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An extension of the standard model to the local gauge groupSU(3)c^ SU(3)L ^ U(1)X which is a subgroup
of the electroweak-strong unification groupE6 is analyzed. The mass scales, the gauge boson masses, and the
masses for the spin-1/2 particles in the model are calculated. 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
explained as a consequence of mixing of the ordinary with exotic fermions implied by the model. By using
experimental results we constrain the mixing angle between the two neutral currents and the mass of the
additional neutral gauge boson to be20.0015<sinu<0.0048 andMZ2

>600 GeV at 95% C.L. The existence
of a Dirac neutrino for each family with a mass of the order of the electroweak mass scale is predicted.
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I. INTRODUCTION

The standard model~SM! local gauge groupGSM

[SU(3)c^ SU(2)L ^ U(1)Y , with the SU(2)L ^ U(1)Y

sector hidden@1# and SU(3)c confined@2#, is in excellent
agreement with all present experiments. However, the
cannot explain some issues such as hierarchical masse
mixing angles, charge quantization,CP violation, etc., and
many physicists believe that it does not represent the fi
theory, but serves as an effective theory, originating from
more fundamental one. So, extensions of the SM are alw
worthy to be considered.

So far there are not yet any theoretical or 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 intro
duced several times in the literature: first as a family in
pendent theory as in the SM@3#, and next as a family struc
ture @4# that points to a natural explanation of the to
number of families in nature. Several of the models stud
in the literature are inconsistent in the sense that they
anomalous, vectorlike, or include more than three fami
with light neutral particles. Others include spin-1/2 partic
with exotic electric charges@4#, etc. In this paper we studie
SU(3)L ^ U(1)X as anE6 subgroup@6# and we do some
phenomenological calculations in order to set the differ
mass scales in the model and calculate the masses for a
spin-1/2 particles in one family. In our analysis several s
saw mechanisms are implemented.

The paper is organized in the following way. In Sec. II w
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 the electroweak-strong unification gro
E6. In Sec. III we describe the scalar sector needed to br
the symmetry and to produce masses to all the fermion fi
0556-2821/2001/64~7!/075013~9!/$20.00 64 0750
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in the model. In Sec. IV we analyze the gauge boson se
paying special attention to the two neutral currents presen
the model and their mixing. In Sec. V we analyze the f
mion mass spectrum. In Sec. VI we use experimental res
in order to constrain the mixing angle between the two n
tral currents and the mass scale of the new neutral ga
boson, and in Sec. VIII we present our conclusions. A te
nical Appendix with details of the diagonalization of the
35 mass matrix for the spin-1/2 neutral leptons in the mo
is presented at the end.

II. THE FERMION CONTENT OF THE MODEL

First let us see what the fermion content of the model

A. SU„3…c‹SU„3…L‹U„1…X as an anomaly free model

In what follows we assume that the electroweak gau
group is SU(3)L ^ U(1)X.SU(2)L ^ U(1)Y , that the left-
handed quarks~color triplets! and left-handed leptons~color
singlets! transform as the 3 and 3¯ representations o
SU(3)L , respectively, thatSU(3)c is vectorlike as in the SM
and, contrary to the models in Ref.@4#, that the several
anomalies are canceled individually in each family. So,
start with

QL5S u

d

D
D

L

, cL5S e2

ne

N1
0
D

L

,

where DL is an SU(2)L singlet exotic quark of electric
charge21/3 andN1L

0 is also anSU(2)L singlet exotic lepton
of zero electric charge.

If the $SU(3)c , SU(3)L , U(1)X% quantum numbers are

$3,3,XQ% for QL , and $1,3̄,XL% for cL , two more lepton
©2001 The American Physical Society13-1
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multiplets with quantum numbers$1,3̄,Xi%, i 51,2 must be
introduced in order to cancel the@SU(3)L#3 anomaly; each
one of those multiplets must include oneSU(2)L doublet
and one singlet of exotic leptons. The quarks fieldsuL

c , dL
c

and DL
c color antitriplets andSU(3)L singlets must also be

introduced in order to cancel the@SU(3)c#
3 anomaly. Then

the hypercharges (XQ , XL , X1 , X2, etc.! must be chosen in
order to cancel the anomalie
@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 gravitation
anomaly@5#.

