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three independent parameters d, f, and s, defined in
Sec. IV. Then we obtain a constraint for the d, f, and
s couplings. By using the GO mass formulas
which can also be derived from the same commutator
[Fx',Axo7=0, we obtain

V3d[2(Z"+A."—n"—Z")—(2' —A.')]
+ fL( "—=")—(n' —="')j

+2@3 sings(A. "—F")=0. (D1)
The equation

are octets, Eq. (D1) takes a form

ad[(Z"—h.")—(Z' —')j
+2fL(n" —=")—(n' —')3=o (D2)

As an example consider the case 8'=(—,') and 8=(—,')+;
Eq. (D1) gives a constraint for the physical couplings:

V3(Z' —A)-'[2(Z"+h."—n"—")—(Z' —A.')jgx +g

+2(&'—&) 'L(n" —")—(n' —=")jgx"x'-
+2V3 sing(F —Z) '(A"—F")gr'x-~=0. (D3)

lim (n(q) ~[Vxo,~xog~-'(q))=0
Since this constraint is sensitive to the errors in the
mass values (because it involves mass differences), it

also leads to the same constraint. If both the 8 and 8' may not be very useful at present.
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The scheme of broken chiral symmetry given by Gell-Mann, Oakes, and Renner is generalized to include
the g meson with proper consideration of the octet-singlet mixing. It is shown that at least one of the g and
the p' must violate the partially conserved axial-vector current (PCAC) condition (or Adler's condition).
This is not simply because they are much heavier than the pion. The analysis of the decays g —+ 3~ and
g —+ 2y, which are known for large deviations from the simple SU3 predictions, indicates that PCAC for the
g is violated rather severely.

I. INTRODUCTION AND SUMMARY

K = —Np —cl8 (1 2)

with c= —V2. This Hamiltonian leads to a very satis-
factory understanding of the rnesons as far as pions and
I& mesons are concerned. It turns out, however, that
one needs something extra beyond the straightforward
extension of the scheme if one tries to include the g
meson in the consideration. The argument is given

briefly in Sec. II, together with a proposal of a possible
way out of the difFiculties. Although the same scheme
has also been proposed recently by Lee, ' we exploit its
consequence with a different emphasis. A natural and

* Supported in part by the U. S. Atomic Energy Commission.
t On leave of absence from the Institute of Physics, College of

General Education, University of Tokyo, Tokyo, Japan.' M. Gell-Mann, R. J. Oakes, and B. Renner, Phys. Rev. 17S,
2195 (1968).». Y. Lee, Nuovo Cimento 64A, 474 (1969).

A N investigation has been made by Gell-Mann,
Oakes, and Renner' of the consequence of the

Hamil tonian

K—Kp+K )

where Kp is invariant under SU'~XSU3, while K' takes
a simple form

interesting conclusion is that there is not as strong a
reason for assuming partial conservation of axial-vector
current (PCAC) for the g meson as that for the pion
and E meson. By PCAC we mean here that the ampli-
tude in the soft-meson limit can be calculated on the
basis of the equal-time commutator involving the
corresponding axial-vector charge. In this sense, its viola-
tion also leads to the violation of Adler's condition. "

One may argue that this is not surprising simply
because the g is much heavier than the pion. This
argument is, however, not always correct. Note, for
example, that there is so far no reason to prevent
PCAC from holding for the E meson which is as heavy
as the g. ' It is also interesting to note that Adler's
condition can be satisfied rather naturally for the
pion as well as for the E meson in the Veneziano-type
meson-meson scat tering amplitudes, while the same
is not true for the g, 4 7 indicating that PCAC does not
hold for the g. The last two sections are devoted to

~ S. L. Adler, Phys. Rev. 137, B1022 (1965); 139, B1638
(1965).

4 C. Lovelace, Phys. Letters 28B, 265 (1968).
5 K. Kawarabayashi, S. Kitakado, and H. Yabuki, Phys.

Letters 28B, 432 (1969);D. Y. Wong, Phys. Rev. 183, 1412 (1969).
R. Arnowitt, P. Nath, Y. Srivastava, and M. H. Friedman,

Phys. Rev. Letters 22, 1158 (1969).
' Y. Fujii, Phys, Q.pv. 188, 2423 (1969).



