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Large top quark Yukawa coupling and horizontal symmetries

Andrija Rašin
High Energy Section, International Centre for Theoretical Physics, Strada Costiera 11, 34100 Trieste, Italy

~Received 8 May 1997; published 13 February 1998!

We consider the maximal U~3! horizontal scheme as a handle on fermion masses and mixings. In particular,
we attempt to explain the large top quark Yukawa coupling and the masses and mixing in the two heaviest
generations. A simple model is constructed by enlarging the matter content of the standard model with that of
a 10110̄pair of SU~5!. The third generation particles get their masses when U~3! is broken to U~2!. The top
quark mass is naturally of order one. Bottom and tau masses are suppressed because of a hierarchy in the
effective Yukawa couplings andnot from the hierarchy in the Higgs doublet vacuum expectation values. The
hierarchy is a consequence of the fact that the particle spectrum contains an incomplete vectorlike generation
and can come from hierarchies between scales of breaking of different grand unified groups. Hierarchies and
mixings between the second and third generations are obtained by introducing a single parametere8 repre-
senting the breaking U(2)→U(1). As aconsequence, we show that the successful~and previously obtained!
relationsVcb'ms /mb'Amc /mt easily follow from our scheme.@S0556-2821~98!01403-9#

PACS number~s!: 12.15.Ff, 12.10.Dm, 12.60.Jv, 14.65.Ha
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I. INTRODUCTION

Despite all its successes, the standard model~SM! has
many unexplained features. Most of them are connecte
the fermionic sector, such as the puzzling pattern of mas
and mixings or the fact that quarks and leptons seem
neatly fit into three identical generations. The situation
best summarized by the fact that of the 19 arbitrary para
eters in the SM, 13 reside in the fermionic sector. Thus
seems that the search for a way beyond the SM will
through the reduction of arbitrary parameters in the fer
onic sector.

A promising approach to explain some of the SM featu
is that of using the flavor symmetry of gauge interactions
the fermions, which is the U(3)5 global symmetry of rota-
tions with each U~3! belonging to one of the five charge
fermion sectors of the SM (q,uc,dc,l ,ec). This flavor sym-
metry is broken by various degrees by the arbitrary Yuka
couplings of the SM. The idea essentially amounts to bu
ing an extension of the SM that is invariant under a cert
subgroup of the maximal flavor symmetry with Yukawa co
plings generated only when this horizontal symmetry g
broken. The SM is then the effective theory with Yukaw
couplings carrying information on the broken horizon
symmetry. An example of this approach is the Frogga
Nielsen ~FN! mechanism@1,2#, in which the Yukawa cou-
plings get generated from higher dimensional operators w
new scalarsf, flavons, get their vacuum expectation value
~VEVs! and break the horizontal symmetries. The higher
mensional operators itself get generated by integrating
some extra matter or scalar fields with massM ~for example
see later Figs. 4 and 5!.

Since the top quark mass is of order weak scale@3#, its
corresponding Yukawa coupling is of order unity. On t
other hand, if the VEVs of the Higgs doublets in the theo
are comparable,b andt couplings are much smaller than
In this paper we build a model that incorporates a large
and small bottom and tau Yukawa couplings.

How does one include the large top quark Yukawa c
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pling in a horizontal symmetry model? In theories based
Abelian symmetries or SU~2!, it is usually assumed that th
top quark does not transform under the horizontal symme
considered, noting that it must come from a maximally b
ken SU~3!.

In the maximal horizontal group SU~3! it does not make
sense to say that such a large number comes from a hi
dimensional operator which is suppressed by some inv
powers of some high scaleM . Rather it means the horizonta
symmetry in the top quark sector is broken maximally; i.
the VEV of thef is of the order ofM . This means that if the
horizontal symmetries were operative once at some h
scale, either the third generation would have some large,
suppressed mixing to some extra matter~unlike the other
lighter generations! or the SM Higgs doublet is maximally
mixed with some new scalars. In this paper we presen
model which explores the first possibility.

We consider the full global U~3! symmetry in a manner
similar to the U~2! case of Refs.@4,5#. U~2! @or SU~2!# hori-
zontal symmetry has received a lot of interest lately a
natural solution to the supersymmetry~SUSY! flavor prob-
lem, forcing the squarks of the first two families to be a
proximately degenerate@6#. Thus, we will consider super
symmetric theories although we focus on conclusions in
fermionic sector~we discuss the scalar sector briefly at t
end!. The different hierarchies betweenmc /mt and ms /mb
are also easily explained, as well asVcb . The large top quark
mass is explained by the addition of an extra 10110̄ of
SU~5!.1 The theory can also explain the smallness of
bottom and tau lepton masses without any suppression
Higgs doublet VEVs. It is easy to accommodate also the fi
generation in this scheme, but we chose to avoid doing s
this paper for clarity of the argument and reasons we disc
later.