We use for the symmetry-breaking chainSU(3)L
→SU(2)L ^ U(1)Z the branching rule 3→2(1/6)11
(21/3), where the numbers in parentheses are theZ hyper-
charge value@which in turn implies 3̄→2(21/6)11(1/3)#.
Then, by using for the electric charge generatorQ5T3L
1Z1X, whereT3L561/2 is theSU(2)L third isospin com-
ponent, we have thatXQ50, Xu522/3 andXD5Xd51/3.
For those values the anomaly@SU(3)c#

2U(1)X is automati-
cally canceled.

By the same tokenXL521/3. Then the@SU(3)L#2U(1)X
anomaly cancellation condition readsX11X251/3 and the
@U(1)X#3 anomaly cancellation condition readsX1

31X2
3

57/27. The solution to this pair of equations isX1521/3
andX252/3 ~or vice versa because the two equations are
symmetric!.

We end up with the following anomaly free multiple
structure for this model:

B. SU„3…L‹SU„3…c‹U„1…X as anE6 subgroup

Models constructed withE6 as the grand unyield theor
~GUT! group @6# utilize the complex 27-dimensional repre
sentation for the left-handed fermions in one family. T
models can be divided into two classes, depending
whether they emphasize theSO(10) or the SU(3)L
^ SU(3)c^ SU(3)R subgroups. For models in the seco
category the fundamental representation ofE6 has the fol-
lowing branching rule under@SU(3)#3[SU(3)L ^ SU(3)c
^ SU(3)R :

27→~3,3,1! % ~ 3̄,1,3! % ~1,3̄,3̄!
07501
,2

n

where the particle content of each term is

~3,3,1!5~u,d,D !L ; ~ 3̄,1,3!

5S N0 E2 e2

E1 N0c ne

e1 ne
c M0

D
L

, ~1,3̄,3̄!5~uc,dc,Dc!L .

When SU(3)R breaks intoU(1)a^ U(1)b we have the
branching rule 3→(a)(b)1(2a)(b)1(0)(22b), which
shows that by takingb51/3 we can identify U(1)b

5U(1)X and it implies that (3̄,1,3)5cL % fL % xL . This al-
lows us to identifyN3L

0 5neL
c as the right-handed neutrin

field ~in the weak basis! andN4L
0 5N2L

0c , as far as we stay in
the breaking chain

@SU~3!#3→SU~3!L ^ SU~3!c^ SU~2!R^ U~1!8

→SU~3!L ^ SU~3!c^ U~1!X .

Let us mention that the lower-dimensionalE6 irreducible
representations~irreps! are 1, 27, and 78, where irreps 1 an
78 are real representations and irrep 27 is complex and c
@6#. In the electroweak-strong unification group based onE6
the fermion fields are placed in irrep 27 and the gauge fie
in irrep 78.

III. THE SCALAR SECTOR

Our aim is to break the symmetry in the way,

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 at the same time give masses to the fermion fields in
model. With this in mind let us introduce the following set
Higgs scalars:f15(1,3̄,21/3) with a vacuum expectation
value ~VEV! ^f1&

T5(0,0,V); f2(1,3̄,21/3) with a VEV

^f2&
T5(0,v/A2,0), and f3(1,3̄,2/3) with a VEV ^f3&

T

5(v8/A2,0,0), with the hierarchyV.v;v8;250 GeV, the
electroweak breaking scale. The scale ofV could be fixed
phenomenologically. At first glance it looks like only tw
Higgs triplets are necessary for the symmetry breaking,
as can be seen, they are not enough to reproduce a rea
fermion mass spectrum in the model.

