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The relation between chiral-symmetry breaking and quark masses is studied in the framework of the

recently proposed extended partially conserved axial-vector current hypothesis and using chiral anomalies

relevant to m ~yy and 7l —4yy. Equations are obtained which relate the quark masses to the chiral-

symmetry-breaking parameters 5 and b& which measure the deviations from Goldberger-Treiman relations in

SU(2) X SU(2) and SU(3) X SU(3), respectively, Although, numerically, it is only possible to obtain bounds

for the quark masses, these seem to be higher than what has been recently estimated in model-dependent

approaches. Finally, the effect of quark confinement is briefly discussed.

I. INTRODUCTION

Bi'A =2im QysA. q, (y =1, 2, 3

Many efforts have been devoted to the problem of
relating quark masses to chiral-symmetry break-
ing in the framework of the quark model ~

' ' The
starting point in this kind of approach consists in

assuming that the divergence of the axial-vector
current is given by

loop. Chiral-symmetry breaking is then contained
in the extrapolation factor

r, (m.')
z, (o)

It has been recently shown, ' within the framework
of extended PCAC (E PCAC), ' that E, is determined
by the corrections to Goldberger-Treiman rela-
tions (GTR)' for ES = 0 or ( ES~ = 1 P decays, i.e., '
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where the quark masses, m„and m„characterize
the chiral-symmetry breaking. Specific values for
m„and m, may then be obtained by taking matrix
elements of Eqs. (1) and (2) between hadrons.

Another way of carrying out this program could
be to start directly from the partially conserved
axial-vector current (PCAC) hypothesis, i.e.,

~ "A „=m, 'f, P, ) a = m, K) q, (3)

p, (0) ~s, (4)

where j,(0) is the off-mass-shell amplitude for
a- yy and $ is given in terms of the charges of the
bare constituents circulating around the triangle

where now chiral-symmetry breaking is related to
the nonzero value of the pseudoscalar-meson mass ~

However, since the model-dependent relations (1)
and (2) are now lost, the values of the quark mass-
es would have to be obtained by a different method.
A conceivable approach, which is the subject of
this paper, consists in studying triangle anomalies
relevant to m'- yy and Yj- yy.

It is well known that the soft-meson theorems, '
valid to all orders of renormalized perturbation
theory, state that

where

(mH +my )gH~f asNHH '
(7)

are the corrections to GTR for the H -H '+ l l de-
cay. Moreover, it turns out that ~, and ~„are
separately universal, i.e., independent of the par-
ticular baryons undergoing the P decay. " There-
fore, since ~, is a measure of chiral-symmetry
breaking, one has the desired relation between
this violation and the quark masses which will
show up from triangle-loop integrations.

Our results indicate that the values of the quark
masses are very sensitive to the amount of chiral-
symmetry breaking and are consistently higher
than what has been recently estimated in the
framework of the quark model. ' On the other hand,
though large differences between quark masses
may appear, they are not compelling.

The paper is organized as follows: In Sec. II
we discuss 1r -yy in order to obtain information
about m„and md, and in Sec. III we consider
q-yy in connection with m„, md, and m, . Finally,
Sec. IV is devoted to concluding remarks.
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The wo yy decay amplitude, P„(q'), is defined
by

~ & ~(~i ~ih {)t., &~ }lDBI0)

where q =k, +k, and D, =8„A.,". The low-energy
theorem, Eq. (4), reads

2nF,( 0}=- —8,
w f,

and the extrapolation factor, Eq. (5), is given by'

&.(u „')
,y, (0) 1 —n „'

The present experimental value of 4„ is"

")~" =0.06~0.03.&3f,g„„+

(10)

fm„p ~„X~
where m„has been set equal to m, and C is a con-
stant {later on we shall study the case m, x m, ).

In this case Eq. (10}is modified as follows:

sin 'z

From now on we shall assume that S =-,', according
to the three-color triplet quark model, "and that
EPCAC correctly describes the on-mass-shell
extrapolation. However, in Ref. 6, E„was de-
rived under the assumption of an infinite quark
mass. Relaxing this hypothesis and coupling the
pion family to the circulating bare quarks in the
triangle loop with y, coupling one obtains

which is an equation relating the quark mass,
m„= m~, to the chiral-symmetry-breaking uni-
versal parameter &„. In other words, once 4,
is fixed one ean derive the value of the correspond-
ing m„and vice versa. However, from a numeric-
al point of view this example is not very interesting
because I'0(so- yy) is very close to I'(w - yy), i.e.,
the low-energy theorem itself almost predicts the
right decay rate. In any ease, it is important to
point out that if Eq. (11) is used for &, then from
Eq. (15) one obtains a value for m„consistent with
infinity [for the mean value, though, Eq. (15) has
no real solution].

If one neglects 4„altogether one still has m„
consistent with being infinite, although the mean val-
ue is now m„= 321 MeV, which is shifted to m„= 562
MeV if 6 =0.01 is used.

