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We present a detailed study of the possibility of having a horizontal gauge symmetry, in
addition to SU(3).x SU(2). X U(1). Grand unification is not used as a constraint. We concentrate
on the horizontal group SU(3)y. There are two main results. (i) The horizontal symmetry might
break on two mass scales, one heavy and the other of order mz or a few m. The K; —Kg mass
difference and other rare kaon and muon transitions are protected by a residual symmetry, but
other flavor changing processes not involving the lightest fermion of each charge can be orders
of magnitude larger, e.g. b>s€ €7, 1> uf ¢, e*e > b5, Tu, t& (while b>d€ ¢, el ("
and some others are forbidden). Some sectors should have relatively large flavor changing neutral
currents. (ii) There is not enough new physics in the approach to explain fermion masses, but the
structure of the model suggests that the lighter masses and the KM quark mixing angles might
be generated radiatively. Unfortunately, careful analysis shows that the same symmetry that
protects the K; —Kg mass difference requires that the Cabibbo angle be identically zero to all
orders. This suggests that it may be extremely difficult to make a realistic fundamental or effective
SU(3) horizontal symmetry. While the model fails to generate the CKM angles, it is consistent
with all low energy data and suggests a number of interesting reactions that might occur.

Introduction

The reason for the existence of flavors is presently a great mystery. While there
has been considerable work, no interesting insights have been gained. For instance,
people have tried looking for larger groups [1, 2] which contain SU(5) or SU(3) X
SU(2)xU(1), discrete symmetries [3], horizontal gauge groups [4, 6], and other
alternatives. There have been encouraging efforts [5] to see flavor as a necessary
consequence of a constituent structure for quarks and leptons, but so far no
explanation for the number of flavors has come out of that approach.

In this paper we take a conservative approach and study in some detail whether
a reasonable description of the low energy domain can be given in a model with
a gauge group SU(3)yxSU@B).xSU(2). xU(1). Since there are three known
families, a horizontal SU(3)y with the three states of a given charge in the funda-
mental representation is an obvious thing to study. While it has been considered
previously [6, 7] it has not yet been extensively examined. Such a symmetry could
be fundamental, or it could arise as an effective low energy symmetry in a more
sophisticated theory. Stated very simply, our conclusions are on the one hand that
it is unlikely that a horizontal SU(3) could be a workable symmetry, while on the
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other hand some features of the model suggest interesting mechanisms that might
occur in nature, even if the particular model considered is not successful - par-
ticularly the occurrence of a light mass scale for horizontal bosons (and consequently
some large flavor changing neutral currents*).

All of our mass generation is done with a standard Higgs mechanism. Simplicity,
and the possibility of dynamically generating the needed Higgs multiplets, are the
two criteria used to choose Higgs representations. It is necessary to have a horizontal
octet and singlet of SU(2); doublets, which simultaneously give mass to the fermions
and give mass of order m to all gauge bosons. In addition it is necessary to have
a horizontal sextet of SU(2),. singlets which simultaneously can give a large mass
to some horizontal gauge bosons and to the right-handed neutrinos (which must
be present to cancel anomalies). Using some assumptions, we find a minimum of
the Higgs potential and the associated gauge bosons mass matrix.

If only an octet, or only a sextet, were used to generate horizontal gauge boson
masses, it is known [8] that SU(3)y breaks leaving an unbroken SU(2)y or SO(3)n,
i.e. three massless horizontal gauge bosons. When both are present, the Higgs
potential depends on their relative orientation (the octet orientation is essentially
fixed by the fermion masses). For a wide range of parameters, the three massless
gauge bosons acquire mass of order a few my. The SU(2)y is broken, but a global
U(1) survives, and two of the three have equal mass while the third is split off.
Which two have equal mass is determined by the original octet and singlet, which
basically must give a large mass to the heaviest fermion generation and little mass
to the others. Fortunately, then the two bosons with equal and light mass give
precisely cancelling** contributions to the K; —Kg mass difference and to kaon and
muon rare decays.

