
VOLUME 15, NUMBER 1 1 JANUARY x977

q decay into three pious and the on-mass-shell current algebra
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%e use the on-mass-shell current algebra based on the SU(3) SU(3) a model for calculating the 6-parity-
violating decay @~37r. The model we use consists of the triplet of quarks coupled to the SU(3) scalar and
pseudoscalar fields, o and P, and the chiral-symmetry-breaking operators u, and u, (tadpole terms). Owing to
the terms P;$,. with i Qj = 0, 3, and 8 in the Lagrangian, the axial-vector current sources and fields associated
with the m', q, and q' particles are formed by mixtures of terms with opposite 6 parity; the mixing
coeAicient c = u3/(4u, ). Using these current operators, and having all particles on the mass shell, we evaluate
the decay amplitude by the reduction formalism from the (3m~a) matrix element, making use of pole
dominance. The result is proportional to the coeNcient r = 4e, which is determined by the tadpole parts of the
masses and decay constants of the mesons through a set of relations which are derived from our Lagrangian.
However, since these masses are not known satisfactorily, we first choose r so as to obtain the observed
q~n. m+m' decay rate (which is proportional to r ~), and then we verify that such an r value is consistent with
the above set of relations. %e find that r = 2.12 ' 10 ', and in turn the tadpole part of the K -K+ mass
difkrence m+02 —m~+' = 0.0005 GeV'. %'e also find the branching ratio and the ratio of the rates of the g and Tl

decays in agreement with experiment. Comparing the decay amplitude obtained here with the one derived by
the tree-graph method based on the U(3){3U(3) symmetry scheme„we realize the important role of the
mixing of the Pp )8 and ), field components, and the advantage of using the on-mass-shell current algebra for
this process.

I. INTRODUCTION

It has been recognized that the rate of the g
decay into three pions cannot be obtained simply
by electromagnetic perturbation, and that this
rate has not been satisfactorily cal.culated by the
phenomenological. Lagrangian method involving
soft-pion formalism. ' %e see that in general the
previous treatments contain some extrapolation,
and give the decay amplitude in terms of certain
parameters which are determined by certain as-
sumptions and by fitting the observed decay rate.
For instance, one such result is obtained from
the SU(3) linear-o-model Lagrangian and the other
from the parametrization of the off-shell decay
amplitude derived from the nonlinear 0 model
in which the tadpole term, u„ is taken into ac-
count."A different approach is based on the
quark-gluon picture and the U(1) symmetry scheme
in which the singlet component of the hadron axial-
vector current is not conserved. Using this model,
the decay amplitude is evaluated in the U(3) 83 U(3)
scheme by the tree-graph method in terms of a
physically nonexistent "light boson, " whose un-
known mass is estimated to be less than 1.7 times
the pion mass. ' The contribution of this boson
to the decay is seen to be appreciable and thus
to inval. idate the smoothness assumption upon
which the usual. partially conserved axial-vector
current, PCAC, is based. By eliminating the
contribution of this boson, as is done in Ref. 4,

one gets the same result that was previously ob-
tained by the SU{3)@SU(3) theory„with the u,
term, and the soft-pion technique. The best
estimated rate from this treatment is less than
—,
' of that observed.

Considering these points, it appears that this
decay problem cannot be solved entirely by the
choice of the symmetry and symmetry-breaking
schemes alone. %ith the isospin-invariance-break-
ing term included in the Lagrangian, all. the previous
approaches yield more or less the same result.
Thus, further improvement of the calculation
seems to require a departure from the conven-
tional PCAC and soft-pion formalism. '

In this paper, therefore, we evaluate the present
decay by the current algebra of the on-mass-shell
pion, based on the SU(3) @SU(3) o-model La-
grangian scheme. ' In Sec. II we consider the La-
grangian. of Gell-Mann and Levy which consists
of thetripletsof quark field, q, and the nonets
of scalar and pseudoscalar fields 0 and Q.7'8 Also,
we define the quark mass matrix as

3R=gg A, u, , i =0, 3, 8

where g is the quark-meson coupling constant,
is the component of the Gell-Mann nonet A.

matrix, u, is the quark-degenerate-mass param-
eter, while u, and u, parameters give the quark-
mass-splitting terms. Owing to the u, and u, pa-
rameters, the Lagrangian contains terms pro-
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portional to Q, Q, and 0; v, with i and j = 0, 3, and
8 ~ Consequently the axial-vector current source,
J,", which is defined through the equation of motion
and the chiral gauge technique as'

c, (6'+m')y, =S„J,", a=0 to 6 (2a)

