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Is there another set of left-handed 8'and Z bosons?
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Experimental consequences of the Spr (6) xUy(I) model proposed earlier are studied. It is found that
the model suggests another set of light ( —a few TeV), left-handed, 8'and Z bosons. Rare decays of
(E,B,p„, v), resulting from the new gauge couplings, are predicted.

SUc(3) x SpL, (6) x Uy(1) (2)

The model (1) may be motivated from another perspec-
tive. It is well known that, when the electroweak interaction
is turned off, there emerges a global

SUr, (6) x SU)((6) (3)

symmetry for the quarks, which is believed to be dynamical-
ly and spontaneously broken by QCD.3 Now, the usual
electroweak theory gauges only a limited set of generators of
(3). This is the case both in the standard model and in the
left-right-symmetric model. 6 It is thus natural to wonder
why those generators have to be singled out among (3).
One possible scheme to explain this may be a composite
model in which the generation structure disappears at a fun-
damental level, making (3) valid only at the quark level. In
the absence of plausible composite models, it seems more
natural to gauge (3) as much as possible while keeping the
fermion species intact. However, not all the generators of
(3) can be gauged because of the triangle anomaly. The
maximal gauge group is thus Spr, (6) x Sp)((6) uniquely. By
unifying leptons with quarks through Pati-Salam SU. (4), we
arrive at (1).

It is well known that one of the best ways to test exten-
sions of the standard model is to look for- processes involv-
ing flavor-changing neutral current (FCNC) and/or lepton-
flavor-violating current ('LFVC). They are ideal to check

It has been shown' that the standard SU(3)xSU(2)
x U(1) model can be extended to the left-right-symmetric,
anomaly-free, partial-unification group

SU(4) x Spl, (6) x Sp)((6)

under which the three generations of fermions transform as
[4, 6, 1] S [4, 1, 6] (Ref. 2). In this Rapid Communica-
tion, we wish to present a further study on the experimental
signatures of this model. It is found that, although most of
the new gauge bosons of (1) must be heavy ( & 102 3 TeV),
a triplet ( W'~, Z') can be light ( —a few TeV). A number
of processes [rare (K,B,p„r) decays, Bc-Bc mixing] is dis-
cussed so that these ideas may be checked.

Let us first recapitulate the mairi features of (1). In (1),
(gauged) horizontal symmetry is not introduced as a direct
product, but is unified with the electroweak interactions.
Moreover, this unification is accomplished without extra un-
known fermions (except for three right-handed neutrinos).
To the best of our knowledge, this is the only existing hor-
izontal scheme which satisfies these two aspects simultane-
ously. As for the fermion mass spectrum, it was shown that
several subgroups of (1) can yield light families naturally.
Among these subgroups, the smallest is4

such a model as (1), because it contains a number of gauge
fields which can induce FCNC/LFVC processes. Since
strong suppressions are observed in them, most masses of
such dangerous gauge fields should be chosen to be 10
TeV. The only question is whether there can be exception-
ally light gauge fields other than the standard 8 and Z . If
there are such fields, then they may induce certain observ-
able phenomena.

In order to answer this question, it is sufficient to consid-
er a subgroup of (2), i.e.,

SU, (2) x SU3(2) x SU3(2) x Ur(1) (4)

A= (A'+A3+A3)J3 (6)

and will be identified as the standard SUr, (2) gauge fields.
It is clear from (6) that they have a universal coupling to all
the generations. The other Combinations of the SU&3(2)
x SU3(2) gauge fields, orthogonal to (6), are

(A(1) + A(2) 2A(3) )

which couple equally to the first and second generations,
but differently to the third. The remaining combinations
out of [SUL, (2)]' are

A" = (A(» —A(»)

which exhibits no universality. As long as M, M', and M"
are chosen such that M « M' « M", the mixings among
A, A', and A" remain small.

%e will next study gauge couplings of fermions. To do
this, we introduce diagonalization matrices U„(Ud) of the

Here, when particle mixings are ignored, the gauge fields of
SUk(2) (A(")) couple only to the left-handed fermions of
the kth generation (k = 1, 2, 3).7 Note that all these three
gauge couplings are identical since they are equal to the ori-
ginal SpL, (6) coupling. However, depending on the
symmetry-breaking pattern, physical gauge bosons will be-
come linear combinations of A ", and hence couple to all
the generations. Let us study them by assuming that the
symmetry (4) is broken according to the chain

[SUr, (2)1'x Ui'(1) SU)2(2) x SU3(2) x Ur(l)
M

—SUu3(» x«r(» —UsM(»,
M M

where SU)3(2) [SU($3(2)] is diagonal SU(2) of SUi(2)
x SU3(2) [SU, (2) x SU2(2) x SU3(2)]. The SU)33(2)
gauge fields can be expressed as
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left-handed Q=+ T ( —T) quarks. The structures of the
standard gauge couplings are well known. Namely, the 8'
coupling contains the Kobayashi-Maskawa (KM) matrix

Cud —U
—1 U (9)

( C'Jk) ~ (C'Jk) + ( C"Jk)t( C"Jk)

(no sum in j,k) (12)

This analysis can be carried out similarly in the lepton sec-
tor. There, however, one can choose U„= U, so that the
lepton family numbers may become approximate sym-
metries. In other words, A couples diagonally (C"=1) as
in the standard model. The lepton flavor is violated, how-
ever, by the A' and A" couplings (C'",C""&diagonal).