At this stage the entire approach looks extremely interesting — a possible horizon-
tal symmetry, with lots of testable predictions (see below), subtle mechanisms to
protect certain rare decays, no disagreements with experiment. Unfortunately, we
would require more of a serious horizontal symmetry. While accounting for the
origin of masses is beyond the scope of this approach, the quark mixing angles
ought to be expected as output. Having chosen a diagonal input mass matrix, we
should expect one-loop oft diagonal mass terms d<s, etc., which would then
generate the Cabbibo-Kobayashi-Maskawa (CKM) angles. But the same symmetry
which protects the K —-Kg mass difference guarantees that these are zero whenever
a single d (or u) quark is involved. Thus, to the extent that the mixing angles are
not generated by another mechanism, the model is a failure.

Since the model is not entirely successful one cannot know what aspects to take
seriously for experimental suggestions or theoretical structure. However, in view

* Recent studies of flavor changing neutral currents (which we will denote by FCNC) are in refs. [9, 10].

** This mechanism also occurs in the SU(2) model of ref. [6], and has been considered in a general

way in ref. {10]. With the SU(3)y model we have the possibility of cancellations occurring in
interactions of some flavors but not for others.
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of the total lack of understanding of the generation problem we think that the
theoretical mechanisms may be worth investigating, and that the experimental
suggestions are encouraging.

Without some positive numerical input of some sort, either a flavor changing
neutral current or a neutrino mass or a violation of e/u/7 universality, we cannot
give firm predictions for the large flavor changing neutral currents. Consequently,
we will give an estimate for the size they might be, taking into account the couplings,
gauge boson mixing, and assuming the light horizontal gauge bosons are a few
times heavier than the Z°.

Which processes occur is clear in the model, though of course whatever mechan-
ism introduces quark mixing angles will modify the situation. It is plausible, however,
that these modifications will be small (of order the Cabibbo angle) so there is some
value in searching for the modes predicted by this model. There are decays such
asbose’e , su u, st ,ss§; roue’e, untu s t>ce’e, cutu, crr and
the reversed processes such as e’e” - pur, e’e” > bs, e'e” > ct. Note 74 eee, and
bde’e”. Neutral currents for e, u, 7 will not be the same. Since the horizontal
theory is vector-like, the horizontal gauge bosons give only vector currents. Readers
mainly interested in phenomenological questions could jump to the last section of
the paper.

A useful review of the implications of several approaches to horizontal symmetries
for rare muon-number-violating K decays is given by Herczog in ref. [14].

As far as we are aware, there have been two other attempts to look in some
detail at an SU(3)y symmetry. Chikashige, Gelmini, Peccei, and Roncadelli [7]
began with largely the same motivation as ours, but quickly emphasized a different
direction - they assigned the left-handed g = 5 quarks and the right-handed g = -3
quarks to SU(3)y triplets, but the right-handed g = 5 and left-handed g = -1 quarks
to SU(3)y antitriplets. Consequently they are not studying a direct product sym-
metry. They emphasize the fermion (including »r) masses and lepton number
violation rather than the flavor changing interaction structure.

Yanagida, in a series of papers [6], has given nice discussions of several aspects
of horizontal symmetries. He has looked in some detail at CP violation, neutrino
masses, and fermion masses in general. Although we agree with him on the form
of the fermion mass matrix required by octet Higgs fields, we have dealt with the
problem in a different way; we do not attempt to explain fermion masses, so we
construct the fermion mass matrix to agree with experiment. He did not discuss
the major features of our work, first that the horizontal gauge bosons could come
on two mass scales, giving flavor changing neutral currents of quite different sizes,
and second that approaches like ours fail to generate the Cabibbo-Kobayashi-
Maskawa (CKM) angles radiatively.

Among other, related, work we should mention that Zoupanos [13] has proposed
an approach to calculate the Cabibbo angle in the context of horizontal symmetries;
basically, he chooses as his eigeﬁstates one arrangement of the g =§ quarks, but a
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different arrangement of the g =—3 quarks. We do not fully understand the
implications of such an approach.