[where the mass m, and decay constant c, are
associated with the SU(3) field Q, ], contains terms
with opposite G parity, for a = 0, 3, and 8 ~ Hence,
using the physical particle operators, Eq. (2a)
gives

J =J'+J (2b)

where the superscript denotes G parity. " This
current spectrum stipulates that each physical
field Q also consist of two parts with opposite
G parity,

(2c)

where Q' are formed by the combination of the

Qp Q3 and Q, components of the nonet field Q.
We will see how this mechanism allows us to
evaluate the above decay directly by the reduction
formalism from the(3w~ q) matrix element. By
doing this in Sec. III, we see that the decay rates
of the q and g' are produced, respectively, by
the product of the current components (J,",J,"}
and (J,",J,"). The matrix elements of these prod-
ucts are calculated, as in the previous work, "
via a set of intermediate states and pole domin-
ance. Making use of the conserved quantities
we find the q and v' to be the only intermediate
states which contribute appreciably to this decay
amplitude. " The q or q' decay rate is found to
be proportional to the square of the ratio r =u, /u,
which is also proportional to the tadpole part of
the K'-K+ mass difference and represents a cor-
rection to the Gell. -Mann-Okubo mass formula.
All the pa ™ters in the final results are among
those parameters which appear in our Lagrangian,
and so they are expressed in terms of the mesons
mass es and decay constants. " However, it is
seen that the ratio r cannot satisfactorily be de-
termined because of the inaccuracies in the tad-
pole parts of the meson masses and in the q decay
constant c„. We therefore determine first the
r value from the observed q decay rate inserted
in our decay rate formula. We then find that
r = 2.12 & 10 ', which satisfies all. the relations
we have among the meson masses and decay con-
stants, with c„=1.28c„, which is close to c „
=1.37c„which is deduced from the SU(3) SU(3)
algebra developed by Gell-lVIann, Oakes, and
Renner, and others. " With the same r value we
find the tadpole mass difference of the K' and
K' mesons, mxo' —mr+'= (5 to 5.46) x 10 ' GeV', "
and the branching ratio of the q and q' decaying

into 3m' and v n'v, in agreement with experiment.
Our results are consistent with other results
previously produced from our Lagrangian model. .'4

A by-product of the present work is the informa, -
tion which we obtain on Weinberg's "light-boson"
concept in Sec. IV. Comparing our result with
that obtained by the tree-graph method in Ref. 4,
we find that the effect of this boson field,
is mimicked by the mixing of the Q„Q„and Q3
field components, which is our basic mechanism
for explaining this G-parity-violating decay. We
show in fact that the Q~ field is the Q~ part of
the pion-field spectrum defined in Eq. (2c), and
thus it wil. l not directly be detectable. We discuss
this matter further in Sec. V.

II ~ LAGRANGIAN FORMALISM

2, =q[ —iy„s" +K+gx, (v, +iy, y. )]q, (3b}

2 u ='{sv48 "4}—~gQ (m, 'p, Q~+m'"'a, a~),
a, b

(3c)

'„=—p{44t}—A. {44 44 }—v(det4+det4 )

+4p'u, o,.{eC'}

+2~;d;, d~, [a,a'a, +2$, (a, g, —g, a, )],

(3d)

with a and 5 =0 to 8, but i =0, 3, and 8. Here
2, is the part of the Lagrangian which is due to
a triplet of quarks, while 2"„consists of the me-
son-mass terms, and Zl„represents the mesonic
interactions. Also{ .}denotes the trace,

4 =a+i/.
OR is the quark mass given by Eq. (1), and the
meson masses are obtained, in terms of the quan-
tities &=0 2u,up

' and 7=v 2u, up as

For evaluating the q or g' decay rate into three
pions we use the on-mass-shell current algebra
based on the o-model Lagrangian of Qell-Mann
and Levy' which is sl. ightly modified and includes
the u, "tadpole" symmetry-breaking term. " In
this section we derive from this Lagrangian some
relationships among the meson masses and decay
constants, thereby determining those parameters
relevant to the present work. We also obtain the
expressions of the current source operators as-
socaited with the 7t, g, and g' mesons, as defined
in Eq. (2). This Lagrangian may conveniently
be written as

