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We study an SO(4) X U(1) extension of the standard model of weak and electromagnetic interactions,
which accommodates the new leptons postulated as an explanation for trimuon events. Universality is shown

to be natural in the model. A phenomenological analysis gives good agreement with present data.

I. INTRODUCTION

The observation of high-energy trimuon events
in vN collisions reported recently' seems to indi-
cate the existence of new heavy leptons M (-& GeV)
and L' (-3.5 GeV}.' In the framework of gauge
theories of weak and electromagnetic interactions,
the new lepton M has to be accommodated in the
same multiplet as the muon and its neutrino. In
SU(2) x U(1) models, this would mean a mixing of
either v„orp. with new leptons. This leads to
violation of p. -e universality, unless universality
is preserved by a correlated-mixing scheme.
Better experimental data on w» decays as well as
on trimuon events will have to be awaited in order
to decide if universality is violated to a degree
sufficient to account for the trimuon events. 3

On the other hand, if one demands natural uni-
versality, the gauge group would have to be ex-
tended beyond SU(2)x U(1), so that M is produced
by a neutrino via a new charged gauge boson, dis-
tinct from the usual W. Lee and Weinberg' have
recently proposed such a model based on the group
SU(3) x U(1) which naturally insures universality.
We propose another such model based on the group
SO(4) x U(1).

The SO(4) && U(1} model has several features in
common with the SU(3) && U(1} model of Lee and

Weinberg, and we utilize a mechanism similar to
theirs to preserve universality. However, al-
though the two models have the same number of
charged gauge bosons (W', U'), there are two less
neutral gauge bosons in the SO(4) & U(1) model—
here the X, and X2 of the SU(3) && U(1) theory, '
which correspond to nondiagonal neutral currents,
are absent. Thus, all neutral currents are diag-
onal.

The second major difference is the presence in
this model of a right-handed If„yscurrent (where

y is a quark of charge --') which couples to the
usual vector boson O'. It is thus possible to ac-
commodate the high-y anomaly reported in vN

reactions. In fact, the model constitutes an ex-
tension of an "exotic" SU(2} && U(1) model' with
quarks of charge -4. This exotic model has not

only been found to be in agreement with charged-
current' and neutral-current' data, but has, in
addition, desirable features such as naturally di-
agonal neutral currents and natural absence of
right-handed usda and uzss currents.

Besides the fact that the SO(4) x U(1) model has
exotic q =--' quarks, it also differs from the
SU(3) x U(1) model in having doubly charged lep-
tons.

The model accommodates the observed rate of
trimuon events, and fits the established data on
neutrino- (antineutrino-) induced neutral-current
reactions. Parity violation in atoms is small, and
the v„eelastic cross section is predicted to be
equal to the v„ecross section, which is not incon-
sistent with the present data.

We describe the model and the pattern of spon-
taneous symmetry breaking in Sec. II. In Sec. III,
we discuss universality and the discrete symmetry
RU responsible for it. In Secs. IV-VI we deal
with the phenomenological implications of the mod-
el. The charged-current interactions are dis-
cussed in Sec. IV; results of neutral-current re-
actions are compared with experiment in Sec. V;
and some higher-order effects are examined in
Sec. VI. We conclude with Sec. VII.

II. THE MODEL

We shall make use of the SU(2) x SU(2) x U(1)
notation (T,"', T"', Y) for the representations of
SO(4) x U(1), where T"', T"' denote the represen-
tations of two SU(2)'s, and Y is the weak hyper-
charge. The electric charge is given by Q =T3"
+T,' '+ Y. The quarks belong to the representa-
tions (2 2 3) (0, 0, —',), and (0, 0, --', ), and the
leptons belong to (~, 2, -1), (0, 0, 0), and (0, 0, -2).
With the convention that the first SU(2) acts down-
wards and the second SU(2) acts from left to right,
the representations of the fermions can be written
as (possible mixings are not explicitly shown)
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eo+Uo .
A. = sin&+ F cos8,

v2

~0 UO

Z, = cos6 —P sin0,

U'

The above is completed by appropriate SO(4) sin-
glets. Here, b, 5' are quarks with charge -3, t, t'
are quarks with charge + —', and x, x', y, y' are
quarks with charge -~. The E,M, T are new

negatively charged leptons, the M being responsi-
ble for the trimuon events, and & is the heavy
lepton obsexved at SLAC.' Of the three heavy neu-
tral leptons E, M, and T, a mixture of M
with the other two is identified with the decay
product L,o of the M . The $'s and q's have charge
~2 e

We impose a symmetry A which prevents bare-
mass couplings. Under 8, the left-handed fer-
mions change sign and the right-handed fermions
are invariant. However, as we wish to give
masses to the fermions via scalars, the latter
(to be specified) are odd under R. The gauge bo-
sons are invariant under A.