The fermion sector

Since three families have now been essentially observed we consider a horizontal
SU3)u gauge group. The full symmetry group is SU(3)u X SU(3).x SU(2) x U(1).
The three families transform according to the fundamental 3 of SU(3)y. The fermion
content is:

3 «—3—
<V1> (V2> (V3) ViR V2R V3R
/L ML T/L Er MR TR
@, O O - o .
d L S/ L b L dR Sr bR

No change has occurred in the vertical sector. Several comments are necessary:

(a) If a fourth family is present, the horizontal gauge group can be expanded to
SU(4), the families transforming as a fundamental rep of SU(4). Because of the
high mass of the fourth generation, we might expect that an approximate SU(3)g
would hold for the lightest three families. We will discuss this briefly at the end.

(b) To avoid anomalies, a right-handed neutrino triplet is necessary. Introducing
right-handed Weyl fields for the neutrinos makes the SU(3)y vector like and
therefore anomaly free.

(c) Because of the SU(2); symmetry both components of the doublets must
transform under the same way under SU(3)y. The anomaly constraints then force
the transformation of the right-handed fields to be the same. The gauge fields now
consist of the eight SU(3), gluons, a triplet W of SU(2),, the weak hyperchange
generator B, and an octet F of electrically neutral SU(3)y generators.

The Higgs sector

To break the symmetry we will add Higgs fields. We do not a priori rule out
dynamical symmetry breaking, in a technicolor sense, so we only use Higgs rep-
resentations which could originate from condensates of fermions transforming
identically with the low energy fermions. To be definite and to avoid unnecessary
complication we will take a color singlet set of Higgs fields ¢., transforming as an
octet under SU(3)y, doublet under SU(2)., with hypercharge +1. These Higgs
fields will give rise to the fermion masses, and to masses for the ordinary W’s and
Z’s. To give masses to the flavor bosons F, some of which will be much heavier
than the Z bosons, we have chosen a Higgs sextet 4,5, which is an SU(2) singlet.
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This sextet will also give rise to Majorana mass terms for the right-handed neutrinos.
Consequently the flavor mass scale is intimately connected with neutrino masses.
To obtain a realistic mass spectrum for the fermions we will also require a SU(3)y
singlet ¢y, which is a doublet of SU(2). and has hypercharge +1. This is a usual
Weinberg-Salam doublet Higgs boson.

We have not explicitly included a Higgs field which is an SU(3)y triplet and a
singlet under SU(2)p X U(1). Although this is allowed by our philosophy, explicit
calculation has revealed that the triplet gets “locked” in with the sextet and does
not provide any additional information or freedom. For the sake of clarity we will
neglect it here.

Minimizing the Higgs potential

Even with the restricted set of Higgs representations as outlined above, minimiz-
ing the complete Higgs potential is a formidable task. Since several physics choices
are involved, we will present the arguments in considerable detail. First we will be
led to a certain minimum, but it will not be satisfactory. Then with SU(3) rotations
we will obtain other minima. All of them either lead to no Cabibbo angle or to a
disagreement with the K; —Kg mass difference.

We have the fields o, d)}f, Y.g where the roman (greek) indices represent the
SUQ2)(SU(3)y) indices. The complete potential is:

V=V(e,¢)+V,ad),
V(d,¢)=—pio’+hio*—ul Tr ¢'¢i+ g1(Tr ¢'¢,)’
+8:Tr¢'; Tr ¢up’ + g3 Tr ¢'d" Tr ip; + 84 Tt &'y’
+85sTr ¢'biid’ + 6 Tr & 'buspid’ + g7 Tr ' b,0'e
+f10'0: Tt ¢'¢y + fo0'o; Tr digp’
Vg, 0,6)=—m’ Tr g ¢ +3a(Tr g ) + 30, Tr ¢ "y
+B T " Tr @'+ Bac'cs Tr ¢ "o + Bacp st by s
+BsTr o' Y +BaTrd'dp™y.

