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ABSTRACT 

We describe an SUi3) &U(1) gauge theory of weak and electromagnetic 

interactions and study its experimenta implications. In this theory all 

nonsi,nglet fermions are assigned to triplet representations of SU(3). The 

theory satisfactorily accounts for the trimuon events recently observed in 

neutrino reactions. Furthermore, the model naturally insures quark-lepton an 

e-p universality, absence of-right-handed currents in 6 and 1 decay, and 

absence of s-d neutral currents to order G 
F v. Varioils discrete symmetries 

play an imp0rtar.t role in maintaining these properties. The model a!&lows for 

p- and e-type 1eptc.n number nonconservation at a naturally strongly suppressec 

ievel. The weak contri,butions to the anomalous masetic moments of the 

electro;; and muon are calculated and shown to be in accord with expel.imental 

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 include the prediction of an absolutely 

stable massive neutral lepton, the absence of a sizeable high-y 

ancmaly in antineutrino charged current reac ti.ons, ti :-he abserxe of large 

parity violation in heavy atoms. 
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I. INTRODUCTION 

Among unified renormalizable theories of weak and electromagnetic 

1 
interactions, those based on the original gauge group2 SU(2) @ U(1) have 

been quite successful in accounting for various properties of weak decays 

and of charged and neutral current neutrino reactions. Generalizations 

of the original model which add right-handed (and often also new left-banded) 

weak currents have been proposed in order to incorporate various experimental 

findings such as the anomalous antineutrino y-distribution and rise in the ratio 

uVNb lJN reported by the Harvard-Pennsylvania-Wisconsin-Fermilab (HPWFj 

e.xperiment. 
3 Recently, however, the observation of high energy trimuons 

by the same group4 led S. Weinberg and one of us to propose a more extensive 

generalization of the original-theory. namely a model based on an enlarged 

gauge group, SU(3 j 0 U(1 j. 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 phenomenological implications, especially those 

pertaining to neutral currents. Let US first consider the original motivation 

for this work. The FHPRW group concludes4 that one source of its trimuon 

events is most probably the production and sequential decay of heavy leptons: 

v +N-M-+...; M -t )I- + M” + . . . ; M 0 -r u- + )I+ + . . . We shall 
(I 

tentatively accept this interpretation here. The measured rate of trimuon 

production, uncorrected for detection efficiency, is R(v + p-~-p’)/ R( Y - - 
P 

cI P )= 

-4 
5x10 . 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 hea\=j lepton interpretation, the group infers that 

7.0 
+3.0 

m%I- = . -1 OGeVandm 
X 

0 =3.51:-i. The kinematical suppression 

arising from the necessity of producing the heavy lepton 11-, and, in addition, 

the small branching ratio BR(M- + i-‘-l-r-p+. . . ), suggests that the initial 

v + blLI- transition may occur at nearly full weak strength. This is not possible 
u 

in the original SU(2) t5, C(i) 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) s U(1) model. The crucial observation, as discussed elsewhere’ 

is that the experimental constraints on the mixing angles do not prevent - 

there from being substantial mixing of leptons which can give rise to v - M-, 
P 

as long as this mixing is approximately rerflected 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(i) model as example, that such 

large leptonic mixing could serve as a source for trimuon production. 
8 

The second way to make possible a full strength v -’ IX- transition, 
i-I 

which seems to us perhaps more natural and richer in theoretical implications, 

is to introduce new gauge bosons to couple vP 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) @J U(1) 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 automatically 

quantized’ and (5,) the embedding of ST.‘(Z) &U(1) as a subgroLo fixes the 

_, 
angle 0 = tan 1($/g), where g and g’ are the gauge coupling constants 



for the X(2) and U(1) factors respectively. However, there is a serious 

problem with this group: one must assign the leptons to an octet representation 

(or more generally, a rep-eSentatiOn of zero triality) in order for them to 

have integral charges. TVith this assignment there is no natural way to have 

+ 1, - %I- rather than v - M 
P 

and still satisfy experimental constraints such 
P 

as quark-lepton weak universality, e-p universality, absence of y -+ e- 
P 

and p -’ ey (to their respective levels of precision), etc. The simplest way 

to remedy these problems is to adjoin a U(1) group to produce STJ(3)9, U(i). 10 

This then allows one to assign both quarks and leptons to the fundamental 

representation of W(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 attractive features that one might analyze it as a serious theory 

in its own right. The theory naturallg- insures quark-lepton and e-p universalit: 

absence of ,right-handed currents in neutron, hyperon, and muon decay, 

2 in the suppression of strangeness-changing neutral currents to order C F 

processes X0-l?, and IC*up, and adequate suppression of p- and e-type 

lepton nu,mber-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 e:cperiments by the University of Washington and Oxford 

11 
Vr!i\;erSitJ- grOUpS v~hich seem to indicate that parity v-iolation, if it is 

12 
present at all, is sma1:er than the value that the best avaiiable estimates 

-1 ‘ilr;3) alI model imply foi, the origin-., .~ , L <, ~ \‘,lth regard to charged current 



(antihleutrino reactions, the model does not predict a large high-Y anomaly. 

Moreover, in the most straightforward version of the model in which there 

is 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)C&U(i) 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. -4 useful generalizatic 

of the minimal SU(3) Q U(1) model is constructed: this generalized model 

interpolates continuously between the minimal SU(3) @ U(1) theory and the 

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

of the theory for deep inelastic, elastic, v(O)p and leptonic neutrino and 

antineutrino neutral current reactions, and parity violation and hyperfine . 

splitting in atoms. In Section IV various other experimental consequences 

of the model are examined. These include the anomalous magnetic moments 

of the muon and electron, the decay fl - 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 Section V. Finally, two appendices deal with technical aspects of the 

Higgs potential. 
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II. STRUCT’URE OF THE W(3) @ U(1) MOlIEL 

We shall first review the SU(3 1 @ UC1 ) gauge model discussed in 

ref. 5 . The generators of SU(3 1 take the form, in the fundamental 

representation, X,/2, a = 1, 2, . . . , 8, where A. are the Gell-Mann matrices: wt 

denote the generator of U(l) by y. The electric charge Q is 

Q = $(x3 +x8/d% -by . (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 X(3) 

gauge group commutes with the flavor SU(3)@Uu(1) gauge group, as is 

necessary in order to avoid order cy violations of such strong interaction 

14 
symmetries as parity and strangeness. In that which follows, color 

imdices are dropped everywhere, and SU(3) refers throughout to the flavor 

gauge group. A quark family consists of one y = 0 triplet and one y = 2/3 

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

SL’W) I (:::.Ii, ; qR(213), (;y;gR , (2. 2) 

where the numbers 2! 3 and -I/ 3 in parentheses denote electric charges, 

R and L denote chiralities, and primes are used to distinguish between two 

independent quarks of the same electric charge and chirality. A leptorl 

family- consists of one y = -2/3 triplet of each chirality, and one y = 0 
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left -handed singlet. 1Ve may write a lepton family as 

where 0 and -1 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 leptons may be massive. 

This model is quasi-vectorlike, 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 otiy su(3) au(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. 



Quasi-vectorlike theories such a.s the present X!(3) $2 E(i ) model have 

another important property which we should like to stress here. -hY 

spontaneous symmetry breakdown of the overall gauge group G to an 

unbroken subgroup GO in a quasi-vectorlike theory will obviously yield a 

uew 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)color@U(1)em 

must be quasi-vectorlike; this is why parity is conserved in these interactions. 

0.f course, a quasi-vectorlike theory of strong and electromagnetic interactions 

could always emerge by spon taaeous symmetry breaking from a nonquasi- 

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 y = -2/3 SU(3) triplets fii, y = 0 SU(3) octets 

@. , and, in addition, SU(3) singlets. We assume that there are no Higgs 
1 

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. 

1t is also interesting to examine the effects of other Higgs fields which 

couple to gauge bosons but not to fermions. Specifically, vie shall construct 
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a generalizatio~n of the minimal theory which includes one or more y = +/ 3 

Riggs triplets ni. with charges (1, 0, 0); this theory interpolates between 

the minimal SU(3) @U(t) model and the original SU(Z) @U(1) modeI.2 

In general, the fermion fields in Eqs. (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 (1) quark-Iepton universality, (2) e-P 

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 

p decay, or in muon decay, (5) the nonobservation of the transition 

” -f e- 
P 

in the two-neutrino experiment and the absence of +- and e-type 

nonconserving decays such as p * ey and ).i + eeg, to the levels probed by 

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

order and to order G F 
cy, as required by the smallness of the K K mass L s 

difference and K L 
+ + 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 Lagrmgian is invariant under a discrete symmetry K, which leaves the 

gauge bosons, right-handed fermions, and the scalar triplets n i (7 = i/3) 

invariant. and changes the sign of left-handed fermions, the scalar triplets 

Q.(y = -Z/3) and the scalar octets ai (y = 0). 
1 

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 Oi and 9. 
1 

Yukawa interactions of the scalars ni and Bi with fermions 

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

- t cif R R + c2%2r+ i7(c,@ + c4Q t )R + 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 TJ(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 

-1 u = c ) -1 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 poter.tial for a finite range of its parameters (as is proved in 

Appendix I); this symmetry is preserved in higher orders in perturbation 

theory. Fiirl.her, in Appendix !I we show that the SU(3) @ U(1) @ H-invariant 

Higgs potential does not admit a larger continuous symmetry group, and hence 

there are no pseudo-G>l.dstor:e bosons in this model. Conservation of electric 

charge and ::E requires the \-acuuc: expectaticn \Faiues of scalar fields to 

take the form 



- 
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<Q~>~=(;), ayo=(; ;i $3 +I~>~=(;,) (2.6) 

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

henceforth. The fermion fields transform under RU according to 

RU: P E fL - -fL (f L singlet) , 

r F f R - +f R (fR singlet) , 

fi +f 
1 

LE f 2 
- +f 0 0 2 ’ 

f3 L -f3 L 

(2.7) 

Since RU is a symmetry of the vacuum, there is no mixing between 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 alwa-s choose one member 

of all the left-handed triplets and, independently, another member of all the 

right-handed triplets to be b&h- vveak gauge group eigenstates and mass eigenstatc 

We choose these to be the second (third) member of theleft-handed (right- 

handed) triplets. We thus have 



: d-family 

%’ (LJ,- (I), ) 

s -farnile: 

gL’ (JL~--ygR , 

e-family: 

p-familx: 

7 -farnil:-: 

(2.8) 

(2.9) 

(2.10) 

(2.11) 

(2.12) 
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v:here primes indicate mixing among fermions of definite maSs of the Same 

color, charge, RU parity and chirality. The mixing need not be CP conserving. 

It is, however, always possible to define the phases of u 
R and c 

I? such that 

5 = uLcos Oc- cLsin OC CL =uLsin $+ cLcos e where 0 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 iaduce mixings between 

Y and M 
0 E 0 

which would violate 
i-L L ’ 

and between ve and L ’ for example, 

e-p universality: there would also be mixings between u 
R 

and t’ 
R’ 

and 

between bk and dR, which, together, would induce a right -handed current 

in P-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 Ii’* !?’ and 

KL 
+ up, and the cL- and e-number violating decays p + ey and TV - eeF 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 (b I’ 9 I a,nd ,I i invariant, and 

transforms other fields according to 
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S: ra r 
a 

1 
a Ia 

Ii i! 

R 
- na 

a Ra 

La La 

s2 
i 

+Ei Qi (i f: 1) 

(2.13) 

(2.14) 

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

between different families. na and si are phase factors, Irl,l =15,( =I, 

such that n a”nb t 1 for a 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 na and the Higgs fields ni. ) 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 na, and 5. be some powers of exp (2+/n). 
1 

To insure that there is Cabibbo mixing between uL and CL, it is 

::; ;:: 
necessary that there be at least one Q., i i 1, such that n, n 5. 1 d I 

= I or 

z:: ::: 

‘ld sl ‘7, 5 = I, where n, and nd are phases of the d- and s-families under S. 

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

anything known phenomenologicallp, is: nd = n, = 1, n, = n = i , 
P 

q7. = esp (iv/ 4); we postulate on e additional triplet with y- = -Z/3, 92, with 

c 2 
= -i (or i ). This choice will allow mixing between u and c, t and g, 

and E” and X0 
0 

, but leaves T pure. Ii?hen we consider cascade decays 
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of WI in a later section, s’:e shall concentrate on this possibility exclusively 

for economy. 

The family compositions of the fermions, with the above ansatz, then 

are as follows: 

d-family : 

s-family: 

gL ’ 
C’ 

S 

h 

e-family: 

UR ’ 

’ 1 
t’ 
beiQb 1 

d J R 

g’ 1 heidJ h 

p-family: 

(2.15) 

(2.16) 

(2. I’?) 

(2. 18’ 
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I 

(2.19 

R 

Ln zqs. (2.15 - 2.19) bbj Oh> GE” o,, dT are CP-violating phases (we have 

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

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

(:lL = ( 

cos Bc -sin f? u 

sin QC cos e x ) cL I 

(lK ( 

iru 
e cos 0’ 

icu 
c ’ -e sm 86 t 

= 
-ia 

e sm ef 
-iru 

C’ e cos >! ) ? gL ’ 

cl,R ( 

eiYcOs p , ..,iy sm p J$ 
= 

e-iy -iy 
)C > cosf3 M 

0 
sm p , e R ’ 

where OCis the Cabibbo angle, and (Y and y are CP violati~ng phases. In 

Eqs. (2. 15 - 2. 22) all unprimed fields are states of definite (real) mass. 

An obvious generalization of the mixing of the neutral heavy leptons 

specified in Eq. (2. 22) is to allow TI,’ to mix with E R” and ?vI , K” to form 

0, Ep, j M 0, 0, 
I< j and T R . 

This would require another Higgs triplet and 

(2. 20 

(2. 21 

(2. 22 
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different assignments of S-eigenvaluej to the leptons. The mixing matrix 

would then be a 3 x 3 unitary matri~x, 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 S symmetry constrains the mixing 

to occur only among ERo and RX 
0 

R ’ 

The quark sector thus includes besides the familiar u, d, s, and c 

quarks, 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 mb must not be too much greater than mt and m . 4s is evident from 
R 

Eq. (2.19),the leptonic sector includes an additional family of -r-type leptons 

including 7 , identified as the heavy lepton discovered at SPEAR 
16 

and Y 7, 

its associated neutrino. The M- and the lighter two neutral leptons, defined 

as RI0 and E” are presumably responsible for the trimuon events recently 

observed at Fermilab. 
4 With these identifications, we have m7 = 1.9 GeV, 

m XI- = 
7 - 8 GeV, and mMo = 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 (i) - (4) 

on quark-iepton and e-p universality, the Cabibbo theory of neutron and 
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hyperon d.ecaysz and 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 

demorxstrated explicitly in section Iv. 

