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An SU(2) X U(1) gauge model of the weak and electromagnetic interactions with right-handed as well as left-

handed charged currents must have, in general, four Higgs bosons: Q, H, and 6. Not only are they in

principle directly observable, their effects can also be indirectly felt in many ways just as with the intermediate
vector bosons. In particular, they can contribute significantly to the weak nonleptonic decays of hadrons and

might help to account for the hI = 1/2 rule, We illustrate these ideas by considering in some detail a specific
model which is consistent with the present data on neutral currents and inclusive neutrino and antineutrino

data, and discuss both the production and the decay of these Higgs bosons. Based on the most recent e+e
data, we find that they must be heavier than about 1.7 GeV. Whereas the neutral Higgs bosons H and 6 are
not easily produced, the charged ones Q are expected to be found, say, in e+e collisions. We discuss ways of
ascertaining this.

I. INTRODUCTION

Many new SU(2) x U(1) gauge models of the weak
and electromagnetic interactions have recently
been proposed' which suggest that there are both
left-handed and right-handed charged currents.
Whereas a vectorlike' ' model is inconsistent with
present neutral-current data, there is nevertheless
strong evidence fx'om antineutrino data at high en-
ergies for a right-handed charged current. %e
propose therefore to look at a specific gauge model
which is consistent with all the present data, but
oux" main concex n is with the Higgs bosons which
are naturally present in all such models with
right-handed charged currents. Our discussion
will be applicable to any other similar model with
only slight modifications.

Although in theory elementary Higgs bosons are
not absolutely necessary' for the construction of
a unified gauge theory of the weak and electromag-
netic interactions, it is still important to know
whether or not they can be observed experimen-
tally. This is especially true because the interme-
diate vector bosons are predicted to be so heavy
they might be very hard to produce, while the Higgs
bosons do not necessarily have to suffer the same
fate. In the %einberg-Salam model, ' there is only
one Higgs boson. However, it is electrically neu-
tral and has only small couplings to leptons and
hadrons. Ellis, Gaillard, and Nanopoulos9 have
studied its properties in detail and concluded that
it is not very easy to observe, even if it has only
a small mass. (A theoretical argument, '0 on the
other hand, puts its mass above 3.72 GeV. ) The
situation is markedly different once right-handed
charged currents are introduced. There are now
four Higgs bosons: Q', H, and G. (This will be
shown explicitly in Sec. III.) Being charged, Q'
are easily produced electromagnetically, but they

may not be easily identifiable as Higgs bosons.
%'e will give a comprehensive discussion of this in
Sec. IV.

In See. II we present our specific gauge model of
the weak and electromagnetic interactions, which
is consistent with present data on neutral currents
and inclusive neutrino and antineutrino data, and
observe that it has some very interesting new ef-
fects which can be directly tested experimentaQy.
Our discussion in this section does not involve the
Higgs bosons, and the model can be taken on its
own. In Sec. III, details of the model with regard
to the Higgs bosons are given. The part which
deals with the Higgs interaction with the vector
gauge bosons is common to all SU(2) x U{1)gauge
models with right-handed charged currents. The
rest is particular to our model, but all results
can be easily generalized. In Sec. IV we discuss
the production and the decay of Q', and similarly
for H and 6 in See. V. %e conclude from the most
recent e+e data that in our model Q', II, and G all
have to be heavier than about 1.7 GeV. In Sec. VI,
effects of the Higgs bosons on the weak nonleptonic
decays of hadrons are discussed, with particular
attention to the M= ~ rule. In Sec. VII we make
some concluding remarks.

II. THE MODEL

The model we are considering is the following
simple extension of the four-quark version" of the
%'einberg-Salam model:

u c u cosp+ c sing

where d~, s~ are the usual Cabibbo-rotated states
and b is a new heavy quark. The subscripts I.
and 8 denote left-handed and right-handed, re-
spectively (This is in .fact Model D of Ref. 2, but
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there it was not given much attention. )
The motivation for this model essentiaQy comes

from three recent corroborating pieces of data:
(i) da/dy for vN- u, 'X shows a flat excess in y at
high energies such that the charged-current ratio

o(vN L-).'X)/a(vN u-X)

rises to a value of around 0.7 above 50 GeV."
(ii) do/dy for vN- p X is flat and o(vN- p X) rises
linearly with energy. " (iii) The neutral-current
ratio o(vN vX)/o(vN vX) is inconsistent" with
the value of unity predicted by vectorlike' ' models.