The scalar fields (their number is left unspeci-
fied) are chosen to belong to the complex repre-
sentations (1, 1,0) and (2, 2, 1), represented in
matrix form by

where 5', U' corxespond to the generators of the
two SU(2)'s, and I' corresponds to the generator
of the U(1). Of the neutral states A, Z„andZ„
A is the photon, and Z„Z2ax'e massive. The mix-
ing angle 6) is defined by

&2g'
sin& =

(g2+ 2g& )1/2

where g, g' are the coupling constants for the SO(4)
and U(1) groups. The masses of the vector bosons
are given by

plv --mv -—g (2p, +v),

m~ '=4p.g' sec'g,
1

m, 2=4vg2,

where

v=2K(/a, /'+ fb, /'),

with

c ={n")

(1 1 0) — yo& goo yo

III. THE SYMMETRY RU AND UNIVERSALITY

The choice of (P',.') =0 and nonzero vacuum ex-
pectation values for other neutral scalars pre-
serves a discrete symmetry AU, where U is a
diagonal 4 x 4 matrix, represented by (-1, i, i, -1)-
in the space of the four-dimensional eigenvectors
of T,"'&2& T,"'. In other words, & is the SU(2)
&& SU(2) transformation

where the charges are the sums of the two super-
scripts. The P, couple to two (p, ~) fermion mul-
tiplets and the 0, to a (&, 2) multiplet and a singlet.

A general SO(4) x U(1)-invariant R-invariant
potential constructed out of the (t)& and 0& pos-
sesses, for a certain range of the parameters, a
minimum for nonzero values of Q+, , P&', and Goo,

but /~=0. This gives masses to the fermions,
but prevents certain mixings which are undesirable
from the point of view of universality. We discus. s
this in the next section.

After symmetry breaking, the diagonal vector-
boson states are 8", U', and

Under RU, the fermions transform as

(u, c,v„v„v,)—(u, c, v„v„,v,),
(d& s

& ~& V &
7)

(b& b'& E &M &
T ) —(b& b'&E, M

&
T ),

(x,x', q, q', tl ) —(x, x', q, q', q ),
(i i' E' M' r')- (I t' E' M' T')

(~,~', &, ~', &")--(y, y', ~, ~', ~")



SO(4)XU(I) MODEL OF %KAK AWD ELECTROMAGNETIC. . . 2579

Since the vacuum expectation values chosen for
the scalars are RU-symmetric, there can be no
mlxlng of any of Qy cqdy s~ x~x y

v y v~y vT~ ey P, ~ T~ 'gy

E,M, T, $, $', ) (set 8). However, there can be
mixing among states of the same charge within
set A and set B.

The vector bosons transform under BU as

(4)

Hence S" and U' cannot mix, but W, Uo, and F
can, as seen from (1).

The transformation properties (4) as well as the
transformation properties of fermions in (3) imply
that the 8" induce transitions between v, and e~,
v„and p, ~, etc. , with equal strengths and also be-
tween u~ and dc (where dc is the usual Cabibbo-
rotated d state) with the same strength. Thus we
have natural universality in the theory.

The RU symmetry does not al1ow mixing between
states belonging to singlet and (—,', ~) representa-
tions or between states belonging to the same rep-
resentation, but havingdifferent values of (T,"', T,"')
Hence exchange of neutral gauge bosons con-
serves (quark and lepton) flavors

IV. CHARGED&URRENT INTERACTIONS

The effective charged-current Lagrangian ean
be written as

sible allowed mixings should be understood.
With the help of the effective Lagrangian (5) it

can be seen. that if the doub1e charged leptons are
assumed to be heavier than the neutral and singly
charged ones, the trimuon events in vN collisions
arise in the same way as in the model of Lee and
%einberg. ' Thus, a rate of p, p. p,

' production at
Fermilab which is (5-10) x 10 4 times the rate of

production can be accommodated.
The fact that u„is a singlet implies the absence

of right-handed u„d~or u~~ currents. However,
a right-handed d~y„current coupling to the 8'
exists. The high-y anomaly in antineutrino reac-
tions can therefore be accommodated by the mod-
el. The possibility of producing M (M') in
vN-M X(vN-M'X) (via U exchange), which sub-
sequently decays into a single p (p') has also to
be considered in analyzing the vN, PN data. How-
ever, M' production is suppressed by phase space,
as both the I' and the hadrons produced are
heavy„and should give rise to small corrections.

