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V =P P y decayrates
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The radiative decay processes of the type V ~P P y are described by the gauged Wess-Zumino
terms in a low-energy effective Lagrangian, there being no bremsstrahlung contributions. Using
such an effective Lagrangian, describing pseudoscalar and vector mesons, we have calculated the
branching ratios for the decays cv~n tr y, cv~trvqy, petr troy, p~tt gy, P~trotroy, P~m tly,
and /~K K y. Since scalar mesons have been neglected, these rates provide estimates of the ex-

pected backgrounds in searches for J"=0+ resonances, particularly the possible four-quark states in

P decays.

I. INTRODUCTION

The decays of vector mesons which proceed through
anomalies in the chiral-Lagrangian framework have been
discussed extensively. ' These calculations can be re-
garded as an attempt to obtain an approximate low-
energy effective Lagrangian. Essentially, the standard
nonlinear effective Lagrangian describing pseudoscalar
mesons is augmented by a multiplet of linearly transform-
ing vector and axial-vector mesons to include their in-
teractions, which become important at intermediate ener-
gies. The experimental data for the anomalous vector-
meson decays, for example, V~Py, are reasonably well
reproduced in this approach. Here we extend these cal-
culations to the decay modes of the form V ~P P y,
where there are no competing bremsstrahlung contribu-
tions.

Experimentally, ' only upper bounds on the branching
ratios for co~a tr y and P~tr tr y are known at
present. However, these decay rates can be predicted us-
ing the anomalous term in a chiral Lagrangian where the
relevant coupling constant gyyp has been previously
determined. ' Decays involving charged mesons, such
as co~sr+ ~ y and p ~m. + m y, are dominated by
bremsstrahlung processes and we shall only be concerned
with processes where there are no bremsstrahlung contri-
butions in the present discussion. Interest in studying the
decays P~tr tr y, P~tr rly, and /~K K y has been
stimulated ' by the fact that they possibly proceed pri-
marily through processes involving scalar resonances' '"
such as P~fo(975)y and P~ao(980)y, with subsequent
decays into ~~y and mgy. It has been shown' that if the
fo(975) and ao(980) resonances are four-quark (q2cl 2)

states the processes P~fo(975)y and P~ao(980)y are
dominant and enhance the decays P~~ tr y and
petr 2)y by at least an order of magnitude over the re-
sults predicted by the Wess-Zumino terms. We calculate
these latter contributions, in which virtual vector-meson
intermediate states dominate, because they are possibly

important backgrounds for searches for scalar reso-
nances. If these scalar mesons are indeed four-quark
structures, knowing the nonresonance background,
which we calculate here, is particularly important, since
the branching ratios are then enhanced by an order of
magnitude. '

In the next section we present the general framework
for our calculations and then we proceed to compute the
decay widths and discuss our numerical results.

II. EFFECTIVE LAGRANGIAN

Some time ago Witten' revived interest in the Wess-
Zumino term' in the effective chiral Lagrangian, which
is related to the non-Abelian anomaly, and which leads to
pseudoscalar vertices proportional to the Levi-Civita
symbol e„,&. The simplest purely hadronic reactions of
this type are somewhat complicated, for example,
KE~3m. The extension of the pseudoscalar chiral La-
grangian by introduction of vector and axial-vector fields
enables one to study other anomalous decays. It also ex-
tends the range of validity of the effective Lagrangian to
the intermediate energy range of the order of vector-
meson masses.

In the previous work, ' which we shall follow, the
chiral Lagrangian contains 0, l, and 1+ nonets of
mesons, while scalar mesons are not included. The chiral
Lagrangian for pseudoscalar mesons at low energies takes
the form

2

"Tr(a„Ua„U'),

where U=exp[(2i/f )II] and f„=135 MeV. A mass
term proportional to

where M=diag (m„,md, m, ) is the usual 3X3 quark
mass, is added to break exact chiral symmetry.