IV. THE GAUGE BOSON SECTOR

There are a total of 17 gauge bosons in our model. O
gauge fieldBm associated withU(1)X , the eight gluon fields
associated withSU(3)c which remain massless, and anoth
eight associated withSU(3)L and that we write for conve-
nience in the following way:
3-2
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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 Tr(l il j )52d i j , which allows us to
write the charge operator as

Q5
l3

2
1

l8

2A3
1XI3 ,

whereI 3 is the 333 unit matrix.
After breaking the symmetry witĥf i&, i 51,2,3, and us-

ing for the covariant derivative for tripletsDm5]m
f

-

ep

07501
2i(g/2)laAa
m2 ig8XBm, we get the following mass terms fo

the charged gauge bosons of the electroweak sector:MW6
2

5(g2/4)(v21v82), MK6
2

5(g2/4)(2V21v82), MK0(K̄0)
2

5(g2/4)(2V21v2). For the three neutral gauge bosons w
get a mass term 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

1
v82

8 S gA3
m2

4g8Bm

3
1

gA8
m

A3
D 2

.

By diagonalizingM we get the physical neutral gaug
bosons that are defined through the mixing angleu and
Zm , Zm8 by
Z1
m5Zm cosu1Zm8 sinu,

Z2
m52Zm sinu1Zm8 cosu,

tan~2u!5
2A12CW~12TW

2 /3!1/2@v82~11TW
2 !2v2~12TW

2 !#

3~12TW
2 /3!~v21v82!2CW

2 @8V21v2~12TW
2 !21v82~11TW

2 !2#
,

No-
ion
we

k

where the photon fieldsAm, Zm , andZm8 are given by

Am5SWA3
m1CWFTW

A3
A8

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

Zm5CWA3
m2SWFTW

A3
A8

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

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

m1
TW

A3
Bm, ~3!

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

Ym5FTW

A3
A8

m1~12TW
2 /3!1/2BmG . ~4!

In the limit sinu→0, MZ5MW6 /CW , this limit is obtained
either by demandingV→` or v825v2(CW

2 2SW
2 )[v2C2W .

A. Charged currents

The interactions among the charged vector fields with l
tons are
-

HCC5
g

A2
@Wm

1~ ūLgmdL2 n̄eLg
meL

22N̄2L
0 gmEL

2

2ĒL
1gmN4L

0 !1Km
1~ ūLgmDL2N̄1L

0 gmeL
22N̄3L

0 gmEL
2

2ēL
1gmN4L

0 !1Km
0 ~ d̄LgmDL2N̄1L

0 gmneL2N̄3L
0 gmN2L

0

2ēL
1gmEL

1!#1H.c., ~5!

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.

B. Neutral currents

The neutral currentsJm(EM), Jm(Z), andJm(Z8) associ-
ated with the Hamiltonian H05eAmJm(EM)
1(g/CW)ZmJm(Z)1(g8/A3)Z8mJm(Z8) are

Jm~EM!5
2

3
ūgmu2

1

3
d̄gmd2

1

3
D̄gmD2ē2gme2

2Ē2gmE2

5(
f

qf f̄ gm f ,
3-3
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Jm~Z!5Jm,L~Z!2SW
2 Jm~EM!, ~6!

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

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~vectorlike as it
should be!, and the left-handed currents are

Jm,L~Z!5
1

2
~ ūLgmuL2d̄LgmdL1 n̄eLgmneL2ēL

2gmeL
2

1N̄2
0gmN2

02Ē2gmE2!

5(
f

T3 f f̄ Lgm f L ,

Jm,L~Z8!5S2W
21~ ūLgmu2ēL

2gmeL
22ĒL

2gmEL
2

2N̄4L
0 gmN4L

0 !1T2W
21~ d̄LgmdL2ĒL

1gmEL
1

2 n̄eLgmneL2N̄2L
0 gmN2L

0 !2TW
21~D̄LgmDL

2ēL
1gmeL

12N̄1L
0 gmN1L

0 2N̄3L
0 gmN3L

0 !

