
and h2 and therefore are neglecting terms of order
g2hQ) and h3(g). Notice, however, that the latter
terms may be taken into account (e.g. , by further as-
suming the validity of a certain "Bjorken type" expan-
sion) at the expense of some complication and are seen
not to affect our general conclusion (see Appendix).

~Notice that for a gauge group such as SU(2)1 x SU(2)R
x U(l), for which the scalar densities uo and u& belong
to different group representations, if the allowed mass

term in 2 „k is of uo type then all divergent radiative
corrections will also be of u o type soithout implying
any special constra&lt 5etsUeen gal!ge losons Masses.
This will not be true for those groups, such as SU(3)L
x SU(3)& x U(l), for which uo and us belong to the same
group representation.

As defined by retaining the leading light-cone singularity
of the propagator matrix.
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SU(3) xU(1) and chiral SU(3) xSU(3) xU(l) xU(1) models for the weak and electromagnetic
interactions of leptons and hadrons are proposed. The usual quark model for hadrons as
well as the usual Cabibbo rotation scheme is 3ssumed. Symmetry-breaking effects due to
inequalities in the masses of the gauge bosons are considered. By making a simple choice
of the gauge boson masses based on the U-spin subgroup of SU(3}, the undesired ~ds~=2 weak
nonleptonic transitions can be completely eliminated and the undesired ~AS~ =1 neutral current
semQeptonic transitions drastically suppressed. These models ean reproduce the ordinary
phenomenological weak interaction but are sufficiently flexible to give the possibility of inter-
esting new effects for neutral leptonic and semileptonic processes, as well as to allow the
possibility of an over-all arbitrariness in normalization for the effective nonleptonie inter-
action. Another consequence of the present scheme is the existence of very heavy leptons.
A brief discussion of including the strong interactions in a grand unification i.s also presented.

I. INTRODUCTION

Unified weak-electromagnetic gauge schemes' '
have recent1y attracted some attention because of
the possibility of testing their conseouences at the
new National Accelerator Laboratory mRchlne and
because, when combined with the "Higgs" mecha-
nism' of spontaneous symmetry breakdown, they
may be renormalizable. e The minimal symmetry
group involved in these considerations is SU(2)
&U(l ), the SU(2) being generated by the usual left-
handed charged weak currents and the U(1) being a
weak "hypercharge. " If one considers pure lep-
tonic weak interactions by themse'ives there is no
apparent contradiction with allowed processes but,
of course, improved high-energy neutrino experi-
ments may modify this situation. For the cases of
semileptonic and nonleptonic interactions one runs
into nonallowed weak transitions arising from the

~
d S) =1 electrically neutral hadronic currents

which enter in the Cabibbo scheme. Several mod-
els" ' have been proposed to solve these difficul-
ties but all seem to contain some unesthetic fea-
tures. For example, one model' involves the in-

troduction of a four-dimensiona1, rather than the
successful three-dimensional, unitary symmetry
for the hadrons.

In the present paper me mould like to explore
gauge schemes based on the three-dimensional
unitary group. a Both the SU(3) x U(1) and the chiral
SU(3) xSU(3) groups will be considered. We will
focus our attention on the current-gauge boson
part of the theory, assuming that symmetry-break-
ing results from inequalities in the ma, sses of the
gauge bosons. The other assumptions'0 are

(a) CP invariance,
(b) Cabibbo form for the weak currents,
(c) Analogous electron and muon interactions.
The basic problem facing us in these models is

the suppression of the unobserved reactions due to
the neutral hadronic currents. Our method of
solving it mill be the straightforward one of con-
sidering those particular intermediate bosons
which couple to the "bad" currents to have arbi-
trarily large masses, While this method may at
first seem crude it is actua11y very much in the
spirit of the present way of thinking, in which the
difference between the electromagnetic and usual
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weak interaction arises essentially from the enor-
mous difference between the photon and interme-
diate boson masses. It is interesting to note, from
a group-theoretical standpoint, that since our mod-
els single out the electric-charge direction in the
three-dimensional unitary space it is convenient to
classify the gauge particles according to their
transformation properties with respect. to the so-
called "II-spin" subgroup of SU(3).

