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A phenomenological model for the strong and weak interactions of an octet or nonet of pseudoscalar
mesons in chiral U (3)QU (3) is constructed and discussed. In this model one can study the effect that the
partially conserved axial-vector current hypothesis (PCAC) and the transformation properties of the
interaction Lagrangian in chiral U (3)®U (3) have on the transition amplitudes for various meson processes.
The processes considered in this paper are the leptonic and nonleptonic decays of K mesons, the strong
interaction decay 7’(959) — 7(549)+2m, the s- and p-wave scattering lengths for pion-nucleon scattering,
and meson-meson scattering. Low-energy pion-pion scattering is discussed as an illustration of the fact that
for processes involving more than one soft pion, PCAC and the algebra of currents are not sufficient to give
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unique results in general.

I. INTRODUCTION

HE recent success of the combination of the con-
cept of a partially conserved axial-vector current
(PCAC) together with the algebra of vector and axial-
vector currents in SU(3) suggests that the chiral group
U(3).® U (3)r may be a good symmetry group in which
to formulate a dynamics of the strong and weak inter-
actions. This is illustrated in this paper by the con-
struction of a phenomenological model for the strong
and weak interactions of a nonet of pseudoscalar mesons
based upon this chiral group. The amplitudes for various
strong- and weak-interaction processes will be calculated
and shown to agree with those obtained with current
algebra techniques. These results are also in good agree-
ment with experiment.

In Secs. II-1V, a phenomenological model of strong-
interaction pseudoscalar-meson dynamics is constructed
which is essentially the extension to U(3).® U (3)r of
an approach discussed by Giirsey! in the context of
U(2)L®U(2)g. The primary ingredient is the con-
struction of a meson-coupling matrix M;/(®) as a func-
tion of the 3X3 pseudoscalar-meson matrix ®. This
coupling matrix is defined to transform according to the
representation (31,3g*) of U(3).® U (3)g. This function
is not unique, the only constraints being

MIM=I and M'(®)=M(—3).

Two forms of M which seem to be of special significance
are discussed. In particular, it is found that only with
M equal to €2/ is it possible to have only eight pseudo-
scalar mesons in chiral SU(3)®.SU (3). Explicit expres-
sions for the meson part of the vector and axial-vector
currents which appear in the weak interactions are de-
rived and PCAC is discussed.
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In Sec. V this model is applied to meson-meson scat-
tering and found to be identical to results obtained
from the current algebra and PCAC. A calculation of
the rate for the strong-interaction decay of the o’ (also
known as the X°) to #-2x is given and found to be
in approximate agreement with experiment, although
slightly large.

In Secs. VI and VII, the vector and axial-vector
currents of this model are applied to the leptonic and
nonleptonic decays of K mesons. Of the nonleptonic
decays, only those with |A7|=% and CP conserving
are discussed. The interaction is taken to be of the
current X current form and transforming like the sixth
component of (8z,1z) under U(3).Q U (3) r. The results
are in agreement with experiment and those obtained
with the algebra-of-currents method.

In Sec. VIII an invariant coupling of the pseudo-
scalar mesons to a nonet of baryons is constructed. The
Goldberger-Treiman relation follows directly from this
chiral invariant coupling. Pion-nucleon scattering is
calculated in lowest order and shown to give excellent
agreement with experiment for the s- and p-wave scat-
tering lengths in all channels except that containing
the N*(1236) resonance. The amplitude calculated from
this coupling is also shown to be identical to that ob-
tained from the conventional pseudovector coupling
together with p exchange at low-momentum transfers,
which is the result obtained from PCAC and the algebra
of currents.

Finally, various aspects of this investigation are
summarized and discussed.

II. CONSTRUCTION OF THE MODEL

In order to construct the transformation properties of
an octet (or nonet) of pseudoscalar mesons under chiral
U@B)®U(3), we consider a particular model.! This
model is specified by a coupling of these mesons to a
triplet of quarks given by

Ling=—mo{ LM (f®)qr+qM' (fB)qL} . 1)
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In this expression, ® is the 3X3 Hermitian pseudo-
scalar-meson matrix, while the coupling matrix M is
expanded as a power series in ®;

M=3 a.(if®)". 2)

The expansion coefficients a, are considered to be in-
dependent of ®, and the parameter f with dimensions
of (mass)™ is chosen to be real. This parameter will be
determined from the decay = — u+», where one finds
f~m,t. The notation ¢, (gr) denotes a left-(right-)
handed quark, i.e., ¥5¢r=¢r and ysgr= —qr. The terms
GrMqr and qrMqy do not appear in the coupling be-
cause G;rq;r=@:;1q;z.=0. The expansion given by Eq.
(2) may represent either a polynomial or an infinite
series. For example, one obtains a conventional Yukawa-
type coupling by choosing only ¢; to be nonzero. How-
ever, as will be shown, this choice is not consistent
with the symmetries demanded of the coupling.

In addition to the full Poincaré group (including
parity and time-reversal invariances), this coupling is
required to be invariant under charge conjugation and
the group U(3).® U(3)r. This latter group is defined
by the transformation properties of the quarks:

U@Q3)z: (3a)
(3b)

The generators of these two groups define the algebra
of UR)L®U(3)r;

qr—> "y, and gr— gr,

UQB)r: gr— g1 and qr— e ri2gp,

[Fi+:FJ'~] =0,
[Fii,F]i]”—‘ 1 ,;ijk:t .
Under the parity transformation, we define
Pyr(x,) P ="sg1(—X,?) and Pgr(x,) P~ =vsqr(—x,);

therefore, parity invariance requires that M satisfy
the equation

PMLf2(x,) 1P~ =M f2(—x, 1)]. ©)

For pseudoscalar mesons P®(xf)Pl=—&(—x, {);
therefore, invariance requires the coefficients @, in
Eq. (2) to be real. Likewise, charge-conjugation in-
variance requires

CMijC—1=Mji.

For the pseudoscalar mesons we have C®;/C1=d;,
thus charge conjugation places no constraint on the
coefficients @,. Similarly, time-reversal invariance
requires

TMLfe(x )T =ML (x, —4)].

Since T is an antiunitary operator and the a, are real
from parity invariance, time-reversal invariance may
be satisfied by taking either

T (x,)T'=—&(x, —{) with a, arbitrary
or
Te(x,) T '=d(x, —1),
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with all ¢,=0 for » being an odd integer. However,
this latter choice is not compatible with the symmetry
U(3).®U(3)r because one cannot set all the @, equal
to zero for # being an odd integer. The reason is that
invariance under chiral U(3)® U (3) is quite demanding
on the coefficients @, in so far as it requires the matrix
M to be unitary.

