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An extension of the standard model to the local gauge groupSU(3)c^ SU(3)L ^ U(1)X as a family inde-
pendent model is presented. The mass scales, the gauge boson masses, and the masses for the spin 1/2 particles
in the model are studied. The mass differences between the up and down quark sectors, between the quarks and
leptons, and between the charged and neutral leptons in one family are analyzed. The existence of two Dirac
neutrinos for each family, one light and one very heavy, is predicted. By using experimental results from
CERN LEP, SLC and atomic parity violation we constrain the mixing angle between the two neutral currents
and the mass of the additional neutral gauge boson to be20.00015<sinu<0 and 1.5 TeV<MZ2

at 95% C.L.
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I. INTRODUCTION

In spite of the remarkable experimental success of
leading theory of fundamental interactions, the so-cal
standard model~SM! based on the local gauge grou
SU(3)c^ SU(2)L ^ U(1)Y[GSM , with SU(2)L ^ U(1)Y

hidden@1# andSU(3)c confined@2#, it fails to explain sev-
eral issues such as hierarchical fermion masses and m
angles, charge quantization,CP violation, replication of
families, etc. For example in the weak basis, before the s
metry is broken, the families in the SM are identical to ea
other; when the symmetry breaking takes place, the ferm
acquire masses according to their experimental values
the three families become different. However in the SM th
is no mechanism for explaining the origin of families or t
fermion mass spectrum.

These drawbacks of the SM have led to a strong be
that the model is still incomplete and that it must be regar
as a low-energy effective field theory originating from
more fundamental one. That belief lies on strong concep
indications for physics beyond the SM which have produc
a variety of theoretically well motivated extensions of t
model: left-right symmetry, grand unification, supersymm
try, superstring inspired extensions, etc.@3#.

At present, however, there are no definitive experimen
facts that point toward what lies beyond the SM and the b
approach may be to depart from it as little as possible. In
regard,SU(3)L ^ U(1)X as a flavor group has been consi
ered several times in the literature, first as a family indep
dent theory@4#, and then as a family structure@5,6# which,
among its best features, provides with an alternative to
problem of the numberN of families, in the sense tha
anomaly cancelation is achieved whenN is a multiple of
three; further, from the condition ofSU(3)c asymptotic free-
dom which is valid only if the number of families is less tha
0556-2821/2002/65~5!/055013~11!/$20.00 65 0550
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five, it follows that in those modelsN is equal to 3.
Over the past decade two three family models based

the SU(3)c^ SU(3)L ^ U(1)X local gauge group have re
ceived special attention. In one of them the three kno
left-handed lepton components for each family are associ
to threeSU(3)L triplets as (n l ,l 2,l 1)L , wherel L

1 is related
to the right-handed isospin singlet of the charged leptonl L

2 in
the SM @5#. In the other model the threeSU(3)L lepton
triplets are of the form (n l ,l 2,n l

c)L wheren lL
c is related to

the right-handed component of the neutrino fieldn lL @6#. In
the first model anomaly cancelation implies quarks with e
otic electric charges24/3 and 5/3, while in the second on
the exotic particles have only ordinary electric charges.

A recent analysis of theSU(3)c^ SU(3)L ^ U(1)X local
gauge theory~hereafter the 331 group! has shown that, by
restricting the fermion field representations to particles wi
out exotic electric charges and by paying due attention
anomaly cancelation, six different models are obtain
while by relaxing the condition of nonexistence of exo
electric charges, an infinite number of models can be ge
ated @7#. Four of the six models without exotic electri
charges are family models for quarks and leptons in which
least one of the 3 families is treated differently. The rema
ing two models are one family or family independent mo
els. One of them, which was analyzed in Ref.@8#, is anE6
subgroup. The other one, studied in this paper, is a subgr
of SU(6)^ U(1)X , a new electroweak-strong unificatio
group. For this last model we will do some phenomenolo
cal calculations in order to set the different mass scales
calculate the masses for all the spin 1/2 particles in one f
ily.

This paper is organized as follows. In the next section
introduce the model as an anomaly free theory based on
local gauge groupSU(3)c^ SU(3)L ^ U(1)X and show that
it is a subgroup of an electroweak-strong unification gro
©2002 The American Physical Society13-1
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based on the gauge structureSU(6)^ U(1)X . In Sec. III we
describe the scalar sector needed to break the symmetry
to produce masses to the fermion fields in the model. In S
IV we study the gauge boson sector paying special atten
to the neutral currents present in the model and their mix
In Sec. V we analyze the fermion mass spectrum. In Sec
we use experimental results in order to constrain the mix
angle between the two neutral currents and the mass sca
the new neutral gauge boson. In the last section we sum
rize the model, do a comparison between the model in R
@8# and the present one and state our conclusions. A techn
Appendix on the diagonalization of the 434 mass matrix for
the charged leptons in the model is presented at the end

II. THE FERMION CONTENT OF THE MODEL

A. SU„3…c‹SU„3…L‹U„1…X as a one-family anomaly free
model

In what follows we assume that the electroweak gau
group isSU(3)L ^ U(1)X which containSU(2)L ^ U(1)Y as
a subgroup. We also assume that the left handed qu
~color triplets! and left-handed leptons~color singlets! trans-
form as the 3̄and 3 representations ofSU(3)L respectively.
We have anSU(3)c vectorlike as in the SM and, contrary t
most of the 331 models in the literature@5,6#, in our model
the anomalies cancel individually in each family as it is do
for the SM.

