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A gauge-theory model of weak and electromagnetic interactions is proposed. The symmetry group is
SU(3) &( U(1) and the fermions are all placed in triplets (or antitriplets) and singlets. The theory is vectorlike
and hence anomaly-free. Discrete symmetries are imposed to avoid unwanted mixings and to appropriately
restrict the Higgs potential. The details of fermion and boson mass generation are given. The couplings and
masses of the two massive neutral flavor-preserving gauge bosons are determined by fitting the neutral-
current data; agreement is excellent. We also analyze the predictions for multimuon production in neutrino
scattering as a function of lepton and hadron masses. Finally we examine the limits on suchprocessesas
K~~p, +p, , p, ~ey, etc.

I. INTRODUCTION

Unified gauge theories of weak and electromag-
netic interactions have enjoyed an enormous suc-
cess over the past five years and, have greatly
advanced a possible understanding of the basic
forces of nature. The so-called standard' model
with four quarks and four leptons and gauge group
SU(2)~ x U(1) has appeared to account for most
observed phenomena in weak and electromagnetic
(em) interactions. There is evidence for new
leptons' and probably for new quarks'. These may
be accommodated within the SU(2)~ x U(1) model by
introducing additional multiplets. There are, how-
ever, some new phenomena which cannot be ac-
commodated within the standard model. Fore-
most among these is the absence of parity viola-
tion in the atomic-physics experiments: Other
difficulties are some of the new phenomena' '
seen in very-high-energy neutrino events and
possible anomalies in v and v inclusive reactions.

Abandoning the SU(2)i x U(1) model, one can
turn to a vectorlike' SU(2) x U(1) model, but this
is in contradiction with recent data from neutrino
experjments xo,xx A hybrid mpdeli2 has spme pf
the same features as SU(2)~ xU(l), but agrees
with the atomic-physics results. ' Recently much
attention has been focused on so-called ambi-
dextrous models" with an underlying SU(2)~
x SU(2)~ x U (1) gauge group, which we shall not
discuss. This paper will deal with the gauge
group' SU(3) xU(1) in the context of an underlying
vectorlike theory.

There are several reasons for choosing SU(3)
x U(1): Among these are the fact that one can have
a vectorlike and hence anomaly-free theory while
at the same time having a parity-violating neutral
current. The natural classification of fermions
in triplets allows for intriguing groupings of light
and heavy particles. Finally, we mention that it

may be an eventual first step in a grand unification
scheme in which the weak and the color gauge
groups are combined into a larger gauge group. "

In this paper, we shall consider one version of
the SU(3)xU(1) type of theories: It is an elabor-
-ation of one proposed by two of us" in a published
letter. It is far from being unique, "but we be-
lieve it is useful to display all the details of one
particular model.

The paper is organized as follows: In Sec. II we
will present the model, that is the classification
of the leptons and quarks into left- and right-
handed multiplets (with a right-left asymmetry).
We will also give the couplings and masses of the
nine gauge bosons and specify the couplings of the
Higgs mesons needed to generate masses and
mixings. The discrete symmetries which the.
theory needs to insure universality, no AS= 1

neutral currents, etc. are also specified.
In Sec. III we discuss some of the phenomeno-

logical implications of the model, beginning with
charged-current interactions. We then turn to
neutral-current phenomenology and fix the masses
of our gauge bosons by fitting elastic and inelastic
prptpnzo, u and neutrjnp electrpn scatterjng is, &9

We also show that the recent determination. of the
u and d quark vector and axial-vector coupling
constants performed by Sehgal' using aclditional
neutrino pion production data is in excellent agree-
ment with the predictions of our model. We then
go on to consider dimuon" and trimuon' data.
For this analysis we make use of a charge —3 5
quark with a mass in the 4-5-GeV region. The
accompanying high-y anomaly' ' appear& to be
not present: We can get around this by having b„
or u„mix with heavier quarks. One new feature
we discuss is the large B -B' oscillations pre-
dicted in this model (8' is a pseudoscalar bound
sta,te of a d a,nd a b).

In Sec. IV we discuss in detail the Higgs poten-
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tial for the model and show how the form of
spontaneous symmetry breaking we employed in
Sec. II arises naturally. Introduction of addi-
tional spin-zero fields with small vacuum expecta-
tion values and generation of light-particle (e.g.,
electron) masses is treated.

In Sec. V we discuss a number of phenomeno-
logical questions omitted in Sec. III, such as non-
leptonic hyperon decay, t e Ki-Ks mass dif
ference and rare K decays, the possibility of

ey, the muon g-2, more about 8'-8' mixing,
etc.

We then proceed to a few statements about
larger unified groups and a conclusion.

II. THE MODEL

A, Yukawa couplings in the model and discrete symmetries

The gauge group is SU(3) x U(1) so that there
are nine gauge bosons, of which only one, the

photon, remains massless after symmetry
breaking. The others will all, as we shall see
later, have masses of -50-100 GeV. We call them
W ' = (1/~2 (W, + RV, ), W" = (1/~2(W4 v zW, ), W
= (1/~2(W6 —

zW7 }, and Wo = (1/&2) (W, + zW7) using
SU(3) indices; the two neutral gauge bosons
orthogonal to the photon are called Z, and Z, .
The charge is the sum of the SU(3} generator
—,
'

(A +X,/~3 plus the U(1) generator Y': The
gauge-boson charges have already been indicated.
The quarks in our model lie in SU(3) triplets with
Y=0 and charges —',, ——'„--,'„and in SU(3) singlets
with charge z. The leptons will be placed in SU(3)

, antitriplets with I/ =-—,
' and charges -1,0, 0 and

in SU(3) singlets with charge 0. We can write
down separately left- and right-handed triplets .

(antitriplets). The gauge bosons, of course,
couple only left to left and right to right while
spin-zero mesons will couple left to right. These
models all have a potential left-right asymmetry
built into them in that the two particles of charge
——,

' (charge 0) in a given multiplet need not assume
the same-position in the right- and left-handed
multiplets: On the other hand, there is no asym-
metry in the electron position and hence the elec-
tron current coupling to Z, and Z, is automatically
vectorlike. Anticipating for a moment the discus-
sion of Sec. III, this was one important factor in
our decision to place leptons in the 3 representa-
tion: To ensure vectorlike electron coupling and
hence an essentially null effect in the search for
parity-violating atomic effects in bismuth.

The spin-zero mesons we need to generate
masses lie in octets and triplets: For the latter

. we shall take both 7=-. —,
' and V= —,

' representa-
tions. The octets may be taken as complex or,
equivalently, we may have both scalar and pseudo-

E. ' To.

F 0

E2L Ma~ , T~L, SINGLETS

cz, g„SINGLETS

FIG. 1. The fermion multiplets. The horizontal and

vertical directions refer to the T3 and T generators of
SU(3)., respectively.

scalar octets. We will also require the existence
of discrete symmetries in order to forbid unwanted
couplings. All our masses will be generated via
couplings to spin-zero mesons with vacuum ex-
pectation values: This is true despite the fact that
an SU(3} gauge theory allows for a bare maSs
term -m~~q~ because the gauge group is vector-
like rather than chiral. We forbid such terms,
however, by imposing a discrete symmetry such
that, e.g. , q~- —iq~, q~- qR, where q~ ~ are
defined by qI z = 2 (1 + y, )q.

Let us now be explicit about fermions. We must
introduce at least three lepton antitriplets to
accommodate, respectively, the e, the p. , and
the heavy lepton first observed at SpEAH, ' 7 .
We shall label these three 3's as /„l„, and I„;
the two quark triplets will be called q„and q, .
The subsequent suffix L or R distinguishes be-
tween left and right. In Fig. 1 we display the fer-
mion states: Keep in mind that these are not the
physical states, but rather the unmixed states.
Note the asymmetry between the left and right
model triplets. The masses of these states are
generated by the Yukawa coupling [here y =-,' (p ~ y),
x=-'(& x}l
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~'„"„'„;„,'""=f.C.(q —~r, X)V.+f4 .(V ~~5X)a+h.~.i c~Q+h, Q'air. ~

+&.f.4 '+~ ~.X') f.+f~ l p 4"+»6X') &p+ h.~'E2i 4m+ h, @'M:if,z
+f„l, (y +iy, X )l, +h, C T,'cl„~+h, L I~~Q +hrQrT~l, R+H.c. , (2.l )

wh0re cp and y are scalar and pseudoscalar octets, 4 and 0 are y = —,
' and y = --,' triplets. As we shall

see later, we can impose discrete symmetries such that their vacuum expectation values take the form

0 0 0 0 0 0

2
0

0'

0 1 0 0 i 0
(2.2)

(C)o=vc, 0, (Q)0=v„0
0

and hence, with v, = —v, = v the mass matrix is of the form

&2f„vb~b~+u 2f vh~hR+h, v„cLc„+h~vng~g~+&2f, vE,~E ',s+W2fqvM, '~ J(f', ~+v 2f,vT ~T', ~

+ k,v~E»E, R+k„v~1V,I,M»+ k,v~T, I,T»+h, v „~~7R+h~v„TITR+Hoc ~

0 0 O 0 a O
, h, c, g, ~, M~, ~, 2, 3f2,

and T all have arbitrary masses which may be
adjusted to agree with experimental data, while

u, d, s, e, and p. all have zero mass. We

shall subsequently work out schemes for them to
acquire small masses. The three neutrinos
v„v&, and v, will, however, never acquire a
mass as they are only left-handed. Let us re-
ca,pitula. te for a, moment: cp a,nd y couplings lead
to ma, sses for the fermion triplet fields, 4
couplings lead to masses for E,', M,', and T,'
and 0 couplings to masses for c, g, 7, . and T:
Separate spin-zero fields, as we sha11 see, lead
to mixing.

We require that the Lagrangian be invariant
under the discrete -symmetry V under which

gl, &CL ~

R qRq CR CR

~I. -&EI.~ & 21, - && 21.~ -7'I. —»1.~

~R IR~ ~R TR ~

(2.4)

0-X
4-i4, Q- -iQ,

where we have riot differentiated for the time be-
tween pa, rticles belonging to different multiplets;
i.e., we assume q„~ and q, ~ have the same trans-
formation properties under V. We shall show
later that when the most general fourth-order
Higgs potential involving the above spin-zero
fields and satisfying the discrete symmetry V is
written down, there is a range of parameters for
which the fields have vacuum expectation values

as indicated in Eq. (2.2). We also emphasize
that the discrete symmetry is already implicit in
Eq. (l) by our choice of equal Yukawa coupling of
the fields y and X to q, this is forced upon us by
V symmetry. The change in sign between couplings
and transformation properties of q~ and l~ fol-
lows from q~ lying in the 3 representation, where-
as l~ is in the 3. Note also that since y, X couple
only L, to R fields the y, may be dropped as
y, gz =-g~. Finally, we mention that the discrete
symmetry as expressed in (4) would allow for
off-diagonal couplings, ,such as, e.g. , q„
x(y-iy, y)&„4 E,' l„Rl, etc Thes.e may all be for-
bidden by associating under V different phases
0„, 0„0„6I„8,with each set of fields, e.g. ,
q„l, -te' "q„l,, q„R —e' "q„R, etc. , giving the
singlets the appropriate phases as well.