In order to ensure invariance under chiral U(3)
®(3), the mesons must transform in the following
manner :

UQR)r: 2— &', where M(f®')=ei 2} (fB); (5a)
UQB)r: ®— ", where M (f®")=M (f®)e~#x 2, (5b)
From Eq. (5) it follows that

M (f@)M (f2")=M"(f2)M (f2) (6a)
and
M (f)MT (&) = etexri2Mf (&) M (fB)e—*as e2,  (6b)
With ® and &’ being Hermitian, it is easy to verify
that MT(f®) commutes with M (f®) as does M'(f®’)
with M (f®'). Thus Egs. (6a) and (6b) imply that MM
commutes with all N\, which is only possible if MM
is a multiple of the identity matrix.? We shall take M
to be normalized such that MM =1.

This unitarity restricts the allowed values of @, in
the expansion of M. Without loss of generality, we shall
choose ao=1, while the parameter a; may be absorbed
into the definition of f. For convenience we shall choose
a1=2, then the expansion for M becomes

M (f®) =142 fo+2 (i f8)2+a5 (i fB)
+2(as—1) (G f@)*+---. (7)

M is thus determined by two parameters, f and a; to
fourth order in &.

Although Eq. (1) represents a certain model of meson-
quark interactions which may or may not have some-
thing to do with reality, the important point is that
the pseudoscalar mesons are contained in M’ which
transforms like the representation (31,3z*) of U(3)L
QU (3)r. An effective Lagrangian will be constructed
as a function of M which, when expanded in powers
of f, will be used to calculate the S matrix for multiple-
meson processes. We shall use this model only phenom-
enologically, calculating the amplitude for wvarious
meson processes to lowest order in f.

Although M belongs to the representation (3,3z%),
the pseudoscalar mesons by themselves do not belong

2 The constraint that MM be a multiple of the identity may
be used to show that one cannot construct the coupling given by
Eq. (1) if scalar rather than pseudoscalar mesons are used. This
follows from parity invariance which requires that M1 (f®) =M (f&)
if ® is a scalar field. Thus M =3 b,f*®" with real coefficients, bn.
The unitarity condition MM =c¢I can be satisfied only by choos-
ing bo*=c with all other b,=0 for #><0. This shows that M is a
multiple of the identity. Furthermore Eqgs. (5a) or (Sb) then re-
quires that M =0.
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to a linear representation of this group. This may be
seen by solving Egs. (52) and (5b) for the infinitesimal
transformations 6:% and 6z® where one substitutes
&' =d+6.P and P""=3+06zP and solves to first order
in ax and Bg. It is more convenient, however, to work
with the combinations 8y®=0:P+6zP and 6,5=6:P
—0r® obtained from simultaneous transformation
under U(3)r and U(3)r with ax=0; and ar=—p0s,
respectively. One finds to lowest order in a; that

4 M (f®+ fov®) =M (f®)+icu 5\, M (f8)]  (8a)
an
M (f@+ f64®) =M (f®)+iar{3Me, M (f®)}+.  (8b)
The solution to Eq. (8) is easily found to be
Sv®=1tou[ 3\, 8], )

which shows that under ordinary SU(3) [where both
left and right quarks undergo the same SU(3) trans-
formation] the mesons transform like an octet and a
singlet.

The solution for §,4% is more difficult to obtain and is
most easily calculated in a basis in which & is diagonal
(with eigenvalues ;)

M (fri)+M (fxj)
M (fxi)—M (fx;)

One may then expand this expression in powers of f
and express the result in an arbitrary basis. Thus,

s.ii= i) |G a0

04P= g;{kk—fz (@A AiD?) + 3120 (A D+ DA+ P2\ )
(11)

III. PROPERTIES OF VARIOUS FORMS FOR M

+terms of order (f®)*}.

Except for the fact that M/ must be unitary there is a
great deal of freedom in the form used for M. We have
found the following two forms to be particularly
interesting:

g2ib® (12a)
1+if‘1>. (12b)
1—ifd

From Eq. (11) for 6, it can be seen that it is not
consistent in general to use only eight mesons. Even
if one restricts the transformations to SU(3) rather
than the full U(3) group by setting ap=0, one finds
that the trace of §4® is not, in general, zero. This
means that one cannot impose the traceless condition
on ® necessary to restrict the model to an octet of
mesons. Thus a set of nine pseudoscalars must be used,
in general. Actually, the requirement that only eight
pseudoscalar mesons be consistent is so strong that it
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determines the coupling matrix uniquely. IFrom Eq.
(10), one obtains the expression

Te(a®) =1 T e (13)
ro4®)=1 ar\Ag ) i7"
5 o ()

It is easy to show that the trace of §,% can be zero for
all o (=1, 2, ---, 8) only if

M’ (fxl) _ M’ (fxg)— M’ (fxg)
M(fr)) M(fxs) M(frs)

(14)

Since at least two of the x;’s are linearly independent
(if ® is traceless the third is determined from x;-}x»
+x3=0), it follows that

M'/M=C,

where C is a constant independent of x. To be com-
patible with the expansion in Eq. (7), we choose
C=2if and hence

(15)

It is interesting to note that only at the SU(3) level
is Eq. (14) so restrictive. At the SU(2) level there are
only two eigenvalues x; and «, and they satisfy the

equation #;4x,=0 if ® is traceless. In this case Eq.
(14) becomes

M=ero,

M'(fx) M (—fz)
M(fx) M(—fx)

However, this is true for any function satisfying the
equation
M(fo)M (- fx)=1.

Hence, in chiral SU2)®QSU(2), 4% will be traceless
so long as M is unitary and & is traceless. However, in
chiral SU(3)®.SU(3) this will be so only if M is given
by Eqg. (15). It should be noted, however, that al-
though M must be given by (15) if only eight pseudo-
scalars are to be used, there is nothing to prevent one
from using this expression for M with nine pseudo-
scalar mesons in the model, in which case the singlet
meson is invariant under chiral SU(3)Q.SU (3).