Note that the fermion masses come only from the SU(3) singlet and octet Higgs
fields. The couplings of these fields to the leptons and quarks are:

$y18 = Z {yLRIjai(ﬁngB +ZRLEai0'iRa}+CC+ hvf{"waBVﬁ N
R,L

where the sum is over all the allowed representations of quarks and leptons.

We shall choose the vacuum expectation values of the fields ¢ and o to be charge
conserving, i.e. with (T3 +5Y)= Q, Q(¢) = Q(o) = 0. Furthermore, we shall choose
¢ to be a real octet. The first choice is easily justified since we want to conserve
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electric charge. The second choice is not as easy to justify. Arbitrary large phases
may introduce large CP violation at the tree level which are not allowed experi-
mentally. However, no real solid argument may be made for this choice: we impose
it by fiat. We shall come back to this point later.

Having chosen the octet real, we can now choose it to be diagonal by an
appropriate SU(3) rotation, i.e.

¢i = a3/\3+a8}t8 .

Note that the fermion mass matrix is now automatically diagonal as the SU(3)
symmetry restricts severely the number of allowed couplings. Consequently there
will not be any CKM angles at tree level. We must generate them radiatively. We
find the last point of great interest. Indeed the CKM angles must represent the
breakdown of the horizontal symmetry. Their smallness indicates that they could
be generated radiatively. Note also that the absence of cross-generation mixing at
the tree level is a direct consequence of our assumption of reality of the octet.

Let M be the mass matrix for the up quarks (u, c, t) generated from the octet.
Clearly M§, the same quantity for the down quark, is proportional to M¢. However,
both matrices are traceless and if the octet were the only contribution to the fermion
mass matrices the relations m;~ m.+ m, would follow! We can now understand
the role of the singlet field o’. It adds a multiple of the identity to the mass matrix
and breaks this relation. However it now follows that 3(o)y,=Tr ME+M3)=
m.+ m.+m,. The phase of the masses has been chosen positive arbitrarily, and y,
is a Yukawa coupling constant. Since m,>» m.>» m, we see that y, /()| ~ m,. Because
of the large discrepancy in the mass scale of the different generations we must now
choose the parameters of the octet to guarantee a near cancellation for m, and m..
This is very unnatural. A more realistic possibility is to choose {(¢)~ —Ag. Then by
adjusting one parameter we can choose m,=m.=0, m,~ (o). This we will do: we
arbitrarily choose (¢) in the A direction and adopt the point of view that the singlet
and octet get their vacuum values from similar ‘“‘condensates”, so that to the tree
level m, = m.=~0 and similarly for leptons and down quarks. The light masses might
also be generated by radiative corrections in this approach.

Having chosen the form of the octet and singlet vacuum values we may now
solve the equations resulting from V(y, ¢, o) for the sextet vacuum values. We
will again assume that the sextet minimum is real. The same objection applies here
as the reality of the octet: we impose it by fiat. Using an octet and singlet of the form:

-v. 0 0
)= 0 -v 0], Ao)=v,
0 0 +2v

we find a set of equations for .z of the form

0 = _m2¢aa + Al(rI‘r (llz)(paB + A2¢au¢uvwvﬁ +RaB [{p] .
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The matrix R[] is linear in ¢ and given by R,g[¢]= Aupthas, Where the matrix
A.,p has the form

>
Il
St a9
R~

where
a =601+ Bow’+ B30+ v (Ba+Bs) ,
b=60"B1+Baw>—20"Bs+307(Ba+Bs)
c=60"B1+Baw’+40°B5+40*(Bs+Bs) .