1A similar field content in the context of supersymmetry was a
recently proposed by Berezhiani in@7#.
3977 © 1998 The American Physical Society
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3978 57ANDRIJA RAŠIN
Motivated by grand unification and more predictivity, w
consider the same U~3! acting on all charged sectors@rather
than the maximal U(3)5#. Thus the scale M could be som
scale of order 1016 GeV or so, although we will comment o
how low phenomenologically such a scale can be.

The feature of large mixings of the top quark with ext
matter was explored in several papers. For example,
supersymmetric Pati-Salam model there is an extra gau
with charge12/3 which can effectively play the role of a
extra vectorlike quark singlet, and the large top quark m
can be related to the scale of SUSY breaking which is of
order of the weak scale@8,9#. Many other papers explore th
possibility of having an extra vectorlike singlet up qua
@10#. The issue of large top quark Yukawa coupling a
large mixing in an inverse hierarchy scheme was discus
in Ref. @11#. A pseudo-Goldstone approach for the Hig
doublets where the top quark mixes with extra vectorl
matter can be found in Ref.@12#.

The first attempt at building supersymmetric theories w
non-Abelian horizontal symmetries was done by Berezh
et al. in @13#. Later attempts include those listed in@14#.
Cosmological consequences of a global SU~3! family sym-
metry broken at a grand unified theory~GUT! scale were
studied in@15#.

We start in Sec. II with the masses of the third generati
We show how the top quark Yukawa coupling can be g
erated from the breaking of U~3! and still be of order one
while the bottom and tau Yukawa couplings are suppres
without a hierarchy in the VEVs of the standard Higgs do
blets. The masses of the second generation fermions,
cussed in Sec. III, are generated in a manner somewhat s
lar to Ref.@5# and come from the breaking of the remainin
U~2! symmetry down to U~1!. Section IV is reserved for the
discussion of the origin of the nonrenormalizable terms a
the generated ratiomb /mt . We conclude with some fina
thoughts in Sec. V.

II. MASS OF THE THIRD GENERATION FERMIONS

In order to explain the large top quark Yukawa coupli
within a FN scheme we must add some extra matter fie
There exist strong limits on extra matter, such as SM-l
generations, from electroweak precision measurements@16#.
However, extra vectorlike matter is almost not constrain
Furthermore, gauge coupling unification is not spoiled
matter is added in 51 5̄ or 10110̄s.2 It is interesting that
string compactification can give three generations and e
vectorlike matter with a SM invariant mass which is n
necessarily at the Planck scale@18,19#. Since we will discuss
the grand unification of such a theory, we will assum
masses of the order GUT scale, although we will comm
later on how low can such a scale be.

We add to the three generations of the SM (qa , ua
c , da

c ,
l a , ea

c , a51,2,3) vectorlike matter with the content of 1

110̄of SU~5!:

2Perturbativity, however, constrains the number of such e
pairs @17#.
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Q1U1
cE1

c ,

Q2
cU2E2 . ~1!

The indexa denotes generations and goes from 1 to 3. N
tice that the SU(2)L doublet Q2

c carries fields with the same
electric charges as the SU(2)L singlets ua

c andda
c , and that

the SU(2)L singlet U2 carries the same electric charge as t
up quark fields in the SU(2)L doublets qa . Also, the SU(2)L
singlet E2 carries the same electric charge as the char
field in the SU(2)L doublets la . We will call ‘‘mismatch’’
this wrong pairing of fields from different SU~2! multiplets
with the same electric charge. As is well known and we sh
later, this will make the quark mixing matrix non-unitary.

A. Mass of the top quark

We assume that the horizontal group is maximal, i
U~3!, under which the three generations transform as3,
while the extra vectorlike matter is neutral. In addition, w
assume that there is an extra SM singlet flavon fi
fa which transforms as a3̄ under U~3!, and the upper index
denotes a charge opposite to the charge of a field wit
lower index. We denote the gauge invariant mass of the e
vectorlike matter byM .

Thus the most general mass terms come from

faQ2
cqa1faua

cU21faea
cE21MQ2

cQ11MU1
cU21ME1

cE2

1H2U1
cQ11H1Q2

cU2 , ~2!

from which we obtain the mass matrices for up quarks, do
quarks, and charged leptons,

LMu
5~ua

cU1
cU2

c!S 0 0 fa

0 H2
0 M

fa M H1
0
D S ua

U1

U2

D 1H.c., ~3!

LMd
5~da

cD2
c!S 0 0

fa M D S da

D1
D 1H.c., ~4!

