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Mesonic and baryonic interactions are studied in a model of chiral U(3) {3U(3) symmetry.
The scalar and pseudoscalar mesons are assumed to belong to the (3,3~) (3*,3) representa-
tion. Nonets of vector and axial-vector fields are introduced as gauge fields. The baryons
are assumed to transform as the (3,3")d3 (3*,3) representation. Explicit and spontaneous
symmetry breakings are introduced and masses and various couplings are obtained. Most of
the parameters are fixed by using some particle masses as input. We find that the Lagran-
gian is approximately invariant under SU(2) 8 SU(2) while for the vacuum SU(3) is a better
symmetry than SU(2) SSU(2). The scalar-meson masses are predicted to be ms, = 949 MeV,
ms =1025 MeV, m&&=1068 MeV, and m&„=694 MeV. The V—PP, A —VP, S —PP, and the
three-body decay models A —3P are calculated, which compare well with the experiments.
The meson-meson scattering lengths and effective ranges are calculated and compared with
experiments and the current-algebra results. The mesonic decay constants and the K» form
factors are calculated, and we have Ex /F „=1.04, Fs /+„= —0.14, f + (0) =0.99, ( = —0.24,

=0.021, and & = —0.022. The BBP coupling constants and some of the meson-baryon
scattering lengths, however, do not agree with the experiments. The nonelectromagnetic
isospin-violating effects are studied and it is found that a single value of a parameter char-
acterizing the strength of these interactions does not explain the following three results:
(i) the electromagnetic mass differences of pseudoscalar mesons, (ii) the g-3~ decay par-
ameters, and (iii) the baryon electromagnetic mass differences.

I. INTRODUCTION

Effective Lagrangian models with broken chiral
symmetry incorporating current algebra and

partially conserved axial-vector current (PCAC)
have been employed by several authors" to study
the mesonic and baryonic interactions in the past
few years. In most of these works, however, a
few dynamical quantities are calculated, taking
some others as input. It would be desirable to
have a unified framework in which all quantities
of interest, including particle masses if possible,
are calculable. The general guidelines for the
construction of such models were discussed by
Gasiorowicz and Geffen. ' A model of this type for
mesonic interactions based on chiral SU{3)8 SU(3)
symmetry broken down to SU{2)z SU(1)„was
studied by Bhargava and Dass. ' In this paper we

report a study of mesonic and baryonic interac-
tions based on chiral U(3) SU{3) symmetry broken
down to U(l ),8 U{1) 6 U(l ).

In addition to the usual term breaking the chiral
SU(3) SSU(3) symmetry explicitly to SU(2)I 8 U(1)„
SU{1)pp and transforming as (3, 3*):~(3*, 3) (see
Refs. 4 and 5) we have a term violating the iso-
spin symmetry explicitly. ' This term has been
chosen to transform as {,3, 3~)''& (3~, 3). The need
for a term breaking SU(2) symmetry explicitly
has been emphasized several times in the past
in connection with the electromagnetic mass dif-

ferences' and the q- 3m decay, ' Indeed, if the only
SU{2)-violating effects are those coming from the
interactions of the photon the electromagnetic
mass differences of pseudoscalar mesons should
obey the relation'

2 2= 2 2
mg ~ —Dig p

—m~+ m7r 0 )

which disagrees with the experiments. Again, in
the case of q decay, Sutherland" noted that the
amplitude vanishes in the soft-pion limit if PCAC
is assumed. To explain the q decay it was there-
fore proposed that a term transforming as the
third component of an isovector should be added
to the Hamiltonian. '

The plan of the paper is as follows: In Sec. II
we write down the Lagrangian for mesons. Some
of the scalar fields are assumed to have nonzero
vacuum expectation value {VEV) and we perform a
polar decomposition of fields following Kibble"
and Bardeen and Lee." Various steps in getting
the effective Lagrangian are then discussed. Most
of the parameters are fixed by using the experi-
mental values of some of the masses. In Sec. III
we study the mesonic decays and low-energy me-
son scattering in Sec. IV. The structure of weak
currents, meson-decay constants, and the K, 3

form factors are discussed in Sec. V. The iso-
spin-breaking effects in the mass differences and
the q- 3m decays are studied in Sec. VI. Baryonic
masses, coupling constants, and the meson-
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baryon scattering lengths are calculated in Sec.
VII. The last section contains some concluding
remarks.

II. THE MESONIC LAGRANGIAN AND MASSES

A. Fields

The basic symmetry group of the model is chiral
U(3) {IU(3}, a general transformation of which is
represented by the unitary operator

%. = exp ig -(e» Q» + e» Q, )

The meson matrix
8

M= ~ Q X» (u» +iv»)
V2

of scalar and pseudoscalar meson fields uk and vk

belonging to the (3, 3*)e) {3*,3) representation
transforms as

~V' =U, M U,',

and ( }indicates the trace operation in the intern-
al symmetry space.

Zy~= » jX&&X&& +X&&X&&}

--; m, '(X'„X'„+X'„X"„}
——,', m„'{X'„-X"„}',

where

X' =-'~~ X"X
P 2~ jf k

k=p

=X + —XQ~ o
P

and we have similar expressions for X„and X"„„:

i:„,„, =ihjXq „DvMDvMt + Xv vDvM Dgf }
—» )», jX v „Xq ~M + X ~ „Xv vM M}

-»h, (Xv„MX»„M j,
gs~ = —,'X(detM+ detM )+ —,'(A(M+M )},

where
where

8

U~ =exp i Ek~k 2 & exp(imp&p 2)
k= 1

1
A = ~ (g,z, + g,x, + a,x, )

0 0 )
0 b 0 (2)

The symmetry is extended to a gauge symmetry
by introducing gauge fields X„',X"„'k(k
= 0, 1, . . . , 8} transforming as

'hX 'M =X '+ —~ ~
1
rr
&p

where

8

4~ p k )

with similar equations for X„and X„'.