B. Secondary features of the model

So far we have presented the gross structure of
the model. We must now introduce additional
scalar fields, of lesser importance in that they
will have smaller products of Yukawa couplings
times field vacuum expectation values. We will
choose our Higgs potential parameters such that
these smaller products are due to the fields and
not to the couplings. These additional fields will
therefore not play an important role in the gauge-
boson mass matrix. They will be of importance,
however, in giving initially massless fermions a
mass. Let us give two exanyles: Assuming CP
invariance for the moment (see Sec. IV) (Xg),
must lie along the seven direction in SU(3) while
(A.y), can lie along the three, six, or eight
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direction. In terms of U-spin generators Uy X6,

iy, =y„ fi, =-,'(y, M3x, ), a.nd V, =';(q+~, /vY)

1
(X)o = ~ v2U2

(V&o = -- —vi( ixfii+P P2+yfio)0 2 1 . 1

normalized to n'+P'+3y'= f. Previously we took

p = y = 0, n = 1, and v, = -v, . We may, however,
choose the parameters of our potential such that
the minimum is at V, =O instead of v, '=v~' and
independently o = 0 rather than P = y = 0. We
generate masses for the e, g, M, d, and s if we
allow for the existence of a, pair of fields 0. , 6

analogous to y, y but with the above properties,
i.e., a. =0 rather than P=y=0. These couplings
of 0. and 6 will also generate small mixings, e.g. ,
between the d and 5 quarks and between the s and

h quarks, but these do not cause any phenomeno-
logical difficulties. In Sec. IV we will discuss
these schemes at some length, emphasizing the
possible types of development.

Before completing this examination of the model,
we must comment on how to generate the Cabibbo
angle; we wish to do this by having mixing be-
tween uL and cL. The simplest way is to introduce
a second field 0' which couples q„L to CR'. As an
example let the transformation properties under
V be

and gR would mix. There are no strangeness-or
charm-changing neutral currents or other un-
desired effects introduced by this mixing. We
have, of course, not calculated the Cabibbo
angle, but rather introduced a new field 0' with
arbitrary adjustable coupling, allowing us to
parametrize the mixing.

C. The gauge-boson mass matrix

'G~ p BpBp BpB p

„„=soW;, —. a„W;p + g fi;» WjoW»„, (2.11)

In this section we will specify the form of the
couplings of gauge bosons to fermions and the
form of the gauge-boson mass matrix. We shall
neglect the effect of the Higgs, mesons g, 5,0' de-
scribed at the end of the previous section. Their
only effect is to shift the masses slightly. They
do not lead to any new mixing between the gauge
bosons. We write the total Lagrangian for spin-
one-half fields P(x), Hermitian scalar fields
P, (x), and gauge fields W„"(x), B„(x)as

—2 (D„&P)i(Dii 0)'+ i Oy„D"0

+ )I'; Ilia' -P(ijj) (2.10)

with

q L @ML~ &cL —&cL~

quR - 9'~R~ &cR-. 9'eR~

CR CRp

0 --iQ, Q' iO

The couplings of cR are then

kqg~L CRQ +A~g„L CRQ

and the u-c mass matrix is

~cV OCL CR + Ac V gQL CR

(2.6)

(2.'l)

i(Dijon )i (is2~i»+2gfij»Wjp) ii » ~

i(D„C) = (ia„g-+(j2W~„)+-', g'B„)C .
(2.12)

jDp = jg~+g.g; 8';~ +g'FBp,

where D„ is the covariant derivative. 7; and F
take on the appropriate values determined by the
representation of the multiplet to which D& is being
applied. In the above (I', gP' represents the
Yukawa potential written in Eq. (1) and we have
omitted mass terms because of the discrete sym-
metry. A few examples, to specify our normal-
ization conventions are

tan8~ =ii,'v'„/i'2, V„. (2.8)

one could also introduce a, right-handed angle
OR by allowing 0' to couple gL to q„R so that uR

= iio V n(Cj Ca + (lio V n //to V O)iij Cji )
' (2.8 )

so the left-handed Cabibbo angle is defined by

The vacuum expectation values of the fields
cp, X, C, Q were already specified in Eq. (2). We
may now substitute this into (10) to determine the
gauge-boson mass matrix remembering W' =
= (I/W&) (W, +iW2), W" =(I/v2 )(W, wiW2) and, for
simplicity, dropping Lorentz indices

qlow( Wj B) g (2vi +2V2 +2V@)W W +g (2vi +2V2 +2V@ +2vn. )W W

+2g'V@2Wo Wo+g2V22W, W, +g'V, 'W, W,

+g. 2(v„+v2 ) 2(W2 —&3W2) +cavo I-og'B+ (2g/WS)W2] +~vn [—2 g'B+g(W2+Wo/~3)j2,

(2.13)
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where, when we write v' we always mean absolute
value squared. Since v, '= v, '= v' the expression
simplifies and we may write, remembering also
that W" = (1/&2)(W, + i W,) and labeling by M„
M '„M„~„and M 2 the masses of ~, W', W',

Zl) and Z2

+ [=';g'B + (2g/v 3 ) W, ]'

+-,' g'v'(W, —v'3 W,)'. (2.15)

To diagonalize this matrix we proceed in two

steps. The first is to introduce fields A. , N„N2
and an angle 8 such that

A, =cos8B ysin8~ (&3 W, + W,),
N, = -sin8B+cos82 (&3 W, + W,),
N2=~z(-W~+ &3 Wa)

where 0 & 8 &ir/2 and'

(2.16)

g
a c i2) i)2 ~

&g' + 3g

The mass matrix now involves only N, and

2 2 2

3 cos'6I

(2.17)

2 2

+ ~, (N, + v 3 cos8N, )'
12 cos 6

(2.18)

so the field A. , which remains massless, is the
photon. 2 „,(N„N, ) is then diagonalized by an
orthogonal transformation to obtain the mass-ma-
trix eigenstates Z, and Z,

(2.14)

M, '=g'(2v'+2v @') .
To find eigenstates Zj Z2 and y of the mass ma-
trix, we must diagonalize the submatrix involving

W„and B.. This has the form,

„,(W„W„B)= ~ vo'[- —,g'B +g(W3+ WJ&3)]'

1 f b a
cosp —~ l(1+ [(b )2+ 2]i(2 (2.21)

If the octets 0, 6 are present with. small vacuum
expectation values relative to C, Q, y, no sub-
stantial change in the gauge-boson mass matrix
occurs. It would, however, be hard to tolerate
any appreciable contribution to the mass matrix of
a single octet field which had vacuum expectation
value alorig the U, «d the U, or U, directions.
This would introduce W'-N"' mixing and other .

highly undesirable effects. Fortunately it does not
occur in our model.

D. The gauge-boson couplings

The gauge-boson coupling to fermions is

~ coupling 2 g9 y P

—2 gl y" A, ; 8',"l —3 g'l y"B„l.

+g g' r, Z. y~B„S'.,
a

(2.22)

where we have written q aqd l, but intend this to
mean separate entries for g„, g„ l„ l„, and l, .
The E, are the fermion singlet fields which couple
to B and have weak hypercharge 7,. The gauge
fields of course couple only I to I and A to A

Finally we point out that if we denote by A.; the
SU(3) coupling matrix for the 3 representation, the
3* couples by -~; as indicated. From the above
Lagrangian we obtain the usual effective current-
current Hamiltonian with

G g'
8M, '

and two other terms corresponding to &" and
S'F', exchange with, respectively,

(2.23)

G]„g' G~ g
8M" ' ~2 8M' (2.24)

M„M'„and Mo being given in (2.14). As a repre-
sentative sample, the left-handed. quark couplings
to T4", W", and W' are

g/~& (ul. y" „Wd~ u+~y"W„"b~+ d~ y" W'„b~) .

Z, l (cosP -sinP ) (N, )
Z,) (sinp cosp f (N, j

with masses M, ' and M,'

M, ,' = a + b v [(b —a)'+ c'] '~',

2

a= 3,8
(v„+-.'v, ),g 2 j. 2

3cos 8

b =g'(2v'+ —,'v c,'),
c=g v@ vS/6 cos8'.

(2.19)

(2.20)

eA. "JP + gZj Jqll + gg2J2 (2.26)

with J„' being the usual electromagnetic current
(u, d, b are taken to have charges —'„-—,', ——,'),

e=2 v3 gsin8

(2.25)

To obtain the couplings of the fermions to Z, , and
A we must invert the matrix (2.16). Upon doing
this we find

Also 0&p &m/2 where p is given by
Ag

(g ~ 4 gl 2) 1/2 (2.2V)
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and using the U-spin notation that U, is the matrix
—.'(~, —&3 x,):

J,„=-,&8 cos8 cosP JP+-2 sinP(qy„U, q —l y„U, l)

W3 . ——', Lr~l+L Y, F y„E),cosa

(2.28)

and J» is obtained from J» by letting cosP- sinP and -sinP - cosP.
%e close this section by noting that i.n the limit

v„=0, vc,-~, the present model reduces to ari

SU(2) && U(l) model, with gauge fields W', Z„and
A (the other gauge bosons have infinite mass in

this limit). The SU(2) doublets in this limit are
simply the left- and right-handed T, =~z compon-
ents of the SU(3) triplets and antitriplets. The
other Fermion fields are SU(2) singlets. The
spontaneous-symmetry-breaking term (y), + i (X),
plays the role of a c-omplex doublet.

III. PHENOMENOLOGY OF THE MODEL

on three unknown parameters (cos'8 and two ratios
of vacuum expectation values of Higgs fields). We
will describe our fit to the existi:ng neutral-current
data and show that all three parameters are
uniquely determined within a narrow range. Using
these results from the neutral-current data, the
masses of all of the intermediate vector bosons
cap. be calculated. The results are given in Sec.
III C. Section III D is devoted to a discussion of
dimuon, trimuon, and tetramuon events associated
with heavy leptons. The relevant production cross
sections and branching ratios are estimated using'

the results in Sec. III C. Further features of the
heavy-lepton phenomenology are, discussed 'in Sec.
III E.

A. Flavor-changing interactions

From the Lagrangian in (2.22) one can easily de-
rive the effective four-fermion Hamiltonian valid
for momentum transfers small compared. to the
gauge-boson masses. It is

In this section we. will discuss the phenomenology
of the model. In Sec. IIIA we record and describe
the flavor-changing interactions. Section III B i:s
concerned with the neutral (i.e., flavor conserv-
ing) interactions. The effective Hamiltonian for
neutral-current interactions will be seen-to depend

where Gz, Gz, and Gz~ are given in (2.24). In
(3.1), the current J„which is responsible for the
ordinary charged-current weak interactions, is

(3.2)

J+„=2q„~—,(A.,+iA.,) y„q„~+2q„s(A.,+iA.,) y„q„„-2l,~ &(X, +iA, ) y„l,~. -2l,s 2(A., +iX, ) y„l,„+q„ l„,l, terms

= u (8z ) y& (1+y, ) d + u (8z) y& (1 —y, )b + c (8I ) y& (1+y, )s + g(8z) y& (1 —y, )h —v, y& (1+y, )e —E, y& (1 —y, )e

—v„y„(1+y,) & —M', y„(1—r ) p —v, r„(1+r )~ &', r„(1——r )~

+ g„l„l, terms. (3.4)

In (3.2), 8~ and 8„are the left- and right-handed
Cabibbo angles, aqd the transiti. ons involving light
particles (u, d, s, v, e, g) are purely V —A. . The
conjugate of the u~y„b~ term is responsible for
the high-y anomaly. "

The currents J,' and J, are similar to (3.2), ex-
cept ~,+ i~, is replaced by ~4+ i~, and ~, + i~„re-
specti. vely. Hence

J'
&

= u(8&) y&(1+ y5)b+ u(8z) y& (1 —y5) d

—M~y„(1+y)p —M2yq(1-y, )p

+ q„ t„l, terms. (3.3)

The last three terms displayed in (3.3) are im-
portant in the decays of the Mgand M,' leptons

Similarly, the electrically neutral but ffavor-
changing current J0„ is

J,„=dy„(1+y, )b + by„(l —y, ) d

—M', yq(l+y, )vq -M2yv (I —y,)M',

The first and third terms are responsible for the
reaction v„d~ M', b ~, which can ~lead to tri-
muons, while the first two can lead to transitions
between the neutral mesons that are bound states
of bd and db.