8 ROKEN CH I RAL SYM M ETRY AN D THE g MESON

provide another indication against the validity of PCAC
for the g.

In Sec. III we present some of the formulas necessary
for the following calculations. 1A'e propose a divergence
equation for the q which allows a violation of PCAC.
The formalism is applied in Sec. IV to the decays p ~ 3m.

and g~ 2y which have been known for remarkable
deviation from the simple SU3 predictions. The decay
g ~ 3x is calculated on the basis of the "tadpole term"
—duo added to the Hamiltonian (1.1).' ' We also use
the m' pole-dominance model which is strongly sup-
ported by the excellent fit of the predicted slope to the
observed spectrum of g —+ m-+x x . ""

Here one notices an important question about the
soft-meson technique. It has been pointed out that the
soft-meson calculation gives only half of the meson
mass. One may expect that the other half comes from
the "kinetic-energy part, " as suggested by the free
meson 6eld model. ' If this is the case, it is rather
unlikely that the same additional term contributes to
the m -g junction which is off-diagonal, unlike the
masses. In this model, which will be referred to as the
"half-mass model" since the m'-p junction is related to
half of the masses through the SU3 coefficients, the
soft-rn. eson limit will give the full amplitude for the
transition m -p. On the other hand, one may also expect
that the physical x -p junction is twice as large as its
soft-meson limit simply because the same is true for
the masses. This "full-mass model" corresponds to the
point of view which has-been accepted commonly in
the literature. " Although the latter model tends to
narrow the discrepancy between theory and experiment,
we consider both models in view of the theoretical
uncertainties on this point.

The decay p —+ 2p is calculated from the anomalous
term in the divergence equation. ""The decay x' —& 2p
calculated in this method agrees with the experiment
if the quarks are integrally charged, or if the quarks are
fractionally charged and the anomalous term is modified

'N. Cabibbo and L. Maiani, Phys. Letters 28B, 131 (1968);
R. J. Oakes, ibid. 29B, 683 (1969).

9 R. J. Oakes, Phys. Letters 30B, 262 (1969).' This model was applied to the decay p —+ 3'- first by G. Barton
and S. P. Rosen (Phys. Rev. Letters 8, 414 (1962)j. As for the
result of the recent analysis, see R. Arnowitt, in Proceedings of
the Conference on 2l-m and Ex Interactions, Argonne National
Laboratory, 1969 (unpublished)."If one assumes the usual nontadpole interaction, the dom-
inance of the ~' pole term cannot be justified because a large
cancellation must occur between this term and the other terms
to meet the soft-pion conditions, as have been discussed in detail
by the present author pY. Fujii, Nucl. Phys. B7, 601 (1968)].
The soft-pion conditions from the tadpole interaction, on the
other hand, can be satisfied by the ~' pole term alone if the 0
term in the ww scattering amplitude belongs to the representation
(3,3*)+(3*,3). The possible large violation of PCAC for the g, as
first proposed in the above-mentioned paper, is again considered
in the present paper in a new context.

"See, among recent papers, R. J. Oakes (Ref. 9); A. Q. Sarker,
Nucl. Phys. 317, 247 (1970); A. Kanazawa and . T. Kariya,
Progr, Theoret. Phys. (Kyoto) 40, 842 (1968)."S.L. Adler, Phys. Rev. 177, 2426 (1969).

'4 See, also S. L. Glashow, R. Jackiw, and S. S. Shei, Phys. Rev.
187, 1916 (1969).

by the factor 3 because of the possible higher-order
correction. " In accordance with the recent discussion
by Mathur, Okubo, and Rao," we investigate three
models: the Maki-Hara model'~ (MH) and the Han-
Nambu model" (HN), both of which give integral
quark charges, and the Gell-Mann —Zweig modePo (GZ)
with the multiplicative factor 3 in front of the anom-
alous term.

For all these models we examine two different kinds
of fits, which are characterized as follows. (i) The
octet-singlet mixing angle in the g held could be large.
(ii) The mixing angle is small, but the magnitude of the
tadpole term could be different from the usual estimate.

In all of these fits, reasonable agreements to the
experiment are obtained only if an appreciable violation
of PCAC for the q is assumed. No attempt is made to
select or eliminate any of the models without further
improvement in the approximation which will be
discussed elsewhere.