Another interesting aspect of the present models
concerns the existence of heavy leptons. Since we
are postulating the three-dimensional unitary group
to be fundamental this means that a new (very)
heavy electron and muon are predicted. There is
actually some experimental evidence" that heavy
leptons may exist. An alternative scheme due to
Konopinski and Mahmoud" treats the electron and
muon asyymetrically and gets away with just one
lepton triplet. However this requires the existence
of doubly charged intermediate bosons and prevents
us from including hadrons in a universal way.

If the point of view of this paper is correct it
implies the fascinating situation that the presently
observed lepton spectrum is just an initial glim-
mering of the over-all pattern.

The SU(3) xU(1) model is discussed in Sec. II of
this paper. It is shown how undesirable weak
transitions may be eliminated or suppressed and
possible consequences for pure leptonic, semilep-
tonic, and nonleptonic interactions are noted.

The SU(3) x SU(3) model is discussed in Sec. III.
An amusing point of this model is that it opens the
way to the construction of a theory where the total
Lagrangian of strong, electromagnetic, and weak
interactions has an exact SU(3) x SU(3) symmetry
(as well as possessing charge conjugation and par-
ity invariance).

II. SU(3) X U(1) MODEL

are assigned to be the right-handed objects:

(2.3)

It is convenient to use the left- and right-handed
currents, defined as

=&0 'r (1+y )0 +&X 'r (1+r )X

r', „=i/,'y„(1 —y, )g, + iX,y (1 —y, )X, .
(2.4)

(2.6)

E is a U-spin singlet while 0 is a member of a
U-spin triplet. The photon field g„cannot be iden-
tified as a pure member of the octet since the octet
fields only couple to the left-handed currents while
the photon must couple to left plus right. Since D
can couple to the right-handed currents, the sim-
plest possibility, which we shall adopt here, is to
let the fi.elds D and E mix to give the photon and
a massive neutral vector field Z:

The integrated currents of (2.4) generate a U~(3)
x U„(2) algebra. (Note that r~~ „=r,' „=0.) However,
in this section we are only assuming the theory to
be invariant under an SU~(3) x U(1) subalgebra of
this algebra.

Since our aim is to construct a Yang-Mills-type
gauge theory we introduce nine vector gauge fields,
one for each generator of the SU(3) xU(1) group.
The notation is as follows:

octet: (W',) with (W',)„=0,
(2.5)

singlet: D
We note that the gauge bosons can be classified
according to the II-spin subgroup of SU(3) which
singles out the 1 direction in unitary space. Thus
we introduce the abbreviations:

x=I (2.1)

where e' and p' are the new heavy electron type
and muon type leptons, respectively. They both
have negative charge. Then the objects which
transform as triplets under our left-handed SU(3)
are

(2.2)

[Note that —,
' (1+y,)v, = v„etc.] The lepton singlets

We first set down our notation for the lepton part
of the theory. We combine the electron and muon
fields into two column vectors:

(2.7)

In (2.7) P is a mixing angle (which should not be
confused with the Cabibbo angle 8). Note that in
the present mixing scheme the photon is a mixture
of an SU(3) singlet and a II-spin singlet member of
an octet. Compare this with the SU(2) modei2'
where the photon is a mixture of an SU(2) singlet
and the I, =O member of an SU(2) triplet. We shall
see that H is the field which couples to the unde-
sirable neutral currents so its mass must be ex-
tremely large.