00c
In Z» the first term is not invariant only under

the ninth axial transformations. The second term
breaks the symmetry further to SU(2), SU(1)„
S U(1)» and to U(1), SU{1)„SU(1)„, in the two
cases a = b and a t b, respectively.

C. Field mixings, renormalizations, and particle masses

For the time being we ignore the isospin-break-
ing effects and take & =a (a, =o) up to Sec. VI.
Assuming q =(M)„we can perform the following
decomposition":

B. The Lagrangian

We take the Lagrangian density to be the follow-
ing:

where

e'xe" (q + Z)e' ~e 'x-
1—(q,x, + q,x, )

V2

(3)

Z„= --,'(D„M'D„M}
——,

'
)L,'(W, + v,W, + v, W, '),

where

D»M= B„M-ig(XqM-MX„)
—~igo~p(X~' —X~' }M,

W, =(m'M}, W, =jus'MM'M},

+00

0
X=

iart/2{y —o)

i ar/2 (a —y)

0 )

0 +0

2 = (aoko + a,P., + c2X» + o3X» + c»h»)/0 2
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and

yV» gg V» CVp»l p

8

0 =
~2 Q 4s ~a &4 *

and

n+y,

for k=1, 2, 3

for 0=4, 5, 6, 7

p L p L,
&+

I [I L s

with similar expression for X„and

X ' =Y ' — — —Tr(B P).A A

g p
(4')

The fields g and Q in the exponentials are the
"would-be" Goldstone bosons which would get
eliminated in the absence of a gauge-noninvariant
mass term for the gauge fields and 2». When the
mass term is present but 2» is not included we

have invariance under the transformations with

constant parameters and the fields g and P remain
massless, as expected from the Goldstone
theorem.

The Lagrangian has linear terms in the fields
0, and o, . In order that VEV's of these fields may
vanish we must have, in the phenomenological
tree approximation, the coefficients of 0, and o,
equal to zero. This gives

p, '(q+4v, g'+ 4v,q]g'}) A+ Xq 'detq. (5)

The vector and the axial-vector fields

I' '= —'(Y & + 1' &}
)I ~ V ji s

y A» & (y'L» yR»)
P

have mixings with scalar and pseudoscalar fields
coming from the terms of the type F"„~„0and

To remove these mixings we write

2(n + 2y)/3, for k = 8

~ 2(2n + y)/3, for k = 0.
Here the o's and Q's are scalar and pseudoscalar
fields with zero VEV's.

Equation (3) expresses M as a gauge transform
of {q + Z). Performing the same transformation
on the gauge fields and defining

el Xel 0
L

S =e'"e '~,R

we have new gauge fields E'~' and P"„' given by

yA» -'JJ A»P»l II l

and determine the C's from the requirement that
there be no mixing of type 'JJ„~„O and '9&

We now define renormalized vector and axial-
vector fields V"„and A„by the equations

y» —Z ~g2 ~V»
V» p

A» -Z»2yA»
lf A» P

0= 1, . . . , 7

k=1, . . . , 7

Z, = 1+ 2g'n'/m, ',
Z» = I + g'(n + y)'/2m. ',
m, ' = Z, (u/n),

m»'=Z»(u+ c)/(n + y},

Zs, =1 Zs, =1+ g'(n -y)'/2m, ',
mg

' = p. O'{Vo —12V,Q')- A,Q,

ms =Zs (& —c)/(n —y),

where we have def ined v, = 1 —4v, ]q'} .
Most of the parameters were determined through

experimental masses. The crucial parameter
5 = n/y, characterizing the relative strengths of
the breaking of SU(3) and of SU(3)SU(3) by the
vacuum, was varied in a suitable range and was
chosen to give the best over-all fit. In particular
the scalar-meson masses were found to be very

and determine the Z's from the requirement that
the fields V„and A„have standard kinetic energy
coefficients. We obtain, using particle symbols
as subscripts,

Z~
' =1+ (h, + h, )n',

Z„g '=1+ 2h (n'+ y')+ h2ay,

Z„' = 1+(h, —h, )n',

Z»„'= 1+ —,
'

h, (n'+ y')- h, ny,

and the squared masses of these particles are
2= 2

mp mo Zp s

m», ' =[m,'+ —,
' g '(n —y)'] Z» g,

m„' = [m,'+ 2g'n'] Z„,
m»„'=[mo'+ sg'(n + y)'] Z»

The mixing problem for the eighth and zeroth
components in various multiplets is discussed in
the appendix.

The renormalized scalar and pseudoscalar fields
are defined by equations similar to Eq. (6). The
renormalization constants and masses for the
pseudoscalar and scalar mesons are
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sensitive to the value of 6. The mesonic masses
depend effectively on nine independent parameters;
these were fixed by a least-squares fit to the 12
masses of the vector, axial-vector, and pseudo-
scalar mesons. " The values of the parameters
for 5=0.84 are

p p. = —4.64pn~, Ay = 8.84m„, v, /vo = 1.06,

m, =0.668m~, gy=0. 708m~, g,/g=-0. 95,

h,y' = -0.658, h,y' = -0.058, m„/m, = 0.99 .

The calculated and experimental values" of the
masses of the vector, axial-vector, and pseudo-
scalar mesons are given in Table I. The masses
of S„and S& are predicted to be 949 MeV and
1025 MeV, respectively. We identify these parti-
cles with the resonances m„(980} and K„(1080).
The masses of S„and S'„depend on an additional
parameter v2. Mass values close to the experi-
mental candidates are obtained for small v2. For
v2 = {-1.0, 0, 1.0), we have m~ = {1060, 1068, 1083)
MeV and m~ =(560, 694, 794) MeV. For the rest
of the discussion we assume v2 = 0 and identify S„
and S'„ with S*(1060)and e(700} resonances.

lll. MESONIC COUPLINGS AND DECAYS

Substituting (8), (4), and (4') in (1) and express-
ing the resulting Lagrangian in terms of the phys-
ical fields, we get an effective Lagrangian from
which the various couplings can be read off. In the
following we discuss two-body and three-body de-
cay modes of mesons.