Higher-order charged-current processes axe
considered later in Sec. VI.

V. NEUTRAL&URRENT INTERACTIONS

The neutral currents which couple to Z, and Z,
are given by

Ze = [uy~u ——,sin'8uy"u+ 3sin'8dy"d
v2 cos8

+ v, y~v, + v„y~~v„

+ sin'8 ey"e+ sin'8 uy" p, +. . .], (6a)

eff ~ 1 1 ly

g r-
dz =~ idy~yA+eypyse+ &y~y5&+ (6b)

where j,",J,", the currents coupling to 8'„,are
given by

j~ =2P, y~e+2E y~q+2Eoy~ +2eyg

+similar terms from other multiplets,

J~ = 2uy~~d+2by~x+ 2Fy"„5+2dy~~y

+similar terms from other multiplets,

and j,",4,", the currents coupling to U„,are given
by

g" =2v, y~E +2ey", g+2Eoy~e+2E y"„$

+similar terms from other multiplets,

eJ2 2Ryl 5 + 2dyl x + 2Fy g d + 2F

+similar terms from other multiplets,

where y~~ „=—,'y'(Ivy, ). The Fermi constant
G~/W2=g'/8m~'. In the above expressions pos-

where only the terms involving the u, d quarks and

v„v„,e, p. are shown.
As previously observed, both neutral currents

are diagonal in all flavors. Another observation
is that Z2 does not couple to neutrinos, and hence
does not contribute to neutrino reactions. Thus
we can parametrize the neutrino neutral-current
interactions by x = sin'8 and v' = cos'8 me, '/2m~'
[x'& 1 due to the pattern of symmetry breaking, as
can be seen from (2)j. We present a comparison
of theoretical predictions with experimental re-
sults for (i) parity violation in atoms, (ii) vN, PN
inelastic neutral-current scattering, (iii) vp, pp
elastic scattering, (iv) v„e,p„eelastic scattering,
and (v) P,e elastic scattering. We obtain a. good
fit to most results for x and K around 0.45 and —,',
respectively. The results are given for x =0.45
and ~2 = 0.75.

A. Parity violation in atoms

As can be seen from (Gb), Z2 exchange is parity
conserving. Furthermore, from (6a), the electron
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TABLE I. Comparison of results on vN, vN inelastic
neutral-current scattering with data from Gargamelle
(GGM) (Ref. 10), HPNF group (Ref. 11), and CITF group
(Ref. 1Z).

TABLE II. Comparison of results on vp, vp elastic
scattering with data from HP%' (Ref. 14) and CIR (Ref.
15}groups.

Theoretical GGM
Experimental

HPWF CITF

Theoretical

0.16

Experimental

0.17 + 0.05
(HP%)

0.25
0.38
0.51

0.25 + 0.04 0.31 + 0.06 0.24+ 0.02
0.39 + 0.06 0.39 + 0.10 0.39 a 0.06
0.59+ 0.14 ~0.61 ~ 0.25

o. (vp vp)

o(vp vP)
0.60

0.23 + 0.09
(CIR}

0.4 + 0,2
(HPW)

coupling to Z, is purely vector. Hence parity vio-
lation in atoms is proportional to nuclear spin and
therefore small.

B. vtV, vW inelastic scattering

The usual parton-model analysis of v(v)N- v(v)X
below charm threshold, neglecting the sea-quark
contribution, gives for the ratio of the neutral-
to charged-current cross sections

ONC 1 20

oNc ] g@ 20
R = (1')()=, ( ——+—*') .pN gC C 4~4 3 9

The ratio of v and v neutral-current cross sections
ls

c" (vN) 3 —4x+ 20/3x'
o"c {viV") 9 —12x+ 20/3x' '

The results for x =0.45 and z' = 0.75, together with
the experimental values from Gargamelle (GGM), ~0

the Harvard- Pennsylvania- Wisconsin-Fermilab
(HPWF) group, "and the Caltech-Fermilab (CITF)"
are shown in Table I.

between 0.71 GeV and 1.32 GeV2. We choose the
value m„=0.71 GeV' for our calculations.