LMe
5~ea

cE1
c!S 0 fa

0 M D S ea

E2
D 1H.c., ~5!

whereH1 andH2 are the Higgs doublets. The indexa runs
from 1 to 3 so that the up type mass matrix is a 535, while
the down and lepton matrices are 434. Boldfaced zeros de
note the appropriate matrix, vector, or column with all e
ments equal to zero. Also, notice that, for example,U2

c from
the doubletQ2

c is grouped with the singlets, reflecting th
mismatch. For simplicity, we assumed that the up qu
mass matrix is symmetric.3

The VEV of f can always be rotated so that only on
component obtains a VEV, say,f3. Thus,^f3& breaks the

a

3For example, the gauge invariant mass termsU1
cU2 andU2

cU1 do
not have to be exactly equal. However, this does not qualitativ
change our results.
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rU~3! symmetry down to U~2!. If we diagonalize the up
quark mass matrix~3!, we get the top quark with mass

mt5v2

^f3&2

^f3&21M2 , ~6!

while b andt remain massless,

mb5mt50. ~7!

Equation~6! holds regardlessof the values of̂ f3& andM ,
as long as they are both larger thanv1 andv2. In particular,
we take^f3& andM of the same order, in order for the to
quark mass to be of the order weak scale@20#. In addition,
there are four heavy states with massA^f3&21M2 ~two in
the up sector, one in down, and one in lepton sector!.

Let us discuss the possibility that^f& ~scale of maximal
horizontal symmetry breaking! is of order M ~mass of the
vectorlike pair!. In fact, there isa priori nothing that can stop
it from doing so: The scalar potential involvingf will have
all dimensionful parameters at scaleM . Only subgroups tha
are preserved after the breaking of the largest group may
a smaller VEV than the natural scaleM at some later stage
~possibly from radiative corrections!.

The grand unified origin of terms in Eq.~2! is straightfor-
ward. We consider a Froggatt-Nielsen@1,2# theory with the
flavor group U~3! and unification group SU~5!. Ordinary
matter is in ta(10)1 f a( 5̄), extra FN vector matter is in
T(10)1 T̄(10̄), and Higgs fields are inH~5! and H̄( 5̄),
where the transformation properties under SU~5! are spelled
out in the brackets. Flavonsfa are SU~5! singlets. The most
general renormalizable interactions are

faT̄ta1MTT̄1TTH1 T̄T̄H̄. ~8!

On integrating out heavy states, there is a single diagr
given in Fig. 1, which generates the top quark mass as in
~6!. We conclude that the top quark is heavy because at
scale of U~3! breaking the only FN fields transform as 10

B. Mass of the bottom and tau

Masses of lighter fermions may be generated in a w
similar to the U~2! case@5#. We use a flavon fieldfab which
is symmetric in flavor indices@a 6 of U~3!# and which can
generate some higher order operators of the form

fab

MH
@ua

cqbH21da
cqbH11ea

cl bH1#. ~9!

The crucial point is that the massMH has no reason to be o
the same order asM . MassM is the SU~5! invariant mass of
the 10110̄pair, whileMH can, for example, come from the
SO~10! invariant mass, and thus can be higher by seve

FIG. 1. Mechanism for generating the top quark mass.
et

,
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orders of magnitude. This will be discussed in more detai
Sec. IV. From now on, we will assume

e[M /MH'1022. ~10!

The field fab may be a new field added to the theory o
more economically, an effective field made out of the pro
uct of two fundamentalsfafb. Later we will give an explicit
SU~5! realization of the model where we discuss possi
ways of generating the hierarchy~10!.

U~3! is also broken by the VEV off33 and we expect it to
be of the same order aŝf3&'M . This then modifies the
Yukawa matrices in Eqs.~3!–~5! in the 3,3 entry,

LMu
5~ui

cu3
cU1

cU2
c!S 0 0 0 0

0
^f33&
MH

v2 0 ^f3&

0 0 v2 M

0 ^f3& M v1

D S ui

u3

U1

U2

D
1H.c., ~11!

LMd
5~di

cd3
cD2

c!S 0 0 0

0
^f33&
MH

v1 0

0 ^f3& M

D S di

d3

D1

D 1H.c.,

~12!

LMe
5~ei

ce3
cE1

c!S 0 0 0

0
^f33&
MH

v1 ^f3&

0 0 M

D S ei

e3

E2

D 1H.c.,

~13!

wherei 51,2. Diagonalizing we see that the top quark ma
stays almost unchanged. However, bottom and tau ma
are generated and they are of order

mb'mt'
^f33&
MH

v1'
M

MH
v1[ev1. ~14!

This realization of the heaviest generation masses is diffe
than @7#, where the top-quark–bottom-quark splitting w
left to be explained as usual@either a large ratio of the Higgs
doublet VEVs~large tanb) or a large ratio of Yukawa cou
plings put in by hand#.

The terms in Eq.~9! can be generated in SU~5! if we add
the nonrenormalizable operators suppressed by the high s
MH :

fab

MH
~ tatbH1ta f̄ bH̄!, ~15!
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as shown in the diagram of Fig. 2. Instead of using the sy
metric flavon field fab to generate the bottom and ta
masses, a more economical way is to use only the fundam
tal fields fa. In this case we introduce nonrenormalizab
operators of the form

1

MH
~T f̄afaH̄1TtafaH !, ~16!

which generate nonzero entries in the up, down and lep
mass matrices from the diagrams shown in Fig. 3.