To explain (i) we need'~" the right-handed douMet
as given, but to explain (ii} and (iii) we must also
not have a similar right-handed doublet with a d
quark. "'" The model of Ref. 2V is exactly our
model with cosQ = 2, but there is at present insuf-
ficient experimental information to fix it at that
value. On the contrary, present data favor a value
of cosQ of about 0.6.'8 This leads to some very in-
teresting interrelated effects which can be (and
will be) directly tested experimentally.

The charged current in this model is simply giv-
en by

J'„=uy„(l —y, )dc+ cy„(1—y, )sc+ (u cos&f&+ c sing)y„(1+ y,)b,
whereas the neutral current takes the form of

4„=-,'[uy „(1-y,)u-Zy„(L -y, )d+ cy „(1-y,)c -sy„(1—y, )s

+ (u cosQ+ c sing)y„(L+ y, )(u cosQ+ c sing) —by„(1+y, )b ]

(2.2)

slnR ly
Je1ectremagaetie (2.3)

%'e note, however, that in this model, as in all models with right-handed charged currents, the neutral
current is effectively enhanced because the mass of the neutral vector boson Z is reduced. (This is ex-
plained in Itef. 5, and wiLL also be discussed here in Sec. III.) The extent of this enhancement is given in
terms of a parameter we call cosp (z in Itef. 5), whose experimental value turns out to be close to unity, '
which is the value in the Weinberg-Salam model. As we shall see, this seemingly innocuous result has
important consequences for the phenomenology of Higgs bosons.

Under the assumptions of a quark-parton model, the neutral-to-charged-current ratios for neutrino and
antineutrino inclusive cross sections are calculated to be

(2.5}

below b threshold.

Furthermore, the charged-current ratio of antineutrino to neutrino inclusive cross sections is given by

o(PN- p'X) [ 3 below f) threshold
o(vN- p X) i 3+ cosa/ well above b threshold. (2.6)

The neutral-current ratio below b threshold is
therefore

o(PN "X) [&~l) I)ow ( a mhoia
o(vN- vX} SR„

(2 7)

Also, in the above, N denotes an average nucleon
target, and we consider the effects of only the
valance quarks.

The experimental values for the above quantities
from the Harvard-Pennsylvania-%wisconsin-Fermi-

lab collaboration areas'x3

R„=0.29+ 0.04,
0.25 +0.07 ~Rp —0.39+0.20,

o(PN u'X)
}
=0.7 for E&50 GeV,o(v¹ p X

o(PN- PX)
o(vN- vX)

(2.8)
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These values are also consistent with data from
CERN" and from the Caltech-Fermilab collabora-
tion. " A good fit to the data is then given by"

and

cosset) = 0.6, (2.9)

sin'8~= 0.3 .
Using these values, we obtain

a„=0.27,
Rp= 0.45,

and

(2.10)

(2.12)

They are comparable in magnitude to the usual
charged-current decays such as D'- p,'v and D
-K e'v, and should be observable if present. Fur-
thermore, they should contribute to the ratio of
trimuon versus dimuon events now being observed
in muon deep-inelastic experiments. " We write
down some matrix elements for the charged-cur-
rent modes (which are the same as in the Wein-
berg-Salam model}, for comparison:

o(vN vX)
o(vN vX')

in excellent agreement with the data. (Although
any value of cosP & 0.6 is allowed, the neutral-
current ratio favors cos$=0.6. Details are given
in Ref. 18.) To find out if cosP has indeed this
value we can wait for further experimental mea-
surements of the charged-current ratio at still
higher energies, or we can look at the effects of
the neutral current in (2.3}, which has a

~

&C ~= 1
piece. (C denotes charm, "as discussed in detail
by Gaillard, Lee and Rosner, "whose notation we
will follow in this paper. } For example, we have
the following semileptonic decay amplitudes which
would be highly suppressed in the standard four-
quark Weinberg-Salam model:

K(D - p' p, ) = sing cosPGr fvm „u„v„, (2.11)

where fv is a constant analogous to f, involved in
the decay p'- p,'v, and

K(D'- v'e'e )