Then the rate for n- p, v fixes &, =93.3 MeV. Us-
ing this value of I', (for expression of &„see Sec.
V} and gy fixed earlier, we obtain

g 2—=1 ~ 53.
4m

Using the value of g so obtained we can calculate
the widths for the V-PP and A - VP decays, which
are given as functions of h. (= —hgn, '/g} by

I'(p- 2m) = 84.0(1+ 2.47h+ 1.49h'),

I'(K*-Km) = 26.7(1+ 3.07h+ 2.32h'},

I'(~It) -KK) = 1.37{1+1.94h+ 1.77h'),

I {A,- pm) = 123.0{1—4.14h+ 4.20k'),

1 (K„-K*v) = 79.4(1 —4.82h+ 6.11h'),

I'(Z- K*K+ K*K) = 64.7(1 —7 67h+ .14 7h') ..

In Table II these rates are given for some values
of h. The best over-all fit is obtained for h = 0.1.
For this value of h we now calculate the widths
for A- SP decays. S-PP decay widths which are
independent of handA-SP decay widths (for h
=0.1}are given in Table III. The experimental
situation regarding these decays is not clear,

B. Three-body decay modes

We now consider the three-body decays of the
axial-vector mesons and the X'. For the decay

A (Q) —B(P,) + C {q2}+ D(q3)

let

A. Two-body decay modes

There are two more parameters, g and h, to be
fixed before we proceed to calculate the rates for
the two-body decay modes of the mesons. The
experimental value of the ratio I'{K-p, v)/r(~- ~v}
give s

(BCD
~

S ~A) =j (2s) 5(Q -Q(q, ) {2m}'

(16(d ~&2(d3(do)

The width is then given by

'{'-" '=
64aM

1

A

Email

where 6)A is the Cabibbo angle for the axial-vector
current. Using the value g/+, = 1.04 (see Sec. V)
in our model, we have

tan6A = 0.26 .

where

.tf 2

M +M' —(M +M }'
mai 2~A

TABLE I. Meson masses in MeV. The values of the nine parameters given in Eq. (8) were obtained by a least-
squares fit to these 12 masses. The values in the first row were used in getting the best fit. The second row contains
final calculated values (Ref. 14).

A, x'

Experimental value 765 891.7 783.9 1019.5 1070 1242 1286 1422 140 494 548.8 957.3

Calculated value 776 879 776 1024 1085 1244 1281 1424 140 498 543 958
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TABLE II. V-PP andA —VP decay widths (in Mev) for some values of h.

0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18
Exper imental

value ~

p~ 27l

K+-KII

KK

A( pw

K~ K*r
E- (K*K+KK*)

88.1

29.2 30.9 32.7 34.6 36.5 38.4 40.5

2.2 2.4 2.6 2.8 2.9 3.1 3.4
112.9 103.4 94.4 85.8 77.6 69.8 62.8

71.4

57.6

63.9 56.8

48.4 40.0

50.1

32.5

43.9

25.7

38.1

19.7

32, 8

14.5

92.4 96.7 101.2 105.8 110.5 115.3 120.3

42.5

3.6

55.6

2 7.9

10.1

125.3

44.6

3.8

49.1

23.4

6.5

125+ 20

50

3.2

95+ 35

40—130

35.5

' See Ref. 14.

and cu, are the two roots of the quadratic equation

x(d + f40 + 8 = 0,

with x, y, and z being given by

x = 4[(u, -M„)' —&u,
' + M, '],

y =4t {cu —Mz),

& = t'+ 4M, '(&,' -M, '),
and

t =M&'-M, '+ M, '+M, '- 2M~~, .

(P, P, ~SIP, P, ) = 5&,. +i(2v)'o(q, + q, —q, —q~)

T(s, I, u}
2n '(16~, (u„~c , )"'

where the Mandelstam variables s, t, and u are

s = -(q, + q, )', t = -(q, —q, )', u = -(q, —q„)' .

The scattering amplitude F, related to the dif-
ferential cross section by

The intermediate states which contribute to the
various decays are

is given by

F(s, t, u) = T(s, t, u) .
1

Bn s

(I) A, —3w: (pw), (S„m), and (S„'v};

(2) K„-Kww: (pK), (K~v), (Szw}, (S „K}, and (S„'K};

(3) (D, E)-KKm:

(K*K), (K*K}, (S~K}, (S„K), and (S„v};

(4) (D, E)- qadi: (S„v), (S„q), and (S'„g);

(5) X -qm7r: (S„m), (S„g}, and (S„'q}.

TABLE III. S PP and A SP decays.

Decay Width (1VfeV)

The scattering length, g, and the effective range,
r„ for the 1th partial wave are given by

q" Reef, (q')1 ') =~, '+-'-~&q'+0(q'),

The predicted rates for these decays are given
in Table IV. The third column contains the values
in a limit in which masses of chiral parameters
oI Goldstone bosons go to ~ (see See. VIII). In
this limit, the contributions of S„, S„, and S„'

mesons to these decays drop out. By comparing
the two results we see that the scalar-meson con-
tributions to A- 3P and X'- gem decays are small.

