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An anomaly-free O(5) x U(1) theory of electroweak interactions is described which provides a

unified description of electroweak phenomena for two families of standard leptons and quarks.

No "new" nonsequential-type fermions are introduced, unlike the case for all past studies based

on this group. The present scheme requires the introduction of two further charged and three

more neutral gauge fields over and above those of SU(2) x U(1), giving rise to new neutral and

charged currents.

The most economical spontaneously broken unified
gauge theory of the strong and electroweak interac-
tions, ' based on the group SU(5), predicts what has
come to be known as a desert region extending over
13 orders of magnitude in energy, where no new

physics is to be expected. A prediction of this nature
is to be expected if a minimal grand unified theory is
constructed by straightforwardly interpreting the
successes of the SU(2) && U(1) scheme as an indica-
tion of gauge unification of all forces, employing
spontaneous symmetry breaking via the Higgs-Kibble
mechanism. It seems more reasonable, however, to
try to extend the SU(2) x U(1) theory2 so as to
understand what new features are possible in a spon-
taneously broken gauge theory when an extrapolation
of around two to three orders of magnitude in energy
is made. This leads one to investigate extended
theories of electroweak phenomena and it is clear
from past studies' along this line that one can expect
several new features to arise which are not present in
the SU(2) x U(1) theory and are also not indicated

by the simplest grand unified theory of Georgi and
Glashow. In any case, recent work4 in the field of
grand unification. does seem to suggest that the desert
region predicted by SU(5) may not in fact be so de-
void of physics —several new interactions may be ex-
pected to make an appearance as one goes up in en-
ergy. Indeed, the earliest grand unified theory of Pati
and Salam incorporating ideas of lepton-quark unifi-
cation also suggests the appearance of new interac-
tions with increasing energies. In view of all the
above, the Salam-Weinberg scheme may reasonably
be expected to'require enlargement. The success' of
their theory in explaining electroweak phenomena
simply indicating that at present energies all extended
electroweak models must reproduce the results of
SU (2)z x U ( I ) .

In the present note we shall consider an O(5)
x U(1) extended electroweak model. All left-

handed fermions shall be assigned to the four-

dimensional spinorial representation of O(5), while
all right-handed fermions will be required to be
singlets under O(5). In a sense, the model we con-
struct is intermediate between the O(4) x U(1)
model of Matsuki and Okada3 and the SU(4) && U(1)
model of Deshpande, Hwa, and Mannheim and
differs from earlier models of Ovrut and Munczek'
based on the same group in that no new fermions are
introduced in the present model. %'e shall break
the O(5) x U(1) theory down to the standard
SU(2) x U(1) model of Salam and Weinberg so that
seven of the new vector bosons introduced in the
extension SU(2) O(5) acquire large masses
-100M'. It is one of these heavy vector bosons
which allows the rare kaon decay KL p, e which al-

lows us to determine the symmetry-breaking scale of
the primary descent. Gauging the group O(5) & U(1)
requires the introduction of ten gauge fields for the
O(5) part and a single gauge boson for the U(1) part.
As the observed leptons and quarks are to be as-
signed to the four-dimensional spinor representation
of O(5), it will be useful to construct the correspond-
ing 4 & 4 matrix representation for the O(5) genera-
tors. This is carried out by using a set of five an-

ticommuting Hermitian matrices I; satisifying

( I;; I ) ) =25,J

The generators of O(5) are then given by

1
G&= —I;I J, i (j =1, . . . , 5

I

while the I; are constructed out of two independent
sets of Pauli matrices o-, 7 as follows:

XT, I = X, I = X12

I 4 g i X 73 I 5 02 X

(I„—= n x n identity matrix). There are just two diag-
onal generators, Gi2 and G45. Taking the lepton and
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quark multiplets to be

eR. VRp

and

dg
qL= s

C L

QR, SR,dR, CR

exactly as in the SU(2) & U(1) scheme. In the quark
multiplet given above, we have employed the
Cabibbo-rotated quarks

d& = d cos8c + s sin8&, s& = s cos8c —d sinHc

which we shall introduce in the present work in the
conventional manner through mixings in the quark
mass matrix.

A convenient basis for the generators and the cor-
responding charge eigenstates of the gauge fields is
given by

U„—= ( W„' +iW~1 ), GU
—= (G1, +iG,4)

V~ = ( W~ +iW„), Gq—= (G24 +iG25)
+ 1 24 — 25 + 1

2 " " '
2

W„- = ( W~25 +i W~2 ), Gs =- (G25 4-iG24)

fixes the charge operator Q to be

1
Q = G4s+ —,Gs

with Gs being the U(1) generator, the eigenvalue of
which for any given multiplet will be denoted by Y.