Do =2 (oo cos8o oo sin—8o), (2.1)

where 00=sin ' —',%3=35.3'. There is a large admixture
of the unitary singlet component. Moreover, the
particular angle 00 suggests that the g is made up of the
X quark and its antiparticle, alone, like the oo(1020) or
f"(1515).This seems to contradict the present experi-
mental data. "A small deviation of c from —V2 will
not improve the situation.

Next, one may expect that this difhculty will be
avoided if one takes into account the mixing between
octet and singlet components. Then Iio' comes into
play. The simplest commutation relations will be

p'oo, N,j= —ido;ooo = —i (Qo)o, ,

I
Fo', o~3 =i(v''o)N~ . (2.2)

One may assume tentatively that Xo is invariant under
U3+ U3 i,e,

[Fo'Peoj =o . (2.3)

The total Hamiltonian is then invariant under U2X U2
because 3." is invariant under SU2XSU2 for c= —K2.
Consequently, one would have an isoscalar massless

"See, however, S. L. Adler and W. A. Sardeen, Phys. Rev.
182, 1517 (1969).

16'V. S. Mathur, S. Okubo, and J. Subba Rao, Phys. Rev. D
1, 2058 (1970).'»Z. Maki, Progr. Theoret. Phys. (Kyoto) 31, 331 (1964);
Y. Hara, Phys. Rev. 134, 8701 (1964).

» M. Y. Han and Y. Nambu, Phys. Rev. 139, 81006 (1965).
'9 M. Gell-Mann, Phys. Letters 8, 214 (1964).
20 See, e.g. , H, Harari, in Proceedings of the Folrteenth Inter-

national Conference on High-Energy Physics, Vienna, 1968, edited
by J. Prentki and J. Steinberger (CERN, Geneva, 1968), p. 195.

II. DIFFICULTIES WITH g

First one may simply assume p„~Do (D,=—8„5„,')
where a possible small mixing with the unitary singlet
component has been neglected. The Hamiltonian (1.1),
(1.2) with c= —v2 gives
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LF,s, (P)=0 (i=1,. . .,8) . (2 S)

An important consequence is that (P cannot be propor-
tional to oo, since PFP,eo]=i(g's)ss;Wo. It is not easy
to give a simple representation of (P and 3'.p1 in terms of
quarks. According to (2.4), one obtains (for c=—V2)

Do = sv2Ds+—rp . (2.6)

Let us now discuss the mixing problem of the q and
the g', which are supposed to be two linear combinations
of sos (I=V=0 member of the octet) and yo (the
unitary singlet). If one assumes PCAC for both tl and
g', one would have a set of the equations

tsltoos+1112&po f 11Ds+f lsD0 p

&Po' r12178+rs22+0 f121Ds+f ssoo ~ (2 7)

Using (2.1) and (2.6), and decomposing both sides of
(2.7) into the octet and singlet parts, one obtains the
following four equations:

G~tps = 2(l5~1—6~s/~2coseo'Us ~

o syo= —2(b 1—b s/42)sin8ovo+b stP (r1=1,2) . (2.8)

From the last two equations one obtains

pseudoscalar meson. "A small deviation of c from —V2

will predict the q which still should be as light as
the pion.

For these reasons we give up the assumption (2.3)
but still keep (2.2). We break up Ko into two parts:

Kp =Kpp+Kp1)

where Kpp is invariant under U'3)&U3, while for Kp],
we assume

LF,',aeotj = ib, o(P (i =0, . ..,8), (2.4)

where (P(x) is a unitary singlet pseudoscalar density.
In order that all the relations in (2.4) be mutually
compatible, one must have"

It is, therefore, impossible to have two fields both of
which satisfy the PCAC condition. "

The origin of this unusual conclusion can be traced
back to the fact that we have three pseudoscalar
densities (ss, tto, and 6'), but still have only two diver-
gences (Ds and Do). One may start from the three
fields instead of the two (ys and po) to obtain three
observed pseudoscalar mesons p, q', and probably the
E(1420). Still it is obviously impossible for all of these
three fields to obey PCAC at the same time simply
because threre are only two axial-vector currents
available. It is not immediately clear which of these two
or three fields violate PCAC. It is even possible that
none of these obeys PCAC. In the following we show
some indication that the p does not obey the PCAC
condition.