These constraints significantly restrict the allowed assignments of 

fermions to multipleis. In particular, if one had tried to place the right-handed 

chiral component of the 11 quark in the position to which tP, 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 

<(Qi)ll’o’ but this is forbidden by the exact RU symmetry. 
17 

Hence, in this 

model there is no natural way to incorporate a right-handed cRy u 
PR 

current 

which cou~ld be excited in antineutrino reactions and lead to a so-called high- 

y anomaly, including a large enhancement of du +$ dy at high y, a consequent 

im FN 
increase in <y> ando /a 

VN 
and a decrease in B VN 

with increasing energy 

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

a state of flux. \Vhen our model was originally proposed the data from the 

3 
HPVF experiment indicated a sizeable high-y anomaly. The (statistically 

some-:/hat weaker) data from the Fcrmilab-IHEP-ITEP-?Jlichigan (FIIM) 

antineutrino-neon bubble chamber experiment yielded values of iy> 
TN 

which 

irere consistent xvith being energ)--independent or slightly increasing over the 

18 
grange E = IO to E z 100 Gel’. Uore recently, data from 

the Caltech-Fermilab (CF) and CERX-Dortmund-Heidelberg-SacLay (CDIIS), an< 

CERE BEP,C (anti )neufrino experiments has become a.+vailable. IS,19 



These gro’:ps do not find any strong energ?; dependence in the quantities 

<y>vK, g?, or ucxiD”N from incident v(O) energy E = 30 GeV to 

E z 200 GeV: thus t!ley do not observe any high-y anomal>~ of the 

magnitude originally reported by the HPWF group. 

lt should be noted parentheticall>- 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,?? + N - M + X;, 
+ 

P 

?J+-p++... 
+ 

will simulate the process TT + N - in + X. Furthermore, in 
P 

the cascade decay of the M- a considerable amount of energy will be carried 

(-b 
away in the form of neutrinos or E ‘s. Consequently, the apparent incident 

1 energy will be substantially less than the actual incident energy, and 

effects of M- production can appear at E = 50 - 70 GeV. Furthermore, 
VlS 

because the TV+ carries only a fraction (about I/ 3 for the main decay chains; 

+ 
see Table 4) of the energy of the parent XI the simulated T + N * in 

+ 
-i x. 

P 

events arising from tiI+ production will preferentially populate the high yvis 

part of the yvis distribution, where yvis = u/Evis, with Otis = v + E , 
P 

and v is the energy transfer in the lab frame. 

Xowever for present neutrino experiments this will be a very small effect 

because UT production is kinematically suppressed by the necessity of producin 

concomitantly a heavy quark, and by a helici,ty factor which asymptotically 

is equal to f/3. Detailed calculations using mnI+~ = 8 GeV, mAIO = 4 GeV, 

and m 
b 

= 4 GeV and folding in the FHPRK’ quadrupole triplet neutrino flux 

spectrum yield the result that for E > 100 GeV; 
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c 
cr(i7 + N --p 31 i X)/o(V i IT + k- + X) = 0.036. 

20 
Thee branching ratio 

P P 

calculations discussed in section IT’ give BR(& + pf i . . . ) 2 3070. Hence, 
L 

at most, :~~I production will contribute about a 1% increment to the cross 

section for the reaction Tk + N - p+ +); . This has a negligible effect on 

VN 
doGN/dy, and (J . Thus our model predicts no sizeable high-y anomaly, 

in agreement with the present data from the FIIA’I, CF, and CDHS experiments. 

Returning to the structure o, f 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 the 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 same family. 

Thus we shall assume that the Lagrangian is approximately invariant under 

the symmetry tiq, which causes the various fields in the theory to transform 

as follo\vs : 

dR: vi*-+vp a =O, . . . . 8 
a a 

r, R--r,R 

1, L -- ii, - iL 

(2. 23 

a, -.-il;‘. 
J s 

nl 
-il. 

3 
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If A,% were an exact symmetry of the Lagrsngian, then among the possible 

Higgs-fermion couplings allowed by SU(3) x U(1) x R, as given in Eq. (2.4) 

the terms LGr and L@R would be absent, i.e. c2 = c3 = 0. The n 

symmetry is spontaneously broken by the Qi and Qi vacuum expectation 

values. However, if the fi symmetry were an exact symmetry of the 

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

.be invariant under fl a where dfs is the SU(3) transformation 

i 

m = ( -i- -i 

1 

(2. 24: 

This would incidentally imply that (v?? \m)L is a symmetry of 

the vacuum; however, it is a stronger condition. 

(0f course there is an ambiguity in the choice of phases of the diagonal 

elements of the matrix +J??. The choice made here gives the desired 

physical consequences. ) If fi m were indeed a symmetry of the vacuum, 

then in the octets Qi, bi = 0, although a., v., and vi’ can be arbitrary. 
1 1 

Thus the approximate 6 symmetry of the Lagrangian implies that 

Jc 21, 1 c31 << 1 cll, Ic41 andtheapproximate amsymmetryof 

the vacuum implies that ) bi 1 << / ai 1, 1 vi 1 , i vi’ 1 . 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 theory consist of the SU(3) octet, U(1) singlet V,‘, a = 1, . . . , 8, 

and the SU(3) singlet, U(1) gauge boson V 
0 ‘. These are coupled to the 

fermion currents by the terms 

yGJ = g(Ja)&’ + g’(J,&V,,’ 

where 

and 

J I’ = Z C “x,j~,(~)~, j ’ 
0 x=L,R j > 

(2. 25) 

(2.26a 

(2. 26k 

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

over all fermion triplets in the case of Ja’ and all fermion triplets and 

singlets in the case of JO’. 

The vector bosons gain their masses through their couplings to Higgs 

bosons which are given by 

27 +tJ + P 
GH 

= 4 Tr(,C @+Dp~) + DQDQi~ DqDr) 
P. P P 

(2. 27 j 

where 



and 

with 

y.f2 
D Q = a R - igV 9 - ig’,(V,) 0 

r r r r 

Y 
Drll = 8 q -igV r) -igl+V) q 

r r 01* 

-23-- 

(2. 28Ei 

(2. 28b 

(2. 28c 

VP 3 txavar (2. 29 i 

and Y -9 
= -213, y = II3 

rl 

One can calculate 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 Q and S2, and the generalized version which 

includes also the r) field. In the minimal version we find the physical 

fields 

\i”~ = (v: 2”) 
i iV 

q2 

$r _ (VI 5”) 
7 iV 

ti-7 

x1 ’ = cos(~/2)V~ -sin(c/2)V,’ 

xp = 
2 

sin(E/2)VP +c0s(E/2)VP 
6 7 

z” ; 1 v?Y 

2 f g2/3 
c ( 

-Ij-g v3p -k-& vy 

“ug 

) - j+ vof’] 

(2.301 

(2.31) 

(2.32a 

(2. 32b’ 

(2. 33) 
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and 

yr =+ 
(V3” 

- qy yg ‘A ) (2.341 

Ar = &z+& 1% (v3II + &V89 + g vor] (2.35) 

where 

E : arg{Cai”‘bi) . (2. 36 

The spectrum thus consists of the charged vector bosons W* and UC which 

mediate transitions in the 1 * i2 and 4 * i5 directions in SU(3) space, the 

electrically neutral X1 and X2 hosons, which mediate transitions in the 

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

massless photon A. Their EU parities are: #+(+), U*(-), X;l ,(-), Z(+), 

Y(-k), and A(+). 

The (nonvanishing) masses of these vector bosons are given by 

2 
mw 

= $g2x(lai12+ /bi/2)+$g2x/vi/2 

i i 

2 2 
mU = ml+, 

2 
= :‘g2[x(iai/2 + ibi12)Fz jzai”bi I] 

i 1 

2 
mZ 

= $(gz +gf2/3) Cl 
v. 1 1 l2 

i 

2 
y = g2 

cc 
/ ai1 2 + 1 hi I”) . 

i 

(2.37 

(2.3E 

(2. 34 

(2.41 

(2.41 
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It is convenient to write these masses in terms of mW; to do so we introduce 

the following notation: 

P = 

c ’ lvi 2 
i 

6 = 

i 

and 

w = 
g’2 

gn2 + 3g2 

In terms of these quantities 

and 

2 _; 2i(lrtl) 2 

mxi. 2 i-t1 mW 

2 4 2 
mZ = 3(1 - v/)(1 + P) Yv 

2 4P 2 
mY = l+Pmw 

From the coupling of the photon field to the electromagnetic current we 

determine that 

e = ‘&?fy2~ 
0 = -z-“q57 . 

(2.42 

(2.43 

(2.441 

(2.45 

(2.46: 

(2.471 

(2.48 : 
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The relation. between g2/ miv2 and G F in this model is, as usual, 

2 
GF 

Q=z . 

Combining Eqs. (2. 371, (2.441, (2.481, and (2.49), we have 

mW = (?e)i = 4g6 GeV . 

(2.49) 

(2.50) 

A salient feature of this minimal model is that the XI 2 and Y bosons 

derive their masses entirely from the vacuum expectation value of the 

Higgs octets Qi, whereas the Z picks up its mass completely from the 

vacuum expectation value of the Higgs triplets, Q. 
1 

It is also interesting 

that the Mf and C* bosons are degenerate in this Higgs scheme. 

Fig. I illustrates how in the minimal version of the model the vector 

boson masses depend on the parameter 1, which measures the relative 

size of the + and 0 vacuum expectation values. For this graph we 

take w = 0.25 and 6 = 0.01; these values are deduced, respectively from 

our analysis of neutral current phenomenology and fermion mass 

generation (see sections III and IV. 2 1. ‘In Fig. 2 we show the dependence 

of the vector boson ma, 3se.s on the variable w for 6 = 0.01 and 

(1 -+ P j2 = i. 4, i. e. 1 = 0. 18, a value which is derived from our 

fit to the neutral current data (see section III). If one chooses the three 

parameters which determine the gauge boson masses (in the minimal model) 

tobe -0.1s, ,:‘= 0.25, and 6 = 0. 01, then the resulting nonzero masses 

of these vector bo~ons are, in units of GeV, m = m \\. u = 86, mx = 47, 
1 

I” s _, = 48, rniY E 67, and m 
7. 

= 106. 
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Using the expressions for the physical vector boson fields we can 

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

pGJ = { &Wp+Jrvp + & Up&” + h.c.) + g (Xl&’ +X2;,“) 

(2. 51 

’ &” 
+;75 

+9?/3 Z J ’ tL zp +$Y;,” + eA:,,y 

where 
JW 

’ z J ‘+iJ I-r 
1 2 (2. 52 

JU 
p = J p+iJ p 

4 5 (2.53 

Jxl 
’ = cos (E/ 2)JE - sin(e/ 2)J7P (2.54 

Jx2 
‘~ = sin(e/2)JI + cos(e/2)J7cL (2.54 

JZ (2.55 

JY 
p = -J3’ + hj7-J8’ (2.56 

J P= k+i 
E J8 

‘+yJ’ 
em J3 0 

The neutral currents JY’ and JzP are diagonal and remain so to order G 
F 

(Y. 

The cm-rents Jx ’ and Jx ’ are neutral with respect to electric charge 
1 2 

but not SU(3 1; i. e. , they are flavor-changing. Because of our prevention of 

b, h mixing and E-. M-, - or T mixing these latter two currents play no 

role in processes such as the Ii0 -E” transition and EL +pF decay or 

in p- and e-number violating processes such as p - ey and p -eeC. As 

will be seen, the,y do have an important effect on the magnetic moments of 

(2.57 
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the muon and electt~on, and on the electric dipole moment of the neutron. 

FTorvevcr , in I2ot.h cases an jnierestiu~ gause l~osorl analog-l:e of t!?e GI?;T 

cancellation mechanism for ferniions strongly suppresses their contributions. 

\Ye next consider the second version of the SU(3) & U(1) model which 

includes the y = I/3 Iliggs triplets qi. A convenient measure of the size 

of the rl. vacuum expectation values vi’ is the ratio 
1 

(7 jvif 12) 
r = (7 lvi21) ’ (2. 58 

The usefulness of this generalized model is that it interpolates continuously 

between the SU(3) x IJ(l) theory and the Weinberg-Salam theory as r ranges 

from zero to infinity (with the identification w =(4/3)sin2 @IxF in the latter 

case ). The additional coupling term [ aP$ - igV,lq - ig’yqVoq I2 modifies 

the vector boson fields and masses. The W*, U *, X1’ x2, and A fields 

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

Zi and Z2. Although the mass of the W* remains the same, all of the other 

nonzero masses change from their values at v’ = 0. The new physical 

neutral vector bosons Z1 and Z2 are related to Z and I7 by the orthogonal 

trans.‘ormation T’: 

(;j = (:;: F)(I) F ;,:;:: ::‘: 
TJil = +L(‘“z12- p)q-5 
V 17 

I = (IT,~,’ - p) [$ f (mz,12 - -):li 

Z 

0 Y 
(2.59 

(2. 60 

(2.61 
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v21 = o p + (iz22 - p)‘]-+ 
(2.62 

v = \2 4 
22 ,I (2.63 

2 
mz* 2 = (2.64 

P )I (2.65 

0 = ggQT& 
6 (2. 66 

2 
T= g 

P i 
[ai[ 2+ fbi12)] +$ ($‘) . (2.67 

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

way as x = tan -‘(V, ,/ Vi1 ) to parametrize the orthogonal transformation V. 

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

2 
2 -hr 

I 

r +4 
= 2(1 f P ) 3(1 - xv) 

-+4Pir f 1 [( I-+4 
3(1 - w) 

-4P -1‘ 

Thus Z,(Z,) is defined as the mass eigenstate with the larger (smaller) 

eigenvalue m 
2 

zi 
!m 

z2 
‘). Asr”o Zi + Z(Y) and Z 2 ‘Y(Z) if m 

Z 
> m 

Y 

Cm < my). The condition that mZ > my is the condition that 3P (1 - w) < 1 
Z 

and vice versa. With the values of w and P which fit the neutral current 

data mz > my for r = 0. 