If M is given by
14-if®
M__"

1—ife’

(16)

then the series expansion for 6, given by Eq. (11)
ends with the term of order (f®)% This is easily shown
by using Eq. (10) from which one obtains

5A<1>=Z—;{>\k+f"q>>\k¢>) . €Y))

In fact one can prove that if 64% is fo be a polynomial
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in ®, then Eq. (17) is the only possibility and M must
be given by Eq. (16).3

IV. MESON LAGRANGIAN AND THE VECTOR
AND AXTAL-VECTOR CURRENTS

The next stage in the construction of our phenomeno-
logical Lagrangian density is the addition of the kinetic
term. At this level we still require invariance under the
chiral group and define

1
— £ (mesons) =§2 Tr(8,M3,M). (18)

Invariance of this Lagrangian density is easily verified
provided the group parameters a; and B in Egs. (3a)
and (3b) do not depend on space-time coordinates.
Possible extensions to transformations where these pa-
rameters depend on the space-time coordinates are not
considered in this paper.

The coefficient of Tr(9,.M79,M) is chosen so that
upon expanding it the leading term is the free La-
grangian for noninteracting mesons, i.e.,

1
pye Tr(9,M19,M)=1 Tr(3,83,8)

+3 12 Tr(9,$%0,8*— 030,29,8)+---. (19)
The terms of order * and higher are interpreted as
meson-meson interactions and contribute to such
processes as pion-pion scattering. That this is a valid
interpretation will be shown when this model is actually
applied to such scatterings.

With this expression for £, one may now obtain the
currents 7,”(x) associated with an arbitrary transfor-
mation 6®

0Pk

apfu® (%)=~

a4 (au¢k)
1
=§f—2 Tr(o M sM-+M1a,M). (20)

To obtain the vector current, one substitutes the

expression
avM = iap[%t)\p,M]

3 From the above expressions for y® and 8.4®P, one may con-
struct vector and axial-vector charges which formally satisfy the
equal-time commutation relations of chiral U3)®U (3). By de-
fining variable ;(x) which satisfy cannonical commutation re-
lations with the fields ®;, one obtains an expression for the axial-
vector charge density by defining

—iapd of = $i[m; (5.42;) + (.4D;)7;].

In particular, if §4% is given by Eq. (17), the axial-charge density
is

Ad= —G +f<I>1r<I>)i .

This is precisely the form constructed by T. K. Kuo and M.
Sugawara, Phys. Rev. 151, 1181 (1966).
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in (20) and obtains
7
V,,=:L—f2[M,6,‘MT:|=i[‘I>,8,}I>]+ trt. (21)

In a similar manner one obtains the axial-vector
current

i
= t
Ay 4f2{anM M

9,8
=_f_+ f(20,38—30;0,9%)+---. (22)

In order to complete the model, we now add a meson
“mass” term to the Lagrangian. We treat the general
case for a nonet of mesons and require that the
combination

—3% Tr{(a+0N)®*} — odo— §ddods— Feds® (23)
be contained in £,, with
a=5Q2mg*+m,?),
b=(2/V3) (m*—mx?) ,
c=my? cos?\+m.2 sin?A—3% 2mg>+m,?), (24)

d= —2 sin\ cosA (m2—m2)+4V2 (mg?—m,?),

e=1m,? sin?\+m,2 cosA— 3 (dmg?—m.2) .

In the above formulas, N\ is the %'(959) and 7(548)
mixing angle defined by

7' =60 c.()s)\-—q‘)s sinh, (25)
7= o SIN\—¢bg COSA,

which expresses the physical particles »" and # (of
masses 959 and 548 MeV, respectively) in terms of the
SU(3) singlet state and the I=0 member of the octet.

It is necessary that the “mass” part of the Lagrangian
contain the terms in Eq. (23) so that when it is com-
bined with the free meson part of the kinetic Lagrangian
given in Eq. (19), together they represent the total free
Lagrangian for a nonet of mesons.

If one requires that the above mass term transforms
at most like a singlet and an octet under SU(3), then
the coefficient e must be zero. From Eq. (24) one finds
in such a case that the mixing angle is given by

Fdmgt—m.2)—m.?

=0.034-£0.004.  (26)

sin?A=
(my?—my?)

This fixes the " —7 mixing angle at A==411°,

The above mass term is easily generalized to include
meson interactions. We require that these interac-
tions transform simply under chiral U(3)® U (3) and



161

chooset
1 :
Ln=—"Tr{(a+bs) (M+M'f)}+—c—— Tr{N(M—M")}
8f? 6472
XTr{ho(M—M1)}

d
— Tr{o(M—Mt -
+64f2T{)\ (M—M"} Trs(M — M1

o Te (M — M) Tr(0(M— ). (27)
64f?

This expression may be expanded in powers of ®, the
terms quadratic in ® being given by Eq. (23). The
terms of order ®* and higher represent meson-meson
interactions and contribute to such processes as m-=
and 7-K scattering and the decay ' — n-+2r.

PCAC

The addition of a term such as £, to the Lagrange
density destroys its invariance under U(3)L.® U(3)g,
and the vector and axial-vector currents in (21) and
(22) are no longer conserved. A particularly successful
hypothesis when used in conjunction with the algebra
of currents has been that the symmetry is broken in a
manner such that one obtains the PCAC equations

Mr?
6,,A,j=f\E¢i, (’L=1, 2, 3),
(28)

. MKz .
a#AF7=}E¢i (7=4,5,6, 7).

For simplicity we first consider PCAC when the
mesons are degenerate. If the “‘mass” Lagrangian den-
sity is not required to transform in some definite manner
under chiral U(3)® U (3), then one may choose

Lm=—m* Tr[u(®)], (29)

where the only constraint on u(®) is that it be an even
function of ® (parity invariance) and that the leading
term in an expansion of u be ® which represents the
free meson mass Lagrangian. From the definition of the

axial-vector current in Eq. (20), it follows that the
divergence of the axial-vector current is given by

— 00, AP =0,L=£(®+5,8)—£(d)

¢ The addition of terms such as [Tr(M+M*") T and Tr(M+M?)
XTr{As(M+M")} together with more complicated terms is also
possible. In the absence of any strong motivation for their in-
clusion we prefer to delete them. With the choice made in Eq.
(27) the terms proportional to ¢, d, and e do not contribute to
mr and w-K scattering in lowest order. The simplest choice,
however, is to keep only the terms in ¢ and b or Eq. (27) in which
case Ly, transforms like the zero and eight components of (3,3*)
=+ (3%,3). It is the presence of the ninth meson which forces one
to use the more complicated terms proportional to ¢, d, and e.
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with 8,® given by Eq. (11). With'the help of Eq. (10)
it is not difficult to prove that if u satisfies the differ-
ential equation

W ()= —izM'(2)/ fM (x),
one obtains the PCAC equation

(30)

m?
a4 ,." =f72¢w .