IIL FORMALISM

In order to provide a basis of calculation, we assume

&~;l,-I ")= ~,~;.+ '~.'~,.~..+P~;;.
+ (Qs)-,'P'(8, o5,a+8,Ao) (i,j,k =0, . . . ,8) . (3.1)

The terms with rr' and P' have been added to the formula
(3.6) of Ref. 1.ss

For i=1, .. ., 7, one can proceed in the same way as
in Ref. 1 and get the results

Z

(Olo~l ~s)=S;P/2f (j=1,. ..,8; &=0,.. . ,8),
&Ol&ol v's&=~soP/2f (&=0,",8),

(3.2)

where

P=P+sP'.

Here and throughout the paper we simplify the formulas

by choosing

m 2=0,
tsts —2(btt —bts/V2) stntlo&o+hstP

tsss 2(f'21 f122/v2) stn|lo&0+522(P
(2 9)

so that
c = —v2, m=0, P = (g's)srrrcs .

Here one recalls that (P is not proportional to vp. The
right-hand side of (2.9) can be a constant only if the
b's satisfy the condition

br 1 brs/42 bs—t —bss/K2

If one allows the violation of PCAC, one may add to
the right-hand side of the ftrst equation of (2.7) the
terms which cannot be reduced to D8 or Dp. The simplest
candidate of such terms will be ~8, ~p, or O'. One can,
however, use (2.1) to express ss, for example, in terms
of oo and Ds. Also (2.6) can be used to eliminate (P.
We thus assume the form

01
det b=O. (rl,s/2f, )y, =Ds cose —Do sin8+gvo, (3.3)

Using this relation, one further obtains

det a=O.
"The axial-vector current defined by f~&5=pp&5 cosgp+fs&5

)& singp is conserved for c = —V2. It is easy to see that this current
is made up of nucleon quarks only,

ss The same scheme has been)proposed recently by Y. Y. Lee
(Ref. 2)."One obtains c det b =0 for arbitrary c.

~ Mathur, Okubo, and R.ao (Ref. 16) assume the PCAC
equations of the form (2.7) Ltheir Eqs. (35a) and (35b)g which
are not justified in our context.

"Equation (3.1) is supposed to be valid even for large SU8
violation, as long as the pion or the E meson is considered to
belong to a pure octet. Possible admixture of the states other than
the original octet with the same I and Y will be neglected to a good
approximation, since there are no known pseudoscalar mesons
belonging to other SU8 multiplets and the contribution from the
continuum states is usually negligibly small.
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where f„8, and g are to be determined later. We
consider that PCAC is violated largely if the parameter

g turns out to be of order unity. We still require that the
physical amplitude can be well approximated by the
amplitude evaluated at the vanishing g momentum (the
smoothness condition). Then we have the relation

d xT&OI y„(x)u, (0) I y,), (3.4)

into which (3.3) is to be substituted. The first two terms
on the right-hand side of (3.3) give

2jf„&O—I LFp' cos8 FpP sin—8, u, (0)) I yz), (3 S)

while the last term gives

lim2if„g d4xe '"*T(OIvp(x)u, (0)l yi,). (3.6)

We write a dispersion relation for (3.6) as a function of
p' and keep only the one pseudoscalar-meson state
inserted in the intermediate state. We thus obtain

which shows that 0 whould be very small because x must
be taken almost equal to 1 in the present approximation.
(Note that x=1 means that the g mass satisfies the
Gell-Mann —Okubo mass'. formula. ) In the following, we
choose x=1 to simplify the formulas. Equation (3.8e)
now becomes'7

g= —(4/v3)w' cos0/cos'y . (3.8g)

There is another type of equation which involves
the g mass. Again in the soft-g limit we have

In the same way we calculate the matrix element of
(3.3) between the vacuum and

I yp& and obtain

(y/p)sin8 siny = —v2 cos(0,—0) cosy(tan8 —K2 tan'y)
—(4/V3)s P sin8/cosy, (3.8f)

where

&/2f=&OI6'I yp&.