Z = 2, + g "„+Z I„,

with
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m, o' = P.'6,o+h, [5, o+ V 3 (Xdo~+ yd„o)] +h, [ —5,o+36o, 5oo+ W3(Xdoo+ yd„o) —3&2(X6~+F&„)5„]

for pseudoscalar mesons, and

m,'o' = p25, o+2 h, doo5oo+ 3h, I+W3(Xdo oo+yd„, )+ (X+ F)5„

+h[ 5, o
—36o, 5oo —V 3 (Xd„o+I'd„o)+3'(X5„+Y5„)5,o]

(4a)

(4b)

for scalar mesons. In writing Eqs. (4a) and (4b)
we have neglected the terms involving X', 7',
and X Y'. %e have also defined p. as the meson
"unbroken" mass, and

h =-u 2A. ,
4

1 3 0

h, = —,(2M" —m' —M'),

h, = (m' —M') —h„
1

&3r =(4m„' —m' —3 M')(M' —m') ',

(6a)

h, =2W3u, t,

h3 = 4uo p~

where p, X, v are the parameters of the chiral. —

invariance terms, jz, Iq, I„, in Eqs. (3c). The
mixing-mass terms needed in the present work
are obtained from Eqs. (4):

m oo' = v 2 (h, —h, ) X,

m „'= v 2 (h, —h, )I',

m„' =-,'(h, +h, )Y.

By shifting the v field by A. , (c —c'), =ÃI/g in the
Lagrangian (3) and again making use of the chiral
formalism we obtain the familiar relation"

where r = 1'/X and the last relation represents
a correction to the Gell-Mann-Okubo mass form-
ula.

In order to calculate the q decay rate we will.
require the parameters h„h„and r in the next
section. Yet we cannot accuratel. y determine
these parameters from Eqs. (Ga), since these
relations depend sensitively on the tadpole parts
of the meson masses which are not well deter-
mined. " However, we assume that turning on the
electromagnetic interaction does not appreciably
alter the ratio ez/c„or the ratios M/m and
.V'/m which involve the neutral-meson masses.
Hence, choosing M=4m and M' =7.09m, and
combining Eqs. (5), (6a), and (4c), we find that

c, m, $, =8pA, , a=0 to 8

JP (5a)

uo=1. 1m, h, =9.35m', h, =13.8m',

A. =5.9, X= —0.336, x =4.23~ rn K, .
(6b)

Note that A," with a =1 to 8 is the usual weak had-
ron current. " The decay constants c, = c„&,»
and

e~ =c~~ =coo =co=(o) (2 +)X,uo

erk=c44=coo=(o) 2 — + Y uo,
X ~3

Here ~m'K, , =mKO'- mK
' is the tadpol. e contribu-

tion to the E'-K' mass spl. itting, and r satisfies

(6c)

in which c„/e, is not known. If we compare ex-
pression (6c) with

x
ciao = eoo = cqq = ( o ) ~ 2 — — F uo,

(5b) K —1

c, =c„=(-,')'~'[2 —(v 2 —1)X]u„

coo =coo=(&) uo~
2 i/2

where we have neglected Y', X', and XY terms.
Experimentally we have

—= 1.22 —1.28. (5c)

Before going further, we present some re-
lationships which will be used in the present work.
First assigning m =m, =-m, o the m' mass, m, -=M

the q mass, and m, =—M' the q' mass, Eqs. (4)
give

which is derived approximately from the familiar
SU(3)8 SU(3) algebra containing only the uo and

u, symmetry-breaking terms, we find that r
=0.5."'" This is too large a number to produce
an acceptable value for 6m'z, from Eqs. (6b),
or for the q decay rate from the formula that we
will present below. On the other hand, it will be
seen in the next section that r =0.021 deduced
from the observed q decay rate (which is pro-
portional to r ) provides a satisfactory hm'r, ,
and a c„jc, ratio which is a few percent different
from what we get from Eqs. (6d) and (5c). Finally
by writing the equation of motion with the I a-
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grangian (3}, the field-current-source relation
(2) becomes

c (s'+m„')@„=S

S =B„J„'"+—,'c„(1—5, )G, , i =0, 3, 8

where Bp.J'," represents the old pion source given
in Ref. 8, and G, is an operator which carries
a G parity opposite to that of the J'" current. The
G; operators for physical. particles are found to be

("') ( ' ' -') ('3
Go = 0 0 moo'

