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SU„3…L3U„1…X model of electroweak interactions without exotic quarks
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We consider an SU~3!L3U~1!X model of the electroweak interactions as a possible extension of the standard
model to higher energies. The model contains new fermions with ordinary lepton and quark electric charge
There are new gauge bosons with masses in the TeV region. There exists a version of the model with identic
low energy predictions as those of the standard model.@S0556-2821~96!01313-6#

PACS number~s!: 12.60.Cn, 12.15.Ji
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I. INTRODUCTION

The standard model~SM! of the electromagnetic an
weak interactions, the Glashow-Weinberg-Salam theory@1#,
is compatible with all known experimental data availa
today. Even though the SM is mathematically self-consis
it is not a fundamental theory. In a fundamental theory
undetermined physical parameters would not be put in
hand but rather would be determined by the theory itself.
fundamental theory would manifest itself through new phy
cal phenomena at higher-energy scales beyond the SM.
since the advent of the SM various extensions of it have b
considered. These extensions of the SM contain new ph
such as extra neutral gauge bosons, nonstandard Higgs
resentations, extra fermions, left-right symmetry, compos
ness, supersymmetry, etc. Since the SM is very well es
lished, the deviations from it due to new physics should
small enough to lie within the present experimental err
and might be observable, if there exists any, in future m
precise experiments.

Recently the old extensions of the SM based on the ga
group SU~3!L3U~1!X have been reconsidered@2–11#. The
most distinguished feature of the gauge group SU~3!L
3U~1!X is that the number of fermion families may be r
lated to the number of quark colors to obtain an anom
free model. Most of the earlier and the recent such mo
contain exotic quarks, namely quarks with electric cha
other than21/3 and 2/3 in units ofe, as a result of which th
new heavier gauge bosons are doubly charged. The va
of such models seems to have been all considered in
literature. On the other hand, little work has been done
models containing nonexotic quarks and the possibilities
model building have not been exhausted yet. It is the purp
of this paper to present and investigate the salient featur
a model based on the gauge group SU~3!L3U~1!X with ordi-
nary quarks. This paper is organized as follows.

In Sec. II we present the model. The gauge bosons o
model and their masses are discussed in Sec. III. The ne
current processes of the neutrinos and their interactions
the electrons are discussed in Sec. IV. Section V is dev
to the flavor-changing neutral-current interactions of
quarks. Finally, our conclusions are presented in Sec. V

II. THE MODEL

In view of the anomaly cancellation, half the fermions
the three families are put in triplets and the other half are
541/96/54~1!/1143~7!/$10.00
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in antitriplets of SU~3!L . The electric charge operatorQ is
embedded as

Q5
1

2
lL
32

1

2)
lL
81A3

8
Xl9, ~1!

where thelL
a(a51,2,. . .,8) are the SU~3!L generators and

l95A2/3 diag~1,1,1! is the U~1!X generator, all of which are
normalized as Tr(lalb)52dab. The second and the third
families of quarks are assumed to belong to the triplets~3,
2/3!:

Q2L5F ca

sa

Ca
G
L

, Q3L5F taba

Ta
G
L

. ~2!

Their right-handed partners are SU~3!L singlets:

cR
a;~1,4/3!, sR

a;~1,22/3!, CR
a;~1,4/3!,

tR
a;~1,4/3!, bR

a;~1,22/3!, TR
a;~1,4/3!, ~3!

wherea is the SU~3!c color index. The first family of quarks
and all three families of leptons are assumed to belong to t
antitriplets~3̄,0! and ~3̄,24/3!, respectively:

Q1L5F da

ua

Da
G
L

, Le5F e2

ne
E2

G
L

, Lm5F m2

nm

M2
G
L

,

Lt5F t2

nt

G2
G
L

. ~4!

Their SU~3!L-singlet right-handed partners areeR
2;~1,22!,

ER
2;~1,22!, mR

2;~1,22!, MR
2;~1,22!, tR

2;~1,22!, and
GR

2;~1,22! for leptons anddR
a;~1,22/3!, uR

a;~1,4/3!, and
DR
a;~1,22/3! for quarks. TheC, T, andD are new heavy

quarks with electric charges 2/3, 2/3, and21/3. They are
nonexotic as far as their electric charges are concerned. Th
are SU~2!L singlets and hence have different properties tha
the ordinary quarks under the weak interactions. TheE2,
M2, andG2 are new heavy leptons. Note that there is a
equal number of 3L and 3̄L so that the pure SU~3!L anomaly
vanishes. The remaining anomalies also cancel becau
1143 © 1996 The American Physical Society
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( fXf50 and( f(Xf)
350 where the sum is over the ferm

ons. Interesting enough, anomaly cancellation takes place
tween families, but not family by family as in the SM.