If PCAC is assumed for the g (i.e., g=0), Eq. (3.8e)
reduces to

tan8 =42 (x—1),

2f~g 2 (1/2'')&Ol ppl+&&+lujl yp& m„'= &q IKpil g&+&g IK'I q& . (3 9)

for (3.6). The calculation may be further simplified

by keeping only the p meson as X.
We also assume"

y„=s(yp cosy —yp siny), (3 &)

where the angle p could be completely independent of
the other angle 8 introduced in (3.3). The right-hand
side of (3.4) is then expressed in terms of s, y, a, a', p,
and P by using (3.1). Comparing both sides of (3.4),
one obtains the following set of equations:

The erst term can be calculated in the same way as
above, giving the result

&g IKpil g& =st tan8 siny cosy . (3.10)

cos'(8p —8)
(q I

K'I g) = (/6)Ps' cos'y. (3.11)
cos'0

The second term of (3.9) is calculated in terms of

(y;IK'I yz& with j,&=0,8. Again using (3.1), together
with the relations (3.8), one obtains

P/P = tan8/tan y,

u'/P = (QPp) (tan 8/tan y) ',
(3.8a)

(3.8b)

Substituting (3.10) and (3.11) into (3.9), one obtains
another equation for y/P in terms of x, x, y, and 0,
which is equivalent to (3.8f) if

f„csoy s' sin0cos'y
1 —-'(+p)g—, (3 8c)

f cos0 x cos'8

1+%2 tan8
S2=

1+(tan8)/v2
(3.12)

where

x=m„'/ns '=-', (Q-', )m, '/p .

We next consider the matrix element of (3.3) between

the vacuum and I ys) to obtain

f„/f =xs(Q—', )cosy/cos(0p —8) . (3.8d)

Comparing this with (3.8c), we obtain

cos'0
g=4(gp)z ' (x—1——,'v2 tan0). (3.8e)

slQ0 cos p
' The "third" Geld may enter in the right-hand side of (3.7).

We simply hope that its contribution, if any, can be neglected for
the g which is the lightest of the particles with the same quantum
numbers.

One finds that the range of 0 corresponding to —V2

&tano& —~02 should be excluded. Note also that s
is different from unity for 0&0. This means that the
mixing in the p is not a simple mass-mixing type in

general. Therefore, the angle y may (or may not) be
larger than the usual estimate (&&10'), in spite of a
small deviation of the g mass from the Gell-Mann-
Okubo mass formula. In the following section we try
two different types of analysis by assuming that y is

2' Equation (3.'Sg) shows that g does not vanish for 8=0. One
notices, however, that in our formulas g is always multiplied by

p~P tang. For 8=0, therefore, there is no contribution from the g
term anyway. One also finds that g vanishes for 8=%~&m.. The

factor P is then infinitely large, so that the product gp remains
Gnite.
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either small as usually expected or could be much estimate (4.2), the average amplitude M, for ss=sm„s
larger. '8 +m ' is calculated to be

IV. APPLICATION TO g ~ 3~ AND g —+ 2y
3f, = —0.170 (4.5)

The decay p —& 3x is caused by the electromagnetic
interaction with ihIi =1, which is the sum of the
usual second order term and the "tadpole term. "The
nontadpole contribution is considered to be negligibly
small because it vanishes at the limit of the soft 7r'.""
The eBect of the tadpole term will be represented by
a term

(4.1)

which is added to the Hamiltonian (1.1). The constant
d can be estimated either by simply comparing the
7r-E mass difference and thegE+-E' mass difference
(and using c= —W2), or by directly computing (half of)
the E+-E' mass difference using PCAC. Both methods
give the same result,

die= —(2.0&0.2) &&10 '. (4.2)

(~ its(."i~)= dx ;V~—m, ' -O)I, —= (4.3)

The full amplitude for g~x+m. m. is now calculated
under the assumption of the m' pole dominance;

M(ss) =v2dxf (ss —m ') (4.4)

where ss ———(p, —p ~)', and the result from the current
algebra has been used for the part vr —+ x+m. ~ ."This
amplitude gives an excellent agreement to the observed
slope, 4' giving a strong support to the assumption of
m' pole dominance. " If, however, one accepts the

' The authors of Ref. 16 also conclude that the mixing mecha-
nism would be much more complicated than the simple mass or
the current mixing.