Before going on to generate masses of lighter generati
let us discuss the diagonalization of the sector involving
third family and the extra vectorlike fields and the ensu
quark mixing matrix. It is obvious from the above equatio
that the rotation to get the top and bottom quark mass
volves the same rotation on the left fields so that
Kobayashi-Maskawa~KM ! matrix elementV33 will be close
to one. Let us do this in more detail. The up quark m
matrix is diagonalized by the following rotations both on t
left and on the right:

VL
u5VR

u'S 1 0 0 0

0
M

AM21^f3&2

^f3&

AM21^f3&2
0

0 2
^f3&

AM21^f3&2

M

AM21^f3&2
0

0 0 0 1

D
3S 1 0 0 0

0 1 0 OS v2

M
D

0 0 1 0

0 OS v2

M
D 0 1

D S 1 0 0 0

0 1 0 0

0 0 c s

0 0 2s c

D ,

~17!

FIG. 2. A mechanism for generating bottom and tau mas
This mechanism can also be used to generate lighter gener
masses.

FIG. 3. Another mechanism for generating bottom and
masses.
-

n-

n

s,
e

-
e

s

while the down and charged lepton mass matrices are dia
nalized by

VL
d5VR

e'S 1 0 0

0
M

AM21^f3&2

^f3&

AM21^f3&2

0 2
^f3&

AM21^f3&2

M

AM21^f3&2

D ,

~18!

up to corrections of orderv2/M2 or ev/M . The last matrix
on the right-hand side of Eq.~17! is the rotation in the heavy
sector and is unimportant for our discussion.4 From the
above discussion we see that the left-handed and ri
handed top quarks, left-handed bottom and right-handed
are actually maximally mixed states~for ^f&'M ) of the
third flavored generation and the extra matter in 10 of SU~5!.

In the Appendix we show that the quark mixing matrix
in fact a 1038 matrix with two 534 blocks. The upper
block contains the light quark mixings in the 333 sector
which can be identified with the KM matrix
(k51,4(VL

u†) ik(VL
d)k j ( i , j 51,2,3). We see at this level, from

Eqs. ~17! and ~18!, that the KM matrix is equal to unity
Departure of elements from those of the unit matrix is of t
order v2/M2 or ev/M which is negligible forM of order
GUT or Planck scale.

In the lepton sector the situation is similar. The righ
handed rotation defines a combination ofe3

c and E1
c as the

right-handed component of the tau lepton.
A note on scalar masses. It is interesting that the rig

handed down squarks and left-handed sleptons remain
proximately degenerate even though the U~3! symmetry is
broken@7#. This is because the rotations on these fields
suppressed bye. We mention the consequences of this t
wards the end of the paper.

III. MASS OF THE SECOND GENERATION FERMIONS

Second generation masses are generated when the re
ing U~2! symmetry breaks down to U~1! ~which keeps the
first generation massless!. We can obtain this breaking eco
nomically from the same symmetric flavon fieldfab ~or an
additional symmetric fieldf8ab), when it gets VEVs of the
same order in the~2,2!, ~2,3!, and ~3,2! entries. We param-
etrize this breaking by a parameter

e8[
^f22&
MH

'
^f23&
MH

5
^f32&
MH

. ~19!

The structure of the fermion mass matrices in the we
eigenstate basis is

4s51/A2 for symmetric up matrix, ands5O(v/M ) otherwise.

s.
ion

u
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LMu
5~u1

cu2
cu3

cU1
cU2

c!

3S 0 0 0 0 0

0 e8v2 e8v2 0 0

0 e8v2 ev2 0 ^f3&

0 0 0 v2 M

0 0 ^f3& M v1

D S u1

u2

u3

U1

U2

D 1H.c.,

~20!

LMd
5~d1

cd2
cd3

cD2
c!S 0 0 0 0

0 e8v1 e8v1 0

0 e8v1 ev1 0

0 0 ^f3& M

D S d1

d2

d3

D1

D 1H.c.,

~21!

LMe
5~e1

ce2
ce3

cE1
c!S 0 0 0 0

0 e8v1 e8v1 0

0 e8v1 ev1 ^f3&

0 0 0 M

D S e1

e2

e3

E2

D 1H.c.

~22!

Diagonalizing the third generation1heavy sector as in the
previous section~with ^f3&'M ) will not change much the
structure of the second generation sector:5

LMu
5~u1

cu2
cuM3

c uM4
c uM5

c !

3S 0 0 0 0 0

0 e8v2 e8v2 ~e8v2! ~e8v2!