The most general expression for the electric charge g
erator inSU(3)L ^ U(1)X is a linear combination of the thre
diagonal generators of the gauge group

Q5aT3L1
2

A3
bT8L1XI3 , ~1!

where TiL5l iL /2,l iL being the Gell-Mann matrice
for SU(3)L normalized as tr(l iLl jL)52d i j , and I 3
5Dg(1,1,1) is the diagonal 333 unit matrix. Choosinga
51 gives the usual isospin of the electroweak interactionX
andb are arbitrary parameters to be fixed next.

We start by defining twoSU(3)L triplets

xL5S d

u

q
D

L

, cL5S ne

e2

l
D

L

,

whereqL and l L areSU(2)L singlet exotic quark and lepto
fields, respectively. Now, if the (SU(3)L ,U(1)X) quantum
numbers forxL andcL are (3̄,Xx) and (3,Xc), respectively,
then by using Eq.~1! we have the relationship

Xx1Xc5Qq1Ql521/3, ~2!

where Qq and Ql are the electric charges of theSU(2)L
singletsqL and l L respectively, in units of the absolute valu
of the electron electric charge.
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Now, in order to cancel the@SU(3)L#3 anomaly two more
SU(3)L lepton triplets with quantum numbers$3,Xi%,i
51,2, must be introduced~together with their correspondin
right-handed charged components!. Each one of those mul
tiplets must include oneSU(2)L doublet and one singlet o
new exotic leptons. The quarks fieldsuL

c ,dL
c and qL

c color
antitriplets andSU(3)L singlets, withU(1)X quantum num-
bersXu ,Xd andXq respectively, must also be introduced
order to cancel the@SU(3)c#

3 anomaly. Then the hyper
chargesXa with a5x,c,1,2,u,d,q, . . . are fixed using Eqs
~1!, ~2! and the anomaly constraint equations coming fro
the vertices @SU(3)C#2U(1)X , @SU(3)L#2U(1)X ,
@grav#2U(1)X and @U(1)X#3, where @grav#2U(1)X stands
for the gravitational anomaly@9#. These equations are

@SU~3!c#
2U~1!X:3Xx1Xu1Xd1Xq50,

@SU~3!L#2U~1!X:3Xx1Xc1X11X250,

@grav#2U~1!X:9Xx13Xu13Xd13Xq13Xc

13X113X21 (
singl

Xls50,

@U~1!X#3:9Xx
313Xu

313Xd
313Xq

313Xc
3

13X1
313X2

31 (
singl

Xls
3 50,

whereXls are the hypercharges of the right-handed char
lepton singlets needed in order to have a consistent fi
theory.

In order to fix the parameterb, let us use forqL an exotic
up type quarkU of electric chargeQq5QU52/3. This fixes
b51/2, which impliesQl521 and thenl L will be an exotic
electronEL

2 . Then we have

xL5S d

u

U
D

L

, cL5S ne

e2

E1
2
D

L

.

In the former analysis we have used in the symme
breaking chainSU(3)L→SU(2)L ^ U(1)Z the branching
rule 3→2(1/6)11(21/3), where the numbers in parenthes
are the newZ hypercharge values. Then, by using the elec
charge generator in Eq.~1! that we now may write asQ
5T3L1Z1X, we have thatXx51/3, Xu5XU522/3 and
Xd51/3. For those values the anomaly@SU(3)c#

2U(1)X is
automatically canceled. Using the same argument we ob
Xc522/3. Then, the anomaly constraint equations imp
X11X2521/3, (singlXls

3 13X1
313X2

3520/9 and(singlXls

53. By demanding for leptons of electric charges61 and 0
only, we must introduce, for the simplest solution, thr
equivalent singlets with hyperchargesXls51, l 51,2,3. Then
X151/3 andX2522/3.

We thus end up with the following anomaly free multipl
structure:
3-2
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xL5S d

u

U
D

L

dL
c uL

c UL
c

S3,3̄,
1

3D S 3̄,1,
1

3D S 3̄,1,2
2

3D S 3̄,1,2
2

3D

cL5S ne

e2

E1
2
D

L

c1L5SE2
1

N 1
0

ne
c
D

L

c2L5SN 2
0

E2
2

E3
2
D

L

eL
1 E1L

1 E3L
1

S1,3,2
2

3D S 1,3,
1

3D S 1,3,2
2

3D ~1,1,1! ~1,1,1! ~1,1,1!
e

ee

,
et

el

e

The numbers in parenthesis refer to the@SU(3)C ,
SU(3)L ,U(1)X# quantum numbers, respectively.