G~
= sing cosp

~& pgu, y„(1—4sin'8v -y, jv, .

neutral current is the K/v ratio for charmed-par-
ticle decay. We recall that the standard model pre-
dicts that

~

&C
~

= 1, M = 0 decays are suppressed
by sin'8c relative to

~

&C
~

= 1, dB = &C decays. In
this model, however, the ~&C~ =1 neutral current
makes the former rate much larger and it is not
necessary for the E/v ratio in e'e annihilation to
show a rise. We should add that a new charged-
current transition (c-h-u) is also involved in
boosting

~

hC
~

= 1, n S= 0 decays.
To conclude this section we wish to point out that

although this model has a rich variety of conse-
quences, they all stem from one single parameter:
cosP. It should therefore be easy either to con-
firm or to refute, once experimental information
becomes available. The remaining sections of this
paper will be concerned with the properties of the
Higgs bosons in a gauge model of this type. How-
ever, we will use this specific model to illustrate
our ideas.

III. THE HIGGS SECTOR

To make sure that all particles in the gauge
model acquire mass, we need two Higgs multi-
plets. (The necessity of this will be explicitly
demonstrated. ) Let

(~
C=l, andy= q' (3.1)

&40)= ' an«qo)= —',
vs

(3.3)

where v, and v, are related to the coupling con-
stants by

and

4(h, v, ' —p,,')+f,v, ' f,v2=0—(3.4)

V 2

2(h,v,~ —p2')+ 2f v, '-f2~ = 0 .
2

The states of interest are now

(3.5)

then the most general renormalizable interaction
potential is

V = h, (C ~4)' —p,'(4'4)+ h, (q j)' ——,
'
p, '(g q)

+f,(C"@)(q n)+f, (C' @)'rl . (3.2)

Spontaneous symmetry breakdown occurs when the
minimum of the potential is at

K(D'- p'v) = iGrsin8fvm„u„(1 —y, }v„,
K(D -v e'v) =Gzsin8pvu, y„(1 —y, )v„,
K(E'- u'v)=iGrcos8fzm u„(1 —y, )v„,
K(D -E e'v) = Gr cos 8' u,y „(1—y, )v„.

Another important consequence of the
~
&C~ = 1

G= n' (q'&, -
H= W2Re(tPO —(P ),
X= V 2 Immit)

s' = cosp Q' —simp g',
Q' = siq3 (t)'+ cosp g',

(3.6)
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2f,v, =f, . (3.7)

We assume this for simplicity in our subsequent
discussion. Our results are, of course, easily
modifiable to accommodate this mixing.

Masses of the vector gauge bosons in this model
are given by

wheretan P = v, /v, . As is well known, the states s'
and X are mould-be Goldstone bosons which be-
come the longitudinal components of the interme-
diate vector bosons 8" and Z, and disappear from
the physical spectrum. " However, the remaining
states Q', H, and G are physical, and their proper-
ties are what we will be concerned with. We note
that the states H and G are in general mixed. The
condition for no mixing is

e(v 2+v 2P/I
Mq, =

2 sin8~

M„,
M~ = cosp,cos 8g

(3 S)

cosp & 0.9 . (3.9}

Following Ref. 24, we write down the Lagrangian
for the interaction of the Higgs bosons with the
vector gauge bosons:

where e is the electromagnetic coupling constant
and 8~ is the Weinberg angle. The effective
strength of the neutral current is enhanced because
M~ is reduced by cosp, which of course is equal to
unity in the Weinberg-Salam model. This param-
eter cosp is caQed e in Ref. 5, where it is found
that, to be consistent with data, we must have

e„Q'+iMvcospW„+ W'„(H—+ix)+f —eA„+ v Z„p'&g, g cos(2ev)
2 cos

+
~
B„g' —iMvsinp W„' fgW-„'G+i[-eA„+ g cosa+„]q'~'

+ — e „(H+ix) —MeZ„— Z„(H+ fx)+ ig W„Q'
2 cos8g

+,
~

B„G igW„q'+i-gW„'q ~', (3.10)

where e = -g sin8~, and the Fermi weak coupling constant is given by

G~ g
8M~' (3.11}

The various scalar-vector couplings are then easily obtained by inspection of (3.10).
Taking the masses of the Higgs bosons as independent parameters, we reexpress the couplings in (3.2)

in a more useful form:

g' m„' „g' mv' —mo'cos'p
S cos'p Mv' ' ' 8 sin'p Mv'

g mq . mgfr=4M 2i f2 gsW-
W' IV

(3.12)