5(
f

T9 f f̄ Lgm f L , ~7!

where S2W52SWCW , T2W5S2W /C2W , N̄2
0gmN2

0

5N̄2L
0 gmN2L

0 1N̄2R
0 gmN2R

0 5N̄2L
0 gmN2L

0 2N̄2L
0cgmN2L

0c

5N̄2L
0 gmN2L

0 2N̄4L
0 gmN4L

0 , and similarly ĒgmE5ĒL
2gmEL

2

2ĒL
1gmEL

1 . In this wayT3 f5Dg(1/2,21/2,0) is the third
component of the weak isospin acting on the representati
of SU(3)L ~the negative when acting on 3)̄, and T9 f

5Dg(S2W
21 ,T2W

21 ,2TW
21) is a convenient 333 diagonal ma-

trix acting on the representation 3 ofSU(3)L ~the negative
when acting on 3̄). Notice thatJm(Z) is just the generaliza
tion of the neutral current present in the SM, which allows
to identify Zm as the neutral gauge boson of the SM, which
consistent with Eqs.~1!, ~2!, and~4!.

The couplings of the physical statesZ1
m and Z2

m are then
given by

HNC5
g

2CW
(
i 51

2

Zi
m(

f
$ f̄ gm@aiL~ f !~12g5!1aiR~ f !

3~11g5!# f %

5
g

2CW
(
i 51

2

Zi
m(

f
$ f̄ gm@g~ f ! iV2g~ f ! iAg5# f %, ~8!

where

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

g8 sinuCW

gA3
~T9 f2qfTW!,
07501
3

s
s

a1R~ f !52qfSWS cosuSW2
g8 sinu

gA3
D ,

~9!

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

g8 cosuCW

gA3
~T9 f2qfTW!,

a2R~ f !51qfSWS sinuSW1
g8 cosu

gA3
D

and

g~ f ! iV5a~ f ! iL1a~ f ! iR ,

g~ f ! iA5a~ f ! iL2a~ f ! iR , ~10!

so, after the algebra we get

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

g8 sinu

gA3
~T9 fCW22qfSW!,

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

2
g8 cosu

gA3
~T9 fCW22qfSW!,

g~ f !1A5cosuT3 f2
g8 sinu

gA3
T9 fCW ,

g~ f !2A52sinuT3 f2
g8 cosu

gA3
T9 fCW ,

to be compared with the SM valuesg( f )1V
SM5T3 f22SWqf

and g( f )1A
SM5T3 f . 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 t
same as in the SM, and due to this we can test the n
physics beyond the SM.

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. Quark masses

For the quark sector we can write the following Yukaw
terms:

L Y
Q5QL

TC~huf3uL
c1hDf1DL

c1hdf2dL
c1hdDf2DL

c

1hDdf1dL
c !1H.c., ~11!

wherehh , h5u,D,d,dD, andhDd are Yukawa couplings of
order one andC is the charge conjugate operator. From E
3-4
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TABLE I. The Z1
m→ f̄ f couplings.