Thus for each form used for M, one can construct a
model with PCAC. In particular, if one uses the ex-
ponential form for M, then pu=%®* in which case Ln
does not contain any meson interactions.

For nondegenerate mesons the situation is not nearly
so simple. With the mass Lagrangian in (27), we find
that

-——o:,,a,.A,,"=£zl Tr[(a+bA){ (M —M?),\p}+]
162

+similar terms in ¢, d, and e. (31)

The terms in ¢, d, and ¢ are proportional to the ¢ and ¢
fields. With regard to PCAC we wish only to point out
that with the parameter a3 in the expansion of M taken
to be zero, Eq. (31) yields the PCAC equations in (28)
when contributions of order f* and from the ¢o and ¢s
states are neglected. The amplitudes for m-r and =K
scattering, and the weak interactions of K mesons will
be calculated only to lowest order in f (which at most
is f?). Therefore, we shall be able to show that with a3
equal to zero these amplitudes satisfy all the limits
required by PCAC as various four-momenta go to zero.

V. MESON-MESON INTERACTIONS

In applying the above model to various meson proc-
esses, we take the .S matrix to be given by

S=Texp|:i/d4x (£s+£w):|

and calculate only to the lowest contributing order in f. If
one attempts to calculate these amplitudes to all
orders in f, one is confronted with difficulties associated
with the nonlinear character of the model. Without a
solution to such difficulties we cannot regard the above
model as an entirely satisfactory theory of chiral dy-
namics. Nevertheless, the above model may be used to
calculate the amplitude for an arbitrary meson process
to the lowest contributing order in f, the difficulties being
encountered only if one attempts to go beyond the
lowest-order contribution. However, even in lowest
order. these amplitudes reflect the chiral symmetry of
the Lagrangian and will be shown to. be identical to
those that have been obtained with the algebra-of-cur-
rents method.
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From the previous discussion we take

1 1
Ls= —2-3]—‘; Tr (a,,M*a,,M)+§ Tr{(a+bdrs) M+M1)}
+6%f2 Tr{ho(M— M)} Tr{Ao(M — M)}
d
+264_f; Tr{\(M —M")} Tr{\s(M—MT)}

S TrOw(M— M} Trs(M—M}.  (32)
6472

(The weak-interaction Lagrangian density Ly will be
constructed later.)

For meson-meson scattering and the decay ' — 19
+2m, the lowest-order terms (of order f?) arise from
the expansion of L to fourth order in &

— £4=1 2 Tr(8,8%0,8"— 0;0,83,3")
+3/2(1—as) Tr{(a+bNs)P*}
—21cf%as Tr(\®) Tr(\®®)
'—%df2dg Tr ()\oq)) Tr (7\3‘1’3)
—1d f2a; Tr(\®®) Tr(\D)

—1¢f2a; Te(\d) Tr(\d®).  (33)

This Lagrangian yields the following amplitudes® to
lowest order in perturbation theory.

- scattering : wo(q1)+me(g2) — b (gs)+ma(qs)
A T 2f25ab60d (mrz— t)+2f25adacb(m1r2~l-")
4220050 (M2 —5) —3% f2as{8apdcatBaadertOacdba}

X (4m2+ql+g g+ ;  (34)
7-K scattering: mq(q1)+Ka(gs) — m5(g5)+Kp(qs)
Arx =352 Qmu>+2m—2t—5—u)dubas
+3fH(u—s)iesaropa’
— 3 Paa(2maF 2m 2 g gi g g babas; (35)

K-K scattering: Kq(q1)+K.(g2) = Ko(gs)+Ka(gs)
Axr=f22mg>—t—u) (8pedaatScadav)
—1 f2ay(dme®+ g2+ g2+ g ¢a2) (Opedaat-0cadar) , (36)

where s= — (¢1+¢2)?, t=— (q1—¢3)% and u= — (q1—q4)*.

The Adler “self-consistency” condition® which
(follows from PCAC) requires that the above ampli-
tudes vanish when any one of the four meson momenta
goes to zero and the other three remain on the mass
shell. Thus the above amplitudes should satisfy the

5 Our amplitudes are defined by Syi=087i—12m)%4(Pr— P)I1;
X (2E;)™1244; which in lowest-order perturbation theory reduces
to Ayi=TI; QE;)V¥(f [—.,B(O) |2). Where applicable_the K; and K,
states are defined as =K9—K0; V2K, = K'+K°.

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

JEREMIAH A. CRONIN

161
conditions
Ar=0 at s=i=u=m,?,
A,x=0 at s=u=m,?% i=mg?; and at
K ’ Ko (37)

s=u=mg? t=m.?,
Axr=0 at s=t=u=mg?.

It can be seen that the above amplitudes satisfy these
conditions if a; is zero, in agreement with our previous
discussion of PCAC. It should also be noted that when
all particles are on the mass shell these amplitudes are
independent of a;. In addition, the above amplitudes
are in agreement with calculations carried out for 4.«
and 4.x using the algebra of currents and PCAC.":3

From the above amplitudes one obtains the following
scattering lengths? in the various isospins channels (at
threshold) :

7
ao(rm) =—(fmr)m, 1= (0.1540.02)m, 71,
167
01(71'71') =0 ,

1
ax(rm)= —g—(fm,,)zm,,‘1= — (0.04+0.004)m, 1,

T

a1;2(wK) ——(fm,,)2<1+ )~ My

= (0.13£0.02)m,~
1 me\ "t
azyo(rK)= ————(fm,,)z(l-l— ———-) 1
47 MK

=—(0.0740.01)m,*
Qo (KK) =0 y

KE)= — ™% 2, 1= — (0.154-0.02)m,—
ax( )——8—<—”)(fm,r)m,r =—(0.150.02)m,*.

T\ M

The above value of a¢(rm) is to be compared with the
experimental value obtained from K.s decays

Qo (71'7!') = (0.6_0_ 5+°-6)m,,“1

Besides giving the scattering amplitudes as discussed
above, the Lagrangian density in (33) also gives the
amplitude for 4’ — 5+2x. In terms of the mixing angle
defined in Eq. (25) one finds

Ay’ — n+2m) = — 222 (my2+m2i—m,?)
2t sin2>\>
X\ cos2A Oig-
( w2/

7S. Weinberg, Phys. Rev. Letters 17, 616 (1966) ; N. N. Khuri,
Phys. Rev. 153, 1477 (1967).