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

2 
by Eq. (2. 50), for mZ by Eq. (2. 68),and for the others as follows: 

1.2 

2. = (1+P+r) 2 
“u (i+P) mw (2.69 1 
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and 
2 = [2f(l F 6?-+rl 2 

mXi, 2 (1 + Q ) m _ m 

As r -*a only mZ 
2 (and trivially mW2) remain finite. We have 

2 
2 

lim 
2 mW 

I‘ --a 
mz2 = 

(2.70) 

(2.71) 

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

as this parameter ranges from 10 
-2 

to io3. For this graph the values (1 + p )’ 

= 1.4, w = 0.25, and 6 = 0.01 are used. Wtth the identification 

w =(4/3)sin2 0 Whis becomes precisely the mass relation 

im 
2 

z )ws = brrr ,,2)WSsec2 Bw of the Weinberg-Salam model (with only doublet 

Higgs multiplets ). The corresponding eigenstate is 

lim Z2’ = V,&;[ 4TF=-gzp+Y~ . 
r -+a 3 

(2.72) 

The new currents which couple to ZIP and Z2’ are given by 

(1::) = v (y--) (2.73 

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

of these ne1.r currents. 
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III. NEUTRAL CUKR%NT PROrESSES 

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 P and VI, 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 from r=O to r- ~4 

In the minimal version, there are two diagonal neutral currents, JY’ 

and J Z p, which couple to the massive vector bosons Y and 2 as specified 

in Eq. (2. 51). The additional currents Jx ‘width are neutral 
1 

CL and Jx 
2 

vrith 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 

JY 
p and J zIJ. for quarks and leptons. From Eq. (2.56) we have: 

Jp 1 Y, leptonic = p 
(-Ty’ly5m 

L- 
+ iry~~5L-) (3. la 

where the sum is over P = e, p. T and L = E-, IX-, T-, and 

JP Y, hadronic = r. (-G2vPy5 q2 +93YpY5q3) (3. Ib 

q2’q3 

where q2 = d, s and q3 = b, h. There are two interesting features of the 

current J ycI to note. First, J ’ Y, leptonic contains no neutrino or neutral 

heavy lepton term and analogously, Jr- hadrronic contains no u, c, t, or 
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g term. Secondly, JY I1 is purely axial-vector and hence neutral current 

processes which involve only Y -exchange are parity-conserving. 

Neutral current neutrino reactions are due to the current JzP; 

.JF 
P” +‘i;OP = 

Z, leptonic 
eLY BL R ’ LR (3. Za) 

1, L’, LO 

where (1 -, L-, Lo) = (e-, E-, E’), etc. and 

JP Z, hadronic 
= (i _ w);LypuL - w;TRypuR + $(w - i&‘d 

+ (1 - “fRRy’jR - wT-R*ptR + +hv - l)t;vS 

+ (u, t, d, b) - Cc, g, s, h) . (3.2b 

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

zff 2’:) + nucleon) = & Jg 
I . 

’ ’ + g’z’3)z [‘L’~“L] (2) J”z, hadronic 

(3.3) 

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 : 

yefr n, c, = 2 ciJip(m2~;;~ cjJjp 

i,j=Z, 5’ 
(3.4 ) 



-3<- 

where 0. = 
L (3.5) 

and g 
CT q - k 2 (3.6) 

and m 2 1s the undiagonalized 2, Y sector of the vector boson mass matrix: 

rn2 = (-1 1) (3.7) 

(i.e. m 
2 2 
zz = p, mYY = T, etc. 

In the limit r - m with the identification w =(4/ 3) sin’ eW the neutral 

current interaction (3.4) becomes 

lim 5? : 

r-m eff, n. c. --JZp,f JY’l) 

( 
; (i-w”) 
-$l3=X 

- i-““)(p-;+$j (3.s) 

GF 
= x3zpj,p 

where j 
z 

’ is the neutral current in the Weinberg-Salam model; 

5,‘” : ;i (Jzk - $Jy ‘3 

(3.9) 

= J3p - sin2 0 .Je mp . 
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Thus in this limit the neutral current inteiacticn assumes precisely the 

form of the Weinberg-Salam model. Observe that although the minimal 

Srj(3) ~9 uii) theory is essentially a three-parameter theory (aside from 

the variolus fermion masses and CP-violating parameters ), depending 

on P , m, and 6 , its four-parameter generalization reduces to the old 

one-parameter SU(2) @U(1) model in this limit; that is, as r -00, all 

dependence on r and 6 disappears. 

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

for neutral current neutrino nucleon interactions to be 

Yeff,n.c, (vCtT) + nucleon) = (1 + 1 ) 3 [va(l - y,)u] x 

X :r ii yvu tiLL L 
+a ii ysi uRR R +‘dL L d ?dL + xdRzRYCldR 

3 

where 

41 +r 
a = UL 4e +Er+r (4 - VI) 

41 +r 
a =- u R ( > 41 +Lr+r TV 

~+ r)!i - w) + r 
41 +Pr+r 1 

and 

-(4.1 + r)(4 - iv) + r 
41 + Pr +r 7 _ 

(3. IO) 

(3. Ila 

(3. Ilb 

(3. Ilc 

(3. 1 IC.~ 



In Eq. (3. 10) we have dropped non-valence quark currents since they make 

a very small contribution. (Note that the limits P + 0 and r - 0 do not 

commute; in order to specialize to the minimal version one must fix 

P # 0 and let r -r 0. ) 

For leptonic neutral current interactions with neutrinos we can 

write the effective Lagrangian for v(r) + P - v(ii) + ! as 

~effMv)f - v(J)1 ) - gAY5)E 1 (3. 12) 

u&2-e P = e, )I, etc. (not to be confused with the parameter $ ). 

I,, the minimal version of the model only the Z-boson exchange contributes 

to this effective Lagrangian. Since the P (=e, IJ-, etc. 1 part of JZQ is purely vecto 

gA -0; (3.13a) 

for gv we find 

= ;(I 1 
gV + f)(W - -1 3 

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

from the exchange of the two massive vector bosons Zi and Z2 coupling to 

(orthogonal) linear combinations of (I/ JzP and(g/ 2) JYP. 

In this generalized version 

and 

(I + e Jr. 
6-4 = - 2(4L + Pr +r) 

3 Cl f F )(41 +- r )(v/ - :I 3) 
gv - T (41 + Pr +I-) 

(3. 44a) 

(3. l4hI 



- 

-36- FERMILAR-Pub-77/48-THY 

We proceed to consider the predictions of both versions of the 

Su(3)@ U(l) model for deep inelastic inclusive, elastic v(V)p + v(V)p, 

and leptonic, neutral current reactions, as well as atomic parity violation. 

1. Lnclusive Neutral Current Reactions 

We consider first the deep inelastic neutral current reactions 

v(v)N - v(v)X where N denotes an isoscalar nucleon target. For r = 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) 

VN 
VN I3 

Ii :+ = + (1 + f )2 [{ w2 - 2w + I 
1 lJ 

CC 

VN 
CT 

R 
i;N= nc 

- p 
= (i+f) 2 z\.J2-w+L 

t 4 2 I 
cc 

(3.15) 

(3. 16) 
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where nc(cc) denotes neutral (charged) current. Sea quark contributions 

do net alter these ratios significantly. For example, with the values 

p = 0. 18 and w = 0. 25 which will he seen to fit the neutral current data, 

Eqs. (3. 15) and (3. 16) yield R 
VN 

= C. 27 and R v N 
= 0.45. In comparison, 

a calculation which takes into account sea quark contributions and uses an 

I 

1 I 
SU(3) symmetric sea with X ‘1:(x) + ,,,,I,,/ j; x&(x) + d(a)ldx = 0.1 

0 1. 

yields R 
VN = 0.29 and R 

;N 
= 0.45. At energies beyond the respective 

thresholds, the charged current cross sections in the denominators of 

R 
VN 

and R 
;N also receive contributions from the heavy lepton and heavy 

quark production processes v + d + nl- + t’ and G + u + Mf + b. (There 
P P 

is also a small contribution from the sea quark reaction or + s - M 
P 

+ g’. ) 

A certain fraction of these reactions nil1 simulate neutral current and regular 

charged current (v( v)N -l?+ X) processes. As was discussed above, although 

the thresholds for these reactions are at about E = 100 GeV, depending 

on the heavy lepton and heavy quark masses, they wiI1 appear to 

occur at lower visible incident energy. Hence one should determine 

(v, ii)N 
their contributions to the one and o 

(v, V)K 
. These are in fact 

CC 

negligible, primarily because the flux-averaged cross sections are so 

small. Specifically, for E > 100 GeV, with the quadrupole triplet beam, 

the event rates are in the ratios R(v L N * TM- + X)/R(v + N + II- + X) 
P P 

-2 + 
= 2.3 x IO and R(v i N 4 31 i X)/R(ir + x - p+ -2 20 

+X)= 3.6~~10 
I-I P 

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

simulate neutral current reactions (see section IV and Fig. 22). 
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Finall;, onl:: 3 fraction of the events from the ?..I 
* 

production reactions 

will appear io have E vis in the range characterizing the data used by 

the I-IP\VF, CF, and CERN experiments to determine the ratios R VN 
and 

m 
1~ . At most, then, the corrections to the theoretical predictions for 

11 
UN 

and I? 
ox 

resulting from heavy lepton pr0dl:ctio.n are of the order of 

a few percent. For this reason *r:’ e have not included them in Eqs. (3. 15) 

and (3. 16). 

There are two free parameters, P and w, at our disposal, so Eqs. (3. l5) 

and (3. 16) cannot by themselves be used to test then theory, but rather only 

to deternine 1 and w. In Fig. 4 we show the neutral to charged current cross 

section ratios R 
VN VN 

andR , Eqs. (3. 15) and (3. i6), as functions of 1 and w. 

The three curves are for (,I + 1 )” = (a) 1. 0: (11) 1. 2 (i.e. ! ~0. 095) and 

(c) 1. 4 (i. e. 1 z 0. IS); along each curve w increases from w = 0 to 

w = i in steps of 0. 1. The data points are from theEIPWF21, CF’2, CERN 

Cargamelle IGGM) 23 and CERN CDHSZ3 experiments. The specific experimenta 

value; are as foIIows: HPWF: RYN = 0.29 * 0.04, R”’ = 0. 39 f 0. 10; CF: 

I3 
v‘l\’ 

= 0. 2; c 0. 02, R UN 
= 0. 34 i 0. 07, CERN GGIW R “N = 0. 26 f 0. 04, 

H 
VN 

= 0. 3? L 0.06; and CERN CDHS: R 
VN 

= 0. 29 f 0. 01, RVN = 0.35 * 0.03. 

Al,1 of these ratios except the CERN GGM ones are raw, rvith no correction 

for the events excluded by the respective cuts in EIl(EH > 4, 12, 1, and 

12 CeV for the HPIVF, C’S, GGM, and CDFIS experiments, respectively. ) 

It should be stressed that these corrections require assumptions about the 

y distributior! and hence depend on the particular (V, A) form assumed for 

t!le neutral cur-rent. One observes from Fig. 4 t!lrt all thren 
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values of L yield reasonable fits to thz data. The E -0 c~:rve is shown only for 

reference; values oi’ P too close to 0 are in fact excluded. The r eason 

is that such values would yield intolerably low masses for the Y and 

X1.2 
vector bosom. As is evident from Fig. 1, if one takes the 

reasonable values w = 0.25, 6 = 0. 01 then the conditions that the 

mass of X1 (the lighter of the two X 
I,2 vector bosons) be greater than 

20 (40) GeV impose the mild requirement that P > 0. 046 (0.135). 

The Y boson mass is roughly twice that of the X1 2 bosons (which are 

roughly equal since 6 << 1). If one chooses 1 = 0.18 the optimal value 

of VI is w = 0. 25. These are the rough values of e and w which we shall 

use for the r = 0 version of the model. 

In the r # 0 version of the model R 
VN 

and R 
VN 

are given in the same appro: 

imation as was used above, by the obvious formulas 

K 
VN 2 

+ adR 

R 
VN =2. I 4 3 (aUL2 + adL2) + (aUR2 + adR2)] 

[ 

(3.17a 

(3. 17b 

where a uL, uR and adL dR, are listed in Eq. (3.11). In Fig. 5 we show the 

variation in R 
VN 

and R 
ia for 1 = 0.18 and w = (a) 0.2 and (b) 0.3, as a 

function of r as i- ranges from zero to infinity. Qualitatively, for 0 < r < 1 z -L 

R 
im 

decreases while R 
VN 

Increases very slightly. From later considerations 

of atomic parity violation and trimuon production we wilt restrict r to 

the range 0 5 r 5 0.1. 
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lyor, ;ompa1.ison. i!;e \Veinberg-Salam model (understood to include 

onI>- Higzs doublets) prerlicis, in the same va lence quark apyoximation, 

ihat 

vN 1 
RS~(2)@U(1) = 2 - sin 28 

20 4 
+ ZS1” 0 

and 
VN 1 

“SU(Z)~U(l) = 2 - sin 
20 +Z!?yin’(j 

9 

(3. 18a: 

(3. Isb: 

where 8 ~~ is theusual mixing angle. is was show2 in general via Eqs. (3.8 ) 

and (3.9) these ratios are precisely the r = Q limit of the ratios in 

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

identification w = (4/ 3 )sin2 fj,* Kumerically for sin’ 0 = 0.3, one finds 

VN = 0. 26 while 12 
73 

= 0.40. A calculation 
24 

R of these ratios including sea 

quark contributions, with a lo:L sea content as defined above, zives 

R 
VN = 0.31 and R L’ N = 0.42 for sin’ 0 = 0. 3. 



- 
-+:- 

2. Elastic vp and r~ Reactions 

&om Eq. ( 3. 3 ) one can compute the cross sections for the elastic 

reactions vCi$ - v(F)p. 
24 

The general form of the cross section is 

de 
- (v(Tx) * v(C)p) = 

GF2b + P J2 

dQ2 32rrmN2E2 
8mN2Q2W1 (Q2) 

(3.19) 

-4m E) 2 N - Q2(Q2 + 4mN2 )) W2(Q2) * 2Q2(Q2 - 4mNE)W3(Q2) 1 
where E is the incident neutrino energy, mN is the nucleon mass, and 

WiiQ2), i = 1, 2, 3 are the appropriate structure functions. These Wi 

can be determined by keeping only the isovector and isoscalar parts of the 

CI neutral current Jz and using’W(3) sgmmetry to relate these to the correspondi] 

parts of the electromagnetic and charged weak currents. In doing this we make 

the reasonable assumption that the S, c, and heavier quark content in the 

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

JV,A 
3 

and Jo V’A (h ere (3) and (0) are U(2) indices) we thus write 

J ’ = w(J~~)’ - @(J,“)” + $y(~ov)P - 6(JoAjP Z 
. (3. 20) 

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

Jr. em = iJ3Y + f (<Joy . (3.21) 



For our mode,l 

* = +I (3. 22 

p=f 
(3. 22 

y : + (3. 22 

and (3. 22 

nor comparison, in the Weinberg-Salam model 0 = 1 - 2sin2BW+i = 1, 

y 7 -2sin2Qnd 6 =O. 