We introduce the complex Higgs fieldsF;~3,22/3!,
f1;~3,22/3!, and f2;~3, 4/3!. In the unitary gauge the
Higgs fields can be written as

F5F 0
0

V1H0

&

G;~3,22/3!, f15F n11h0*

&
h1

2

n181h0*
8

&

G;~3,22/3!,

f25F 0

n21h0

&
h2

1

G;~3,4/3!. ~5!

Altogether there are ten massive Higgs particles; six
which are neutral and four of which are charged. Note t
the Higgs fieldsF andf2 not only provide mass to fermion
but they also break the gauge symmetry.F breaks
SU~3!L3U~1!X down to SU~2!L3U~1!Y at an energy scaleV,
and thenf2 breaks SU~2!L3U~1!Y to U~1!EM at an energy
scalen2. The Yukawa couplings of the~symmetry eigen-
states of! fermions with the scalar multiplets before the sym
metry breaking are

2L~f1!5Q̄1L(
p
GdppRf1*1Q̄2L(

q
GcqqRf1

1Q̄3L(
q

GtqqRf11H.c., ~6a!

2L~f2!5Q̄1L(
q

GuqqRf2*1Q̄2L(
p
GsppRf2

1Q̄3L(
p
GbppRf21H.c., ~6b!

2L~F!5Q̄1L(
p
GDppRF*1Q̄2L(

q
GCqqRF

1Q̄3L(
q

GTqqRF1H.c., ~6c!

wherep5d, s, b, D andq5u, c, t, C, T. TheG’s are the
Yukawa coupling constants. The color indexa and the
primes from the symmetry eigenstates have been suppre
Because of their identical transformation property the Hig
fields F and f1 may provide mass to the same fermio
through their Yukawa couplings. But it is known from th
generalization of the Glashow-Iliopoulos-Maiani~GIM!
mechanism@12# that to conserve quark flavors and hence
avoid flavor-changing neutral currents~FCNC’s!, quarks of
given charge must receive their mass through the coupl
of precisely one neutral Higgs boson@13#. The vacuum ex-
pectation valuesn18 of f1 and V of F @see Eq.~5!# cause
-
be-

of
at

-

sed.
gs
s
e

to

gs

~vertical! mixings @14# between the first~light! and the third
~heavy! members of the SU~3!L triplets and antitriplets. It
can be seen from Eq.~6a! that if n18Þ0 there are off-diagonal
interactions off1 such asd1f1→D. The part of2L~f1!
that will give rise to this off-diagonal interaction, ifn18Þ0, is

GddD̄L8dR8
n18

&
,

where now we have retained the primes to denote the sy
metry eigenstates. In terms of the mass eigenstates this
written as

GddD̄L~dRU1d1sRU1s1bRU1b!
n18

&
,

whereD'D8 due to the fact that theD quark is expected to
be rather heavy, andU is the rotation matrix which rotates
the mass eigenstates to the symmetry eigenstates through

di85Uiaa, i51,2,3, anda5d,s,b. ~7!

In Eq. ~7!, d15d, d25s, d35b. Notice thatU is not the
Cabibbo-Kobayashi-Maskawa~CKM! matrix V because
quarks are not treated universally. Thus the exchange off1
betweend↔D currents can produce an effective Fermi in
teractionD̄1d→f1→D1d̄. Even though there are no clues
for such FCNC transitions in current experiments we ma
safely assume that such transitions are extremely suppres
just like thed↔s transitions. The couplingGf1

of the effec-
tive Fermi interaction due to thef1 exchange can be esti-
mated to be@13#

Gf1
'
mD
2 uU1du2

l^f1&
4 .

