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The use of Han-Nambu quarks enables us to construct an SO(3) gauge theory of weak and
electromagnetic interactions which is compatible with the naive quark model. The model is
constrained by the requirements that E~ pp, is suppressed and the EI -Ez mass splitting is
small. This leads to a relation between the 8' mass and the Cabibbo angle, which deter-
mines the 8' mass to be near 35 GeV.

Recent work indicates the possibility of con-
structing a renormalizable model of weak and elec-
tromagnetic interactions based on a spontaneously
broken gauge theory. We present such a model in
which the fundamental hadrons are the Han-Nambu'
quarks. We show that this model has the interest-
ing property that the Cabibbo angle is related to
the intermediate-vector-boson mass. First, we
briefly review the models already proposed. Al-
though several plausible models of leptonic inter-
actions have been suggested, ' ' there are difficul-
ties in sensibly incorporating semileptonic and
nonleptonic processes. One difficulty is the ap-
pearance of neutral currents in lowest-order weak
interactions which gives rise to such phenomena as
neutrino-proton scattering. " The introduction of
strangeness violation can lead to another difficulty:
It may induce unacceptably large values of the K~-
Ks mass difference and the Kl. - p. p decay rate.

In a previous paper, ' we suggested a model based
on the gauge group SO(3) in which the only neutral
vector boson is the photon. A version of this mod-
el with five fundamental hadrons (quarks) has been
shown to be unacceptable because it leads to too
great a rate for Kl. - p, p, .' An alternative model in-
volves two SU(4) quartets of quarks, where the
higher-order difficulties are eliminated by the pro-
cedure of Glashow, Iliopoulos, and Maiani. ' How-

ever, in such a model, the construction of baryons
is unorthodox and awkward: Octets are made up of
two quarks and aa antiquark while decuplets re-
quire three quarks and two antiquarks. All the
successful predictions of the naive quark model
are lost. '

In this paper, we construct an SO(3) model in-
volving the nine Han-Nambu quarks, ' comprising
three SU(3) triplets. The difficulties with higher-
order weak interactions can be overcome if and
only if the Cabibbo angle is in a definite relation
to the mass of the intermediate vector boson, W.

The Han-Nambu quarks are denoted by

6', 6'3

Xl X2 X3

A.
~

A A.s

with electrical charges

-1 0 0

-1 0 0

Each column is a triplet under the conventional
strong-interaction SU(3) group, K. Each row is a
triplet under another SU(3) group, K', which is al-
so assumed to be an approximate symmetry of
strong interactions. All observed hadrons are
singlets under SC'. If mesons are made of quark-
antiquark, and baryons of three quarks, their
SU(3) properties are the same as in the naive
quark model.

Under the weak and electromagnetic gauge group
@, these nine quarks must transform like two trip-
lets and three singlets, so that the neutral genera-
tor is the electrical charge. The charged current
may be divided into two parts, J„and J» where J„
involves transitions between quarks in the same
column and J'„ involves transitions from one col-
umn to another. Only J„contributes to the semi-
leptonic decays of observed hadrons, under the as-
sumption that the analogs of T, and F in X' are
good symmetries of strong interactions. We shall
assume that, up to a multiplicative factor a, J„ is
the conventional weak-interaction current, i.e., it
is purely V-A, and transforms like a member of
an $C octet.

The right-handed and left-handed quark fields
must each be assigned to two triplets and three
@ singlets. These assignments are determined by
the invariant mass terms and the couplings of the
scalar mesons, as in Ref. 3. The assignment of
the right-handed quarks must be such as to con-
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tribute only to J „'. One possible assignment of the
triplets is

with the remaining states transforming as singlets.
The neutral current contributes the right-handed
part of the electromagnetic current, while the
charged current plays no role in observed semi-
leptonic phenomena.

The left-handed quark fields must be assigned
into triplets as follows:

[6'„aX,(8) +b A.,(y) + a cosQ O'„X,(8 —Q)]~,

[(P„aÃ,(8)+b'i, (y')+a sing(P„A. ,(8- P)]~,

where we use the notation X($) = Jt cos (+A sin(,
&($) = icos $ -K sin), and 8 is the Cabibbo angle. '
The requirement that the neutral members of the
two triplets be properly normalized yields

a'(I+cos'y)+b'=a'(I+ isn'y) b+" =1,

while the requirement that they be orthogonal
yields

b sin(8 —y)+b'sin(8 —y')+a sing cosQ =0. (2)

Even though our model involves no neutral vector
boson coupled to a strangeness-changing current,
it is possible to obtain 48 ==2 nonleptonic transi-
tions in lowest order (Fig. 1). These contributions
must vanish. One way to satisfy this constraint is
for the eouplings of W„ to X,y "(1+y,) X, and

K,y" (1+y,)Z, each to vanish. This yields the
equations

b ' sin(8 —Q) cosy' —a cos(8 —Q) sin8 = 0,

b eos(8- P) cosy —a sin(8 —P) sin8 = 0.
Another possibility is to set the couplings of 8'„ to
X,y" (1+y,)X, and%, y "(I+y,)A., equal to zero. This
yields

b ' cos(8 —Q) sing ' —a sin(8 —Q) cos 8 = 0,
b sin(8 —P) sing —a eos(8 —P) cos8 = 0.

