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We show that with minimal Higgs systems both the SU(2)~ )& U(1) z X SU(3)H and the

SU(2)L)&SU(2)z XU(1)z L &SU(3)H theories establish the canonical mass matrices for both up-

and down-type quarks. Interestingly, the latter, unlike the former, yields spontaneous CP violation

in the horizontal interactions exclusively with superweak coupling GH =10 GF. Furthermore, the

latter suggests the top-quark mass in the range 69 ~ m, ~ 110GeU.

I. INTRODUCTION

An outstanding problem of present-day particle phys-
ics is the understanding of the fermion family replication.
This is perhaps the origin of the interrelation of the
quark masses and the weak-interaction mixing parame-
ters. The solution to the problem does not lie either in
the standard SU(2)L X U(1)r theory' or its viable alterna-
tive the left-right-symmetric theory based on
SU(2)L XSU(2)tt XU(1)it t but horizontal interactions
between the fermion families may provide some clue. In
spite of the spectacular success of the standard theory in
explaining a large number of experimental data at low en-
ergies the recent measuretnents of the 8-meson lifetime,
the ratios I (b ~uev) iI (b ~cev) (Ref. 5), and e'Ie (Ref.
6) indicate a possible problem for the standard theory to
explain the CP violation. This has made the left-right-
symmetric theory more attractive with its unified treat-
ment of spontaneous breaking of gauge and discrete sym-
metries such as parity and charge conjugation. Thus the
left-right-symmetric model seems to offer a better chance
for spontaneous CP violation. However, the natural
flavor conservation (NFC) cannot be achieved without
the assumption of the ad hoc discrete symmetries.

Several horizontal symmetries ' have been incor-
porated in the standard theory to understand the problem
of different generations of fermions and the spontaneous
emergence of the Cabibbo-Kobayashi-Maskawa' (CKM)
structure. It is shown that SU(2)0 can lead' to calcu-
lable weak mixing angles and CP violation but the vec-
torial SU(3), SU(3)H, fails. ' Recently we discussed' the
impact of horizontal symmetries on the operator analysis
of nucleon decay in the standard and left-right-symmetric
theories and showed that it is possible to discriminate
among the different horizontal symmetries from a study
of the nucleon decay modes. This motivated us to exam-
ine the influence of different horizontal symmetries on the
fermion mass matrix and CP violation within the frame-
work of the standard and left-right-symmetric elec-
troweak theories. The fermion mass matrix is considered
more fundamental than the CKM matrix as this should
be given in the weak-eigenstate basis in which the gauge
theories are formulated.

We have chosen the horizontal group to be SU(3)H,
which is flavor chiral. Under SU(3)H, the left-handed
fermions and antifermions transform as triplets, while the
right-handed fermions and antifermions transform as an-
titriplets. A mirror set of fermions, ' with a helicity-fiip
coupling, supplementing the basic set of fermions is as-
sumed such that the anomalies of the basic and mirror
fermions cancel each other. The mirror fermions couple
to the charged gauge bosons generating familiar low-
energy weak interactions through V+A rather than
V —A projection and do not mix with the basic fermions.
We investigate the possibility of having the real CKM
matrix with CP violation in the horizontal gauge-boson
interactions alone. This would relate the smallness of the
CP-violation parameter to the horizontal coupling. We
demonstrate that the Fritzsch-type mass matrices and
calculable weak mixing angles are obtained in the stan-
dard and left-right-symmetric theories including the
flavor chiral horizontal group SU(3)H . CP violation
arises in the SU(2)L X SU(2)R X U(1)8 L X SU(3)HYL

theory from the horizontal sector alone where as this is
not true, in general, for the SU(2)L XU(1)rXSU(3)H
theory. Our calculation shows that, with SU(3)H as the
horizontal group, the left-right-symmetric theory seems
to be preferred with CP violation exclusively in the hor-
izontal interactions to the standard theory where CP
violation is not restricted to the horizontal sector without
speci6c ansatz.

The plan of the paper is as follows. We discuss the
SU(2)L XU(1)r XSU(3)H theory in Sec. II. Section III
contains the SU(2)t X SU(2)tt XU(1)s L X SU(3)H
theory. Some concluding remarks are given in Sec. IV.