Because of the symmetry of A, an obvious solution presents itself, indeed:

ll’ll ‘pll (!’13
v=¢11 Y tis|,
¢’13 ‘//13 l/’33
leading to
Iy _( b-a )2 m’ { _ b’-ac 2+ A (b—a)(b—c)}
> 2b—a—c/ A1+Ay m2(2b—a—c) As m2(2b—a—c) ’
) b—c \> m’ b>—ac A+ rs(b—c)b—a)
W) S s s eo-e),
2b—a—c/ Ai+A, m-(2b—a—c) Aom“(2b—a—c)
1 (b-a)b-c)

2 _ L

Y13 = sz 20, (b—a)+(b—c) .
Note that if we assume m” > v the scale of the sextet VEV is set by m?/(A1+As),
not by {¢) or (o). We expect that () will be much larger than {(¢) or (o) guided
by the fact that FCNC are not seen with any appreciable strength. Hence a good
approximation to () should be given by

2 b—a 2 m2
¢33E( ) ’
2b—a—c Ar+A,

b—c \> m’
el
V=) s

(ﬁa =¢ias.

Now we can determine the mass matrix for the flavor bosons using the sextet:

n n
W=|n = ,  withu’=np.
[T’

T E
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The general form for the gauge boson mass matrix yields a block diagonal matrix,
with mixing between Fy, F,, and Fg; F, and F7; and F; and Fs. Fs is unmixed.

It is straightforward to show that both 2 X2 matrices and the 3 X 3 matrix have
a zero eigenvalue. Consequently there are three light flavor bosons, light meaning
at the level of a Z-mass (set by the scale of the octet vacuum expectation value).

The group theoretical reason for the occurrence of the three zero mass eigenstates
is the fact that SU(3) was broken down to SU(2) by the sextet. The octet further
breaks the SU(2). This mechanism is exciting since one “‘naturally’” has two mass
scales for the flavor bosons. However, the diagonalization of the mass matrix
reveals a mixing of the F,-F, flavor bosons which could potentially lead to a large
contribution to the K; —Kg mass difference from the light flavor bosons. As we
will see in a moment, this contribution can be rotated away. In fact, we can use
SU(3) rotations to obtain a new form for the minimum which naturally suppresses
the K; —Kjg problem.

Indeed any transformation which commutes with Ag leaves the octet VEV
invariant. A clue to a possible satisfactory minimum is evident from the form of
the above mass matrix. Note that the two 2 X2 blocks are identical in structure.
One of the blocks contains F, which mediates s-d transitions, while the other block
contains an F; which is diagonal. Suppose for a moment that the second block
contained F; instead of F5. There would then be a symmetry under F, & F, leading
to a possible cancellation of the contributions to the K; — Ks mass difference.

Since the massless combinations are the cause of the deficiencies, we only need
consider them for the moment. Since we wish to rotate F; into F; we can use a F;
rotation. Indeed, using the SU(3) rotation

cosd +sinfd O
—sinf cosé O],
0 0 1

one finds for arbitrary coefficients A, B,
A+ B(As—A7)> AA,+ Bl(cos 8 —sin 8)As—{(cos @ +sin 8)A,],
AAs+B(As—Ag) > (cos® @ —sin” 8)AA; —2 sin 6 cos A1 A
+ B[(cos @ —sin 8)A,— (cos 8 +sin 8)A¢] .
Hence, if we choose cos 8 = +sin 6 = %, we find

AAy+B(As—A7)> A —VEiA,B }

n cos §=+sin @,
AA3+B(/\4—/\5)-)—AA1— 3A6B

AA2+B()\5“/\7)“>AA2+\/%)\5B .
cos §=—sin 6.

AAs+B(A,—Ag) > AA +VEAB

With the above rotations we could establish a symmetry between F; and F,.
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We find:
2n O ,u,\/i
W)y-{ 0 0 0 |, cos@=+sind,
[.L‘/E 0 o
0 0 0
W)~»|10 27 ,un/i , cos § =—sin 4.
0 p,\/z P

Let us concentrate on the second case for the moment. The mass matrix is again
given in block diagonal form:

Fg,F5Z
4n’+2u° lu\/§(2n+p)
/J,\/E(2n+p); 2ul+p*+8°

; (1

F1, F4:

4n’+2u® | wV22n+p)
y,\/E(Zn +p) : 2u’+pi+8’

; (2)

F5: No mixing. 52+4T]2+8/.L2-—-4np +p2;

F;, Fy, Fg:

3 6 8

, R o 2 2___8 2

8n”+2u” -uV2(61 +p) u_\/__n
3

V2020 -

82440 +8u’+p +4np #2020 -p)
V3

380 +8p%+2u%)

where we have included the contribution from the octet to the mass matrix (62).
Again we find in the limit 8°=0, u” = np that there are three zero eigenvalues,
hence three light bosons. Note that the mass matrix is invariant under the following
substitutions:

Fl(—)Fz, F4(—>F5 .