The remaining possibilities [e.g., the vanishing of
the couplings of W~ to K,y "(I+y, )X, and I, y" (1
+y, )X,] are not compatible with the constraints we
shall deduce next.

Further constraints on the model follow from the
requirement that higher-order effects not contrib-

ute terms of order n G to the K~ - p, p, amplitude or
to the EI.-K~ mass difference. The relevant dia-
grams involve the exchange of two W's between a
quark and a lepton (or another quark). We demand
that the order-nG contributions of such diagrams
to unwanted transitions vanish in the limit that X'
is exact. Then if X' is not badly broken, these
contributions will be suppressed. Thus, we re-
quire that the K' singlet part of such diagrams
vanish. For Z~- p, p, (as well as other AI'=1,
Aq =0 semileptonie transitions), this condition is
simply

2a~sin28=b sin2X+b' sin2g', (4)

while for A Y=2 nonleptonic transitions the condi-
tions are (4) and

(bb' cosx cosy' —a' sin'8)

x(bb' sing sing' -a' eos'8) =0. (5)

We wish to thank Wendell H. Furry for his as-
sistance in these calculations, and Harry J. Lipkin
and Joel Primack for useful conversations and
correspondence.
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Equation (5) is not independent, since (3a) implies
that the first factor vanishes [if sin(28 —2$) c 0],
while (3b) leads to the vanishing of the second fac-
tor.

Equations (1), (2), (3a) or (3b), and (4) give six
constraints on the seven parameters a, 0, b, b',

They have the trivial solutions 8 =0 or
8 =-,'v for ~a

~

~-„but they also have nontrivial (8
00 or —,'v) solutions for ~a~&1/v 2 . In this region
there is a relation between 8 and a. Comparing
with the SO(3) gauge theory of leptonic interactions
in Ref. 3, we find that the requirements of univer-
sality for leptonic and semileptonic weak interac-
tions imply that a = sinP, where sinP is directly re-
lated to the W mass by M~ = 53.0

~
sinP

~
GeV/c'.

Thus our relation between 8 and a may be trans-
lated into a relation between" 6( and M~ which is
displayed in Fig. 2. For example, 8=13.3' (a typ-
ical experimental determination) implies M~ = 35.0
GeV.
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FIG. 1. Lowliest-order diagrams contributing to AF
= 2 nonleptonic interactions.

FIG. 2. The mass of the intermediate vector boson as
a function of the Cabibbo angle.
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We cannot find a closed form for this relation. The
curve in Fig. 2 has been constructed from the asymptotic
formulas

j(I((, —= 37.5 (1 —
&4 e } GeV for I8I «1,

M((, -=15C I&~ —SI GeV for I1 w —el «1~
4

Note that Mz, (0) = M@,(-0) =M&(~2m —0).
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It is shown that the first-order isospin-antisymmetric amplitude for the scattering of iso-
vector photons on a spin J' ~ ~ target is determined by the i,sovector charge radius, magnetic
moment, and quadrupole moment of the system.

Beg' has studied the non-Abelian Compton effect
on nucleons to first order in the frequency ~ of
the incident photon and showed in particular that
the well-known Cabibbo-Radicati sum rule follows
from the obtained first-order theorems.

In this paper we extend these theorems for J
& -', and obtain a generalized expression for the
Cabibbo-Radicati theorem which relates the first-

order isospin-antisymmetric spin-independent
amplitude to the isovector charge mean-square
radius of the system. On the other hand, the spin-
dependent part is shown to be given by the isovec-
tor magnetic moment and quadrupole moment of
the system.

Our starting point is the relation

+ iV(E /m)'~'e "8&(p'
I
['((d+ v') J&(0)+ ,'(k'„+k )Z& (0)jI0—),

where U„"~ and E„„are, respectively, the unexcited- and excited-state contributions to the f -matrix am-
plitude T„B, where

1/2
(2w)'i(p'+k'-p-(i)(, i'„"i=i d'xd'(e "'*'""(p'([T(Jf(x(z„(y))-ip„"„i{a)il'(x-yi,)(ID) (2)

pt

Equation (I) is a consequence of current conservation and the basic equal-time commutation relations~ of
the current operators J„". In these equations n and p are isotopic-spin indices, k' and k (p' and p} are out-
going and incident "photon" (target} momenta with p =0.

As is well known, E008 is of order ~' and therefore it cannot compete for the determination of E,&8 to
first order in co.