0 e8v2 v2 0 0

0 ~e8v2! 0 M 0

0 ~e8v2! 0 0 M

D S u1

u2

u3M

u4M

u5M

D
1H.c., ~23!

LMd
5~d1

cd2
cdM3

c dM4
c !S 0 0 0 0

0 e8v1 e8v1 0

0 e8v1 ev1 0

0 ~e8v1! 0 M

D S d1

d2

d3M

d4M

D
1H.c., ~24!

LMe
5~e1

ce2
ce3M

c e4M
c !S 0 0 0 0

0 e8v1 e8v1 ~e8v1!

0 e8v1 ev1 0

0 0 0 M

D S e1

e2

e3M

e4M

D
1H.c., ~25!

where we denoted only the order of magnitude of relev
entries, and the indexM denotes the approximate ma

5Compact formulas for block diagonalizing such matrices can
found in the Appendix of@21#.
t

eigenstates. We can neglect the bracketed terms~which rep-
resent mixings between the light and heavy fields! since they
yield only order e8v/M mixings, without significantly
changing mass eigenvalues.

Note that the obtained structure of mass matrices for
second and third generations is similar to the one of the U~2!
model in Ref.@5#.

Now, we see immediately that the following relations a
proximately hold:

mc

mt
'e8, ~26!

ms

mb
'

mm

mt
'

e8

e
. ~27!

We see that fore8'e2 we get good agreement with exper
ment. Moreover, we get the successful relations@5,22#

Vcb'
ms

mb
'Amc

mt
. ~28!

These relations will also approximately hold in the SU~5!
grand unified theory, with the relevant contributions comi
from diagrams as the one shown in Fig. 2. Although not
main aim of this paper, one can make the relations m
precise. We assume that the VEVs off22 and f23 are of
order e8MH since they break U~2! down to U~1!. At first
sight, the precise relations among the four observablesmc ,
ms , mm , andVcb can always be fixed to fit the experiment
values by the four unknown numbers of order on
^f22&/(e8M ), ^f23&/(e8M ), and the numbers of order one i
front of the two nonrenormalizable operators in Eq.~15!.
However, if the flavon fieldfab is a SU~5! singlet, then we
have the relationmm5ms at the GUT scale. However, notic
that if fab that contributes to the~2,2! entry is such a mul-
tiplet that fabH̄ is a 45 of SU~5!, then a more successfu
relation emerges at the GUT scalemm53ms @23#. For ex-
ample, this can be achieved withfab in 24 or 75 of SU~5!.
However, notice that this then forbids the up quark ma
entries~and thusmc), since the 45 is in the antisymmetri
part of 10310, thus prompting the use of more complicat
representations. For example, if one wants thefab to lie in
the 24, one can also constructfabH̄ as a 5 of SU~5!, with
some additional vector states~see next section!.

Although somewhat beyond the scope of this paper, i
possible to extend this analysis to explain the masses of
first generation, using, for example, an antisymmetric rep
sentation of U~3!. However, we chose not do so in this pap
for clarity. Anyway the values of the lightest generatio
masses are still to some degree undetermined because
least two reasons. Planck scale physics can alter the valu
the lightest fermions through higher dimensional operato
Also the issue of whether the mass of the lightest quark
zero or not is far from being settled@24,25#.

IV. ORIGIN OF THE NONRENORMALIZABLE
OPERATORS AND THE HIERARCHY M !M H

The nonrenormalizable operators withfab introduced in
Sec. III can be generated in two ways from the heavy sc

e



ch
w

e
as

th

se
et
s
in
it
o

th

i
xi

e
ne
V

o
t

e

tor

s.
on

s M

ne-

r-
ut

ng

tion

ale,
the

e a
here
su-

in
om-
g

atter
re-
his
aly-

be

is
alue
d

lly

on

o

na

en

3982 57ANDRIJA RAŠIN
@1,2,26#. One is the usual Froggatt-Nielsen way in whi
there are heavy fields on the matter line. For example,
can exchange a pair ofTa(10)1T̄a(10̄) with massMH as
shown in Fig. 4. Another way@26# is where there are som
heavy fields on the line of the fields which get a VEV,
shown in Fig. 5@here thefab transforms as 24 under SU~5!#.
The choice of 45 in Fig. 5 is convenient to generate
desired relationmm53ms at the GUT scale.

Before going on one needs to explain the ratio of mas
M /MH . One can explain easily such a ratio by a discr
symmetry softly broken by theM mass term and the VEV
of field fa. However, there is also a deeper understand
for such a ratio as we now explain. As advertised before,
entirely possible that the origin lies in the different scales
breaking SU~5! and SO~10!. Notice thatM is the SU~5! in-
variant mass ofTT̄, while MH is the SU~5! invariant mass of
TaT̄a . However, we could have added also FN fields in
Fa~5! andF̄a(5̄) representations, also with massMH , which
would generate new higher dimensional operators, but w
no new contribution to the order of masses that did not e
before. Thus, we can imagine thatTa and F̄a come from a
16a of SO~10!, andT̄a andFa from a 16̄a of SO~10!, so that
16a and 16̄a can be combined to have an SO~10! invariant
massMH . On the other hand, new fieldsF1F̄ are forbidden
to have mass of orderM because they would force th
Yukawa couplings of the bottom and tau to be of order o
in contrast to our assumption that the Higgs doublet VE
are of the order weak scale. Thus the massM is an SU~5!

invariant mass only of the pairT1T̄, while F1F̄ mass re-
mains at the higher scaleMH .