This symmetry guarantees no contribution to the K; — Kg mass difference. Unfortu-
nately it also guarantees no Cabibbo mixing of the d quark with anything.
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To prove this last statement we shall show that there is a global symmetry left
over which forbids the Ky —Kg transition and the Cabibbo mixing. The global
symmetry is the U(1) rotation

€ 0 0
0 1 0
0O 0 1

We must prove that the spontaneously broken theory is invariant under the above
transformation. Because up to an overall phase transformation it is an SU(3)
rotation, it is clear that all currents are invariant as the theory was originally
invariant. We only need to concentrate on the symmetry breaking parts of the
lagrangian, i.e. the mass terms, and the couplings to the Higgs bosons.

The mass terms

Let us first examine the fermion mass terms. For concreteness we only look at
the lepton masses. Since the lebton Dirac mass terms are diagonal, and oniy e
transforms, the mass terms are invariant. Since using the form of the sextet VEV,
the v.r does not get a Majorana mass term, the Majorana mass is invariant.

Now consider to the gauge boson mass matrices. Clearly the ordinary W and Z
mass matrix is invariant. Furthermore we can test the invariance of the flavor
bosons mass matrix by simply restricting ourselves to the 2 x2 blocks. It is not
hard to show that the 2 X 2 blocks (1) and (2) are invariant under the charge rotation
which in the F space takes the form:

F,—iF,>e“(F;—iF,),
Fs—iFs—e™(F,—iFs).
By hermiticity and SU(3) invariance of the original lagrangian, all other terms are

also invariant. Consequently we have proved that “electron number” or more
generally first generation number is conserved. Consequently

sd>5d or ca-ic
transitions are forbidden as claimed. Unfortunately, this also implies that no fc,
ds, etc. . .. couplings are allowed, hence no Cabibbo mixing can be generated.
With a little effort one can check that all rotations give the same results. One
can also see that a choice of

0 ¢ O
Y=t 0 0
0 0 s

gives the same physics, and corresponds to an alternative original minimum of ref.
[8]. This minimum corresponds to SU(3)-> O(3) while those discussed earlier
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correspond to SU(3)-~> SU(2). This exhausts all the possibilities; every one either
produces a large K; —Kg mass difference and a Cabibbo angle, or a satisfactory
KL —Ks mass difference and no Cabibbo angle. (Note that since the theory is
flavor-symmetric, all statements about the sd vertex apply equally to the cii vertex,
and to D°-D° mixing.)

It is interesting to note that radiative corrections do generate diagonal mass
terms for the lighter fermions. Whether these are realistic depends on the details
of the model and will be affected by the way CKM angles are generated.

Since the mechanism of having flavor bosons on two mass scales could be more
general, we go now to describe some of its predictions in the next section.

Flavor changing and diagonal neutral currents

As we have said, the structure of the model suggests a number of interesting
experimental consequences. These are present for symmetry reasons, and could
well appear experimentally even though the absence of CKM angles in our model
indicates its physics is not complete. Since experimental clues to the flavor problem
are so badly needed, it is important to be sensitive to every possibility for finding
them — eventually they will appear somewhere.

Since the model is not complete we will give approximate expressions for the
processes of interest. To see what happens, first we note that there is a light
horizontal boson in the F;-F, sector, one in the F,-Fs sector, and one in the F5-F,-Fg
sector, while F; is heavy. If we were to carry out the full calculation we would
diagonalize these, obtaining the masses and effective mixing angles for the coupling
to fermions. Without completing the full diagonalization one can see that all mixings
are large, and none of the F’s tend to uncouple. The light masses come out to be
mz, or a few times that if 1 —u>/np is somewhat different from zero. Consequently,
for estimates we use mr=~3m., and assume a typical mixing angle sin « =3 at each
vertex.