IV. MESON-MESON SCATTERING

The amplitude T,~,„{s,t, u} for the scattering of
two pseudoscalar mesons, "

P, (q, ) + P, (q, )-P, (q, )+ P (q ),
is defined as

7l+ g 7f

S~ K7I

C ~ 71'7l

S~- ~~

S*-KK

A( —c'm

K~ S~7I

K~ eK

D —Zg7I'

E

D-eg
E eg

31.5

38.6

54.7

26.7

28.5

33.5

4.8

8.5

44.0

6.1

17.4
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where f, is the Lth partial-wave amplitude defined
by

I'(q', cos&) =g (2l + 1)f, (q')P, {cos&),
l =o

and q and 6) are the center-of-mass momentum
and the scattering angle, respectively.

A. r-r scattering

parameter v, . The second difference is that we
do not have to assume the KSRF (Kawarabayashi-
Suzuki-Riazuddin-Fayyazuddin) condition to get
current-algebra results as was needed in Ref. 3.
The numerical values of the scattering lengths
and effective ranges are given in Table V. As, in
our model, the scalar-meson contributions are
small the predicted values are close to the cur-
rent-algebra results.

The amplitude T„«(s, t, u) for the process

1' + 1TQ Wg + 7'

has the isospin structure

Taped($, t, u) ~ay~«A ($, t, u) + 6tmt,.5&d B($, t, u)

+ 0~5~, C($, t, u),

and the amplitudes T' (I=O, 1, 2) corresponding to
the definite isospin are

T' = 3A + B + C,
T' =B —C,

T =B+C ~

B. E-r scattering

The isospin structure of the amplitude T,~d for
the process

K +a~ K+Vd

is given by

~abed xc 4 ~Id 4 xc l. ~d & b 1 iYg ~B &

where g, and ~ are numerical isovectors specify-
ing the isospin of the initial and final kaons, re-
spectively.

The amplitudes for the I= ~ and I= —,
' channels are

Using the effective couplings obtained earlier we
calculate the 7t-v scattering amplitude in the tree
approximation and we get for the s-wave scatter-
ing lengths

3277m g = +' ' 'p 7m+

and

2m 2

T'~'= T„+ 2T~ .

As in the case of m-m scattering we find that the
contributions of S„and S„' are small and insensitive
to variations in v, . The numerical values for
the $-wave and the P-wave scattering parameters
are given in Table VI and are compared with the
soft-pion results of steinberg" and the hard-pion
calculations of Pond. "

where the dots stand for the additional contribu-
tions coming from the S„and S„' exchanges and
the terms written explicitly are the contributions
of the contact term and the p-meson exchange.
If we neglect the contributions of the scalar me-
sons, which are less than a few percent of the
total, our result agrees with the soft-pion cal-
culations of steinberg. " In the case of P-wave
scattering we have

24vm, a~ =E, '+ O(m„'(mp') +

i.e., the leading term in the expansion of the right-
hand side in powers of (m„/mp ) agrees with the
soft-pion result. Similar observations have been
made by Bhargava' in a linear model, but our
results are different in two ways: Firstly, the
contributions of the scalar mesons to the scatter-
ing lengths are small and insensitive to vari-
ations in v, in contrast to the results of Ref. 3
where the contributions of the scalar mesons were
found to be large and sensitive to the value of the

TABLE IV. Rates (in MeV) for three-body decay
modes of axial-vector mesons and the X .

Decay
Width
(MeU)

Width in the ' Experimental
limit

~ po value
(MeV) (M eV)

A( 3r 67.5 51.5 125+ 20

K~ Krr 52.4

E KKr

E r]rr

D KKr

D err
X r]rr

19.5

30.7

0.24

7.6

0.013

49.0

18.5
I

26.5 I

0.6
7.1

0.010

40-130

69~4b

33+4"

~ See Sec. VIII.
" The values quoted are the total widths for the decay-

ing meson and the two modes are the important ones
contributing to the total width.
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TABLE V. m-m scattering parameters. The s-wave scattering lengths and effective ranges
are in units of m„. The p-wave scattering lengths and effective ranges are in units of yI~~

and m~, respectively.

0y 2a 2+s

Present model 0.16 -7.6 -0.045 64.3 0.035 21.0
Soft-pion results 0.17 + 0.02 -7.3 + 0.7 -0.0 5 + 0.005 6.0 + 0.6 0.033 + 0.003
n'N —2mN s

~X-2~N b

0.19+ 0.04

g +0.08
~ w 0 -5 2-2:0

+ i.s

-0.059 + 0.015 ~ ~ ~ 0.038

' From high-energy peripheral reaction data (Ref. 17)."From low-energy data (see Ref. 18).

C. E-E scattering

The amplitude T~,d for the K-K scattering

K, +Kb-K, +Kd

has the form

Tabcd ~ac ~bd TA + ~ad ~bc ~B ~

and the definite isospin amplitudes are

T TA TB

T =T +TB.

The s-wave I= 1 and the P-wave I= 0 scattering
lengths and effective ranges are predicted to be

a,' = -0.096m, ', r,' = -0.65 m, ',
g~ = 0.0044m„', rp 2 ~ 7 m„.

8
~A

2

The octet currents are given by"

(z„+J'„),

where

m' 1gLgR 0 XLsR g yLyR

The s-wave scattering length is close to the
value obtained in other effective Lagrangian mod-
els." No estimates for the effective ranges and
the P-wave scattering length are available. and

+h, MX"„,M +who(DqMD„M D,MD„M ), —

V. CURRENTS AND MESON-DECAY FORM FACTORS

A. Currents

The vector and axial-vector currents ~ ~ and
A

~„~ can be calculated from the Lagrangian. In
terms of 3~3 matrices

+ h2M X„„M+ i ho(DqM D „M D,M D„M)—

In the above expression the currents are written
in terms of the original fields X„, etc. , and are
now expressed in terms of the physical fields as
defined in Sec. II.