To introduce the hadrons into the theory it is
convenient to assume that they can all be made out
of the three quarks q„q» qs. The objects which
transform as a triplet under the left-handed SU(3)
are the rotated quarks:
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—,
' (1+&,)U (2 6)

—,'(1-y,)q„-,'(1 r-,)C'„-'(1—r5)e, (2.10)

where U is the Cabibbo matrix

Furthermore, the hadronic currents which gener-
ate the usual chiral V(3)x U(3) are

0 0
&

U=
I 0 cos8 sin8
~ 0 -sin8 cos8f

(2 9)
(I')!.= ~e&r„(1+&,)e. ,

(j")' =&Var (I-&s)e'
(2.11)

with sing=-, . The hadron singlets in this model
are the right-handed objects:

In terms of the currents just introduced the elec-
tromagnetic current of hadrons and leptons is

J' —= -icy e —ie'y e'-ip. y J[j]. -iP'y g'+3iq, y„q —3iq y„q —3iq y q,

,'(p-, -+r'2„+&,'„+r',„}+-,'[(j')', „+(j")', ]- [(j')',„+(j"),'+(j'),'„+(j")',„]. (2.12)

(In addition the total electromagnetic current contains a W-meson part. ) Of course we have the electro-
magnetic interaction:

Z-=iei~: g. , (2.13)