B. SU„3…C‹SU„3…L‹U„1…X as anSU„6…‹U„1…X subgroup

In a model based on a local gauge groupSU(6)
^ U(1)a , the minimal choice of chiral multiplets that ar
free of the@SU(6)#3 anomaly is 6̄% 6̄% 15 @10#. If we want
to apply this group structure to the model in Sec. II A, thr
SU(6) singlets with identical hyperchargesa1 must be in-
troduced. The anomaly constraint equations read now

@SU~6!#2U~1!a:a61a6814a1550,

@grav#2U~1!a:6a616a68115a1513a150,
05501
@U~1!a#3:6a6
316a86

3115a15
3 13a1

350,

wherea6 , a68 and a15 are theU(1)a hypercharges for the

representations 6,̄ 6̄ and 15, respectively. Sincea priori there
is no way to distinguish between the two 6¯ representations
we assume thata65a68 and so the solution to the former s
of equations isa153a1552 3

2 a6[a, wherea is a free pa-
rameter.

Using for the symmetry breaking chainSU(6)
→SU(3)c^ SU(3)L ^ U(1)b the branching rules
6̄→(3̄,1)(2b)1(1,3)(b) and 15→(3̄,1)(2b)1(1,3)
(22b)1(3,3̄)(0) @11#, we see immediately that the mod
in Sec. II A for the gauge groupSU(3)C^ SU(3)L ^ U(1)X
is a subgroup of the gauge groupSU(6)^ U(1)a as far as
we identifya5X51. The particle content of the irreducibl
representations inSU(6) are
6̄5S u1
c

u2
c

u3
c

ne

e2

E1
2

D
L

, S U1
c

U2
c

U3
c

N2
0

E2
2

E3
2

D
L

; 155S 0 d1
c 2d2

c d1 u1 U1

2d1
c 0 d3

c d2 u2 U2

d2
c 2d3

c 0 d3 u3 U3

2d1 2d2 2d3 0 ne
c E2

1

2u1 2u2 2u3 2ne
c 0 N1

0

2U1 2U2 2U3 2E2
1 2N1

0 0

D
L

;

15eL
1 , E1L

1 , E3L
1 .
3-3
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Since ourSU(6)^ U(1)X is not a subgroup ofE6, the
model introduced here is not related to the superstring
rived flippedSU(6) model@12#.

III. THE SCALAR SECTOR

Our aim is to break the symmetry following the pattern

SU~3!c^ SU~3!L ^ U~1!X→SU~3!c^ SU~2!L ^ U~1!Y

→SU~3!c^ U~1!Q

and give, at the same time, masses to the fermion field
the model. With this in mind we introduce the following tw
Higgs scalars:f1(1,3,1/3) with a vacuum expectation valu
~VEV! aligned in the direction ^f1&5(0,0,V)T and
f2(1,3,1/3) with a VEV aligned aŝf2&5(0,v/A2,0)T, with
the hierarchyV.v;250 GeV ~the electroweak breaking
scale!. The scale ofV is going to be fixed phenomenolog
cally in Sec. VI.

Note thatf1 andf2 have the same quantum numbers b
they get VEVs at different mass scales. This is necessar
order to give a large mass to the exotic quark and a real
mass to the known up quark via a mixing with the exo
quark, as we will see in Sec. V.

One more Higgs scalarf3(1,3,22/3) is needed in orde
to give a mass to the down quark field in the model but,
we will discuss in Sec. V, the most convenient VEV for th
new scalar is zero (^f3&50).

IV. THE GAUGE BOSON SECTOR

In the model there are a total of 17 gauge bosons: O
gauge fieldBm associated withU(1)X , the 8 gluon fields
associated withSU(3)c which remain massless after brea
ing the symmetry, and other 8 associated withSU(3)L
which, for b51/2 in Eq.~1!, can be written as

1

2
laAa

m5
1

A2 S D1
m W1m K1m

W2m D2
m K0m

K2m K̄0m D3
m
D ,

where D1
m5A3

m/A21A8
m/A6, D2

m52A3
m/A21A8

m/A6, and
D3

m522A8
m/A6. l i , i 51,2, . . . ,8, are theeight Gell-Mann

matrices normalized as mentioned in Sec. II A.
After breaking the symmetry witĥf1&1^f2& and using

for the covariant derivative for triplets Dm5]m

2 i (g/2)laAa
m2 ig8XBm, we get the following mass term

for the charged gauge bosons:MW6
2

5(g2/4)v2, MK6
2

5(g2/2)V2, and MK0(K̄0)
2

5(g2/2)(V21v2/2). For the three
neutral gauge bosons we get mass terms of the form

M5V2S g8Bm

3
2

gA8
m

A3
D 2

1
v2

8 S 2g8Bm

3
2gA3

m1
gA8

m

A3
D 2

.
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By diagonalizingM we get the physical neutral gauge boso
which are defined through the mixing angleu andZm , Zm8 by

Z1
m5Zmcosu1Zm8 sinu,

Z2
m52Zmsinu1Zm8 cosu,

where

tan~2u!52
v2~122SW

2 !A324SW
2

4CW
4 V22v2~122SW

4 !
. ~3!

The photon fieldAm and the fieldsZm andZm8 are given by

Am5SWA3
m1CWFTW

A3
A8

m1~12TW
2 /3!1/2BmG ,

Zm5CWA3
m2SWFTW

A3
A8

m1~12TW
2 /3!1/2BmG ,

Z8m52~12TW
2 /3!1/2A8

m1
TW

A3
Bm. ~4!