"D. G. Sutherland, Phys. Letters 23, 384 (1966)."S.Okubo and B. Sakita, Phys. Rev. Letters 11, 50 (1963)."S. Coleman and S. L. Glashow, Phys. Rev. 134, 8671 (1964)."S.steinberg, Phys. Rev. Letters 1V, 616 (1966).
"The decay amplitude for &

—+ 3m can also be calculated in the
same approximation to give M = 4f'(x iR" is). It is—interesting
to note that the same result is obtained in the limit of two soft
~0's without using the one-~' pole dominance; lim3E= (—2gf)2
X(x'[LFP, )F3',X"jj[s)= 4f'(x'[X" [n). Thi—s fact seems to

The estimate on the basis of the U'-spin invariance is
about 30% larger than (4.2)." This value gives a
reasonably good over-all fit to the electromagnetic
mass splittings of the hadrons including the baryons
(taking the nontadpole contribution into account). st

Although this size of d has been used frequently in the
literature, we take a slightly more relaxed point of
view, and introduce the ratio r,

r =d„/die,

where d„ is the effective d coefficient responsible for the
decay p —+ 3'. We expect that s is within a reasonable
range, probably between 0.5 and 2.

Assuming the complete dominance of the tadpole
term and the conventional&PCAC for the g with
d„=dz, one obtains the ~'-p junction

for the full-mass model in which the SUB symmetry
correlates the m. -p junction with the full masses of the
pseudoscalar mesons (see Sec. I), while the result is
half of (4.5) for the half-mass model. These predictions
are too small compared with the experimental result

iiV, ""I=0.37~0.06. (4.6)

The value (4.5) corresponds to I'(ti ~ 7r+|r so) = 124 eV,
while (4.6) corresponds to 610 eV.

In the soft-m' limit, our general formulas give

OR = —2fd„(1/K3) (0 i
t s—&2np

i g)
d„s(P/v3) —cosy(1 —V2 tan8), (4.7)

where use was made of (3.2), (3.7), and (3.8a). The
same result is also obtained in the soft-p limit by the
method described in Sec. III. The conventional result
(4.3) corresponds to 8= p=0, and r=1. We define the
ratio

Rs 5K/ORs ——rs cosy——(1—V2 tant)) .

Comparing (4.5) and (4.6), we expect to get

iR,.*
i
=2.2~0.7 (4 9)

for the full-mass model. The number should be doubled
for the half-mass model. If one chooses 8= y=0 in the
latter model, one should have r=4.4+1.5, which we
consider to be far beyond an acceptable range. In (4.9),
the error includes the experimental error ( 12%) as
well as the theoretical uncertainties (tentatively
assumed 20%).

We next discuss another controversial decay, q
—+ 2p.

Although some of the theoretical predictions give much
better agreement to the experiment than the simple
SU'3 prediction, ' '4 it seems worthwhile to see if the
violation of PCAC for the p is really responsible for the
expected large deviation from the SU3 symmetry.

We use Adler's argument on the anomalous term in
the PCAC equation. " In the case of ~' —+2&, the
relevant equation is given by

D, = (m '/2f) p o+]s(n/167r)e„„x,F„„Fx., (4.10)

where F„„ is the electromagnetic field strength. The
second term gives a good agreement to the observed
rate for $3

——1. This choice corresponds to the quark
model with the integral charges, or that with the
fractional charges with the multiplicative factor 3 in
the anomalous term. We examine the consequence of
the three different quark models: the MH model, '~

give another support to the 2i-0 pole-dominance model. In this
scheme we always predict I'(p —+ 3m') i1"(&

—+ m+x ~') 1.6,
which is consistent with the recent experimental result 1.50 p. pg

0 "
LC. Baglin et al. , Phys. Letters 29B, 445 (1969)j.

'4 L. H. Chan, L. Clavelli, and R. Torgerson, Phys. Rev. 185,
1754 (1969).