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

electric and magnetic form factors, GE and G 
M and the axial form factor 

GA, by the relations 

w+ = bl + T)(G$~ + T(G>~~)~ 

W2 
= i~~O12 + c GE0 )’ + T(G&[ 012] 

(i + T) 

and w3 = -2GRIoT10 

+h = ; (a. i y)G,.(Q’) i 

G&h = 1 
(1i-u +p ) 

@ i-(I L pp _ pn) Y Gh,+Q2) 
P n 1 

(3. 23: 

(3. 23. 

(3. 23~ 

(3. 24 

(3. 25: 

(3. 251 

(3.25;1 
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where E is the ratio of the isoscalar to the isovector axial vector form 

factors. In the Cabibbo theory, E = (3F - 4/(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 E = .368. 

Numerically, TV 
P 

= i. 793 and pn = -1.913. The Sachs and axial-vector 

form factors are taken here as 

2 
2 G&&Q ) 

CE(Q ) = (1 + pp - $‘n) 
1 

= 
(1 + Q2/0. 71 I2 

G,CQ’, = 
1.24 

(1 + Q2/mA2)2 . 

(3.26a) 

(3. 26b) 

with mA = 0.9 GeV. For the reaction (v. i% - (Y, i;hn, (Y -f -(Y and 

P P. +- 

In order to compare the predictions of the SU(3)@ U(1) model with 

data available from the Harvard-Pennsylvania-Wisconsin 26 (HPW) and 

Columbia-Illinois-RockefeIler 27 (CIR! experiments at Brookhaven we have 

computed the elastic v( ?‘)p cross sections and folded them with the Brookhaven 

24 
neutrino flux spectrum. We consider first the ratios 

and 

RyP = @T “VP) 
el N vn - P-P) 

R* = Gp - W+’ 
el o@p ‘)I n) 

(3. 27) 

(3. 2s ) 
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In calzuktiug these ratios x:e have incorporated the cuts appropriate for 

the HPK and CIR experiments; these are the requirement 0. 3 GeV’ < Q2 < 0. 9 

GeV2 for the HPW data, and the requirements that 131 
lab 

> 0.5 GeV and 

0 
lab 

> 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. 6 me present our results for the ratio R,: as a function of 

‘IV, for r = 0, using two values of 1, viz. L = 0 and 1 = 0. 18 (and the value 

mA 
= 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 IIPW 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 measurement 26 R~ “P 
el 

= 0.17 -f. 0. 05 and a single data point representing 

the CIH result’7 RT = 
el 

0.23 L 0. 09. -Lgain, for clarity, the CIR point is 

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 

shot- the sensitivity of the theoretical calculation to the assumed value of 

the xyial vector mass parameter mA, me plot in Fig. 7 ReT for 1 = 0.18 

and three values of mA, 0. 8, 0.9, and 1. 0 GeV. From Fig. 6 we observe 

that if one takes P = 0.18, good fits to the data can be obtained with 

\v = 0.1 - 0. 3. In this range of w, aI<el T/ aw < 0 so that the same quality 

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

of botn 1 and K. 
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In Fig. 8 we present our predictions for Ftzy as a function of w, 

again for 1‘ = 0, P = 0 and I = 0.18. The data for this graph comes only 

from the HPE measurement, Rzp = 0. 2 i 0. i, shown as a shaded band. 

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

it is of interest to ascertain the dependence of Rz upon m A; Fig. 9 

provides an illustration of this. It is evident from Fig. 8 that for P = 0. 18 

the range 1v = 0.1-O. 25 yields values of Rzy in satisfactory agreement 

with the measured value. Of course the fit is not unique; in particular 

since aRT/3’s < 0 in th‘ LS range of w (as lvas the case for R VP 
el 

) an increase 

in 1 can be compensated by an increase in w to produce the same value 

of R CP 
el * 

In contrast to the quantities Riy and RF, the ratio of flux averaged 

neutral current cross sections o(‘?p - m))Icr(vp -VP) is independent of B 

(forr =O). Aside from the ambiguity due to the imperfectly measured 

quantity mA, which is present for any non-vector theory, there is thus 

only one adjustable parameter, w, in the minimal version of our model 

which enters into the calculation for this ratio. Fig. 10 shows our prediction 

for oiCp - .~p)/ c(vp + vp) (with the HPW cuts) as a function of w, for 

r = 0 and m A 
= 0. 9 GeV, in comparison with the HPW measurement, 

26 

~~/cF =0.4*0.2. 

We proceed to consider the differential cross sections for the reactions 

v( ~)p - V( ~)p, using 1 = 0.18 and m A = 0. 9 GeV. In Fig. 11 we present 

plots of do;‘dQ?vp - vp), appropriately flux-averaged over the Brookhaven 



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 Q’) of the differential cross section. On 

the same graph is shown the HPW data on the quasielastic reaction vn + p-p 

together with the prediction of the Cabibbo theory. Fig. 12 shows the 

analogous plots of dc/dQ’(iJp - ?$) for the same values of r, L , and xv, 

compared ~with the EIPW data on this reaction. From this figure one can also s 

the relative magnitudes of the measured dc/dQ2(q - vp) and the Cabibbo theor 

prediction for do/dQ2(q -+ p’n). 

On the basis of this analysis we conclude that, roughly speaking, 

in the minimal version of our model the same values of i and w yield 

good fits to both the deep inelastic reactions v(?)N - v(?)X and the elastic 

reactions v(iib - v@)p. For example, the values ( E , ‘.I’ ) = (0.16, 0.2) 

or (0. 18, 0. 25) are reasonably successful in accounting for both sets of data. 

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

Weinberg-Salam model. For sin2 Ow ‘0.3 andmA 7 0.9 GeT’ the latter 

model predicts that I?:: = 0.12 and I:: = 0.13. -4s is the case with the 

SF(;) @ L-(L) model \mt!l of these ratios are slightly smaller than, but in 

:s&;.+fs.ctor;- agreement with, i!le moas~ured ;,alues. For the same values 
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of sin and mA the weinberg-Salam model predicts for the ratio Of 

antineutrino to neutrino cross sections (each flux-averaged and containing 

the HPJVF cuts)o(-ip + i@)/a(vp - q) = 0. 57, slightly higher than the 

HPWF measurement, 
26 0. 4 * 0. 2. 1Vith regard to the differential cross 

sections, the prediction for dc tp/ dQ2 and do*/ dQ2 are in satisfactory 

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

the integrated quantity Rey. The fit can be improved by taking sin2 o 
IV 

to be slightly smaller, say 0. 3. We refer the reader to Ref. 24 for 

further details. 

The generalized version of the SU(3) @U(1) 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. The 

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

RT el and R iy calculated with r = 0.1, B =O. 2g, and m 
A z 0.9 GeV, with 

the HPW cuts included. Qualitatively, the minima of the curves Rey 

and R Q-J 
el 

as functions of w move to somehwat smaller w and the magnitudes 

of both ratios increase. These changes in R,“T and R 9 
el 

are also reflected 

in the differential cross sections, which for XV in the region of 0. 2 increase 

somewhat (but do not change shape appreciably). We only exhibit the 

results for r = 0. 1 because larger values of r will later be sholvn to lead 

to sizeahle atomic parity violation and undesi.rable suppression of trimnon 

productio:n in neutrmo reactions. 
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3. Leptonic Xeutrai Currents 

There are three purely leptonic neutral Current neutrino reactions on which 

there is presently experimental data, v (i; )e + Y (F )e and Fee -Tee. 
P P I’ CL 

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 u e-u e the differential cross section is 
P P 

2 
da GF me 
dE= 2ir 

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 

gVand gA are given by Ey. (3. 13). Eq. (3.29) also applies to the reaction 

F e + v e with the replacement of gA by -gA. Since gA = 0 in the minimal 
P P 

form of the ST-(~) @ u(i) model there follows the prediction that 

u(v e -f5’e) : m(ii e -> c e). In the third leptonic reaction 
P P u i-L 

of interest, Fee - Gee, there are two graphs which contribute to the total 

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

annihilation graph. The cross section for this reaction is given by Ey, (3. 29) 
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vtith the replacements gV -’ gv+ 1, g-,+ +gA + 1 and gix +giA + 1. 

In Fig. 15 we show a plot of gV and gA for B =O. 18 as functions of 

w and r. Since gA is independent of w the ranges of (gv, gA) are horizontal 

line segments. As r +a, gV approaches(3/2)(w - i/3), which is just its 

value in the minimal model with I =O, and gA approaches - 5; in both 

cases the 1 -dependence drops out in the limit. If one takes r -m and, 

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

values of the Weinberg-Salam model: 
g V 

= 2sin2 0 w --3 : gA = - $ 

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. In the Gargamelle experiment, 

on the basis of three observed events a cross section 

o(ve-+-te) = 
CL P 

(i.0~~:~) x 10-42(&) cm2 (3.30) 

was deduced. 
29 No candidates for the reaction vPe - vi*e were bound, 

implying the 90% confidence level (CL) bound 

u(v e - v e) 2 2.6 x 10 
P P 

(3.51) 

The cuts made in this experiment are that the recoil electron energy E and 
n 

angle Oe (in the laboratory frame) satisfy 0.3 GeV < Ee < 2 GeV and 

30 
9 < 5O. The Aachen-Padova spark chamber experiment at CEKN has e 

also measured the reactions vlJ,(vP)e - vP,(Tj )e. However, since no final 
11 
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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 

vp.( Vp)e - \jP(FP)e is invariant under the interchange gV - -gv. g* - %A. 

which leads to a sign ambiguity in the determination of these coupling 

constants from the data. Furthermore, since the last term, proportional 

to (m,E / E2 v, J is negligible (me/ Ey, $ iOm3) in the Gargamelle experiment 

the cross section is also invariant under the transformation gV -* +gA, 

gA 
- *g V’ 

The allowed regions are thus elliptical bands with major axes 

lying approximately along the directions 135’ and 45’ for the reactions 

Y e - li e and I; e - XJ e, respectively. 
P P P F 

The third reaction on which there is data, Tee - Fee, does not share 

these symmetries in general, and thereby eliminates the gV+ -gV 

gA 
- -gA 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 et al. 
31 

) there is still a 

symmetry under the interchange g V - gA, gzl - gV. This remaining 

approximate s,>-mmetry is evident in Fig. Ii’ . The two sections of 

elli~ptical bands correspond to the two bins in scattered electron lab 

energy, 1.5 < (E/?&V)< 3, and 3 < (E/MeV) < 4.5. 

In 2’igs- 16 and 17 we have shown a point (gV, g,) = (-0.24, 0) 

computed for a representative choice of parameters in the minimal 
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SU(~) @ U(l) model, E -0. 18 , IV = 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. .I6 and 17 we conclude that, 

if one chooses P = O.,i8, w = 0.2 and r < 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 

2Yff(e + N -F e + X:) = 2 1 [Ey~~[w3s(Io lflT3 ) N] 

+ [Gy5j [w(“o +,q N] (3. 32) 

where the constants fo, 1 and go i can be determined from Eqs. ( 3. 1 ), (3.2) 

or (3.5 ). We shall consider here the case of a heavy atom which is 

relevant to the present experiments (on the atom Bi 209 ). In this case 

the axial-vector nucleon current gives a negligible contribution relative 

to the \,ector nucleon current because, in the nonrelativistic approximation, 

the former is proportional to the spin of the nucleus, whereas the latter 

is proportional to 
[ ho + g1 12 + f(g, - gl )N 

1 
&, li,,where Z and N denote 

respectively the number of protons and neutrons in the atom. Hence the 
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nucl.eon axial-vector current term is of order unity,vvhereas the nucleon 

vector current term is enhanced by a factor of order Z or X. For a heavy 

atom Eq. (3. 32) can thus be rewritten as 

AF@, = $, Qyx) [e+&+bj (3.33) 

where, following the ConventionaI usage. 
12 

we define 

Q~~(z, N) = (Z +S)go + (Z - N)gl . (3. 34) 

This quantity serves to measure the dominant contribution to parity violation 

in heavy atoms. 

Ln the minimal version of the sU(3) @ ‘U(l ) model, Qwk = 0; i. e. 

the dominant portion of the parity-violating amplitude vanishes. This 

is a consequence of the fact that JYP is purely axial-vector, and hence 

parit~~-conser.1111g5, while the electron part of JzP is purely vector. 

Specificali>y, the parity-violating neutral current amplitude in the 

mi,nimal model arising from Z-boson exchange is (in terms of elementary 

fields) -iGr;/‘\m)(l -k P )[ eyi*el hy’~~- >,I. Although the experiments on the 

heavy atom Di 209 are not sensitiv-e to this term, th2 furthc0mir.g 

experiments Ii planning to search for parity violation in hydrogen will be 

se:,siti;-c to it and ~+ll hopefully serve as a test of this theory. 

in t!le zsneralized versi::n of the mode? v;: find 
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(1 + r)r 

80 (46 : ir +r) ( .- ; w ) 

and 

81 = 
(1 + r. ir 

(41 -+ er + r) 
(1 3 

- pv 1 

From Eq. ( 3. 34) we thus have 

(1 -‘- P b 
Qxvk(Z’ ;“\‘) = (41 clr+r) [Z(l++N] . 

(3.35a’ 

(3. 35b 

(3.36) 

The quantity -Qw, is plotted in Fig. 18 for p = 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 Bi 
209 , the atom used for the atomic parity violation experiments 

at Oxford University and the University of Washington. For comparison 

the Weinberg-Salam theory ,predicts 

QwkG, N) = Z(1 - 4sin2 9,) - N 1 (3.37) 

Thus for a typical value of sin’ Q = 0. 3, Qwk(Z = 83, N = 126) = -143. 

At present, although the atomic physic0 0 which enters into the theoretical 

prediction of the magnitude and sign of the parity-violating optical rotation 

12 
in bismuth ins very complicated and somewhat uncertain. the experimental 

measurements seem to be smaller than the Weinberg-Salam 

1 1 
model prediction. The initial results were 
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Washington: I?;;: nrn = (-O.S~O.?iX 10 
-7 

(3. 35a! 

Oxford: Kexp 648 nm 
= ( 1.0*0.3)x 10-7 (3. 38b: 

while the Weinberg-&lam model, together with the relativistic central 

field approximation, gives” 

Rtheory 
876 nm = 

-3 x lo-! 

Rtheory 
648 nm cc -4 x 10 

-7 
. 

