some re-
cent experimental work, "we adopted the follow-
ing values for our study: M = 1670 MeV, I = 150
+50 MeV.

~(1680)

u(1680) was discovered by Armenise et al."and
was later confirmed by Kenyon et al." and by
Matthews et al." Its only established decay mode
is pm. The mass and the width used for our analy-
sis are obtained from the weighted averages of the
two latest experiments. "" These areI=1675 ~ 14 MeV,
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TABLE I. Total widths and branching fractions used for the fit are tabulated. The third col-
umn represents the results of a 5-parameter fit with R =0.2 F. The last column represents a
3-parameter fit with f and f ' fixed at -1.4 and 4, respectively (R =0.2 F also).

Name
Input

values
Fitted values

5-parameter fit 3-parameter fit

~~(t6so)

~Z *(1760)

g~ 27'

g (PP+C 7t)

g ~ 4) 7l

g (PP +A@7()

150 + 50 MeV

144+ 19 MeV

60+ 20 MeV

0.30+ 0.10

0.22+ 0.04

150 MeV

144 MeV

84 MeV

0.30

Q.22

198 MeV

134 MeV

84 MeV

Q.26

0.24

g KK
g ~ 27t'

0,08+ 0.03 0.13 0.13

0.10+ 0.03 0.08 0.08

K~(1760) K 7t

KN(1760) Kp +K 0.40~ 0.10 0.48 0.48

K~{1760)—K
K~(1760)-Kp+K ~

0.40+ 0.15 0.61 0.61

F = 144+ 19 MeV.

The spin-parity of the resonance is not well de-
termined. Kenyon et al. favor I' and 2 over I,
2', 3 assignments. Matthews et al. favor natural
spin-parity assignments I, 2', and 3 over un-
natural assignments I', 2, 3'. Both experiments
rule out 0 . The possibility of this being a recur-
rence of u&(784) was first speculated by Matthews
et al.

Q{1820)

One possible candidate for the recurrence of
P(1020) is the (K',MM, MM&K'v') enhancement
seen by French et al. in pp annihilations at 3.0,
3.6, and 4.0 GeV/c. " The mass and the width are
M = 1820 + 12 MeV, I = 50 + 23 MeV, respectively.
Since the nature of this decay is not well estab-
lished we have not made use of this data. Rather,
we explored the consequence of the existence of
P(1820) at this mass and studied various branch-
ing modes.

In order to test the above assignments we have
studied the three types of two-body decays of the
3 nonet into vector (1 ) and pseudoscalar (0 )
mesons: 3 -0 +0, 3 -0 + I, and 3 - I +I
Consistent with the absence of mA, decay mode for
the g meson we have excluded the 3 —2'+0 chan-
nel in this analysis. We make the assumption that
the couplings of the 3 mesons to the I and 0

mesons are given by exact SU(3).'4 The partial
widths of the decays then have the general form

I = g'O'4,

where g is an over-all coupling constant, C is de-
termined from SU(3) Clebsch-Gordan coefficients,
and 4 is a phase-space and barrier-penetration
factor. SU(3)-symmetry-breaking effects are taken
into account by making use of the physical masses
in C a.nd through the mixing of u(784) with P (1020)
and &u(1680) with P (1820).

The relevant expressions for C are given in
Table II. They depend on the usual mixing angles
0, and 0, of the I and 3 nonets and, in the case
of the 3 -1 +0 decays, on the parameters f and
f' as well. f measures the relative coupling of a
I singlet to 3 and 0 octet states and f' that of
a 3 singlet to I and 0 octets. Consistency with
our assumption that the 3 nonet is the recur-
rence of the I nonet requires that 0, =0, =0. The
adopted assignment of the 3 nonet indeed leads to
an octet-singlet mixing angle of 0, =28'+10'. Since
available data do not allow an independent deter-
mination of this mixing angle we have assumed
that 8 takes its "ideal" value" given by tan8 =1/V2,
that is, 0 =35'.

We have chosen for the phase space factor 4 a
modified version of a form suggested by Quigg and
von Hippel. " Namely, we take
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TABLE II. Relevant 3 decay modes are tabulated. The subscripts 1 and 3 refer to the 1
and 3 nonets, respectively. We have adopted the shorthand notation S&, C&, S&, and C& for
sin0&, cos0&, sin83, and cos03, respectively. Column 2 gives the SU(3) Clebsch-Gordan coeffi-
cients. Column 3 gives the partial widths calculated from the 5-parameter fit with R =0.2 F.
Column 4 gives the partial widths obtained from the 3-parameter fit with f and f ' fixed at -1.4
and 4, respectively (R =0.2 F also).

Decay mode SU (3) coefficients
Partial widths (MeV)

5-parameter fit 3-parameter fit

3 0+0 p3 ~2Z

p &
KIT

KK

K~ Kx

E) Eg

KE

—,
' W6

-(1/v 2 )S3

2

1
Y

(1/v 2 )C3

4.2

4 3

17

39

5.0

5.1

22

9.5
20

3 1+0 p 3~ (d7t'

pg pR

p &
K*K,K*K

p3

-~3~ p7l

K K,K "K

(d 3
~N fj

-S&+C&f

—,'&6, ~v 6

C(+ S(f
v 3 S~+ i v 6C3f'

+$W2S, + &C,f'
-S3S)+ 41 v 2 C3$(f ' —S3C(f

S3Cf $W2C3C(f ' —S)S(f

24

2.1

2.7

133

4.7

1.9

2.4

123

3.5

2.2

E3 pK

E) K*m

K& ~PK
K* cd3

E3 ~E*g

K K,E*K

2

2

—~C) + S(f

+$S(+C(f

-W3C, +7~vs S,f'
+~&2 C,+ -'S,f '