TABLE VI. E-m scattering parameters. The s-wave parameters are in units of m~ ', and the P-wave scattering
lengths and effective ranges are in units of m~ and m„, respectively.

a'"
S

y1/2
S

a3/2
S

~3 /2
S a 1/2 a3/2

P
~3/2

P

Present model

Soft-pion calculation

0.16 -15 -0.058 70 0.014

0.16+Q.02 —5,Q + 0.5 -0.078 + Q.QQ8 17+ 2 0.014 + 0.001

—33 0.0033 170

Hard-pion calculation b 0.115 -12.0 -0.090 14.2 0.0153 —35.5 0.005 -35.0

Reference 16.
The values quoted here are for Ez+'„=1.169 (Ref. 19).
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B. Decay constants

The 7t'» and the K„decay constants are defined
by

and we have

(2$)3/2(2~ )3/2 $$,
e

E, = (t2 —y) Z, ' /'/v'2 .

The mesonic masses, the decay constants, and the
renormalization constants obey the Glashow-
Weinberg relations'

Z 1/2p Z 1/2p Z 1/2g
IC E +

Sif S~&

Z, ' 'm, 'E, =Z~ 'm~'E„+ZS 'mS I'S .
K E

For the value 0.84 for the parameter & we predict

= 1.04,E.
sE 0 14F,

We do not predict the value of E, since it was taken
as input to fix g as discussed in Sec. III.

For the neutral vector-meson decays into lepton
pairs the decay constants are defined by"

m~2
&ol~u'"'ll" (q)& =

(2 ),/, (2 ), /,
Jh

The fq, f, and f~ are given by

gg 1/2

f& —2gr/sin 8r, f& =2gr/cos 8r,

where

gz = 2~3g — costI} + sin6)

tan 8„=(m&/m~) tan 6 and tan/& = 23/2 .

The predicted values are

2 2 2

=3 1, " =275, =24 5,
4n

' '4m ''4&

which are to be compared with experimental val-
ues

2 f 2 f 2

=1.9 +0.19, =14.0 +2.8, =11.0 a0.9

&oi~"„'Ip'(q)& =
(2,), ,(2 a

Using the above expressions for the currents we

get

P -y2 ~Z -»2

f'r =(tr+y)Z» '/2/2'2 .

The decay constant Fs of the strange scalar meson
S„ is defined similarly by

obtained from leptonic decay rates and the values24

2 f 2 2

=2.5 —5.2, =30.4+ 7.2, =13.6

obtained from the photoproduction data.
The quantities E„m~„m u

and gu (=gZ u' ')
are related to each other through the relation

which is Weinberg's first sum rule in single-par-
ticle approximation. " The second sum rule is
satisfied only if k2 =0 is assumed. Also we do not
have the KSRF relation" ~ ~' = 2E, 'g~'. Numerically,
we have

mu2/2F„2gu2 =0.78.

C. A. f3 form factors

The K» form factors" are defined by

(v'(p}l ~'„* (o)lf~-(i )&

1

(2$)'(4&u2 (u, )'"

X l 2 (& + p )„f, (q' ) + =-' (& —0 )„f (q' )),

where J„ is the strangeness-changing weak
vector current and q' = -(1' —p)2.

For calculating the form factors we do not use
the full current given by Eq. (9) but use only the
first term —the term proportional to the X„ field—
which, when expressed in terms of the physical
fields, becomes

7n 2
JK* o g 1/2K

2
" '

(K s v' —v2s K )
4g /r(&+1') u

The form factors f, (q') are calculated and ex-
panded in powers of q' as

q2 q4
f, (q)=f, (o} 1+~, , +o' En'' m. '

Then we have the following result':

K

The value of f, (0} is close to 1, the SU(3) sym-
metry value, in accordance with the Ademollo-
Gatto theorem. " Other K» parameters are

&=f (0)/f. (0) =-o.24,

~, = 0.021, ~ = -0.022.

Experimentally, "from the Dalitz-plot analysis of
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3 decays we have $ = -0.15 +0.5 . The p, polar-
ization data give large negative value: $ = -1.45
+O. t0, while the I'„,/I;, ratio gives $ = -0.53
+0.18. The over-all fit to the three sets of ex-

perimental data gives E, = -0.85 +0.20, ~, =0.45
+0.012. The situation regarding ~ is not clear
and in most of the analyses is assumed to be zero.
From the expression

0.6457+ 3.8008~, +6.8120~,'+0.1264)+0.4757)~, +0.0192 $
1 + 3.6995',+ + 5.4777~+

VI. ISOSPIN-BREAKING EFFECTS

We now assume that a, w 0 [see Eq. (2)J and that

1
(M},=q =

~
—(qoko+q, k8+q, X,), (10)

and again perform the polar decomposition:

M = e' "e'~(q + Z) e'@e '"

where now

Z = (cr A. + a, A., + a,X,),
1

i&:/2(P -~) &&'/2(r -o)

for the branching ratio I'(K- vV, v)/I (K- vev), we
get

R =0.640,

which is to be compared with the experimental
value 0.626 +0.19.

Recently it has been suggested that a large nega-
tive $ may be obtained if the Duffin-Kemmer-Petiau
(DKP} formalism is used to describe the pseudo-
scalar mesons. " It would be very interesting to
check this proposal in a Lagrangian model similar
to the present model. However, it is not clear how
the Higgs-Kibble mechanism can provide splitting
between the vector and axial-vector meson masses
since the gauge-invariant kinetic energy term for
mesons in the DKP formalism is linear in the gauge
fields.

If the full current given by Eq. (8} is used to
calculate the form factors we have a small posi-
tive value for g (=0.003) which is ruled out by the
experiments.

(c+p),
(o'+ ~),

(
(p+~),

2&

for & =1.2

for k =4.5

for 0 =6.7

for & =3

mz+ —~neo =2.5 MeV, n7&+p —m&s~ =4.9 MeV.

No estimat:es about the tadpole contributions to
these mass differences are available.