To study the FCNC/LFVC couplings of A' further, we
will rewrite C' as

0

and the Z coupling is diagonal since

CJJ—= UJ 'UJ= 1, j = u, d . (10)
In our model, there also exist the A' and A" couplings,
which contain

1 0 0
C'J'= -UJ-' 0 1 0 UI,

,0 0 —2,

1 0 0
C"Jk=43/2UJ ' 0 —1 0 Uk (11)

,0 0 0,

respectively, where j,k= u, d. From (11), we can see that
the A' and A" couplings are nondiagonal in general, giving
rise to FCNC/LFVC. Unlike C, C' and C" are nonunitary
by themselves, but satisfy instead

second generations, but less so for processes involving the b
quark. -

When the scale M' is reduced, A and A' start to mix with
each other. As a result, physical 8'and Z will contain 8"
and Z' with fractions, g i and g i [ —(M/M')]. Then,
certain FCNC/LFVC processes will be induced by the ex-
change diagram (Fig. 1). Fot example, Ki, pp, is calculat-
ed to be"

r(K- p,v)»' '
J2[C]kJ)

(16)

Now, the standard box-diagram contribution [ & 10
(Ref. 13)] is known to be too small to account for the
short-distance part [(3.2 +2.4) x 10 9 (Ref. 14)] of
B(KL, p p, ). We thus propose to remedy this by demand-
ing that the Z' contribution should saturate this part.
Namely, we will set

8(K ++)exch 5 6x 10-9 (17a)

or

lg„,C,'p I
= 1.7 x10-' (17b)

The result (17b) suggests that M' is of order of a few
TeV."

Among LFVC processes, the most stringent bound is set
for p, eee [8(p, 3e) & 2.4x 10 '2 (Ref. 16)]. Since

(1—2sln 8 g)8(p, eee) = ~g .Ct'P ~2cos'8~ + sin49s
ZZ 2

(18)

we find ~c~'P/CI'f ~2 & 0.052. This ratio can be small, even
if U, —Ud, because of the following reason. Let us
parametrize U, as (15) with the replacements Aq A. „etc.
Then, we see that the ratio contains (X,/Xd)'0. Thus, one
can obtain

~
CI'f'/Ct'f ~2 & 0.052 by choosing, e.g. ,

In particular, for an off-diagonal Z' coupling such as C ~,
o,&P, (13) reads

A, /Ad —1, p, /pg —1, A.,/A. g & 0.74 (19)

Cap = — - Ud'3a&~3p, ~&P, ~, P=1, 2, 3
42

(14)
We can now deduce the effects of Z' or 8" on other

FCNC/LFVC processes. (See Tables I and II.) Among the
rare decays (Table I), we find the relations

To estimate (14), we will make one assumption: It is
known empirically that the KM matrix C~ ( = U„'Ud) has
a hierarchy structure. Unless there is an unnatural can-
cellation between U„and Ud, it seems reasonable to assume
the U„and Uq themselves have similar structures. We will

hence assume the parametrization'0

I (KJ. PP') . I (K wvv) &'"

I'(K p, v) I (E moev)
(20a)

1 —TA, d2 Ad Agpg

1 —~A. g A. g Ag

A. d Ad(1 —pg) —A.g Ag 1

(15)

and use Uq —C~, when appropriate, to make order-of-
magnitude estimates. From this, we find approximately that
)C&'f

~

—4.9x10, ~c'f [
—l.lx10 and IC,'p~ —0.093.

It is therefore concluded that, although there is no
Glashow-Iliopoulos-Maiani mechanism for the A' couplings,
FCNC/LFVC suppressions still occur because of the empiri-
cal structure of the KM matrix. " Furthermore, this
suppression is rather pronounced between the first and the

FIG. 1. A typical exchange diagram inducing FCNC/LFVC
processes. It contains the standard 8'(Z) exchange, but with a sin-
gle 8'-8" (Z-Z') mixing.
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TABLE I. Branching ratios of several FCNC/LFVC decays. The standard-model results are obtained as usual for the given C and m,

(30& m, & 50 GeV). (See also Ref. 13.) The results of the present model are calculated from diagrams containing a single Z-Z' ( W-W')

mixing. Some results are obtained based on assumptions as indicated. Others are derived from them by Eq. (20). The results denoted by
(a), (b) are also used to derive other results, as indicated. Experimental data are taken from Ref. 17 except that 8(8 llX) and

8(p, eee) are given in Refs. 18 and 16, respectively.