SW5A3g8/A3g214g82 and CW are the sine and cosine o
the electroweak mixing angle respectively andTW
5SW /CW . We can also identify theY hypercharge associ
ated with the SM gauge boson as

Ym5FTW

A3
A8

m1~12TW
2 /3!1/2BmG . ~5!

A. Charged currents

The Hamiltonian for the charged currents can be writ
as

HCC5
g

A2
@Wm

1~2ūLgmdL1 n̄eLg
meL

21N̄2L
0 gmE2L

2

1Ē2L
1 gmN1L

0 !1Km
1~2ŪLgmdL1 n̄eLg

mE1L
2

1N̄2L
0 gmE3L

2 1Ē2L
1 gmneL

c !1Km
0 ~2ŪLgmuL

1N̄1L
0 gmneL

c 1Ē2L
2 gmE3L

2 1ēL
2gmE1L

2 !#1H.c.,

~6!

which implies that the interactions with theK6 andK0(K̄0)
bosons violate the lepton number and the weak isospin.
tice also that the first two terms in the previous express
constitute the charged weak current of the SM as far as
identify W6 as the SU(2)L charged left-handed wea
bosons.
3-4
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B. Neutral currents

The neutral currentsJm(EM), Jm(Z) and Jm(Z8)
associated with the Hamiltonian H05eAmJm(EM)
1(g/CW)ZmJm(Z)1(g8/A3)Z8mJm(Z8) are

Jm~EM!5
2

3
ūgmu2

1

3
d̄gmd1

2

3
ŪgmU2ē2gme2

2Ē1
2gmE1

22Ē2
2gmE2

22Ē3
2gmE3

2

5(
f

qf f̄ gm f ,

Jm~Z!5Jm,L~Z!2SW
2 Jm~EM!,

Jm~Z8!5TWJm~EM!2Jm,L~Z8!, ~7!

where e5gSW5g8CWA12TW
2 /3.0 is the electric charge

qf is the electric charge of the fermionf in units of e,
Jm(EM) is the electromagnetic current, and the left-hand
currents are

Jm,L~Z!5
1

2
~ ūLgmuL2d̄LgmdL1 n̄eLgmneL2ēL

2gmeL
2

1N̄2
0gmN2

02Ē2
2gmE2

2!

5(
f

T3 f f̄ Lgm f L ,

Jm,L~Z8!5S2W
21~2d̄LgmdL1 n̄eLgmneL1Ē2L

1 gmE2L
1

1N̄2L
0 gmN2L

0 !1T2W
21~2ūLgmuL1ēL

2gmeL
2

1N̄1L
0 gmN1L

0 1Ē2L
2 gmE2L

2 !2TW
21~2ŪLgmUL

1Ē1L
2 gmE1L

2 1 n̄eL
c gmneL

c 1Ē3L
2 gmE3L

2 !

5(
f

T9 f f̄ Lgm f L , ~8!

where S2W52SWCW , T2W5S2W /C2W , C2W

5CW
2 2SW

2 , N̄2
0gmN2

05N̄2L
0 gmN2L

0 1N̄2R
0 gmN2R

0 5N̄2L
0 gmN2L

0

2N̄2L
0cgmN2L

0c5N̄2L
0 gmN2L

0 2N̄1L
0 gmN1L

0 , and similarly

Ē2gmE25Ē2L
2 gmE2L

2 2Ē2L
1 gmE2L

1 . In this way T3 f

5Dg(1/2,21/2,0) is the third component of the weak iso
pin and T9 f5Dg(S2W

21 ,T2W
21 ,2TW

21) is a convenient 333
diagonal matrix, acting both of them on the representatio
of SU(3)L . Notice thatJm(Z) is just the generalization o
the neutral current present in the SM. This allows us to id
tify Zm as the neutral gauge boson of the SM, which is c
sistent with Eqs.~4! and ~5!.

The couplings of the mass eigenstatesZ1
m and Z2

m are
given by
05501
d

3

-
-

HNC5
g

2CW
(
i 51

2

Zi
m(

f
$ f̄ gm@aiL~ f !~12g5!

1aiR~ f !~11g5!# f %

5
g

2CW
(
i 51

2

Zi
m(

f
$ f̄ gm@g~ f ! iV2g~ f ! iAg5# f %,

where

a1L~ f !5cosu~T3 f2qfSW
2 !2

g8sinuCW

gA3
~T9 f2qfTW!,

a1R~ f !52qfSWS cosuSW2
g8sinu

gA3
D ,

a2L~ f !52sinu~T3 f2qfSW
2 !2

g8cosuCW

gA3
~T9 f2qfTW!,

a2R~ f !5qfSWS sinuSW1
g8cosu

gA3
D ~9!

and

g~ f !1V5cosu~T3 f22SW
2 qf !2

g8sinu

gA3
~T9 fCW22qfSW!,

g~ f !2V52sinu~T3 f22SW
2 qf !2

g8cosu

gA3
~T9 fCW

22qfSW!,

g~ f !1A5cosuT3 f2
g8sinu

gA3
T9 fCW ,

g~ f !2A52sinuT3 f2
g8cosu

gA3
T9 fCW . ~10!