In the presence of isospin-violating interactions
we can now estimate the rates for p'- qv and

—v'7t decays. For &' = —4.0 we have

(o.'+P+4y)/3, for k =8

~2(n+P+y)/3, for k =0.

The physical fields are defined and the masses
are obtained in the tree approximation as in Sec.
II. The form of the consistency conditions, that
the VEV's of 0 fields are zero, is the same as Eq.
(5) except that q is now given by Eq. (10) and A

by Eq. (2). Thus we have a relation between q,
and a„and all electromagnetic mass differences
and coupling constants are functions of a single
parameter which we take to be q, .

Nonvanishing of q, gives rise to the mass differ-
ences in various isospin multiplets. To the mass
differences so calculated in the tree approximation,
the nontadpole contributions must be added. These
nontadpole contributions have been calculated by
many authors. " The nontadpole contribution to
Dm„(=m, + —m, o) is close to the experimental
value, while that for amr (=mro —mr+) is not. In
our model, in the tree approximation, ~m„ is of
the order q, ' and ~m~ is proportional to q, . The
total mass differences are given in Table VII for
some values of q, :

For
&' = [(a' —P)/2rl x 10' = -4.0

we have, in the tree approximation,

X = i a, /2(u —p) 0 i aor/2(y —p)
I'(p- qv) =3.8 keV,

ia /2(~-~) i&/2(p-~)

8

0=
~2 Q 4a~a/f

0=0

which is well below the experimental upper limit
of a few MeV. The width for —v' v, however,
turns out to be as large as that for p- v'n . This
is because when q, 40 the p — mixing is large
(mixing angle =45') and independent of q, . There-
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fore, &(~- w'w }cannot be made smaller by
choosing a smaller value for q, . This problem is
due to the nonet structure of the terms propor-
tional to h, and h, in the Lagrangian. These terms
were essential to have & —P mixing and a good
fit to the spin-one meson masses. One may try to
write terms having structure of these terms but
with different coupling constants for the octet and

the singlet fields, but then the number of param-
eters becomes too large and the predictive power
of the model is considerably reduced. "

For the q-3m decays the amplitude m is defined
by

(3v; k, k,k, ~S ~q(q)) = i (2v)'5(q —g,', k, )

(2 v)'(18&v, ~,&u, &u, )' ~ '

and the width is obtained by integrating the square
of the amplitude as discussed in Sec. III.

The slope & of the Dalitz plot for the decay
m mo is defined by

m, ,(y) =m, (0)[1+ay+0(y')],

where

3T7}oy= " Q=m —2m + —m 0F 5

and 1;0 is the kinetic energy of the m .
The amplitude for the n'm n mode gets con-

tributions from the contact term and the pm,

S,n, S„m, and S'„n intermediate states, while the
amplitude for the 3n' mode gets contributions from
the contact term, the S,n, S„7t, and S'„n inter-
mediate states. If we use the effective vertices,
the rates for the n'n n' and 3m modes, the
branching ratio, and the slope parameter are
calculated and are given in Table VII along with
the electromagnetic mass differences for pseudo-

scalar mesons for some values of &'. In the range
of values of &' determined from the pseudoscalar
mass differences the rates and slope parameter
are lower than the observed values. "'"

It has been recently shown" that for some simple
symmetry-breaking schemes it is not possible to
explain the g decays. This conclusion is in agree-
ment with our results for the (3, 3*) S5 (3*,3) model.

VII. BARYONS

In this section we discuss the interactions of
spin-& baryons. There are two simple choices for
the representation for the baryons: (i) the octet
of baryons belonging to the representation (1, 8)
S(8, 1), and (ii} a nonet transforming as (3, 3*}
e(3*,3}. The invariants for the two cases have
been written by Gasiorowicz and Geffen. ' ~e did
not study the SU(3) II SU(3)-breaking terms. The
choice of invariants was further restricted by
keeping the terms which are bilinear in the B's
and is at most quadratic in the spin-zero field M.

(i) The (1, 8) g(8, 1) representation, The La-
grangian studied was

2 = {B+yuDuB++B yuDuB jt
—a,(B,yqDqB, MM +B y„DqB M M +Hc.)
—a,tB,MM y qDqB, + BM My q Dq B + H. c.j

a, tLB, MB M +B M B,M)

a,(B+y~B+MD„M +B y„B M D„M+H. c.t

a,(B+MD&M y IJ,B+ +B M"D„My&B +H. c.),
where

and the covariant derivatives are

TABLE VII. Variation of the em mass differences (in MeV) of pseudoscalar mesons and

g —3n decay J)arameters with 5'.

4 0 -4.2 -4.4 Experimental value '

(m„+ —m 0)

(m&0 -m&+) b

r(q- r' — ') '
I(q 3m )

4.97

3.31

5.03

3.62

5.08

3.94

5.14

4.25

5.21

4.57

0.252

0.88

0.10

0.280

0.88

0.10

0.310

0.89

0 ~ 11

0.342

0.87

0.12

0.375

0.87

0.12

0.285 0.317 0.349 0.391 0.432

4.604 + 0.004

3.94+ 0.13

0.61*0.16

0.90 & 0.21

1.31 + 0.11

—0.50 ~ 0.04

Experimental values are from Ref. 14, except for n which is from Ref. 32.
" In MeV. The values of nontadpole contributions have been taken from R. H. Socolow,

Ref. 30,
c In keV.
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D„B,= s„B,—ig[X', , B,]
—ig,x„~'(x, /2) B, ,

D„B =e„B ig(X-'„, B ]

—ig,x'„'(~,/2).e

The equations

B+ = S~B,'S ~exp(if', /v 2f,),

B =SsB'Setexp(-ig, k,/~ f,)

DqB, = &qB, —ig(xqB, —B~xq)

ig, X—'„'(~,/2)B, ,

D„a =a„a ~g(x"„a -a x'„)
—ig,X„' (Xo/2}B

The equations corresponding to Eq. (11) now read

B, = S~B',Satexp( iP,-k, /W2 f,),
B =SeB'S~exp(ig, tt.,/Wf, ) .

define a new set of baryon fields corresponding to
the meson fields defined by Eqs. (3), (4) and (4').