A similar way of understanding this is that the U~3! sym-
metry is effectively a product of two symmetries U~3!3U~3!.
Imagine an SO~10! generalization of what we were doing s
far in SU~5!, with 16, 16̄, 16a , etc., with all mass scales a
MH . The only thing we need is a 45 with a VEV~orderMH)
in the 1 direction of SU~5!. We need one fine-tuning to mak
one pair of tens of SU~5! light ~massM !, while all other FN
fields remain heavy~mass MH). This gives the effective
SU~5! theory that we have. Now the U~3! breaking will af-
fect only the states inta , and is thus an effective U~3! car-
ried by the ta . Breaking of the U~3! in the f̄ a sector is

FIG. 4. A mechanism for generating the higher dimensio
operators in Eq.~15!.

FIG. 5. Alternate mechanism for generating the higher dim
sional operators in Eq.~15!.
e

e
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e
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e
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suppressed by 1/MH , and it looks like a separate U~3! on
those states.@For a recent work with product of SU~3!’s as
horizontal symmetries see@27#.#

V. FINAL REMARKS AND CONCLUSIONS

One can ask how low can the mass of the extra vec
matter fields be@28,29#. Suppose the mass matrices~20!–
~22! were given without resorting to horizontal symmetrie
Then, interestingly enough, existing experimental limits
Vtb or flavor changingZ decays would allowM to be as low
as the weak scale, because all effects quickly decouple a
becomes large6 ~see the Appendix!.

However, a much stronger limit onM comes from the
fact that we are breaking global flavor symmetries sponta
ously. The Goldstone bosons, known asfamilons @33,34#,
will actually produce too many flavor changing neutral cu
rents ~FCNCs!, unless the scale is higher than abo
231011 GeV @35#. The bound applies to the scaleeM in
the chain of scale of horizontal symmetry breaki

U(3)→
M

U(2)→
e M

U(1)→
v

nothing. If we assume thatM lies
near a typical GUT scale, and that the lightest genera
masses are generated by the last scale in the chain,v may
reside actually very close to the lower bound@4#. Interest-
ingly enough, the symmetry being broken at the lowest sc
U~1!, has a color anomaly, so that we have an axion in
theory coming from the family symmetry@36#. Then there is
also an upper bound onv as well coming from cosmology
@37#, v,1012 GeV or so.

In this paper we envisioned the underlying theory to b
supersymmetric one, although all conclusions presented
concern the fermionic sector and are valid also in a non
persymmetric version. In SUSY, the U~3! symmetry acts on
scalar partners as well. Here we will mention a few ma
points regarding the scalar masses and leave a more c
plete investigation to a future publication. It is interestin
that because of the choice of representations of extra m
~10110̄) right-handed squarks and left-handed sleptons
main approximately degenerate in all three generations. T
has some profound differences compared to the recent an
sis based on U~2!. In comparison to@4,5#, we expectm
→eg and the electric dipole moment of the electron to
suppressed bye2 and the K2K̄ mass difference by
(ms /mK)2. Recently, it has been pointed out that if there
more than one operator responsible for the same eigenv
in the Yukawa matrix, the misalignment of A terms an
Yukawa terms can actually produce the SUSYeK problem
@38#. Our theory for lighter generations should essentia
come from the operator containingfab ~and possibly from
an antisymmetric flavon for the lightest generation! and is
thus of the same form as the U~2! models which relax this
problem. However, a more precise prediction of fermi
masses and mixings may require more fields~as alluded in
Sec. III!. This then may require proportionality in order t
avoid the problem@7#.

6Present limits imply onlyVtb.0.05 or so@30#. Also oblique
corrections quickly dissapear as the SU(2)L invariant massM be-
comes larger@31,32#.
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To summarize, in order for the Yukawa couplings of o
der one~top and/or bottom quarks! to find an explanation
within the Froggat-Nielsen type of horizontal symmetry a
proach, it is necessary that the third generation particles
maximally with some extra matter fields or that the Hig
doublet mixes maximally with extra scalars. In this paper
considered the first approach.