It is therefore easily seen that if Higgs bosons are extremely heavy, they must also interact strongly
among themselves. This is in fact the situation in vectorlike' ' models, where G contributes direc'tly' to
the K~ Ke mass differ-ence and must therefore be extremely heavy (-10' GeV}. In our model, this is not
the case, and it is perfectly consistent to deal with Higgs bosons with masses of the order of a fem GeV.
(If the theoretical argument of Weinberg" is used, moderate lower bounds on these masses can presum-
ably be obtained. )

Our discussion so far concerns only the scalar-scalar and the scalar-vector interactions and is therefore
completely general. However, the scalar-spinor interactions are model-dependent. For our model, they
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are given by

(uc, 2)AC'+ ' (cc, s)sz4 + ' (u cosg+ c sing, Pb„4
y2 M~coap q2 M~cosp ~ ~2 M~cosp

+ &m„cosP[u(u cosP+ c sing)„+ Zcb„]+— . (u, 2c)g mgcos &jan — 'g ~2'g g cosf+ c sing
2 M~siqp ' ~ 2q -q'

g m„sinft)
(u, Zc)(c cosQ -u sing)z4 + ~ m, si nP[ c(ucosP+ c si nP)z +sob+]

~ 1 ~

Mg cosp

g m, sing ——, g' W2q' u cosQ+ c sing g m, cosg+ — ' (c,ec c costj5 -u sing)„4
2 MgrslKP

' v 2 'g -Fj ' b s Q 2 MgrcosP

+ Hermitian conjugate terms, (3.13)

where uc=ucos8c —c sin8c, co = c cos8c+u sin8c, and 4 = (P, -P }. From the above explicit expression it
can be seen that if the triplet Higgs bosons were absent, m„= m, =0.

The leptonic sector is taken to be that of Weinberg-Salam model, with the possible addition of a right-
handed doublet as in Ref. 17. This new lepton doublet can be used to explain the anomalous e p, events ob-
served2' in e'e annihilation, and its conjectured right-handed character will ensure the absence of triangle
anomalies in our model. But since this right-handed lepton doublet does not have a member in common
with the left-handed lepton doublets, they are not coupled to the triplet Higgs bosons. As we shall see, this
effectively suppresses Q' production by neutrinos.

In the following sections, we will deal with the properties of Q, H, and G in some detail. To obtain def-
inite results, we will often use the scalar-quark couplings of (3.13}. In Sec. VI, some use will be made of
the scalar-vector couplings of (3.10) as well as trilinear scalar couplings derivable from (3.2).

IV. PROPERTIES OF Q"-

The charged Higgs bosons are much easier to produce than their neutral counterparts because of their
coupling to the electromagnetic field. Their couplings to quark fields are given in (3.13). Keeping only the
largest contributions, we find

Q [pB cos8sfng(cos$148J, + singes&)+ (BE„cos8posg —tpg sln8 sing)(cosgud&+ sin/cd&)g cotp

W

+ cosg(m„ub„-m, tan'pub~)+ sing(m, cb„—m, tan'Sob~) ]
+ Hermitian conjugate. (4.1)

In the above, we have neglected sin8 relative to
cosa, simp relative to cosp, and m„, m„, m, rela-
tive to m, and mb.

Inspection of the coupling shows that if the mass
of Q' were small enough, hadronic decays into Q'
states would be several orders of magnitude larger
than the usual nonleptonic decays. For example,

(4.2)

We can thus rule out a mass of Q less than (mz
—m, ). For a similar reason, the recent observa-
tion of a E'g' resonance at 1.86 GeV,~ presum-
ablythe state 8 or Tf', definitely rules out the mass
range below 1.7 GeV, since the two-body branch-
ing ratio would otherwise be vanishingly small.