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

u S122
4SW

2

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

cosu

2
2sinu/@2(4Cw

221)1/2#

d
cosuS2 1

2
1

2SW
2

3 D2 sinu

~4CW
2 21!1/2S 1

2
2

SW
2

3 D 2
1
2 $cosu1sinuC2W /@2(4CW

2 21)1/2#%

D 2SW
2 cosu

3
1sinuS12

5

3
SW

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

CW
2 sinu/(4CW

2 21)1/2

e2

cosuS2 1

2
12SW

2 D1 3 sinu

~4CW
2 21!1/2 S 1

2
2SW

2 D 2
cosu

2
1

sinu

~4CW
2 21!1/2 S 1

2
2CW

2 D
E2

cosu(2112SW
2 )2

SW
2 sinu

(4CW
2 21)1/2

CW
2 sinu/(4CW

2 21)1/2

ne , N2
0 1

2
@cosu1sinu(122SW

2 )/(4CW
2 21)1/2#

1
2

@cosu1sinu(122SW
2 )/(4CW

2 21)1/2#

N1
0 , N3

0 2CW
2 sinu/(4CW

2 21)1/2 2CW
2 sinu/(4CW

2 21)1/2

N4
0

2
1
2

@cosu2sinu/(4CW
2 21)1/2# 2

1
2

@cosu2sinu/(4CW
2 21)1/2#
in

ka
a

s

the

es

l-
t be
the
a

sec-
r

~11! we get for the up-quark sector a mass termmu

5huv8/A2, and for the down-quark sector a mass matrix
the basis (d,D)L of the form

MdD5S hdv/A2 hdDv/A2

hDdV hDV
D . ~12!

For the particular casehd5hdD5hDd5hD[h, the mass ei-
genvalues of the previous matrix aremd50 andmD5h(V
1v/A2). Since there is not a physical reason for the Yu
was to be equal, let us calculate the mass eigenvalues
function of uMdDu[(hdhD2hdDhDd) the determinant of the
Yukawas, and in the expansionv/V. Then the algebra show
07501
-
s a

that mD.hDV1hdv/A22uMdDuv2/A2VhD1••• and md

.vuMdDu(11hdDhDdv/A2VhD
3 1•••)/A2hD . This expan-

sion can be used to explain the experimental values for
quark masses in any one of the three families~for the third
family, for example, we may choose the particular valu
hb5hB50.8, hbB50.9, and hBb50.7 in order to getmb

;1022mt , etc.!. Since the model does not allow us to ca
culate the Yukawa couplings, the fermion masses canno
predicted in this model. But, contrary to what happens in
SM, in the context of this model we can implement, in
reasonable way, the weak isospin breaking in the quark
tor for the three families~what we have here is a particula
realization of the general analysis presented in Ref.@7#!.
TABLE II. The Z2
m→ f̄ f couplings.

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

u S122
4SW

2

3 D@2sinu2cosu/~4CW
2 21!1/2#

2sinu

2
2cosu/2(4Cw

2 21)1/2

d
2sinuS2 1

2
1

2SW
2

3 D2 cosu

~4CW
2 21!1/2S 1

2
2

SW
2

3 D 2
1
2 $2sinu1cosuC2W /@2(4CW

2 21)1/2#%

D 22SW
2 sinu

3
1cosuS12

5

3
SW

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

CW
2 cosu/(4CW

2 21)1/2

e2

2sinuS2 1

2
12SW

2 D1 3 cosu

~4CW
2 21!1/2 S 1

2
2SW

2 D sinu

2
1

cosu

~4CW
2 21!1/2 S 1

2
2CW

2 D
E2

2sinu(2112SW
2 )2

SW
2 cosu

(4CW
2 21)1/2

CW
2 cosu/(4CW

2 21)1/2

ne , N2
0 1

2
@2sinu1cosu(122SW

2 )/(4CW
2 21)1/2#

1
2

@2sinu1cosu(122SW
2 )/(4CW

2 21)1/2#

N1
0 , N3

0 2CW
2 cosu/(4CW

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

2 21)1/2

N4
0 1

2
@sinu1cosu/(4CW

2 21)1/2#
1
2

@sinu1cosu/(4CW
2 21)1/2#
3-5
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B. Lepton masses

For the lepton sector we can write the following Yukaw
terms:

L Y
l 5eabc@cL

aC~h1fL
bf3

c1h2xL
bf1

c1h3xL
bf2

c!