We have considered the maximal U~3! horizontal symme-
try scheme, with the emphasis on the two heaviest gen
tions and the large top quark Yukawa coupling. A simp
scheme can be achieved with the extra matter in 10110̄pair
of SU~5!. The third generation particles get their mass
when U~3! is broken to U~2!. The top quark mass is naturall
of order one. Bottom and tau masses are suppressed be
of a hierarchy in effective Yukawa couplings andnot from
the hierarchy in the Higgs doublet VEVs. The hierarchy
effective Yukawa couplings can come from hierarchies
tween scales of the breaking of different grand unifi
groups. Hierarchies and mixings between the second
third generations are obtained by introducing a single par
etere8 representing the breaking U(2)→U(1). As aconse-
quence, we obtain the successful relationsVcb'ms /mb

'Amc /mt.
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APPENDIX

In this Appendix we derive the quark mixing matrices f
the case when vectorlike matter with the content of 10110̄
of SU~5! are added to the three generations of the SM:

qaua
cda

cl aea
c ,

Q1U1
cE1

c ,

Q2
cU2E2 . ~A1!

The quark mixing matrix is derived as follows~see also Ref.
@39#!. The charged weak current interaction is

LW;@ ūTgmd1Ū1gmD11U2
cgmD2

c̄#Wm
1 . ~A2!

Mass eigenstates are related to the weak eigenstates by

uM5VL
u†S u

U1

U2

D ,

uM
cT5~ucU1

cU2
c!VR

u ~A3!

and
-
ix

e

a-

s

use

f
-

d
nd

-

t is
d

dM5VL
d†S d

D1
D ,

dM
cT5~dcD2

c!VR
d , ~A4!

whereVL,R
u and VL,R

d are unitary 535 and 434 matrices,
respectively.

The weak current interaction in the mass eigenstate b
is

LW;@ ūMagm~VL
u†!ai~VL

d! ibdMb

1uMa
c gm~VR

u†!a5~VR
d !4bdc̄

Mb#Wm
1 , ~A5!

wherei 51,2,3,4,a51,2,3,4,5, andb51,2,3,4.
From Eq.~A5! we can read off the quark mixing matri

which is now a 1038 matrix and consists of two 534
blocks,

Va,b5~VL
u†!ai~VL

d! ib ,

V51a,51b5~VR
u†!a5~VR

d !4b , ~A6!

and is thus in generalnot unitary. The SM mixing matrix is
in the upper 333 block ofVa,b . The approximate form of V
for our model is discussed in the text.

Let us now turn to the neutral current:

LZ;@ ūTgmu1Ū1gmU12U2
cgmU2

c̄2 d̄Tgmd2D̄1gmD1

1D2
cgmD2

c̄2 j em
m #Zm . ~A7!

Now let us go to the mass eigenstate basis. The electrom
netic part is flavor diagonal. However, the weak part h
flavor changing pieces in the following terms:

LZ
FCNC; ūMa

T ~VL
u†!ai~VL

u! icgmuMc

2uMa
c ~VR

u†!a5~VR
u !5cg

muc̄
Mc

1dMb
c ~VR

d†!b4~VR
u !4dgmdc̄

Md , ~A8!

wherei 51,2,3,4,a,c51,2,3,4,5, andb,d51,2,3,4. There is
no flavor changing part involving left-handed down quark
reflecting the fact that there is no ‘‘mismatch’’ in that secto

From Eqs.~17!, ~18! and ~23!, ~24! we see that in our
model the flavor changingZ interactions for example for the
left-handed up quarks have the following order of mag
tude:

~Vuu
Z-FCNC!ac[~VL

u†!ai~VL
u! ic



51
1 0 0 0 0

0 1 0
e8

e

v
M

e8

e

v
M

0 0 1
v
M

v
M

0
e8

e

v
M

v
M

1 1

0
e8

e

v
M

v
M

1 1
2 .

~A9!
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These effects are, however, negligible forM near the GUT
scale.

To summarize, there are several consequences of
‘‘mismatch.’’

~i! The quark mixing matrix is no longer unitary~neither

as a complete 1038 matrix, neither in the two 534 blocks

separately!, unless the extra 10̄is totally decoupled. In par-

ticular, it is not unitary in the 333 standard sector.
~ii ! WL couples also to the ‘‘right-handed’’ mass eige

statesuM
c in the lower 535 block.

~iii ! Couplings of fermions to theZ boson are flavor
changing.
1.

d.

os,

bu

n

in
ngs

d

ow,

3.
like

.

@1# C. D. Froggatt and H. B. Nielsen, Nucl. Phys.B147, 277
~1979!.

@2# Z. Berezhiani, Phys. Lett.129B, 99 ~1983!; 150B, 177~1985!;
S. Dimopoulos,ibid. 129B, 417 ~1983!.

@3# F. Abe et al., Phys. Rev. Lett.74, 2626 ~1995!; S. Abachi
et al., ibid. 74, 2632~1995!.

@4# R. Barbieri, G. Dvali, and L. J. Hall, Phys. Lett. B377, 76
~1996!; R. Barbieri and L. J. Hall, Nuovo Cimento A110, 1
~1997!.