8Y. Tomozawa, Princeton Report, 1966 (unpubhshed)

9 When leptonic decays of K mesons are discussed it will be
found that f=(1.032£0.05)m,+1.
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This amplitude yields the following rate for ’ — n-+2.
sin2\ 2
I'(y —9+2m)= [cosZ)\-l— Y3 ] (10.8+-2) MeV.

With A= —11°, the predicted rate is (6.841.5) MeV.
Although this value is slightly large, it is encouraging
that we obtain the right order of magnitude (1 MeV.).

VI. LEPTONIC MESON DECAYS

For the leptonic decays of the = and K we shall
assume that the weak-interaction Lagrangian density
is given by

G
Lw(leptonic)= EJ «(®)l.(2)+h.c., (38)

where Jo.(x) and l.(x) are the hadronic and leptonic
currents. In particular’®

Je=c0s0(V2+A:2)o+sind(V3+4:3)a,

with Vea(x) and 4.(x) given by the expansions in Eqs.
(21) and (22). As was done for meson-meson inter-
actions, these decays are calculated only to the lowest
order in f contributing to a given process.

To lowest order the matrix elements (0]J.(0)| Kt)
and (0]|J(0)| ") are given by

cosf
(290)"*(0| J o (0) | 7+) =——(290)*(0| 9 ot | )
1 cosf

= qa7
f

(39)
sinf
(2%0)12(0| J o (0) | Kt) =—f——(2ko)‘/2(0 | 3. K+ K+)

1 sind

= -

From Egs. (38) and (39) one obtains the rates for
7t — pt+y, and K+ — pt+u,

G2
T'(r— ptv)= —2m,m“2 cos?0(1—m2/m.2)?,
T,

1— “2 2)2
(K — p+v)/T(r — ptv)= tan20<:nf)(_.__m_/_@.
(1 _mﬂz/m12)2

Mo

From the experimental rates one obtains a value of 8
and f appropriate for the axial-vector current

sinf=0.26320.002, | f| = (1.0320.05)m,~.

R, P. Feynman and M. Gell Mann, Phys. Rev. 109, 193
(1958); E. C. G. Sudarshan and R. E. Marshak, Phys. Rev. 109,
1860 (1958); J. J. Sakurai, Nuovo Cimento 7, 649 (1958); M.
Gell Mann, Phys. Rev. 125, 1067 (1962); N. Cabibbo, Phys.
Rev. Letters, 10, 531 (1963).

u'W. J. Willis, in Proceedings of the Argonne International Con-
ference on Weak Interactions, 1965 (Argonne National Labora-
tories, Argonne, Illinois, 1966),; Report No. 7130:
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In the leptonic decays of K mesons for which there is
one pion in the final state, e.g., K*— x%+I+»,;, the
matrix elements of J.(x) may be parametrized by the
following form:

(4qok0) " (q) | Jo(0) | K (%))
=sind { fr(k+q)atf-(k—q)a}, (40)

where f. in general are functions of ¢?, k%, and k-q.
Since the total number of mesons in the initial and final
states is even, only the vector part of J.(x) contributes
and we find

1
=—— and f_=0
f+ 7 f

for both K+ — #%4et+y, and K — 7+et+v,.

With these values for f; and the measured rate for
K+ — 7%4-¢t+,, one obtains a value of 6 appropriate
for the vector current

sinfy=0.22240.006 (from K,3).

For numerical purposes, we shall simply take §=6y
(or 64) when referring to the vector current (or axial-
vector current).

It is interesting to compare this and later results with
that expected from PCAC. If B(0) is any operator
which is invariant under right-handed isotopic spin
transformations, it follows from PCAC that the matrix
elements {(a,m;(g) | B(0)| K) and {a| B(0)| K) are related
byt2

lim (290)¥a,mi(g)| B(0) | K)
=—ifV2{a|[1:,B(0)]|K),

where I; (1=1, 2, 3) is the isotopic spin operator.

For leptonic K decays B(0) is taken to be J,(0), while

for nonleptonic decays B(0) is taken to be the non-

leptonic weak Lagrangian density, both of which are

assumed invariant under right-handed transformations.
With Eq. (42) one obtains the relation

(41)

(42)

sinf4

v

sinfy (fi+/-)gemo=—

Neglecting renormalization effects 64=0y, and it is
seen that the values of fi in (41) satisfy the above
equation.

For K4 the matrix elements of J,(0) may be param-
etrized by the following form:

(8gopoko)*(ma(@)m,s(p) | Jo(0) | K o(k))

7
=;n_{ (q+P)aFl+ (‘I—P)an
K
+ (k—p— @) oaF s+ €apyskpp,qsFa}

12 For a derivation of this formula, see, for example, C. Callan
and S. B. Treimann, Phys. Rev. Letters 16, 153 (1966). Also
N. Cabibbo, Rapporteur’s Talk at the 13th International Con-
ference on High Energy Physics at Berkeley, 1966 (unpublished).
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(a) (b)

Fi1c. 1(a). Direct contribution to J,(0) from the term (2/®9,5®
—%039,8%) in A,; (b) combination of a strong-interaction m-K
vertex of order 2 and the weak current (0]|4,|K) of order 1/f.

where in general the F’s are functions of the kinematical
variables ¢2, p? k2, q-k, p-k, g-p and the isospin indices
a, b, c. Since the total number of mesons in the initial
and final states is odd, only the axial-vector part of
J«(0) contributes in the model we are using. Therefore,
F4 will be taken to be zero.

In lowest order, contributions to the F’s arise from

K+(k) = at ()47 (p)+ 14w

Lo+ + (k—@)*+mr*+m.*]

F1=A; F2=A; F3=A

JEREMIAH A. CRONIN
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two sources. First, there is the direct three-meson term
from the expansion of the axial-vector current in powers
of f given in Eq. (22)

9.8
4, -]7—+f(2<1>6“<1><1>—%a36“¢3)+- ..
This contribution is of order f and is illustrated by the
Feynman diagram in Fig. 1(a). In addition to this
direct contribution to J,(0), there is also the contribu-
tion from a strong 7K vertex (of order f2, was calcu-
lated in Sec. V) together with the vertex (0|J.(0)|K)
(of order 1/f). These are illustrated by the Feynman
diagram in Fig. 1(b).

Together these two diagrams yield the following
values for the form factors:

(mg*+2m2+k+p*+ ¢%)
e .