The values ofgiV , giA with i 51,2 are listed in Tables I and
II. As we can see, in the limitu50 the couplings ofZ1

m to
the ordinary leptons and quarks are the same as in the
due to this we can test the new physics beyond the SM
dicted by this particular model.

V. FERMION MASSES

The Higgs scalars introduced in Sec. III not only bre
the symmetry in an appropriate way, but produce the follo
ing mass terms for the fermions of the model.

A. Masses for the up quark sector

For the quark sector we can write the following Yukaw
terms:
3-5
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TABLE I. The Z1
m→ f̄ f couplings.

f g( f )1V g( f )1A

d S2 1

2
1

2SW
2

3 D@cosu2sinu/~4C W
2 21!1/2# 2

1
2
„cosu2sinu/@2(4C w

221)1/2#…

u
cosuS122

4SW
2

3 D1 sinu

~4C W
2 21!1/2S 1

2
1

SW
2

3 D 1

2
cosu1sinu ~1/22SW

2 !/~4C W
2 21!1/2

U
2

4SW
2 cosu

3
2sinuS12

7

3
SW

2 D/~4C W
2 21!1/2

2CW
2 sinu/(4CW

2 21)1/2

e2

cosuS2 1

2
12SW

2 D2 sinu

~4C W
2 21!1/2 S 1

2
1SW

2 D 2
cosu

2
2

sinu

~4C W
2 21!1/2 S 1

2
2SW

2 D
E1

2 ,E3
2

2cosuSW
2 1

sinu

(4CW
2 21)1/2

(123SW
2 ) CW

2 sinu/(4C W
2 21)1/2

E2
2

cosu (2112SW
2 )2

SW
2 sinu

(4C W
2 21)1/2

2C W
2 sinu/(4C W

2 21)1/2

ne ,N2
0 1

2
@cosu2sinu/(4C W

2 21)1/2#
1
2

@cosu2sinu/(4C W
2 21)1/2#

ne
c C W

2 sinu/(4C W
2 21)1/2 C W

2 sinu/(4C W
2 21)1/2

N1
0

2
1
2

cosu2
sinu

(4CW
2 21)1/2

(1/22SW
2 ) 2

1
2

cosu2
sinu

(4C W
2 21)1/2

(1/22SW
2 )
r

w
lu

n
t

e.

a

re
L Y
Q5xL

TC~huf2uL
c1hUf1UL

c1huUf2UL
c1hUuf1uL

c !

1H.c., ~11!

wherehh , h5u,U,uU,Uu, are Yukawa couplings of orde
one andC is the charge conjugate operator. From Eq.~11! we
get for the up quark sector a mass matrix in the basis (u,U)L
of the form

MuU5S huv/A2 huUv/A2

hUuV hUV
D . ~12!

For the particular casehu5huU5hUu5hU[h, the mass ei-
genvalues of the previous matrix aremu50 andmU5h(V
1v/A2). Since there is not a physical reason for the Yuka
couplings to be equal, let us calculate the mass eigenva
as a function ofuMuUu[(huhU2huUhUu) the determinant of
the Yukawa couplings, and in the expansionv/V. The alge-
bra shows thatmU.hUV1huv/A22uMuUuv2/A2VhU and
mu.vuMuUu(11huUhUuv/A2VhU

3 )/A2hU , so a large mass
is generated for the exotic up quark and for the other o
associated with the ordinary up quark, a mass lowered by
determinantuMuUu which we expect to be smaller than on

B. Lepton masses

For the lepton sector we have the following Yukaw
terms:
05501
a
es

e,
he

L Y
l 5eabc@cL

aC~h1c1L
b f1

c1h2c1L
b f2

c!1c1L
a C~h3c2L

b f1
c

1h4c2L
b f2

c!#1cL
TCf1* ~h5eL

11h6E1L
1 1h7E3L

1 !

1c2L
T Cf1* ~h8eL

11h9E1L
1 1h10E3L

1 !1cL
TCf2* ~h11eL

1

1h12E1L
1 1h13E3L

1 !1c2L
T Cf2* ~h14eL

11h15E1L
1

1h16E3L
1 !1H.c., ~13!

wherea,b,c areSU(3)L tensor indices and the Yukawas a
again of order one.

1. Masses for the neutral leptons

For the neutral leptons Eq.~13! produce, in the basis
(ne ,ne

c ,N1 ,N2), the mass matrix

MN5S 0 2h2v/A2 h1V 0

2h2v/A2 0 0 h4v/A2

h1V 0 0 2h3V

0 h4v/A2 2h3V 0

D .

~14!