In an obvious notation we have

q 1

($;) = F18;1 and (2I;) = 8;2v2, which give large
masses to the three neutral vector bosons C„, D„,
and E„and also the charged vector bosons U„- and
V„—,while leaving us with the standard SU(2) x U(1)
invariance generated by G +, G4q, and G~. It is the

D„gauge field which gives rise to the EL p, e decay
which we shall use below to get a lower limit on the
scale of the symmetry breaking due to the vector
Higgs. The primary breaking generates the following
mass terms for the gauge fields:

= —2g2(»2+ v22) C„2+—,g2v12D„2+ —,g2v22E, 2

+
2 g vt ( U+U 1'+' U„U+")

+ —,
' g2~,2( v+v-~+ v-v+~)

Notice that C„ is the most massive boson and that
the D„boson is degenerate with U„- while E„is de-
generate with V„-. The values of these masses will
be discussed below.

For this first stage of symmetry breaking, it will be
shown elsewhere that the above scheme satisfies the
criterion for minimizing the most general —at most
quartic, hence renormalizable —O(5) x U(1)-
invariant potential for the Higgs fields. The gauge
fields corresponding to the SU(2) x U(1) symmetry
we are left with are ( W„,F~.B~ j. T—hese gauge fields
are still massless and will only acquire mass from the
secondary stage of symmetry breaking which is car-
ried out by introducing two spinorial Higgs fields X,",
A =1,2, transforming under the four-dimensional
spinor representation of O(5) with hypercharge
Y =+1.

The Yukawa terms for the quarks and leptons pose
no problems and a suitable choice of these can be
constructed to yield the desired Cabibbo mixing.

The final descent to U(l) through the spinorial
Higgs yields the desired mixing between the gauge
fields B„and F„which allows us to define the mass-
eigenstate fields as

gB„—g'F„gF„+g'B„
A = ", "- and Z =

(g2 +g'2)1/2 8 (g2 +g 2)1/2

where the W'~ refer to the 10 gauge fields of O(5).
The neutral fields corresponding to the generators
G]2 G]3 G», and 645 are labeled C„=—W„'
D„—= O'„', E„—= 8'„, and F„=—8'„, while the gauge
field belonging to the U(1) part is denoted by 8„.

In order to carry out the first stage of symmetry
breaking down to SU(2) x U(1), we introduce two
Higgs-scalar multiplets @, 2I which transform as vec-
tors under O(5). Minimization of the potential2 al-
lows us to take the vacuum expectation values

and introduces the electroweak angle 8~
= tan '(g'/g). These gauge fields along with the
W„—are the lightest gauge fields of our theory with
the massless A „being identified with the photon and
generate the standard theory as will be clear when we
write out the fermion —gauge-field interaction a little
later. The final breaking also gives the standard mass
relation between the Z and W- gauge-boson masses
M + =Mz cosH~. %e are now able to write out the
fermion —gauge-field interaction part of the Lagrangi-
an:
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( 2 +. L2)1/2 8 ( 2 + '2) 1/2

(g2-g")
2

(eLy"eL+PLy"PL) —g (eR Y eR+PRy'PR)

+g ) Zg(veL Y vs +vvLy vpL +uL yuL 'dLy dL sL Y sL +cL Y cL)

+, Z ( u—yt'u —-dyv'd — syv-'s + cy"-c)2 — 1 1 — 2 —.

( 2+ &2)1/2 & 3 3 3 3

+ W„+ ( uL y"dLR+ cL yv'sL R+ v~L y"eL + v„L y"p1 ) + H c.
42

+ LC„[c"c—u "u +cos28c(s"s —d"d) —sin28c(s1'd +d1's) —v, v, —e "e +P,"p, + v„"v„]

+ g D (dvs —svd+c"u —u/'c —v,"v„+e"p,—ILve+v,"v, )

+ E„[cos—28c(d"s+s1'd) +si n28c( s" s—d1'd) —cvu —u"c —v, v„+e~P, +P~e —v„v, ]

+ U~+(c"ds —u"ss+v~~e —v,"p) +H c —'V.~+(u"ss+c"dR+v,"p, +v"„e) +H.c.

where we have used the notation f"= ,
' fy"(1 + y—s).

It is clear from the above that we must identify
gg'/(g'+g')'/' with e the electric charge and GF/J2
with g2/8M&' in order to reproduce the SU(2)
&& U(1) theory. Furthermore, the interactions medi-
ated by A„, N'„-, and Z„are clearly those of the
standard theory. However, at higher energies, we see
that among the many new interactions that are possi-
ble we have that KL p, e through the direct ex-
change of a neutral D boson. The amplitude for this
process is easily seen to be'

Amp(KL pe) = FRKRI
8M 2

where FK is the kaon decay constant and
I„=u,y~(1 —ys)v„. Now the amplitude for
K+ p, +v„decay mediated by H'~+ is known to be

Amp(K+ p+v~) = GR sin8cF&Kvl„,

where GF =g2/4(2M1v2)' 2. This allows us to write
'4

I'(KL p,e ) 1 M1v

f'(K+ p, v ) 2 sl11 8c MD

Experimentally, 9 we have the upper limit that

&76 1P-"
1 (K+~pv„)

Hence, putting in all the values, we find

MD )300M'