(3. 39a 

Many-electron effects sli5s*an+iall:., r‘etlhce :he exoec’ed values of 3, but 

apparently not enough to yield agreement w;th the data. 
11 

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 

results 11 

Washington: Ri;I nm = (-0. 07 i 0.37) x 10 
-7 

(3.4Oaj 

Oxford: Rizi nm = ( 0.27 i 0.47) X 1O-7 . (3. 40b; 

fn view of these experimental findings, which seem to indicate that parity 

\;iolation, if present at all, is substantially smaller than predicted by the origir 

Weinberg-Salam model, we shall require that in our model QwJ Qwk(WSj ,< u. I 

i 1 e. Qlt,k .., < 17. The minimal version of the model automatically satisfies 

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

~!’ ,$ 0. I. 
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5. X’eak IIyperfine 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 J 
Y 

‘. In the nonrelativistic 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 

lfS d “3” 
em 

= - <g 
e * VP 1 $(O) 1 2 

(3.411 

c-6 * ?+ > 1 G(O)/ 2 
e P 

where S 
e 

= +de and 2 
P 

= @p are the spin operators of the electron and proton, 

respectively, and 4(x) is the wave function for the hydrogen atom (assumed 

to be in the ground state. ) Hence the hyperfine splitting between the two 

states F = 1 and F = 0 (where * = 6 + < 
e P 

i,s the total spin of the hydrogen 

atom) is determined by <ii‘ . 2 > 
i 

e p r=l - <z, * up> F=o = 4. The weak 

spin-spit] interaction has the effective Hamiltonian 

&i?,c.k = z$( +) [WcdY5e] ‘FYey5d] (3. 42) 
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Using 

<p j J.&d 1 p’ = g*(1 - E ) 

where g_A. = 1. 24 and E is the ratio of isoscalar to isovector axial vector 

form factors, we find that 

GF 1+1 A?;; == -y-- ( 1 g,(1 - E ee - a> 1 J,(O)l 
2 

from which the ratio of weak to electromagnetic hyperfine splittings is 

determined to be 

(3.43) 

(3.44) 

(3.45) 

where (1 + pp) = 2. 79 is the total magnetic moment (in units of e /Zmp) 

of the proton. For a typical value of P , namely 1 = 0. 2, this ratio is 

-7 
roughly equal to 2. 2 x 10 . Unfortunately, although the hJ-perfine splitting 

in hydrogen is measured to -one part in 10 
12 

the QED prediction, (with 

various corrections that extend Eq. (3.41)) is accurate only to abou~t one part 

5 
32 

in10. Hence the Jy” neutral weak current effect is roughly two orders 

of magnitude too small to be distinguished from the electromagnetic hyperfine 

effect. From Eq. (3.45) it is clear that AE 
hfS 

hfs w k /AE 
em 

is larger by the 

t’actor (m 
P 

/me ) in muonic hydrogen; ho::;ever here the experimental 

measuremenI is not nearly accurate enough to test such a small effect of 

ordi3v- in 
-5 
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IV. FCRTI.IER PHENOXIEXOLOCICAL IXPLICATIONS OF THE MODEL 

1. The Anomalous Xagnetic 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 a3 F2(0) E (v), where F,(q’) is the Pauli form factor. 

The electromagnetic contribution to a 
P 

and ae have been calculated 
33 

to order w3. The hadronic vacuum polarization has also been determined 

+- 
with reasonable accuracy from the measured cross section o(e e + hadrons). 

Indeed a subset of the eighth order graphs has also been computed. 
34 

The results are 35 

QED 
a = 1165851.8(2.4) x 10 -9 

P 

66.7C9.4) x iO-9 

(4. la i 

(4. Ib) 

and thus 
th 

= 1165918.5(9.7) x 10 
-9 

au (4. Ic) 

v;here the numbers ifi parentheses are the one standard deviation errors. 

The most accurate measurement of aK (by the CERN group 
36 

) yields 

aexP = 1165922(9! x 10 -9 
P 

(4. 2) 

Thus 
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a 
exp _ a theory = + 3.5(13j x iOe9 

i-I P 
. (4.31 

Therefore, the 10 bound on the weak interaction contribution is 

-9.5 x iOm9 < a lvk < 17 x 4Oa9 
P (4.4) 

Recently the measurement of the electron anomalous magnetic moment 

has increased considerably in accuracy. The older value obtained by the 

Michigan experiment 37 is 

a exp = 1159656.7 (3. 5) x 10 -9 
e (4. 5a) 

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

by more than a factor of 40, is 

aEq = 1159652.41 (0. 20) x 10 -9 
(4.5b 1 

The theoretical calculations by Levine and Wright and Levine and Roskies33 

yield 

(a 
theory 
e ” ) LH IV = (1159652.71 -L 0. 60) x IO-~ (4. 6a) 

33 
while those of Cvitanovic and Kinoshita give 

(a 
theory 
c I 

CK 
= (if59652.34 j- 0.19) x iOm9 . (4. 6b) 
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Thus, using the Washington measurement, \~:e have 

aexP - (a 
theor\- 

” JLRlv- = (-3.0 i 6.5) x 10 
-9 

e e 

and a 
exp 
e 

Again, taking the most lenient limits, we find 

-9.5 x 10m9 < ark < 3.8 x 10 
-9 

(4. 7a) 

(4. 7b) 

(4.8) 

These, then, are the experimental bounds which our model must satisfy. 

We next proceed with the calculations. 

Tb,e graphs which contribute in lowest order to a wk 
P 

, the weak 

interaction correction to a wk 
Pj 

are shown in Fig. 19. The graphs for ae 

are obtained from those for a 
wk 

P 
by appropriate replacements of muon-type 

?eptons with electron-type leptons. On!y physical particles are shown; the 

unphysical Riggs scalars which appear in general RE gauge are omitted. 

Graphs (e) and (f) each represent a sum of four graphs corresponding to 

LL, RR (for (e)) and LR, RL (for (f)) transitions mediated by the X, and 

I<, gauge bosons. From our past calculations, 7,39 we find the following 

results, in the r = 0 version of the model , which are accurate to lowest 

order in mT, “I 1nxT2, where mL represents a generic lepton mass and mV 

a generic Lrector boson mass, and where the subscript 1 = e or 11 

2 

wk 
GFml Yk 

a1 = 2 s. 
-i’;i P (4.91 
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(4.10) 

Thea (i) 
I 

arming from graphs i = a through i = f are 

m 

z.(b) = i 
e 12 (4.Ilb: 

,(c) = 3 
P 

ij- (1 + P )(w - $2 (4.iicI 

zf’ = q$)(y-) (* p, 2) COS E 
with 1, TV, 6 and E as defined in Section 2. 

(4. Ild 

(4.Ile 

(4. Mf: 

In I$. (4. Ilf) L- = E-, n4-. In evaluating these contributions, we shall 

take the values w = 0. 25, P = 0. 2, and shall neglect CP violation, setting 

E = 0 or ii. For 6 it is natural, although not necessary, to use a value 

which roughly reflects the relevant fermion mass ratios; generically 

because of the approximate \iR symmetry of the Lagrangian a.nd the approximat’ 

q?? \IT symmetry of the vacuum, 1 bi 1 CC Iail' and hence 6 <<1. From 

the fermion mass formula 

m 1 i (a&) + bi”‘c;;), 1 1 
-2-z 

mE- 

(4.12) 
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where e labels the electron family terms of the form !T(c3Q + c4Qt)K 

in Eq. (2.4), and from its counterparts for the p, T , u , and s families, 

together with the fact that 6<< 1,it is natural to take 6 of the general 

order of these fermion mass ratios. Of course this is an approximate 

statement since they vary from me/mE and m,/ mb which are presumably 

-3 -2 
of order 10 - IO 

-4 
, to mp/miVI- and ms/mh, of order 10 . We shall 

choose 6 = 10 
-2 

as a typical value and assume that the further suppression 

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

c 4i (e)/ c3i(e) and c 4i(“)/ c3i(u). Indeed a calculation of the electric dipole 

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

Dna 
eGFmb 

2 
6 sin f$ 

b (4.13) 
T 

-3 
Taking mb = 5 GeV and $b the typical size of a CP-violating phase, 10 

-2 
we must require that 6 d 10 in order that Dn be in agreement with the 

;1’ DnexP 
-24 

experimental boun =(0.4*1.1)x 10 e - cm. It is interesting 

to determine independently how 6 is bounded in magnitude by its contribution 

to the anomalous magnetic moments a and ae. From Eqs. (4.9) - (4.11) 
P 

we compute 

wk -8 6 a = 2.25 x 10 ( -1 + 94.105 
cos E 

(4.14) 
)r I-6 

2 

and 
wk 

a = 5.265 
-13 

x 10 -1 + 1.45935 x 10 
e (4.15) 

Taking 6 = 10e2 and E = 0 or fi we have 
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wk -1.325 x 10 -9 (E = 0) a = 
t1 -4.37 x 10 -8 (E = a) 

(4.16a 

(4. 16b 

and 

wk 
a = 

I 

7.63 x *o-II (E = 0) (4. 17a 
e -7.74 x lo-ll (E = a) . (4. 17b 

For c = 0, a 
wk 

and a 
wk 

both lie within their respective allowed ranges 
P 

e 

w k 
(4. 4) and (4. 8): for E = TT, however, a ~ is outside ifs permitted range. 

The value E = 0 is therefore favored. In the case of a 
wk 

P 
all of the graphs 

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

W, graph (c) happens to be suppressed strongly by the (w - t/3)’ factor. 

The LR, RL graph, (f ), is substantial but not dominant since the 

large factor (mM- / mP) is compensated by the small factor d. For e = 0 there 

is considerable cancellation betvieen the sum of graphs (d) and (e) on the 

one hand, and (f) on the other. When one chooses E = TT these graphs all 

add constructively, and thereby substantially increase the magnitude 

mk wk 
of a . bi contrast, for the weak contribution to the electron moment, a e , 

9 

because the factor (m,-/me)6 = J02, graph (f) is completely dominant; 

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

W!i 
the second choice of e merely causes a change in the sign uf ae . Thus azk, 

hut not 1 ae”‘k 1, 1s sensitively dependent upon the choices of parameters 

P , XV) and e; both depend strongly on the choice of 6. For our values of 

wk 
1, IV, and E, the upper bound on 6 is set by a 

\rk 
e 

. In order for ae to 
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lie in the range (4.8) it is necessary that 6 $ 0.5 if E -0 and6 < 1. 2 if E zTT. 

The muon x;eak anomalous magnetic moment a 
wk 

i-r 
does not set a very 

useful bound on 6 because of the strong cancellations involved and their 

dependence on E. For E = 0, a 
P 

“’ would lie outside of the lcr range (4.4) 

either if 6 = 0 or if 6 2 1.1 x 10 
-2 ; the value 6 = IO-’ happens to cause a 

near-cancellation as noted above. In contrast, for E = x, one favors 

6 < io-2. Thus the electric dipole moment of the neutron yields a more 

parameter-independent constraint on 6. 

An important thing to note from the calculation of a 
wk 

)I 
and azk is that the 

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 thzse 

transitions is suppressed by the factor (AmF 2)/mV2 in the GIM fermion 

case and by Am v2/ml: m the vector boson case, where 

AmF : mF 
2 2 

1 
- mF andAm 

2 V 
2zrn zmrn 2 

Vi V2 
are the differences of 

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

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 

wk 
a 

k4 e 
are the same, except that in graphs (c) and (d), the vector bosons 

Z and Y are replaced by Z1 and Z2. In the notation of Eqs. (4.9)-(4. 10) 

(where again the subscript I = e or 11) we find 
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(4. ‘18al 

(4. iSb) 

@) = a 
10 2 

-7”‘” x 1 (4.18c! 
e 

(4. i5d; 

(1 +I HZ1 +r) 

C 
(Zf + z-j2 - 412b2 I 

(4. 18e) 

z(f) 
P 

= 2(3~ * 

The ratios (mtv 2/m 2, 
21.2 

are given by Eq. (2. 68) and x, by Eq. (2. 59). 

hs r - m only the W and Z2 contributions remain. The former is 

independent of r: 

(a 

(4.18f) 

(4. 19 1 



-64- FEr,MILz%B-Pub-77/48-THY 

while the latter becomes 

Gm 
2 

lim (a p wk)(d) = 1 F f r 2 
24 2 : (3w-I) -5 1 (4.20) 

r + a, \T 7r 

With the usual identification w =(4/ 3)sin2 Bw, Eqs. (4.19 ) and (4.20 ) are 

precisely the W and Z boson contributions to a p wk in the original SU(Z)@U(l) 

mode1!9 For comparison, taking sin2 Bw = 113, we have 

and 

ark(WS; sin2 Ow = i/3) = 1.99 x 10 
-9 

ark(WS: sin’ Bw = i/3) = 4.65 x *o-l4 

(4. 21) 

(4.22) 

2. The Decays p - ey and p + ees 

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 

e-lepton number violating decay, p -ey. 
7.41,42,43 

This decay proceeds via 

the transition )I~ -+ 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 

U* 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 I*- 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 chira?it?- must llave the same value of v/e&k \i a!ld (‘V) 
3’ 

where44 

-VT r \T 
* 1 

= iI;+: (2) leptons of a given charge and chirality must derive 

their masses from couplings to one and only one neutral Mggs 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 :zmd similarly for Q = -2 leptons if there were any). All 

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

suppx,ession mechanism discussed in Ref. 7 is operative. 

Using our past calculations, 
7,41,42 

we find, that, in the minimal 

version of the model. 