1fL
aC~h4xL

bf1
c1h5xL

bf2
c!#1H.c., ~13!

wherea,b,c areSU(3)L tensor indices and the Yukawas a
again of order one. These new terms produce in the b
(e,E) the mass matrix
a

d

lt
n

bu
u
er

s
e

fi

f
h
tra
s

a
le

r-

r

a

07501
is

MeE5S 2h3v/A2 2h5v/A2

h2V h4V
D ~14!

with eigenvalues mE5h4V2h3v/A22uMeEuv2/A2Vh4

1••• and me.vuMeEu(12h2h5v/A2Vh4
31•••)/A2h4,

whereuMeEu5h2h52h3h4, with similar consequences as i
the down quark sector.

For the neutral leptons in the basis (ne ,N1 ,N2 .N3 ,N4)
we get the mass matrix
MN5S 0 0 0 h1v8/A2 2h2V

0 0 2h1v8/A2 0 h3v/A2

0 2h1v8/A2 0 0 2h4V

h1v8/A2 0 0 0 h5v/A2

2h2V h3v/A2 2h4V h5v/A2 0

D . ~15!
at
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,

t
m

is

ec-
e

For the particular caseh25h45h andh35h55h8 the mass
eigenvalues are 0,6h1v8/A2, 6Ah1

2v82/21h82v2
212h2V2

which means that we have a Majorana neutrino of zero m
and two Dirac neutral particles with massesh1v8/A2 and
(h1

2v82/21h82v2
212h2V2)1/2. The eigenvector associate

with the zero mass Majorana neutrino isa(2vh8,
2A2Vh,vh8,A2Vh,v8h1) where a5(2v2/h8214V2h2

1v82h1
2)21/2 is a normalization factor. This amusing resu

implies, in the context of this model, that not only the know
tiny mass neutral fermion must be a Majorana particle,
that it is not the electron neutrino but a mixture of five ne
tral particles with only one of them associated with the v
tex n̄eeW.

But h2h5Þh3h4, otherwise we will have a zero mas
charged lepton. To diagonalizeMN for the most general cas
(hi.1,i 51,2, . . . ,5 but notequal! is not a simple task. A
tedious algebra shows that, for the most general case, the
mass eigenvalues are6h1v8/A2 ~exact values!, one small
seesaw value of ordervv8/V, and two very large values o
order (6V1h) whereh is a small seesaw quotient, whic
means that, in the context of this model, the five neu
leptons in each family split as a Dirac neutrino with a ma
of the order of the electroweak breaking mass scale, apseudo
Dirac @8# neutrino with a very large mass, and a sees
Majorana neutrino. In the Appendix we carry out the detai
calculation for the particular caseh25h4Þh1Þh3Þh5, in
the expansionvv8/V. The five mass eigenvalues for that pa
ticular case are 6h1v8/A2, 6A2h4V1$(h31h5)2v2

12@h1v87(h32h5)v/A2#2%/(8A2h4V) and mn5(h5
2h3)vv8/2h4V. Notice thatmn is suppressed not only fo
the seesaw quotientvv8/V but also for the small difference
of the Yukawas (h52h3)/2h4, which implies thatV can be
lower than 1011 GeV, as it is for the simplest seesaw mech
nism, the standard seesaw mechanism value.
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VI. CONSTRAINTS ON THE „ZµÀZ8µ
… MIXING ANGLE

AND THE Z2
µ MASS

To bound sinu and MZ2
we use parameters measured

the Z pole from CERNe1e2 collider ~LEP!, SLAC Linear
Collider ~SLC!, and atomic parity violation constraint
which are given in Table III@9,10#. The expression for the
partial width forZ1

m→ f f̄ is

G~Z1→ f f̄ !5
NCGFMZ1

3

6pA2
rF3b2b3

2
@g~ f !1V#2

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

wheref is an ordinary SM fermion,Z1 is the physical gauge
boson observed at LEP,NC53 is the number of colors
RQCD1QED are the QCD and QED corrections, andb
5A124mb

2/MZ1

2 is a kinematic factor which is 1 for all the

SM fermions except for the bottom quark for whichmb
55.0 GeV@11#. The factord f is zero for all fermions excep
for the bottom quark for which the contribution coming fro
the top quark in the one-loop vertex radiative correction
parametrized asdb'1022@2mt