Keeping in mind that the CKM matrix elements
Vud50.9747–0.9759, Vus50.218–0.24, andVub50.002
–0.007@15#, we expect thatU1s andU1b may be rather small
but U1d is of the order of 1. Therefore taking, for example
l'1022, ^f1&'200 GeV,U1d'1, we getGf1

/GF'1 and
102 for mD510 and 100 GeV, respectively, whereGF is the
Fermi coupling. We see that an off-diagonal Higgs couplin
d1f1→D would be expected to produce much too large
DD52 effective Fermi interaction. This interaction must be
suppressed. Sincêf1& cannot be larger than 200 GeV~be-
causen1 andn18 are proportional to theW6 mass!, it seems
that once it is allowed there is no way to suppress theDD52
interaction even if we takemD51 GeV. Thus this interaction
must be eliminated@16#. This then forces us to impose the
vacuum expectation valuen18 of f1 to vanish. This can be
achieved by a judicious introduction of discrete symmetrie
The symmetries that we impose on the dimension-four co
plings in the Lagrangian are

~f1 ,f2!→~f1 ,f2!, F→2F,

QL→QL ,

f R→ f R , FR→2FR , ~8!
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where f andF stand for ordinary and new fermions, respec
tively.

III. GAUGE BOSONS

In this section we will consider the gauge bosons of th
model. To start with there are an octetWm

a ~a51,2,. . .,8! of
massless gauge bosons associated with SU~3!L and a mass-
less singlet Wm

X associated with U~1!X . The covariant deriva-
tives are

Dmw5S ]m1 ig
lL
a

2
Wm

a1 igx
X~w!

2
Wm

x Dw, ~9!

where X~w! denotes theX charge for the Higgs triplets
w5F,f1,f2. g andgx are the SU~3!L and U~1!X gauge cou-
plings, respectively. At this stage we note that the electr
charge operator of Eq.~1! can be written as

Q5
1

2
lL
31

1

2
Y, ~10!

where

Y52
1

)
lL
81X ~11!

is the hypercharge operator of the gauge grou
SU~2! L3U~1!Y of the SM. Note from Eqs.~10! and~11! that
the coupling constants satisfy the matching conditions

g~MW!5g2~MW!,

1

gY
2~MW!

5
1

3g2~MW!
1

1

gX
2~MW!

, ~12!

whereg2 andgY are the coupling constants of SU~2!L and
U~1!Y . The massless gauge bosonB associated with U~1!Y is

Bm5
2gXWm

81)gWm
X

A3g21gX
2

. ~13!

The orthonormal combination

Zm8 5
)gWm

81gXWm
X

A3g21gX
2

, ~14!

is useful in diagonalizing the neutral mass-squared matr
The expression for the photon field can be read off from E
~1!:

Am

e
5
Wm

3

g
2

Wm
8

)g
1
Wm

X

gX
, ~15!

which can be cast into the form

Am5sin uWWm
31cosuWBm , ~16!

where the mixing angleuW is given by
-

is

ic

p

ix.
q.

sin uW5
)gX

A3g214gX
2
. ~17!

The combination which is orthogonal toAm is

Zm5cosuWWm
32sin uWBm . ~18!

Apart from the massless photon in Eq.~15! the other mass
eigenstates are

Vm
05~Wm

42 iWm
5 !/&, MV0

2
5
g2

4
~V21n1

2!,

V̄m
05~Wm

41 iWm
5 !/&, M

V̄0

2
5MV0

2 ,

Vm
65~Wm

66 iWm
7 !/&, MV6

2
5
g2

4
~V21n2

2!,

Wm
65~Wm

17 iWm
2 !/&, MW6

2
5
g2

4
~n1

21n2
2!. ~19!

The remaining two neutral mass eigenstates are obtained
diagonalizing the neutral mass-squared matrix in theZ2Z8
basis:

M25S MZ
2

MZZ8
2

MZZ8
2

MZ8
2 D , ~20!

where witht5g X
2/g25sin2 uW/@12~4/3!sin2 uW#,

MZ
25

g2

4cos2 uW
~n1

21n2
2!,

MZ8
2

5
g2

36~31t !
@4V2~31t !21n1

2~322t !21n2
2~314t !2#,

MZZ8
2

5
g2

12 cosuWA31t
@n1

2~322t !2n2
2~314t !#.

~21!

The eigenvalues of~20! are

1

2
$MZ

21MZ8
2

6@~MZ8
2

2MZ
2!214~MZZ8

2
!2#1/2%, ~22!

where the~1! and~2! signs are identified, respectively, with
MZ2

2 andMZ1
2 . The mass eigenstates are

Z1m5cosuZm2sin uZm8 ,

Z2m5sin uZm1cosuZm8 , ~23!

whereZ1 replaces the neutral gauge boson of the SM andZ2
is a heavy partner. In Eq.~23! u is given by

tan2 u5
MZ

22MZ1
2

MZ2
2 2MZ

2 . ~24!
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FIG. 1. Plot of the mixing angleu againstMZ2
.
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In Eqs. ~21! and ~24! MZ corresponds to the mass of the
neutral gauge boson of the SM. Its value is predicted ve
accurately in the SM asMZ591.177 GeV@17#. On the other
hand, due to the mixing betweenZ and Z8, Eq. ~23!, the
mass ofZ1, MZ1

, is slightly less thanMZ . Considering the

experimental error inMZ we takeMZ1
591.175 GeV@17#.