The pseudoscalar Lagrangian is further enlarged by
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AL„=—,'( V„+A„) and AR„=—,'( V„A—„). (2.2)

adding terms for spin-one mesons and electromagnetic in-

teractions are introduced assuming vector-meson domi-
nance. ' The left- and right-handed spin-one mesons ALLp
and Az„are related to the vector and axial-vector
rnesons by

3g"

16 f

2m'f '

and h is

g'f'. 3 g'f'.
4 32

P P

(2.10)

(2.11)

a„U-a„U—ig A„U+lgUA„, . (2.3)

Here g is a phenomenological "gauge" coupling constant.
Its magnitude is equal to 2f where f is related to
the experimental p~2~ decay width by

, Iq. l'
I (p~2n. ) =—', (f ) (2.4)

m

giving (fR
) /4n. = 3.0. This phenomenological pre-

scription must also be augmented by mass terms for the
vector and axial-vector fields. Thus, one also adds to the
pseudoscalar Lagrangian the term,

~(FLAIL

+.FR@R
)

where

—m
p
Tr( Ai, L AI, L + AqR AqR ) (2.5)

The coupling of these spin-one mesons to the pseudosca-
lar mesons is assumed to be given by the standard
prescription

In the nonlinear variation of this model the spin-one
mesons are introduced as gauge particles and the model is
reformulated in terms of nonlinearly transforming vec-
tor multiplets by imposing a suitable chiral-invariant con-
straint. That is, the axial-vector matrix of fields is elim-
inated by a special gauge transformation. One then finds
the Gell-Mann —Sharp —Wagner value of the coupling
constant gvvp.

3m
gvVP g~2f 2 f 5

(2.12)

In the first (linear) aPProach one finds' gvvR=10. 6
GeV while in the second (nonlinear) variation gvvp has
the value' gvvp =7.95 GeV

In addition to these effective strong-interaction terms,
one introduces electromagnetic interactions, assuming
the vector-meson-dominance approximation at these in-
termediate energies. The photon coupling to vector
mesons is then given by the additional term'

FL„=B„A,—3„A„—ig [ A„,A, ] (2.6)
V'Ze

2 O & 2A „mp„+ m,„co„
3

m ~P„, (2.13)

A„=A„+ ", a„rr,
2m

(2.7a)

n=z 'rr, (2.7b)

with a similar definition for F„.The pseudoscalar- and
axial-vector-meson fields mix and the following physical
quantities are obtained:

where the nonet ansatz, or ideal mixing, is understood.
That is, in terms of quarks, the neutral vector mesons are

p = —(uu —dd ),p 1

v'2

co= —(uu+dd ),1

2

2 2
—1/2

Z= 1+
4m

(2.7c)
and

=ss (2.14)

(2.7d)

and

&vvp= gvvRe„pTr(d" V"8 VPII) (2.8)

Gauging of the Wess-Zumino term in the chiral Lagrang-
ian results in the following anomalous terms

We note in passing that "hidden symmetry" is a closely
related alternative for introducing vector and axial-vector
mesons in the effective Lagrangian. ' Here we shall fol-
low Refs. 1 —3, using the same values of the parameters,
since they have been determined by fitting the V~Py
and P~ Vy decay data.

=ihe„pTr(V"a"IIa 11aPII) .

He e g vvp 's given by

(2.9)
III. V ~P P y DECAY WIDTHS

The effective Lagrangians relevant for the calculation
ofthe V ~P P y decay widths are

T

6 pB~co 8 co —'ps+ i/2/3'go (3.1)

o +2gvvpE &&pB p i) co 77 (3.2)

.—e„„P"p8 pP —2), + i/2/32)P" V2 v~~ V3
(3.3)
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X,„....= —g„,~„„., a~K'*"a y~K'+ a~(co p—)"8 K *~K +H. c.
2

(3.4)