II. SU(2)L X U( I)r X SU(3 )tt THEORY

We discuss an SU(2)LXU(1)„XSU(3)H theory with
the left-handed quarks +;t (2, —,', 3)=—(u, ,d, )L and the
right-handed quarks U;„(1,—', , 3) and d,„(1,——,', 3) where.
the numbers in the parentheses denote the representation
content appropriate for the respective quarks. There are
three left-handed gauge bosons Wg(3, 0, 1) and eight hor-
izontal gauge bosons H"(1,0, 8). We choose a minimal
set of Higgs systems X(2, 1,6), Y'(2, 1,6), and g(1,0, 3).
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While J and 7' generate the fermion and gauge-boson
masses, g contributes to the horizontal gauge-boson mass
only. The up-quark mass matrix vanishes in the absence
of J' and down quarks are massless without X. Obvious-
ly, the Higgs field g does not couple to the ferrnions and,
hence, does not contribute to their masses. The following
choice of vacuum expectation values (VEV's) for the
Higgs fields are made:

0
&X")=

vij e

Here a is an SU(2)L index (a=1,2). The quark —Higgs-
boson couplings I and I" are real or complex numbers
independent of SU(2)L and SU(3)H indices. We assume
that CP violation arises due to spontaneous symmetry
breaking and, hence, I and I" are real. The canonical
form' of the quark mass matrices are given by

0 a' 0
Q 0

ip

0 b' c'

and

& X~ is je ) .pl
U;.e

0 a 0
Md e 33 a 0

0 b c

where

&n") =jk exp('ra) . ~12 ~&3 ~23 ~33a =I v, 2e ",b =I v23e, c=I v33 (17)

The asterisk denotes the conjugate representation and
i,j,k are the SU(3)H indices (i,j,k =1,2, 3). The most
general renormalizable Higgs potential in our model is
given by

'('mt'&2 $33)a'= I"v12e
I I

'&&23 —
&33b =I U23e, c =I v33

V= Vx+ ~x + V~+ ~x~+ Vx~+ ~xx + ~n ~

where

vr = f ', (X X)+—f2(X X)',

Vr —— f3(X' X')—+f4(X' X')

V, = —fs(n'n)+f6(rl n)'

Vrq f2(x Xrt rj——),
V, „=f,(X' X'q q),
Vrr f9(X XX' X'——),
Vn"„=f]o(x'Xrtrt+ rj'ri X'X')

(3)

(4)

(8)

(10)

The complex symmetric mass matrices can be diagonal-
ized by the following biunitary transformations:

v,"'w "v„"= r'v,"'&x"j)v„"=D", (19)

v"'M'v'=rv"&x'j) v'=D' (20)

with

UL ——U~* and UL ——Ug (21)

PL a —UI. APL (22)

D" and Dd are diagonalized mass matrices for the up and
down quarks. UL and UL relate mass eigenstates
PL =(u, c, t)L, NL

——(d, s, b)L to weak eigenstates PL and
NL as follows:

It is to be noted that only gauge-invariant terms are writ-
ten in Eqs. (4)—(10). The potential in Eq. (3) can be mini-
mized by demanding that the first derivatives vanish and
then from the positivity of the second derivatives of Eq.
(3) one can show the existence of absolute minima for the
following choice of parameters:

v ]1 ——0, v22 —0, v]3 0, v]2+0, v23+Oy v33+0

with

d
&L,Z —UL, ~&L,Z

KM ut d
UL, ~ —UL, ~ UL, ~

(23)

(24)

UL & refer to the CKM matrix for the left- and right-
handed sector. Each element of the matrix is, in general,
measurable as O'Lz bosons couple to the weak quark
current which is given by

U 11 =0, U22 —0, U 13 =0, U 12+0, U23 33+0

(12)

(J„)LR = —(u, c, t)r„(1+r3)VL R s
2 2

(2&)

412 433 433 4 ]2 r]+ r2

423 423 2r1 412 4]2 2r3

(13)

(14)

In the standard model the right-handed gauge-boson trip-
let does not exist and right-handed currents too are ab-
sent. The unitary matrices can be written as

In our model the basic fermion —Higgs-boson interac-
tion is given by

Uud L OudgQ&d ~
L' ——e L (26)

.pit, d

where e is a diagonal matrix consisting of pure
phases with parameters g', gz', (3 d, and 0 is a KM-
type real orthogonal matrix. Thus UL can be written as

X = I"qi"L d$'X "5;„5,j. +I"g' L u$'X j5;.„5j,j +H. c.

(15)
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UKM UutUd (Ou)Te' ~L ~i. Od (27)

Hence, UL is real if Q —$~ =0 or m. UL is deter-
mined by quark mass eigenvalues and two phases o. and ~
which, according to Fritzsch, ' are

W —(412—$12)—2(f23 (('23)+(033 033} ~

( 412 412 } ( 423 (('23 }

(28)

(29)

III. SU(2)c, X SU(2)g X U(1)g c X SU(3)H THEORY

Using Eqs. (13), (14), (28), and (29) we find that, in this
model cr=2(y2 —y, ) and v=2(y3 —y1). Furthermore,
with (yz —y, )=+n/2, 0, one obtains o =m, n,—O a. nd
the phase of the CKM matrix 5=0,2n, n where 5=m o-
With these values of 5 the CKM matrix is real and then
CP violation may arise in the horizontal interactions if
c7&r; otherwise CP violation vanishes in the theory. '

However, with cr&0, +n, CP violation occurs in the left-
handed as well as horizontal interactions. Thus, with real
CKM matrix CP violation is possible exclusively in the
horizontal interactions provided the ansatz o'&r holds.
However, the condition does not follow naturally from
the theory and, hence, the standard theory with SU(3)H
symmetry is not interesting for the present study.