In our model,

G (o)=, , G„(0)=—(1.84 —2.'l9x),

( )
0.496

We compare in 'Table II the results for
ff"„=o(vp-vp)/o{vn- p, p) and 8'„=-a(vp-vp)/
o(vp- p'n) for the range 0.3&i))'&0.9 GeV' using
m~'=0. 71 GeV', @=0.45, and x'=0.75, and the
BNL neutrino spectra, with the data of the Har-
vard-Pennsylvania- Wisconsin (HPW)" and the
Columbia-Dlinois-Rockefeller (CIR)" collabora-
tions. We have also plotted the differential cross
section Ck/dQ2 as a function of I))2 in Fig. 1.

D. v e, v e elastic scattering

Since the coupling of Z, to electron is purely
vector, a prediction of the model is c(v„e)=a(v„e).

I I i ( [ I I I

C. vp, vp elastic scattering

With the usual assumptions of first-class cur-
rents, conserved vector currents, ete. , we can
write the vP and vP elastic and quasi-elastic cross
sections in terms of the proton electric, magnetic,
and axial form factors G~, G„,and G„.We use
the following dipole parametrization for these:

G„(()')/G„(0)= ((+,)
(q2= f&0).

Cfo
O"o

0.01 =

ppQ3 ~ ~ ~ ( [ ( ( g ~ 0pQ3 i I I ( I ) ) I I

p p. s 1.0 0
Q' (Gev') O' (pe')

1.0

M~2 is obtained as 0.71 GeV from electron-proton
scattering. m„', however, is less precisely de-
termined from quasi-elastic vN scattering 3 to be

FIG. 1. A plot of do/dQ~ vs Q for vp and vp elastic
scattering using m~ = 0.71 (GeV) . The data points are
from Ref. 14.
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TABLE III. Comparison of the results for v„eand v„eelastic scattering with data from
Gargamelle (GGM) (Ref. 10) and the Aachen-Padova (AP) (Ref. 16) group. The values for
0.4 & Fe & 2.0 GeV were those mentioned in a note added to the Aachen report.

Theor etical Experimental Ee (GeU)

o.„e/E„(10 cm /GeV)

cd,/E„(10 cm /GeV)

2.01

2.01

2.4 + 1.2 (AP)
2.1+ 1.2 (AP)

1.0'0~
53(GGM)

5.4+ 1.7 (AP)
3.0+1.8 (AP)
2.4 + 1.3 (AP)

0.2-2.0
0.4-2.0
0.3-2.0
0.2-2.0
0.8-2.0
0.4-2.0

Though this is consistent with recent Aachen-
Padova data, "the errors are too large to check
this result accurately.

The neutrino and antineutrino cross sections
(in the rest frame of the electron) are given by

Gy meEp 4 4 4
8mK4 3 2E„

where E„is the v, v energy, and m, is the mass of
the electron. We compare in Table III the values
of a„JE„obtainedusing x =0.45 and x2=0.75 with
the experimental values of Gargamalle' and the
Aachen- Padova group (AP)."

E. v, e elastic scattering

In this case the charged current and the neutral
current both contribute to the cross sections. The
differential cross section in the electron rest
frame is given by

F + & 4x2+ (4x2+ 2x)2 l 8

dE, 8n g4

m, E,—2x(4z2+ 2x) E 2

where E, is the final energy of the electron.
To compare our prediction with the data of

Reines et al. ,"we fold the above expression into
the antineutrino energy spectrum and calculate the
cross section for the ranges 1.5 & E, & 3 MeV and

3&E,&4.5 MeV. The results for a~ e/o„„(a„„is
the charged-current cross section in the V-A
theory) are compared with experiment in Table IV.

It is seen that the agreement with experiment
is good for vN inelastic scattering and vP elastic

TABLE IV. Comparison of the results for ~ee elastic
scattering with the data of Reines et al. (Ref. 17).