B. Neutral currents

The neutral-current phenomena in this model
will be seen to depend on three unknown parame-
ters: the analog of the Weinberg angle cos'8, and

two positive numbers q and g' defined by

(3.5)

Fortunately, all three parameters are reasonably
well determined by the existing neutral-current
data, """"and can therefore be used to predict
the masses of the various gauge bosons.
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1 2

where the currents J;u and Z-boson masses M; are
given in (2.31) and (2.20). This expression can be
simplified by a straightforward but tedious calcula-
tion.

The term relevant to parity violation in light
atoms such as hydrogen is

A.e+u ed/ 'ad,
—

u (3 '1)

Before proceeding, we reemphasize that the
electron component of the neutral current is pure-
ly vector, so these is no enhanced parity violation
in bismuth4 (there is parity violation in light
atoms, involving the hadronic axial-vector cur-
rent). " This also implies that the cross sections
for vue v„e and vue- v„e are equal. In the had-
ron sector the parity violation enters entirely
through the charge ——,

' quarks. For the Higgs
scheme described in Sec. II the neutral currents
are entirely diagonal. The additional Higgs multi-
plets that will be introduced in Sec. IV to give
mass to the light Fermions (u, d, s, e, p) will intro-
duce small off-diagonal terms such as bd, hs,
Vy vu &2 vu, and pos sibly &u and gu, but these

' present no phenomenological difficulty.
The effective four-Fermion Hamiltonian for low

momentum transf er neutral-current interactions
ls

TABLE I. The parameters g~ and gz which appear in
the effective neutral-current Hamiltonian defined in Eq.
(3.9).

i (fermion)

r"= x costs
I1

2r(1 —3cos 0)

0
I

0

(1+«)(r —1)
4(1 —«) - Sa(r - 1)

q =20q.

(3.11)

However, some care must be exercised in that not
all values of r and r' can be obtained for positive
values of q and q'. The allowed region, obtained
as q and q' vary from zero to infinity, is shown
in Fig. 2.

1. Inclusive scattering

Consider the quant~titses

ply+
o(vN - v+X)

a(vN- p +X) '

values for r and r' the parameters q and q' can be
found from the inverse equations

rf
CT =—

r —1 '

where

A = —,(3cos 9 —1) —,q
+2'g

q'+2q +Bqq' (3.S)

o(vN- v+X')
v(vN V,'+X) '

o'(vN- v+X)
v(vN- v+X) '

(3.12)

and q' and q are defined in (3.5).
The part relevant to neutrino scattering from

electrons and ordinary hadrons is

&«= vx (1+&)vZN r„(g~+S~x)4 (3 9)

1.8

1,6—
I

1.4—
'g =CG

'g =0

I I I

where the sum is over the various Fermion fields.
The expressions for g& and g~ for the u and d
quarks and the electron are given in Table I. They
depend on cos'8 and two positive parameters r
ancI r clef lned Rs

q'+ 2q +4qq'+ Bq'
q'+2q+ Bqq'

q'+2q +4qq'+2q"
q'+2q + Bqq'

(3.10)

The hadronic terms depend only on r' arid the com-
bination r" =r cos'8, while the lepton terms de-
pend on r and cos 8.

The fit to the data is performed using the para-
meters r, r ', and cos'8. From the resulting

).0

0,8-

0.6—

0.2—

I I I I I I I I I

0 0.4 0.8 1.2 1.6 2.0 2 4 2.8 5.2 3.6

FIG. 2. The region of the ~-r' plane corresponding
to positive values of g and g' Isee Eq. (3.10)].
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TABLE II. Inclusive scattering data (Ref. 11). The data are from Gargamelle (GGM), Har-
vard-Pennsylvania-Wisconsin-Fermilab (HPWF), Caltech-Fermilab (CITF), and Brookhaven
National Laboratory (BNL) experiments.

'

The predictions of the present model are given for
x' =0.95, x"=0.50.

GGM HPWF CITF BNL
Present
~odel

~VS

yves

8

0.25 +0.04
0.39 +0.6
0.59 +0.14

0.29 +0.04
0.39 +0.10

~0.61 +0.25

0.24 + 0.02
0.34 + 0.09

0.25 +0.05 0.22.
0.42
0.64

~ (4'v+g~) ++a(gI g&) +
~

j= u, d

'( ~~+g ~)'+-,-' (g ' - r~)'(ll&),
i= u, d

] RvN

RvN (3.13)

where

The experimental" values for these quantities are
summarized in Table II and Fig. 3.

The parton-model expressions for R"", R'", and
R are

and r" which come within one standard deviation
of the data. " This range of values of r' and x",
for which R'" & 0.43 and R'" & 0.22, is shown in
Fig. 4.

Since the completion of these fits, new results
for R'" and R" have been reported by the CEHN-
Dortmund-Heidelberg-Saclay (CDHS) collabora-
tion. " Their values, which are included in Fig. 3,

3o(vN p. 'X) 1+3C
v(vN p, X) 1+—,'C

and where

(3.14) 0,7

0.6
q (x)dx q(x) dr (3.15)

is a measure of the antiquark content of the nu-
cleon. Equations (3.13) through (3.15) are valid
for isoscalar targets.

In the valence quark approximation, which we
adopt, q(x) =0 so that&=1. Then, from (3.13) and
Table I, we have

' 5~I/2 yI2 ~I~II
RVN

12 12 12 '

0.5
la

0,4

0.5

0.2

5r"
4

RvN

Rvg

I2 I II

4 (3.16) 0, 1

00 0.1

I

0.2 0.5 0.4 0.5 0.6
where r" =r cos'0.

It is easy to verify from (3.16) that for all real
values of ~' and r",

Z ~(2M5-1)/(2v 5+1),
Rv+ ~ y 9PRvjf

(3.17)

This region of values compatible with the model is
shown in Fig. 3 along with the data. It is seen that
the model predicts a some what high value for R.
However, there is a narrow range of values for r'

FIG. 3. +he inclusive neutral-current parameters
g"+ and ~v+. The data points are from Hef. 11. Only
the region to the left of the straight line is accessible
in the present model. The dashed line represents the
predictions for x'=0.95 and various ~". Curves for
other x' in the range 0.8 ~~' al..2 are similar. The
CDHS point [Ref. (23)] should not be compared directly
with the theoretical curve because of the large sea con-
tribution suggested by the CDHS charged-current data.
See text.
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should not be compared directly with the theoreti-
cal curve because the CDHS charged-current cross
sections, unlike earlier experiments, requires a
substantial sea contribution. If the formulas in
(3.16) are modified by adding a sea contribution,
the theoretical curve in Fig. 3 moves downward.
For C = 0.10 the discrepancy with the CDHS point
is 3 standard deviations; for C=0.15, it is 2 stan-
dard deviations. The CDHS results may there-
fore require an eventual modification of the model
(such as by pla, cing the u~ in a singlet or invoking
the existence of substantial scaling violation). At
present, however, there is considerable disagree-
ment between experiments on the magnitudes and

y distributions of the charged-current cross sec-
tions. A serious study of the effects of a sea or of
scaling violations must be deferred until these ex-
perimental questions are resolved.

HPW CTR
Model

M~ = 0.84
Model

~~ ——1.15

RvP

Re&

0.17+0.05
0.2 +0.1
0.4 +0.2

0.23 +0.09 0.17
0.32
0.65

0.13
0.24
0.55

&(vp- vP)
o(vp- V. n) '

&(vp- vP)
o(vp- vp)

(3.19)

(3.20)

TABLE III. v~-v~ proton elastic scattering (Ref. 10).
The data are from Harvard-Pennsylvania-Wisconsin
(HPW) and Caltech-Rockefeller (CTR) experiments.
Predictions of the model are given for r' =0.95, r"
= 0.50, and two values of the axial-vector mass M&.

2. Elastic scattering

Define the quantities

gVP v(vp- vp)
v(vn- p. p) ' (3.18)

R =0.22

The available data for these parameters, ' as well
as the Q' dependence of the differential cross sec-
tions, are given in Table III and in Figs. 5-7.

The elastic scattering cross sections are pre-
dicted in this model as follows. The vector part
of the hadronic neutral current is decomposed into
isovector and isoscalar components, the matrix
elements of which can be parametrized" in terms
of known electromagnetic form factors. (We use
dipole form factors with a mass parameter of

0.55

l .0
r

r '=0.95, MA=0. B

pp
R O $ —r '=0 95, MA= 1.l5

O.9

0.2—
y 0.40

0.4o~

HPW

0.60.5
r

~
I/

FIQ. 4. The solid lines are contours of constant R"
or R" +. The region R"+~ 0.22 and R"+ ~0.43 fits the
inclusive data (Ref. 11).The dashed lines are contours
of constant R"p or R"p for M&=1.15 GeV. The region
R"p )0.12 and R" p (0.30 fits the elastic data (Ref. 10).
For ~&-—0.84, the elastic scattering data requires 0.42
& r" & 0.48. The region that correctly describes all
hadronic data is shaded.

00
i

0.l

I.
0.2

CIR

0.4

FIG. 5. The v -v„proton elastic scattering. data
(Ref. 10). The solid and dashed lines are the predic-
tions of the model are Mz= 0.84 and 1.15 GeV, res-

- pectively. Both curves are for r'= 0.95 and various r".
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FIG. 6. The Q2 distributions for v p i p and v n

p p (Hef. 10). The theoretical curves are the pre-
dictions of the model for r' = 0.95, r"= 0.50.

Mv =0.84 GeV). The matrix element of the axial-
vector current dy„y'd is

&P ldr„r, d IP&
= -&P I&'(, I p& + ~&&p I&'„Ip&

+(P I sr„r5s IP&, (3 2l)

where A& = 2gy&y'&'q'. We assume that the ss term
is negligible and use ordinary SU(3) to evaluate
the other termS. This implies

&pl dr„r, dIP& =~&r„r,~& G~(@'),

(3.22)

G (Q*}= (5'+D}( -.—() ((+, )
where F+D =1.24 and D/(F+D) =0.66 from P de-
cay and hyperon decay, "yielding G„(0)=-0.40.
We have assumed that the form factors associated
with A' and A' have the same Q' dependence. For
the axial-vector mass M& we take the two values
M& =0,84 and 1.15 GeV.

The differential and. integrated charged- and
neutral-current cross sections, averaged over the
BNL t/ and ~ spectra, ' are then computed.

The results are relatively insensitive to r', but
are strongly dependent on r". . For r'. in the vicin-

FIG. 7. The Q2 distributions (Ref. 10) for v~p- vp
and v p IJ,'n.

ity of one (as required by the inclusive data), the
predicted values for 8' and 8' are within one
standard deviation of the experimental points for
0.42 ~ r"~ 0.48 with M& = 0.84 and for 0.47 & r"
&0.55 with M&=1.15, as can be seen in Fig. 5.
IThe fit would be improved if IG~(0) I were allowed
to be somewhat larger than the SU(3) value of
0.40]. The predicted Q' distributions are shown

in Figs. 6 and 7 for the representative values r'
= 0.95 and r" = 0.50. It is seen that they agree
reasonably well with the data and are only moder-

SU(33 x U(13
(present model) Weinberg-Salam Sehgal

0.063 '

0.063

0.131

0.013

0.11

0.028

0.174

0.007

0.082+ 0.035

0.055 *0.025

0;158 + 0.035

0.001 + 0.025

TABLE IV. Comparison of the present model for r'
= 0.95, r" = 0.50 with Sehgal's (Hef. 203 analysis of the
constraints from inclusive pion production. Also listed
are the predictions of the Weinberg-Salam model for

lsin 6}z,——0.25. gL, and gz are defined as gz, z-—-2(g ~+ gz}.
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TABLE V. v~-v„electron (Ref. 18) scattering. The Aachen-Padova data include only events
with electron energy greater than 0.4 GeV. The theoretical values are for gz ——0. A11. energies
are in GeV.