with
~
e~'/4m=1/137. The ususal phenomenological weak interaction is

gtt — J (+)Z (-)
n n (2.14)

~~~~~ I I:i=1.03 && 10-5~,-2 and

J~'=P, +cos8(j')', +sin8(j')', „, J„' '=I,'„+cos8(j'),' +sin8(j')', (2.16)

Having specified our notation we proceed to write down the SU(3) x U(l)-invariant unified weak-electro-
magnetic interaction of currents and gauge fields. With the mixing scheme of (2.7), and using matrix nota-
tion for the unitary octets and nonets [i.e., we make the replacement W, —(W)~, etc.], the unique inter-
action Lagrangian is

~ = g»( .IW) -Z'D. (»(I.)+k(~l. +~'..)J+g Tr(Uj„'& 'W. ) + g 'D. [(j"),'. —2(i")2. —2(j"),'„],
where g and g' are real coupling constants related to the electric charge and the mixing angle gaby

(2.16)

g=~, g' = (2/3)"'g cot(p . (2.17)

Equations (2.16) and (2.17) follow from requiring the electromagnetic part of the interaction that emerges
to be the usual one. Note that we have not written the characteristic Yang-Mills interaction terms of the
8' bosons. The kinetic-type terms should also be present in the total Lagrangian and it is important to
remember that we are assuming the gauge-field masses to be split in such a way that undesirable reac-
tions are suppressed. The exact mechanism of this symmetry breakdown is not being specified at the
present stage. Of course, one of the interesting possibiIities would be to try to introduce some auxiliary
scalar mesons and use the Higgs mechanism to make the symmetry breakdown spontaneous. However the
present approach is more general and would include such a model as a special case.

Now we take up, in turn, the pure leptonic, semileptonic, and nonleptonic effective weak interactions
which result from (2.16). We shall also discuss the choices of gauge-field masses needed to achieve con-
sistency with experiment.

The current-current pure leptonic interaction is in second order:

2 2 2 2

)
[3 sin2p l'„+Tr(I „.)+ ~(r 22„+r', „)J2,3sln Q 02 Z (2.16)
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where l' is the leptonic part of J'„given in (2.12) and m(W', ), for example, is the mass of the W', boson.
The first term in (2.18) represents the usual pure leptonic interaction so comparison with (2.14) gives

Q g2
m2(W') ' (2.19)

Combining (2.17) and (2.19) gives m'(W,',) =v 2e'/6Gcos'Q& v 2e'/6G, so that we must have m(W,',)&43.1
GeV. This differs from the lower bound of 37.3 GeV in the SV(2)xU(1) model. The second and third terms
of (2.18) are responsible for the leptonic decays of the new heavy leptons. The quantities m(W,') and m(H)
will be taken to be large compared to m(W', ) so the third and fourth terms are actually small. On the other
hand there is no reason why m(Z) cannot be comparable to m(W', ),so the fifth term may give additional con-
tributions to usual lepton scattering. For example, the effective Lagrangians for ev, and ev„scattering
from (2.18) are

IC ff (ev, ) = —~ v,y (1 + y5)v ey„(g ~ +g ~ y5)e, Z qf (ev&) = — v&y (1 + y, )v&ey „(gv +g '„y5)e, (2.20)

with

g~= 1+ . , ', (5 —6 sin' ), g„=l—
3 sin'pm'(Z) ' " 3 sin'ym'(Z) '

gz-gz i.
These expressions may be testable in the future.

Equation (2.16}yields the following semileptonic weak interaction in second order:
2

2 (semileptonic)= » [[(j')',„cos8+(j'),' sin8]l,'„+H.c.j
2+-, ([(j'),' +(j');"]sin28+[(j')22 —(j')33]cos28](P,„—l33)

2+», {[-(j')',„sin8+ (j'),'„cos8]l', „+H.c.)

2+» [([(j'),' —(j'),' ] sine cos8+ (j'),'„cos'8- (j'),'„sin'8) P, +H.c.]

2

+3 2- —
~( }[3»n Q&™—(j"),'„+~(j"),„+~(j")33 ][3sin2pl' +Tr(l )+ ,'(r2 +r—' )],3 sin'|It) rg' Z

(2.21)

where h'„ is the hadron part of 2™given in (2.12).
The first term in (2.21) represents the usual Cabibbo theory of semileptonic interactions. The second

term is the real culprit. It contains neutral I»l =1 hadron pieces and a neutral lepton piece, giving rise
«&«ays»ke &- p, p, &- wy, p, Z -pee, etc. Note, however, that it does not give decays into (hadrons)
+ (vv) pairs. In any case we must require m(H)»m(W', ) to suppress these unobserved processes. The
third and fourth terms contribute to the decays (heavy lepton)- (light lepton)+hadrons. Some of these de-
cays will also be suppressed by taking m(W,') large. Finally, the last term in (2.21}may give observable
corrections to neutrino hadron scattering reactions.

The nonleptonic weak terms which result from (2.16) present some interesting features. We write the
~AS~ =1 and

~
aS~ =2 terms below, omitting the AS =0 ones since they would be masked by the strong inter-

action:

Z" (nonleptonic) =g' cos8sin8 „„—„„[(j')',„(j')', + (j'},'„(j'),' ]
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The first thing to notice about (2.22) is that in the
limit m (W ', ) = m (W ', ) = m (W,') = m (H), all the terms
vanish. This is actually to be expected since in