Relaxing the restriction m„=m, one finds, in-
stead of Eq. (15),

4(sin 'z, )'/z, -(sin 'z, )'/z, ' 1
4zi z2 - (1

= 1.03 a 0.06, (16)

2m ' ' 2m

Equation (16) has four types of solutions. The
first one is obtained by starting from z, = 0 and
z, =z, (maximum) fixed by the equation. Increasing
z, from zero, z, decreases down to a minimum
value compatible with the equation. The second
solution is obtained by starting from z, =z, [which
is equivalent to z, = 0 and z, = z, (maximum)] and
having z, and z, decrease simultaneously. Both
solutions join smoothly at the point z, = z, {min-
imum). The remaining two solutions correspond
to interchanging z, and z, in the preceding analy-
sis.

In Fig. 1 we show some solutions of Eq. (16)
when (1 —4 )21'(z -yy)/I'o(w yy} =1.09, 1.03,

Recalling the definition of the decay rate,

I'(z'- n') = (1 .'/64v)[6:. (p .')1',

one f1nds

sin 'z 4 1 F(m'-yy)
z (1 —&,)' I',(z" —yy)

'

where I',(s'-yy) is the rate calculated from the
off-mass-shell amplitude, Eq. (9). Inserting ex-
perimental values" into the right-hand side of Eq.
(14) one has

OP

E
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}.6 X2 4.0

I/m„(GeV )

= 1.03 + 0.06, F&G. 1. Solutions to Eq. (16) for (1-4~) l(~ yy)/
lo(& ~) =1.01 (+), 1.03 (b), Grid 1.09 (c).
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and 1.01. Since the situation m~=~ (or alternately
m„=~) is clearly unrealistic one would expect
physical values to lie in the upper portion of the
curves. Although large mass differences might
exist they are not strictly necessary.

It is clear that even if the decay rates and &,
were known with extreme accuracy so that one
could single out a particular solution to Eq. (16),
the values of m„and m„would lie within certain
bounds. In other words, when the ratio m„/m~
is fixed by other considerations one could not find
a single value for both m„and m„. However, ap-
pealing to SU(2) symmetry one would not expect a
large difference between m„and m„and therefore
one would choose the solution corresponding to
the upper portion of the curve in Fig. 1. In this
case then, the bounds for the quark masses be-
come narrower.

III q n
The q- yy decay amplitude, $„(q'), is defined as

JII(q —yy) =e„, Bk,"k;e', e,~6:„(q'), (18}

where e and k are the polarizations and momenta,

of the photons and q = k, +k, . The low-energy the-
orem, Eq. (4), becomes

1 2+ 1
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where
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2m. '

and we have assumed m„= m~ and 4 = 4~." Qf
the four types of solutions to Eq. (20) one is left
with only two if the restriction m, ~ m„ is used.
The experimental value of 4~ is"

A

4~ =1 — A ~ ~A =0.30+0.15.~~fES h,pE

In Fig. 2 we show some solutions of Eq. (20) for
(1 —hr)'I'(q —yy)/I' (q —yy) =2.1, 1.8, 1.458, and
1.152.

Once again, a large mass difference between

In Ref. 6 it was shown that EPCAC predicts a decay
rate in agreement with experiment without the
need of invoking q-q' mixing. Therefore, we shall
adopt this point of view in what follows.

Repeating the steps discussed in the previous
section it turns out that the equivalent of Eq. (16}
xs

E

1.4 1.8 2.2
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FIG. 2. Solutions to Eq. (20) for (1-Ez)~l ( g yy)/
r, (q, -qq) = a.X (a), &.458 (b), X.8 (c), and ~.Z (d).

m„and m, is not compelling. Also, even in the
case of extremely accurate experimental values
for the rates and for ~~, it is only possible to
obtain bounds on the quark masses.

IV. CONCLUolNG REMARKS

The relation between chiral-symmetry breaking
and the mass of the quarks obtained here from
EPCAC and chiral anomalies seems to be a prom-
ising alternative to the usual model-dependent
approaches in which chiral-symmetry violations
are due to explicit quark-mass terms. These are
absent in our formulation since we have started
from PCAC, where the chiral-symmetry breaking
parameter is the boson mass. However, it is
clear that from a numerical point of view it would

be necessary to have a much better experimental
accuracy in the decay rates of m'- yy and g- yy as
well as in ~, and ~~ bef or e def inite predictions
for the quark masses could be established. Fur-
thermore, even if a particular curve in Figs. 1

and 2 could be singled out, the prediction for the
quark masses would be in the form of bounds rather
than specific values. For the time being, one
reads from Figs. 1 and 2 quark masses consistent-
ly higher than what has been recently estimated
in the framework of the quark model and also that
large mass differences, though not excluded, are
not compelling.

As a final point we would like to point out that
if a quark-confinement mechanism is introduced
one would not expect major modifications in our
results. The quark masses, though, would have
to be interpreted as being renormalized by the
confinement mechanism.

This assertion is based on a model-dependent
estimation" of the corrections to the m'- yy am-
plitude introduced by quark confinement which is
of the order (p, ,'/2m„')4.
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