2/(2MZ1

2 )11/5# @12#. The r

parameter has two contributions, one is the oblique corr
tion given bydr'3GFmt

2/(8p2A2) and the other is the tre
level contribution to the (Zm2Zm8 ) mixing, which can be
written as drV'(MZ2

2 /MZ1

2 21)sin2 u. Finally, g( f )1V and

g( f )1A are listed in Table I. Using Eq.~16!, g( f ) iV and
g( f ) iA we can write expressions for CERNe1e2 collider
LEP and SLAC Linear Collider~SLC! parameters, where we
3-6
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are using the following values @10#: mt
5174.3 GeV,as(mZ)50.1192,a(mZ)215127.938, and
SW

2 50.2333.
The effective weak chargeQW in atomic parity violation

is given by

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

where c1q52g(e)1Ag(q)1V , Z is the number of protons
andN is the number of neutrons in the atomic nucleus. T
QW determination for55

133Cs has been improved recently@13#
to the value

QW~55
133Cs!5272.0660.2860.34, ~18!

the result to be compared with the theoretical value forQW
which can be written as@14#

QW~55
133Cs!5273.0960.041DQW , ~19!

whereDQW includes the contributions of new physics. Th
discrepancy between the SM and the experimental dat
given by @15#

DQW5QW
exp2QW

SM51.0360.44. ~20!

Regarding the (Zm2Zm8 ) mixing between two neutral cur
rents,DQW can be written as@16#

DQW5F S 114
SW

2

122SW
2 D 2ZGdrV1DQW8 , ~21!

whereDQW8 is model dependent and it can be obtained
our model by usingg(e)1A and g(q)1V from Table I. The
analysis for our model gives

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
07501
e

is

r

DQW8 5~23.94Z26.40N!sinu1~1.49Z11.81N!
MZ1

2

MZ2

2
.

~22!

With the expressions forZ pole observables andDQW in
terms of new physics and using experimental data from L
and SLC@9# and atomic parity violation@13# as in Table III,
we do ax2 fit and we find the best allowed region for sinu
vs MZ2

at 95% C.L.

In Fig. 1 we display the allowed region for sinu vs MZ2
at

95% confidence level. When sinu goes to zero, the contribu
tion of drV to G( f f ) decouples, which allows us to get
lower bound forMZ2

; ~the bounds come fromDQW). At
95% C.L. the allowed region gives

20.0015<sinu<0.0048,

600 GeV<MZ2
, ~23!

which implies that the mass of the new neutral gauge bo
is compatible with the bound got inpp̄ collisions at the
Tevatron@17#. A model independent analysis, similar to th
one presented here, has been reported by Erler and
gacker in Ref.@15#.

VII. CONCLUSIONS

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 the electroweak-strong unification groupE6. We
break the gauge symmetry down toSU(3)c^ U(1)Q and at
the same time give masses to all the fermion fields in
model in a consistent way by using three different Hig
scalarsf i , i 51,2,3 which set two different mass scales;v

FIG. 1. Contour plot displaying the allowed region for sinu vs
MZ2

at 95% C.L.
3-7
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;v8;250 GeV!V. By using experimental results from
LEP, SLC, and atomic parity violation we bound the mixin
angle and the mass of the additional neutral current to
20.0015<sinu,0.0048 and 600 GeV<MZ2

at 95% C.L.
The most outstanding result of our analysis is the m

spectrum of the fermion fields in the model which arises a
consequence of the mixing between ordinary fermions
their exotic counterparts without the need of different sc
Yukawa couplings. Conspicuously, the five neutral leptons
the model split as a Dirac neutrino with a mass of the or
of the electroweak breaking mass scalev, a pseudo-Dirac
neutrino with a large mass of orderV, and a tiny seesaw
Majorana neutrino which is not the partner of the lighte
charged lepton at theW6 vertex, but a mixture of the five
neutral states in the weak bases.