The eigenvalues for this matrix are

m156A1

2
~A1AA224D2!,

m256A1

2
~A2AA224D2!,
3-6
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where A5V2(h1
21h3

2)1(v2/2)(h2
21h4

2) and D2

5V2v2(h1h42h2h3)/2. These values imply for this mode
that there are two Dirac neutrinos for each fami
For the particular case D50 we find m15

6VA(h1
21h3

2)1(v2/2V2)(h2
21h4

2) and m250, which
means a massless Dirac neutrino and, in the limitV@v, a
very massive one. In the caseDÞ0 anduDu!uAu, an expan-
sion of mi ,i 51,2, in powers ofD2/A2 gives m156AA(1
2D2/2A21•••)'6VAh1

21h3
2 and m256D/AA(1

1D2/2A21•••)'6v(h1h42h2h3)/A2(h1
21h3

2) ~in the
limit V@v), which means that the mass of the light neutri
is suppressed with respect to the scalev by the small value
of h1h42h2h3;D. Notice thatD50 if we impose in our
model the symmetryf1↔6f2 which impliesh156h2 and
h356h4.

2. Masses for the charged leptons

For the charged leptons Eq.~13! produces, in the basi
(e,E1 ,E2 ,E3), the mass matrix

MeE5S h11v/A2 h12v/A2 2h1V h13v/A2

h5V h6V h2v/A2 h7V

h14v/A2 h15v/A2 2h3V h16v/A2

h8V h9V h4v/A2 h10V

D ,

~15!

and we must find the eigenvalues for the matrixMeEMeE
T

[M2(v,V).
Let us first consider the particular caseM2(v50,V) ~see

the Appendix!. In this case we have first that detM2(v
05501
.

50,V)50, so, there is a zero mass eigenstate that we m
identify as the electron~for the first family for example!.
Second,M2 has three eigenvalues different from zero and
the orderV2, which means that at the first stage of the sy
metry breaking chain

SU~3!c^ SU~3!L ^ U~1!X →
^f1&

SU~3!c^ SU~2!L ^ U~1!Y ,

the three exotic charged leptons get heavy masses of o
V@v;250 GeV~the electroweak breaking mass scale!.

Now, for vÞ0 and by taking profit ofv/V!1, we can
diagonalizeM2(v,V) using matrix perturbation theory up t
first order in the perturbation@13#. In the Appendix we show
that, at this order, three eigenvalues ofM2 are of the order
V2 and the eigenvalue corresponding to the mass of the li
est charged lepton is given by

me
2.

h1
2H21h3

2J222h1h3K2

2~h1
21h3

2!
v2,

where H25h14
2 1h15

2 1h16
2 , J25h11

2 1h12
2 1h13

2 and K2

5h11h141h12h151h13h16. Notice that with Yukawa cou-
plings of the order oneH2'J2'K2, andme is suppressed
with respect to the scalev by a small difference of Yukawa
couplings, namelyh12h3. It is worth noticing that the value
of me is independent of the symmetryf1↔6f2 which
makes zero the mass of the light neutrino.
TABLE II. The Z2
m→ f̄ f couplings.

g( f )2V g( f )2A

d S122
2SW

2

3 D@ sinu1cosu/~4C W
2 21!1/2#

1
2
„sinu1cosu/@2(4C w

221)1/2#…

u
2sinu S122

4SW
2

3 D1 cosu

~4C W
2 21!1/2S 1

2
1

SW
2

3 D 2
1
2

sinu1cosu(1/22SW
2 )/(4C W

2 21)1/2

U 4SW
2 sinu

3
2cosuS12

7

3
SW

2 D/~4CW
2 21!1/2

2C W
2 cosu/(4C W

2 21)1/2

e2

sinu S2 1

2
12SW

2 D2 cosu

~4C W
2 21!1/2 S 1

2
1SW

2 D sinu

2
2

cosu

~4CW
2 21!1/2 S 1

2
2SW

2 D
E1

2 ,E3
2

22sinuSW
2 1

cosu

(4C W
2 21)1/2

(123SW
2 ) CW

2 cosu/(4C W
2 21)1/2

E2
2

2sinu (2112SW
2 )2

SW
2 cosu

(4C W
2 21)1/2

2CW
2 cosu/(4C W

2 21)1/2

ne ,N2
0

2
1
2

@sinu1cosu/(4C W
2 21)1/2# 2

1
2

@sinu1cosu/(4C W
2 21)1/2#

ne
c C W

2 cosu/(4C W
2 21)1/2 CW

2 cosu/(4C W
2 21)1/2

N1
0 1

2
sinu2

cosu

(4C W
2 21)1/2

(1/22SW
2 )

1
2

sinu2
cosu

(4C W
2 21)1/2

(1/22SW
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C. Mass for the down quark

The down quark does not get a mass at zero level. Th
are two alternatives if we want to produce a mass for t
field: ~1! introducing a third Higgs scalarf3(1,3,22/3) with
a VEV ^f3&5(v8/A2,0,0)T, wherev8;v, will immediately
produce a tree level mass termmd5hdv8/A2; ~2! introduc-
ing the same Higgs scalarf3(1,3,22/3) but without a VEV
(^f3&50 as mentioned in Sec. III! produces a one-loop ra
diative mass for the down quarkd. Figure 1 shows one of the
diagrams contributing to this mass. A similar diagram is o
tained by simultaneously replacingf1

1 by f2
1 andf2

0 by f1
0

in Fig. 1.
In both casesf3 does not introduce new mass terms f

the leptons in the model. From the two alternatives discus
above, we prefer the second one since it is the only
generating a natural small mass value for the down quard.
For the first alternative we must explain either whyv8!v or
why hd , the Yukawa coupling for the down quark, is muc
less than one.