GGM Aachen-Padova g z ——0.4 Oe5 0.6

o(v e) (10 cm )

0(v„e) (10 cm )

&2.6E„

(1 0+2 ~ 1) y E

(2.1 +1.2)E„

(2.4 ~1.3)E„-

0.9Ev

0.9Ep

1e4Ev

1.4E„-

2.0E„

2.0E„-

ately sensitive to I&.
The region in the r"-r' plane for which the pre-

dicted inclusive and elastic data all agree with the
data is shown in Fig. 4.

Sehgal has recently shown" that inclusive pion
production can be used to determine the isospin
structure of the neutral current. We compare
the results of our fit to the inclusive and elastic
cross sections with Sehgal's constraints in Table
IV. The agreement is excellent. Hung and Sakur-
ai" have subsequently argued that the various
neutral-current experiments restrict the neutral-
current parameters to two possible regions. Our
fit corresponds very well with Hung and Sakurai's
region B.

GARGAMELLE ~.0—gA

gV

plane that fits all hadronic neutral-current data.
For a fixed value of g~, this region can be mapped
onto an allowed region in the r-r' plane using
r =2g'„+3r". Such a mapping is presented in
Fig. 9. The two roughly rectangular regions are
bounded by the lines of g~ = -0.4 and -0.6 and by

3. Neutrino-electron scattering

The cross sections for v„e and v„e elastic scat-
tering are

2

~(~e~ i'e) = ~e~[(g'v+Z~) +e(Zv +A'~) ]2n

4 G 'rnE e @ e)e
gg o 3 2'
A

= 5. 5 x 10 4'& cm' x (g e)' (3.23)

where E is the neutrino (antineutrino) energy in
QeV and the last two lines are specialized to the
present model, for which g& =0. The experimen-
tal results", are listed in Table V, and the corre-
sponding allowed values of g~ and'g& ar'e shown in
Fig. 8.

Figure 8 also shows the regions of g~ and g&
that are compatible with the cross section" for
v,e- v,e. From Fig. 8 one sees that all of the
neutrino-. electron data are in agreement with -0.6
& g~ & -0.4. Similarly, all of the data are com-
patible with 0.4&g~ ~0.6 except for the low elec-
tron energy v, e cross section, for which the dis-
crepancy is two to three standard deviations.

The value of g~ in the present model is

AAC HEN —PA

REINES

ee
) 0-- A

3.0& E &4.5MeV

I

1,0
g

V

gv = ,'v(1 —3 cos'8)—
1 3 yy=?r —2r (3.24)

In Fig. 4 we have displayed the region in the r"-r'

FIG. 8. Allowed regions ing& and g~ for v e, v- e
elastic scattering (Ref. 18) and for v, e elastic scattering
(Ref. 19). The regions -0.6&gv &-0.4 and 0.4&g v
& 0.6 (with gz= 0) are indicated.
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I I I C. Masses of the gauge bosons

5—

1.4—

I
1.2 —-ge=p g

V

In, the previous section we have shown that the
neutral-current data determine cos'L9, q, and g'
to lie within a narrow range. From the results in
Sec. II, we can determine all the gauge-boson
masses, the effective four-Fermion coupling con-
stants, and the parameter P. introduced in (3.7)
to describe parity violation in light atoms. In addi-
tion to (3.8) and (2.14), the relevant formulas are

g 2~a~~ " 43.4 Gey
(6Gz/0 2)'~' SGz sin'8 sing

1.0

0.9

0.8

0.7—
„p.6

Gp M, 2q +q'
G& M+' 2g+g '+1

G~o ~+ 2

G~ Q' 4q+1 '

M, ' 6 cos'8(27) + q')
M, ,' 3 cos'8(8@+1)+4q'+ I + v P

(3.26)

0.6—

I I I I I I I I I

0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2 3.6

where

P = [3 cos'8(8@+ 1) —(4q'+ 1)]'+12 cos'8 (3.27)

FIG. 9. The regions in r and x' compatible with all
neutral-current data. Region I corresponds to cos 0
=1 (only the shaded portion has cos 8 ~1). Region I
cannot be reached by positive values of q' and g. The
shaded part of region II (cos g = 0.2) fits all data and
is compatible with positive q' and g.

and @there M, , are the masses of the neutral bo-
sons Z, , The results are given in Table VII for the
parameters of Table VI.

D. Multimuon events

g~ =+0.4 and +0.6. Hence, any point within either
region describes a reasonable fit to all neutral-
current data (with the possible exception of the
low-electron-energy v,e cross section). However,
not every value of g~, r, and r' corresponds to
possible values of cos'61, g, and g'. For a definite
r and g& one can determine

cos'8=r"/r =(r —2gr)/Sr. (3.25)

Region I in Fig. 9 corresponds to cos'6 near unity.
In fact, only the shaded (roughly) triangular wedge
in Region I has cos 6&1. Region II corresponds
to cos'0=0.2. Finally, only a portion of the r-~'
plane corresponds to real and positive values of
g and q'. This region is disjoint with the region
I but includes the shaded portion of region II.

Hence, a reasonable fit to all neutral-current
data is obtained for 0.4 & g~~ 0.6, 2.3 & ~ ~ 2.8,
and 0.81 & r'& 1.0. Table VI lists the values of
r", cos'8, 7), and q' in this region. (We concen-
trate on r' ~ 0.95, which corresponds to smaller
values of M„.) Tables III—VI and the figures illu-
strate the neutral-current cross sections obtained
for the representative point r' =0.95, r" =0.50,
cos'8 = 0.20.

1. Motivations

TABLE VI. Values of parameters for the range of
r, x', g & which fits the neutral-current data.

Point gy cos 8

A

B
C
D
E
F
0

2.3 0.95
2.5 0.95
2.7 0.95
2.25 1.0
2.45 1.0
2.65 1.0
2.64 0.85

0.4 0.22
0.5 0.20
0.6 0.19
0.4 0.21
0.5 0.20
0.6 0.18
0.5 0.21

0.50
0.50
0.50
0.48
0.48
0.48
0.54

0.39
0.45
0.50
0.31
0.36
0.41
0.74

0.030
0.030
0.029
0
0
0
0.13

Recently, two groups' have reported the exis-
tence of neutrino-induced trimuon (p, . p, p, ') events.
In particular, several of the Fermilab-Harvard-
Pennsylvania-Rutgers-Wisconsin (FHPRW) events
are characterized by high muon energies, which
suggests' that they may be due to the production
and cascade decay of a new heavy lepton. (How-
ever, purely hadronic origins, at least for some of
the events, cannot be entirely ruled out. ")

The following sequence has been suggested' for
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L -L'p. L'

p, +X p.
+ +X (3.30)

becomes important (as two of us have discussed).
Another possibility is to go to a larger gauge group
so that the Zv current can couple with full strength
to a new gauge boson. One must then consider what

happens at the hadron vertex. If the new gauge bo-
son couples light quarks to light quarks (such as
with a u~d~ current), then the competing decay
mode L™- v„ud causes B, to be small. If the new
boson only couples light quarks to heavy quarks,
this decay mode is eliminated. However, the. pro-
duction cross section is reduced due to the need to
produce a heavy quark in addition to the heavy lep-
ton.

The present model is an example of the last pos-
sibility, except that the heavy lepton is neutral
rather than, charged. Large trimuon rates can oc-
cur from the production of the M', along with the b

quark.

trimuon pl oductlon
I

v&N L +X

v
p

+p, p, vp ~ (3.28)

where L and L' are new heavy leptons. The kine-
matic distributions for this sequence are in agree-
ment with the data if the masses of I. and I' are
around" 7-8 and 3-4 GeV, respectively. " How-
ever, if all six events reported by the FHPRW
group' are due to this sequence, the large rate (-5

relative to single-muon production) is dif-
ficult to accommodate in SU(2) x U(1) models. In
SU(2) XU(1) the relative rate is

A(V, p, p, ') =K sin'o. B,B, , (3.29)

where K is a phase-space factor (K= 0.14 when
weighted against the FHPRW neutrino spectrum'),
sine is the mixing angle describing the v&L cou-
pling, and B, and B, are the relevant branching
ratios for L and I.' decay. For B,=B,= 5 and
sino. = 0.1 (compatible with approximate universal-
ity), R(p. p, p, ')=6x10 '.

The rate can be increased within SU(2) &&V(1) by
extending the concept of universality" or by takingI' relatively light (1-2 GeV) so that the alternate
sequence

0'(vied~ 1IIj~&I )
' G~

(3 31)
v(v~N ~ p. +X) G~

The ratio (G~o/G~)' is =0.11 from Table VII. K in-
cludes the phase-space suppression associated
with the two heavy particles as well as the thresh-
old factors in the hadronic structure functions
(since both vertices are V —A there is no factor of
—,
' from the y distribution). K depends sensitively
on m„M~, and m„which are the mass of the M'„
the mass of the lightest hadron containing the b

quark, and the effective mass of the b quark, re-
spectively. Following Albright, Smith, and Ver-
maseren, "we estimate K assuming" t scaling.

In Fig. 10(a) we present K as a function of m, for'
M, = 5 GeV and m, = 4.0 and 4.9 GeV. (The cross
sections have been averaged ovep the FHPRW '
neutrino spectrum. )

X, represents u~d~, weighted by three for color,
&,e, and possibly g~s. X, represents u~ZI, e'v„
and possibly c~s~. b, (m, /m, ) is the phase-space
suppression for the decay into a heavy M', . b, is
plotted in Fig. 10(b), and its functional form is
given in Ref. 32. We have assumed that M; is suf-
ficiently large (~0.7m, ) that the decays M, vbd

and M', - vM are forbidden or strongly suppressed.
The M'„once produced, always decays into a

Ij. , along with X, =u~d~ or E,e'.
Similarly, we estimate the branching ratios for

TABLE VII. Values of the gauge-boson masses and ef-
fective four-Fermion couplings for the seven sets of pa-
rameters in Table VI. A, , defined in Eq. (3.7) is relevant
to parity violation in hydrogen. All masses are in GeV.

Point
~z

M+ M» Mp Mg M2 G~ Gg

3'. Decay modes

The possible decay modes of the M'„with rela-
tive weights, are

M,~ - p, ~+X, (5G~),

(G~ a(m, /m, )),
(3.32)

M,~- g~+X3 (5G~') p

2. Production of the iM&~

In this model the neutrino-induced multi. muon
events (other than those associated with charm)
are due to the reaction v&d~-Mi~b~, which pro-
ceeds via the exchange of the W'. The production
cross section is

A

B
C
D
E
F
0

49.0 73
48.5 70
48 ~ 1 68
48.9 - 79
48.4 75
48.0 72
48.9 62

87 60 117 0.45
84 59 114 0.48
82 58 111 0.51
93 61 126 0 38
89 60 121 0.42
86 59 117 0.45
77 56 104 0.62

0.32
0.33
0.34
0.28
0.30
0.31
0.41

0.16
—0.18
—0.20
-0.18
-0.21
—0.23
-0.13
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0.6—

0.5—

0.4

Mb= 5.0

I

(a)

(3.34)

oscillated into b quarks at the time of their decay.
Let f be the fraction of events in which the b is in
a B' meson state. Then, the additional modes

b-b-u+X (—,f(G '+G"))
b b--u p,

' v„(ifG~'),

b b-up. M,
4 p, +X (-,'fG~~ a(m, /m, ) )

0. 1

I

0 1 5 6 7

mi (GeV)

are possible. We assume that f is fairly small (in
the range 0.1 to 0.25). It is also possible to pro-
duce b quarks directly from d quarks in the sea.

The branching ratios found from (3.32) through
(3.34) are summarized in Table VIII, using (Gz/
Gz)'= 0.23 (from Table VII).