4,".) 4, ... of(,,)
with m, , given by Eq. (4d). Such a S, source with
mixed G parity implies a mixture of the field for
the physical fields of the m', q, and q' mesons,
through three Euclidian angles 8, H„and H„ in
the isospin space. Knowing that these admixtures
must be very small, and using Eqs. (7) and (6),
we find that

=c, 'c„' T[S,(x), S„(y))

+c. '5(x, -y)[S,(x), s'4 „(y)].
(10b)

We note that the last term of the identity (10b),
in Eq. (10a), vanishes for the physical pion and

q mesons, making use of the usual canonical com-
mutation rules. Thus for phys ical pions thes e
relations give

zT= d'xd'y[expi(k x-p y)]

x(2vr, P[ &(x, —y,)[S,(x), S,(y)]/ 0).
(11)

Noticing by Eq. (7a) 'that [S~, So] contains com-
mutators which will not contribute to this G-par-
ity-violating case, and that, on aeeount of the
sma, llness of X and Y' involved in Eqs. (7) and

(4d), we can neglect the [G„G„]contribution,
Eq. (lla) gives in the rest frame of the q meson

0 0

0 0

$,0 EsinH —4 cosH

& SlnH

& cosH

o ) ke. /

T= T~+ T~ (12a

~ (2x, P ( S „J.'oo( n& & n( G, ( 0&
P f])Pc,c„~ M- p„o

(12b)

(9a)

where & —= sin 8,«1 and H, = 0 are assumed. Com-
paring Eq. (9a) with Eq. (17b) and making use of
Eqs. (4d) and (6c) we find that

~ (M' —m')(h, —h, )
(M" —m')(h, +h, )

'

&=4'= 0.58e~,

so the mixing coefficient, &, between &I), and other
fields is of the order of e'=4nn.

HI. THE q~3x DECAY

Now that the sources of the w', q, and q' fields
contain terms with opposite G parity, we can
evaluate the above decay by the direct reduction
formalism in (3w~ q) as

T=i ' d'xd'y[expi(k x-P ~ y)]K,„K„,.
& 2, P IT (4.(x), ~,(y)/I 0&, (»a)

with K„=B '+m and K =8 '+m'. Here p and
k are the 4-momenta of the m and g whil. e I'=p, +p,
is the sum of the 4-momenta of the remaining
two pions. Using Eq. (7), we have

—i ~ (2v, P[ S„d'o"
( n)(n[ G o( 0)r2- p+po)~

n p()+ pgo

where c is given by Eq. (9b), F- =p, m ', and

A =, (M' — )(m2Mg, mog+„),4m3

B=(2 g„mmogo)(2Mg, o+mg„) '.
(13b)

Using Eqs. (AV) and (AB) of the Appendix in Eq.

dropping (2v)'6'(0-P —P). Here P„ is the 4-mo-
mentum of the set of intermediate states n

which are introduced in Eq. (lla). We note that the
J and G operators have opposite G parities, but
that G-parity conservation must be respected in
determining the ( n) states. Considering parities
and other conserved quantities, and taking all.
particles on the mass shell, we determine the
states n in Eq. (12). Then assuming pole dom-
inance up to and partly including the three-par-
ticle intermediate states, we find the contributing
states n to be ( v ) in Eq. (12b) and

~ q& in Eq.
(12c)." Finally making use of these states and
the Appendix, Eqs. (12) yield

r=~x(2~}'~'(u-p- ~) 1 ——Z-a,2
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(13b),

A = 1,(M' —m')(6M+m)A. ,
1

B=5m(6M+m) '

for q —m'+ m' + ~, and

, (M' —m')[ 9m(2p + X) + mA],
1

12m

B = [9m(2p+ A) —mX] [9m(2p+ X)+mX]

(14a)

(14b)

for q -3w'. With the usual formula of the tran-
sition probability we find from Eq. (13) the decay
rate I',

m AIer=
64m'Ms ' (15a)

where s = 1 for g - m'w'm, s = 6 for g - 3n', and

I = 3 1-aE ' R' -E —8 -E —3 dE.

Here B =M/m —2, B' =M/m-1, and

2
a = —(1-B}

M

(15b)

with M=4m, gives

a =0.625 for q- mom'n,

a =0.664 for q -3m'.