Standard
model

Calculated result

Results

This model
Assumptions

used
Experimental

data

EI ppE~ nuv
B~ llX

p, eee
p, ~ ey

PPPr~ p. ee
T~ PvT
T~ PP

1„10-&o

{2-7}x 10
& 3x10

5.6x 10
3.1x10 1o

0.031%

&2.4x10 " (a)
& 0.89x 10- i3

& 1.0x10 7 (b)
~ 6.3x10-~
& 1.3x10
~ 0.91x 10

(lnput)

U gaud

(input)

Eq. (19), (a)
(b)
(b)
(b)

(9.1 y1.9) x 10( 1.4x 10-7
& 0.31%

2 4x 10-12
~ 1.7x10-»
(49x10 4

(44x10 4

& 82x10 4

~ 4.4x10

I (r ppp) I (v pee) I (v psr ) 1 (r pp )
I'(r pvv) I (v pvv) r(& vier) r(r vp)

= [(1—2sin'Hs) +2sin 8~]:[(I—2sm 0~)'/2+2stn Hg ]:1:(1—2sin Og)

r(p, e7 ) r(r p, 7 )
r (p, eee) r(r ppp)

(20b)

The relations (20) are independent of g and C', and hence
characteristic of the present model. Particularly, (20a)
yields 8(IC srvv)'"'"=3. 1x10 'o, which overwhelms the
standard result l & (2—7) x 10 " (Ref. 13)], although there
may be considerable interference. Besides (20), we used, if
necessary, specific assumptions such as Us- C™and (19).
When estimating the neutral pseudoscalar mixings (Table
II), we further assumed that the vacuum saturates the inter-
mediate state, and that fp2mr const. Owing to these addi-
tional assumptions, the numbers given in Table II are more
uncertain than those of Table I.

Several remarks are in order. The rate for E ~I P is
within reach of future experiments. '9 Also, 8 llew may

soon become observable. The E mdiv mode is particular-

ly interesting in view of checking the model via (20a).
However, the interference with the standard box diagram

may modify it substantially. The rare v decays are also im-

portant to test this model by (20b) although they require
improvements of the existing bounds by roughly three or-
ders of magnitude. As for the pseudoscalar mixings (Table
II), it seems clear, despite the ambiguities, that the effect is
too small to affect E E or 8 8, but large enough
to mix (bs) and (sb) significantly.

We would like to add a few comments. (i) It is somewhat
hard to observe W'/Z' directly, not only because they are

heavy, but also because they decay predominantly into the

TABLE II. Neutral pseudosealar mixings. Here ReT(E -E ), for example, is the real part of the E -K
transition amplitude. Vacuum saturation, g, =mz/m „and other assumptions as indicated are used. TheZ"
taro classes (A) and (8) correspond to the two parametrizations of the KM matrix.

Standard model
(box diagram)

This model
(Z, Z' exchange)

Extra
assumptions

Re T(Ão-Ko)
2r (SCs)

0.6 7 4x10 4

Re T(Bo Bo)
21' (Bo)

(1-8)x 10 s (A)

(1-6)x10 2 (B)
6x10 3 (A), (B)

U' CNd

f2m = const

ReT((bs)-(sb))
2r (8') 0.1-0.5 (A), (B)

0.4
0.0S

(A)
(B)

U gad
f2m —const

r(bs) =r(8')
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third generation (B= T). It is, however, not necessary to
know precise mass values of 8"/Z' in order to estimate
their effects on FCNC/LFVC processes, as long as they are
not too heavy. (ii) Observations of the FCNC/LFVC
processes will supply evidence for extended models such as
ours. . Our specific model will be favored if the B/r
processes are relatively enhanced. (iii) The uitimate test of
our model is given by Eq. (20). Such tests, however, are
much harder experimentally. (iv) Some future experiments
are devoted to observing EL p, e and K 7rp, e (Ref. 19).
They, as well as v pEs and 7 p, +e e, are excluded
in this analysis because the gauge-field contributions to
them are extremely sma]] ( & 10 '7) (Ref. 20). (v) Since
we considered (2) or (4) here, v were assumed to be mass-
less. In more extended models such as (1), i will be mas-

sive naturally, and hence exhibit a variety of interesting
LFVC phenomena such as v oscillation.

In conclusion, the known generation structure seems to
suggest a natural extension of the standard model, as given
by (1), (2), and (5). It is argued that a second SU(2)', be-
sides the standard SUL(2), can have a scale as low as a few
TeV. The model suggests a natural correlation between
FCNC/LFVC suppressions and the known structure of the
KM matrix. According to this scenario, the FCNC/LFVC
suppression is very strong between the first and the second
generations, but less so for the third. As a result a number
of rare FCNC/LFVC processes is predicted.
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