the exact SU(3) limit the Cabibbo rotation matrix
U in (2.16}is irrelevant and the nonleptonic inter-
action becomes invariant under the usual (strong}
SU(3), for which ES=0 is required. The last term
in (2.22) gives direct

~
aS~ =2 transitions and must

be very severely suppressed to avoid contradicting
the extremely small value of the K~-K~ mass dif-
ference, among other things. It is gratifying that
this term can be eliminated completely merely by
setting m(H) =m(W, ), without even requiring it to
be particularly large. [However m(H) must be
large as discussed after (2.21).] Thus this model
enables us to eliminate

~
ES( =2 hadronic terms

naturally by choosing the masses of the U-spin
triplet gauge bosons to be equal and to arbitrarily
suppress

~
AS~ = 1 neutral current semileptonic

terms by allowing this common mass to be arbi-
trarily large. The first term in (2.22) gives the
usual

~
aS~ = 1 charged-current nonleptonic inter-

action if we take m(W', }»m(W', ). However this
choice for m(W,') is not necessary and in fact by
proper adjustment of m(W,') we may get the non-
leptonic interaction:

the remaining bosons —8"„8",, and Z —are con-
sidered to be indefinitely large we will recover the
usual Cabibbo theory summarized in (2.14). On the
other hand if m(W', ) and m(Z) are taken to be com-
parable in magnitude to m(W', ) the interaction
(2.16) yields, as noted in the preceding discussion,
some new features which may soon be testable.

III. SU|3) X SU(3) MODEL

( ~8I. ) f "pl, '} %r.e, p, [, U q,
~ ~r. ) ( &i f q3J.

(3.1)

and also the right-handed lepton and quark triplets,

(3.2)

The motivation for using the chiral SU(3) xSU(3)
group to describe the weak and electromagnetic
interactions is that it is the sante group which
seems to be underlying the strong interactions.
Thus it may lead to an extremely unified total
structure.

All the fermions in this model belong to triplets.
There are the left-handed lepton and quark triplets,

2"(nonleptonic) = ~X [(j')',„(j'),' „+H.c.],
(2.23)

where X=-,' sin26[1 —m'(W', )/m'(W, '}]is either a
positive number less than —,

' sin28 or a negative
number of arbitrary magnitude, Thus the present
model does not fix the nonleptonic decay rates in
terms of the semileptonic ones. The value of ~X~

one needs actually depends on the notoriously dif-
ficult zero-parameter calculation of nonleptonic
decay amplitudes. There is some indication" that
the canonical value X=-,' sin20=4 is reasonable.
Qn the other hand, '4 if one assumes octet domi-
nance and furthermore assumes one particle domi-
nance for the weak currents a value X=-,' fits the
K~ -2m decay rate. [Note that —', is the SU(3)
Clebsch-Gordan coefficient which arises when
one takes the octet part of the charged-current-
charged-current interaction. ] Thus the added
flexibility present in (2.23) may be useful.

Finally we summarize the discussion of the
gauge boson masses. The photon naturally has
zero mass. In order to make the basic SU(3)xU(1)-
invariant unified weak electromagnetic interaction
of (2.16) consistent with experiment it is sufficient
that the masses of the U-spin triplet bosons (W,',
W', , and H) be equal and made much larger than
m(W,'). W,' and W,' are the "ordinary" intermedi-
ate bosons and their mass is related to the mixing
angle P by (2.19) and (2.17). Now if the masses of

In the equations above e~ = ~(1+y,)e and

e„=—,'(1 —y, )e, for example. The other notation
is the same as in Sec. G. Note that in addition to
the heavy leptons e' and g', the SU(3) xSU(3) mod-
el contains two more neutrinos v,„and &„~.

The SU(3) xSU(3) algebra is generated by the in-
tegrated left- and right-handed total (lepton +

hadron) traceless currents

I'..+(Uj„'U ')!—
3 !5( :I„+( 'j):. ,)

r'.„+(Vi".U ')'. ——.'5'.(r:.+(j"):„), (3 3)

l, and x,'„. (3.4)

The integrated currents of (3.4) give us an addi-
tional U(1) x U(1) algebra under which we also will
demand invarianee of the interaction terms. "
responding to the 18 currents above we need left-
and right-handed octets and singlets of gauge
bosons

octets: (W')', , (W" )',

singlets: (D')„, (D")„. (3.5)

These objects are assumed to have the following

where the individual terms are defined in (2.4) and
(2.11) except that in the present case r,' g0 and
r', w0 since the neutrino fields v,„=—,'(1 —y, )P,
and v„„=—,'(1 —y, )lt, no longer vanish. In addition
to the 16 currents above it is necessary to use the
left- and right-handed lepton number currents
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parity: (W')",—-(W")„D'—-D",

charge conjugation: (W'),'—-(W");„,
(D') —-(D')

(3 6)

parity-reversal and charge-conjugation properties: handed gauge bosons are very much larger than
the masses of the left-handed ones. The usual