The contributions to the decays co~~ ~ y and co~m. gy are shown in Fig. 1. The decay of the p is described by very
similar diagrams. In Fig. 2 the diagrams contributing to the decay /~K K y are shown. The decays P~vr rr y and

P~rlrr y are given by the same diagrams (Fig. 1) as ro~nm. y and co~rlm y, respectively. The physical mass eigen-
states ru„~ and P„~are related to the ideally mixed nonet states co„andP„[Eq.(2.14)] by

(3.5a)

and

(3.5b)

where e has been determined from P —+pm decay data to have the small magnitude: el =0.076. In the vector-meson
propagators in Figs. 1 and 2 the mass of the vector meson has also been replaced by Mv —t'I v/2 where I z is total mea-
sured decay width of the appropriate meson state. The physical g and g' pseudoscalar-meson states are given by the
combinations g =cos&g8 —sin8go and g' =sin8qs+ cos8go, as usual.

As an example we discuss the amplitude for co~a. vr y in some detail. From the diagrams in Fig. 1, using the
effective Lagrangian, the decay amplitude is

e&23 =gyvp I(k q)[( e e)l t
—(e lt )(E It )]—(k e)[(E q)l t

—(q'I( )(E'I( )]'

+(k l, )[(e q)(e I, ) —(I, q)(e e')]], , +(I,~~I&),
1

I, —m +tm I
(3.6)

where k is the four-momentum of the co, l, and 12 are
internal vector-meson momenta, q is the photon four-
momentum, and e" and e are the m and y polarization
vectors. The amplitudes for the other decays can be
found in a similar manner.

The partial decay width is given by

(3.7)

The phase-space integrations were done numerically.
The values g„~p=7.95 GeV ' (nonlinear realization) and

g= 8.66 were used and the mixing angle 0 was taken to be
—22' in the numerical calculations. Results for all the
processes considered are given in Table I, where we have
also included the data available for comparison. All re-
sults would increase by a factor of 3.16 if the linear reali-
zation of the effective Lagrangian (gvvp=10. 6 GeV ')

were used.

IV. CONCLUSION

(a)

The branching ratios for the decays co~m m y,
~~sr gy, p ~m. m. y, and p ~m. qy were calculated us-

ing an effective Lagrangian approach' and are present-
ed in Table I. %e note that the branching ratio for
co~a m y is only slightly below the present experimental
limit. Precise measurements of these branching ratios
would provide a very sensitive determination of the value
of gvv~ since these decay rates are proportional to

+(l 2)

(b)

+(K c~+

FIG. 1. Diagrams contributing to the decays {a) co~gm y
0

and (b) co~m n y. FIG. 2. Diagrams contributing to the decay P~KoK oy.
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TABLE I. The branching ratios for V ~P P y decays and the present experimental upper bounds.

Decays

CO~K 7T P
0 0

C0~7T 'gf

P —+77 7T g
0 0 0

.KK y

Branching ratios
(present calculation)

8.21 x 10-'
6.26 x 10-'
2.89 X 10
3.98 x 10-'
3.46 x 10-'
5.18 x 10-'
4.19x 10-'

Branching ratios
(experimental data)

&4X10 (Ref. 7)

& 10 (Ref. 8)

(gzvp) . Our results for the processes P~~o~oy,
P~~ rip, and /~K IC y are useful in determining the
backgrounds for the investigation of the P decays into
scalar mesons P~fo(975)y and P~ao(980)y, particular-
ly since it has been shown' that these decay rates are
enhanced by more than an order of magnitude if these
scalar mesons are four-quark (q q ) states.

Note added in proof. The processes to~a myan. d

p ~m' m' y have previously been calculated by Singer'
using an eQ'ective Lagrangian approach. Final-state in-
teractions in co~~m.y decays have also been considered
by Levy and Singer. ' We thank Professor Singer for cal-

ling these references to our attention and for pointing out
numerical errors in our original manuscript.
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