VI. CONSTRAINS ON THE „ZµÀZ8µ
… MIXING ANGLE

AND THE Z2
µ MASS

To get bounds on sinu and MZ2
we use experimenta

parameters measured at theZ pole from CERNe1e2 col-
lider ~LEP!, SLAC Linear Collider ~SLC! and data from
atomic parity violation as given in Table III@14,15#. The
expression for the partial decay width forZ1

m in two fermions
is

G~Z1
m→ f f̄ !5

NCGFMZ1

3

6pA2
rF3b2b3

2
@g~ f !1V#2

1b3@g~ f !1A#2G~11d f !RQCD1QED , ~16!

where f is an ordinary SM fermion withmf<MZ1
/2, Z1

m is

the physical gauge boson observed at LEP,NC53(1) is the
number of colors of quarks~leptons!, RQCD1QED are the

QCD and QED corrections andb5A124mb
2/MZ1

2 is a ki-

nematic factor. The factord f contains the one loop verte
contributions and it is zero for all fermions except f
the bottom quark for which it can be written asdb

FIG. 1. A One-loop diagram contributing to the radiative ge
eration of the down quark mass.
05501
re
s

-

ed
e

'1022
„2mt

2/(2MZ1

2 )11/5… @16#. The r parameter has two

contributions, one of them is the oblique correction given
dr'3GFmt

2/(8p2A2) and the other one is the tree lev
contribution due to the (Zm2Zm8 ) mixing and can be param
etrized asdrV'(MZ2

2 /MZ1

2 21)sin2u. Finally, g( f )1V and

g( f )1A are the coupling constants of theZ1
m field with ordi-

nary fermions and they are listed in Table I. In the followin
we will use @15# mt5174.3 GeV, as(mZ)50.1192,
a(mZ)215127.938, andSW

2 50.2333.
The effective weak charge in atomic parity violation,QW ,

can be expressed as a function of the number of protons~Z!
and the number of neutrons~N! in the atomic nucleus in the
form

QW522@~2Z1N!c1u1~Z12N!c1d#, ~17!

wherec1q52g(e)1Ag(q)1V . The theoretical value forQW is
given by @17#

QW~55
133Cs!5273.0960.041DQW . ~18!

DQW , which includes the contributions of new physics, c
be written as@18#

DQW5F S 114
SW

2

122SW
2 D 2ZGdrV1DQW8 . ~19!

The termDQW8 is model dependent and it can be obtained
our model by usingg(e)1A and g(q)1V from Table I. The
value we obtain is

DQW8 5~8.49Z15.59N!sinu2~3.10Z12.62N!
MZ1

2

MZ2

2
.

~20!

-

TABLE III. Experimental data and SM values for the param
eters.

Experimental results SM

GZ (GeV) 2.495260.0023 2.496360.0016
G(had) (GeV) 1.744460.0020 1.742760.0015
G( l 1l 2) (MeV) 83.98460.086 84.01860.028
Re 20.80460.050 20.74360.018
AFB(e) 0.014560.0025 0.016560.0003
Rb 0.2165360.00069 0.2157260.00015
Rc 0.170960.0034 0.172360.0001
AFB(b) 0.099060.0020 0.103960.0009
AFB(c) 0.068960.0035 0.074360.0007
AFB(s) 0.097660.0114 0.104060.0009
Ab 0.92260.023 0.934860.0001
Ac 0.63160.026 0.668360.0005
As 0.8260.13 0.935760.0001
Ae(Pt) 0.149860.0048 0.148360.0012
QW(Cs) 272.0660.2860.34 273.0960.04
3-8
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The discrepancy between the SM and the experime
data forDQW is given by@19#

DQW5QW
exp2QW

SM

51.0360.44. ~21!

Introducing the expressions forZ pole observables in Eq
~16!, with DQW in terms of new physics in Eq.~19! and
using experimental data from LEP, SLC and atomic pa
violation ~see Table III!, we do ax2 fit and we find the bes
allowed region for sinu vs MZ2

at 95% C.L. In Fig. 2 we

display the allowed region for sinu vs MZ2
at 95% confi-

dence level. The result is

20.00015<sinu<0,

1.5 TeV<MZ2
, ~22!

which shows that the mass of the new neutral gauge boso
compatible with the bound obtained inpp̄ collisions at the
Fermilab Tevatron@20#. The negative value foru obtained
from phenomenology is consistent with the negative va
on the front of Eq.~3!, which by the way implies 60 TeV
<V,`, where thè upper limit is clearly seen from Fig. 2
(sinu→0 whenMZ2

→`).

VII. CONCLUDING REMARKS

We have presented an anomaly-free model based on
local gauge groupSU(3)c^ SU(3)L ^ U(1)X which is a sub-
group of an electroweak-strong unification groupSU(6)
^ U(1)X , does not studied in the literature so far. We bre
the gauge symmetry down toSU(3)c^ U(1)Q and at the
same time give masses to the fermion fields in the mode

FIG. 2. Contour plot displaying the allowed region for sinu vs
MZ2

at 95% C.L.
05501
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a consistent way by using three different Higgs scalarsf i ,
i 51,2,3 with^f3&50 and^f i&Þ0, i 51,2 as stated in Sec
III. This Higgs fields and their VEVs set two different mas
scales:v;250 GeV!V, whereV>60 TeV. By using ex-
perimental results from LEP, SLC and atomic parity viol
tion we bound the mixing angle and the mass of t
additional neutral current to be20.00015<sinu,0 and
1.5 TeV<MZ2

at 95% C.L.