BR(p+ey) = - r=O sin 2P 2P cos (4. 23) 

2 2 
where AmLO = mli102 - mEO . For w = 0.25, mMO = 4 Gev, mEO = 1 GeVtand’ 

sin2pcos2p= $, we find BR(p + ey)exp = 4.66 X 10Mil, safely smaller than 

the present experimental limit, BR(t.t -ev) 
-8 

exp 
< 2.2 x IO . In the r f 0 

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

3n LO2 

2 
4 Am 

13R(P -+eY)rfO = - Iif 
327 llf +I‘ 

)( nlu2(r = 0) 
sin 2P cos 2P . (4. 24) 

The related decay p -’ eeE is similarly naturally suppressed by the 

leptonic C;IhI mechanisrll.since the model satisfies, in addition to the 

t!u-ee criteria listed above, the fourth criterion in Ref. 7, viz. that there be 

no doubly negativeiy charged heavy IeptOnS which communicate with both 
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p and e. The branching ratio for this decay is, in the r = 0 case 

BR(p -+ eeE) r=O - $ (m~~~“o~ln2(m~~O~ “I) sin’ p cos2 p (4.25) 

For the values of w, inRIO, mE0, and p taken above this branching ratio 

is -,lO-f”, well below the experimental upper bound, BR(p + eec) < 6 x 10 -9 
exp 

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” and RI0 with To 

the expressions for the p + e y and 1 -*eeSi become more 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 VI- 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 RI- and virtual X 
1,2 

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 



where m 
L 

- =rnax Cm &I-’ mE- ). Unless the E-, M- mixing angle were 

extremely small the resultant branching ratio for p - ey would be many 

orders of magnitude larger than the experimental upper bound 

I3R(p + ey) 
-8 

<2.2x10 . 
exp 

A similar remark applies to the decay 

p - eeE. 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 1 AS 1 = 2 neutral current processes such 

as the K” - ? transition and the decays KL + pirand K* - ii*ee the first 

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

This K” - E” transition, which gives rise to the KLKS mass difference, 

was computed previously 
46 in the SU(2) @ U(i) gauge model and implied 

a charmed quark mass mc = 1. 5 GeV : in agreement with the value of m 
c 

;.nferred from the mass of the subsequently discovered J/&(3095) and the 

related charmonium spectrum. In the present model there are four 

diagrams :r,hich cuntribute in lowest order to the KLKS mass difference, 

s!3own in I:‘ig. 22. 
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From graphs (a) and (b) (which give the same contribution) we calculate 

an effective Lagrangian 

yL y y(dLSL- sL;iL' = -4 ’ - sin2 
8rnllr 16~’ 

O& 

x [3yULd]$“Ld] + h. c. 

where 

with 

1(x, y) + 12(x) +12(Y) - 2J(x, Y) (4. 27) 

12(x) = 
2x In x i- (1 +x1 

(1 - xj3 (1 - xl2 
(4.28 1 

and 

J(x, Y) = (x 1 y) 
[ 

x2 In x _ y2 In v 

I 

1 

(1 - xj2 (1 - y12 
+ (1 - x)(l - y) (4.29) 

The sum of graphs (c) and (d) gives, analogouslY, 

yR: y(dRSR +sRdR) = - 5 2 sin’ 

LJ 

x [Xy,Rd] [SyaRd] + h. c. 

In yL, because m << 1, the function I can be 

approximated as 

I($$) =f$ . 
(4. 31) 
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In YR ihe GIM mechanism is operative, although thi.s is not manifest 

in Eq. (4.27). In order to render it manifest we z-e-express 1(x. y) as a 

function of 6 = i(x + y) and n = x - y, and approximate this function for 

5, n << 1: 

1(x, y) = A- 
X-S 1 

zxp In (y/x) + x2 - y2 
I 

Irl 2 

=3-r . (4. 32 

The factor n 
2 

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 

factor of n is accompanied by a factor E 
-1 

. The expression (4.32) reflects 

the fact that GIM suppression consists of two parts: (a) for fixed mF, 2/mv2, 

2 2 I 
the property that the amplitude vanishes as m F 

1 
-mF 

2 
where F1 and F 

2 

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

fixed ! m 
Fl 

2 - m 
F2 

2l the suppression due to the fact that 

ImF 
1 

2 - mF 2j imV2 -cc 1. 
2 

It is convenient to rewrite these effective Lagrangians in the equivalent 

form 

sin’ OccOS2B c [ Sy<<Ld] [$Ld] + h. c. (4. 33) 
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2 
LYE = - G1’ c! 

2 

-77 ;?;; ( 
t+L m,, mt 

( i + I - I’ h,v ) 
sin 2 9’ 

C 
cos2e; I “i ) 

i. ) 
2 

mu mu 

x [y?d] [3yU~d] + h. c. (4. 34) 

In order to estimate the matrix e!ements of the total effective Lagrangian 

between K” and K” states, we shall use the same approximation as was 

46 employed previously, namely to insert a complete sum over states 

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

2 m 
c 

42. 1 GeV sin’ 8 cos’ e 
C C 

(4.35) 

Experimentally, (m, - m,)/mK = 0. 71 x 10 
-14 

. Inserting the value 

m = c I. 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 r.. -stricted to lie in the range from 

-5 
zero to + 1x10 . 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 that 
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/mcy2 
sin 

2 06 COS2,~<I *\ A mt2 
3 

-6 
2 ’ - ) 2 < x10 c_ 

m 1: mv 
(4. 36) 

with “u = 86.1 GeV. From considerations of the trimuon production rate 

we shall choose mt = 4 GeV; if m 
2 

= 8 GeV. say, then Eq. (4. 36) implies 

that sin28 ’ 
-3 

C 
COS28&1 4x 10 . This hound should not be taken 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 K mass difference can of L s 

cocrse ‘be further 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. 1Ve shall 

0 
concentrate on M- and M , since these play an important role in heavy 

lepton production and sequential decay processes yielding multilepton 

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 mE- > mM- 

OX- , ifm UI- 
> mE-,that the mass difference is sufficiently small that 

decays of nl- into E- are rendered negligible by phase space suppression. 
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Furthermore, we shall assume that B’ 
C’ 

the i, g mixing angle, is small (or 

equivalently, here, mt = mg), and that m , m < m 
t g h’ mh. One can, 0f 

course, consider the most general case, but only- at the price of having 

the resulting branching ratios depend on the additional unknown constants 

m E _, 8’ c, mbs ad mh. For the numerical work we shall take mt = 4 GeV. 

Given (i) the requirement that mt g 2 3.5 - 4 GeG from SPEAR: 

(2) the approximate HPWF determination of the M” mass; (3) the fact that 

mE0 C mMO (which effectively defines the angle p); and (4) the exact RU 

symmetry, it follows that E 
0 

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 

mEO > mt where E” and t ar.e the lightest le~ptons 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 haryon, presumably tii and tuu, 

res,pectively. This possibility will not he considered further here. 

From the cosmological argument given in Ref. 13 

mE0 ,< 40 eV or mEO 2 1 - 4 GeV. We shall consider both 

of these cases. In the former case the mixing angle p is constrained 

to be quite small. The reason for this is that for nonzero p the muon 

will have, in addition to its regular decay channel, another: )I- -E 
0 -a 

e E , 

via the U boson. Assuming that mEO C< m the total muon decay rate 
P 

is, to lowest order (for general r) 
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- 
r 

w 
= r(+- + vre-Te) + r(p- - E’e-E”) 

= “:zyi [i+ (1 ~~r,r)2sin2Pcos2p] . (4.37) 

In order to avoid circularity, take the Fermi coupling constant GF to 

be determined by neutron and hyperon decay measurements. Then r 
P 

is observed to be equal to r(p- - vPe-ve) to within -1%. where the 

level of precision comes from the combined determination of GF and BC. 47 

Hence it is sufficient to require, from considerations of the total p 
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deccy rate, iiat sin 2 p zos2 p < 0. 01. Another constraint is provided 

by the experimental measurement of the longitudinal electron polarization Pe in 

p decay. In t!le original SUEZ) @1!(l) model, Pe=1; in the present model, 

for rnEO ‘Cc m 
e 

Pe = (1 - sin2 p cos2 p) 

(.I + sin2 p cos2 p) i4. 38) 

The electron polarization has been measured to he47 (P ) = 1.00 -I 0.13. 
e exp 

In the absence of scalar, pseudoscalar, or tensor terms in the weak 

interaction ihe asymmetry parameter 5 is equal to Pe; measurements 

yield ( 5 ‘exp 
= 0.972 f 0.013. From the direct polarization measurement 

we infer 0 < sin2 p < 0. 070, while from the measurement of 5 we 

ohtain 0. 76 x 10 
-2 

< sin % < 2 x IO 
-2 

. As will he evident, because 

of the constraint that sin2 B 2 10 
-2 this light E” option is not favored by 

the t:rimuon data. 

In order to calculate the contributions of various decay modes 

we need the general formula for the leptonic or semileptonic F -f 7 f 
123 

where F, fi i = 1, 2, 3 are fermions. For all cases of interest here, 

the amplitude is of the form 

-4 X6,(!i.(P)-~f1(Pi) +T2(P,) +f;CP3)) = 

c 
4li; 2 -2 ,Q 2 

[ 
(p )V P 1! 

F1’ ! ‘lJ- h. F 
(p) IC Y. (13 )v’lP V” (p,) 

i3 ‘3 s I2 3 
(4. 39) 
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where P and P are chiral projection operators PL=+(i-y5), or I’ 
x x’ R=$(i+y5). 

The factor K is defined as K = (mIv 2/m,2? where m v 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 q 0 

version of the model, K = 1 in all cases. A simplifying fact is that 

the amplitudes 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, 

I- 

ro 
= f(mi, m2, m,) 

J Q2max 
: = dQ2X- (1, ml’, Q2) [rrAQ’(i + ml2 - Q2) 

Q2min 

2 

+R( l-m 
( 

2 
1 

where 

r. = 
192 i13 

2 
x+ (Q2, m2 , 

1 
3 

m3 2, 

A = 
Q2 

(4.40) 

(4.41) 

(4.42) 

2kf(Q2. m2’, m32) 
13 - = 

Q6 

Q4 - 2(m22 m3’) 
2 

+ Q2(m22 + m3’) 1 (4.43 1 



Q2min z (m, + n13)Z (4.44a 

and Q” 
max = (I-ml)’ (4. 44b 

The function x is defined as 

X(x, y, z) = x2 f y2 + z2 -2(xyiyz+zx) . 

As is clear from Eqs. (4.40) -(4. 451, the decay rate is symmetric 

under interchange of m2 and m3. 

The heavy lepton WI- decays in the following modes: 

(1) 

d 
OLGL 

SBLCL 

(2) 3~1 - - E 
0 

Ii R 
c I:-- 

(4.45 1 

(4.46) 

(4.47) 
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where d e 
: dcos BC i sin BC, se = -dsin BC + scos CiC and 

del 
= dcos 0;: + ssin 06. In order to estimate the semileptonic decays 

of M- we use the usual free quark counting method. The resulting 

rate is, neglecting e, t.t, u, d, and s masses, 

=‘“,I- = 
GF2mkl-5 

zr ir 
_/ 192~r~ 

2 3 1 

(4.48) 

(4.49 1 

where 

m m MO 
-, 0, 2 m 

iu- ml,I - 

m\!fO m 
c ---, 0 (4.50a 

m A?- ‘m IA- )I 
r2 = sin’ 6 5f 

[( 

mEo 
,o.o mFO m m 

m L,o,J 
VI- mM- m AI- 

0, $- )I (4. 50b 
AI- 

and 

r3 = [f(O. z* 0) -+ T, 0) -‘jos2$tf(o. 3+ o) (4. 5oc 

+ sin’ 0’ f 
( 

m 
0, -AL., 0 . 

m,,- )l 
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Numerica!ly, for mEO = 1 GeV, 

:6 
1 (S.8 x lo- set) 

T cvq - 
z-r 

r lb1 - (6. 2 sin2 p i 2.7) (4. 51 

while for mEO ~40 eV, 

7 = (S.8 x ‘O-‘6 set) 
XI - 

(7.3 sin2 (3 + 2. 8) 
(4. 52 

The &I0 decay channels are more restricted because of its lower 

mass, taken here to be 4 GeV: 

(2) 

+E ’ ‘R R 

31 o-+e 
R 

-+u+ 
R I-+ e~+E” 

R R 

tii-Ep,O 

These yield 

r 
GF2m&~05 

MO = 192ii3 
f(O, 0, mEo/m;,30) 

01‘ 71\,10 = 1.8 x 10 -14 
set (y = 2.8 x 10 

-14 
set) 

for ‘rlEO = : GeV (mEO < 40 eV) 

The third h.eavy lepton whose decays are importanf for determining the 

final states in til- decay is 7. It decay-s according to 

(4.53) 

(4. 54) 

(4. 55) 

(4. 56) 

(4.57) 
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TL - v?(.L+ 1"; 

with a rate r 
7 

= 5 GF2mT5/(i92 TV). Note that we have neglected the 

decay into seF because there is little or no phase space available 

for the actual hadronic states CD-, F-) which would be produced. 

To estimate the semileptonic decays of c- 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. In our model the c quark decays via the usual 

channels with a free quark rate Tc = (me/m )5r 
7 T’ It is an interestirig 

feature of the model that, given our assumption that mt, m < m 
g b’ mh’ 

the t and g quarks must decay semileptonically: 

and 

tK -dgrp, + IJ 
!I e&” 

I 
I R 

I&;, 

2n -+S&,fR + IJ 
+ 

L 
I 

0 e$ li 
i 0 y$ r{ 

(4. 58) 

(4.59a 

(4. 59b 
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:vilere d 
0 ’ E was defined abolre and s ” ,I’ is the orthogonal rotation of d 

and s. The rates are rj = (G,,2m.5/(192~3))f(0, 0, m 
J 

E:oimj)forj =t, g. 

respectively. This concludes the specification of inputs for the branching 

ratio calculation. 

In order to compute the branching ratios for XI- 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 

Tables 1 - 5 we list the different decay modes of M yielding p--p-p+, 

p-p-, p-CL+> I-r I II+. and no p*, where, for example, in the first case 

- - + 
we mean p p w 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 CCRN-Dortmund-Heidelberg -Saclay experiments, in 

which electrons are indistinguishable from hadrons. Bowever, bubble 

chamber experiments such as the Brookhaven-Columbia-Fermilab 

v(ISe + 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 F.-~-P+ 

- - 
modes has any electrons, 

+ 
and that all the p p modes have an e . The 

stable heavy leptons E 
0 

or ??’ appear as final decay products in all the 

modes. 

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

muonic final states: p p p , p p , p p , p-, 1~ , and no p*, as a 
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function of sin2 p. The mass of E” is taken to be i 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 p. In particular, the trimuon branching ratio vanishes if (3 = 0, 

7712, or 77. 

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 

1’ + N - M- i X arising from the elementary reaction(s) v + d + M- + t!, 
v P 

(where t’ is given by Eq. (2.21)), i. e. V~ + d -f &‘I- + t and vcL + d - M- + g, 

2 
with respective weightings cos 8; and sin2 0’ . This cross section must 

C 

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 

v +d -MI- + t’ involves the exchange of a U vector boson; as r increases 
IJ 

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 dolsn by the factor 

((1 + 1 )/ (1 + p + r)f2arising from the U-boson propagator. As will be 

seen, our prediction for the trimuon rate is slightly smaller than the 



(uncorrected i rate measiirecl by the F;-i?Zi.Y esperimcnt, so that 

optimal agreement is obtained with I’ = 0. In order to avoid conflict 

with the FHPRIV rate, say by a factor of 2, it is necessary to limit r 

to be less than -0. 1. 1:‘e retail that the constraint that the enhanced 

parity violation in heavy atoms be less than iC% of the value predicted 12 
by the 

original SU(Z)@KJ(? ) model yielded a similar upper bound on r. 