2 3 2 3

-C3C f 4 W2$3C ff'+ S(C3f
C3Sg+~v2 S(S3f'+C)C(f

16

24

2.7

0 4

2.2

38

3.4

0.6

18

28

5.4

0.5

3.9

3 1+1 p3 pp

K3-K*p
K* K "u

3

K K*

i
Y

~ W2C,

85

41

12

113

15

16

where h',"is a Hankel function of the first kind, l
is the orbital angular momentum of the final decay
state, M is the mass of the 3 meson, q is the
c.m. momentum of a final meson, and R is the
strong interaction -radius. We take l to be {3,3, 1)
and f(M') takes" the form (M ' I M ') for the
{0 0, 0 1, 1 1 ) channels, respectively. The

Hankel function in the phase-space expressions re-
sults from an attempt to take into account centrif-
ugal-barrier effects associated with a finite strong-
interaction radius.

Three observed total widths and six branching
fractions listed in Table I are compared with the
model by means of a least-squares fitting method.
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The unknown parameters are the three over-all
coupling constants for the three decay channels
(3- —0 0 , 1 0, and 1 1 ) and f and f' for
the 1 0 decay. To compare a total width with the

corresponding experimental value all partial widths

for allowed decay modes were calculated and ad-
ded whether such modes were observed or not.

The effect of R, the strong-interaction radius,
on the fit was studied over all possible values of R.
Figure 1 gives the variation of X' as a function of
R. Although the meager data available so far
favor R- 0, it is clear that any fit with R & 0.4 F
is acceptable. It should be pointed out that the
higher X' at larger R is mainly due to the R de-
pendence of the branching fraction, [p(1670) -KK]/
[p(1670)- ww]. In the following, we choose to dis-
cuss the results of a fit with the strong interaction
radius fixed at 0.2 F. The X' value of 6.8 with 4
degrees of freedom corresponds to a confidence
level of 30% '8

The fitted total widths and the branching frac-
tions are listed in Table I to be compared with the
input values. It is clear that the model fits the
data remarkably well ~ The following points are
noteworthy:

(1) In the quark model, the decay g(16'l0)- Pm

is forbidden if the mixing a.ngle is such that P (1020)
is a pure strange quark-antiquark system. Simi-
lar arguments hold for the decay of P(1820)- pn.
The model indeed predicts small partial widths
for both of these decay modes (Table II). The SU(3)
factors for the respective processes are identical-
ly zero if (see Table II)

f = -cot0 = -1.4,

f'= 2v 2 cot8, = 4.

20—

The values obtained from the least-squares fit-
ting are

f = -1.2 + 0.38,

f'= 4.8+ 1.5.

These are remarkably close to the "ideal" values,
which lends support for the quark model. A fit
with f and f ' fixed at their "ideal" values, -1.4
and 4, respectively, is shown in the last columns
of Tables I and II; the corresponding X' dependence
on "R" is shown as a dashed line in Fig. 1.

(2) The computed total width for P (1820) is 72.5
MeV and the most important decay mode is to
K*(890)K+K*(890)K. Both of these features are
consistent with the enhancement observed by
French e t al."

(3) Corresponding to the pp decay of the g me-
son, strong K*p and K*~ decays are predicted for
the K*(1760). Observation of such modes would

render strong support for the 3 nonet scheme
proposed here.

(4) Consistent with the idea that the 3 nonet is
a Regge recurrence of the 1 nonet, all mass
formulas applying to 1 nonets are well satisfied
for the 3 nonet. For example, the Schwinger
mass formula'9

(y2 ~ 2)(~2 ~ 2) a (Kg2 p2)2

when applied to the 3 nonet, yields -0.04~ 0.03
GeV4 for the left-hand side and -0.08~0.03 GeV'
for the right-hand side.

(5) The couplings of the g meson to vw and v~
have been related to the corresponding couplings
of p to mm and mu. " This relation, which is de-
rived on the basis of bootstrap requirements
placed on finite-energy sum rules involving lin-
early rising trajectories, is given by"

102

=0.87&10 ' GeV '.
g pg~g p~~

This may be tested, up to a sign, from our fit.
Converting this into a relation among the respec-
tive widths and taking" g, '/4w to be 23 GeV '
we obtain

0.0
I

0.2
R (F)

I

0.4 0.6

FIG. 1. Plot of X vs R, the strong-interaction radius.
The solid line represents a 5-parameter fit with 4 de-
grees of freedom. The dashed line is a 3-parameter fit
(6 degrees of freedom) with f and f' fixed at —1.4 and

4, respectively (see text).

r(p, -2v)r(p, —~w)

m, i'(p- 2v)
= (2.0 + 0.4) x 10-'.

Using a p mass and width of 760 MeV and 130 MeV,
respectively, and Table II, the left-hand side is
found to be 0.8 &&?0 ' for the 5-parameter fit, while
the fit with the "ideal" f and f' yields 1.5X10 '.

In conclusion, we feel that the evidence presented
here for the existence of a 3 nonet is more than
circumstantial. Although the spin and parity of
some of the proposed states have not been de-
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termined, the assignments are consistent with
their being the recurrence of the 1 nonet along
linear Regge trajectories. The description of the
3 nonet and its decays into lower-lying mesons

lends itself to a simple description in terms of the
quark model. ' In this scheme the 3 nonet would
be composed of excited quark-antiquark states and
the two isosinglets would mix "ideally. "

*Supported in part by the National Research Council of
Canada.

~This has been usually referred to as $(1680). In this
note we adopt more informative notation based on the
assumption of its being a recurrence of cu(784).
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