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ABSTRACT

We describe an SU{(3) @ U(1) gauge theory of weak and electromagnetic
interactions and study its experimental implications, In this theory all
nonsinglet fermions are assigned to triplet representations of SU(3). The
theory satisfactorily accounts for the trimuon events recently observed in
neuirino reactions., Furthermore, the model naturally insures quark-lepton an
e~-p universality, absence of right-handed currents in p and . decay, and
absence of 8-d  neutral currents to order GFa'. Various discrete symmetriac
play an importanrt rcle in maintaining these properties. The model allows for
p- and e-type lepten number nonconservation at a naturally strongly suppressec
level. The wesk contributions to the anomalous magnetic moments of the
electron and muen are calculated and shown to be in accord with experimental
bounds. The predictions of the model for most neutral current
reactions are in satisfactory agreement with the data on the processes.
Other features of the theory incl.ude the prediction of an absolutely
stable massive neutral lepton, the absence of a sizeable high~y
ancmaly in antfineutrino charged current reactions, am the absence of large

parity violation in heavy atoms.
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1. INTRODUCTION

Among unified renormalizable theories of weak and electromagnetic
interactions, 1 those based on the original gauge groupz' SU{{)® U(L) have
been quite successful in accounting for various properties of weak decays
and of charged and neutral éurrent neutrino reactions. Generalizations
of the original model which add right-handed (and often also new left-handed)
weak currents have been proposed in order to incorporate varicus experimental
findings such as the anomalous antineutrino y-distribution and rise in the ratio
UT’N/O’ vN reported by the Harvard-~Pennsylvania-Wisconsin-Fermilab (HPWF'}
experiment. 3 Recently, however, the observation of high energy trimuons
by the same group4 led 8, Weinberg and one of us to propose a more extensive
generalization of the original-theory, namely a model based on an enlarged
gauge group, SU3) & U{1). 5 This model is noteworthy for the natural way in
which it preserves the appealing features of the Weinberg-Salam model,

In this paper we shall elaborate upon the structure of the model and
discuss certain of its phenomenclogical implications, especially those
pertaining to neutral currents, Let us first consider the original motivation

4 . .
for this work. The FHPRW group concludes that one source of its trimuon
events is most probably the production and sequential decay of heavy leptons:

0

- - - - +
v +N-M +...; M —-up +M +...;M0->|.1 +k +... We shall

8
tentatively accept this interpretation here. The measured rate of trimuon
- - -
production, uncorrected for detection efficiency, is R(v}-L el TR TR T} )/R(VH'*H ) =
5 x 10-4. Some fraction of this rate is probably due to ''conventional"

production mechanisms; the question of exactly how much is unresolved at

present, From an analysis of the invariant mass distribution within the
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framework of this heavy lepton interpretation, the group infers that

+ 1,
m _:703'OGeVandm_Ioz3.5 >

. The kinematical suppressio:
%I -4, 0 N -0.,4 PP ston

arising from the necessity of producing the heavy lepton .-\I-, and, in addition,
the small branching ratio BR(M— - }.L_].J.—|J,+ ... ), suggests that the initial
vu — N transition may occur at nearly full weak strength, This is not possible
in the original SU(2) & U (1) model. 6 There are essentially two ways to render
it possible. The first is to expand the lepton and quark content of the standard
SU(2) ® U{4) model, The crucial observation, as discussed elsewlrle:l:'e7

is that the experimental coustraints on the mixing angles do not prevent
there from being substantial mixing of leptons which can give rise to v}1 - M—,
as long as this mixing is approximately reflected in the quark multiplets and
is approximately symmetric for e- and p-type leptons. It was thus proposed
in Ref, 7, with a particular V-A SU(2) @ U(1) model as example, that such
large leptonic mixing could serve as a source for trimuon production.

The second way to make possible a full strength vp. - M transition,

which seems to us perhaps more natural and richer in theoretical implications,
is to introduce new gauge bosons to couple vM to M—, and thus to enlarge
the weak gauge group. An obvious criterion is to choose a group with the
minimal dimension and rank such that SU(2} ® U(41) can be embedded in
it. The group SU(3} satisfies this criterion and has the further advantages
that it is simple and compact so that (a) electric charge is autormatically
quantized9 and (b) the embedding of SU(2) ® U(1)as a subgrow fixes the

-1
angle # =tan {(g'/g). where g and g' are the gauge coupling constants
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for the SU{Z) and U{1) factors respectively. Tlowever, there is a serious
problem with this group: one must assign the leptons to an octel representation
(or more generally, a representation of zero trialiiyv) in order for them to
have integral charges. With this assignment there is no natural way to have
!JH - M rather than vH —- MﬂL and still satisfy experimental constraints such
as quark-lepton weak universality, e-u universality, absence of vH -~e
and u — ey (to their respective levels of precision), etc. The simplest way
to remedy these problems is to adjoin a U(4) group to produce SU(B)g U4). 10
This then allows one to assign both quarks and leptons to the fundamental
representation of SU(3),

As was stressed in Ref. 5, although the original motivation for the
SU(3) & U(1) gauge model was the FHPRW trimuon events, this model has
so many aftractive features that one might analyze it as a serious theory
in its own right. The theory naturally insures guark-lepton and e-u wuniversalit:
absence of right-handed currents in nevtron, hyperon, and muon decay,
suppression of strangeness-changing neutral currents to order GFZ in the
processes Ko-e——*ffo, and K—uf, and adequate suppression of - and e-type
lepton number -nonconserving processes such as p ~~ey. It is in agreement
with most available neutral current data and predicts a very small amount of
parity violation in heavy atoms. The latter prediction is in accord with the
results of recent experiments by the University of Washington and Oxford
Tniversity groups“ which seem 1o indicate that parity violation, it if is
present at all, is smaller than the value that fhe best available estimza.tes1

imply for the original 5UZ) ©TU{) model, With regard {o charged current
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(antimeuirine reactions, the model does not predict a large high-v anomaly,
Moreover, in the most straightforward version of the model in which there
i3 a certain exact discrete symmetry, there is an absolutely stable massive
neutral lepton with far-reaching cosmological consequences. 13

Finally, whatever the future of SU{3)}G\U(1) as a theory of weak and
electromagnetic interactions, this work should be of methodological

interest since it shows the problems which tend to arise in expanding
the gauge group and how they might be resolved,

This paper is organized as follows. In Section II we discuss the Higgs

content of the theory, the pattern of spontaneous symmetry breakdown,
fermion multiplet assignments, and discrete symmetries. A useful generalizatic
of the minimal SU(3) @ U(41) model is constructed; this generalized model
interpolates continuously between the minimal SU(3) @ U(4) theory and the

Weinberg-Salam theory. Next, in Section III we consider the predictions

of the theorv for deep inelastic, elastic, v(V)p and leptonic neutrino and
antineutrino neutral current reactions, and parity violation and hyperfine °
splitting in atoms. In Section 1V various other experimental consequences
of the model are examined, These include the anomalous magnetic moments
of the muon and electron, the decay p — ey, the KLKS mass difference, the
decay rates and branching ratios of the heavy leptons, and an estimate of
the rate for trimuon production. The summary and conclusions are contained

in Seclion V. Finally, two appendices deal with technical aspects of the

tiggs potential.
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II. STRUCTURE OF THE SU(3) ® U(1) MODEL
We shall first review the SU(3) ) U{1) gauge model discussed in
ref. 5. The generators of SU(3) take the form, in the fundamental
representation, )“afz’ a=1, 2, ..., 8, where ?\a are the Gell-Mann matrices; we

denote the generator of U(l) by y. The electric charge Q is
Q = 30 A N3ty (2.1)

Quarks and leptons come in this theory in families, We assume as
usual that each quark comes in three colors, and the strong color SU(3)
gauge group commutes with the flavor SU(3) ® U(1) gauge group, as is
necessary in order to avoid order « violations of such strong interaction
symmetries as parity and strangeness.i4 In that which follows, color
indices are dropped everywhere, and SU{(3) refers throughout to the flavor
gauge group. A guark family consists of one y = 0 triplet and one y = 2/3

singlet of each chirality, Thus, a quark family may be written as

q (2/3) a't 2/3)
qL‘(zfa) ., g (-1/3) ; qR(2/3), q'(-1/3) , (2.2)
q'(=1/3) /. q(-1/3) /¢

where the numbers 2/3 and -1/3 in parentheses denote electric charges,
R and L denote chiralities, and orimes are used to distinguish between two
independent quarks of the same electric chacge and chirality. A lepton

family consists of one y = -2/3 triplet of each chirality, and one y = 0
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left -handed singlet, \We may write a lepton family as

£(0) £'{ 0)
£.'(0) £{-1) ; £'(-1) (2.3)
-1/ £ (-1) /q

where 0 and -t denote electric charges. There may be more than one quark
and lepton family. Furthermore, at this point we do not assume any specific
identification of the fermion fields with particles of definite mass; this
must be determined from the pattern of spontaneous symmetry breaking,
We do not exclude the possibility of there being alsc a y = 0 right-handed
singlet in a lepton family; in such a case all neutral lepfons may be massive.
This model is quasi-vectoriike, by which we mean that the fermions
which are nonsinglets under the gauge group of weak, electromagnetic,and
strong interactions are distributed symmetrically into left- and right-handed
multiplets. Thus in our model onty SU(3) @QU{l)-invariant leptons can be (and are
assigned to multiplets in a chirally asymmetric way. Quasi-vectorlike models
are free of Adler-Bell-Jackiw triangle anomalies, as are vectorlike theories,
since the asymmetrically arranged fermions which might be present do not

couple to any of the gauge bosons.
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Quasi-vectorlike theories such as the present SU(3) ¢ U{1) model have
another important property which we should like to stress here. Any
spontaneous symmetry breakdown of the overall gauge group G to an
unbroken subgroup GO in a guasi~-vectorlike theory will obviously yield a
new effective Go—gauge theory which is itself quasi-vectorlike., This is
of interest because we know that the gauge theory of strong and electro-

magnetic interactions based on the unbroken gauge group SU(3) @U(1)
r e

colo m

must be gquasi-vectorlike; this is why parity is conserved in these interactions,
Of course, a quasi-vectorlike theory of sirong and electromagnetic interactions
could always emerge by spontaneous symmetry breaking from a nonguasi-
vectorlike theory, but in a quasi-vectorlike theory such as the present model

this is automatic, and independent of the symmetry breaking mechanism,

The Higgs scalar fields which can have gauge-invariant interactions
with these fermions include v = -2/3 SU(3) triplets Qi’ y = 0 SU(3) octets
@i, and, in addition, SU(3) singlets. We assume that there are no Higgs
singlets but do not constrain the number of triplets and octets of the above
kind, The minimal theory consists of one complex octet and two triplets.
It is also interesting to examine the effects of other Higgs rields which

counle to gauge bosons but not to fermions, Specifically, we snall construct
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a generalization of the minimal theory which includes one or more y =1/3
Higgs triplets Ny with charges(1, 0, 0 this theory interpolates between
the minimal SU(3) @ U(1) model and the original SU(2) & U(1) model.2

In general, the fermion fields in Egs. (2. 2) and (2.3) would be

arbitrary mixtures of all fermion mass eigenstates of the same charge
and chirality. There are several important constraints on the amount
and type of mixing allowed; these include ) quark-lepton universality, (2)e-pu
universality, (3) the successful Cabibbo theory of neutron and hyperon decays,
(4) the absence to a high degree of accuracy, of right-handed weak currents
involving only light fermions, which could appear in neutron or hyperon

B decay, or in muon decay, {5)the nonobservation of the transition

v —e inthe two-neutrino experiment and the absence of - and e~type
11
noncounserving decays such as p ey and p > ee&, to the levels probed by

experiment, and finally (6) the absence of AS # 0 neutral currents to lowest

@, as required by the smallness of the K_ K_ mass

order and to order G 1 Kg

F

difference and KL — up decay rate. In order to satisfy these constraints

naturally, 15 we shall impose certain discrete symmetries which either

completely prevent or adequately suppress unwanted mixings. We assume that
the Lagrangian ig invariant under a discrete symmetry R, which leaves the
gauge bosons, right-handed fermions, and the scalar triplets n i (¥ = 1/3)
invariant, and changes the sign of left-handed fermions, the scalar triplets
Qi(y = =2/3) and the scalar octets tI)i (v =0)., The R symmetry forbids bare

fermion mass terms, so that fermion masses must arise from (R-invariant)
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Higgs-fermion Yukawa couplings, via certain vacuum expectation
values of €. and &. Yukawa interactions of the scalars Qi and @,1 with fermions
1 13

allowed by SU(3) x U(1) x R are of the form

+

- = = f
ciEQR+c2LQr+ L(c3<I> +c4® IR + h.c. {2.4)

where we have dropped inessential indices.

Another important consequence of the R symmetry is that, at least
for a finite range of parameters of the Lagrangian, the symmetry of the
vacuum is not just the U{1)} gauge symmetry associated with electromagnetism,
but U(1) ®RU, where U is a particular element of the SU(3)®U(1) group, which

in the fundamental representation may be expressed as

U = -1 (2.5)

in some basis. This residual symmetry of the vacuum is natural, in the
sense that it is the maximal little group of the absolute minimum of

the Higgs potential for a finite range of its parameters (as is proved in
Appendix 1) this symmetry is preserved in higher orders in perturbation
theory. TFurther, in Appendix II we show that the SU(3)} & U1} ® R-invariant
Higgs po'renti:q does not admit a larger continuous symmeiry group, and hence
there are no pseudo-Ghldstone bosons in this model. Conservation of electric

charge and RU requires the vacuum expectaticn values of scalar fields to

take the form



v. 0 0 0 0
i
- - = < = 2.
<Qi>0 0 . <83, 0 0 a |, n: 0 (2. 6)
0 0 b, O v}
i i

in the basis in which U takes the form (2.5). We will adhere tc this basis

henceforth. The fermion fields transform under RU according to

RU: £ = f =-f, (f singlet) ,
r = fR ->+fR (fR singlet) ,
+
£y £y
= I 2.
L =11 2 : (2.7)
£ -f
3/1, 3/ L
f, -1,
R=| 1 -1 -1, .
£ +f
3/ R 3/ R

Since RU is a symmetry of the vacuum, there is no mixing hetween fields
of different RU parity.
At this stage, we can be more specific about the quark and lepton

families needed on phenomenological grounds, and their compositions.

By taking linear combinations of the triplets, we may always choose one member

of all the left-handed triplets and, independently, another member of all the
right-handed triplets to be beth- weak gauge group eigenstates and mass eigenstat:
We choose these to be the second (third) member of the left ~handed (right-

handed) triplets. We thus have
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d-family :

I §t
tr u up s
d b!
1
b/, 4 /R ,
s-family:
g, - ¢! P Cp o g'
S h!
1
nt /g /R ,
e-family:
0 o'
E
EL , ve ;
- -1
e E
-t -
E /L < R ,
lg—familzz
0 0
M , v ; M !
L i
p M
1 -
M L B R )
T-family:
TLO ) V_ B '—FO'
- -1
T T
-] -
T T

(2.8)

(2.9)

(2. 10)

(2. 11}

(2.12)
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where primes indicate mixing among fermions of definite mass of the same
color, charge, RU parity and chirality, The mixing need nct be CP conserving,
It is,however, always possible to define the phases of un and Cx such that
u'L =uLcos BC— cLsin ec c'L =uLSin 6C+chos Q} where 8 is the (real)
Cabibbo angle.

It is worthwhile to ask what would have resulted if we had not imposed

the R symmetry, and if RU had not been an invariance of the vacuum. There

would then be bare fermion mass terms which would induce mixings between
0
v and MLO, and between Vg and EL , for example, which would violate
H

and t' , and

e-u universality; there would also be mixings between up R

between b‘R and dR' which, together, would induce a right-handed current
in B-decay, for example; universality would thus be lost in a plethora of mixing
angles.

It is desirable to forbid mixing among b and h and among E‘, M_,

and T in order naturally to suppress higher order contributions to
strangeness -changing neutral current processes such as KO4—> KO and

KL - uiI, and the p- and e-number violating decays p — ey and p —~ ee¥ to

an adequate degree (see Section IV). This can be accomplished if we assume
further that the theory is invariant under another discrete symmetry S, which

leaves gauge bosons, and the scalar fields c:Di, Q-i and n : invariant, and

transforms other fields according to
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5 i ra.‘ -ra—‘
fa ﬂa
"Tia (2.43)
R R
a a
LL L ,
a L aJ
2, -t 2, (i 1) {2.14)
i i i

where r, f, R, and L are as defined in Eq. (2.6), and the index a distinguishes

between different families, n, and éi are phase factors, | n, ' = ! gil =1

r

such that na“nb 1 for a #b among quarks, and among leptons (lepton~number
conservation is assured by a global gauge invariance). (There should be no

confusion between the phase factors ny and the Higgs fields n;- } This prevents

b and h, and E_, M and T from mixing. In order that S be an element
of a discrete group it is necessary that s" - 1, for some integer n. The
group in question is then the cyclic group of order n, Zn' This requires
that 1, and éi be some powers of exp (2wi/n).