Using Eqs. (6), (9}, and (15), we find for

I'„=4.56 & 10'r'

=8.2XI0 (6 m ) (16)

If we take Dashen's sum rule for the chiral-sym-
metry limit, '

(m~+' —mro'), = (m„+' —m, o'), (17)

Dm~, '=5.46&10 ' GeV',

r = 2.32 & 10 '

Using these data in Eq. (16) we have

(18a)

(18b)I 0+ =245 eV,
which is close to the recently observed rate
I;b = 204+ 22 eV. 'o With a deviation in Eq. (17),
which would reduce (mr+' —mzo') by about 30%,
the same calculation yields

(where em denotes the contribution of the purely
electromagnetic interaction) and make use of the
observed ~ m~, ' = 4.16 & 10 ' GeV', we find" that

We note from Eq. (16) that the &m», ' value is
much less sensitive than the I' value to the ap-
proximation involved in the evaluation of the am-
plitude (12). The &mz, ' value found here agrees
with the one given by the authors in Refs. 16 and
19. It is also to be compared with the ~m„, '
range obtained from a perturbation formalism
combined with the phenomonological expression
of the q decay amplitude by Langacker and Pag-
eos 2'

Finally making use of Eqs. (14) to (15) we find
that

I'(7}- 3v')(, )
=1.56,

in good agr cement with the obs erved data. "
To obtain the rate of the q'-3m, we follow the

same above treatment in which the source 8„ in

Eq. (11) is replaced by S„given by Eq. (7), and
M is changed to M' =7.09m. In this way we find
m„' in place of m„' and (I'r}-3 )win place of
I( r-}3m) in Eq. (15). Hence

(20a}

I'(q' —3v) M' m„' I(q' -3v)
I (q-3w} M m~ 1(r}-3m)

' (20b)

According to the Particle Data Group the upper
limit of the q' total width is 1 MeV." Taking
this figure, I'„=204 eV obtained from Eq. (16),
and Eq. (20a), we find the upper limit on the
branching ratio of the q'- m' n'm and q'-3w' to
be 2.9% and 4.6%, respectively, consistent with
the observed limit 5 /0."

IV. COMPARISON WITH THE U(3) (3 U(3) APPROACH

We now consider the result of the decay am-
plitude which is derived in Ref. 4 by the tree-
graph method in the U(3) U(3) picture. This
amplitude can be expressed in terms of two pa-
rameters F and m~ as

T=F 1 ——E+ (21)

(22a)

P is the mixing angle.
Here, comparing first Eqs. (22a) and (9) and

setting P =6} we find that

where m~ in Ref. 4 is considered to be the mass
of an unobserved boson, to be called the "L"par-
ticle. The fields associated with the "L"and g par-
ticles are given in terms of the Q, -Q, mixing as

Am'~, = 5 & 10 GeV',

r =2.12x10 '
I'„=205 eV.

(19)
4~ = '}t'3+ ~'}t'g ~ (22b)

So the "L"- boson field Q~ is actually the Q',
part of our pion-field spectrum defined by Eq.



(2c). Next we note that the two amplitudes (21}
and (13) are equal, if we set

with g and 8 given by Eq. (13b}. An inspection
of Eqs. (9) and (].3b) shows that the m~ is imagin-
ary and the upper limit of 1m~I, for g and '0'

decays, is 1/V3 m."
V. CONCLUDING REMARKS

%e have seen that the Lagrangian based on the
SU(3)8 SU(3) linear i7 model, combined with the
on-mass-shell current treatment, is capable
of giving the q and q' decay rates in agreement
with experiment. This success is partially due
to the isospin-breaking term u, in the quark mass
matrix, and is partly due to the field-current-
source relation (7) which provides a mechanism
for handling this G-parity-violating decay through
the usual reduction formalism. The term u, has
a far-reaching consequence in the entire formal-
ism. On the one hand, the quantity r =u, /u, comes
out proportional to &m'~, which is the tadpole
contribution to the Ko-K mass difference. On

the other hand, owing to the term u„ the com-
bination of the equation of motion and the chiral
current gives the current source J, a mixed-G-
parity spectrum, and this in turn leads to having
the admixture of the $0 and Q, with Q, in the mo,

0, and q' states. We see in Eq. (9), for instance,
that the pion field consists of the usual Q, field
and a G =+ parity part Q~, with the mixing co-
efficient & of the order of e', which contributes
only in a G-parity-violating process such as this

q decay. (We do not know if the closeness of the
value to the square of the electric charge is

accidental, or due to an intimate link between the
tadpole u, and the electromagnetism. ) The main
difference between the present treatment and the
soft-pion approach is exhibited by the term B in

Eq. (13a). The effect of this term on the decay
rate [ through the parameter a in Eq. (15a)] is
appreciable.