1.0

0.8

0.2

I I

0 0. 1 0.2 0.5 0.4 0.5 0.6 0.7 0.8 0.9

FIG. 10. (a) The kinematic-suppression factor X
averaged over the FHPBW neutrino spectrum for I&
+ b production, as a function of the lepton mass m
The hadron mass Mb is taken as 5 GeV and the effec-
tive quark mass mb is 4.0 GeV (solid line) and 4.9-GeV
(dashed line). We are grateful to W. Su for generating
this graph. (b) The phase-space suppression factor
6 (Z) (Hef. 32) for three-body weak decays in the case
that one final particle is massive (mz) and the other two
are massless. The curve is valid when each vertex
in the amplitude has a definite helicity.

A. : m, =7 GeV, m, =2 GeV,

B: m, =5 GeV, m, =2 GeV,

C /ply 5 GeV, m, = 1 GeV

(3.35)

We always take M, =5 GeV, m =4 GeV.
The important decays are as follows:
(a) Dimuons; The rate B(p, p+) for p, p,

' events

4. Nultignuons

The various multimuon event rates depend very
sensitively on the masses mI 2 ~b and ~b'
There are in fact three decay sequences that lead
to trimuon events. Hence, estimates of the heavy-
lepton masses that have been made by considering
the single sequence in (3.27) are not. applicable
here. The kinematics of the data suggest that
is in the range 5-8 GeV. We require that m, be
reasonably small compared to m, so that the purely
leptonic trimuon source M, - p. p, +M, - Ij, p, p, +X
is important.

We will illustrate the various event rates for the
following typical cases:

the b quark by counting decay modes with relative
weights (the procedure is less reliable than for M',

decay because the nonleptonic modes may be en-
hanced by the strong interactions):

TABLE VIII. Branching ratios for M&0, M&0, and b,
using the coupling constants from Table VII. 6 and f
are defined in the text.

b~ -u~+X (5G„'),

b~ ~D~p. v p

b, -u,X (G„") (5G,"),
b~ -uz p, M', (G~ a(m, /m, ) ) .

p, '+X

(3.33)

Quantity

B(M,'- p, X)

I3{M&-p p ~)

8{M&- p, p'M2 p, p, 'p, +X)

B(M& p, +X)

Value

0.85

0.14

0.03~(ypg2/m()

An interesting feature of this model is that the
oscillations between the mesons B' and B', which
are bound states of bd and db, are very rapid com-
pared to their lifetime (see Sec. V). Hence, half
of the b quarks appearing in B' mesons will have

a{b-X)
B(b p +X)
Ij(b- p, M2+X- p, p, '+X)
B(b b p,

+ +X)
B(b b p'M&0+X p'p, +X)

0.85
0.14
0.OM, (m 2/rnb)
0.07f
0.0015f~(m, /mb)
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TABL'E IX. Rates for neutrino-induced multimuon events for three combinations of lepton
masses. In each case, M&=5 GeV and m&=4 GeV. The rates are relative to single-muon pro-
duction and are averaged over the FHPRW spectrum.

Process

A

mg =7 GeV
m2 ——2 GeV

Relative rate
8

m~
——5 GeV

m~ ——2 GeV

C

m~
——5 GeV

m2 ——1 GeV

p p,
' {noncharm)

p, p
{0.9+0.4f) x 10 3

0.9x 10 3
(2.1+ l.1f) x 10 3

2.1x 10 3
(2.1+ l.lf) x 10 3

2.1x 10 3

p p p+ (total)
First sequence
Second sequence
Third sequence
p'p p
p, p p, p,

p p, p p
p p p, p

2.8
0.9
1.4
0.5
0.7
1.6

(9.O+ 8
1.0

x1O '
x10 4

x104
x1O 4

x104f
x 10 5

.Of) x 10 6

x10 6

6.2x 10 4

1.2 x1O 4

3.4x 10 4

1.6x 10 4

1.7 x 10 4j
2.2 x1O '

{2.2+1.2f) x lo 5

1.5x 10 6

9.6x 10 4

2.9x 10 4

3.4 x 10"
3.3x1O 4

1.7x 1O 4f
5.4x 10 5

(5.4 x 2.8f) x 10 5

8.6x 10 6

from vd -M', 5 relative to ordinary single-muon
production is (B are branching ratios)

xIB(M, - p, p,
"

v&)B(b -X)

+B( M', -g +X)B(b -b -p. '+X)). (3.36)

The value of 8 is given for the three cases in Ta-
ble IX.

The dirnuons from the first sequence, though only
5 to —,', as numerious as those from charm decay,
are kinematically quite different: The two muons
are both from a heavy-lepton decay. They should
be relatively symmetric, with their average ener-

gies lying within the Pais- Treiman" bound.
The dimuons from b - b - p,

' + X are kinematically
undistinguished.

The rate for same-sign dimuons is
2

B(p, p. )=K ~- B(MO-p +X)B(b-p, +X) .
G~

(3..37)

The values are given in Table LX. Notice that the
two muons will be unsymmetric. The muon from
the hadronic vertex will tend to be the least ener-
getic. There is no purely leptonic source of same
sign dioiuons in this model.

(b) 1'rimuons. There are three sources of
p.

+ events. The relative rate is

GO g2
A(p,

'

p, 'p, ') =I& ---—[B(M', - p, p'M', p, p, +p, +X)B(b-X)+B(M0-p. p+ v)B(b- p. X)G~

+B(M;- I X)B(b- I M', X- q q-+-X)] . -
(3.38)

Table IX lists the relative rates for each sequence.
The total rate can easily be 5&&10 ' or more. The
first. sequence is purely leptonic. The three muons
should be energetic with invariant mass less than
m, . The other sequences can produce three-muon
invariant masses larger than m, . The muons from
6 decay will tend to have low energy on the aver-
age. Hence, many of these events, especially from
the third sequence, would be missed in present ex-
periments. Note that no neutrinos are produced in
the first and third sequences (when X consists of
hadrons). Hence, the visible energy is the same as

the total energy in these cases.
Trimuons of the type p, p, 'p, + can be produced

through B' B' oscillations (or b-y b production from
the sea):

2

B(p, p" p, ') =If ~- B(M', - p p. 'v„)B(b-b-p, 'X) .
G~

(3.39)

(&) Tef amuons on@ perifamuons. The model also
predicts small numbers of four- and five-muon
events:
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0

R(p V. p. g') =K B(M', -V. p, 'M', - p, p, 'p, +X)B(b - p, +X),
G~

0 2

R(V. p, 'p p. ')=K ~ [B(M', -p, V. 'v„)B(b-pM'2+X-p, p '+. X)
G~

+B(M', -p, p, +M2-p, p+p, +X)B(b-b-p, "+X)J
io

R(g p p'V. p, ')=K — B(Mo-p, p, +M, -p p, 'j, +X)B(b-p, M02+X-p p, '+X) .
G~

(3.40)

The rates for all of these processes are estimated
in Table IX.

5. Antineutrino-induced events

This model predicts very interesting multimuon
events in high-energy antineutrino reactions. The
reaction T„u~- p. 'b~ should lead to very large
rates for p,

'
p, and p,

+
p.

™
p.
' events well above the

b-quark threshold, as can be seen in Table VIII.
Also, the B'-Bo oscillation should produce p, p,

'
events at the relative rate,

R(p.+
p.') B(b -b —p. '+X)

R(p. 'g ) B(b -ij, +X) 2
(3.41)

assuming b production as the dominant dimuon
source.

Furthermore, there are multimuon events asso-
ciated with M, production. The initial reaction is
vJLid~ Ml5~. The production cross section ls iden-
tical to that for vdg My&gp because the hadronic
current is now V+A. Hence the ratio

&(v „d~ -M', b~)
c(v,N- p. '+X)

mill be higher than the corresponding ratio for neu-
trinos at any given energy. The M', b final state
can decay into multimuons by sequences similar to
those in (3.36) through (3.40), except that the signs
of the muons from the lepton vertex are reversed.

-s~g~-e E', -e e+~
(3.42)

which mould otherwise proceed via the W". Sim-
ilarly, if the M„or E', mere sufficiently light the
transitions

K -p, M, ,

e E, ,

(3.43)

E. Phenomenology of the new leptons

There are six neutral heavy leptons in this mod-
el: E~, E2, M~, M2, g~, T2. Th6 only strong con-
straint on their. masses" comes from kaon decays.
The M', and E,' masses must be large enough to
prevent the decays

E,s es+X (3G~ ),
E R-ex~ v. (Gz )

E', -e p'„v(G '),,

E',~ -8~+X (3G~ ),
E',i e,-e'E2 . (Gz'z(m2~/mi, )),
E'„-e,q'M', (G-„'2Z(m, /m„)),

(3.44)

where I refers to hadrons and ~ is the appropriate
phase-space factor, the subscript E having been
used to distinguish the mass of My 2 and E] 2 The
E', mill decay into e +X via the 8".

IV-. MASSES

A. The'Higgs potential

In our earlier description of the model in Sec.
II, me introduced the spin-zero fields 0, 4, y, X,
and in (2.2) specified their vacuum expectation val-
ues. In this section, we would like to indicate how

which proceed by either the 8' or W', could lead to
the final states e e'r, p. p, &, e e+e v„e e+ p, v&,

etc.
Similarly, if the E', or M', were much lighter than

the charmed hadrons, the decay c - se'E'„ followed
by E', -e m', e e'v„etc. , would be important.
This, and a similar argument for the M'„- suggests
that their masses should not be less than around 1
GeV. Of course, the trimuon phenomena require
a large mass (5-8 Gep) for the M', .

There are no corresponding limits for the T', or
T"„since decays into these leptons mould have to
be accompanied by a 7 or T .

As has already been discussed, the M, can be
produced in neutrino reactions, with the M', ap-
pearing as a decay product. They could also be
produced in pairs weakly (via the Z bosons) in e'e
annihilation reactions. The E', and E', can also be
produced in pairs (through the W, W', and Z bo-
sons) in e'e reactions. They may also appear as
decay products of the M'„M'„and heavy quarks.

The decay modes of the M', and M', have been
summarized in Table VI. Similarly, the decay
modes of the Ey assuming it is heavier than the
E'„with relative weights, are
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such a form arises from a potential. We will im-
pose the constraint that the Lagrangian be irivari-
ant under CP as well as the discrete symmetry V,
but not under C and. P separately [CP invariance
also requires that the Yukawa coupling in (2.11)
involving C and Q be real]. The most general
SU(3)-invariant Higgs potential up to fourth order
in the fields is then the sum of

P, = a, Q'Q +a2(Q'Q)',

p, = h,c 'c +h, (c 'c)',
Ps= c, Tr(q '+ X')+c2[Tr(9 '+ X')]'+c, Try 'TrX'

+c, Tr(y X) +c, Tr(y'X')+c, [Tr(V' X)]',

P, =d, Q'4 C'0+d, Q'nc'4

+d2Q'Q Tr(y'+ X')+d2Q'(q2+ X2)Q

+id~Q'(yX —Xy) Q+d, C'C Tr(y'+ X')

+d. c''(o'+ x')@+id c'(qx —xq)c,

(4.1)

where y =2(A, ~ y) and X=—', (A. ~ X). We have not in-
cluded a term Tr(y'+ X') because it is a linear
combination of the c2 and c, terms. If we had not
imposed CP invariance, P, would contain the ad-
ditional terms TryX Tr(y' —X') and Tr(y'X —X'y).

The potential in (4.1) depends on 18 real param
eters. Different segments of this 18 parameter
space lead to drastically different physical conse-
quences. For example, depending on the signs and
relative magnitudes of the coefficients, electric
charge and parity may or may not be conserved,
the hadronic current in P decay may be left- or
right-handed, etc. Our philosophy is simply to
verify that there are finite regions of the param-
eter space that lead to the desired consequences.