BROKEN CHIRAL SYMMETRY AND THE g MESON 901

the HX model, " and the GZ model" with the above
modification. The coe%cient $8 corresponding to D8
turns out to be $8=-',v3 independent of the models.
On the other hand, b is given by Q-,' for MH, 4/3
for HN, and 2g—', for GZ. Then the coeScient f„of
the anomalous term added to the right-hand side of
(3.3) is simply given by

$„=$8 cos8- $0 sing . (4.11)

The conventional result corresponds to 0=0, agreeing
with the usual SV3 limit. The ratio E2~ of the amplitude
to the conventional one is then given by

R2 =~~(f./f)k. . (4.12)

By using (3.8c) with x=1, one finds that this is again
a simple function of 0 and q .'

R» =%2s cosy $„/cos(80 —8),

which should be compared with

I
R»'* 'I =2.47&0.25,

corresponding to the observed value

P(q ~ 2y) = (1.0&0.2) keV.

(4 13)

(4.14)

TABLE I. Solutions I and I' with r =1, for the full-mass and the
half-mass models, respectively. The sign in the subscript corre-
sponds to the unknown sign of (R.

We try to Gnd two diAerent types of the solution in
fitting the rates of g —+ 37'. and q ~ 2y. In solutions I
(full mass) and I' (half mass) we set r = 1, but we allow
a large mixing angle y. We first note that from (4.8)
and (4.13) the ratio

(R=Rg /R2„

is independent of p. We determine 0 by comparing
(4.15) with the experimental result

I
&-"I=0.89~0.23. (4.16)

Further, using (4.13), we determine y.
The solutions are, however, not unique. After remov-

ing some solutions which lead to unreasonably large
P, a', g, or s ', we obtain several solutions as shown in
Table I. Angle 8 is large in any of the solutions and the
parameter g is certainly different from zero. Angle q

TABLE II, Solutions II and II' with q =0, for the full-mass
and the half-mass models, respectively. The sign in the subscript
corresponds to the unknown sign of R2~.

Model
and

solution

GZ II+
GZ II
GZII '
HN II

(deg)

—25-s+'
65&4
65&4—13.5+2.0

+1.8

09 p
+07

1 8 +1.4
+0.7

0 71 +0.10

1.27&0.02
1.27~0.02
0.89+0.02

4.2 sos—0.63&0.10—0.63&0.10—2.8+0.1

in the solution GZ I+ could be negligibly small, yet the
factor s is considerably diferent from unity.

The large angle q, as suggested here, may not be
excluded from the present experimental data on the g
production (see, however, Ref. 20). Also, a complication
may occur if the process under consideration is dom-
inated by the A2mp coupling, since it is not yet clear
whether there are two A2 mesons and how they couple
to the other particles. ~ It should also be emphasized
that the mixing angle of the p' could be quite different
from that of the q. It is even possible that the third
pseudoscalar Geld plays an important role in the p'.
For these reasons it is rather unlikely that angle p is
related to the decay modes of p' in any simple manner,
without additional assumptions on the g'.

In the second alternative solutions II and II', we
assume a small p as suggested by the usual mass mixing
model, but allowing r&i. We set y=0 except in the
denominators of (3.8). We first determine 8 from R»,
and then determine r from E3 . In addition to the
unreasonable solutions as described above, we also
exclude the solutions which lead to IrI((0.5 or ))2.
Reasonable solutions are then selected as shown in
Table II. The ratio r lies well within an acceptable
range, and the choice g=o (i.e., PCAC for the g) is
definitely ruled out. The solution GZ II is found to be
almost equivalent to GZ I+. For the solution HX II+, 0
is rather small. Consequently, s is rather close to unity,
so that the mixing will be very close to the simple mass
mixing for this solution.

Summarizing all the solutions so far obtained, we
conclude that a large amount of violation of PCAC for
the p is strongly suggested from the decays p ~ 3x and

g —+ 2y. A further improvement of the approximations
will be needed, however, to select or eliminate any of
the assumed models. The experimental determination
of the mixing angle y is also of great importance.

Model
and

solution

MH I
HN I+
GZ I+
GZ I+'

e
(deg)

—70~2—76&3
77&3
62 2+'
76 6+4

(«g)
75w5
66a7
71a6
0 +35

46 +10

1.78w0.08
60 p ps+0 06

1.32&0.02
1.26&0.02
1.32&0.03

—36 4+"
—1.3

1 6+0.6
I

0 70-0.16—0.66&0.09
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