Theoretical Experimental

scattering. The data on v„e,v„e,and v, e elastic
scattering is less certain, and although we obtain
reasonable agreement with recent Aachen-Padova
data for v„eand v„escattering, the agreement
with the data of Reines et al. for v, e scattering in
the range 1.5&E, &3 MeV is poor. To obtain
agreement for this range, we require a lower val-
ue of x, and this is also the case with the Wein-
berg-Salam model. ' Clearly, we must await bet-
ter data.

VI. SOME HIGHERNROER EFFECTS

EL Ks mass &f erence

The W' and U' vector bosons can induce transi-
tions of the d and s quarks to u, c,x, x' (left-hand-
ed) and f, t', y, y' (right-handed) quarks. Hence,
we get contributions to the process ds —ds from
diagrams with pairs of q = —,

' and q = --' quarks.
Following the procedure of Gaillard and I.ee,"we

get the following ratio of K~-Ks mass difference
to the average mass of the K:

mr ms -Gy n f~&2

mz y P 3m rn~ sin28

with

E +
a=f4, t, X, y

e„=-(m, , —m, }~sin (8c —8,)cos (8c —8,},
(a =u, x),

= —;(m,, —m, )'sin'(8' —8,)cos'(8c —8,),
(a =f,y),

(a, b)=(u, y)
(~, x)

In the above expressions, f~ is the K decay con-
stant, and if we assume that m, = m,' (i.e., rn, . m, —
«m„m,—m.

Op e &y-g 1.5+ @e 3 MeV'e'
0'0 e/Oy-g 3~ Ee+4 5 MeVPee

1.91

2.18

0.87 + 0.25

1.70 + 0.44

e„(ahab)=0,
where 8, is the mixing angle for the quarks a, a'
and 8c~'" is the left- (right-) handed Cabibbo angle.



Thus, we must have the total weak contribution is

5-'"Qg0 y Xp 3,'

(sn, , —m, ) sin (8~o' —8,),cos (8 ~' —8,) Gw' ~ 5 1 8dg= p

v2~p 3z2 6 1 —g2 3

= 0.15 (GeV)'

0 explain the observed I~X. +s mass difference
This restricts the f, x, y quark mass differences
and/or mlxlng angles to be small.

8. Nonconservation of muon number

Muon number will not be conserved if there is
mixing between E and M', g and ij, ol $ and ( .
The processes p, -ey and p- 3e will get contribu-
tions from diagrams involving EO, MD (if there is
E'-M' mixing) as in the Cheng and Li model, "and

from diagrams involving the doubly charged lep-
i.ons $» ] and 'g, 1j (1t there is ( —$, '8 —7/ mlxlng)~
as in the model of %ilczek and Zee. '0 One would

expect the branching raiio for p, —ey to be -10 '0

xZ, (b, n~,.')'sin'2ur, . where d m, ' are the differ-
ences in the squares of masses (in GeV'), and co&

are the mixing angles of the heavy leptons.

C. Anomalous InsglMlil(: moment of Aluon

Contrary to the Georgi-Glashow model, the neu-
tral heavy leptons do not contribute to 4g to or-
der Gzm„rn~/v'~2 (with m~ the heavy mass), due
to the purely right-handed nature of the couplings.
For similar reasons the doubly charged leptons
do not contribute to that order. To leading order

The first term comes from the Z, exchange, the
second is the Z2 contribution, and the last term
is from doubly charged lepton contributions. It
is interesting to note that the neutrino and neutral
heavy-lepton. contribution is canceled at this order
by a contribution from the doubly charged lepton.
For g =0.45, &2=0.75 we find a total contribution
of -5 &10 ', which is within experimental limits.

VII. CONCLUSIONS

%e have presented a detailed analysis of a model
which is in many respects a natural extension of
the old SU(2) && U(1) theory. The fit with the data
is very good. We have not attempted a. detailed
fit of the high-y anomaly due to the inadequate
statistics of the present data. Since the shape of
the y distribution is fairly sensitive to the masses
and mixing angles of the new quarks and leptons
in the model, such an attempt would be unwise at
the moment. For similar reasons we have not
computed precisely the rate for trimuon events.

An interesting variation of the model could be
ohtalned hy introdnctng a (0, 2, 2) Higgs mnltlplet
which would give a higher mass to the U' states.
Such a, variation would greatly suppress the extra,
reactions involved in t'he model.
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