@5# R. Barbieriet al., Nucl. Phys.B493, 3 ~1997!; R. Barbieri, L.
J. Hall, and A. Romanino, Phys. Lett. B401, 47 ~1997!.

@6# M. Dine, R. Leigh, and A. Kagan, Phys. Rev. D48, 4269
~1993!.

@7# Z. Berezhiani, inProceedings of the Fourth International Con
ference on Supersymmetry, SUSY 96, College Park, edited by
R. N. Mohapatra and A. A. Rasˇin @Nucl. Phys.~Proc. Suppl.!
52A, 153 ~1997!#; ~hep-ph/9607363!; hep-ph/9609342.

@8# R. Barbieri and L. Hall, Nucl. Phys.B319, 1 ~1989!.
@9# K. S. Babu, B. S. Balakrishna, and R. N. Mohapatra, Ph

Lett. B 237, 221 ~1990!.
@10# B. S. Balakrishna, A. Kagan, and R. N. Mohapatra, Phys. L

B 205, 345 ~1988!; E. Nardi, E. Roulet, and D. Tommasin
Nucl. Phys.B386, 239 ~1992!; B. Mukhopadhyaya and S
Nandi, Phys. Rev. D46, 5098~1992!; W.-S. Hou, Phys. Rev.
Lett. 69, 3587 ~1992!; E. Ma, Phys. Lett. B322, 363 ~1994!;
V. Barger, M. S. Berger, and R. J. N. Phillips, Phys. Rev.
52, 1663 ~1995!; T. Morozumi et al., Phys. Lett. B410, 233
~1997!.

@11# Z. Berezhiani and R. Rattazzi, Nucl. Phys.B407, 249 ~1993!.
@12# R. Barbieriet al., Nucl. Phys.B432, 49 ~1994!.
@13# Z. Berezhianiet al., in Proceedings of Quarks ’86, Tbilisi,

edited by A. Tavkhelidzeet al. ~INR Press, Moscow, 1987!, p.
209.

@14# P. Pouliot and N. Seiberg, Phys. Lett. B318, 169 ~1993!; D.
Kaplan and M. Schmaltz, Phys. Rev. D48, 4269~1993!; L. J.
Hall and H. Murayama, Phys. Rev. Lett.75, 3985 ~1995!; P.
H. Frampton and O. C. W. Kong, Phys. Rev. D53, 2293
~1996!; Phys. Rev. Lett.77, 1699~1996!; P. H. Frampton and
T. W. Kephart, Phys. Rev. D51, 1 ~1995!; A. Pomarol and D.
Tommasini, Nucl. Phys.B466, 3 ~1996!; N. Arkani-Hamed, H.
C. Cheng, and L. J. Hall,ibid. B472, 95 ~1996!; Phys. Rev. D
54, 2242~1996!; K. S. Babu and S. M. Barr, Phys. Lett. B387,
87 ~1996!.
.

t.

@15# M. Joyce and N. Turok, Nucl. Phys.B416, 389 ~1994!; C.
Barnes and N. Turok, Phys. Rev. D56, 1989~1997!.

@16# See the review from J. Erler and P. Langacker, inParticle
Data Group, R. M. Barnettet al., Phys. Rev. D54, 1 ~1996!; a
recent review can be found in J. L. Rosner, hep-ph/970433

@17# T. Moroi, H. Murayama, and T. Yanagida, Phys. Rev. D48,
2995~1993!; B. Brahmachari, U. Sarkar, and K. Sridhar, Mo
Phys. Lett. A8, 3349~1993!.

@18# B. Greeneet al., Nucl. Phys.B278, 667 ~1986!; B292, 606
~1987!.

@19# For a review of mirror matter see J. Maalampi and M. Ro
Phys. Rep.186, 53 ~1990!.

@20# For a similar conclusion in a different context see K. S. Ba
and R. N. Mohapatra, Phys. Rev. D41, 1286~1990!; see also
Ref. @11#.

@21# K. S. Babu and S. M. Barr, Phys. Rev. D56, 2614~1997!.
@22# A similarly successful predictionVcb'ms/mb2mc /mt was

obtained by Balakrishna, Kagan, and Mohapatra@10#.
@23# H. Georgi and C. Jarlskog, Phys. Lett.86B, 297 ~1979!.
@24# H. Leutwyler, in Proceedings of the 2nd IFT Workshop o

Yukawa Couplings and the Origin of Mass, Gainesville, 1994,
edited by P. Ramond~International Press, Cambridge, 1996!,
p. 166.

@25# K. Choi, C. W. Kim, and W. K. Sze, Phys. Rev. Lett.61, 794
~1988!; for a review, see T. Banks, Y. Nir, and N. Seiberg,
Proceedings of the 2nd IFT Workshop on Yukawa Coupli
and the Origin of Mass@24#, p. 26.
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