To insure that there is Cabibbo mixing between uy and Cp if is

necessary that there be at least one Qi’ i #1, such that nsﬂ.ndgi-" =1 or

nd*n"‘éi:‘: =1, where Mg and 4 are phases of the d- and s-families under S.
]

An economical choice of the phases under S, which does not contradict

anything known phenomenologically, is: n4 = g =1, ng = np =i,
N, = exp {ir/4); we postulate cne additional triplet with y = -2/ 3, Q,, with
éz = —-i {or i), This choice will allow mixing between u and ¢, t and g,

0 0 0
and E~ and M7, but leaves T pure. ‘When we consider cascade decays
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of M in a later section, we shall concentrate on this possibility exclusively
for economy.
The family compositions of the fermions, with the above ansatz, then

are as follows:

d-family :
] 1
tL s u uR , t 1
d : bel ¥b {2.15)
b L d R
s-family:
g c! ¢ g'
L’ R’
h] L S R
e-family:
ELO ’ y : EO'
e 5l *E (2.17)
E L e R
H:-family:
0 0
M , v M
L. 1L ‘
h | M oM (2,18
I\’l . L [ }J' R
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T-family:

0 0
- T

TL , v'r
- ; Tl T (2. 19
T 1y T R

In Eqs. (2.15 ~ 2.19) ¢, (j)h, Op ¢M’ ¢T are CP-violating phases (we have

defined the phases of b, h, E, M and T in such a way that the relative

phase of dL and bL is zero, etc. ), and

u' coS BC -3in @ u
- () e
c! sin QC cos 8

L

(t') ) (e CoS 8(‘3 . —emsin Bé )(t )

' “ia_, -l (2. 21
e 3in 6! e s 84

g R 3 co éb I s

g

2

R R '

. . 0
(EO1 ) (ewCOS L s ‘3 )(E )
= . . (2. 22
- - 0
IVIO' e Tsin B e Yeos B M

where Ocis the Cabibho angle, and « and vy are CP violating phases., In

Egs. {2.15 - 2,22} =all unprimed fields are states of definite (real) mass.

An obvious generalization of the mixing of the neutral heavy leptons

0
specified in Eq. (2.22) is to allow Tp to mix with ERO and M 0 to form
0

R
0 . .
EP ', MPO‘, and TR '. This would reqguire another Iiggs triplet and
L I
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different assignments of S-eigenvalues to the leptons. The mixing rnatrix
would then ne a 3 X 3 unitary matrix, which depends upon four parameters,
one of which is CP-violating., We shall restrict ourselves here to the
simpler form of the model in which the 5 symmetry constrains the mixing

0
to occur only among E 0 and M_ .

R R
The quark sector thus includes besides the familiar u, d, s, and c
guarks, the heavy ones t, g, b, and h. These must have masses of at
least 3.5 GeV in order not to have been observed at SPEAR. In order to
maximize the trimuon production rate we shall assume that the t and g quarks
are rather light; say ~4 GeV., The masses of the b and h quarks are
not very severely constrained other than as already indicated; however if

one wishes to have trimuon production by antineutrinos proceed with the same

intrinsic rate (i.e. excluding flux considerations) as the production by neutrinos

then m, must not be too much greater than m, and mg. As is evident from
Eqg. (2.19)the leptonic sector includes an additional family of 7-type leptons
including T—, identified as the heavy lepton discovered at SPEAR16 and v
its associated neutrino, The M  and the lighter two neutral leptons, defined
as MO and EO are presumably responsible for the irimuon events recently
observed at Fe.‘r'ﬂlilab,,4 With these identifications, we have m_ = 1.9 GeV,
mo .. = 7 -8 GeV, and my,0 = 4 GeV,

As determined so far, the model satisfies all of the constraints discussed

above on fermion mixing, This is obviously true for the constraints (1) - {4)

on gquark-lepton and e~p universality, the Cabibbe theory of neutron and
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hyperon decays, aund the absence of right-handed currents in neutron, hyperon,
or muon decay. The fact that the model satisfies the other two constraints

(5) and (6} on the suppression of p~- and e-number nonconservation and the
absence of strangeness-changing neutral currents to order GFa will be
demonstrated exoplicitly in section IV,

These constraints significantly restrict the allowed assignments of
fermions to multiplets. In particular, if one had tried to place the right-handed
chiral component of the u quark in the position to which tR is presently
assigned, then there would be a serious problem: in order to give mass to
the u quark one would need a nonzero Higgs vacuum expectation value
<(<I=i)M>O, but this is forbidden by the exact RU symmetry. 7 Hence, in this
rmodel there is no natural way to incorporate a right-handed ERYpuR current
which could be excited in antineutrino reactions and lead to a so-called high-
vy anomaly, including a large enhancement of do vN/ dy at high y, a consequent

TN TN, vN
o

. : . N .
increase in <y> and and a decrease in B~ with increasing energy

lo
5. The experimental situation concerning the high-y anomaly is currently in

a state of flux. When our model was originally proposed the data from the
HPWFE experiment indicated a sizeable high-y anomaly.3 The (statistically
gomewhat weaker) data from the Fezrmilab-IHEP-ITEP-Michigan (F'IIM)
antineutrino -neon bubble chamber experiment yielded values ol <y>1_‘N which
were consistent with being energy-independent or slightly increasing over the
range E = 10to B = 100 GeV. 18 Nore recently, data from

the Caltech~TFermilab (CF) and CERN-Dortmund-Heidelberg-Saclay (CDIIS), anc

. ‘ . 18,19
CERN BEBRC (anti neutrino experiments has become available.
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land

These groups do not find anyv strong energy dependence in the quantities
<v> vN‘ BUN, or C.TT)N,/O' v from incident v(v} evergy E = 30 GeV to
E = 200 GeV: thus they do not observe any high-v anomaly of the
magnitude originally reported by the HPWF group,

It should be noted parenthetically that at high energies above 100 GeV
the model predicts the production of heavy leptons and heavy quarks (both must
be produced together). A certain fraction of the decays of the heavy leptons
will simulate regular charged current reactions; for example,"ﬁp + N — N[+ + X,
NIJr - p+ + ... will simulate the process TJ‘H + N - p.+ + X, Furthermore, in
the cascade decay of the M a considerable amount of energy will be carried
away in the form of neutrinos or (}—3 's. Consequently, the apparent incident
i}'p energy will be substantially less than the actual incident energy, and
effects of M production can appear at Evis = 50 - 70 GeV. Furthermore,
because the p.+ carries only a fraction (about 4/3 for the main decay chains;

+ +
see Table 4) of the energy of the parent M t{he simulated TTH +N -+~ +X

-+
events arising from M production will preferentially populate the high Yois

Ll

part of the y . distribution, where Yois v/ Evis’ with s T VT EH,

and v is the energy frausfer in the lab frame.

However for present neufrino experiments this will be a very small effect
because 1-1+ production is kinematically suppressed by the necessity of producin
concomitantly a heavy quark, and by a helicity factor which asymptotically

is equal to 1/3, Detailed calculations using m_ + =8 GeV, m, o = 4 GeV,

I N

and m = 4 GeV and folding in the FHPRW quadrupole triplet neutrino flux

spectrum vield the result that for I > 100 GeV,
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cr(i;"FL + N - M-'L + X/ o(i;v“th + N - Ij + X) = 0.035. 20 The branching ratio

caleulations discussed in section IV give BR(M =y +...) <30% Hence,

at most, ?\.‘IL:_ production will contribute about a 1% increment to the cross

section for the reaction vI~L + N — p+ + X. This has a negligible effect on

dch[ dy, and U—ﬁN_ Thus our model predicts no sizeable high-y anomaly,

in agreement with the present data from the FIIM, C¥F, and CDHS experiments,
Returning to the structure of the model, we note that so far the discrete

symmetries, R, RU, and S, which have been imposed on the Lagrangian and/or

vacuum have been for fhe purpose of preventing undesired mixings of fermions.

The next discrete symmetry is an approximate one, imposed for the different

purpose of accounting for the important property that the odd RU-parity fermion:

are much heavier than the corresponding even ones in the sare family.

Thus we shall assﬁme that the Lagrangian is approximately inv.ariant under

the symmetry N1}, which causes the various fields in the theory to transform

as follows:

(2. 23
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If R were an exact symmetry of the Lagrangian, then arnong the possible
Higgs-fermion couplings allowed by S5U(3) x U(1) xR, as given in Eq, (2.4}
the terms L Qr and L&R would be absent, i.e, c, =¢, = 0. The R

symmetry is spontaneously broken by the Qi and @i vacuum expectation

values, However, if the NR symmetry were an exact symmetry of the

Lagrangian then it would be natural for the vacuum expectation values to

_pe invariant under NK NU where NTU is the SU(3) transformation

NU = ~-i . (2,24,

1
. S . 2.
This would incidentally imply that (NR N T)” is a symmetry of

the vacuum: however, it is a stronger condition,.

{Of course there is an ambiguity in the choice of phases of the diagonal
elements of the matrix NU. The choice made here gives the desired
physical consequences. ) If NR N U were indeed a symmetry of the vacuum,
then in the octets @i, bi = 0, although a_l, Vi’ and Vi' can be arbitrary,
Thus the approximate NR symmetry of the Lagrangian implies that
E 2[ . c3[ S c, [, |c4f and the approximate NR N U symmetry of
the vacuum implies that Ibil « [ai |, [vi [, | v.! | . Taken together,
these inequalities guarantee that fermions which are odd under RU are

much heavier than the corresponding RU-even fermions in the same

family.
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We shall next discuss the vector boson mass generation. The gauge

bosons of the thecry consist of the SU(3) octet, U(1) singlet V Boa =1 8
a 3 2 LS 3
and the 5U(3) singlet, U(1} gauge boson VOH. These are coupled to the
fermion currents by the terms
- (o ' [ -
.,QﬂGJ gl ) Vv, rerag) v (2. 25)
where
“ 2 5 o3
J = —Li,; Y A\ —=fd ) {2. 26a
> .
a (LR 1 Xbw X, i
and
K
3 Z )qJ 2. 26k
0 j X J H X} (

In Egs. (2, 26a, b)the first sum is over the chirality x and the second is

over all fermion triplets in the case of J’aN and all fermion triplets and

singlets in the case of JOH.

The vector bosons gain their masses through their couplings to Higgs

bosons which are given by

Z = iTr(p o p'%)+ D ebPes D : )
~ D o ; n D 2.27)
GH ¢ ( ) o i (

where



-23- FERMILAB-Pub-77/48-THY

D& = 8¢~ig[V,rﬁ] (2. 28a
" p v
Ia
DO = 8 Q-igV Q-ig'—(V. ) Q (2. 28b
N B £V &2 o),
y,ﬂ_
and Dn = 8n-1igV n ~ig'=(V_} n {2, 28c
u” d &% &2 0y
with
vk = iy v # . (2, 29)
a a

and v = -2/ 3, Ty 1/ 3,

One can czalculate the physical vector boson fields and their masses in

the usual way by diagonalizing the vector boson mass matrix, For the

sake of clarity we shall do this separately for the minimal version of the
model with only the Higgs fields & and @, and the generalized version which

includes also the n field. In the minimal version we find the physical

fields
vih=E v kP
Wi“=(1- 2) (2.30)
N2 -
. (Vi 7 v, ")
'[_: = “J,? (2.31)
Xf - cos(e/:a)vz—sin(e/z)v?“’ (2.32a
xz** = sm(e/z)v:+cos(e/2)v*; (2.32b
o 1 [£ , p_;_ 1 . __g;_ T
z T2 g, L2 g(\3 V) TH 2.33)
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S | N e .
¥ -2(V3 SER ) (2.34"
B 1 g_‘_( b, - _ p]
and Ak - N [2 v, t) re vy (2. 35)
g +gt /3
where
€ = ar‘g {Eai‘rbi} - (2. 36

The spectrum thuas consists of the charged vector bosons Wi and U.i which
mediate transitions in the 1 £i2 and 4 + i5 directions in SU(3) space, the
electrically neutral Xi and XZ bosons, which mediate transitions in the

6 £ 1i7 directions in SU(3) space, the two neutral bosons Z and Y, and the

+
massless photon A, Their RU parities are: Wi(+), U (=), X, {-), Z{+),

1,2
Y{+), and A(+),

Thea (nonvanishing) masses of these vecior bosons are given by

mw2 i %gZZ(lai[ZJr[bil2>+%gzglvi[z (2.37

i
mU2 - mWZ (2. 3¢
mXLZZ - ggz[zoaf s o |?) =2 [Zai*bi [} (2. 3¢
mZ2 = f;-(gz +g'2/3)z v [2 (2. 4C

1

SR (ENES AN b B (2.4
i
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It is convenieunt to write these masses in ferms of m__; to do so we introduce

W

the following notation:

s 2 (117 i 1)

g = — (2,42

>l I
’ Izi ai*bi |

b = {2.43

and
.2
W= —‘f—'——i . (2,44’
g +3g
In terms of these quantities
2 224 xg ) 2
Mx 1+ 2 0 ver (2. 45
1,2
m - & m 2 2.46°
Mz T3 -wi ) Cw (2. 46
d m 2 = ...._..4—2-— m 2 )
an v T+ ¢ W . (2.47:
From the coupling of the photon field to the electromagnetic current we
determine that
g8
e =1
Ng t+tg /3
(2.48°
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. 2 2 .
The relaticn between g /mW and GF in this model i3, as usual,

gZ GF

2 NZ
Smw

Combining Egs. {2.37), (2.44), (2.48), and (2.49), we have

) 4w\ _ 43,06 Cov
Mw (3U2cst ) Nw
A salient feature of this minimal model is that the X and Y bosons

1,2

derive their masses entirely from the vacuum expectation value of the
Higgs octets &, whereas the Z picks up its mass completely from the
vacuum expectation value of the Higgs triplets, Qi. It is also interesting
that the W and U” bosons are degenerate in this Higgs scheme.

Fig, 1 illustrates how in the minimal versjon of the model the vector
boson masses depend on the parameter £, which measures the relative
size of the & and 2 vacuum expectation values. For this graph we

take w = 0,25 aud & = 0, 01; these values are deduced, respectively from
our analysis of neutral current phenomenology and fermion mass
generation (see sections Il and IV.2). In Fig. 2 we show the dependence
of the vector boson masses on the variable w for 6§ = 0,01 and

{1 + ¢ )2 =4.4, i.e. § =0.18, a value which is derived from our

it to the neutral current data (see section I1I). I one chooses the three
parameters which defermine the gauge boson masses {in the minimal mode
to be £ =0.148, w = 0,25, and & = 0,01, then the resulting nonzero masses

of these vecter bosons are, in units of ‘GeV, mye fmU = 86, mX4 = 47,

= 4‘8 I . = AT < i = .
m‘\,m s m*\_ 57, and rnZ 106

(2.49)

(2.50)

1)
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Using the expressions for the physical vector boson fields we can

rewrite the gauge boson-fermion coupling terms, Eqg. (2.25)as

T

(8wl v, 8 b n u
&7 {.—WHJV B U T +h.c.}+ g(Xiin +X2“J2)

{2.51

(2.52

(2.53

(2. 54

(2. 54

(2. BE

(2.56

{(2.57

GJ N2 Y po U
1 [ 2T b g n .
+ + g ZJ, " +Y I+
ﬁ\/g g /3 p Z 2 pyY eApJem'
where g M-y K +iJ "
W 1 2
L
JU J4 1J5
I = cos(e/2)TY - sin(ef2)T P
l?{1 6 7
ool : (o i
J sin{e/2)J"7 + cos(e/2)J
X 6 7
2
T 1( T SR [
JZ 2 J3 +?3'-J8 WJem )
R T P
Iy I, «1‘3".18
K = M + —!l— B + b
Jem J3 N3 JB yJO
The neutral currents JYl"L and JZi~L are diagonal and remain so to order GFaf.