The easiest way to produce Q' is in pair produc-
tion in e'8 colliding-beam experiments. The pro-

duction cross section is given by

u(e'e -q'q ) 1 s —4 ~')'~'
o(e'e —p'p, ) 4 s (4 3)

The subsequent decay can be observed through

(4.4)

or

The large production cross section and the narrow
width visible in charged-meson final states should
make it not too difficult to observe. %'e expect
the lifetime of these states to be approximately
10 "seconds. Q' prefers to decay into states
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with total strangeness 1 whereas the charmed
meson F' decays substantially into states with
total strangeness 0,~ so they would not be con-
fused with each other even at nearly the same
mass. They also have greatly different lifetimes,
but these may be very hard to measure experi-
mentally.

Analternate way of producing Q' is through neu-
trino beams on a proton target. The mechanism
is similar to W' production, involving one semi-
weak vertex and a photon exchange. However,
this process is suppressed by a factor of tan'p
because leptons do not couple to the triplet Higgs
bosons. The production cross section of Q' can
be calculated from Ref. 28, where a similar

boson mediates weak interactions. For E„=100
GeV, and m~=2 GeV, we find

o(vP- p Q'P)=tang x 1.042 && 10 39 cm2. (4.5}

This is smaller than the deep-inelastic scattering
cross section by a factor of tan')l/600. Further-
more, the subsequent decay of Q' into leptons
versus hadrons is also suppressed by a factor of
tan'p. Dimuon events seen" in neutrino experi-
ments cannot be explained by the production of a
new particle at the lepton vertex in any case. '
We should also note that the amplitude ratio Q'
—p'v/Q'- e'v is equal to m„/m„so that Q' can-
not account for the anomalous e p. events seen" in
e'e annihilation.

V. PROPERTIES OF H AND G

Couplings of H and G to quarks are also contained in (3.13). Explicitly they are given by

[m~ld+ mps+ m~Eb+ m„sin'P uu
gH
geo p

+ m, cos'P cc —sing cosP(m„ucz+ m,uc~+ H.c.)]
G

+ . [m, cos'P uu+ m, sin'P cc+ sing cosp(m„uc„+ m, uc~+ H.c.)
2M~ sxq3

—(m„cos 8c os/ —m, sin 8 sing}(5d~+ H.c.}—(m„sin8cosg+ m, cos 8 sing}(5s~ + H.c.}].
(5.1)

m„, m~ & 1.7 GeV. (5.3)

Since H and G do not seem to be observed in

The production and decay of H are therefore very
similar to those of its counterpart in the Wein-
berg-Salam model, as discussed in detail in Ref.
9. However, there is one important distinction.
In our model,

~

&C
~

=1 transitions are possible.
If kinematically allowed, charmed hadrons would
decay predominantly into H plus other hadrons,
because this interaction is only semiweak whereas
usual charmed-particle decay is weak. (This is
of course the same argument as used for Q' in the
previous section. ) For example,

F(D'- as' )
I'(D K v') (5.2)

The observation~ of D'-Km' at the level of a few
percent of its total rate can therefore also rule
out the possibility that m~ & mL, —m, . Obviously,
this result also holds for G. Furthermore, if
H or G were produced, they would decay into
g g' or K K+ and be observed. We note that H or
G cannot decay into K'z' in our model; thus the
observed resonance is not H or G. We conclude
therefore that

charmed-particle decay, their direct experimental
detectability is in the same sorry state as deter-
mined by Ref. 9 (although G could be a decay prod-
uct of hadrons involving the b quark). However,
they might serve a very useful purpose for our
understanding of weak nonleptonic decays of had-
rons, to be discussed in the next section.

VI. HIGGS CONTRIBUTION TO NONLEPTONIC DECAYS

In Sec. II, we remarked that in our model the
neutral vector boson Z contributes sufficiently to
the weak nonleptonic decays of charmed hadrons
that the K/v ratio does not need to show a rise.
Similarly, the Higgs bosons can play the same
role. We first consider

~
M~ =1 transitions such

as K- 2n. The relevant diagrams are shown in
Fig. 1. The contributions of diagrams 1(a) and 1(b)
are comparable, and the part which is due to Q' is
roughly equal to ~ (m,~/mz'} sin'Q cos'Q cot'8 times
that of the W'. In Ref. 1, because of the particular
choice of right-handed charged current, diagram
1(b) dominates over 1(a) to give the af= ~ rule.
In our case, we must look to diagram 1(c), which
is about ~(mo'/m~')(I/sin2$ cos p) times 1(b). To
get the @I=2 rule, assuming m, =1.5 GeV, m~
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&m, =4 GgV,"and cos$=0.6, we must have sire
«0.08 and mo»4. 5 GeV. Since diagrams 1(b) and