The d, term in P, determines the relative orien-
tation of the vacuum expectation values of 4 and

(Q), =v„o, (c),= v, o (4.2)

0

The orientations of (y), and (X), are now fixed by
the parameters and by (4.2). We have verified in
a tedious calculation, that will not be reproduced,
that for mild constraints on the pa, rameters (such
as d, & ld, l) the potential has a local (and probably
global) minimum when the vacuum expectation val-
ues of y» y» y4, y „and X» X» y„and X, are all
zero. Hence, electric charge will be conserved
in this region of the parameter space.

We now consider the orientations and magnitudes
of (y), and (X), assuming charge conservation.
Define

(y, ),=v 2 v „., (X,),=&2 v„. (4.3)

so that Tr(y)', = v, ~ v„Tr(y ~ X),= v, ~ v„etc. The
ori.entations of the vectors v, and v, are paramet-
rized by

"2y; 0

v; 7. =v; 0 —(P, +y,.) n; —
i'd& (4.4)

where

0 o.;+j5; P;-y;

2+p 2+3 2+g 2 ] (4.5)

In terms of these parameters the Higgs potential
ls

Q. For dp+0, their vacuum values must be or-
thogonal. By an overall SU(3) transformation
(Q), can be chosen to lie in the one direction; this
will be unchanged by an additional U-spin trans-
formation that causes (C), to be in the three direc-
tion, so that for dp&0,

1 0

i" = s1lvo I'+n2lvo I'+ h Iv el'+ h, lv el'+ c,(v, '+ v, ') + c,(v,'+ v,)'+ c,v, 'v, '

2(c 1 2 )[(v1 2) (PlP2 yly2) 1. 2 ( lP2yP2yl) (Yl y2 Pl P2 ) ( 1 2 2+1)

+ 2 (c 2 v1 v 2 ) (1 —2y1 —2y2 + 4y1 y2 v1 ~ v2) + c2(v1 ~ v2)

+ d1lvo I'Iv el'+ (d2lvo I'+ d, lv el') (v, '+ v ') + 4d. lvo I'(y, ' v, '+ y2' v2')

+-,'d, lv el'[(~,'+ (P, —y,)'+ &,')v, '+ (~,'+ (P, —y,)'+ ~,'&v, '] + d, lv el'v, v, (~P, —&,~,) . (4.6)

We choose ay 5y cy and c,&0, and a„b2, c2, c4,

tive but are bounded.
Then, for ld, l, d„and c, sufficiently large com-

pared to d„c„and c„ the potential is minimizec
for

V~6= -V27= V COS6
q

Vj7= V26 = V Sln6
P

(4.8)

I

Finall), if we choose d, &0, the condition v, ~ v, = 0
requires

p1 p2 —y1 y2 —v, v2 0

v, '=v, 'o01, lvel', lv„l'co.
(4.7) where the angle 0 is not determined at the tree

level. Then
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000
(cp), +i(x),=&2ve" 0 0 0 (4.9)

0 1 0~
Except for the phase e' this is the form postu-
lated in (2.2).

We therefore see that there are ranges of the
Higgs parameters for which the electric charge is
conserved and parity is violated. The undeter-
mined angle 8 indicates a spontaneous breakdown
of CP invariance. However, the W-boson mass
matrix is independent of 0 and the phase can be re-
moved from the Fermion mass matrix by a redef-
inition of fields, so that the exp(i8) factor only af-
fects higher-order loop diagrams involving heavy
fermions (b, h, M„E„etc.)

It is clear that introducing a second field 0' will
cause no problem, but further octet fields g and 6

might. We have not worked out an expression for
the general Higgs potential involving these fields,
but it is plausible tha't the minimum of the poten-
tial would be for (o), lying in a, direction orthogo-
nal to (cp)„ this would minimize terms such as
Tr((y rr) ), if they appear with positive coeffici-
ent. We will simply assume that the vacuum ex-
pectation values of o and 6 approximately conserve

CP, in accordance with experiment. Then (g),
will lie along the U, and U0 directions, as dis-
cussed in Sec. II, and, (6), will Iie al'ong V21 Final-
ly, we have verified that the parameters of the po-
tential can be chosen so that either v& = 0 or v~
= v ~, the two cases discussed in Sec. II.

B. Generation of sma11 mass terms

Let us now return to the topic of Sec. IIB namely,
the effect of additional octet spin-zero fields g, 6.
Using the normalization of Eq. (2.5)

(o),= — — = —-' (~v, + pv, +yv, ),A, ~ g

0

«).-(, ) -~. (4.10)

and, of course, a Yukawa coupling, restricted by
the discrete symmetry to be of the form, ' e.g. , q„,
g„q„[o —iy25] q„. We will take (rr), to be orthogonal
to (y)„so that +=0 in (4.6): There are several
different cases we can discuss depending on wheth-
er v, '=0 or v, '= v, ' and whether P or y = 0.

The contribution of o, 6 Yukawa couplings to the
mass matrix, assuming (4.10) is an additional
term

va ~2 [ge( ITLbR+bLdR)+ge( sz, hR+hLsR)

(

+ ge( veLE1R + E1IE2R) grr ( v2 L 1R 1IM 2R) g1 ( ve LTlR T ILT2R)]

+v [g„(2uLu„-dLb„—bLzIR)+ge(2cLgR —sLhR -hLsR)+g, (2eLeR —v, LE~ -E',LE2R)
2

+gr ( &L&R —
pL 1R ™IL2R)+gw( 2LTR —rz~L~IR —TILT2R)]

[g (dLdR bLbR)+g (szsR hL—hR)+ -g.(v LE2R '-E',LE,'R)+g„(&„LM2R M', LM~vl)—

+g, (v. L&~ —&',L&~)]

We will always adjust our Higgs potential pa-
rameters so that (a)J(y),«1; this allows the v,
contributions to the b, h, Ey My Ty masses to be
neglected and, as stated earlier, the gauge-boson
mass shifts may also be neglected. The most
straightforward case to treat is that in which Iv, I

= Iv, I; all the previously massless particles, ex-
cept of course for the neutrinos, now acquire a
mass arid, e.g. , 112„-—2g„v,y/v 2, zrle - -g„v&/v 2 .
These masses are all adjustable parameters', so
we have little predictive power beyond such state-
ments as v, -E, mixing is much smaller than v&-

Mel since they are scaled by m, /rzr„. We cannot in

general even say whether m„ is larger or smaller
than rn„since that depends on P and y, restricted
to the normalization condition p'+ Sy' = l. In prin-

ciple by making the coupling constant g, large
enough, one could drop the g particle altogether,
setting g, v, - vs„with g~ replaced by c„. Sim-
ilarIy, letting g, v - m, ', T could be dropped.
We would probably need a very-large-mass 5 par-
ticle then to reduce the amount of s-h mixing, but
m„ is a free parameter. Of course, without c and

g singlet states one also has the problem of finding
a way to mix u and c, i.e., how to generate a
Cabibbo angle, without other undesirable mixings.

A more restricted scheme is for + =0 and either
P or y=0. The ease in which y=0 and v, =0 is of
particular interest from a theoretical point of view
so we shall proceed to discuss it at some length.

. We wish to make clear, however, that we have not
found a potential in which this occurs, so what we
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say from now on is meant to be illustrative. It is
conceivable that it could occur in a general poten-
tial involving couplings of g, 6 to y, x, etc.

Let us begin by concentrating on the quark sec-
tor, namely, considering the u, d, b, fields.
From (2.3) and (4.7) we see what the mass matrix
1S

u„ bL bR

v 2 [2g„v,( dibs-+b~d„)+f„vb~b~j . (4.12)

If we call g„v,/&2= b, , f„v &2= m, we see that we
have a two-by-two left-right matrix

;. ;. &-«l (b:l

where we have introduced zero superscripts on the
fields to indicate that they are not the eigenstates
of the mass matrix. For consistency we should
have had these superscripts all along. We now

diagonalize (4.13) by performing separate rotations
on q'~ and p~ by angles el, and co~ with transform
ation matrix U(&u), that is

0

FIG. 11. One-loop diagram contributing to the u-
quark mass.

C. One-loop diagrams

sg plb cos~ sin~
ul. (-~gg, Ng —ug

8m

I

&& ln, 2 2 u~ (4.17)

and defining a~ =g /4v, we see that, since m~'

«M, ', M,"

For the type of d-b mixing discussed in Sec.
IVB, we obtain, through the one-loop diagram of
Fig. 11, a contribution to the u mass. It is of
course proportional to m„ the fermion mass
scale, and to the d-b mixing angle. Using -~1.
= +~ = co, the result of Sec. IVB, the self-mass
term is

U(a) = 0 cosiv sine

0 -sin& cosa

(4.14) CXg M+m~' "'I'~ - rn cos~ sin~in

It turns out for the simple case of (4.3) that ~~
= -&u„, and that tan2+„=2b, /m. The mass eigen-
states are then mi' "'~ - 0.35(n/v) cosa& sine m, . (4.19)

and finally using (2.32) to relate o~ to n and our
estimates from Sec. III of M,"/M, ', we find

mb= rn cos m~+6 sin2co&,
'2

m„= -m sin'u~+ 6 sin2u~
(4.15)

If we now take the version in which the d-b mixing
angle is small and proportional to m, /m, we find

so that for b./m «1, the case we are interested in,
we find ~~ - 6/m «1 and

mm(' "'» -0.35 — " m
Q 'll m b

b (4.20)

(4.16)

with the u quark remaining massless. As we shall
see in the next section, however, the u does ac-
quire a mass through the one-loop diagram present
after d-b mixing. This mass will be of order m„- (o/m)(sin&a)m, . Similar arguments may be made
for q„l„l&,l, triplets. A clear problem in this
formulation is the generation of a muon mass of
105 Me V, if we wish the M', and M,' to have masses
of only a few GeV, as seems indicated by our con-
siderations of Sec. III. We could replace p~ by

M~ and have singlet fields p~ and M ~ as we have
done for the 7, but this would be at variance with
our interpretation of multimuon data in Sec. III.

so that with m„- 10 MeV, m, —. 5 GeV, we see that
m„--,' MeV. With the same sort of mechanism one
can also get e and p masses of the order of yp to
1 MeV.

'

For the case of u quark there is another pair of
one-loop diagrams which contributes to its mass
due to u-c mixing. These are the diagrams in
which u~ goes to h~ via emission of W', S"', h~
goes to h~, and h~ to u~ via reabsorption of the

These presumably give a contribution to m„
of order 0 35(n/m)(m. ,m„)'~'sing~ sin&+ where 81
is the ul. -cl. mixing angle and 8& the u~-g„mix-
ing 'angle. There is no a Pr&«& reason why this
term should not be as large or larger than the one-
loop diagram involving the b meson.

A few comments are probably appropriate at this
point. First mb is an unrenormalized parameter
so that although the one-loop integral is finite,
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m, in general need not be, so we emphasize again
that our arguments for m„, m„are only qualitative.
A second question is whether our one-loop diagram
calculation is invalidated by the presence of terms
proportional to U, induced in (o),: This type of

, argument has been stressed" by Georgi and
Glashow in their discussion of attempts to calcu-
late the electron mass. This would say that it is
inconsistent to start by saying (A v)0 lies along
the .U, direction and then calculate the u mass by
one-loop diagrams, as these very loop diagrams
engender terms in our effective action which lead
to terms in (o) lying along the U, direction.
Stated in another way it is wrong to think we can
minimize the potential with (a), = (v,/W2) U„ f»
if Po0, y also must be nonzero in (4.6). The u

mass is therefore not calculable; nevertheless,
the possibility of a mass hierarchy m„- m, sin'u,
m„- o.m~ sinu is perhaps realizable and interesting
enough to have warranted this digression.

V. ADDITIONAL FEATURES OF THE MODEL

In this section w'e will describe several secondary
features of the model. These include small flavor-
changing neutral currents, the KL-K~ mass dif-
ference, the KL - p, 'p. decay, nonleptonic decays,
B'-8' osci.llations, the muon magnetic moment,
the decay p, -ey, and CP violation.