The currents JX K and JX K are neutral with respect to electric charge
1 2

but not SU{3}; i.e., they are flavor-changing. Because of our prevention of

b, h mixing and E,M,orT mixing these latter two currents play no
0 =0 vrs

role in processes such as the K «—K {ransition and KL - ui decay or

in p- and e-nurnber violating processes such as p —~ ey and p —~ee&. As

will be seen, they do have an important etffect on the magnetic moments of



-25- FERMILABR-Pub-77/48-THY
the muon and electron, and on the eclectric dipole moment of the neutron.

However, in both cases an inferestine gauge boson analogue of the GIM
cancellation mechanism {or fermions strongly suppresses their coniributions.
We next consider the second version of the SU(3) & U(1) model which
includes the y = 1/3 Higgs triplets ny A convenient measure of the size

iy

of the n, vacuum expectation values v.' is the ratio
i

i} (Z:. vy IZ)
(571

The usefulness of this generalized model is that it interpolates continuously

(2,58

between the SU(3) x U(1)theory and the Weinberg-Salam theory as r ranges
from zero to infinity (with the identification w ={(4/ 3)s'm2 QW in the latter
case). The additional coupling term | Sp'n - ig\f'pn - ig‘yn Vn 2 modifies
the vector boson fields and masses. The Wﬂ:, Ui, Xi’ Xz, and A fields

remain mass eigenstates but the Z and Y fields mix to form new eigenstates

+
Z1 and Z_. Although the mass of the W remains the same, all of the other

2
nonzero masses change from their values at v' =0, The new physical

neutral vector bosons Z‘i and ZZ are related to Z and Y by the orthogcnal

transformation V:

. P . .
1\ Vit Ve ‘5‘\ _ €es X sinx Z
B | B (2. 59
] v N -Sinl v p 7
2/ Vor Voo : / \TSia X cos X, b
where 1

T

f 2 2 2 2—|"' __
\fi: @ l\_mZ‘ p) ‘»U 4(mz1 p) j (2. 61
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i,2
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1

. _ 2 2 2172
TR LR R

with m 2 = (p+‘l')i%»f(p—*r)2+402
Z
1,2
_2 2 2 2 2 . 2
P 3 (g"+g /3)[_ (vi +vi' l4)]
1
o - %_?g g” +g'%/3 (zv.vz)
(.
I
T=

gz[z([ a| %+ |b, fz)] +g; (zviuz)

i i

In Eq. (2. 59) we have introduced a rotation angle ¥ defined in an obvious

(2.62

{2.63

(2,64

(2,65

(2. 6€

(2. 67

..1
way as ¥ =tan (VQ/ VM ) to parametrize the orthogonal transformation V.

In terms of the dimensionless quantities w, £, and r

2

m 2 2 H
_ W r +4 r+4 _ 4r
TS [3(1 w4 ”] * [(3(1 ) # r) o+ 301 - w)]

Thus Zi(ZZ) is defined as the mass eigenstate with the larger (smaller)

2

eigenvalue m 2 ({m ), Asr =0 Zi - Z(¥)and Z2 - Y(Z) if m, > m

Zy Z,

Y

(m. < m_). The condition that m > m._. is the condition that 32(1 - w) < 1

Z Y Z Y

and vice versa. With the values of w and f which fit the neulral current

datam_ > m,, forr= 0.

Z Y

+
The masses of the physical massive vector bosons are given for W

by Eq. (2.50), for m,, 2 by Eq. (2.68),and for the others as follows:

1,2

2 _ {(t+f +r) 2
My 7 T r1) Cw

(2.69)
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2[4 &) +r] 2 i
and M = TR M. (2.70)
1,2
. 2 e
As r —o only m,, (and trivially My, ) remain finite. We have
2
m 2
2
lim m, ° = —— , (2.71)
Z 3
r —>o 2 {1 - ZW)

In Fig. 3 we illustrate the dependence of the vector boson masses on r

-2 3
as this parameter ranges from 10 to 10 . For this graph the values (1 + ¢ )2
= 1.4, w = 0,25, and 8§ = 0.01 are used, With the identification

w =(¢/ Z-‘-)sin2 §this becomes precisely the mass relation

2 L2

(mZ )WS = {m 2 .., of the Weinberg-Salam model (with only doublet -

w 'ws®e¢ Ow

Higgs multiplets). The corresponding eigenstate is

-1 .
lim Zzp = W N34 - 'W)ZP+YH] . (2.72)

r -o©

The new currents which couple to Zil'jL and Z_" are given by

2
M _.:l__,[ 2 Iz
Jzi TsNe v S
=V (2.173
e g gk
JZ2 ZJy

where for simplicity we have included the coupling constants in the definition

of these new currents.
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ilI, NEUTRAL CURRENT PROCESSES

In dealing with the neutral current phenomenology of the model, we
shall concentrate mainly upon the minimal r = 0 version, Of the adjustable
parameters in this version of the theory, two, namely £ and w, control
the neutral current processes discussed here (6 plays no part). In order
to demonstrate how the model can be changed continuously into the Weinberg-

Salam theory we shall also study the effect of varying r fromr=0 tor=«

In the minimal version, there are two diagonal neutral currents, JYH

and JZ.H’ which couple to the massive vector bosons Y and Z as specified

in Eq. (2.541)., The additional currents JX M and JX M which are neutral
1 2

with respect to charge but not SU(3) play no role (in either the minimal

or the generalized models) in the neutral current neutrino reactions,

weak hyperfine effect, or atomic parity violation considered here. Thus,
in particular, there are no nondiagonal neutral currents involving neutrinos
in this theory. It is useful to write out the explicit form of the currents

JYI't and JZP' for quarks and leptons. From Eq, (2.56) we have:

b = Z Ny TG T
JY,lepf:onic ; L‘( £y FLoyy L) (3. 1a

where the sum is over { = e, p, T and L =E , M, T, and

JY, hadronic ( A¥ Y5 9, TASY y5q3) (3. 1b
qZ q

where q, =d, s and q3 = b, h. There are two interesting features of the
M

Y, leptonic

JH
Y, hadronic

current J Hto note. First, J contains no neutrino or neutral

Y

heavy lepton term and analogously, contains no u, ¢, £, or
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g term. Secondly, J I is purely axial-vector and hence neutral current

“Lf
processes which involve only Y-exchange are parity-conserving,

Neutrzal current neufrino reactions are due to the current JZ}L;

: £,1.7, L0

y =

- - 0
where (£ -, L., LO) ={e , E, E), etc. and

B = - T FL - Ty B + 1 . - M
D hadromic - (1T WL Y U - wupyiup ¥ shw - d)dy'd
e oM T oM Lo e
+ (1 W)‘tRY tr wipy tp + Liw - 1)oy'b
+ (u: t: d: b) - (C, g, S, h) - (3. Zb

Thus the effective Lagrangian for v(v)-nucleon neutral current reactions is

ell,N. C.

— 72
, 1 2 2 1 a
(W(7) + - {Fe e v ~3
gﬁ‘ (V{¥) + nucleon) (\(_3— Ng +¢g /3) [VLYQ"L] (m 2) JZ,hadronic
Z

(3. 3)
G

7. o
=+ N2 [Wa(i - YS)V:I T2, hadronic
For r # 0 the neutral current couplings are given by Eq. (2,69)

It is actually simpler to work with the old currents and nondiagonal mass

matrix:

2.-1
eff, n. c. i i J]-H (3.4)
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7h. . T r— / RS ';/
where c, © TFNE g /3 {3.5)

7z

and CY =

™ s

(3.6)

2 .
and m is the undiagonalized Z, Y sector of the vector boson mass matrix:

2 P B
m~ = (3.7)
-o T

2 etc,

.e.m,, =p Myy =T,

In the limit r - © with the identification w =(4/ 3) :sin2 ?N the neutral

current interaction (3.4) becomes

2 1
. & ) [ ) ]-3 K1y M
lim off . 1. c. 5 3{1-w) JZ .3 JY )
r->«
W
2 (1w B N T [3(1- )] "
2 V3 w w (JZ)p
(3.8)
1 1
N Y™ — 1
4 W) 4 2 (JY)P»
- °F . HT
Nz z Yzy
where J Zu is the neutral current in the Weinberg~Salam model;
S L N .
Z r (JZ Z'J-Y )
(3. 9)

1

oy
=

!
W
-
o
@
[
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Thus in this limit the neutral current interacticn assumes precisely the
form of the Weinberg-Salam model., Observe that although the minimal
SU(3)( Uil) theory is essentially a three-parameter theory (aside from
the various fermion masses and CP-violating parameters), depending
on £, w, and &, its four-parameter generalization reduces fo the old

one-parameter SU{2) @ U(1) model in this limit; that is, as r - =, all

dependence on £ and & disappears.,

Returning to Eq, (3.4) with finite r, we calculate the effective Lagrangiar

for neutrzal current neutrino nucleon interactions to be

. ] 13 L
‘gpeff,n,c_ (v(V) ! nucleon) (4 + ¢ )-;FE. [Wa\i Y5)V] 5
{3.10)
b4 [7‘; -ﬁ K Qu +a t]_" \a/u +§ (T ad + X CT o
ST L T ARTRY YR %6 LY YL T fan®RY dR]
where
_ 44 +1r
AL (4@ AT +r) (1 - w) (3. 112
- 17 +r \
2R 37 ~ir o/ VW (3. 14b
I RCY: +r)[i—w)+r]
AL '2!_ WIS (3. 11c
and
1 -4 +r)1 -w)l+r
. = = . 1-7
qar [ &7 + fr +r ] (3. 11



-35- FERMILAB-Pub-77/48-THY
In Eqg. (3.10) we have dropped non-valence gquark currents since they make
a very small contribution., (Note that the limits £ - 0 and r = 0 do not
commute; in order to specialize to the minimal version one must fix
2 #0andletr —~0.)
For leptonic neutral current interactions with neutrinos we can

write the effective Lagrangian for v(¥) + 2 = v(V) + 2 as

G
F "
L v > vinn) = [wau . vslv] [ﬂ g, - gﬁvs)f_] (3. 12)

where £ =e, pu, etc. (not to be confused with the parameter £).
In the minimal version of the model only the Z-boson exchange contributes

to this effective Lagrangian. Since the £ (=e, p, etc. ) part of JZQ is purely vecto

Br T 0 (3. 13a)

for gy we find

= 3 S+ _j‘_, : )
gy ° 5(1 A N w 3) ; (3.13b;

In the extended version of the model the neutral current interaction arises

from the exchange of the two massive vector bosons Z, and Z_ coupling to
L

2
— 2 \
{orthogonal) linear combinations 0f(1/\j3)r\fg +g 2/ 3 le~L and(g/ z)JY”,

In this generalized version

_ (1 + 4
gA - 2{(4f + fr +r) (3. 143)

(1 + £)(42 +r)w - i/3)
(42 + fr +1r)

and gv (3. 14b}
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We proceed to consider the predictions of both versions of the
SU(3) ® U(1) model for deep inelastic inclusive, elastic wV)p - w(V)p,
and leptonic, neutral current reactions, as well as atomic parity violation.

1. Inclusive Neutral Current Reactions

We consider first the deep inelastic neutral current reactions
vi7)N —~ v(7)X where N denotes an isoscalar nucleon target. Forr =0
we find in the valence quark approximation, for energies below threshold
for heavy quark and heavy lepton production (which necessarily occur

together in this model)

a
vIN nc

- .1 215 2.
R = —3(1+E)[4w 2w+i] (3.

and

15)

a
D 2 2
RvN - nc (4 + 1) [_.w - w + %] (3.16)
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where ncice) denotes neutral {charged} current. Sea quark contributions
do nat alter these ratios significantly. IFor example, with the values
f =0.48 and w = 0,25 which will be seen to fit the neutral current data,

, v . vN .
Eqgs. (3.15) and (3.16) yield R ={,27 and R = 0.45. In comparison,
a caleulation which takes into account sea quark contributions and uses an

1 . _ 1 .
SU(3) symmetric sea with SO x t.l(x) + d(x)]dx/ EO x%u(x) + d(x)}dx =0,1

N N

yvields R™ =0.29 and R =0.45, At energies beyond the respective

thresholds, the charged current cross sections in the denominators of

RVN and R;N also receive contributions from the heavy lepton and heavy
quark production processes vPL +d ~N +t' and Jp_+ u - M+ + b. {There

is also a small contribution from the sea quark reaction V}L +s =M <+ g'. )

A certain fraction of these reactions will simulafe neutral current and regular
charged current (v(v)N — 1 + X) processes. As was discussed above, although
the thresholds for these reactions are at about ¥ = 100 GeV, depending

on the heavy lepton and heavy guark masses, they will appear to

cccur at lower visible incident energy. Hence one should determine

e -
their contributions to the R (v, V)N
nc ce

These are in fact
negligible, primarily because the flux-averaged cross sections are so
smail. Specifically, for © > 100 GeV, with the quadrupole triplet beam,
the event rafes are in the ratios R(VH ~ N M+ X)/R(VH + N -~ l_J.- + X)

~ 2.3 % 10 % and R(7 + N - M+ SR <N = WXy = 3.6 x 107 20

Of the events in which an M is produced, only about two thirds will

simulate neutral current reactions {see section IV and Fig, 22).
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T

. - . I :’: » .
Finally, onlv a fraction of the events from the X7 production reactions

will appear to have Evis in the range characterizing the data used by

the HPWF, CF, and CERN experiments to determine the ratios RvN and

N . .
r” . At most, then, the corrections to the theoretical predictions for

R v and RGN resulting from heavy lepton production are of the order of
o few percent. For this reason we have not incliuded them in Egs. {3.15)
and (3. 16).
There are two free parameters, £ and w, at our disposal, so Egs. (3.15)
and (3. 16) cannot by themselves be used to testthe theory, but rather only
to determine £ and w, In Fig. 4 we show the neutral to charged current cross

section ratios RVN and P{UN, Egs. (3,45)and (3.16), as functions of ¢ and w.

y
The three curves are for (1 + £)7 ={a) 1.0, (b} 1,2 (i.e. 2 =0.095) and

fch1.4 {i.e. £ = 0,18); along each curve w increases from w = 0 to
2 2
w = 1 in steps of 0.1. The data points are from the HPWF 1, CF2 , CERN

23 . :
Gargamelle {GGM)"” and CERN CDHS23 experimen’s. The specific experimenta!

values are as follows: HPWEF: R™N = 0.29 +0.04, RN ~0.39 1 o, 10; CF:
N "

R™ -~ 0,20 20,02, BN =0.3420.09, CERN GGMR "N = 0,24 + 0. 04,
- o -

YN 20,39 £ 0.06; and CERN cDHS: R*™N = 0,20 4 0, ol, RN - 0,354 0, 03,

All of these ratios except the CERN GGM ones are raw, with no correcfion
for the events excluded by the respective cuts in EH(EH > 4,12, 1, and

12 GeV for the HPWE, CF, GGM, and CDHS experiments, respectively, )

It should be stressed that these corrections require assumptions about the

v distribution and hence depend on the particular (V, A ) form assumed for

fhe neufral current. On2 observes from Fig, 4 that 211 threns
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values of [ yield reasonable fits !o the data. The £ =0 curve is shown only for

reference; values of f too close to 0 are in fact excluded. The reason
is that such values would yield intolerably low masses for the Y and
Xi 5 vector bosons. As is evident from Fig. 1, if one takes the

reasonable values w = 0.25, § = 0, 04 then the conditions that the

mass of X1 {(the lighter of the two X vector bosons) be greater than

1,2
20 {40) GeV impose the mild requirement that ¢ > 0. 046 (0. 435).

The Y boson mass is roughly twice that of the Xi,z bosons (which are
roughly equal since & <« 1), If one chooses £ = 0, 18 the optimal value
of wis w = 0,25, These are the rough values of £ and w which we shall
use for the r = 0 version of the model.