K*(k) — n°(q)+n°(p)+ 142

F1=A; F2=O; F3=%
Kao #(@)+7~ )+

SN
(k—p— gl +mi* mx*+ (k—p—q)?
(LE=PP o 2t It 2] )
3 4as ;
(k= p—g+ms? T e p—grme
k___ 2 k__ 2
PN « ol a1 45

where 4= — fmg sinf.

It is interesting to compare these results with the
requirements of PCAC given in Eq. (42). For K+
— 7t (q)+7~(p)+1v, Eq. (42) requires that

at ¢,=0,
F1=F2,
F3=0,
at PI‘=O:
F1+F2=2me 51n0(\/2—f+) y

F3s=V2 fmg sinf(f4+1_),

where f;. and f_ are defined in Eq. (40). It is easily seen
that the form factors in Eq. (43) satisfy the above limits
when @3;=0. On the mass shell where k2= —mg? and
P*=¢*= —m.?, it is seen that the F’s are independent
of a3. When terms of order m,2p? ¢% and p-q are ne-
glected in Eqgs. (43)-(45), these results reduce to those
obtained by Weinberg!® using current algebra tech-
niques and PCAC.

In comparing with the data on K., we neglect F
compared to F; and F, because in the limit as me— 0
it does not contribute. For K+ — nt+r+et4v,, we
calculate

F1=F;=0.962-0.05 (theory with 8=0,4).

S, Weinberg, Phys. Rev. Letters 17, 336 (1966); C. Callan
and S. B. Treimann, 7bid. 16, 153 (1966).

(k= p—g)+ma*’

From Table I of Cabibbo and Maksymowicz,* one
finds that with F;=F,, one needs a value

Fy=F;=1.240.2 (experiment)

to fit the experimental rate!® with the w-r, =0, J=0
scattering length taken to be zero. In addition, the
phase-space average of F; and F, has been measured'®
and found to be given by (Fy)/(F3)=0.820.3 in good
agreement with (43).

The rates for the other K., decays have not been
measured yet and cannot be compared with the pre-
dictions of (44) and (45) at present.

VII. NONLEPTONIC K DECAYS

For the nonleptonic K decays we take the weak-
interaction Lagrangian density to be

G
Lw (nonleptonic) = - Tr{Ne0 M3, MT}. (46)

4V2f
Thus £w(nl.) is taken to be of the currentXcurrent

4 N. Cabibbo and A. Maksymowicz, Phys. Rev. 137, B438
(1965). As pointed out by Weinberg (Ref. 13) there are numerical
errors in Egs. (12) and (A2) of this paper. ‘These equations for
the rate should be multiplied by a factor of 4. F, and F: are
denoted by f and g in this paper.

15 R, Birge et al., Phys. Rev. 139, B1600 (1965).
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form with the property that it transforms like the sixth
component of (82,1z) under U(3)LQ U (3)r.

We consider first the Ky — 7+~ and K;— 70470
decays in order to determine the parameter ¢. From
the third-order terms in ® of an expansion of £w in
powers of ®, one obtains the following amplitudes:

Ky(k) = 7t (@) +7(p):

A=) == e pr)
= o ¢F—7).

(47)
K1(k) — n°(q)+2°(p):

A(00)= G 22— gt— p?%)
( —_E( —g—p).

The experimental value of 4(+ —) obtained from the
K, rate is

|4 (+ —=)| = (2.81£0.04) X 10~ 72, .

This value requires

c=1.1+40.1.

From the Cabibbo form for the charged currents,
one might expect that c=cosf sinf. Thus in sharp con-
trast to semileptonic processes, the Cabibbo angle may
not be needed in nonleptonic decays.!¢

With the parameter ¢ now determined, one may calcu-
late the amplitudes for K — 37 and the K — 7 spur-
ion.1617 From the terms of second order in ® contained
in £, one obtains the following amplitudes:

G
A(Ky— 1%)=—A(K*+— =) =];2\—/“7q(1r) q(K). (48)

The above K — 7 amplitudes will be needed to calcu-
late the K — 37 amplitudes.

In lowest order the amplitude for K — 37 consists
of two parts. First there is the direct four-meson weak
interaction obtained from the terms of order ®* in the
expansion of Eq. (46)

G
Lw® =\—/£_Tr{)\e (3,929,3°— 340,20, — 32;0,9%0,8)) .
(49)

The amplitude calculated from this Lagrangian density

16 J, J. Sakurai, Phys. Rev. 156, 1508 (1967).

17Y. Hara and Y. Nambu, Phys. Rev. Letters 16, 875 (1966).
The constant ¢ defined in their Eq. (6) is related to our f by
¢=V2m.*/f except that they use the Goldberger-Treiman relation
to evaluate ¢ numerically whereas we use = decay. See also D. K.
Elias and J. C. Taylor, Nuovo Cimento 44, 518 (1966); S. K.
Bose and S. N. Biswas, Phys. Rev. Letters 16, 330 (1966);
B. M. K. Nefkens, Phys. Letters 22, 94 (1966) ; H. D. I. Abarbanel,
Phys. Rev. 153, 1547 (1967),
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(2) (b) (@

F16. 2(a). Direct contribution from Lw given in Eq. (49);
(b) and (c) combination of a strong meson-meson vertex of order
f?and a weak K- vertex of order 1/f2.

is zeroth order in f and is illustrated by the Feynman
diagram in Fig. 2(a). In addition, the amplitudes ob-
tained by the combination of a strong K-w vertex of
order /2 and a weak K-r spurion of order 1/f2, as in
Fig. 2(b); or a weak K-r spurion of order 1/f2 and a
strong m-m vertex of order f? as in Fig. 2(c), are also
zeroth order in f. These are the only contributions to
zeroth order in f. The amplitudes corresponding to the
respective diagrams in Fig. 2 will be denoted by 4 (a),
A (b), and 4 (c), with the total amplitude being given by

A=A4(a)+A4(B)+A4().
We calculate only the amplitude for K+(k) — 7t (g1)
+7t(¢g2)+7(g3). The other K — 37 amplitudes may
be obtained from this one by using the |AI|=3% rule,

when electromagnetic mass differences are neglected.
From Eqs. (34), (35), (48), and (49) we find

G
A(a)= —E{ g+ g2*+2¢s- (1 ga+¢s)
—3as[2k* 49 +¢2 ]},

G g2 0
AQ)=—]—= :

aloat 2+ {mr*+m.*+ (1+¢s)?
g2" T MK

git+mx®
+ (g gs)*—3asL 2m+ 2m .+ k2424 g24- ¢ 1}

k2

G
A@)=—
V2 B2 -m,?