"aA'a

2 =(Z~, b~)
(P+y)

i

in part, to prevent such mixings}. The triplet Q'

introduced in (2.13}generates the Cabibbo mixing
between u~o and c~ (and between uos and g'„). How-
ever, the uL and cL are both members of triplets,
so the Q' does not lead to any off-diagonal neutral
currents [the Glashow, Iliopoulos, and Maiani"
(GIM) mechanism].

However, the additional octets 0 and 5, which
were introduced in See. IV to give masses to the
light Fermions, do induce mixing between triplets
and singlets and between the same cha, rge members
of one triplet. Hence, the v and 5 will produce
small off-diagonal neutral currents between d and

b, between s and h, and between c, g, and u.
[The discrete symmetry V prevents any direct
coupling between the pairs (d, b) and (s, b). Hence
there are no s-d neutral-current components. ]

In the lepton sector the o and 5 egal lead to small
off-diagonal neutral currents between the members
of the sets (v, , EO, F20), (v„,M'„M', ), and (v„, T'„
~,').

The coefficients of all of these off-diagonal cur-
rents are very small. Hence, they do not cause
any phenomenologieal difficulty. To see this in
more detail, consider the Higgs couplings to d'
and b' in Eqs. (4.11) and (2.3):

A. Off-diagonal neutral currents

The quark triplets in this model are
+ H.c.

b

~
—"(P —y) ~

sg' +M2 f„n

o

d' bo 0

0
I

h

0 I

0.

0 0
qR~ gL~

do
= —(d, b')M

R

(5.2)

where the superscripts indicate that the fields are
weak interaction eigenstates and not mass'eigen-
states. The neutral currents J, and J, of Eq. (2.28}
are diagonal in this weak-interaction basis.

The charge —', quarks appea, r both in singlets and

triplets, while the charge =,' quarks appear in two
inequivalent locations within the triplets. Hence,
any mixings between the triplets and singlets such
as, e.g. , N~-eR or uL -gL mixing or between the
charge ——,

' components of one triplet w'ill lead to
off-diagonal terms in J, and 4, when they are ex-
pressed in terms of the mass eigenstmtes.

The Higgs multiplets y, X, 0, and 4, which
were introduced in Sec. II to give masses to the
b, h, c,g, E'„E'„etc.and to produce the a.sym-
metry between the right- and left-handed triplets,
do not cause any mixing between the weak eigen-
states (the discrete symmetry V was introduced,

bR

CifL
'

= UL

where UL and U„are chosen so that

ULM U+ 0 mb
(5.4)

The weak eigenstates in (5.2) are related to the
mass eigenstates d and b by unitary transforma-
tions UL and UR:
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Of course, »~ and m~ are the ba, re masses of the
d and b quarks. Assume for simplicity that the
elements of M are real so that U„and UL become
rotations by angles 6R and 6)L. It is then straight-
forward to show (for f„v»g„v„g,vq) that

we use -v'2 v, g, y=m„, and assume v ' =v&',
-v 2 v, g, y =m, [see Eq. (4.11)]. We then have

»s Sln~Cak ebs S&n~CL

~aS'u-—») ~ ===
9

»« ~lIl~CL, + Pl's sln~CR=0 &(f .
C

(5.6)

By similar means one can estimate the mixing
angles for the leptons and the off-diagonal neutral
currents. They are

Recalling that the bare mass of the u quark is
m, = —v"2 g„v,y and assuming that P and y are of
the same order of magnitude, we see that GL and

8~ are both of order m„/n~, «1. Consequently,
when J, and J2 are written in terms of d and b,
the off-diagonal terms will be of order
sin8~d Ly„bz, and sin8~d„y„b~. Similarly, the
off-diagona, l sk terms will be of order nz, /nz„«1.
(This assumes [ v, (

=
( vq [.)

In the charge —', sector, the largest mixings are
the Cabibbo mixings between. uL and cL and be-
tween u'„and g'„, which are characterized by the
(arbitrary) left- and right-handed Cabibbo angles
gcL and ~ca %'rate

p m
QL

= U(8cr. )
f

CL

(5.6)
p~

up

where M', c', and g' would be the mass eigenstates
were it not for the o octet. (Recall that the gi'

quark would be massless if o we' re absent. ) In

terms of the primed fields, the mass terms can
be written as

»~CL Ca»g A.Nz

+M2 v~ p( g„Qg Q ~ + gq c gg~~)

c cI.cR mg AI RR

(5.9)

y(E' —E' ) =0 ' «1

with similar forms for the p. and v. triplets.

B. Higher-order strangeness-changing effects

It is important to verify that there are no anoma-
lously large contributions to the -KL-K~. mass dif-
ference or to the decay KL - p. 'ji . It will be seen
that these and other effects are of norma, l (small)
magnitude provided that the right-handed Cabibbo
angle is fairly small. The key ingredient in the
inhibition of these effects is the requirement

'

(through the discrete V symmetry) that all Cabibbo
mixings are caused by a Higgs triplet (the 0') and
not through Higgs octets.

We have seen that there is a small mixing be-
tween the triplet components (u~, cz ) and the sing-
letg~, as well as between (M'„, g'„) and c'„. The
leading diagrams for hadronic AS =1 transitions
sd- N/R', Z are shown in Fig. 12, where by leading
we mean independent of the u, c,g masses. This
means that'both 8'vertices are either left-handed
or right-handed. Despite mixing, the mass-inde-
pendent part of the diagrams cancel, just as in
SU(2) && U(1). To see this remember that the
charged currents couple to the weak eigenstates
u Q g9 cL, g ~ and hence with

ZCR

+v2 v. y [g„u (8 L)u c(J8~„s)+g,c (8~i~)g (8 s)j.cs
0cL = UL cL cR =U~ cp (5.10)

(5.7)

The last two terms in (5.7) mix the triplets and

the singlets and lead to terms in J, , of the form
Q~y g~ sinyL, and Q~y casing~. The angles yL, ~
may be determined from (5.7). To estimate them

the mass-independent part of, e.g. ,

sz yzcrF~ y dh =
, ss, yv(UJ )2j &i'6 '(Ui ~i & dL,

(5.11)
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s

L

L

d

I'i "L' L'gL

W

s W

R

&& uR, CR'gR

R

cI .
W'

were any mass terms in the theory of the form
cd ~0~ or Qiogo~ These would have to be due to
octet or singlet Higgs fields (or direct-mass
terms) that couple the q„and q, triplets. We have
forbidden such terms by V symmetry so that one-
mass-insertion diagrams vanish. Hence, only
diagrams with two or more mass insertions con-
tribute to effective ~aS~ =0 neutral transitions.

(b)

s

L

0 0 0]~ u„,cL,gL

C. E&-E& mass difference

The leading contributions are the box diagrams
with two mass insertions on each internal quark
line, as shown in Fig. 14. The first diagram is
essentially the same as in the SU(2)~ x U(1) model,
while the second diagram has a similar structure.
Hence we can take over the results of Gaillard and
Lee" with appropriate modifications. The result
(keeping only the dominant terms from the u-c-g
mixing) is

2PEg.l —mug f g
Gp. m sin 8| I

Pl@

L

d W

FIG. 12. (a) Several representative
~
d S

~

= 1 diagrams.
The leading terms (independent of the I, e, arid g.
masses) cancel. {b) The first diagram rewritten as a
sum of weak eigenstates. The diagram, which has
no mass inseitions, vanishes because none of the weak
eigenstates couples to both d' and g.

+G ~2 m~2 sin28~„, 5.12

2 ' 2m, . s~n 6~„
s&n (9gL

(5.13)

where f» is the kaon decay constant (f»=f„
=0.96m„). The experimental value for (m» -m» )/
m» is 7 x 10 ". If we were to take Eq. (5.12) lit-
erally we would require

is proportional to (U~)» (U~+)» = 0. Similarly the
RR diagrams are proportional to (Uz)„(Uz), , =0.
This can be restated usirig mass insertions, in
simpler terms; the leading term can be written
as a sum over weak eigenstates with no mass in-
sertions. Since iso weak eigenstate couples to both
d and s, the diagram vanishes [Fig. 12(b)].

There is also a danger from diagrams involving
both left- and right-handed currents. The one-
mass-insertion diagrams of Fig. 13would be large
and proportional to m, sinOC or m, sin8~ if there

s W+ d

L

U, G, g U, G, g

L

s

where we have used m, =1.5 GeV and (G»/G„)'
=0.23. However, (5.12) should not be taken liter-
ally because only the short-distarice contribution

S W

L p

W'+s

R o
](gR

s

R

d

R

]( UR
p

R

d W

L

d W

FIG. 12. Two
~
AS (

= 1 diagrams with one mass in-
sertion. l3oth diagrams vanish because of the dis-
crete symmetry V which forbids direct couplings
between the triplets q„and q~.

U, G, g

R R

SW

FIG. 14. The leading (two-mass-insertion) contribu-
tions to the K~-Kz mass difference. Diagrams in-
volving g& exchange are higher order in G'&.
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=0 (f»'/3m') [G~' (m„-m, )' sin'8c j)

which could well be too large.
(5.14)

to the mass difference is included in (5.12). Fur-
thermore, the estimation by Gaillard and Lee" of
the matrix element (K'[H,«~K'), where 0,« is due
to the diagrams in Fig. 14, is really only an order-
of-magnitude estimate. Finally, we have not in-
cluded the diagrams with three or more mass in-
sertions on the quark lines.

Diagrams such as those of Fig. 14 but with one
right-handed and one left-handed vertex, LR,37 on
an internal quark line vanish in the one-mass-in-
sertion limit, as shown earlier. The I'ext contri-
bution comes from three mass insertions, but

these appear to be no larger than the diagrams of
Fig. 14. We conclude that for the quantity in (5.13)
of order unity, the K~-K~ mass difference is es-
timated to be of reasonable magnitude.

If we had introduced the Cabibbo angle through
d '-s' mixing (rather than u'-c'-g' m'ixing) there
would be diagrams similar to Fig. 14, but in-
volving the 5 and h quarks and the 8" and VV .
Then, we would have

8

L'

U, C, g

L

R

D. The decays ~ @+1M

Some possible contributions to the decay are
shown in Fig. 15. There is a second pair of box
diagrams (not shown) in which the W' and W are
replaced by W" and W', the quark couplings are
V+A, and the intermediate leptons are M» and

0M2~.
The Z;-exchange diagrams lead to an effective

Hamiltonian of order
2

II,« =0 Q~ n —'—,, sin6c~ sY 1 +y5 d py pM

(5.15)

plus a similar right-handed term. This does not
contribute to K-2p, , however, because the kaon
matrix element is

(0 i sy„(l +y, )d iK') =f»P»„. (5.16)

X S) di p,gy p, l, (5.17)

The contraction of the kaon momentum I'~ with
the purely vector muon neutral current p, y„p. van-
ls hes.

Simila. rly, the leading contributions (with no
mass insertions on the lepton lines) to the two box
diagrams shown. in Fig. 15 are identical, except
for the helicities of the leptons. The first yields"

G~ m~ M+H«,— ln,— —1 s in8c I92 w

FIG. 15. Some contributions to Kz p' p" . The effec-
tive s y~d Z~& vertex is of order Gz, but the diagram
does not contribute because the p y p 2~vertex is
purely vector.

while the second is the same except p.~- p.~.
Hence, the sum of the two diagrams also has a
purely vector effective muon current and does
not contribute to K decay. The same of course
holds for the two TV'-exchange diagrams.