The mass spectrum of the fermion fields in the mo
arises as a consequence of the mixing between ordinary
mions and their exotic counterparts without the need of d
ferent scale Yukawa couplings. Conspicuously, the four n
tral leptons in the model split as two Dirac neutrinos o
heavy and the other one light.

Notice that all the new states are vector-like with resp
to the SM quantum numbers. They consist of an isosing
quarkU of electric charge 2/3, a lepton isodoublet (E2

1 ,N1
0)L

T

with (N1L
0c5N2L

0 in the weak basis!, and two charged lepton
isosingletsE1L

1 andE3L
1 . In addition, a right-handed neutrin

field is naturally included in the weak basis.
The model in Ref.@8# is also a one family model like the

one presented here and uses the same value for theb param-
eter in the electric charge generatorQ; so, the gauge boson
content of both models is the same. Now, for the mode
Ref. @8# there are 27 Weyl fields which are the same fie
present in the fundamental representation of the electrow
strong unification groupE6 @21#; in our model there are 30
Weyl fields which can be accommodated in the represe
tions of a new electroweak-strong unification groupSU(6)
^ U(1)X which is not a subgroup ofE6, so the fermion con-
tent of the two models is different.

The low energy predictions of the two models are a
different. Even though the low energy charged sector of b
models looks alike, it is not so for the neutral sector. T
model in Ref.@8# allows for a second neutral current asso
ated with a mass as low as 600 GeV and predicts for e
family the existence of a tiny mass Majorana neutrino an
Dirac neutrino with a mass of the order of the electrowe
mass scale. For the model in this paper there is only a sm
mass Dirac neutrino in each family and the mass scale of
second neutral current is of the order of a few TeV. Also t
scalar sector of the two models is quite different.

Finally we like to emphasize the way how the fermio
masses in one family are generated in the model presente
this paper: First, all the exotic fermions get very lar
masses, while the lightest charged lepton acquires a ma
tree level of the order of (h12h3)v ~in the limit V@v),
suppressed as a consequence of the mixing with ex
charged leptons. The up quark gets a mass at tree level
pressed also as a consequence of a mixing with a he
exotic up type quark. The down quark gets its mass a
one-loop radiative correction. Finally there is a Dirac ne
trino in each family with a mass suppressed by difference
products of Yukawa couplings. This unfamiliar way to ge
erate masses might lead to explanations for the major tre
in the masses of the fermions within one family~the first
family for example!.
3-9
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APPENDIX

In this appendix we diagonalize perturbatively the ma
matrix MeE for the charged leptons which appears in S
V B 2. This matrix can be written as

MeE5VS h11q h12q 2h1 h13q

h5 h6 h2q h7

h14q h15q 2h3 h16q

h8 h9 h4q h10

D ,

whereq5v/(A2V)!1.
The matrixM2(v,V)5MeEMeE

T can be separated asM2

5V2@M0
21M2(q)#, whereV2M0

25M2(v50,V) and

M0
25S h1

2 0 h1h3 0

0 A2 0 B2

h1h3 0 h3
2 0

0 B2 0 C2

D ,

M2~q!5S J2q2 D2q K2q2 E2q

D2q h2
2q2 F2q h2h4q2

K2q2 F2q H2q2 G2q

E2q h2h4q2 G2q h4
2q2

D .

In M0
2 andM2(q) the parameters are related to the Yuk

was in the following way:

A25h5
21h6

21h7
2 ,

B25h5h81h6h91h7h10,

C25h8
21h9

21h10
2 ,
um

hy

n,
e,

05501
s
.

-

D252h1h21h5h111h6h121h7h13,

E252h1h41h8h111h9h121h10h13,

F252h2h31h5h141h6h151h7h16,

G252h3h41h8h141h9h151h10h16,

H25h14
2 1h15

2 1h16
2 ,

J25h11
2 1h12

2 1h13
2 ,

K25h11h141h12h151h13h16.

The eigenvalues of the matrixV2M0
2 are

m01
2 50,

m02
2 5~h1

21h3
2!V2,

m03
2 5~A21C22AA414B41C422A2C2!V2/2,

m04
2 5~A21C21AA414B41C422A2C2!V2/2.

We now rotateM2(q) using the matrix of eigenvectors o
M0

2. After the algebra is done we get, at first order in t
expansionv2/V2, the following four eigenvalues:

m1
25†~h1

2H21h3
2J222h1h3K2!/@2~h1

21h3
2!#‡v2,

m2
25m02

2 1O~v2!,

m3
25m03

2 1O~v2!,

m4
25m04

2 1O~v2!,

where m1 corresponds to the mass of the lightest charg
lepton andO(v2) stands for corrections of orderv2 to the
squared masses of the exotic charged leptons.
-
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