N N
In the r # 0 version of the model Rv and Rv are given in the same appro:

imation as was used above, by the obvious formulas

vIN 1 2 2 1 2 2.
1 = - o
R 1 I:(auL + a4 ) 3 (auR + 34R )_ {3.17a
N 331 2 2 2 2]
R = 4—[5 (auL +adL ) +(auR +adR )q (3. 17b
where auL,uR and adL, 4R 2re listed in Eq. (3.14). In Fig. 5 we show the

y TN
variation in R*> and R™ for £ = 0.48 and w = (a) 0. 2 and (b)0.3, as a

function of r as r ranges from zero {o infinity. Qualitatively, for 0 <r< 1

Y]
vN . viN | .
R decreases while R increases very slightly., From later considerations

of atomic parity violation and frimuon production we will restrict r to

the range 0 = r = 0, 1.
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For comparison, the Weinberg-salam model (understood to include

onlv Higgs doublets} predicts, in the same valence cuark approximation,

that
vIN I 20 . 4 .
Rsvzypupy = 77 sin 0 rogein b (3. 185}
VN 12 20 4 o
and RSU(Z)@UM) = 5 - sin f -§-:>1r1 g (3. 18%)

where GW is the usual mixing angle. As was shown in general via Egs. (3. 8)
and {3.9) these ratios are precisely the r = = limit of the ratios in

our generalized interpolating model, Egs. (3.17a) and (3. 17b), with the

2 . . . .
identification w = (4/3)sin 8y Numerically for sz 6 =0,3, one finds
9 TN , 24 ) .
va\ - 0. 26 while 2 =0.40, A calculation”” of these ratios including sea

quark contributions, with a 10% sea content as defined above, zives

» N
RN - 0.34 and RYY = 0.42 for sin” 6 - 0.3,
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2. Elastic vp and 7p Reactions
From Eqg. (3.3 )one can compute the cross sections for the elastic
reactions v(V)p — v(v)p.24 The general form of the cross section is
G

2 2
(1 + 1)
d - - 3 2.2
= (v(Flp > v(Tp) = [ myPe%w, @)

d@ 32TrmN E

{3.19)

2 2 2,2 2 2 2 2
+ {(Q - 4m B)7 - QTQ" + 4m )}WZ(Q ) = 20°(Q -4mNE)w3(QZ)]

where E is the incident neufrino energy, m._. is the nucleon mass, and

N
W,l(Qz }, i =14, 2, 3 are the appropriate structure functions. These Wi

can be determined by keeping only the isovector and isoscalar parts of the
neutral current J; and using SU(3) symmetry to relate these to the correspondi:
parts of the electromagnetic and charged weak currents, In doing this we maks
the reasonable assumption that the s, ¢, and heavier quark content in the

nucleon is negligible, In terms of the isovector and isoscalar currents

Vv, A and JV’A {here (3) and (0) are U(2) indices) we thus write

J3 0

v H AM v H A
JZ” = aldy ) - BIT) tevlT) - 8(J,7) ; (3. 20)

The normalization is indicated by the form of the electromagnetic current:

B 1
Je (J, ) = 3(J0 ) . (3.21)



For our model

and

For comparison, in the Weinberg-Salam

YT —?.sinzf?“?lld 6 =0.

The structure functions Wi can be expressed in terms of the Sachs

electric and magnetic form factors, G, and G_, and the axial form factor

GA’ by the relations

W'i

where T

and 0, .2

af=4.--;—w
1
b=z
- -3
Y 5 W
_ 1
¢T3

E M

.2 0.2
+ T
A ) T(CNI )

0.2 g2
.02 [(GE) +T(GM ):I
A ‘ 1+ 7)

model o =1 - Zsinzewmﬁ =1,
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{3.22

(3. 22

(3. 22

{3, 22

(3, 23:

(3. 23

(3. 23

(3. 24

{3, 25:

{3, 25t

(3. 25¢
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where ¢ is the ratio of the isoscalar to the isovector axial vector form
factors. In the Cabibbo theory, € = (3F - D/(D + F) where F and D are the

antisymmetric and symmetric reduced matrix elements for octet currents

-

. 25
Inserting the measured values ~ of F and D,we find ¢ ~ . 368,

Numerically, p.p = 4.793 and by = -1,9413, The Sachs and axial-vector

form factors are tzken here as

2
G, (Q)}
2 M 1
GLQ") = - = (3. 26a!
E A+ - w) (1 +Q%0. 11)?
2 1,24
GA(Q ) > >3 . (3. 26b)
(1+Q /mA )
with m, =0.9 GeV, TFor the reaction (v, ¥ln = {v, P, o - -wand

A
g~ -B.
In order to compare the predictions of the SU(3)& U(4) model with

. . . 2
data available from the Harvard-Pennsylvania-Wisconsin 6 {(HPW) and

27
Columbia-Illinois-Rockefeller (CIR) experiments at Brookhaven we have
computed the elastic v(7)p cross sections and folded them with the Brookhaven

2 . . .
neutrino flux spectrum.4 We consider first the ratios

w _ o(p —vp)
R -——VE———E-U(m =5 (3.27)
w _ ovp —~ Tp)

and R C Sp e - (3.28)
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I
-
%)

1

In calculating these ratios we have incorporated the cuts apopropriate for
the HPW and CIR experiments; these are the requirement 0, 3 GeV2 < Qz <0,9

GeV? for the HPW data, and the requirements that Ip* > 0.5 GeV and

llab

glab > 25" for the recoil proton in the CIR data. Corrections due to the

fact that the target is a nucleus rather than a free proton are negligible, 28
In Fig. 5 we present our results for the ratio Rgf as a function of
‘w, for r = 0, using two values of £, viz. £ =0 and £ =0, 18 (and the value
my ® 0.9 GeV). The former value is shown for reference only; it is
actually excluded, for the reasons given above., The curves shown incorporate

the HPW cut; the imposition of the CIR cuts yields very similar curves

which are omitted for clarity. The data consists of a shaded band representing

the HPW measLu:-emen'b26 R';? = 0.47 £ 0,05 and a single data point representing
the CIR result’’ R'P =0.23 = 0.09. Again, for clarity, the CIR point is

el

positioned at a particular value of w; the reader may imagine it to be
swept across horizontally to form a second shaded band, In order to
show the sensitivity of the theoretical calculation to the assumed value of

the axial vector mass paramefer m we plot in Fig, 7 R;p for 2 =0,18

A 1

and three values of mA, 0.8, 0.9, and 1.0 GeV. From Fig. 6 we observe
that if one takes £ = 0.48, good fits to the data can be obtained with

w =90,4 - 0.3, In this range of w, 8‘&;3/ ow < 0 so that the same quality

of fit can be achieved with either slightly lower or slightly higher values

of bota £ and w.
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In Fig, 8 we present our predictions for R:If as a function of w,
againfor r =0, £ = 0 and { = 0,48, The data for this graph comes only

from the HPV measurement, R:{) =0,2%0.1, shown as a shaded band.

2
The HPW cut has accordingly been imposed in the Q  integration. Again

7

it is of interest to ascertain the dependence of R:l upon m,; Fig, 9

A;
provides an iltustration of this. It is evident from Fig. 8 that for £ =0.18

3

the range w = 0.4-0.25 yields values of R;:1

in satisfactory agreement
with the measured value, Of course the fit is not unique; in particular
since asz/aw < 0 in this range of w (as was the case for R:f) an increase
in £ can be compensated by an increase in w to produce the same value
of RFP-
el

In contrast to the quantities R;? and RZIID, the ratio of flux averaged
neutral current cross sections olvp -~ $p)/ olvp —vp)is independent of f
(for r =0), Aside from the ambiguity due to the imperfectly measured
quantity my . which is present for any non-vector theory, there is thus
only one adjustable parameter, w, in the minimal version of ocur model
which enters into the calculation for this ratio. Fig. 10 shows our prediction
for ofip = op) olvp = vp) (with the HPW cuts) as a function of w, for
r = 0 and ™y = 0,9 GeV, in comparison with the HPW meat—mremen’c,26
o1 = 0.4 20,2,

We proceed to consider the differential cross sections for the reactions

w(¥)p — v(v)p, using £ = 0.18 and m, =0.9 GeV. In Fig. 11 we present

2
plots of d¢/dQ (vp — vp), appropriately flux-averaged over the Brookhaven



-5~ FERAMILAB~Pub-77/48~THY

neutrino spectrum and compared with the HPW data. The two curves
correspond to w = (a) 0.1 and (b) 0. 2; both values yield satisfactory fits
to the magnitude and shape (in QZ) of the differential cross section. On
the same graph is shown the HPW data on the quasielastic reaction wvn ~ p p
together with the prediction of the Cabibbo theory. Fig. 412 shows the
analogous plots of dG/sz(ip - 9p) for the same values of r, £ , and w,
compared with the HPW data on this reaction, From this figure one can aiso s
the relative magnitudes of the measured do/ sz(Tfp ~ vp) and the Cabibbo theor
prediction for do/ sz(?p - }l+n).

On the basis of this analysis we conclude that, roughly speaking,
in the minimal version of our model the same values of £ and w yield
good fits to both the deep inelastic reactions v(¥)N — v(¥)X and the elastic
reactions v(¥)p - v(V)p. For example the values (£, w} = (0,18, 0,2)
or {0.18, 0.25) are reasonably successiul in accounting for both sets of data,

Again, it is of interest to compare this fit with the one achieved by the

Weinberg-Salam modet, Tor sinz ()W =0,3 and my - 0.9 GeV the latter

T
model predicts that 1-1;‘) = 0.44 and Hep

1 | = 0.43. As is the case with the

SU(3) @ Uit) modet both of these ratios are slightly simaller than, butin

satisfectorv agresment with, the measured values., Tor the same values
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of sinz 8W and mA the Weinberg-Salam model predicts for the ratio of

antineutrino to neuirino cross sections (each flux-averaged and containing
the HPWT cutsjo(vp — Tp)o(w = wp) = 0,57, slightly higher than the
2
HPWEF measurement, 6 0.4 = 0.2, With regard to the differential cross
L - w 2 p 2 . .
sections, the prediction for do ©/dQ” and do */dQ" are in satisfactory

accord with the data, although the former is a little low, as reflected in

W

el The fit can be improved by taking sinz 9

the integrated quantity R .
W

to be slightly smaller, say 0.3. We refer the reader to Ref. 24 for
further detzails,
The generalized version of the SU(3) & U(4) model with nonzero r
is able to achieve better agreement with the deep inelastic and elastic

data. The first part of this statement was demonstrated before in Fig. 5.

second part of the statement is evident from Figs. 13 and 14 showing

R;’f and R;’f calculated withr =0.1, £=0.18, andm, = 0.9 GeV, with

the HPW cuts included. Qualitatively, the minima of the curves RT
e

and R;p as functions of w move to somehwat smaller w and the magnitudes

and Rgp are also reflected

of both ratios increase. These changes in R:p i

1
in the differential cross sections, which for w in the region of 0, 2 inci-ease
somewhat (but do not change shape appreciably). We ounly exhibit the
results for r = 0.1 because larger values of r will later be shown to lead

to sizeable atomic parity violation and undesirable suppression of trimuon

producfion in neutrino reactions.
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3, Leptonic Neutiral Currents

There are three purely leptonic neutral current neutrino reactions on which

there is presently experimental data, v (V Je v (¥ Jeand T e -~ 7 e.
TR Tt e e

These reactions are ideal in the sense that they are completely calculable

and free of hadronic complications, but suffer from the fact that their

rates are very small and the experimental cuts required to isolate candidate

events from background are extremely severe,

For the reaction vue -*v“e the differential cross section is

de .~ e [ig, v g, R = 2 (. By
aE o By "8l T8y T8y B
'
E
- mz {gxz'gvz)]
E, :

{3.29)

where E,, is the incident neutrino energy in the electron (laboratory) frame,

E is the lab energy of the scattered electron, and the coupling constants

gyand g, are given by Eq. {3.13). Egq. {3.29) also applies to the reaction

T e -~ ¥ e with the replacement of ga by “£p- Since Ep ° 0 in the minimal

z o
form of the SU(3) & U{1) model there follows the prediction that

og{ve=—=ve) = ol¥e-7el Inthe third leptonic reaction
e o b B

of interest, v e — ¥ e, there are two graphs which contribute to the total
e e

amplitude, the neutral current t-channel graph and the charged current

annihilation graph. The cross section for this reaction is given by Eq. (3. 29)
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with the replacements gy~ gv+ 1, g T84 + 1 and gA - g + 4.

In Fig. 15 we show a plot of g,; and g for £=0.18 as functions of
w and r. Since ga is independent of w the ranges of (gv, gA) are horizontal
line segments, Asr —o, g, approaches(3/ 2w - 1/3), which is just its
value in the minimal model with £ =0, and ga approaches - %; in both

2

cases the £ -dependence drops out in the limit. If one takes r -~ o and,

identifies, as was done previously,w =(4/ 3)sin2 BW' one reproduces the (gV' gA)

values of the Weinberg-Salam model: g_= Zsin2 QW -1, g, "
In Figs. 16 and 17 we show (as shaded areas) the regions in the

(gv. gA) plane allowed by the Gargamelle experiment at CERN and the

Reines experiment using a nuclear reactor. Inthe Gargamelle experiment,

on the basis of three observed events a cross section

E
o oa B +2.1 ~42 v 2
cr(vpe vpe) = (1.0_0.9) x 10 (GeV) cm (3. 30)

2
was deduced. 9 No candidates for the reaction vHe -~ v e were bound,

implying the 90% confidence level (CL) bound

E
. -42 v 2
c(vHe vpe) < 2.6 x 10 (GeV) cm . (3.31)

The cuts made in this experiment are that the recoil electron energy E_ and
angle Ge {in the laboratory frame) satisfy 0.3 GeV < Ee < 2 GeV and

ee < 5%, The Aachen-Padova spark chamber experiment at CERN30 has

also measured the reactions v“(vp]e - vll(v}l)e. However, since no final
[ ™
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numbers have been published by this experiment at the present time, we

have not included it in our comparison.

From Eq. (3.29)one can see that the cross section for the reactions
T e - v {7 )e is invariant under the interchange - -g - -g .,
VH( vp} LH(VH) is invari ge 8y gv ga =
which leads to a sign ambiguity in the determination of these coupling
constants from the data. Furthermore, since the last term, proportional

2 -
to (meE/Ev ]7) is negligible (rne/E < 10 3’) in the Gargamelle experiment

El

v, Vv
the cross section is also invariant under the transformation gy~ S
gA - igv. The allowed regions are thus elliptical bands with major axes
1lying approximately along the directions 135° and 45° for the reactions
ve—-veand Ve —~7Ve, respectively.
M B ) b

The third reaction on which there is data, 'Fee — ’iee, does not share
these symmetries in general, and thereby eliminates the gy "By
g8 7 "8Bp ambiguity. However, again, to the extent that the last term in
the cross section is small {it contributes only a few percent relative to
the other terms in the experiment of Reines gt_al_.z’fl ) there is still a
symmetry under the interchange gv—- Epr 8A 7 gv. This remaining
approximate symmetry is evident in Fig,. 17 . he two sections of
elliptical bands correspond to the two bins in scattered electron lab
energy, 1.5 < (E/MeV)< 3, and 3 < (E/MeV) < 4,5,

In Figs. 16 and 17 we have shown a point (gv, gA) = {~-0.24, 0)

computed for a representative choice of parameters in the minimal
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SU(3)® U{i) model, £=0,18, w =0.2, This point is well within the
allowed region of the Gargamelle data., The predicted point also agrees
well with the lower energy band in the Reines data and is about one standard
deviation from the higher energy band; at the 90% CL it is in good agreement
with the region allowed by the intersection of these two bands.

Using Fig. 15 in conjunction with Figs. 16 and 17 we conclude that,
if one chooses f = 0,48 w = 0.2 andr < 0.1, then the leptonic neutral
current measurements are best fitted by the value r = 0,

4, Atomic Parity Violation

The parity-violating weak neutral current interaction between an

electron and nucleon can be written as

Gp N (AR ]
T e ATy = = RN : v
ﬁ‘:ff(e + N e +N) :Fz.— [eyae: Ny Y\ N

= . -NagoJrgiTs N
Yd‘(5‘{ Y\ T (3.32)

where the constants f and g, , can be determined from Egs. (3.1, (3.2)

0,1
or {3.5 ). We shall consider here the case of a heavy atom which is
relevant to the present experiments {on the atom Bizog)_ In this case

the axial-vector nucleon current gives a negligible contribution relative

to the vector nucleon current because, in the noarelativistic approximation,
the former is proportional to the spin of the nucleus, whereas the latter

is proportional to [%(g 07 &y 12 + "}*(go - )N] TL,J\{O J,where Z and N denote

respectively the number of proftons and neutrons in the atom. Hence the
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nucleon axial-vector current term is of order unity,whereas the nucleon
vector current term is enhanced by a factor of order Z or N, For a heavy

atom Eg. {3.32) can thus be rewritten as

G, @  (Z, ) -
wk T e :
A s e G L 3.33)

X

12 .
where, following the conventional usage,  we define

Q

Wk(Z, N) = (Z =Xy + (Z - Nig, . (3. 34)

This quantity serves to measure the dominant contribution to parity violation
in heavy atoms.