Our result, Eq. (16), shows that the q decay
rate depends sensitively on the & value, or on the
field-mixing coefficient &=0.588 . The main ap-
proximation in determining & is pole dominance
and partial consideration of the background con-
tinuum in the matrix elements of the products
of the currents in the amplitude (12)." To get
some idea of the degree of accuracy to the pres-
ent treatment, we note that Eq. (6b}, with r
=0.021 given in Eq. (19), yields an q decay con-
stant c„=1.28c as compared to tl. e value c„
= 1.37c„deduced from the exact cniral, -limit ex-

pressions for c~ and c„." %'e also see that the
am'r, value given in Eq. (19) is close to that
estimated by making use of Dashen's sum rule. "
It also agrees with the &~ z &

value, which is
obtained from the pole dominance application in
the q decay amplitude which is given by Langaker
and Pagels. " Furthermore, the branching ratio
of the q decaying into 3mo and mom'm, and the
ratio of the q and q' decay rates, Eqs. (20a) and

(20b), agree with experiment.
Finally we note that the decay rate in Eq. (13a)

is identical in form with the amplitude (21) which
is derived from the U(3) 3 U(3) symmetry and
the tree-graph method ln Ref. 4. Thus by com-
paring these relations we obtain some information
on Weinberg's light boson, f . %e see from Eq.
(9) that the I boson does not represent a particle
in our formalism, since it is the G =1 part of the
pion-field spectrum, Eq. (2c). Second, we note
from Eqs. (16) and (21) that for obtaining the ob-
served decay rate we must have m~ = m/&3. "
Without the m~ term in the amplitude (21), or
the 8 term in Eq. (13), the calculated rate would
be three times less than the observed one. ' Con-
sidering these points we observe the following:
On the one hand, if we wish to apply the usual
PCAC algebra to this process, we must realize
the smoothness of the off-shel. l amplitude by sup-
pressing the m~ contribution through a mechanism
such as tha, t proposed in Ref. 4; on the other hand,
in doing this we partially eliminate the Qo fQ Q3
admixture which is a part of the mechanism for
this G-parity-violating interaction, and so con-
sequently we find an unacceptable result.

The on-mass-shell formalism as presented
here avoids the above difficulty and the problem
with the soft-pion extrapolation. Thus it offers
a more successful formula for this decay; and
within the errors involved in pol. e dominance and
in the observed q decay rate, it gives a reason-
abie value for the u, /us ratio, or for the strength
of this G-parity interaction,
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APPENDIX

Here we give details of how the amplitude (13)
is found from Eq. (12). What we need in Eq. (12)
are the quantities

f, =m-'(2v, f [s„Z,'&~~', p &;,=, ,

I, = m '( 2m, P[ s „z,'"( q, k'& -„,
p
.

We note, according to Eqs. (7) and (2), that

It can be verified that the momentum dependence
of the coupling constants g, o and g„ in the range
of interest for E, which is m ~ E ~ M —2m, is
negligible. " Also we note that the g's can be read
off a part of the Lagrangian g „, in Eq. (3d), which

is

&=Pl'+ ~&.o d~. 4" 4a4. 4q.

From Eqs. (A4} and (A5} we obtain

(A2)

Using Eqs. (A2) in (Al) and making use of the fact
that the state ( x'& or j q& is mixed according to
Eq. (9), we find that

g~o =A. ,
1

g~ = 3A.

fox' vj ~ 77 v 1T ) and

g.0=3(p+kI ),

(A7)

f, =i( M- m)(2E+m-M)m 'c, g 0,

I,= i (M —E') m ' c„gq,
where we have set 8—= P,m ', and used 0,'=Min
the physical range of interest for E. We have also
defined the coupling constants

(A4)

(A5)

gq = 3A.

for q-3w'. " We see from Eqs. (A7), (A8), (21)
how the mass parameter m~ in the U(3) 81 U(3}
approach is related to the coupling constants
g, o and g„ in our work. Ne also note from Eq.
(A8) and the work in Ref. 14 that the parameters,
which appears only in the q-3mo decay, is in-
timately related to the coupling constants of the
e and s scalar mesons.

*Present address: High Energy Physics Division,
Argonne National Laboratory, Argonne, Illinois 60439.

~Operated by Universities Research Association Inc.
under contract with the Energy Research and Develop-
ment Administration.
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