In order to give estimates for processes mediated by horizontal gauge bosons
we need to know the horizontal gauge coupling gg. In the present model gy is a
free parameter, but it becomes calculable under the following assumption.

We suppose that the model can be unified within some grand unified group G
at some high energy, and further that the extra particles required to form complete
representations of G have masses characteristic of the scale, M,, at which G breaks
to SU(3) xSU(2) X U(1) x SU(3)y. Then according to the standard calculations [15],
if we input a and a; at My (say) we can calculate sin® 8, M, and ay = gf;/ 4.

In the one-loop approximation we find

sin” Ow = 0.236,
M,=28x10",

ag=0.04=a,.
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The calculation of sin® 8w and M, corresponds to that for the standard model
with H =9 Higgs doublets. As a result sin® fw comes out somewhat high and M,
somewhat low. (They are both monotonic functions of H in this approximation.)
The latter point is not too disturbing since, as emphasized, for example, in ref.
[16], if we relax somewhat the assumption that all heavy particles have masses very
close to M, it is possible to induce considerable variations in the value obtained
for M,,. The result for sin” 6y is more diéturbing and may require the abandonment
of the simple one-stage unification idea described above. In any case, we may use
the value of ay given above to suggest orders of magnitude for some interesting
processes.

Then a typical ‘‘large” process such as

roue e
will have a rate, relative to a semileptonic mode, of

2 2
Tr>pe’ eg)/I’(T-)uvﬂ)‘—“l[g—? s
2lg: mg

2
sin’ a] ~1/2000.

Then the branching ratio is
BR(r>u e’ e)=0.17/2000=10"".

Without a better model, we cannot predict if a given process should be at this level
or a few times it or 10" times it, but it is clear that some processes mediated by
horizontal bosons should occur at these levels. Experimentally [11], rare 7 decays
have been excluded at a branching ratio of about 5x 10™*, with less stringent limits
for b decay [12].

To see which processes occur, we write the fermion-gauge boson couplings. Using

the charged leptons as an example (and e—>d or u; w >s or ¢; 7=>b or t for the
quarks), the interaction is (L = (7))

guLF*GA®)L = (Ggn)é(Fs +‘/ng)€ + @ (—F;3 +‘/§F8)M
+7(=2VIF) )+ [E(F1— iFs)u + &(Fy— iFs)r
+[.1(F6— iF7)T +HC] .

The allowed vertices are shown in fig. 1.

!Fs* Rolf3 ;'Fs* Rl/3 z‘”a//?
e e M M T T
Fi.Fa gF4,F5 !FS,F7
e M e T M T

Fig. 1. The fermion-gauge boson vertices which are present in the model. F; and F, can mix, F, and
Fs can mix, and F;, F¢, Fg can mix. With this information one can construct the allowed interactions.
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e

M "
Fu.Fs e F3.fg u F3.Fg e

(a)

e
T—‘Q5<e
F3.Fg e
(b)

Fig. 2. Decays shown in (a) are allowed, while (b} is forbidden.

These interactions lead to a series of interesting decays and rates.

(i) Note that the electron and muon neutral currents will not be equal; that is,
there is a violation of e/u (and 7) universality. The relative amplitude could be of
order

sin? agf{/ me

—, 7 =1/36,

g2/mz

so, with interference, differences up to 10% in normalization for eN->eX and
uN->uX, or of e"e »e'e and e"e »u*u” and e" e >7"77, could occur.
Similar factorization violations would occur in relating neutrino and charged lepton
processes. Without further information it is not possible to say which would be larger.