—as4m g2+ g2+ g 2+ k4] .

{4m24-2(q1+¢5)*+2(g2+gs)?

(50)

PCAC [Eq. (42)] requires that the total amplitude
A(H+-)=A4(a)+AB)+A(c) satisfy the equations

lim A(++—-)=0, (51)
q3—0

i
5310 AH+-) =\7]_;_A (Ki—>at+77),  (52)

where the remaining particles are kept on the mass
shell. It is easily verified that these relations are obeyed,
thus demonstrating consistency of our results with

PCAC,
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On the mass shell we shall write the amplitudes for
K — 3r in the following form!s:

A=A {14a/m2(S3—S0)},
where

Si=[q(K)—q(m) = —mx*—my24+2mxE(m)
3SO=S1+52+53= —nzK2—m12—m22—m32.
The third pion 3 is defined as the odd pion in K+ de-

Aaw(++—)=—(1.43£0.1) X 10-5,
A gy (400) = — (0.770.05) X 105,
Ay (+—0)= (0.77£0.05) X 10~
A4, (000)= (2.15-£0.15) X 10-¢,

while the experimental values are'
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cays and the 7° in Ky — 7%-#xt+7—. From Eq. (50)
one obtains
Ap(F+—)=—3V2emg?G= — (1.4340.1) X 1078,
a(++—)=3m.2/2mg?=0.12.
Neglecting the mass differences mg+—mx and m,+

—mg0, the other K — 37 amplitudes are obtained from
the | AT| =3 rule.’® Thus the predictions of this model are

a(++—)=0.12;
a(+00)=—0.24;
a(+—0)=—0.24;
a(000)=0;

| Aue(— =) | expe= (1.93220.04) X105,  @(++ —)exps="0.093=0.01;

| A 4y (400)| = (0.96:£0.03) X 10,
| 4(+=0)| =0.89-£0.03)X 105,
| 4(000)| = (2.82£0.2) X 10¢,

The agreement with experiment is in general good,
although the theoretical amplitudes are about 209, too
low.

VIII. CHIRAL INVARIANT MESON-
BARYON COUPLING

We now construct an invariant coupling of an octet
(or nonet) of low-lying baryons (spin %) to the pseudo-
scalar mesons in analogy with Eq. (1). The advantage of
this coupling is that the baryon mass does not break
the chiral symmetry and the Goldberger-Treiman re-
lation is given directly.

If such a coupling is to be possible then these baryons
must belong to the (3,3*) and (3*,3) representations of
U3).®U(3)r as opposed to the (8,1) and (1,8). This
is because the product B® B, where B,? is the baryon
field, must contain the (3,3*) and (3*,3) representations
in order to form an invariant coupling with M.

Assuming that the low-lying J =% baryons belong to
the (3,3*) and (3*,3) representations, then the states

B;®i=3(14-v5)B;7 and B i=§(1—v5)B.?

may be taken to transform under U(3).Q U(3)r like
(31,37%) and (3g,3.*), respectively. With the baryons
belonging to this representation, the trace of B is not
invariant under F;5* and thus a set of nine baryons is
required.

18 S, Weinberg, Phys. Rev. Letters 4, 87, 585 (1960) ; G. Barton,
C. Kacser, and S. P. Rosen, Phys. Rev. 130, 738 (1963).

1 G, H. Trilling, in Proceedings of the Argonne International
Conference on Weak Interactions, 1965 (Argonne National Lab-
oratory, Argonne, Illinois, 1966), Report No. 7130.

a(+00)=—0.2540.2;
a(+=0)=—0.24-£0.2;
2(000)=0.

Because of the above transformation properties of
B® and B the bilinear combination

U= eipieB7Bg*B, B!

transforms like (3z,3.*). The following coupling is then
invariant under U3):QU (3)r:

Ling=m Tr(MU)+h.c.

To zeroth order in f

(33)

6 -
oBint(o) = —'m{ Z B,‘Bi—ZB()Bo} .

=1

(54)

If one, therefore identifies the ninth baryon field By with
vsBo, then Lin,{® represents the mass term for an octet
of baryons (JP=14t) with mass 7 and an SU (3) singlet
baryon (JP=3~) with mass 2m. Perhaps this ninth
baryon is the A(1405). The spin and parity is correct;
however, the mass is quite a bit lower than twice the
average mass of the octet. Ignoring difficulties associ-
ated with mass splittings, the Lagrangian in (53) could
be used to calculate meson-baryon scattering to lowest
order in f. However, only the simplest case of pion-
nucleon elastic scattering will be discussed here.

Neglecting all other particles except the pion and
nucleon, Eq. (53) reduces to

Lint(7N)= —mNM (— fysm-=/2)N,

()

is the nucleon field and = the pion field, From the ex-

(55)

where
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pansion of M in Eq. (7) one obtains as the first few
terms

Lint(wN) = —mNN-+i(mfVZ)Nx-wysN

+mfe(=)NN+---. (56)
The Goldberger-Treiman relation is contained in term
linear in f which relates the strong-interaction = NN
coupling to the pion decay constant f

gann=mfV2.

To order f2 the elastic pion-nucleon scattering ampli-
tude is calculated from the Feyman diagrams in Fig. 3.
From these, one obtains the following amplitudes in
the various isospin channels for 7(g;)+N (p1) — 7(g2)
+N(ps):

_ 3 1
T=}: A(%)=iNIm2f2< + )
mi—s mi—u.
><<q1+q2>+sz2]zv,
_ (— 2im?f? _
It A=K qeta)-mp|N, 6D
me—u

where s= — (p1+¢1)?; = — (p1—¢2)?; t=— (p1— p2)>.
These amplitudes yield the following s- and p-wave
scattering lengths:

S wave:
muf? (2m—+p)
2w (k) (4 — )
. miuf?(dm—p)
w2 (m+u) (4m?—pu2)

= (—0.08=0.01)u",

= (0.144-£0.01)u". (58)

P wave: This scattering length is denoted by aar,ss
where T is the total isotopic spin and J the total
angular momentum.

mif? f*@m—dmp— i)
3mu(m+u) (2m—p)?  8mp(m—+u) (4m?—p2)
= (—0.10£0.01)u~,

mif?
Giam= — = (—0.029-£0.003)u?,
3ru(m—u) 2m—pu)?
(59)
2m2f3 mf?(dm?+4dmu— p?)