(~")= (30)

(P")=&k exP(1131, ), (31)

0 0 0 0
(32)

Here a' is an SU(2)„ index and the other indices are ex-

plained before. The most general renormalizable Higgs
potential which is invariant under SU(2}L X SU(2)a
XU(1)s I X SU(3 }H is as follows:

has three left-handed gauge bosons IV)(3, 1,0, 1), three
right-handed gauge bosons IVg(1, 3,0, 1), and eight hor-
izontal gauge bosons H"(1,1,0, 8). We choose a minimal
set of Higgs boson with co(2, 2, 0, 6}, p(1, 1,0, 3),
AL(3, 1,2, 1), and Az(1, 3,2, 1). ~ generates masses of the
basic fermions and the left- and right-handed and hor-
izontal gauge bosons, p gives masses to the horizontal
gauge bosons, and 6L and 6& are introduced to break
the left-right symmetry. We assume that (co'' )'s form
complex symmetric sextet under SU(3}~ and the most
general choice of VEV's are

T

In the SU(2)L XSU(2)a XU(1)s L XSU(3)H theory
the left-handed 4 L's transform as (2, 1, —,', 3} and the
right-handed papua's transform as (1,2, —,', 3). The model

V= V„+V + V~+ V„~+V ~+ V„

where

(33)

V = —A1 Tr(co co)+A2[Tr(co co)] +A3 Tr(cotcocotco)+A4 Tr(m coco co),

~s(p P)+~s(p P)

Va ———)17(TrbL EL +Trb31ha )+)1s[(TrhL bc ) +(Trhahz ) ]+A9(TrhL AL )(Trb&ba )

+A, ,o(Trbl bL bL bL +Trb„babTchrc ),
V„a ——A, , 1(TrhL b I + Trina ha ) Tr(co co)+F12(Trcoco b I b I +Tree coda ha )

+113(Trcoco bL b I +Trio cuba 5„)+A, ,4(TrbL ~b „co +Trcob1t co b 1 )

Vpa
——A15(TrhL, DL, +Tr63t1 bR )(p p)

V~ =A, 16[Tr(co cg))](p p) .

(34)

(36)

(37)

(38)

(39)

Now the minimization of the Higgs potential leads to

K„—0, K23 —0, K33&0, K12&0, K13 —0, K33&0,

K„=O, K32 ——0, K33@0, K,2%0, K', 3=0, K33&0,

(40)

(41)

and X=I LT1%"'Lp'„ru" 5;„;5„+H.c. (43)

8 0 Om. (42)

Interestingly, the phase dift'erence m can be removed by a
chiral rotation on all up- or down-type quarks. The most
general basic quark-Higgs interaction is given by

The coupling I zz is independent of SU(2)&, SU(2)z, and
SU(3)H indices and I L11

——I la implies I cs is a real
number. In this model we obtain the canonical form of
the mass matrices for both up and down quarks which
are given by
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Mu 33 A 1

M"=e " A 'e

i5l

0
i52

A'e

B'e

0
i 52

C

C'

5

(44)

/
U„d

f

=0.9775,
[ U„,

/

=0.211,
/ U„b /

=0.0035,

[ U,z /

=0.2104,
/
U„

f

=0.9759,
/

U, i, f

=0.0583,

f U,d /

=0.0157,
/
U„

/

=0.0563,
/

U,b /

=0.9983 .

The unitary matrices UL" R and UL R can be written as

Q, d
Uu~d —e LR 0 u»d

L, R L, R (54)

where

and

A=r, „SC„, B=r,„SC„, C=r,„SC„,
~LR 12 B LR+23 I LR+33

(45)

(46)

&1 =12 —~33 &2= ~23 —33 (47)

(48)

In our model r=0 and o =0 as 8;J —8,'J =0 and the pa-
rameters S, , S2, S3, and the phase (3 of the CKM matrix
are

&H =gH tP '"L.)',(Or". ) '(~")"'(Oc )Pj i.&;.; &...
(L~R—)+(P~N)]+H. c. , (56)

The fact that the CKM matrix is real implies g,"L ——g;L
and g,"ii ——pit. Furthermore, Eq. (21) implies g,"I ———g,"3'i .
The mass matrices are given by

~

~gQ, d gu, d~m" (55)
V ij

where m"' =(OL' )D"' (Ox' ) is a real matrix, each ele-
ment of which is a linear combination of m„, m„m, (or
md, m„m„). The interaction between the quarks and the
horizontal gauge bosons H~ is given in terms of quark-
mass eigenstates by