We can also obtain a constraint on the mass differ-

where, experimentally, cos&c -0.97 implies that
cos Hq

—0.8. This gives

—GF FK2 0.8
2mK ME'

t

Mg2

MD'

However, experimentally we have that

=7 14 x 10-is
mK

This therefore yields the result that

)p.8MR —MD [
—6 x 1p SM1v

for the (mass) ' difference between the D and E vec-
tor bosons. These two results above lead us to con-
clude that either the masses of the D and E bosons
are almost equal and greater than 300M~, or that
they are both extremely massive at -104M~. These
two results are sufficient to give limits on the masses
of the gauge fields after the first stage of symmetry
breaking. We have, assuming that MD =M~
& 300M',

Mc )600M~, MU &300M~, and My &300M&

We can also obtain other limits on the scale of the

I

ence of the vector bosons contributing to the KL and
Kq self-energies, namely, D„and E„. Using the in-
teraction terms obtained after the d and s quarks are
rotated through the Cabibbo angle 8&, we find that

mL m~ ~F 2 2'
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primary symmetry breaking through a study of
separate-lepton-number-violating interactions such as

U„'(v„,y e v,L—y&p)
v2

leading to p, e +v„+v, decay. This gives us a
mass limit through

14
l (p, e v, v„) Mv &'14 4

r(p, -e v,v„),~s
or MU & 1.4M~. Clearly this is a much less stringent
limit than that obtained through EL p,e decay. It
should be pointed out, of course, that we do not have
total-lepton-number-violating interactions in the model.

A more complete presentation of the model and
analysis of other interactions (such as p, ey or
e e+e ) that can arise in this scheme together with
their implications will be presented elsewhere.

%e would like to thank Dr. S. Randjbar-Daemi,
-Dr. Y. Fujimoto, Dr. J. Magpantay, and Dr. M. A.
Namazie for several useful discussions. The authors
would also like to thank Professor Abdus Salam, the
IAEA, and UNESCO for hospitality at the Interna-
tional Center for Theoretical Physics where this work
was carried out. C.M. would like to thank the Sci-
ence Research Council, United Kingdom, and %.A.S.
would like to thank the Royal Society European Sci-
ence Exchange for financial support.

'H. Georgi and S. L. Glashow, Phys. Rev. Lett. 32, 438
(1974).

S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967); A. Salam,
in Elementary Particle Theory: Relativistic Groups and
4nalyticity (Nobel Symposium No. 8), edited by N.
Svartholm (Almqvist & Wiksell, Stockholm, 1968), p.
367.

O(4) x U(1): A. Pais, Phys. Rev. D 8, 625 (1973); J.
Leveille, S. Rajpoot, and S. D. Rindani, ibid. 18, 2577
(1978); T. Matsuki and H. Okada, ibid. 19, 2727 (1979).
SU(2) x SU(2) x U(1): J. C. Pati and A. Salam, Phys.
Rev. D 10, 275 (1974};R. N. Mohapatra and J. C. Pati,
ibid. 11, 566, 2558 (1975). SU(3) x U(1): B. W. Lee and
S. Weinberg, Phys. Rev. Lett. 38, 1237 (1977); B. W. Lee
and R. E. Shrock, Phys. Rev. D 17, 2410 (1978).
SU(8) x U(1-): S. Pakvasa, H. Sugawara, and M. Suzuki,
Phys. Lett. 69B, 461 (1977). SU(2) x U(1) x U(1): E.
Ma, Phys. Rev. D 18, 961 (1978), Sp(4) x U(1): B, A.
Ovrut, Phys. Rev. D 18, 4226 (1978); H. J. Munczek, ibid.

15, 244 (1977). SU(4) x U(1): S. Eliezer and D. A.
Ross, Nucl. Phys. B73, 351 (1974); N. G. Deshpande, R.
C. Hwa, and P. D, Mannheim, Phys. Rev. D 19, 2686,
2703, 2708 (1979).

4See, for example, H. Georgi and D. V. Nanopoulos, Nucl.
Phys. B155, 52 (1979), For an example of alternative
grand unified theories with low unifying mass scales, see
V. Elias, Phys. Rev. D 22, 2879 (1980).

5J, C. Pati and Abdus Salam, Phys. Rev. Lett. 31, 661
(1973); Phys. Rev. D 8, 1240 (1973); 10, 275 (1974).

Talks of A. Salam and S. Weinberg, in Proceedings of the
19th International Conference an High Energy Physics; Tokyo,
1978, edited by S. Homzra, M. Kawaguchi, and-Miyazawa
(Phys. Soc. of Japan, Tokyo, 1979). Also, Nobel lectures
in physics, 1979, Rev. Mod. Phys, 52, No. 3 (1980).

7L.-F. Li, Phys. Rev. D 9, 1723 (1974).
D. Bailin, 8'eak Interactions, Graduate Student Series in

Physics (Sussex University Press, Sussex, 1977).
Particle Data Group, Rev. Mod. Phys. 52, S1 (1980).