(ii) The decays of fig. 2a for the 7 are allowed. For example, F; and F, mix so
the first is permitted and Fs and F5 mix so the next two can occur. But the process
of fig. 2b is forbidden since F4 and Fs do not mix with F5, Fs. The three decays of
fig. 2a will occur with rates of the same order of magnitude, but not equal at the
factor-of-two level since the detailed gauge boson mixings depend on the horizontal
mass scales. Note that this pattern is not what might be expected for FCNC from
Higgs or technicolor physics, where the coupling is proportional to the mass and
the process 7 - u (e ) would be suppressed.
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Fig. 3. Decays shown in (a) are allowed, while (b) is forbidden.
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Similar remarks apply for b and t decays. In particular, as shown in fig. 3, note
that (3a are allowed, 3b is forbidden)

b->suu or b->see
should occur with comparable rates, but not
b#4dun or bAdee;
that is, if b> Xe " e is due to FCNC it must occur with a kaon in X. Similarly,

b>due
but
bAsue

so if b > Xue, X must not contain an odd number of strange quarks. While vacuum
§s pairs may complicate checking these predictions somewhat, the situation should
in principle be fairly clean.

(iii) Additional neutral current contributions will occur in decays such as ¢ > ff,
T ff, Z° > ff where f is any quark or lepton.

(iv) In e” e processes one can have directly the production of 7, b§, tC as in
fig. 4a, but not t&, bd, ta, u&, sd, ca all of which are forbidden. As above,
these could have amplitudes of order 5-10% of a typical Z° contribution to e e~
at a given energy (off resonance). This is just a little small to be observed at
Vs=30 GeV with present luminosities, but could be achieved if the luminosity
increases or at higher energies. These would give very clear signals with different
size jets*.

Finally, in general there will also be flavor changing neutral currents due to
horizontal Higgs. Presumably they will give effects proportional to masses, and
with systematics different from flavor interactions generated by gauge bosons. In
the heavier fermion interactions such effects could be of order (m;/my)*.

In this work we only considered the horizontal group SU(3), with the families in
the fundamental representations of the horizontal gauge group. However, we have
briefly considered the extension to other groups. Indeed if the horizontal group is
chosen to be SU(4), there is a sequential breaking first to SU(3) or SO(4). In the
SU(3) case any further breaking leads one to the case we have studied. The SO(4)
case reproduces the model of Ong [4], which fails phenomenologically. Going to

et T.b.t
F3.Fg
e A5.C
Fig. 4. The production of flavor-asymmetric jets.

* D. Meyer has emphasized that such a mechanism might give a way to find a t-quark with mass
nearly as large as the available energy at an e” e collider.
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SU(5) the situation is different if SU(5) > SO(5) in the primary breaking. We have
not investigated this case.

Of course many extensions of the present framework are possible. We did not
for instance try to vary the representations of the basic families. We can only say
that the simplest suggestive choice fails.

We conjecture that this failure will subsist for higher groups. The CKM angles
do not seem to be generated radiatively and the value of horizontal symmetries is
questionable.

This research was supported in part by the U.S.D.O.E. We appreciate discussions
with D. Meyer. We thank M. Yoshimura, L. Wolfenstein and S. Pakvasa for bringing
the work of Yanagida and collaborators to our attention.

Appendix
We give here some useful formalism. The gauge boson octet is
Fs+ViFs F\—iF, F,~iFs
F=| Fi+iF, —Fs+viFs Fs—iF,
F4+iF5 F6+iF7 _2\/§F8
For a sextet Higgs the mass matrix gets a contribution
Tr [F*y* + FyF*y1,
while for an octet Higgs it is
Tr [F’¢>~FpFo].
The covariant derivations are
Duds =duds +3ig(t - Wi)'ph +3ig' YBub'a +3igufancFaudc,
Du’//ab = au(//ab _%igHFac([/cb .

It is convenient to write ¢ as a 3x3 matrix with labels a, b, and ¢ and F
interchangeable as matrices or vectors, with

Gab =Y Pakiss, A=1,2...8.
a

The superscript i is an SU(2); index for the octet, which is simultaneously an
SU(2).. doublet and a horizontal octet.
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