S1 ——

m,

md

' 1/2

1/2

m„+ei5
mc

' 1/2

(49)
where

lj4

(~v)i»
2 a

S2—
m,

(50)

1/2

m
S3 ——

S1

where

m,

mr

' 1/2

mb

' 1/2

e
—i(~+ 5)

(51)

(52)

We have calculated the CKM matrix elements with a
different choice of quark masses and find that they are
consistent with the present experiments ' for the follow-
ing choice of quark masses:

m„=5 MeV, md =11 MeV, m, =1.4 GeV,

m, =150 MeV, mb=4. 5 GeV, m, =90 GeV .
(53)

With this choice we obtain y=0.0579. The constraints
on m, in our model comes from

~
U,b ~

alone as the CP
violating strength parameter in the left-handed sector
Ree=3s2c2s3 sin5 vanishes with 5=m. The range of m,
allowed in our model is 69 GeV~m, ~110 GeV corre-
sponding to 0.04&

~
U,b ~

(0.07. The fact 5=m implies
UI is real and UR™=UL * is also real. Thus CP
violation does not arise in the left- or right-handed sector.
With the choice of quark masses in Eq. (53) the CKM
matrix elements in our model are given by

A, being the generators (a = 1, . . . , 8 ). The phases g, —$2,

g3 and $2 —(3 appear in the horizontal interaction of
the quarks and gauge bosons and lead to CP nonconser-
vation. It is to be noted that these phases can be ex-
pressed in terms of the phases appearing in the VEV's of
the Higgs field which gives masses to the quarks. Thus
CP symmetry is spontaneously broken and our model
predicts CP violation in K -K, D -D, B -B, and T -T
transitions. The four-fermion coupling G due to hor-
izontal interactions is defined to be GH/+2=gH/8MH.
With Gz —10 GF the horizontal mass scale is estimated
to be MH —1-10 TeV corresponding to gH
—(10 —10 ) gii, .

Finally, we discuss the problem of the natural flavor
conservation (NFC) in our model based on the gauge
group SU(2)L X SU(2)x XU(1)~ L X SU(3)B . In the ab-
sence of the horizontal symmetry the simplest way to
satisfy NFC is to arrange things so that positively and
negatively charged quarks receive contribution to their
masses from the VEV's of different neutral Higgs fields.
In our model (cubi', )'s generate the up-quark masses and

( cog& ) 's contribute to the down-quark masses. The
quark —Higgs-boson coupling is a real number and,
hence, it is not affected by the biunitary transformation
which diagonalizes the mass matrix. Thus NFC is en-
sured in the quark —Higgs-boson coupling. However,
NFC is spoiled by the horizontal symmetry and the
liavor-changing neutral currents (FCNC's) arise due to
exchange of horizontal gauge bosons. It is to be noted
that GH =10 GF and, hence, FCNC's are suppressed by
the superweak horizontal interactions, which are respon-
sible for CP violation.
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IV. CONCLUSION

We have discussed the standard and the left-right-
symmetric electroweak theories including the SU(3)H
horizontal symmetry and investigated quark mass ma-
trices and the possibility of CP violation due to horizon-
tal interactions alone. We have also obtained estimates of
quark masses leading to the phenomenologically viable
CKM matrix.

Our study shows that the standard theory with SU(3)H

symmetry can lead to phenomenologically viable quark
mass matrices if both the Higgs bosons g(2, 1,6) and
X'(2, 1,6) are considered. In this theory CP violation can
occur, in general, in the left-handed as well as horizontal
interactions. The theory leads to CP violation exclusively
in the horizontal interactions with an ansatz, tr&~ where
o and v characterize the Fritzsch-type mass matrix.
Furthermore, there exists a possibility of the CKM ma-
trix being real and 0.=~ so that CP violation is complete-
ly absent in the theory.

SU(2)L XSU(2)tt XU(1)tt t XSU(3)H theory with a
minimal Higgs system guarantees the canonical mass ma-

trix for both up and down quarks ensuring the calculabil-
ity of charged current weak mixing angles in terms of
quark mass ratios. The model admits spontaneous CP
violation due to horizontal interactions. NFC is achieved
in Higgs-boson coupling but FCNC and lepton noncon-
serving effects arise due to horizontal gauge bosons.
However, these effects are suppressed by the superweak
horizontal four-fermion coupling constant GH —10 G~.
Some suggestions of the model include the mirror fer-
mions with mass —100-200 GeV, the horizontal gauge
bosons with mass —1-10TeV and the top-quark mass in
the range 69 GeV & m, ~ 110 GeV.

Our study indicates that, of the standard and left-
right-symmetric theories with SU(3)H symmetry, the
latter, unlike the former leads always to spontaneous CP
violation exclusively in the horizontal interactions.
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