In the minimal version of the STU{3)® U(1) model, ka =0; i.e,
the dominant portion of the paritv-violating amplitude vanishes. This
is a consequence of the fact that JYH is purely axial-vector, and hence
paritv-conserving, while the electron part of JZp' is purely vector.
Specificailv, the parity-violating neutral current amplitude in the
minimal model arising from Z-boson exchange is (in terms of elementary
fields) —(GF/\FZ')(i + 2 éyﬂe] [Uy“ygju]. Aithough thg experiments on the
heavy atom 81209 are not sensitive to this term, the forthcoming
experiments“ planning to search for parity violation in hydrogen will be
sensitive to it and will hopefully serve as a test of this theory.

in the generalized version of the model ve find
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8y " @i~ fr-r) VU ZW (3.35a
and
W+t 3
g C @i rir+o) tozwl) oo (3.350

From Eq. (3.34) we thus have

(1 -£)r
(4¢ + ¢y +r

QR

wk(z’ N)

) [Z(i - 3w) - N] . {3.36)

The quantity —ka is plotted in Fig, 18 for ¢ =0.18, w = (a) 0.2 and

(b) 0.3, and (Z,N) = (83, 126) as a function of r. The values of Z and N

are those for Bizog, the atom used for the atomic parity violation experiments
at Oxford University and the University of Washington. For comparison

the Weinberg-Salam theory predicts

ka

(Z, N) = [Z(i - f}sin2 BW} - N:I . (3.37)
Thus for a typical value of sin2 GW =0, 3, ka(z =83, N =1426) = -143.

At present, although the atomic physics which enters info the theoretical
prediction of the magnitude and sign of the parity-violating optical rotation
in bismuth is very complicated and somewhat r.mc:a-r-’cain,12 the experimental
measurements seem to be smaller than the Weinberg-Salam

model prediction., The initial results were11
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T, z o1 . 1exp = - LY PN A ’-? “ i}

Washington: }1876 n (-0.8 0,31 10 (3. 38a;
. exp =7

d: R = {1.0x0, ‘ )

Oxford: 1648 0 { 1.0£0,3} % 10 (3. 38b;

while the Weinberg-Salam model, together with the relativistic centratl
field approximation, givesi

—

theory

~ =3 10_! 3.

376 nm X (3.3%
theory -7

R648 . 4 x 10 . (3. 3%

Many-electron effects sunstaniiall reduce the expecied values of R, but
apparently not enough to yield agreement with the data, 1 It was stressed
by the experimenters that there were systematic errors of order 10“7,

which were not fully understood. Recently, the two groups have quoted the

1
results !

i . exp _ - =7 .
Vi - R = {(~0,07 £0,32
Washington: P876 0 ( 7 32y x 40 (3.40a)
i . exp - -7 .
Oxford: P‘648 ar ( 0.27 +0,47)x 10 . (3. 40b}

In view of these experimental findings, which seem to indicate that parity
violation, if preseunt at all, is substantially smaller than predicted by the origir

Weinberg-sSalam model, we shall require that in our model ka/ ka(WS) <u.1
i, e, ka < 17. The minimal version of the model automatically satisfies

these constraints; in the generalized version, the constraint implies that

a1,

2N
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5. Weak Hyperfine Splitting

In our model there is another interesting manifestation of weak
neutral currents in atomic physics, This arises because we have a neutral
current which is, in the r = 0 version of the model, purely axial vector,
namely JY“. In the noarelativistic limit the effective current-current
interaction is thus a spin-spin interaction. There is available an exceedingly
precisely known quantity, the hyperfine splitting in hydrogen, due to the
electron-proton spin~spin interaction, and also a very accurate prediction
from quantum electrodynamics., The spin-spin hamiltonian, to lowest

order, is

ifs  _ 8w . 2
Hizm Ty SR 'Tp> | $(0)]
3 [/ e e
E ——rr— = 2
3 (Zm )(Zm 1+ u )) <6 -3 >lq;(0){
e P
where é‘e = -_i;é"‘e and ?i’p = %Er"p are the spin operators of the electron and proton,

respectively, and Y(x)is the wave function for the hydrogen atom (assumed

to be in the ground state.} lence the ayperfine splitting between the two

= - .
states ¥ =1 and ¥ = 0 (where F = S, + 35 _is the total spin of the hydrogen

. . <—} ....2: ~ _<.-- . _'..> -
atom) is deftermined by cre crp ey ge 0‘p F =0 4. The weak

spin-spin interaction has the effective Hamiltonian

G,
o N T N Oy%y_d
wk 2N )55 1YY ¥g ] : (3. 42)
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Using
<p aya’\{Sd p> = gA(i -€) {3.43)

where ga.° 1,24 and ¢ is the ratio of isoscalar to isovector axizal vector

form factors, we find that

G
hfs 4+ £ — . 2
= ——— y bad L3 () > L' O 3. 44
%wk 2N 2 ( £ ) g"i(i © )<Ue P [ 2 )l ( )

from which the ratio of weak to electromagnetic hyperfine splittings is

determined to be

G
+
MRS E L., Lt
wk _ 22 PA ! .
hts = 27/ = (3.45)
AEem Tfmm){i+!~l)
\ ey P

where {1 + }.Lp) = 2.79 is the total magnetic moment (in units of e /Zmp)

of the proton. For a typical value of £, namely £=0.2, this ratio is
roughly equal to 2, 2 X 10_7. Unfortunately, although the hyperfine splitting
in hvdrogen is measured to ~one part in 1012 the QED prediction, (with

various corrections that extend Eq. (3,41))is accurate conly to about one part
32

in 105. Hence the J P

v neutral weak current effect is roughly two orders

of magnitude too small to be distinguished from the electromagnetic hyperfine

hfs
/A

effect, I'rom Eq. {3.45)it is clear that '_\.Ew

hfs
E is 1

om [ larger by the
factor (m /me }in muonic hydrogen; however here the experimental
measurerent is not nearly accurate enough to test such a small effect of

e 10—5
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IV. FURTIER PHENOMENOLCCICAL IMPLICATIONS OF THE MODEL

1. The Anomalous Alagnetic Moments of
the Muon and Electron

We shall consider here the weak contributions to the anomalous magnetic
moments of the muon and electron. The anomalous magnetic moment a

is defined as aZ F,(0) = (g_%_g)  where Fz(qz) is the Pauli form factor,

3

The electromagnetic contribution to ap and a, have been cal.cula’ced3
to order cz3_ The hadronic vacuum polarization has also been determined
with reasonable accuracy from the measured cross section U(e+e- - hadrons].
Indeed a subset of the eighth order graphs has also been c:on‘lpuf:ed.34

The results are

JQED i i65851.8(2.4) x 1077 (4. 1a)
L
ghadronic 66.7(9.4) x 1077 (4. 1b)
K
th -9
and thus ay) = 414165948,5(9,7) x 10 (4, 1c)

where the numbers ih parentheses are the one standard deviation errors,

36
The most accurate measurement of 2, (by the CERN group ) yields

ai"p = 1165922(9) x 4077 ) (4. 2)

t

Thus
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ok t i . -
a, Kp-ap 10TV L 3. 5(13) % 100 . (4.3)

Therefore, the 10 bound on the weak interaction contribution is

29,5 % 10 0 <a YK ¢ 47 5 1077 (4, 4)

H

Recently the measurement of the electron anomalous magnetic moment
has increased considerably in accuracy. The older value obtained by the

37
Michigan experiment is

9

a TP - 4459656.7 (3.5) x 10" . (4, 5a)

e

The newer value obtained by the Washington group,38 with an error smaller

by more than a factor of 40, is

a:Xp = 4459652, 44 (0.20) % 107 ) (4. 5b)

The theoretical calculations by Levine and Wright and Levine and Roskies33

yvield
theory _ — -9
(2, gw © (1159652.71 £ 0.60) x 10 (4. ba)
s . . 35
while those of Cvitanovic and Kinoshita  give
theorwv ) -9
(a 7)) = (11459652,34 = 0,19) x 10 ) (4, 6b)

e CK
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Thus, using the Washington measurement, we have

exp  theory - (230 = -9
2, (ae )LRW (-3.0 x6,5)x 10 (4. 7a)
exp theory _ . -3
- ~ = O. 4: + 3. 0 » .
and a (ae )CK { i 1) x 1 {4. 7b)

Apgain, taking the most lenient limits, we find

wk

~9.5 X 1077 < a, <3.8X 1077

(4.8)

These, then, are the experimental bounds which our model must satisfy
We next proceed with the calculations,

the weak

2

The graphs which contribute in lowest order to ap“k
interaction correction to ap, are shown in Fig, 19, The graphs for aeWk
are obtained from those for aP.Wk by appropriate replacements of muon-type
leptons with electron-type leptons. Only physical particles are shown; the
unphysical Higgs scalars which appear in general RE gauge are omitted,

Graphs (e) and (f) each represent a sum of four graphs corresponding to
LI, RR (for {e})and LR, RL {for (f})) transitions mediated by the Xd and

x

X, gauge bosons, From our past calculations, K we find the followiag
results, in the r = 0 version of the model , which are accurate to lowest

2 2 .
order in m. /mV , where m, represents a generic lepton mass and Iy,

a generic vector boson mass, and where the subscript £ = e or n

L2
wk _ CFTgwk @ 9)
2y - 2 g .
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where
f
E‘.l_rk - Z _a_(‘i)
. I . (4. 10)
1=a

The a W arising from graphs i = a throughi = f are

!
la) _ 5
aﬂ * 12 {4, 11a)
_(b}y 5 \
ag = (4. 11b;
ey 3 N 1.2
g, = é‘(i : E)(w-g) (4. 11¢c’
_id) 5 1+ ¢
R e (4. 11d
| {e) 1 f1 +¢ 1
m ﬁﬂ = "5’( 7 )(1 ] 62) (4. 11e

ONNNEY filsoe (wz\ 6 ‘ \
{ Z\m I 1-62’ cos € (4. 11f)

defined in Section 2.

4]

with £, w, & and € a
In Bg., 4, 44f) L =E , M . In evaluating these contributions, we shall

take the values w = 0,25, £ = 0.2, and shall neglect CP violation, setting

€ =0or . For & it is natural, although not necessary, to use a value

which roughly reflects the relevant fermion mass ratios; generically

because of the approximate ~R symmetry of the Lagrangian and the approximat
NR VU symmetry of the vacuum, ! bil < la,1 ! , and hence & «1. From

the fermion mass formula

o= (4. 12)
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where e labels the etectron family terms of the form idc. & +c fI)T

R
3 4 )

in Eq. (2.4), and from its counterparts for the w, 7, u, and s families,
together with the fact that &<< 1. it is natural fo take & of the general
order of these fermion mass ratios., Of course this is an approximate
statement since they vary from me/mE and md/ m, which are presumably

- -4 -
of order 10 > 10 . tom /m___and m /m_, of order 10 2. We shaill
g M s h

2
choose & = 10  as a typical value and assume that the further suppression

needed for mass ratios such as me/m or md/m is provided by the

E b

u)

(e} (e} (u) { . .
o] ¢ c C d 1
4 / 3 and 4 / s Indeed a calculation of the electric dipole

moment D of the neutron in (the r = 0 version of) this model gives

b .
D ~ — & sin rbb . (4,13)

Taking m, = 5 GeV and ¢b the typical size of a CP-violating phase, 10
-2
we must require that ¢ €< 10  in order that Dn be in agreement with the

e -24
*P 20,4 £1.1)%x 10 “T e - cm. It is interesting

0
experimental boun§ Dn
to determine independently how ¢ is bounded in magnitude by its contribution

to the anomalous magnetic moments ap and ae. From Egs. (4.9) - (4. 11)

we compute

-8
a¥® - 2,25 x 10 (—1 + 94,105 §——‘59§—~f—) (4.14)
a 1-6"
k -13 4
and al™ = 5,265 x 10 (—1 +1.45935 % 10 6—9-‘5—25-) (4. 15)
1 -5
-2

Taking 6=10 ~and € =0 or 7 we have
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awk B ) -1.325 x 10—9 {e =0} (4. 16a
B -8
" ~4,37 %10~ (e = )
(4. 16b
and
-14
awk i} % 7.63 x 10 (e =0) (4. 17a
-14
© -7.74 x 10 (e =) : (4.17b
wk whk . L . .
For « =0, a and a, both lie within their respective allowed ranges
[
wlk Ca
(4,4) and (4, 8): for € = w, however, a:L is outside ifs permiited range.
The value ¢ = 0 is therefore favored. In the case of awk all of the graphs

except for (c) give comparable contributions, With our allowed range of

2
w, graph {(c) happens to be suppressed strongly by the (w - 1/3) factor,
The LR, RL graph, (f), is substantial but not dominant since the

large factor (m "/mp) is compensated by the small factor 6. For € = 0 there

M

is considerable cancellation between the sum of graphs (d) and (e) on the
one hand, and (f) on the other. When one chooses ¢ = wthese graphs all

add constructively, and thereby substantially increase the magnitude

wk . . . wk
of =z 7. I[n contrast, for the weak contribution to the eleciron moment, ae ,
X0

It

2 .
because the factor (mE_/me)é 107, graph (f) is completely dominant;

the sum of graphs (a) through (e)is 0. 7% of graph (f}. Hence in this case

. . . WK wk
the second choice of € merely causes a change in the sign of a, - Thus a."L ,

o wk l

but not |a is sensitively dependent upon the choices of parameters
e

k)

¢, w, and €; both depend strongly on the choice of &, Tor our values of

'k wk
i, w, and e, the upper bound on & is set by ae“ . In order for a, to
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lie in the range (4, 8) it is necessary that & £ 05 if €=0 andé< 4, 2 if €=m.
The muon weak anomalous magnetic moment ank does not set a very

useful bound on & because of the strong cancellations involved and their

dependence on €. For € =0, aHWk would lie outside of the 10 range (4. 4)

. . . -2 -
either if 6 =0 or if 6 2 1.1 x 10 ~; the value 6 =10 2 happens to cause a
near ~cancellation as noted above, In contrast, for € = =, one favors

-2
& <10 . Thus the electric dipole moment of the neutron yields a more
parameter-independent constraint on &.
. . . wk wk .
An important thing to note from the calculation of a and ae is that the
K
potentially large contributions of the LR, RL transitions in Fig. (f) are

strongly suppressed by the fact that the X1 and X2 boson graphs contribute

with opposite sign, This is analogous to the GIM mechanism for fermions;

in both cases a transition occurs only because of the mixing of mass

eigenstates to form weak gauge group eigenstates. The rate for these

2

transitions is suppressed by the factor (AmF ) mV2 in the GIM fermion

2
case and by Amvzl m,; in the vector boson case, where

2 2 2
= m. 2 - m 2 and Am = mV - m are the differences of

m
F= P, F, v ’ v,

fermion and vector boson masses squared, and m,, is a generic vector boson m

A

In the version of the model in which r # 0 the graphs which contribute

in lowest order to the weak part of the anomalous magnetic moments

a wk are the same, except that in graphs (c} and (d), the vector bosons

b€

Z and Y are replaced by Zi and Z In the notation of Egs, (4.9)-(4.10)

2

(where again the subscript £ = e or 1) we find
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&) A2
2 12 (4. 18a)
Jb) 5 1
£ 1244+ ¢ +r (4. 18DH)
in e 2
ey 1w " 2 (w-1/3)% 10 2
{-.\.‘E = 4(m > '-2 cas ¥ W--3—sm X (4. 18¢)}
74
m 2
s affw X2 w3 a0 2
4 4 m 2 | T -w) ——3—-cos x| {4.18d;
Z
2
(e} _ 2 (4 +4 )24 +r)
p 3 5 53 (4, 18e)
(2g+1r)y 425
m
() L-\ 2(1+4)6 cos e
Ef = Z(m ) > ) . (4. 18f)
{ (22 +r) -~44°6

2
) are given by Eq. (2.68)and ¥, by Eq. (2.59).
1,2
As r - o only the W and Z2 contributions remain., The former is

. 2
The ratios (mW /mz

independent of r:

(4.19)
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while the la*ter becomes

(4.20)

Egs. (4.19)and {4.20 ) are

QTrren -

o a in the original SU{2)®@U{1}

2
mode‘l?’9 For comparison, taking sin BW = 1/3, we have
wk 2 -9
a WS sin” 6 = 1/3) = 1.99 x 10 (4.21)
K W
and aWk(Wu smz B =1/3} = 4,65 x 10_14 (4.22)
e ’ W