In our model &I- production by neutrinos is suppressed firstly by 

phase space because of the necessity of producing the heavy quarks t and 

g along with the heavy lepton %‘I-, and secondly by the fact that the 

chiralities of the V~ and XI are opposite to those of the d and t’ quarks. 

Since 8’ is, for simplicity assumed to be small, only the reaction 

v + d - liI- + t is important. Again, one could always generalize this 
P 

and obtain cross section estimates which depend on the three parameters 

m , m 
t 6 

and 0’ rather than just on the one parameter m 
t 
. In addition 

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

hadronic invariant mass, Wt; this is taken as Wt = (mt + m,) in units of GeV. 

A caIcuIation 
20 

of the production~cross section for m,,- = 8 GeV, 
LS1 

mt = 4 GeV, and E > iO0 GeV, with the quadrupole triplet beam used 

by the F‘IIPC:i~ coilaboration, gives oJ(v 
i-L 

+ N + &I- C S)/ do -i- I9 -p p- + X) 
P 

-2 
=2.3x10 . Thus from Fig. 22, for 0. 1 c sin2 p < 0.4 one can estimate 

that 

d 1, 
II 

f :q -p pyp+ + S) 
-. 

cd I’ -;g-.,L-+-Y) = 3x i” 
1 

IJ 
(4. 60 1 
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which agrees approximately with the experimental number from the FIIFBl$’ 

4 viz., 5 x group, - io-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 

a light E”, with mEO < 40 eV, since sin 
2 

P <, 0.02. the trimuon branching 

ratio is too small by an order of magnitude to give a trimuon rate in 

accord with experiment. We therefore choose the heavy E” alternative, 

in which mEo >, 1 GeV. 

For antineutrino beams the corresponding heavy lepton-heavy quark 

production reaction is, in terms of elementary fields, P 
CL 

+u -tM++b; 

this yields trimuons of the form p+$;. For E >> mM-, mt, m 
b 

a(iY +N-M++x) NV +x--M-+x) 
i-L 

u(i; + N - p+ + X.) (4.6 
tJ 

Insofar as the trimuons arise dominantly from the decay of the M*, which 

is a good approximation (see below), the trimuon production rates satisfy 

the same asymptotic relation: 

U( i; + N - p+p+p- +x) u( 1’ 
)I P 

+ x y-p-p+ + X) 
I 

u(vP+N ‘p’ +x) 

= 3 
@I’ + 3 -b p- i X) (4.6 

P 

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’. Aioreover, because ihe antineutrino flux at 

high energies E 2 100 GeV is considerably smaller than the neutrino flux 

ii- 
the actual event rate for the reaction t; 

P 
+ N -+ p p p is commensurately 

- - + 
smaller than that for Y + N -’ TV TV p . This prediction is in agreement 

P 

with the observation of no P+~J.+)I- trimuon events by the FHPRIV group 

using their quadrupole triplet beam (tuned to focus neutrinos and defocus 

antineutrinos 1. 

The mechanism of L:I- production and cascade decay is able to 

explain not only the general magnitude of the observed FHPRK trimuon rate, but 

43 also the kinematic characteristics of these high energy events. These include th 

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

there are no “wrong-sign” trimuons, p+t~+p-; (2) in all events at least two 

of the muons have large energies; (3) in four of the six events the opening 

angles (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 TV )I TV+ system shows no peaking, but (6) the 

invariant mass of II-P+ pairs does show some peaking. The model accounts 

for the first property by construction. It is true that some ~5 s from 

the decay of the t quark will combine with opposite-sign dimuons p-p+ 

from the decay of ?A to form wrong-sign trimuons. However, when one 

imposes the experimental cut of E > 4 GeV (see below) most 
P 

such t.t+ti+p- events are eliminated. Properties (Z)-(4) are general 
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characteristics of leptons arisi~;lg from heavy leptcn protitiction and decay 

in neutrino reactions. The reason for points (5) and (6) is that one of the 

P-l s comes from the primary decay of the AI-, whereas the p- and remaining 

p- arises from the decay of the ?:I0 
-0 

or XI . Hence the total p-p-p+ combination 

will not exhibit any peaking but a fraction of the p+p- pairs which originate 

from the No or m” will. Even in the case in which the p’- and IL+ both 

come from the decaying MD or no there will not be any s’harp peak in the 

0 
invariant mass distribution because of the undetected E or 8, respectively. 

As has been stressed before, in this model ?I- production by neutrinos is 

necessarily accompanied by t production. Hence the hadronic invariant 

mass W must satisfy 1V~ >, (m 
t 

+ m%,), where we have approximated the 

mass of the lowest t-flavored bargon or nucleon + t-flavored meson final 

state as m 
t 

+ m 
N’ 

Experimentally, however, this will not be a very 

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

carried off by the unobservable 33’ resulting from t qi;ark decay. 

In a more complete analysis of multimuon events arising from M- 

production in neutrino reactions one would fold in detection efficiency 

and, moreover, would take account of the II+ which can arise from the 

i 
semileptonic decay of the t quark. 

49 The p which results half of thee time 

from this decay wilt combine with p-p’- from M- decay to yield additional 

+ 
P)1)1 events, and with P-)I+ to yield wrong-sign trimuon events, 

2: - 
II II p . It will also give rise to 4-muon events of the form ~-)I-P+/I+, 

etc. Holvever, leptons arising from the semilzptonic ri?cay of hadrons 
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tend to have considerably lower energies thzn 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 

WI- combined with its relative production cross section probably gives 

a reasonable estimate. The same comments apply, with appropriate 

changes, to M’ production and the resulting trimuons of the form P+,++~- 

in antineutrino reactions. 

Finally, in Figs. 24 and 25 we show the branching ratios for 

specific electron final states for various muonic final states. The mass 

of E” is taken to be i GeV. The p-p-p+ and P’-)I- modes are completely 

characterized by the curves in Fig. 22 since no electrons occur in the 

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

not draT.vn in Figs. 24 or 25. 



-86 FERI.IIL:1B-Pub-77/4S-THY 

v. SUlMm4RY -47x3 cOxcLuSIoss 

Unbil the recent observation of trimuons by the FHPRM’ neutrino 

experiment there was no serious phenomenologica! motivation for 

enlarging the gauge group of weak and electromagnetic interactions beyond 

the group SU(2) @ U( 1. ) of Weinberg and Salam. A reasonable explanatj~on 

for most of these events seems to be the production and sequential 

decay of a heavy lepton. Ln order that this mechanism account for a 

1axge trimuon rate in the most natural way, itwould be necessary to invoke a 

new gauge boson coupling Ye to XI- and hence to enlarge the gauge group. 

The SU(3) @U(1) theory analyzed in this paper is a particularly 

appealing generalization of the origina.. 1 SU(2) @U(1) model with rich 

experimental implications. We summarize here its main features. -41411 

nonsinglet fermions are assigned to 2 representations of SU(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 ? and its neutrino vy, six heavy leptons (E’, No, To; E-, M-, T-). 

I; is reasonable to propose that the XI0 and M- may have already manifested 

their presence in the FHPRW trimuon events. If indeed mt or m * 4 GeV 
g 

and my\- = 7-8 GeV these fermions could be tiiscovered in the nest 

generation of colliding beam machines. The gauge boson spectrum of the 

theory consists of the photon, four massive charged bosons W* t 
and C; , 

and four neutral bosons X i’ X2’ Y and 2. The K*, Y and Z bosons 

can be searched for via the usual means under present consideration, e.g. 



-s7- ~FER~~,IIL,I~-l~h-77/ 48-TMY 

pp. pp, and eE colliding rings. Tot, ihe favored values oi the parameters 

f, IV:, and 6 characterizing the (minimal) model, the masses of these 

vector par:icles are predicted to be gener,allj- comparable to the 1v.I and 

I, of the orizinal SU(Z) Q U(4) theory. 1Jnfortunately, since JYP is purely 

axial-vector, while the electron and muon parts of J.,’ are purely vector, 1- 

there will not be any parity violation in the reaction PE -:1;1 resulting from 

the exchange of I’ or Z gauge bosons. Ho we v e r. at sufficiently high energies 

there will be a sizeable front-back as;:mmetry in the cross section resulting 

from the interference of the amplitude arising from Y exchange with the 

amplitude arising from y and Z exchange. Furthermore, at the appropriate 

energies the S and Z bosons would he observed as resonances in the cross secti 

i 
Because the :C1 2 and U vector hosons couple to nondiagonal fermion 

currents they cannot of course be produced as resonances in the s-channel 

in the reaction es - $. Furthermore, because they couple light quarks 

to heavy quarks it will be very difficult to produce them via pp or 

Ep collisions. 

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

insures that J!T and Jgare diagonal to order GFe, thereby precludi.ng 

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

I< 
0 4 :E 0 

processes as and K 
L - tqi. Furthermore there are no right-handed 

charged currents which involve only light fernions and could appear in 

neutron, hype!~,on, or muon decay. The model allows p- and e-number 

nonconservation hut at a naturalI:>- strongly suppressed level. The electrically 

rleutra! Ilavor-chailging currents CTk and Jk contribute !o the anomalous 
1 2 
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magnetic ::ipole moments of the mu3il and electron, and to the electric 

dipole moment of the neutron; however, a natural cancellation mechanism 

analogous to the GIN mechanism for fermions operates to severely reduce 

their contributions. Discrete symmetries such as the R and S invariance of 

the Lagrangian and the RU invariance of the vacuum are crucial in preventing 

undesirable fermioa mixing and maintaining the properties mentioned above. 

A particularly interesting feature which follows from the exact RU 

0 s~ymmetry is the absolute stability of a massive neutral lepton, E , 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 v?? and X~?VT 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 automati’c that 

the interactions corresponding to the residual exact gauge group, 

SU(3) 
co;01 @ ‘%harge f w i 11 be parity conserving, independent of the 

mechanism of spontaneous symmetr-y breaking. 

The minimal model contains two Higgs triplets with U(1) hypercharge 

y = -Z/3 and a complex Higgs octet. By adding another Higgs triplet with 

\T : i/ 3 we have constructed a useful generaIizaiion which interpolates 

continuously between the minimal 5U(3 1 Q U(1) model and the original 

sup.) ~9 U.:(I) model. 
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As regards the confrontation with experiment, the minimal 

SU(3) @ U(f) 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 strengthi~ the electric.dipole 

moment of the neutron is then estimated to be 6f 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, 

1 = 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 SV(Z)BU(i) model; however, it is true 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(1) theory. On the other 

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

magnitude and the kinematic 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(Z)OU(i) model, 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(1) theory 

thus seems to be an attractive and relatively economical extension of 

the original SU(2) x U(1) unified gauge model of weak and electromagnetic 

interactions. 

(Notes added by R. E. S. ) 

1. Recently a set of resonances in the reaction p f (Be or Cu) -+ p+p- + anythinr?- 

has been observed in the Columbia-Fermilab-Stony Brook experiment with 

50 
masses in the region of 9.5 GeV. The resonances can be resolved into at 

least two peaks, T (9.4), and T’(iO.O), with some evidence for a third peak. 

In analogy with the J/G, $‘, and I$‘: It is plausible to assume that these 

peaks are due to the production and decay into dimuons of a ~p=f- bound state 

T of heavy quarks Q and Q , together with its radial excitations T 1 etc. In 

our model the heavy quark Q, which thus has an effective mass m Q = 4.7 GeV, 

could be identified as t or g or alternatively as b or h, depending on its chrage. 

Unfortunately a decisive determination of the charge will probably require 

production of the T by e+e- colliding beams. The implications of various 

quark assignments for Q are analyzed further in Ref. 49. 

2. Regarding the neutral current sector of the model, it is of interest Tao 
- - 

compare the predictions for the ratios RYP = ovp/c ‘p 
nc cc 

and Rb = aYP/ o vp 
nc cc 

with data which has recently become available. The Fermilab-IHEP-ITEP- 

-Michigan pH2 bubble chamber experiment 51 
has measured a raw ratio 

RVP 
raw 

= 0.40 * 0.14. When this ratio is corrected for events excluded by 
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the hadron energ>- cut, assuming the Weinberg-Salam model with 

sin’ eL$; l/ 3, it becomes RiErr = 0.48 i 0.17. For the corresponding 

antineutrino ratio the Argonne-Carnegie AIellon vH2 bubble chamber 

experiment 52 finds Rkrr = 0.49 + 0. i4, where again the correction has 

been made using the Weinberg-Z&lam model with sin’ 8 W = I/ 3. For 

r = 0, our model yields, in the valence quark approximation, the predicted 

ratios 

and 

RVP = (i+Q)2(&- ; w +vz) 

. 

Taking Q = 0.18 and w = 0. 25, which fit the other neutra~l current data, 

we find Rq = 0.47 and RT= 0.36. These values are both in agreement 

with the (corrected) measured values to 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(~)SU(~) model. The inclusion of a 10% SU(3 )-symmetric 

sea as defined in Sec. 2, increases these ratios by a few per cent. In 

comparison, an eVd~liatiOn Of the prediCtiOnS Of the Weinberg-Salam 

model assuming a similar sea content a.nd taking sin2 qv= 1/ 3. gives 

Rvp = 0.43 and Rip = 0. 33. 

3. As Sehgal has recently pointed out53an analysis of semi-inclusive 

neutral current pion production i,n the reaction v(G) + K -+ v(V) + T.+ + S 

enables one to determine the isospin strccture of the weak neutral haLironic 
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current (which couples to neutrinos). In contrast, the use of data on the 

fully inclusive reaction on an isoscalar target V( ;) + N * v( ;) c X only 

yields information on isoscalar combinations of (squares of) neutral current 

couplings. From his study of the Gargamelle data on semi-inclusive 

neutral current pion production, Sehgal finds that uL2 = 0.082 -t 0.035, 

2 = 0.055 + 0.025, d 2 
UR L 

= 0.158 * 0.035, and dR2 = 0.001 * 0.025 in a 

notation where the neutral current amplitude is given by 

A(v + q - Y + q) = (GF/fi) [ ;y&I-y5)vI [ uLuyu(Iyj)u + u&a(l+yj)u + 

+ dLdyCU(1-Y5)d + dR&@(1+v5)dl . In the model (with r = O), one can see 

from Eqs. (3.2b) and (3.3) or (3.11) that UL R = $i+I )auL uR and 

dL,R 2 
= i (I+.! )adL dR . Thus for P = 0.18 and w = 0.25, the model would 

predict that uL2 = 0.20, UR2 = 0.022, and dL2 = dR2 = 0.05. These values 

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

Salam model gives u 
2 

L = (i - $ sin’ i3& uR= - 7 sin’s,, dL = - $ + 

1 
+ - sin 

3 2%* anddR 3 
= ?_ sin20 w. For sin20 = 0.3, we thus find the values 

2 
uL 

= 0.09, UR2 = 0.04, dL2 = 0.16, and dR2 = 0. 01, all of which are in 

agreement with the data as analyzed by Sehgal. 