The three parameters n,y', Q. ,y', and n,y' were
fixed by a least-squares fit to the experimental
va, lues for the four baryons (N, Z, :-, and A). For
6 =0.84 it was found that the baryon renormaliza-
tion constants become negative. " Hence we did
not study this case any further.

(ii) (3, 3*)$(3*,3) representation. The nonet
of baryons

B, = y' g BX,/W
2 I 0

is chosen to transform as the (3, 3*)S (3*.3) rep-
resentation. The Lagrangian studied is

(B,yqDqB, +B —yqDqB )
—n, (B-,y&D&B;M M+B y'„D„B MM +H. c.)
—n, (B,MM y„D&B++B M"My&D&B +H.c.)

,n..e. e»[( -B),„(B,}„(M)„,+H. c.]
—n, (B,MB M+B MtB~t)
—n, (B+y„B+M D„M+B y„B MD„M + H. c.)
—ne(8+MD„M y„B++B MtD„My„B +H. c.),

where

The five masses of tt, Z, A, = and Y'0/1405)
have four new parameters a,y', Q.,y', Q.,y, and

n,y', which were fixed by a least-squares fit to
the five masses. The final calculated masses are

M„=958 MeV, M&=1103 MeV, M~*=140'? MeV,

Mz=1186 MeV, I-=1328 MeV.

The BJ3P coupling constants are functions of
two parameters n5y and aey . No set of values
for these parameters was found to give predicted
values for the coupling constants close to the ex-
perimental values. In Table VIII we give varia-
tion of BI3I' coupling constants with n,y' after
n,y' ha. s been fixed by taking g„„,'/4s =14.5. We
see that the calculated values do not compare well
with the experiments.

The scattering lengths and effective ranges for
mN, KN, and KN scattering processes were cal-
culated. The predicted scattering lengths, except
the s-wave nN, do not compare well with the ex-
periments. For example, for n,y' = -0.4 we give
the results for the scattering parameters. The
s-wave scattering lengths and effective ranges
are in units of m„', while the P-wave scattering
lengths and effective ranges are in units of m, '
and m„, respectively.

TABLE VIII, gzzz /47( for some &BI' vertices and I (Yp*—~}T) for some values of +5'~.
ep is fixed from g~~ /47r =14.5.

CL r')/

I'(Yp 27t)

{MeV)

—1.0
-0.8
-0.6
—Q.4
-0.2

0.0
Experimental value '

45.9
39.9
34 4
29.3
24.3
20.2
13+ 3

10.0
5 ' 2

1,9
0.27
0.13
1.5
0~1

73.0
56.9
42.7

30.8
20.7

12.6
11.4 ~ 5.0

0.75
1.9
3.6
5.8
8.6

11.9
21.5+ 7.0

13.4
34.7
65.5

106.~
156.5
216.6

40 *10"

~ C, H. Chan and F. T, Meiere, Phys. Lett. 28B, 125 (1967); Phys. Rev. Lett. 20, 568
{1968).

Particle Data Group, Ref. 14.
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r~/. = -1 ~ 0 r,/, =7.5 .
1,b. P-wave, J= &'.

a,j, —a,j, = -0.134 (-0.045~ 0.006),

a,j, +2a,&,
= -0.283 (-0.164+ 0.008),

y, /~ = -7.9, r/p 30.0 .

c. P-wave, J = -, :

a,j, —a,j, = -0.153 ( —0.243 + 0.007),

a,(, +2a,q, =0.184 (0.414+ 0.021),
r (

—-77.5, r ] ——18.0 .

KN scattering param e]ers. '

a. s-wave:

ao = 0.071, r, =14.6,
a, = -0.41 (-0.22 s 0.008), r„= -0.18.

b. P-wave,

a, = 0.011 (0.039 s 0.014), r, = -2.9,
a, = -0.02 ( 0.012+ 0.002), r, = —0.67 .

3c. P-wave, J= ~.'

a, = -0.018, r, = -8.4,
a, =0.02 (-0.012+0.021), r, =7.3 .

3. A N scattering Param eters. "
a. s-wave:

a = —1.24 (-1.2+0.03), r, = —1.08,

a, =0.22 (0.036+ 0.028), r, =0.40 .
P-wave, J= ~.'

1

ao 0 085 ro: 1 35

a, = 0.009 (0.023+ 0.013) r, = 13.60 .

1. sN scattering lengths and effective ranges
a. s-wave:

c. p-wave, J=-,':
ao=0 015 ro=6.30

a, =0.006 (0.021+0.013), r, =37.2 .

Most of the scattering lengths do not agree with
the experiments. This is mainly due to two rea-
sons: firstly, the BBP coupling constants are not
predicted correctly, and secondly, due to the fact
that some resonances, for example, the decuplet,
may give important contributions to some of the
amplitudes and have not been taken into account
in the present calculation.

When g, w 0 the electromagnetic (em) mass dif-
ferences for baryons can be calculated and are
again not in agreement with the experiments. In
Table IX we give the em mass differences for some
values of 6' where most of the baryonic em mass
differences are close to the experimental values.
Firstly, we note that m„—mp does not agree with
the experimental value. Secondly, this range of
values of 5' is much lower than the range ob-
tained in Sec. VI obtained from the pseudoscalar
em mass differences.