Notice that all the new states are vectorlike with respec
the SM quantum numbers. They consist of an isosing
quark D of electric charge21/3, a lepton isodouble
(E2,N2

0)L
T with N2L

0c5N4L
0 in the weak basis, and two neutr

lepton isosingletsN1L
0 andN3L

0 . SinceV can be of the order
of a few TeV, these exotic fermions could be accessible
forthcoming searches at the Fermilab Tevatron collider o
the Large Hadron Collider~LHC! under construction a
CERN.

But two predictions of this model are as follows: first, th
existence of a Dirac neutrino for each family with a mass
the order of the electroweak mass scale; second, the e
tence of a new neutral gauge boson with a mass just be
the TeV scale. The experimental signature for these parti
may be present already at the LEP IIe1e2 collider data, or
just around the corner of the Fermilab Tevatron output.
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APPENDIX

In this appendix we diagonalize perturbatively the ma
matrix for the neutral leptons which appears in Sec. V
07501
e

s
a
d
e
n
r

t

o
t

n
t

f
is-
w

es

s
.

First let us simplify the notation with the following defini
tions: a5h1v8/A2, B52h2V, c5h3v/A2, b52h4V, and
C5h5v/A2. Then the mass terms for the neutral fermio
now reads: MN5BneN41aneN32aN1N21cN1N4
1bN2N41CN3N41H.c.; which in the basis
(ne ,N1 ,N2 ,N3 ,N4) becomes

MN5S 0 0 0 a B

0 0 2a 0 c

0 2a 0 0 b

a 0 0 0 C

B c b C 0

D .

Making a unitary transformation ofMN to the new basis,

E15a@2~b1c!,~B2C!,~B2C!,~b1c!,0#,

E25b@~b2c!,~B1C!,2~B1C!,~b2c!,0#,

E35b@~B1C!,2~b2c!,~b2c!,~B1C!,0#,
~A1!

E45a@~B1C!,~b1c!,~b1c!,2~B2C!,0#,

E55e55@0,0,0,0,1#,

wherea51/@2(b1c)212(B2C)2#1/2 andb51/@2(b2c)2

12(B1C)2#1/2, we get the mass matrix in the followin
block diagonal form:

MN5S 2a 0 0 0 0

0 a 0 0 0

0 0 a 0 1/2b

0 0 0 2a 1/2a

0 0 1/2b 1/2a 0

D .

For the nondiagonal 333 block we use the approximatio
B5b@c;C and the perturbative expansionvmv4n2m/Vn21

for n51,2,3, . . . . andm50,1,2, . . .<n. Then we get
M3N5S 0 0 b

0 0 b

b b 0
D 1S a 0

~C2c!

2
1

~C1c!2

8b

0 2a
2~C2c!

2
1

~C1c!2

8b

~C2c!

2
1

~C1c!2

8b

2~C2c!

2
1

~C1c!2

8b
0

D .

Rotating nowM43N with

R5S 1/A2 21/A2 0

1/2 1/2 1/A2

1/2 1/2 21/A2
D ,
3-8
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we finally get

S 0
a

A2
1

~C2c!

2

a

A2
2

~C2c!

2

a

A2
1

~C2c!

2
A2Fb1

~C1c!2

8b G 0

a

A2
2

~C2c!

2
0 2A2Fb1

~C1c!2

8b G D ,

which we diagonalize using matrix perturbation theory up
second order in the perturbation@18#. After the algebra is
done we get the following three eigenvalues:
um

hy

-

to

07501
m1.
a~c2C!

b
,

m2.A2b1
1

A2b
S a

A2
1

~C2c!2

2 D 2

,

and

m35.2A2b1
1

A2b
S a

A2
2

~C2c!2

2 D 2

.

Notice that forh35h5 (c5C) we get a zero-mass Majoran
neutrino.
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