2. The Decays p —~ ey and u — ee®€
. . 0 0
In this model the mixing of E and M causes p- and e-type lepton
number nonconservation. We shall focus here on the most important p- and

7,414,472, 43

e-lepton number violating decay, p —ey, This decay proceeds via

the transition bR - ERO, MRO - eR mediated by a virtual U vector boson,
as shown in Fig. 20. Because this is the only transition which contributes,
the decay depends only on the structure of the first and third members of
the right handed e- and p-type lepton triplets and their couplings to the

Ui vector bosons. Since these transitions are among members of SU(2)
(V-spin) doublets of the same hypercharge y we can apply the general

criteria for natural suppression of - and e-type lepton number nonconservation

derived in Ref, 7 , These criteria are that (1) leptons of a given charge
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and chirality must have the same value of weak —\42 and ("\’_)3, where4

V:!: = \*’1 = 1\74; (2} leptons of a given charge and chirality must derive
their masses from couplings to one and only one neufral [liggs field; and
(3) leptons of charge Q = 0 do not belong to the same weak V-spin
muitiplet as p or e for at least one chirality, to prevent LR, RL
transitions {and similarly for Q = -2 leptons if there were any). All

of these conditions are satisfied by our model and therefore the natural

suppression mechanism discussed in Ref, 7 is operative,

, T7,41,42 . )
Using our past calculations, we find, that, in the minimal
version of the model
2
Am_
_ 3a . .2 2
BR(M‘*EY)F:O Y 2(‘:0) sin” B cos B (4. 23)
C
°. g ®. For w =0.25 =4 G = fand
where AmLO = m'.\'IO - mEO . or w = 0,25, mMO =4 GeV, mEO =1 GeV,and

2. 2 - -1
sin“Pcos PB= i, we find BR{p —*ev)exp =4.66 x 10 1, safely smaller than

. 8
the present experimental limit, BR{n —n-ew,f)m{p <2,2x10 7, Inther +0

version of the model the branching ratio (4. 23) becomes

2

2
- £0 e sin B cos2 B . {4, 24)

3 1+ 1
BR(u —=ey) .4 = Q( ;i )
The related decay p -> ee€ is similarly naturally suppressed by the
teptonic GIN mechanism since the model satisfies, in addition to the
three criteria listed above, the fourth criterion in Ref. 7, viz. that there be

no doubly negatively charged heavy leptons which communicate with both
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wand e. The branching ratio for this decay is, inthe r = 0 case

m 2( = 0)
| _ 2 1,0 2f My YT 2 2
BR{u — eed) ~s | | ———— | sin Bcos P (4. 25)

=0 _
T mU (r =0) /_\mLo

For the values of w, mMO,' ST and B taken above this branching ratio-
is ~’10_10 , well below the experimental upper bound, BR(u ~ eee‘)exp < 6 % 10_9
The branching ratio is further suppressed by an obvious factor in the
r ¥ 0 case.

If the model is generalized to include mixing of E‘U and MO with TO
the expressions for the p ~ ey and u —ee@ become rﬁore slightly complicated
but remain of the same general order of magnitude, since the four natural
suppression criteria are still satisfied.

It is important to observe that if we had allowed E and M to mix
then there would be a contribution to the p — ey decay amplitude in which
the p makes a transition into e via a virtual E or M and virtual Xi, 5
vector boson. There would be four such amplitudes, which could be
characterized by the chirality of the initial and final weak vertices as
LL,RR, LR, and RL. As was discussed in Ref. 7, LR and RL graphs
would not be suppressed by a leptonic GIM mechanism and hence would

give decay amplitudes larger than the one arising from the graphs of Fig, 20

by the factor
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2 2 2
M4y m. - m
2 m 2
My T L\mL
where m, - ~max (m“_, mE_). Unless the EH, M~ mixing angle were
Y

extremely small the resultant branching ratio for p - ey would be many
orders of magnitude larger than the experimental upper bound

BR{p —~ e\(}e < 2.2 X 10-8. A similar remark applies to the decay

xp

u —~ ee®, Hence it is crucial to prevent, as we have done, any mixing

between E and M—.

3. The KLKS Mass Difference

Among one-loop induced ] AS , = 2 neutral current processes such
0 +
as the KO - K transifion and the decays KL - ppand K = wie'é the first

yields the most stringent constraint on the magnifude of such currents.

This K° - K" transition, which gives rise to the K Ko mass difference,

46
was computed previously in the SU(2) § U(41) gauge model and implied

a charmed quark mass m_, = 1.5 GeV : in agreement with the value of m
C

inferred from the mass of the subsequently discovered J/W(3095) and the
related charmonium spectrum. In the present model there are four

diagrams which contribute in lowest order to the K Kq mass difference,

L

shown in Iig. 21,
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From graphs {a)and (b) (which give the same contribution) we calculate

an effective Lagrangian
2 2
Pos Pas, s Ty gl g eastyg| —o
L = (dLsL—> SLdL) = - o > 1672 sin eccos BCI 5 >
W Py My

x ['s'yaLd]['é'\(QLd] + h.c. (4. 26)

where
I(x, y) + Iz(x) + Iz(y) - 2J(x, ¥) (4. 27)

with
2 +
Lx) = = tn s { ’;’ (4. 28)
(1 - x) (1 - =) ‘
and
2 2
1 x lnx v Invy 1
J(x, = - e 4,2
R (X"Y’[u-x)z (1-y)2] (-0 -y e
The sum of graphs {c)and {(d) gives, analogously,

m 2 - 2

%E g(ngR —"SRER) = - 5 > sinz BE:cos2 'l ——g-é-, tz

SmU 16w m_[: mU

X [EyaRd] [‘é’yaﬂd] +h.c. (4. 30)
2 2 2 2 :
In gL‘ because m /mW < m_ /mW &« {4, the function I can be
approximated as
2 2 2
m m m
1 5 uz = > - (4. 31)
- Ty My
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In K'R the GIM mechanism is operative, although this is not manifest
in Eq. (4.27), In order to render it manifest we re-express I(x,y)as a
function of £ = +(x + y)and n = x - y, and approximate this function for

£, n < 1

[

I(X: }") [ny n (Y/X) +X2 - \‘2]

X.—-}r

1 nz
= 37E . (4.32)

The factor nz which arises from the difference of the two fermion propagators,
all squared, is thus made explicit in Eq. (4,32}, Note however that, as
was discussed in Refs., 7 and 46 there is really only a single GIM suppression
factor for small but nondegenerate fermion masses, since the additional

-1
factor of 1 is accompanied by a factor § . The expression (4, 32) reflects

2 2z
the fact that GIM suppression consists of two parts: (a) for fixed me /mv ,
. . 2 _ 2 here T 1 4 F
the property that the amplitude vanishes as mFi mFZ where 1 an >

are the two fermions participating in the suppressed transition, and (b) for

fixed !mF z. my 2 [ the suppression due to the fact that
1 2
Z 2 2
| m -m, l/my <4
v = V *
Fi Fz
It is convenient to rewrite these effective Lagrangians in the equivalent

form
™ 2
¥ T o ¢ .2 2 = o 1,
I, = W e 5 s5in BCCOS GC[S\{CLd} ‘LSY Ld] + h.c. (4. 33)

W
W
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2 2
y = - GF s 1+ £ 2 2 m, mt
‘P g o - i & ! — ——
B NZ 4w ((1 4 +r'}w) e CCOS OCI 2’ 2
m ¢ my;
x [ngRd] [@YO‘Rd] +h.c. (4. 34)

In order to estimate the matrix elements of the total effective Lagrangian
0 0 . .
b etween K and K states, we shall use the same approximation as was
employed pr‘eviously,‘% namely to insert a complete sum over states

and saturate it with the vacuum state, thereby obtaining the result

- G_fT 2 m 2
mL ms = FK . (—-—-—-———-C ) sin2 a c:os2 a
m'K N2 4 42,41 GeV o
+ tr £ sinz o' cos2 gt I —£_ , L
(4 + £ +r)w C C'\m 2 m 2
T U

] . -14 )
Experimentally, (rnL - ms)/mK = 0.71 x 10 . Inserting the value

m = 1.5 GeV, we compute the first term on the right hand side of Eq.
(4.35)to be 0.6 x 10_14. It thus follows that, to the accuracy of this
free quark approximation and the accuracy of our approximation of the
Feynman parameter integrals, the size of the second term arising from
the heavy t and g quark contributions is restricted to lie in the range from

-5
zeroto~ 1 x 10 ~. To see what this implies for the t and g quark masses,

let us take w = 0.25 and assume for simplicity that r =0, Then it

follows thaf
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/m 2 m 2

'l -6

sin2 eé cos2 8(':Ik ”2 , - 5 < 3 % 10 (4. 36)
Sl my

with m. = 86.41 GeV. TFrom considerations of the trimuon production rate

we shall choose mt

It

4 GeV; if mg =8 GeV, say, then Eq. {4.36) implies
that sinzeécoszeé < 4% 10—3. This bound should not be faken too literally,

however, since it is based on the free quark approximation. The contributions

of the right handed heavy t and g quarks to the K KS mass difference can of

L

course be furtner suppressed by increasing r.

4, Heavy Lepton Decay Rates and Branching Ratios

In this section we shall present the results of a calculation of the
total decay rates and branching ratios of the heavy leptons. We ghall
concentrate on M and MO, since these play an important role in heavy
lepton preduction and sequential decay processes yielding muttilepton
events in high energy neutrino and antineutrino reactions. The trimuon
branching ratio will be used to derive rough estimates of the trimuon
rate predicted for the FHPRW experiment. In order to avoid complicating
the situation with additional unknown parameters we will work in the
minimal {r = 0) version of the model and assume either that m__ >m._ .

I M

or, if mM_. >m, ~,that the mass difference is sufficiently small that

decays of M into E are rendered negligible by phase space suppression.
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Furthermore, we shall assume that B(':, the t, g mixing angle, is small (or
equivalently, here, m, = mg), and that m,, mg <m, m, . One can, of
course, consider the most general case, but only at the price of having
the resulting branching ratios depend on the additional unknown constants

Bé, m,, and m, . For the numerical work we shall take m, = 4 Geif.

Given (1) the requirement that m

mE_,

e

(g3 5 - 4 GeV from SPEAR;
(2) the approximate HPWF determination of the MO mass; (3) the fact that
Mmoo < m, .0 (which effectively defines the angle B); and (4) the exact RU
symmetry, it follows that EO has no available decay channels and is
absolutely stable. In passing, we note that if one did not invoke (2)
above, then it would be reasonable to consider the possibility that
me0 > m, where E0 and t are the lightest leptons and quarks. In this
case the t quark would be absolutely stable and one would have the
striking prediction of absolutely stable hadrons in addition to the proton,
viz. the lightest t-flavored meson and baryon, presumably t4 and tuu,
respectively. This possibility will not be considered further here.
From the cosmological argument given in Ref, 13

mpg $40eVormpg 2 1 - 4 GeV. We shall consider both

E
of these cases, In the former case the mixing angle p is constrained
to be qguite small. The reason for this is thatfor nonzero $ the muon

. . . - 0 -_0
will have, in addition to its regular decayv channel, another: p —-E e E ,

via the U boson. Assuming that Mo << m the total muon decay rate
B

is, to lowest order (for general r)
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—

-_0D
0eE)

'...1
1

Tp —"v}le ve)-rI"(p - E

it

2 5
Gp m t+r \2 2 2
————-—EZ-— 1+ (m*:-;) sin ﬁCOS ‘3 . (4.37)
1927

In order to avoid circularity, take the Fermi coupling constant GF to
be determined by neutron and hyperon decay measurements. Then I“IL
is observed to be equal to l—'(p" - vpe_ve) to within ~1%, where the
47

and & ..

level of precision comes from the combined determination of G’F C

Hence it is sufficient to reguire, from considerations of the total p
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L .2 2 . . .
decay rate, that sin” B cos £ < C.04. Another constraint is provided
by the experimental measurement of the longitudinal eleciron polarization Pe in

pdecay, Inthe original SU{2) @ U(1) model, P_=1; in the present model,

for m._.g << m

E G

.2 2
P - (1t - sin B cos )

© {1+ s'm2 B cos2 B) . (4.38)

47 (P} = 4,002 0,43,

The electron polarization has been measured to be e exp

In the absence of scalar, pseudoscalar, or tensor terms in the weak
interaction the asymmetry parameter £ is equal to Pe; measurements
yield (% )e\cp = 0,972 £ 0,043, From the direct polarization measurement
2 .

we infer 0 < sin P < 0.070, while from the measurement of £ we

, -2 .2 -2 . .
obtain 0. 76 x 10 ~ < sin P <2 X 10 7, As will be evident, because

. . .2 =2 ... 0 . .

of the constraint that sin” f < 10 7 this light E~ option is not favored by
the trimuon daia.

In order to calculate the contributions of various decay modes
we need the general formula for the leptonic or semileptonic F *fi_f-zf,j
where F, fi i=1, 2, 3 are fermions, For all cases of interest here,

the amplitude is of the form

TR = [‘ﬁf lp ; )\',LJ.PX uF(p)} {'—31‘3(93 )y"PX Ve (p, )] (4.39)
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where PX and P | are chiral projection operators PL=§I,'1—Y5}, or PR:%HWSL
2
2
The factor k is defined as « = (mW /mvz) , where my, is the mass of

the vector boson mediating the decay. Since we have assumed that M
does not decay into E and moreover have specialized to the r =0
version of the model, « =1 in all cases. A simplifying fact is that

the arplitudes ALL’ ARR’ ALR‘ and ARL all yield the same total decay
rate. There are several equivalent ways to write any one of these decay

rates; the simplest form is, in units where mF =1,

S
?—— = f(mi, mz, m3)
0
2
? max 2.1 2 2 2 2
- |, adhtu m P Qb [2adt em P - Qf) (4. 40)
Q min
22
+B({1 - m, }-Q4)]
where
2 B
, Gg Mg (4.41)
Ly =
192 =
3
1 = 2 A
2
N(QT, m, T, my) (4.42)
A = >
Q
L2 2 2
2N (Q7, m,, m, ) 2
B = - 2 3 [Q4 - 2(1’1122 - n132) +Q2(m22 +m32) {4.43)
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and Q

1
—
Pom
1
e

2
Mx, v, z) = x +y +z - 2xy*yz+zx)

As is clear from Eqs. (4.40) -(4. 45), the decay rate is symmetric

under interchange of m, and m,.

The heavy lepton M decays in the following modes:
0 -

I T + N
(1) : _\.’IR MR /V

(4, 44a

(4. 44b

(4. 45)

(4. 46)

(4.47)



and

where cl8 = decos BC

d = dcos 9(': + gsin 4

9?

of M we use the usual free quark counting method.

rate is, neglecting e, p, u, d, and s masses,

where

c:os2 B [Sf(

+sin @ ,, s, = -dsin 8 ., + scos @ ., and
. In order to estimate the semileptonic decays

The resulting

FERMILAB-Pub-77/ 48—THY_'

(4.48)

(4. 49)

{4, 502

(4. 50b

(4. 50c
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Numerically, for M0 - 1 GeV,

4

-16
1 {3.8 x 10 sec)

Tar™ ° = > 4
M M” (6.2 sin” B+2.7) (4, 54

=1

while for M0 <40 eV,

_ (8.8 x 10";‘6 sec)
T - : (4. 52

M (7.3 sinzﬁ +2.8)

0
The M decay channels are more restricted because of its lower

mass, taken here to be 4 GeV:

0 - ..t

M - + U
(1) s bR LL
+ 0
eR ER {4.53)
+_ 0 '
bp Fp
(2) M0 ~e " +U"
R R L
+ 0
, 4
en ER (4. 54)
+ 0
bp By
These vield
2 5
T = E_E:_ni\“lg__ f{o. 0 / )
10 - , 0, myo/m g (4. 55)
1925
_14. -
or TVO = 1.8 >* 10 sec (T,\[O =2.8x%x 10 14sec) {4, 56)
for meg c 1 GeV (mEO < 40 eV) . {4, 57)

The third heavy lepton whose decays are important for determining the

final states in M decay is 7. It decays according to
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. 2 5 3
with a rate I =5G, m_ /{192 77), Note that we have neglected the

decay into SQE' because there is jjttle or

no phase space available

for the actual hadronic states (D-, F ) which would he produced.