Next we plot the mixing angleu againstMZ2
in Fig. 1, where

it is seen that asMZ2
gets largeru becomes smaller. As

expected,u vanishes forMZ2
5`. However,u may vanish

‘‘accidentally’’ in a different way withoutMZ2
being infin-

ity. A glance at Eq.~21! reveals that theZ2Z8 mixing van-
ishes if

n1
25S 314t

322t D n2
2, ~25!

in which case we would haveZ5Z1, Z85Z2, and

MZ
25MZ1

2 5
g2

2 cos2 uW
S 31t

322t D n2
2,

MZ8
2

5MZ2
2 5

g2

18
@2V2~31t !1n2

2~314t !#,

MZZ8
2

50. ~26!

Even though Eq.~25! remains as a plausible and attractiv
possibility unless feature experiments detect sizable dev
tions in the predictions of the SM, without any symmetr
principle protecting it, Eq.~25! can only be enforced through
fine-tuning. However, we will base our discussion in the fo
lowing not on the ‘‘accidental’’ case of Eq.~25! but on the
general case of Eq.~23!.

IV. NEUTRAL-CURRENT PROCESSES

The neutral-current Lagrangian apart from the electr
magnetic Lagrangian is
y

a-

-

-

LNC52
g

cuW
$ f 3J3L

m 2 f Qs
2uWJEM

m 1 f 8J8L
m %Z1m

2
g

cuW
$ f 38J3L

m 2 f Q8 s
2uWJEM

m 1 f 88J8L
m %Z2m , ~27!

where

f 35cu2
1

)

sus2uW

A12~4/3!s2uW
, ~28!

f Q5cu2
1

)

su

A12~4/3!s2uW
,

f 85
suc2uW

A12~4/3!s2uW
,

f 3852su2
1

)

cus2uW

A12~4/3!s2uW
,

f Q8 52su2
1

)

cu

A12~4/3!s2uW
,

f 885
cuc2uW

A12~4/3!s2uW
.

In Eqs.~27! and ~28! cv andsv stand for cosv and sinv,
v5u, anduW . In Eq. ~27! the particle currents are given by

JaL
m 5(

i
C̄iLgm

lL
a~ i !

2
C iL ~a51,2,. . .,8!,

JEM
m 5(

i
C̄ig

mQ~ i !C i , ~29!
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wherel L
a( i ) andQ( i ) are, respectively, the eigenvalue ofl L

a

and electric charge of fermioni . In the literature the neutral-
current couplings are expressed as

LNC52
g

cuW
S (

i
@eL~ i !C̄iLgmC iL1eR~ i !C̄iRgmC iR#Z1m

1(
i

@eL8~ i !C̄iLgmC iL1eR8 ~ i !C̄iRgmC iR#Z2mD
52

g

cuW
S (

i
@C̄ig

m~gV
i 1gA

i g5!C i #Z1m

1(
i

@C̄ig
m~gV8

i1gA8
ig5!C i #Z2mD , ~30!

where

gV,A8 [eL~ i !6eR~ i !,

eL~ i !5 f 3
lL
3~ i !

2
2 f QQ~ i !s2uW1 f 8

lL
8~ i !

2
,

eR~ i !52 f QQ~ i !s2uW , ~31!

and the expressions foreL8( i ) and eR8 ( i ) are obtained from

Eq. ~31! by replacing the f j by f j8 . Noting that l̄ L
3

52lL
352diag~1,21,0!, and l̄ L

852lL
8 52~1/)!diag~1,1,

22! we obtain for theZ1m couplings

eL~u!5
1

2
f 32

2

3
f Qs

2uW2
1

2)
f 8 , ~32!