Aa1=
" Sru(m—w) Cm—u)?  8mum (m—-p) (2—mp)
= (—0.034£0.003)u~,

2mif?
A33= = (0057:&0006)/[‘3
Sru(m—+p) 2m— )
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(2) (b) ()
Fic. 3(a) and (b). Diagrams arising from the term linear in
« of L(xN) giving a contribution of order f2 to the amplitude;

(c) the diagram corresponding to the term quadratic in = of
L (xN) also of order f2.

The experimental values as obtained from dispersion
relations® are

4:=0.1714=0.005 ,
an= ""0101:|:0007 5
az= —0380:t0005 5

a3;=—0.08840.004,
a13= —0029:&0.005 B
a33=0215i0005.

The agreement between experiment and theory is good
except in the case of ass.

It is interesting to note that the amplitude calcu-
lated from (56) to identical®* to that obtained from

_ V2 <
o= ,isz'y“<— mX a”ﬂ+7576“ﬂ> . EN (60)

to order f2

The vector part of this effective Langrangian is
identical to p exchange at low-momentum transfer if
one makes the identification®

S/ mp=fm, .

Numerically, this equation for f,? is very good.

IX. DISCUSSION

In conclusion we would like to add the following
remarks:

120 J ) Hamilton and W. S. Woolcock, Rev. Mod. Phys. 35, 737
963).

(

21 As first pointed out by S. Weinberg [Phys. Rev. Letters 18,
188 (1967)7] nonderivative-type couplings as in (55) are easily
transformed into derivative-type couplings. If one defines a new
nucleon field by the transformation

N=U(fvsm-%/V2)N',
and if U is defined by the equation
Ut (—frsm- /N M (—fvsm- 2 /V2) U (fyom-=/V2) =1,
then the nucleon part of the Lagrangian
Ly= —N'y,‘a,,N——mNM(—f%‘.'c-‘t/\/Z_)N

&x'=—N'v,8,N'—mN'N'—~N'~,Ut5,UN".

and the interaction has been transformed into a derivative-type
coupling. With U=M'/ and expanded to second order in f, one
obtains the Lagrangian (60). The effective Lagrangian construc-
ted by Weinberg in this reference corresponds to the model pre-
sented here in chiral SUQ2)®SU(2) witﬁ M given by (12b). A
similar model has also been discussed by J. Schwinger [Phys.
Letters 24B, 473 (1967)] with the meson mass Lagrangian de-
termined by PCAC [Eq. (30)].

2 K. Kawarabayashi and M. Suzuki, Phys. Rev. Letters 16,
255 (1966). Riazuddin and Fayyazuddin, Phys. Rev. 147, 1071
(1966); J. J. Sakurai, Phys. Rev. Letters 17, 552 (1966).

with UTU=T1

becomes
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(1) The success of the above model in describing low-
energy pseudoscalar physics would seem to indicate
that some sort of chiral dynamics may well be appro-
priate at least at low energies. In particular, it is striking
that the chiral-invariant coupling in (56) reproduces
low-energy pion-nucleon scattering so well. In this re-
gard, it is interesting to point out that the coupling in
(56) is the minimum needed so that the nucleon mass
does not violate the chiral symmetry. An additional
chiral-invariant term is possible by coupling the vector
and axial-vector current of the nucleon to the cor-
responding currents of the pseudoscalars. The fact that
very little of this additional coupling is needed suggests
that there is “just enough” low-energy pion-nucleon
dynamics to make the nucleon mass compatible with a
chiral symmetry.

(2) In this model the breaking of chiral U(3)® U (3)
was assumed to be due solely to the meson mass La-
grangian L,, in (27). This was written for the general
case in which @ contained a nonet of particles and a
rate for 9’ — 927 could be calculated. A simpler pos-
sibility for the transformation properties of L, is to
restrict ® to an octet of mesons and neglect the . In
this case one may choose

1
43,,L=8—f—2 Tr{ (a+bhs) M+M1)} .

M must now be of the exponential type in (12a) and the
chiral group restricted to SU(3)QSU(3). Of course
now nothing can be said about the rate for " — 9427}
however, on the mass shell none of the other amplitudes
calculated above are changed.

(3) For all amplitudes calculated it was found that
they were independent of the form used for M on the
mass shell. It may be that in general the amplitudes
calculated from an effective Lagrangian which is a
function of M alone (i.e., not an explicit function of ®)
are independent of the form used for A/. If this is true
in general, the amplitudes for other meson processes
such as low-energy multiple pion production could be
calculated without the introduction of new parameters,
namely the expansion coefficients of M.

(4) In chiral SU(2)QSU(2) where the pions may be
considered degenerate there are many ways of obtain-
ing a model with PCAC. As discussed in Sec. IV, one
obtains PCAC equations for any M as long as the mass
term satisfies Eq. (30). For example, if one chooses

A. CRONIN
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M =¢e*/® then u=®? and L., does not contain any meson
wnteractions. In this case the kinetic part of the Lagran-
gian gives in lowest order

=3 (=X ), (61)

which at low energies gives the same amplitude?® as p
exchange with

J2=3(fm,)?=1.740.1.

In general, different choices for M give different 77
scattering amplitudes. Since M determines how & trans-
forms under the axial-vector charge [Eq. (10)], we see
that the ambiguity associated with different choices for
M is the analog of what one assumes about the equal-
time commutator [A4¢%,8,4,7] in current algebra
calculations.

Note added in proof. If higher powers of M are used
in constructing a chiral invariant baryon mass then in
addition to the coupling in (53),

m' TITB O MBOM+H.c.

is also an invariant for a set of baryons belonging to
the (3,3%) and (3*,3) representations, while for baryons
belonging to the (8,1) and (1,8) representations

m TILBOMBO M I+H.c.

is invariant. All of these couplings reduce to the
pion-nucleon coupling in (55) which follows from
SU(2)®SU (2) invariance alone, the nucleon belonging
to the (2,1) and (1,2) representations.
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% To obtain this result from PCAC and the current algebra,
one need only make the ansatz that the -7 scattering amplitude
vanish at s=¢=%=0 in the calculations of Weinberg (Ref. 7).
In his notation, this means 4 =0, while the Adler self-consistency
requires C= —2B. Using his Eq. (17) for B—C, one then obtains
the amplitude calculable from (61). This amplitude gives ao
=(0.11£0.01)m,1 and a;= — (0.062-0.005)#2,7 for the I=0, 2
scattering lengths at threshold.