The diagrams with two mass insertions on the
lepton line do contribute, however. We have
roughly estimated their contribution to the branch-
ing ratio38 for K~ —p, 'p. to be around 10 " so
that the decay is probably dominated by K~ -2y

+ W

As we have seen, many caneellations have oc-
curred here because the effective neutral muon
curreht is veetorlike and hence vanishes when
dotted' into the K~ momentum. This cancellation
does not take place for decays in which the ef-
fective hadronic current is vectorlike such as,
e.g. , K -w'e'e , K' —m'vv; they are, never-
theless, no larger in our model than in the usual"
SU(2) XU(1) model. The reason is the general
arguments given in Sec. VB for AS= 1 transitions
sd W, W and sd-Z.
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E. Nonleptonic decays

There are two major contributions to nonleptonic
strangeness-changing decays. The first is

H ff ~ dl yu. ~ ul, y si cos6c~ sin6c~

+ H.c. (5.18)

which is the same as occurs in SU(2)~ x U(1). The
second contribution involves W' exchange and is
V+A:

H ff ~- dp y ugug y sucosee„since~

+ H.e. (5.19)

The two terms transform oppositely under the
chiral SU(3) x SU(3) of the strong interactions.
That is

f

['F* e' j ['F* e'ff
[F p ff eff1 [&', off l

(5.20)

where E' and 'F' are the SU(3) x SU(3) genera-
tors. In order to avoid conflicts" with current
algebra results we require

G~ singe~ cos8~„
G~ sin6~~ cos8~~

(s.al)

In practice, it is probably sufficient if the ratio is
no more than 20%. '(The ratio G~/G~ is around 2.)
This is the strongest restriction on sin~&„ in the
model.

As in most other models, there is no natural en-
hancement of the &I =2 amplitude. One must rely
on short distance effects" or other dynamical en-
hancements.

G. 80-80 inixing

There has been a good deal of discussion of
D'-D' mixing. "" In the standard four-quark
model"" the off-diagonal matrix elements in the
mass matrix are small compared to the decay
rates. If we call ~ the average of the decay, rates
of D' and D~ and &~ the difference and &~ the

F. Semileptonic decays

We note briefly that the mixings between &„and
d„and between &, and Ezl, induce a very small
right-handed component in P decay ds-use v, .
(If a single octet of Higgs fields had components
in both the U, and U, direc'tions, the ensuing@'-S

, mixing would lead to right-handed contributions of
the same order. ) The &s-ds mixing is of order
m„/mt, . For ~„=5 MeV and ~,= 5 GeV, this would
merely induce a 0.1~/p change in the effective axial
coupling g~.

mass difference, we find &&/~«1, &m/&«1, the
suppression being at least of order tan'8, (8, is the
Cabibbo angle). " Models were considered, 4' how-
ever, in which 4&/&, &m/A, -1 and, by introducing
large charm-changing neutral currents, models"
in which &~/»&1. Recent data, however, "rule
out a large D -8 mixing.

The O'-D' mixing in our model is due to the
very small chgrm-changing neutral currents and
to box diagrams with internal & and @ quark lines.
Although &m and ~ depend on unknown parameters,
it appears that D -D mixing is unimportant.

On the other hand, there is a large effective
Hamiltonian, for changing the & quantum number by
two units, because the S'0 couples to both &4 and
B&. It is

Hg = 5~y d~$sy ds yH. c,n

0

Let us call B', &o the analogs of the O', D' or
states, namely, the pseudoscalar &~ and

lid states (presumably the lowest mesonic states
with a & quark). The B', 8' mass matrix has a
term &m proportional to Gzo because of (5.22),
while the terms in ~ a.re all proportional to some
GJ2, ; we therefore see that &~/~~so, eo»1 and
complete mixing occurs, i.e., B and 8 oscillate
into each other many times before decaying and

(s.aa)

1 (B'- ~x P, +X)
I'(B'- p,'v, +X) (5.23)

The analog would be that the superweak" interac-
tion is &G„rather than &10 ' G~.

The consequences of these &'-8 oscillations in
neutrino scattering have already been discussed in
Sec. III and need not be repeated, except perhaps
to reemphasize the possibility of a relatively. large
p p+ production cross section ln &p+ scattering
as estimated in Eq. (3.41).

&'-~0 mixing could lead to same-sign leptons in
collisions:

e'e -B'8'- p.'p, '+X,
+X,

eel,
eel (5.24}

though the cross section is presumably small.

&r(e'e —g'p, ' +X) (s —4m/)~' am~'
c{e'e -g'p, } vs

+ s

x ,'fBP ~'-+X)B(B'-p'+X),

(s.as)

where Q, ff is equal to -&, the 5 charge, if we
imagine the sequence occurring by e e -&~, ~ de-
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caying into p +I, and & picking up a & to form a
B which then oscillates into a ~ and then decays.
Our estimate for the ratio in (5.25) is =10 'f for
s»m 2

+g-boson term. (5.26)

ff we assume that p and y are of the same order of
magnitude, then the mass insertions are of the
magnitude of ~u = -v2V, gup; then the heavy-lepton
contribution to +& is

au =0 ~ -" +Z-boson term
24v2

= 3&10 '+Z-,boson term. (5.2V)

Hence, there is no problem with g„—2.

I. The decay p ~ ep

The Higgs couplings and discrete symmetries
we have introduced in Sees. II and IV do not con-

H. The muon magnetic moment

A recent high-precision measurement of the
muon magnetic moment ' requires -4.2x10 &a"„
& 1.6 && 10 ', where a„ is the weak contribution to
2 (g„-2).

There are. two important contributions to +& in
this model. The Z-boson contribution, shown in

Fig. 16(a}, is around 1&&10 '. The leading contri-
bution from the heavy leptons are shown in Fig.
16 (b}. They give"

G m„-u, g„(P+y) G'I, & g (l3 —v)
)u

tain any mixing between the election and muon
triplets.

However, the Higgs structure can be modified,
if desired, to allow a small p, —ey rate. Just as
in the quark sector, we insist that any mixing be-
tween the I„~„,and ~, triplets be due to Higgs
triplets and not through Higgs octets or singlets.

Recall that the triplet 4' was introduced to give
mass to the Z2O, Mo, and &,'. From (2.3), the mass
terms are

Ze k, U@E——2O~E20~ +k U@MO~Mos

+.Q, u@'SO~TO~ . (5.28)

We could also introduce additional triplets 4", @',
etc. , with different transformation properties
under V, which could yield mixing terms such as
~2L~2&& ~2&+2» ~2+~2+ etc. into the mass ma-
trix. (This is analogous to the way the Q' triplet
was used to generate the Cabibbo angle. )

The p.- ey decay can take place through these
Eo-M2 mixing terms. Typical two- and three-mass-
insertion terms are shown in Fig. 1"I(a). These
are of the same str~cture as the terms studied by
Cheng and Li" in an SU(2) && U(1) model, and yield
a branching ratio for p,- ey of &10 '. The one-
mass-insertion diagram of Fig. 1V(b) would be
dangerously large if the mass insertion were non-
zero. However, an E~»M2~ (or M~»Z20~) coupling
would require a Higgs octet or singlet to couple
Q,I. to p». This is forbidden by V symmetry.

To rephrase the argument S', lV ' couple &~,„
and pl. ,„only to members of q,&,~ and q~~, re-
spectively, but there is no Higgs coupling which
takes g,» to g~,L, so one-mass-insertion diagrams
are forbidden. The leading terms are therefore
two-mass-insertion LL and ~& diagrams and
three-mass-insertion L«diagrams, both of which

(~)
P.

Yg Vg

VC,
& V@

( ) ~ 2R. 2L 2RE M M

e p.

W

e

Vg VC, V@~

0 0 Q
0 0 ' 0 0

E1L EZR EZL MZR

R
(b)

P

R

(b)
E iL M2R

0 0

FIG. 16. (a) The Z-exchange contributions to g —2.
(b) The leading (one-mass-insertion) contributions of
the heavy leptons to g —2. . There are two more dia-
grams with the left- and right-handed vertices inter-
changed.

FIG. 17. (a) Two- and three-mass-insertion dia-
grams leading to p —ey. {b) A one-mass-insertion
diagram that vanishes because of the discrete symmetry
V.
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give contributions to g- ey & 10
A second way of inducing some general mixing

among the charged leptons is to let the 0' triplet
couple the singlets &~, 1'~ to the triplets 4, and

This situation would be quite similar to the
u-c-g mixing we discussed in Sec. VA. The trip-
let-singlet mixing, combined w, i.th the effect of
the &, ~ mesons would lead to off-diagonal neutral-
current coupling; just as we had u~-gL, and u~-&„
terms in 4,,» we would now have eI.-TJ., pl, -TJ.,
&„-7~, p&-7~, and & -& terms in ~,„. Since
these are caused by the presence of singlet-triplet
couplings and , & terms, one might expect these
mixings to be very small, since in general the &, ~

couplings are small, i.e., using Eq. (4.11)we see
g„„, -m„„. There is no a P~io~i reason, how-
ever, why g,v, could not be much larger than &
and hence lead to appreciable mixing. Af, a higher
order of mixing, we find this mechanism leads to
a p-e mixing term in ~, , which'in turn would lead
to p.- 3& decays via the neutral-current interaction.
Since there does not appear to be a natural w'ay to
suppress this (postulating small mixing angles is
unnatural), we regard it as preferable to allow
p-e mixing to occur via 4' if at all and forbid by-
discrete symmetry &„L„couplings to &~, 1'& via
0 or 0'.

VI. CONCLUSIONS

The gauge model of weak and electromagnetic
interactions we have considered here has been
shown to have many virtues, among which are the
following: (1) an essentially nullieffect for parity
violation in bismuth (independently of Higgs mech-
anisms), (2) vectorlike theory, (3) agreement with
neutral-current data, and (4) mechanism for tri-
muon pr oduction.

It is by no means unique; other SU(3) && U(1) mod-
els with many of these features have been pre-
sented, "but it seemed to us to be the model of its
type which most economically fits present data.
In a separate publication we shall examine the
merits of alternative classifications of the leptons
and fermions. " There are significant differences,
e.g. , if the leptons are in the 3 or the 3* repre-
sentation. Both models give reasonably good fits
to the inclusive neutral-current data, but the Higgs

' t

structures are different and hence the couplings of
the fermions to neutral currents are different:
This shows up, for example, in different predic-
tions for ~+&- &+&+'m. In this case the 3~ model
considered in this paper agrees with the analysis,
whereas the model with leptons in the 3 does not.
Even with our specific assignment of leptons to
the 3* and quarks to the 3 representation, there
is still considerable freedo~ via mixing with sin-
glets or possibly among triplets: for instance,
one could introduce singlets u„and t~ and replace
u& by t„. In this case there is more parity viola-
tion in the neutral current, the lowest-mass state
of E, M, , and 1', decays vi, au~-t~ mixing, e.g.,
g, -e u„3z and in general more leptons are pro-
duced in decays of the heavy leptons and of the &

quark.
It is also important to look for tests of these

SU(3) && U(1) models, ways in which they differ
from, e.g., SU(2)~XSU(2)„&&U(l) models. Several
such examples occur in the lepton sector; in the
hadronic sector, 8'-B' mixing is one such example.

Finally, we turn to the question of a true unifi-
cation of weak, strong, and e.m. interactions.
SU(6) is a promising candidate with the maximal
subgroup SU(3) &&SU(3)x U(1) including both weak
and color SU(3) groups. Several papers" have
already appeared on this topic with the fermions
being in the 15 = (3, 1) +(3, 3)+(1,3) representation.

Two extremely encouraging results Of embedding
our SU(3)&& U(l) in SU(6) (Ref. 46) are that the pa-
rameters cos'& (Weinberg-like angle) and q'(~ v„/
vo~') are fixed. The first is determined by the
group theory to be 0.20 and the second to be zero
since an 0 field cannot be present. From Table
VI, we see that these values are the same as
those we obtained by a phenomenological fit to the
neutral-current data. In addition the proton can
be made absolutely stable.
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