To estimate the semileptonic decays of ¢~ and t-flavor hadrons

we use the free quark model,

Because of the already approximate

nature of our computation of M leptonic branching ratios it seems

out of place to try to estimate the enhancement of nonleptonic weak

decays of these hadrons.

channels with a free guark rate r, = (mC/m )51"
T T

feature of the model that, given our assumptionthatm,, m < m

¢ g b’

the t and g quarks must decay semileptonically:

and

-d

ot

+
U

In our model the c quark decays via the usual

It is an inferesting

h}

(4.58)

(4. 592

(4. 59b
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wilere dg:r; was defined aboves and Sgrp is the orthogonal rotation of d
i _L

3

, 2
a‘nd S. .}18 I_'ates are lv‘j — (G J5f(192|‘x ))f(o' 0, m O/m')fori :t’ g'
S j J

F o

respectively, This concludes the specification of inputs for the branching
ratio calculatiomn.

In order to compute the branching ratios for M to decay into
various one-, two- and three-lepton inclusive final states, one traces
through all the decay chains (4.46 ) - (4.48 ) to their final states. In

- - - 4+
Tables { - 5 we list the different decay modes of M yielding p p ¢ ,

p_-p,-, p_p+, p.“, p.+, and no p.i, where, for example, in the first case
we mean p—p_p+ plus electrons, neutral stable leptons, and hadrons,
and similarly for the other four cases. This general classification is
appropriate for electronic counter experiments such as the FHPRW,
Caltech-Fermilab, and CERN-Dortmund-Heidelberg ~-Saclay experiments, in
which electrons are indistinguishable from hadrons. However, bubble
chamber experiments such as the Brookhaven-Columbia-Fermilab
viNe + HZ) experiment are able to detect electrons, and accordingly
we have further classified each of the five types of muon final states
according to the electrons present. Note that none of the p‘"p__p.—*-
modes has any electrons, and that all the p.-i.,t- modes have an e+. The
stable heavy leptons EO or _E_IO appear as finzal decay products in all the
modes.

In Figs. 22 and 23 we plot the branching ratios for the six types of

+ - - -+ -+ +
,

muocnic final states: u_ll—}\l‘, B, LK, B, 4,andnop, as a
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function of sin2 B. The mass of ED is taken to be 1 GeV in Fig. 22 and
less than 40 eV in Fig. 23, It is clear from these graphs that the
sizes of these branching ratios are strongly dependent on the mixing
angle . In particular, the trimuon branching ratio vanishes if p = 0,
=2, or m,
These results can be used to obtain rough estimates of the sizes
of heavy lepton production and decay contributions to multimuon events
observed in high energy neutrino experiments. In order to do this it
is necessary to compute the cross section for the M production process
v'rl +N - M + X arising from the elementary reaction(s) v}l +d >M + ¢!,
(where t' is given by Eq. (2.21)), i.e. vFL +d ~M +tand v}.l. +d -M + g,
with respective weightings c:os2 6(; and sin2 9(':. This cross section must
then be properly flux-averaged over the neutrino spectrum of a given
experiment,
We shall specialize here to the minimal model with r = 0, Even
if r is allowed to be nonzero, the requirement that the theory must
account for the observed trimuon rate places a stringent upper bound on
this parameter. The reason for this is that the production reaction
VH +d - M +t'involves the exchange of a U vector boson; as r increases
from zero the U boson mass also increases, as prescribed by Eq. (2.69).
The cross section for this reaction and hence, approximately, the rate
for trimuon production are thus scaled down by the factor

((4 +2) {4+ ¢+ r))aarising from the U-boson propagator. As will be

seen, our prediction for the frimuon rate is slightly smaller than the
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TITH T

(uncorrected rate measured by the P experiment, so that

optimal agreement is obtained with r = 0, In order to avoid conflict

with the FHPRW rate, say by a factor of 2, it i8 necessary to limit r

to be less than ~0.1., e recall that the constraint that the enhanced

parity vielation in heavy atoms be less than 1C% of the value predictediz by the
original SU{2)®U{1) model vielded a similar upper bound on r.

In our model M production by neutrinos is suppressed firstly by
phase space because of the necessity of producing the heavy quarks t and
g a2long with the heavy lepton M, and secondly by the fact that the
chiralities of the v}L and M are opposite to those of the d and t' quarks,
Since 6' is, for simplicity assumed to be small, only the reaction
v +d =2l +tis important. Again, one could always generalize this

M
and obtain cross section estimates which depend on the three parameters

In addition

2

m,, m and ¢' rather than just on the one parameter m

¢
to the t quark mass, one must choose the corresponding threshold in

hadronic invariant mass, Wt; this is taken as Wt = (m‘t + mN) in units of GeV,

2 : . _ .
A calculation 0 of the production cross section for m,,_ =8 GeV,

vl

m, = 4 GeV, and E > 400 GeV, with the quadrupole triplet beam used

by the FTHPRW collaboration, gives G(V}_L + N >N+ XY o vp + N - p" + X)
= 2,3 x 10"2, Thus from Fig, 22, for 0.1 < sin2 B < 0.4 one can estimate

that

- -
olv +N —ppp +X) 4
b 3 % 10 (4. 60)

oly + N —pun” +X) -
=
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which agrees approximately with the experimental number from the FHPRW
group, 4 viz., 5 x 10‘4. In view of the fact that this latter number has large
statistical uncertainties and may be due in part to production mechanisms
other than the heavy lepton cascade, we consider the agreement between

the theoretical prediction and the data to be reasonably good. In the case of

0 : . 2 .
a light E°, withm_4 < 40 eV, since sin B < 0.02, the trimuon branching

E
ratio is too small by an order of magnitude to give a trimuon rate in
accord with experiment. We therefore choose the heavy EO alternative,
in which mL0 > 1 GeV,

For antineutrino beams the corresponding heavy lepton-heavy quark

production reaction is, in terms of elementary fields, v u +u -—>M+ + b;

i + + -
this vields trimuons of the form p p p . For E>>m___

M~ e Py
+ -
o +N—-M +X) oglv +N-oM +X)
_u N . (4.6
U(v +N'—"M++X) U(v ‘i‘N-—r—p_—"}'X) *
M M

+
Insofar as the trimuons arise dominantly from the decay of the M , which
iz a good approximation (see below), the frimuon production rates satisfy
the same asymptotic relation:

+ 4+ -~ _ - - +
0‘(35}14‘1\1_“'}1. SR + X)) 0'(1'}]-‘5‘;\' it VT + X))

U(?p_!_N"’H:'L-FX) :30(11 NS X . (4,6
&8

At subasymptotic energies these rates depend on the masses of the t, g,

and b quarks.the corresponding thresholds in invariant hadronic mass,
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and the mixing angle 8'. JAoreover, because the aantineutrino flux at
high energies E > 100 GeV is considerably smaller than the neutrino flux
the actual event rate for the reaction '17“ + N = p+p+p._ is commensurately
smaller than that for vH + N ~ p_ p.— p.+. This prediction is in agreement
with the observation of no }L+u+p_ trimuon events by the FHPRW group
using their quadrupole triplet beam {tuned to focus neutrinos and defocus
antineutrinos}.

The mechanism of M~ production and cascade decay is able to
explain not only the general magnitude of the observed FHPRW trimuon rate, but
also the kinematic characteristics of these high energy events?’S These include th-

- -+
following properties: (1) all of the trimuons are of the form pn u p ;

there are no 'wrong-sign' trimuons, p+p+}1—; (2) in all events at least two
of the muons have large energies; (3)in four of the six events the opening
angtes (in the laboratory) between the muons are rather small; (4) the
distribution in azimuthal angle (defined relative to the beam direction)
between pairs of muons in the trimuon events is flat; (5) the distribution

in the invariant mass of the p" p“ p+ system shows no peaking, but (6} the
invariant mass ol ;fi.x+ pairs does show some peaking. The model accounts
for the first property by construction, It is true that some p+'S from

the decay of the t quark will combine with opposite-sign dimuons p— ;¢+
from the decay of M to form wrong-sign trimuons. However, when one

irnposes the experimental cul of Ep >4 GeV (see below) most

+ + - : :
such p w p events are eliminated., Properties (2)-{4) are general
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characteristics of leptons arising from heavy lepten production and decay
in neutrino reactions. The reason for points (5) and (6) is that one of the
p_‘s comes from the primary decay of the M-, whereas the p* and remaining

- 0 —0 - - 4+ s
n arises from the decay of the M or MM ., Hence the tofal 4 w p combination

+ -
will not exhibit any peaking but a fraction of the u p pairs which originate
0 —0 . . . - +
from the M or M will, Even in the case in which the ¢ and p both
0 —0 .

come from the decaying M or A there will not be any sharp peak in the
. . . . : 0 =0 .
invariant mass distribution because of the undetected E or E , respectively.
As has been stressed before, in this model M production by neutrinos is
necessarily accompanied by t production. Hence the hadronic invariant
mass W must satisfy W > (m,C + mN), where we have approximated the
mass of the lowest t-flavored baryon or nucleon + t-flavored meson final

stateasm, +m

+ N Experimentally, however, this will not be a very

stringent test since a sizeable fraction of the hadronic energy will be

0
carried off by the unobservable £ resulting from t quark decay.

In a more complete analysis of multimuon events arising from M

production in neutrino reactions one would fold in detection efficiency

a1

and, moreover, would take account of the p' which can arise from the
4 + .
semileptonic decay of the t quark. ? The p  which resulis half of the time

from this decay will combine with p p from M decay to vield additional

- + - + . . .
p p p events, and with p . to yield wrong-sign trimuon events,

~ - - - + +
Mopop . IE will also give rise to 4-muon events of the form p W,

etc. However, leptons arising from the semileptonic decay of hadrons
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tend to have considerably lower energies than those arising from the
decay of a heavy lepton produced at the leptonic vertex. Indeed,
in most such events the p+ from a decaying hadron would have an
energy lower than the cutoff value of 4 GeV used in the FHPRW experiment
and consequently would not be observed. To compute the rate for trimuon
production taking into account the cuts and acceptance in the FHPRW
experiment would require a complicated Monte Carlo simulation;
however, for the reason given above,the trimuon branching ratio of the
M combined with its relative production cross section probably gives

a reasonable estimate. The same comments apply, with appropriate
changes, to I\-'I+ production and the resulting trimuons of the form p.+p+p,-
in antineutrino reactions.

Finally, in Figs. 24 and 25 we show the branching ratios for
specific electron final states for various muonic final stat2as. The mass
of EO is taken to be 1 GeV. The p—p_,j and |J._p.- modes are completely
characterized by the curves in Fig. 22 since no electrons occur in the

- - - -+
former case and all u p states are of the form p p e ; hence they are

not drawn in Figs. 24 or 25,
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V. SUMAMARY AND CONCLTUSIONS
Until the recent observation of trimuons by the FHPRW neutrino
experiment there was no serious phenomenological motivation for

enlarging the gauge group of weak and electromagnetic interactions beyond

the group SU(2) ® U{1} of Weinberg and Salam. A reasonable explanation

for most of these events seems to be the production and seguential
decay of a heavy lepton, In order that this mechanism account for a
large  trimuon rate in the most natural way, itwould be necessary to invoke a
new gauge boson coupling v to M and hence to enlarge the gauge group.
The SU(3) @ U(4) theory analyzed in this paper is a particularly
appealing generalization of the original SU(2) ® U(1) model with rich
experimental implications. We summarize here its main features. All
nonsinglet fermions are assigned to 3 representations of S5U(3). The new
fermion content of the theory includes, in addition to the charmed quark,
four heavy quarks, (t, g, b, and h), and in addition to the SPEAR heavy
lepton T and its neutrino v_, six heavy leptons x?, Mm%, 7% E, M, T
It is ressonable to propose that the I\'I0 and M may have already manifested
their presence in the FHPRW trimuon events. I indeed m, orm_~ 4 GeV

t
and My,- = 7-8 GeV these fermions could be discovered in the next
generation of colliding beam machines, The gauge boson spectrum of the
theory consists of the photon, four massive charged bosons W and Ui,

and four neutral bosons X1, XZ, Y and Z., The Wi, Y, and 7Z bosons

can be searched for via the usual means under present consideration, e.g,.
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vp, Pp, and e€ colliding rings. [ov the favored values of the parameters
£, w, and$ characterizing the {minimazal) model, the masses of these
vector particles are predicted to be generally comparable to the Wi and
Z of the original SU(2) Q U(4) theory. Unfor-tunétely, since JY’"L is purely

Hare purety vector,

axial-vector, while the electron and muon parts of JZ
there will not be any parity violation in the reaction e8 - uj resulting from

the exchange of ¥ or Z gauge bosons. However, at sufficiently high energies
there will be a sizeable front-back asymmetry in the cross section resuiting
fromthe interference of the amplitude arising from Y exchange with the
amplitude arising from vy and Z exchange. Furthermore, at the appropriate
energies the Y and Z bosons would be observed as resonances in the cross secti

<4
Because the Xi 5 and U vector bosons couple to nondiagonal fermion
]

currents they cannot of course be produced as resonances in the s-channel
in the reaction eg —~ pj. Furthermore, because they couple light quarks
to heavy quarks it will be very difficult to produce them via pp or

pp collisions.

The theory naturally incorporates quark-lepton and e-p universality, and

M.

7 aTe diagonal to order G

insures that Ji, and J «, thereby precluding

I:1
neutral strangeness-changing currents, to the same order, in such

0 =0 . _ :
processes as K — K and By 7 opi Furthermore there are no right-handed
charged currents which involve only light fermions and could appear in
neutron, hyperon, or muon decay. The model allows p- and e-number

nonconservation but at & naturally sirongly suppressed level. The electrically

. . H M. .
nautral [lavor-~changing currenfs J;{ and J'\: contribute to the anomalous
£ L
1 2
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magnetic dipole moments of the muon and eleciron, and to the electric
dipole moment of the neutron; however, a natura’ cancellation mechanism
analogous *o the GIM mechanism for fermions operates to severely reduce
their contributions. Discrete symmetries such as the B and S invariance of
the Lagrangian and the RU invariance of the vacuum are crucial in preventing
undesirable fermion mixing and maintaining the properties mentioned above,
A particularly interesting feature which foliows from the exact RU
symmetry is the absolute stability of a massive neutral lepton, EO, with
cosmological implications concerning the closure of the universe. Together
with these exact discrete symmetries of the Lagrangian or vacuum the
imposition of the approximate discrete symmetries VR and NENTU naturally
establishes a hierarchy of fermion masses, ordered such that RU even
fermions are light compared to the corresponding RU-odd fermions.
The theory is quasi-vectorlike, which guarantees that it is free of triangle
anomalies. Furthermore, in contrast to theories which are not quasi-vectorlike
the present SU(3) @ U{1) model makes it automatic that
the interactions corresponding to the residual exact gauge group,
SU(3)

& U1) » will be parity conserving, independent of the

coLor charge

mechanism of spontaneous symmetry breaking.

The minimal model contains two Higgs triplets with U(4) hypercharge
y = -2/3 and a complex Higgs octet. By adding another Higgs triplet with
¥ = 1/3 we have constructed a useful generalization which interpolates
continuously between the minimal STU(3) Q U(1) model and the original

SU(2) & U(i)model.
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As regards the confrontation with experiment, the minimal
SU(3)® U(4) theory agrees reasonably well with all available data with
which its predictions can be compared. The weak contribution to the
hyperfine splitting in hydrogen is too small to be measured. The weak
contributions to the anomalous magnetic moments of the muon and electron
are calculated and found to be in accord with the high precision experimental
bounds. CP violation is adjusted to be of milliweak strength; the electric dipole
moment of the neutron is then estimated to be of order 10-24 e-cm, close to the
present experimental bound. Concerning neutrino reactions, in this model
there is no right-handed valence strength current of the type which could be
" excited by antineutrinos and lead to a high y anomaly. This agrees with
the preponderance of experimental data on this controversial question.
A simplifying feature of the theory is that of the two neutral vector bosons
Y and Z only the latter couples to neutrinos. With one choice of parameters,
§ ~ 0,18 and w = 0. 25, the model agrees with charged and
most neutral current data. The fit to charged
and neutral current reactions is comparable in quality to that provided by
the original SU(2)8U(1) model; however, it istrue that in the present model
this fit is attained by adjusting two free parameters in contrast to the one
free parameter in the original SU(2)®U({) theory. On the other

hand, the present theory is also successful in accounting for both the general

magnitude and the kinematfic characteristics of the FHPRW trimuon events
which motivated its initial construction. A specific feature of the model
is that heavy lepton and hence trimuon production must be accompanied

by heavy quark production; this can be tested experimentally. Finally,
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again unlike the original SU{2)OU({1) I;.Odel, the (minimal version of the)
present theory predicts no enhanced parity violation in heavy atoms; present
experiments appear to favor this prediction, The minimal SU(3) x U(41) theory
thus seems to be an attractive and relatively economical extension of

the original SU(2) x U(4) unified gauge model of weak and electromagnetic

interactions.