1(c) contain mass and wave-function renormaiiza-
tion contributions which must be removed before
direct comparison with 1(a) can be made, we follow
the argument of Ref. 5 in obtaining the above num-
bers. The vacuum contribution to the K~-K~ mass
difference will be large whenever the &I= ~ rule
is achieved in this fashion, ' but'this in itself may
not be too serious a problem, as other intermediate
states can contribute. "' We forego an exact cal-
culation of this in our model for that reason. The
important point to be made here is that the &I= &

rule can come about through Higgs bosons as well
as through vector gauge bosons. In our model,
such a rule is not "built in" as in Ref. 1, but is
rather a consequence under certain conditions.

We now consider
~

&C
~

= 1, nS = 0 nonleptonic
decays. In addition to the contributions from the
vector gauge bosons discussed in Sec. II, we find
an important diagram involving the Higgs boson
0 [Fig. 2(a)]. It is roughly equal to 8(m, '/mo')
x (sin'P cosg/sin'p) times that of the W contribu-
tion. For the parameters given in the previous
paragraph to get the &I= & rule, this factor is
much bigger than unity. [Other diagrams, such
as Fig. 2(b), have much smaller contributions. ]
This implies that

~

&C
~

= 1, AS=0 decays are ac-

S

w, Q

tually enhanced relative to
~

nC
~

= 1, nS = nC de-
cays. (As noted in Ref. 5, however, it is very
difficult theoretically to get exact numerical re-
sults for actual nonleptonic decays. ) This can be
tested experimentally.

We find therefore that in our model both the
hl =-,' rule and the K/s ratio in charmed-particle
decays can be understood through Higgs bosons,
and they are intimately related. No attempt was
made to build in these features as in Ref. 1. They
are simply consequences of putting in a right-
handed charged current to explain antineutrino
data at very high energies. It is satisfying to see
how a gauge model with Higgs bosons can corre-
late phenomena in such greatly different energy
regimes.

VII. CONCLUSION

We have presented in this paper a discussion of
the importance of Higgs bosons in gauge models.
They should not be considered as silent partners
in a world dominated by the vector gauge bosons,
especially when right-handed charged currents are
present. On the contrary, they may very well be
important in their own right. Unfortunately, of the
four Higgs bosons Q', II, and G, only Q' are likely
to be produced at all. Needless to say, experi-
mental confirmation of this would be very impor-
tant indeed. But even if they are not detected at
present energies, their theoretical implications
are still many. We have shown in Sec. VI how in
a simple model certain effects can arise through
the Higgs bosons only. In fact, as we progressed
through this work, we were pleasantly surprised

{a)

w, Q

S C, U

(b)

c c

(G)

W, Q

C b

(b)

U

(c)
FIG. 1. Diagrams for nonleptonic ]nS[=1 transitions.

FIG. 2. Diagrams for nonleptonic [nC~=1, nS=0
transitions.
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at the rich variety of interesting new interrelated
phenomena that came out of the simple model we
had written down only for illustration purposes.
Experimental measurements of the parameters
cosp and cosg would determine whether or not
some of our specific ideas are correct, but the
clincher would be the discovery of Q' whose prop-
erties are essentially dependent only upon their
vector companions W', as discussed in Sec. III
and Sec. IV. Although the production properties
of Q by e'e annihilation are model-independent,
the subsequent decay of Q' is not and there is no

unambiguous experimental signal for it. In prin-
ciple, Higgs-particle decays are semiweak and so
are much stronger than ordinary weak decays of
hadrons, but unfortunately, because of the large
phase space involved, neither decay leaves a dis-
cernible track for experimental study. Although
it is likely that our specific model may not be able
to stand the test of time, our general discussion
of the properties of the Higgs bosons in gauge
models with right-handed charged currents will be
useful both as an experimental guideline and as a
theoretical tool for future model building.

*Research supported in part by U. S. Energy Research
and Development Administration under Contract No.
AT (45-1)-2230.
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