charged intermediate bosons in this model are
identified with (W')', and (W'),'„. Their mass sat-
isfies the relation

It is also convenient to use the abbreviations

F l (3)1/2(W/)1 Fr (&)1/2(Wr)l

H „' = (1/Wa)[(W'); „-(W'),'.],
ff "„=(1/v 2 )[(W"} —(W') ].

(3.7)

As in Sec. II the physical photon will correspond to
a mixture of various fields. We take it to be a
mixture of E', E"„, D', and D". Then if the pho-
ton is to have its usual parity and charge conjuga-
tion properties we must have

8„=~ costs (E„'+F"„)—~ sine (D„'+D"„),

(3.8)

where ~ is a mixing angle. Denoting the three
other physical field mixtures by Z„, Z', and Z"
we see from (3.8) that the transformation must
have the form

@l (1/v 2) costs
E"„(1/&2)cos&u

D„' -(1/H2) sin~D"„-1 2 sine ~ ~ ~

(3.9)

2=g Tr(l„W„'+r W„") g'[D„' Tr(l„—)+D„" Tr(r„)]

with

+g Tr(Uj„'U 'W' +Uj„"U 'W"), (3.10)

v3 cos(d

g' = (-', )""g eot(u.
(3.11)

Equation (3.10 } is the basic one for this model.
The suppression of unwanted transitions can be
achieved in a similar way to the previous model-
by adjustment of the masses of the gauge bosons.
Thus here we will just describe the main new fea-
tures of (3.10). Note that (3.10) is parity invariant-
and charge-conjugation-invariant. This means that
the violation of C and P observed in the usual weak
interaction arises because the masses of the right-

The terms outside the first column of the orthog-
onal matrix in (3.9) are not unique but are however
not needed for our present purpose.

With the mixture in (3.9) we now are in a position
to write down the unique SU(3) xSU(3) xU(l) xU(1)
interaction which has the correct photon couplings:

(3.12)

Combining (3.11) and (3.12) gives m'((W')', )
=u 2e'/SGcos'ru&&2e'/SG. Thus m((W')')&60. 9
Ge7 here. This lower bound is different in both
the SU(2) xU(1) and SU(3) xU(1) models.

The other gauge masses (except for the photon
mass) can be taken indefinitely large so as to re-
produce the usual weak-interaction theory of (2.14).
Alternatively some deviations from the usual the-
ory —which may possibly turn. out to be desirable-
can be achieved as in Sec. II. The additional neu-
trinos v,~ and v» would be difficult to observe
since they couple to other fields through the gauge
bosons with extremely large mass.

A point of interest in the interaction (3.10) is
that the singlet fields D„' and D" couple to the lep-
tons but not to the hadrons. This is to be expected
since it is well known that when a fundamental trip-
let has the quark charge assignment (3, --,", --,') the
electric current belongs to an octet.

Finally we mention some properties the present
model would have if it is assumed that all the sym-
metry breaking can be made to arise from a spon-
taneous breakdown mechanism of the "Higgs" type.
Then the symmetry breaking would be implement-
ed, practically speaking, by using a set of auxil-
iary scalar mesons with nonzero vacuum expecta-
tion value. A hitch arises because the photon is
the only allowed zero-mass gauge field. In partic-
ular no zero-mass gauge field couples to the sum
of the two currents in (3.4). This sum (l;„+r,'„)
is just the fermion part of the total lepton number
current. The total lepton number is spontaneously
broken. '8 However, by the structure of the Lagran-
gian (3.10) the lepton number for the usual fermion
reactions is conserved. A similar situation was
noted by Freund" in a different model.

A nice feature of an SU(3) x SU(3)-invariant weak-
electromagnetic interaction with spontaneous
breakdown would be thai it opens the way for an
additional unification with the strong interactions.
We previously pointed out' that if the strong in-
teractions are exactly chiral SU(3) x S U(3)-invari-
ant they are necessarily invariant under the SU(2)
x U(l ) weak-electromagnetic subgroup and hence
the total Lagrangian (strong+ electromagnetic
+weak) would have this SU(2) x U(1)-invarianc e.
Furthermore we showed that the usual "(3,3*)"
strong-symmetry-violating terms could arise by
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spontaneous breakdown from an SU(2) x U(1)-invari-
ant interaction of quarks and auxiliary scalar me-
sons. Now if we were to use instead a weak-elec-
tromagnetic interaction which was itself SU(3)
xSU(3)-invariant (as the present model plus
"Higgs" mechanism) we could generate the "(3,3")"
strong-symmetry-violating terms from an SU(3)
x SU(3)-invariant interaction of guarks and auxil-

iary scalar mesons. In such an event the total La-
grangian would have an exact SU(3) x SU(3)-invari-
ance and a/l symmetry breaking would be spon-
taneous.

%e are presently working with A. P. Balachan-
dran on the possibility of "Higgs" mechanisms for
models of this type.
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