(Notes added by R.E. S, )

1. Recently a set of resonances in the reaction p + (Be or Cu) -~ p.+p_- + anything
has been observed in the Columbia-Fermilab-Stony Brook experiment with
masses in the region of 9.5 GeV?O The resonances can be resolved into at
least two peaks, T (9.4), and T'(40.0), with some evidence for a third peak.
In analogy with the J/{, ', and ', it is plausible to assume that these
peaks are due to the production and decay into dimuons of a J® =1 bound state
T of heavy quarks Q and Q , together with its radial excitations T ' etc. In
our model the heavy quark @, which thus has an effective mass mQ ~ 4.7 GeV,
could be identified as t or g or alternatively as b or h, depending on its charge.
Unfortunately a decisive determination of the charge will probably require
production of the T by e+e- colliding beams, The implications of various
quark assiguments for Q are analyzed further in Ref, 49,
2. Regarding the neufral current sector of the model, it is of interest to
compare the predictions for the ratios R'® = U;:S/G zz and R;jp = aiz/ o gz
with data which has recently become available. The Fermilab-IHEP-ITEP-

-Michigan vH2 bubble chamber exper-imen’c5‘1 has measured a raw ratio

er}*zw = 0,40 = 0.14. When this ratio is corrected for events excluded by
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the hadron energy cut, assuming the Weinberg-Salam model with
sin2 6 _=1/3, it becomes rR'® =0,48 = 0,17. For the corresponding
W corr

antineutrino ratio the Argonne-Carnegie lellon ;Hz bubble chamber

p

. 52 .. v
experiment finds R
: corr

= 0,49 £ 0, {4, where again the correction has
been made using the Weinberg-Salam model with sin2 BW =1/3, For
r = 0, our model yvields, in the vealence quark approximation, the predicted
ratios

R -+ )2 -
and -
RP = (144 )2(%— % W +—z w)
Taking £ =0,18 and w = 0. 25, which fit the other neutrsl current data,
we find R'P = 0,47 and RJp: 0.36, These values are both in agreement
with the (corrected) measured values *o within the experimental errors.
Of course, in order to make this comparison, one would ideally use ex-
perimental ratios with a correction based on the structure of the neutral
currents in the SU(3)XU(4) model. The inclusion of a 10% SU(3}symmetric
sez, as defined in Sec. 2, increases these ratios by a few per cent. In
comparison, an evaluation of the predictions of the Weinberg-Salam
model assuming a similar sea content and taking sinz %V: 1/ 3, gives
2% - 0,43 and RP = 0, 33,
3. As Sehgel has recently pointed out??’an analysis of semi-inclugive
neufral currcnt pion production in the reaction v(J) + N —~ V(;) + 7;": + X

enables one to determine the isospin structure of the weak neutral hadronic



-90b- FERMILAB-Pub~77/48-THY

current (which couples to neutrinos). In contrast, the use of data on the
fully inclusive reaction on an isoscalar target vv) + N = y(v) + X only
vields information on isoscalar combinations of (squares of) neutral current
couplings. From his study of the Gargamelle data on semi-inclusive

. . 2
neutral current pion production, Sehgal finds that u = 0,082 + 0, 035,

u L a,055 £ 0, 025, dL2 = (0,458 £ 0.035, and dRZ

R
notation where the neutral current amplitude is given by

L
=g,001 £0,025 in a

Alv+g—~v+qg)s (GFN_Z) ( Cya(i-YS)v] [uLﬁ va(i-‘YS)u + uRﬁya(1+«{5)u +

+d dy* -y )d + de_ya{i+y5)d] . In the model (withT = 0), one can see

1
b = {1t
from Egs. (3.2b) and (3.3)or (3. 44)that uy p =5{i+L)a ;  pan

Thus for £ = 0,18 and w = 0, 25, the model would

2 2 .2
g =0.022, andd " =dy

d

1
T ae- +
2(1 1a

dr, R dL,dR °

predict that u 2. 0.20, u = 0.05. These values

L
are not in good agreement with the data, For comparison, the Weinberg-

. 1 2 . 2 2 . 2 1
i = [ - = = - = = - =+
Salam  model gives g (5 - 3 sin 64> Bp= - sin g, dp 5

sinzew. For sinze = 0,3, we thus{ind the values

Rz = 0, 01, all of which are in

1 2 1

+3sm Qﬁr,and dR 3
2

u. 2 =0.09, ap = 0.04, d

2

= 0,16, dd
L an
agreement with the data as analyzed by Sehgal,

L
4, Finally, we note that six additional trimuon events have been observed
by the FHPRW group. o4 The heavy lepton production and cascade decay
mechanism contained in our SU(3)0U(41) model is again reasonably

successful in accounting for the characteristics of most of these events,
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On June 16, 1977, our dear iriend Benjamin W, Lee was killed in an
sutomobile accident, This is an inestimatly great loss to the world of
physics, to the Fermi National Accelerator Laboratory, and to his family.
Those physicists who were fortunate enough to talk to or work with him
will forever remember his tremendous creativity, analytical powers and
depth of understanding. Ben Lee was one of the most outstanding physicists
of our day, and no words can adequately express our deep sorrow over

his tragic passing.
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APPENDIX L
Let us consider a potential V of the fields 2, & (the last taken here

+

to be complex: & = (&, +1® )/N2, @ = @ ) which is invariant under
1 2 1,2 1,2
the group G = SU(3)R U(1)® R. The action of G on the manifold M formed

by 2 and @ is described in the text, We define the G-invariant norms

2
X and pzofapointm=(9, ®) e M by
, o = Tr & & (A, 1)

which are positive semidefinite. The potential Vis a C” function of m,

bounded from below, which has the property

lim = . (A. 2)

2 2
)k2+|.L2""C° (?\ +|_|_)

A point m € M has a stabilizer (little group) Gm C G which leaves
this point invariant, The action of G on m generates an orbit O(m) consisting
of all points m' = gm, g € G. The stabilizers of m and m' are conjugated:

G =g Gmg_i. Orbits whose stabilizers are equivalent to Gm form a

ml
) 55

stratum S{m). We refer the reader to Michel's paper and references

cited therein for a more rigorous description of the spaces of orbits and

strata, and differential geometry therein. What concerns us here is the

second theorem of Michel, which states that

Theorem (Michel): I S{m) is compact, and has an infinite number of orbits,

@0 . s .
every C G-invariant function has at least one (local) minimum on an orbit

in S(m).
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For our purpocse it is suificient to note that the orbits O(m), where

m take the form

b §] 0 0

Q = 0 ;@ = 0 0 L Ccos A {A, 3)
0 0 p.elé sin 6 0

A, p >0

form a compact stratum Skp(m) for given \, p > 0, corresponding to the
stabilizer Gm = U(1)® RU, where RU is defined in the text, Orbits in this
stratum may be labeled by two parameters 6, ¢ (0= 0 = 7, -n/2 = ¢= «/2),
Michel's theorem then states that any V takes a minimum on an orbit in
S}\H(m), say at 0 = 6 0\, p, ¢ = ¢0(>\, w), for given N, u > 0,

The gradient of the potential V evaluated at this orbit lies necessarily
in the \u plane, It is therefore possible to adjust, for example, the coefficients
of }\2 and “2 in V, so that a minimum of V occurs at \ = Ngr BT Ko
6 = oo(xo. “o) = 0, ¢ = d)o(mo, ) = ¢O.

It stilt remains to show that for some range of parameters this local

minimurm is in fact an absolute minimum, For this purpose consider a

new potential V' defined as

. 2z - vi
2
Vo= V4+a( Q- N } 4+ b(Tr @T@ - {.LDZ) (A.4)
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where the coefficients a, ..., e are all positive definite. We note that
V' - V is positive semidefinite, taking its minimum on the orbit O(mo).
Thus, for sufficiently largea, ..., e >0, V' takes the absolute minimum
on O(mo) whose stabilizer is U(1) @ RU.

Since V is arbitrary, we have shown that for at least a finite range
of parameters of V, the stabilizer of the orbit on which V becomes absolute

minimum is U(41) x RU. This proof can be readily extended to the case in

which there are several Qs, &'s andn's.
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APPENDIX 11,

In the Lagrangian, local interaction terms of the Higgs fields 2 and

$are at most quartic, Furthermore the discrete R symmetry forbids all

cubic invariants. At first glance it seems possible that the resulting
gquartic potential might be invariant under a bigger group than SU(3)® U(1) @ R.
If the connected continuous group were bigger than SU(3}& U(1), we would have

56
pseudo-(pldstone bosons™ in the theory. We shall prove that this is not the

case.

2 2
Consider first the terms Tr@ch, TJ:-(IJT s Tr@z, Tr(@Té) , Tr @4,

T4
Tr& ~, which are even under R. The maximal invariance group of these

terms is SU(3) X G where G acts trivially on . Now consider terms

2

i T o T T
involving £: 2 £, @ & &8, 2 & 2, & ~2, ete. which are also even

under R, Since G acts trivially on &, G must act not on the SU(3) index

of &, but on all components of & uniformly. Therefore G can only be U(1):

U{1): -*eiéﬂ

T T__-r
QT»Qe Lo

We have thus shown that the maximal connected invariance group of a

generic guartic polynomial of € and ¢ which is invariant under SU(3) &G U(1) RR

is SU(3)& U(1), and not a larger group.
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TABLE CAPTIONS

- - - 4+
Specific final states in M decay containing p p p .

-

Specific final states in M decay containing p u . All
- - %
of these states are of the form p u e + neutral stable

leptons + possible hadrons.

- -+
Specific final states in M decay containing p p , A

further classification according to the electrons present

is: (@) p p moe)(b)u e .

Same as Table 3, for states containing p . The classification

~ + -+
according to electrons present is (a)p {(noe )(b)p e

(c)pee.,
. + + -
Same as Table 3, for states containing p ; (a)u e
+ - —
by e e .
- & +
Same as Table 3, for states contzining no ¢ ; (a)no g

or ei {(b) e {c) e_e+ {d) e“e_e+.
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FIGURE CAPTIONS
Frig. 4: Vector bhoson masses as functions of ¢, forr =0, w =0, 25,

and § =0, 01,

I'ig, 2: Vector boson masses as functions of wfor r =0, { = 0,18,
and & = 0. 01,

g, 3: Vector boson masses as functions of r for £ = 0,18 w =0, 25,
and & = 0, 01.

Fig. 4: Deep inelastic charged current to neutral current isoscalar

\ ) vIN R v\
cross saction ratios R and R

for r = Qand(a) £=0, (b)
2 , 2
(1+£) =1, 2, l.e, £=0,095, (c) (1+4) =1.4, i.e, £=0,18, Along
each curve w increases from w = 0 to w = 1 in steps of 0.1 as
indicated by tick marks., See text for details of the calculation
and references for the data voints,
Fig. 5 Deep inelastic charged current to neutral current isoscalar
. N , TN . N
croas section ratios R and B as functions of r for £ =0,18 an
(a)w = 0,2, (b)w =0,3. Along each curve r increases
fromr =0tor =0C.5 in steps of 0,1; thereafter we show
only the values w =14, 2, =,
Fig, 6: The ratio sz = g{vp = wplalvn— ;L”p} as a function of w
for » =0, £ = 0 (dashed curveland ¢ = 0.18 (solid curve).
The HPW data is shown as a shaded band and the CIR data

is represented by a point at w = 0.2, The cross sections

are flux-averaged for the Brockhaven pneutrinoe spectrum,



! Fig. 7

! Fig. 8:
Fig. 9:
Fig., 10:
Fig, 11:

116~ FERMILAB-Pub-77/48-THY

and the cuts applied are those for the HPW experimenut,
See text for details.

The ratio R;{) as a function of wfor r =0, £ =0.18, and

m, = 0.8 GeV (solid curve), 0.9 GeV (dashed curve), and

1.0 GeV (dotted curve). Data are as in Fig. 6,

b
= o(¥Vp ~ ¥p)fo(¥p ~ u n}as a function of w

The ratio Rvp
el

it

forr =0, £ =0 (dashed curve)and ¢ = 0, 18 (solid curve).
The shaded band represents the HPW data. The cross
sections are flux-averaged for the Brookhaven neutrino
spectrum, and the cuts applied are those for the HPW
experiment, See text for details,

The ratio R:{} as a function of wfor r =0, £ =9,18, and

m, * 0.8 GeV (solid curve), 0.9 GeV [dashed curve), and
1.0 GeV (dotted curve)., The shaded band represents the
HPW data,

The ratio of flux-averaged neutral current cross sections,
o(®p = Up)/o{vp >~ vp), for r =0, with the HPW cuts, as

a function of w. The shaded hand represents the HPW
measurement,

The neutrino neutral current and, for comparison, the
charged current differential cross sections dc/sz(vp = yp}

and dof dQZ{Vn - p—p), flux-averaged for the Brookhaven

neutrino spectrum. For the neutral current reaction,



R r—

P

Fig. 12:

Fig. 15:

Fig.

13:

16:
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r =0, £ =0.48 and {(a) w = 0.1, (b)w =0.2. The solid

and dashed data points are the charged and neutral current
data from the HPW experiment.

The antineutrino neutral current and, for comparison, the
charged current differential cross sections dcr/sz{T,p ~7p)
and do/ sz('?p - p+n), flux~-averaged for the Brookhaven
neutrino spectrum. For the neufral current reaction curves,
r=0,£ =0.48, and w =1{a) 0.4, (b) 0,2. The neutratl
current data is from the HPW experiments.

The ratio R.© as a function of w for r = 0.1and £ =0.18.

el

v
The ratio Ref as a function of w for r

0.1and f =0.18.
Values of gV (horizontal axis) and gA(vertical axis) as
functions of w and r, for £ = 0,18, The line segments
correspond to (a}r =0, (b)r =0.4, (c)r =14.0, and (dr = =,
Along =2ach line segment w increases from 0 to {1 in units of
0.2, indicated by tick marks and explicitly labelled for
segment (a).

Regions in the (gv, gA) ptane allowed by the Gargamelle
data on the reactions vHe —- vHe and?v “e —- Tz'He, Egs. (3.30)
and (3.31). The outer contours are 90% confidence level
(CL) limits, The dot at (gv, gA) = (-0,24, O)represents

the predictionfor r =0, £ =0,48 and w = 0.2,



Fig.

Fig.

Fig.

Fig,

Fig,

Fig,

17:

19:
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Regions in the (g, gA) plane allowed by the measurement

v
of the reaction Fee - T)'ee by Reines et al. {Ref.31 ). The
two different elliptical regions correspond to the two bins
1.5 - 3.0 MeVand 3.0 - 4,5 MeV in scattered electron

lab energy. The dot at (gV, gA) = {-0.24, 0)represents

the prediction for r = 0, £ =0.18&, and w =0, 2,

The enhanced atomic parity violation parameter ka for
Bi209 as a function of r. For this plot £ =0.48 and

fa)w = 0.2, (b)w = 0.3,

Graphs contributing in lowest order to the weak interaction
part of the muon anomalous magnetic moment. Fig. (19¢)
represents a sum of four graphs: LL and RR transitions
mediated by the vector bosons Xi and separately by XZ'

Fig. {19f) also represents a sum of four graphs: LR and RL
transitions mediated by X1 and, separately, by XZ.

Graph for the decay p — ey.

Graphs contributing in lowest order {g4) and in the free quar k
approximation, to the KLKS mass difference,

Branching ratios for muonic final states in M decay,

as a function of sin2 B. The mass of EO is taken to be

1 GeV, For clarity the BR{FLH}.L-) curve is dashed,

Branching ratios for muoenic fixed states in M decay,

as a function of sin2 3. Here mEo < 40 eV, For clarity

the BR(p p ) curve is dashed.



Fig. 24:

Fig. 25:
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Branching ratios for specific electron and muon final

- . . . 2
states in M decay, as a function of sin 8. The curves

-+
shown are for the sub-classes of the muonic modes p p

and p_. The mass of E0 is taken to be 1 GeV. The
- - + .
L e e curve is dashed.
Continuation of Fig. 24. The curves shown are for the
1"

: + +
sub-classes of the muonic modes p and "'no u .' For

- 4+ + - -
clarify the e e curve is dashed and the pn e & curve is

dotted.
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