4. Finally, we note that six additional trimuon events have been observed 

by the FRPRW group. 
54 

The heavy lepton production and cascade decay 

mechanism contained in our SU(3)QU(1) model is again reasonably 

successful in accounting for the characteristics of most of these events. 
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On J%x?e ‘16, i977, oval’ dear friend Benjamin ‘iI:. Lee was killed in an 

zutomobile accident. This is an inestimably 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 foreyrer remember his tremendous creati-vity, 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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APPEXDIX I. 

Let us consider a potential V of the fields Q, Q (the last taken here 

to be complex: @ = (al + i Q,)/YT, ai J = %,2) which is invariant under 

the group G = SU(3)@ U(i)@ R. The action of G on the manifold M formed 

by Q and @ is described in the text. We define the G-invariant norms 

X2andp20fapointm=(Q, @)~Mby 

x2 = n+,, p2 = Tr Q’ Q (A. 1) 

which are positive semidefinite. The potential V is a Cm function of m, 

bounded from below, which has the property 

lim 
V 

x2c,2~m(hZ+CLZ) = m * 
(A. 2) 

A point m E M has a stabilizer (little group) G C G which leaves 
m 

this point invariant. The action of G on m genera.tes an orbit O(m) consisting 

of all points m’ = gm, g E G. The stabilizers of m and m’ are conjugated: 

G 
-1 

m’ =gGmg . Orbits whose stabilizers are equivalent to G form a m 
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): Lf S(m) is compact, and has an infinite number of or bits, 

every Cc0 G-invariant function has at least one (local) minimum on an orbit 

in S(m). 
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For our purpose it is sufficient to note fhat the orbits O(m), where 

m take the form 

A 

n- 0 

0 

; c5 = 

0 

0 0 0 

0 0 p cos 6 

0 Fe ‘+ sin 8 0 

(A. 3) 

form a compact stratum S+(m) for given A, p > 0, corresponding to the 

stabilizer Gm = U(i)@ RU, where RU is defined in the text. Orbits in this 

stratum may be labeled by two parameters 0, 4 (0 25 0 5 ii, -n/2 5 6’ n/Z). 

Michel’s theorem then states that any V takes a minimum on an orbit in 

SAW(m), say at % = eo(x, pi), 4 = 6,(X, p), for given A, P > 0. 

The gradient of the potential V evaluated at this orbit lies necessarily 

in the Xy. plane. It is therefore possible to adjust, for example, the coefficients 

of X2 and p2 in V, so that a minimum of V OCCUrS at X = Lo, II = PO’ 

e -0 h o , o’ po) E eo, o= rj,(X,, PO) q 6,. 

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

minimum is in fact an absolute minimum. For this purpose consider a 

new potential XT’ defined as 

t 22 22 x,i! = Ti + a(n 9 - X0 ) +b(Tr @TTs-po) (A. 41 

c(C;- CD2 - p2eIp ‘sin 20 o)2 -L c(Tr 0 !2 2 -i60sin 28 ,z -P*e 0’ 
.+~I(9+@~@9)+e(i?~ @am+ n) 
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where the coefficients a, . . . , e are all positive definite. 1:‘e note that 

V’ - V is positive semidefinite, taking its minimum on the orbit O(m,,). 

Thus, for sufficiently large a, . . . , e > 0, V’ takes the absolute minimum 

on O(m,,) 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(1) X RU. This proof can be readily extended to the case in 

which there are several n’s, 0’s and q’ s. 



API’IZYDIY II. 

In the Lagrangian, local interaction terms of the Higgs fields 9 and 

Q are at most quartic. Furthermore the discrete R symmetry forbids all 

cubic invariants. At first glance it seems possible that the resulting 

quartic potential might be invariant under a bigger group than SU(3)@ U(1) @RR. 

If the connected continuous group xere bigger than SU(3)@ U(l), we would have 

pseudo-aldstone bosons 56. in the theory. We shall prove that this is not the 

case. 

Consider first the terms Tr@ ‘a, t2 
Tr@ , TvD~, Tr(@ ‘cP~, Tr 04, 

Tr @ +’ , which are even under R. The maximal invariance group of these 

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

t t t 2 t t7 
involving n: SZt&Q, CJ 9 an, C2 Q C?, Q Q -Q, etc. which are also even 

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

of a, but on all components of 9 uniformly. Therefore G can only be U(1): 

U(1): Q-+e id, 

r!re have thus shown that the maximal connected invariance group of a 

generic quartic polynomial of Q and o which is invariant under SU(3) @U(1) @R 

is 3Ij(3)@, U(i), and sot a larger group. 
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TABLE CAPTIOXS 

Table 1: 

Table 2: 

Table 3: 

Table 4: 

Table 5: 

Table 6: 

Specific final states in XI- decay containing p-t.~-p’. 

- - 
Specific final states in tiI- decay containing p p . All 

- - + 
of these states are of the form TV p e + neutral stable 

leptons + possible hadrons. 

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

further classification according to the electrons present 

is: (a) p-k+ (no e*) (b) p-iJ-+e-. 

Same as Table 3, for states containing II-. The classification 

according to electrons present is (a) p- ho e’) (b) y-et 

(c) p-e-e+. 

Same as Table 3, for states containing p.+; (a) p+e- 

(b) )I+e-e-. 

Same as Table 3, for states containing no p *; (a)no Cl* 

or e* (b) e- (c ) e-e+ (d) e-e-e+. 



-ilo- FERMILAB-Pub-77/48-THY 

TABLE++1 
n4- + p-p-p +. . . 

1. p- p- p+E°Fp 

2. 
- - +-0 

w v P E vu 

3. &-~+E’F 1, c 
P 7 7 

4. p-&+E’ii s S 
PO 6 

TABLE 2 - - 
M--pp +... 

(p-p-e+) 

i. p-p-e+E’F 
P 

2. p-p-e+E” Y 
u 

3. p-p-e+E”V Y V 
P T T 

4. p-p-e+E’F s S 
we 6 
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TABLE 3 

M- - p-p+ + . . . 

(A) (p-p+ ; no ef) 

1. p-p+E”dgti 

2. p-p+E’v&d @ii 

3. 
-+o 

p p E dei%gS;B 

1. p-pfe-EoFe 

2. p-p+e-E”V 
P 

3. p-p+e-E’v 
P 

4. ,-,+e-E’i; Y ‘ii 
e 7 T 

5. p-)+/E’: v F 
PTT 

6. p-v+e-E’Ti s S 
e@ 0 

7. 
- + - o- 

P p e E vpso~o 



-i12- FERWLAB-Pub-77/48-THY 

TABLE 4 

M--II- +... 

(A) (p- ; no e*) 

3. p,-EOV Y Yj 
11TT 

4. p-E’~s S 
PO 0 

5. p-E0 vd ;i 
p e 8’ 

0) (p-e+) 

1. p-e+E”d8fl 

2. p-e+C”v&dBii 

3. p-e+E”dotisgSB 

(C) p-e-e+ 

1. 
- - + o- peeEv 

e 

2. 
--+o 

pueEii 
P 

3. ~-e-e+E” v 
P 

4. p-e-e+E°Fe v TVT 

5. p-e-e*E”v s 
e e’e 

6. p-e-e+EOC s 5 
PO 0 
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TABLE 5 

M- - @+ + . . . 

(A) t.t+e- 

1. p’e-E”d @li 

2. F+e-E”vTYrdBE 

3. p’Te-EosoSo dgir 

(Bl pfe-e- 

1. p+e-e-E”Ye 

2. p+e-e-Z” v 

3. pie-e-E 
0-” ve V~ V~ 

4. p’e-e-E”Vese So 
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TABLE 6 

ix- *(no pit’s)+... 

(A) (no e*‘s) 

1. E”dgii 

2. E”v 7iT,d,fi 

3. E’s S d ii e .9 8 

(B) (e-J 

1. e-E05 
e 

2. e-E”oy 

3. e-E’i?‘v P 
e 7-i 

4. e-EOiTs S ef3e 

(Cl (e-e+) 

-+o 
1. e e E deii 

- + 0 
2. eeEvFd5 T 7. e 

(II) (e-e-e+) 

--+o 
1. eeeEV e 

i-0 
2. e-e-e E v 

)I 
-- + 

3. eeeiTvT e 7 7 

4. -- 
+ o- eeeE vs S 

eB f3 
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FIGU::E C.hPPTIOSS 

Fig. 1: Vector hoson rnas.ses as funciion.5 of .a, for r = 0, \v = 0. 25, 

and 6 = C. O!. 

Fig. 2: Vector boson masses as functions of w for r = 0, f = 0.18, 

and E = 0. 01. 

Fig. 3: Vector boson masses as funcfions of r for 1 = C. 18, w = 0. 25, 

and 6 = 0.01. 

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

cross section ratios R 
VD: 

ani R ” for r = 0 and(a) 1~0, (b) 

(Ii-1 )‘=I. 2, i.e. I-0.095, (c) (1+-L )‘=1.4, i.e. 1-O. 18. i-\long 

each curve w increases from uv = 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 points. 

Fig. 5: 

Fig. 6: 

Deep inelastic charged current to neutral current isoscalar 

cross section ratios R 
vN and EtFs 

as functions of r for .I = 0. IS an: 

(a) VJ = 0. 2, (h) w = 0. 3. Along each curve r increases 

from r = 0 to r = 0. 5 in steps of 0. 1; thereafter we show 

only the values w = 1, 2, m . 

The ratio R “P I 
el O(vp -’ q)/5fvn- - + pl as a function of w 

forr=O, 1 = 0 (dashed czi-ve) and 1 = 0.18 (solid curve). 

The HPW data is shown as a s!laded band and the CIR data 

is represented by a point at w = 0. 2. The cross sections 

are flux-aoeraged fo;‘ the Brookhaven ncutrino spectrum, 



--116- 

Fig. ?: 

Fig. 8: 

Fig. 9: 

Fig. 10: 

Fig. 11: 

and the cuts applied are those for the HP1I. experiment. 

See text for details. 

The ratio Ii Ip 
el 

as a function of w for r = 0, f = 0.18, and 

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

1. 0 GeV (dotted curve). Data are as in Fig. 6. 

RJ The ratio Rei = ‘T(i3p -+ VP)/0 @p - p+n) as a function of w 

forr =O, 1 =O (dashed curve) and 1 = 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 Riy as a function of w for r = 0, P = 0.18, and 

mA = 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, 

v’p - cp )/a (VP - VP), for r = 0, with the HPW cuts, as 

a function of w. The shaded band represents the HPW 

measurement. 

The neutrino neutral current and, for comparison, the 

charged current differential cross sections do/dQ’(q -vp) 

and do/dQ’@n - + p p), flux-averaged for the Brookhaven 

neutrino spectrum. For the neutral current reaction, 
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Fig. 12: 

r = 0, 1 = 0. 18, and (a) K = 0. 1, (b) w = 0. 2. The solid 

Fig. 13: 

Fig. 14: 

Fig. 15: 

Fig. 16: 

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 cl~/dQ’(vp -5p) 

and do/dQ’(iip - 
+ 

p n), flux-averaged for the Erookhaven 

neutrino spectrum. For the neutral current reaction curves, 

r = 0, f ^ 0. 18, and w = ia) 0. 1. (b) 0. 2. The neutral 

current data is from the HPW experiments. 

The ratio R”’ 

The ratio Gfi 

as a function of w for r = 0. i and P = 0.18. 

as a function of wv for r = 0. 1 and 1 = 0. 18. 

Values of gV (horizontal axis) and gA(vertical axis) as 

functions of w and r, for 1 = 0.16. The line segments 

correspond to (a) r = 0, ib) r = 0.1, (c)r = 1.0, and (d)r = m. 

Along each 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! plane allowed by the Gargamelle 

data on the reactions vile 
-“we andv e P 

+ze, Eqs. (3.30) 

and (3. 31). The outer contours are 90% confidence level 

(CL) limits. The dot at igV, gA) = (-0. 24, 0) represents 

the prediction for r = 0, 1 = 0.16. and VI = 0. 2. 
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Fig. 17: Jtegions in the (gV, g-&) plane allowed by the measurement 

of the reaction Fee + vee by Reines et al. (Ref.31 ). The 

two different el’tiptical regions correspond to the two bins 

j.. 5 - 3. 0 MeV and 3. 0 - 4. 5 NeV in scattered electron 

lab energy. The dot at (gV, gLq) = C-0.24, 0) represents 

the prediction for r = 0, P = 0. 18, and w = 0. 2. 

Fig. 18: The enhanced atomic parity ViOkdiOn paI%neter QA,k for 

Bi209 as a function of r. For this plot 1 = 0.18 and 

(a) w = 0. 2, (h) w = 0. 3, 

Fig. 19: Graphs contributing in lowest order to the weak interaction 

part of the muon anomalous magnetic moment. Fig. (19e) 

represents a sum of four graphs: LL and RR transitions 

mediated by the vector bosons Xi and separately by X 
2 

. 

Fig. (19f) also represents a sum of four graphs: LR and RL 

transitions mediated by Xl and, separately, by X2. 

Fig. 20: Graph for the decay p + ey. 

Fig. 21: Graphs contributing in lowest order (g*) and in the free quark 

approximation, to the KLKS mass difference. 

Fig. 22: Branching ratios for muonic final states in M- decay, 

as a function of sin’ F. The mass of E” is taken to be 

1 GeV. For clarity the BR(k-y-) curve is dashed. 

Fig. 23: Branching ratios for muonic fixed states in fifi- decay, 

as a function of sin’ (3. Here mEo < 40 eV. For clarity 

the BR(ll-t~-) curve is dashed. 
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Fig. 24: 

Fig. 25: 

Branching ratios for specific electron and muon final 

states in A?- decay, as a function of sin2 p. The curves 

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

and p . The mass of E” is taken to be 1 GeV. The 

p-e-e+ curve is dashed. 

Continuation of Fig. 24. The curves shown are for the 

sub-classes of the muonic modes p’ and “no p*. ” For 

+-- 
clarity the e-e+ curve is dashed and the p e e curve is 

dotted. 
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