Vnr. DISCUSSION

The model gives reasonably good description
of low-energy processes involving mesons. But
the same model, when extended to include bary-
ons, does not give encouraging results. The iso-
spin-breaking effects are also not described satis-
factorily in the sense that a single value of q, /y
does not explain all the three following results;
(i) pseudoscalar-meson em mass differences,
(ii) em mass differences of baryons, and (iii) the
g -3w decays. Baryonic interactions and the iso-
spin-breaking effects need further study.

We now discuss various aspects of the model.
(i) Values of parameters characterizing the

relative strengths of the breaking of SU(3)&SU(3),
SU(3), and SU(2) are

c =a,j a, = —1.25, d=a, /a, =(0.034 —0.043),

$ =g, /q, = —0.084, ( =g, /q, =(0.039 —0.050) .

TABLE IX. Baryonic em mass differences (in MeV).

-1.0 -1.2 —1.3 —1.4 Exper imenta1 value '

m mp

mg- —mgo

mgo —my+

m-. ——m-. o

-0.65

4 04

2.04

5.5

-0.58

4.25

2 25

5.86

-0.50

4.46

2.46

6.24

-0.43

4, 67

2.68

6.63

—0.35

4.89

2.89

7.02

1.293

4.86 i 0,07

3.06 ~ 0.20

6.6 + 0.7

' See Ref. 14.
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The value of c is close to the SU(2) SU(2) value
-l2 and that for ( is close to zero, the exact
SU(3) value. Thus the Lagrangian is approximately
invariant under SU(2)IXI SU(2) symmetry while the
va, cuum has SU(3) a, s approximate symmetry.
This conclusion is in agreement with results re-
cently obtained in the literature. "

The values of the parameters d and g character-
izing the isospin breaking in the Lagrangian and

by the vacuum are near the values obtained by
using Ward identities to study the pseudoscalar-
meson mass differences which suggest a value
-0.03 for both these parameters. " This is also
close to the value suggested by Cabibbo and
Maiani. " The values d = (0.01 —0.014}and
c =(0.01 —0.016}obtained from the baryonic em
mass differences are, however, much lower. To
explain the g decays one would require a set of
values of c and d which are about three times as
large as obtained from the em mass differences
of pseudoscalar mesons.

(ii) In the limit ~p. ,'~ -~ and

(q —4v,q' —4v, 'g (r/'j) -0, taken in such a way that
Eil. (5) is satisfied, masses of the chira, l partners
of the would-be Goldstone bosons tend to infinity
and so do their couplings among themselves. The
masses of the spin-one mesons, the pseudoscalar
mesons, and S~ (in the case g, = 0) and their cou-
plings with S„S„,and S'„remain unchanged.
The processes in which the scalar mesons S„,
S„, and S'„appear in the final state are not al-
lowed. The contributions of these scalars to the
processes, where they appear in the intermediate
state only, vanish in the limit.

The three-body decay widths for 4 -3P and
X'-gwm change slightly and are given in the
Table IV. The meson-meson and the meson-bary-
on scattering parameters do not change signifi-
cantly in the above limit.

(iii) It has been recently suggested that the
Duffin-Kemmer-Petiau (DKP) formalism be used

for mesons. " It has been shown that some re-
sults like K„ form factors, X'-2y decays, etc. ,

can be explained easily with DKP fields for spin-
zero mesons. As has been pointed out in Sec. V
it is not clear how the Higgs-Kibble mechanism
can generate masses for the gauge fields.

(iv) It has been recently shown that it is pos-
sible to obtain masses for all gauge fields from
spontaneous symmetry breaking only. " A model
in which all vector-meson masses are generated
by the Higgs-Kibble mechanism only will be re-
ported elsewhere. "
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APPENDlX

In this appendix we consider the mixing problem
in various multiplets. First we consider the mix-
ing of spin-zero and spin-one mesons. When the
Lagrangian is written in terms of new fields y„

there is a mixing of type Y „0„a and
Y „~„Q. For the sake of definiteness we consider
first the mixing between axial vectors and pseudo-
scalars and the vector-scalar mixing can be
treated in a similar manner.

Let the term giving the &-P mixing be written
as

(A1)

To remove this mixing we substitute

Y~' = Jq' —C

The term (Al) together with the mass term for
Y "u [(-&)(M„');,Y"„'Yu' ] becomes

-~k(M~');, ( ju' —ca su 4k)(+u' —c,",9 up i) + (Ju' —
craik s u 4'k)~ &i

2 (MA }ij Qu J u + I. (MA }ijCik ~ ik5u

(M„k') (Ci"i) (Ci"k), , suitik sufi, +c ugk oui', C",k(, , (A.2)

The terms of type "„dI, P will be absent if

After the mixing between spin-one and spin-zero
fields has been removed, there is mixing between
the 8th and 0th (8th, 0th, and 3rd) components in
each multiplet when q, =0 (q, 40). To illustrate
how this mixing is removed and the physical
fields are defined we consider the case of pseudo-

scalar mesons. Other cases can be treated sim-
ilarly. Let the kinetic energy and the mass term
for these fields be written as

(A3)

where @ is a column with &0' and 4~' (4i', Q', and
Q') as components and K and M' are the kinetic
energy and mass-squared matrices.

We first diagonalize the matrix K by an orthog-
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onal matrix UE:

U~KUz =a diagonal matrix, say KD,

and define new fields by

Q'= U~

In terms of the fields

y
II ~ g/2y I

the expression (A3) becomes

yIITg y
II i

y IIX(~ 2)y/I

(A4)

(A5)

(A6)

P=U (A7)

The original Q fields are now easily expressed in
terms of physical fields, P, by using Eqs. (A4),
(A5), end (A7) to get

2 K 1/20 M2U T~ -1/2
r D K g

M„' is diagonalized by an orthogonal transforma-
tion U„ to get the squares of the renormalized
masses of the physical pseudoscalar fields defined
by

where M„'is the renormalized mass-squared ma-
trix given by UTK -1/2 U TP
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