eL~c!5eL~ t !5
1

2
f 32

2

3
f Qs

2uW1
1

2)
f 8 ,

eL~d!52
1

2
f 31

1

3
f Qs

2uW2
1

2)
f 8 ,

eL~s!5eL~b!52
1

2
f 31

1

3
f Qs

2uW1
1

2)
f 8 ,

eL~C!5eL~T!52
2

3
f Qs

2uW2
1

)
f 8 ,

eL~D !5
1

3
f Qs

2uW1
1

)
f 8 ,

eL~ l
2!52

1

2
f 31 f Qs

2uW2
1

2)
f 8 ,

eR~u!5eR~c!5eR~ t !52
2

3
f Qs

2uW ,
eR~d!5eR~s!5eR~b!5
1

3
f Qs

2uW ,

eR~C!5eR~T!52
2

3
f Qs

2uW ,

eR~D !5
1

3
f Qs

2uW ,

eR~ l2!5 f Qs
2uW ,

where in Eqs.~32! l2 stands fore2, m2, andt2. Again the
couplingseL8( i ) andeR8 ( i ) for Z2 are obtained from Eqs.~32!
by replacing thef j by f j8 which are given in Eq.~28!.

An estimate of the mixing angleu can be obtained from
the low-energynme scattering experiments. The interaction
betweennm and electrons is described by

Lnme52
GF

&
n̄mgm~11g5!nmJm

e , ~33!

where in this model

Jm
e5ēgmFgVe1

MZ1
2

MZ2
2 gV8

e1S gAe1
MZ1

2

MZ2
2 gA8

eD g5Ge. ~34!

Here

gV
e5eL~e!1eR~e!5S 2

1

2
12s2uWD cu

1
5

2)

su

A12~4/3!s2uW
, ~35!

and

gA
e5eL~e!2eR~e!52

1

2
cu1

1

2)

su

A12~4/3!s2uW
,

~36!

are due to theZ1 exchange. The contribution of theZ2 ex-
change is suppressed byMZ1

2 /MZ2
2 . Hence we can neglect the

gV8
e andgA8

e terms inJ m
e . The experimental value forg V

e is
20.04560.022@17#. Therefore,

5

2)

usuu

A12~4/3!s2uW
<0.022, ~37!

from which we get

uuu<0.013. ~38!

On the other hand, the experimental value of
g A
e520.51360.025 yieldsuuu<0.072 which is less stringent

than ~38!. In the next section we will use~38! to obtain a
lower bound on theZ2 mass.

V. FLAVOR-CHANGING NEUTRAL-CURRENT
PROCESSES

We note that by imposing the symmetries in Eq.~8! the
vertical mixings of the ordinary fermions with the new
~heavy! fermions are forbidden. There are FCNC’s coupled
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to bothZ1 andZ2. Note from~32! thatc andt, s andb, and
C andT have identical couplings. Therefore the GIM mecha
nism operates in the neutral currents coupled toZ1 andZ2
only in the sectors (c,t), (s,b), and (C,T). There are FC-
NC’s betweenu↔(c,t) andd↔(s,b) in the couplings toZ1
andZ2. These currents must be suppressed. The suppres
of, for example,d↔s current provides a lower limit on the
Z2 mass. TheK L

02K S
0 mass difference gets contributions

from the exchanges ofZ1 and Z2 betweend↔s currents
which is described by

Ld↔s52
g

2cuW
uU1s* U1du$@ s̄gm~gV

d1gA
dg5!d

2 s̄gm~gV
s1gA

sg5!d#Z1m1@ s̄gm~gV8
d1gA8

dg5!d

2 s̄gm~gV8
s1gA8

sg5!d#Z2m%, ~39!

where nowd ands are mass eigenstates.U is the matrix that
rotates the mass eigenstates to the weak~symmetry! eigen-
states@see Eq.~7!#. At low energies Eq.~39! gives rise to the
effective interaction

Leff5
g2

4c2uW
uU1s* U1du2S 1

MZ1
2 @ s̄gm~cV1cAg5!d#2

1
1

MZ2
2 @ s̄gm~cV81cA8g5!d#2D , ~40!

where

cV5gV
d2gV

s52
1

)
f 8 ,

cA5gA
d2gA

s5cV ,

cV85gV8
d2gV8

s52
1

)
f 88 ,

cA85gA8
d2gA8

s5cV8 . ~41!

On the other hand, in the SM the contribution of thec quark
is @18#

Leff52
GF

&

a

4p

mc
2

MW
2 s2uW

uVus* Vudu
2Ss̄gm

1

2
~12g5!dD2, ~42!

where in Ref.@18# only two-family mixing has been assumed
in which caseuVus* Vudu5suCcuC , whereuC is the Cabibbo

TABLE I. Lower bound onMZ2
as a function of the ratio of the

mixing angles in the present model to those in the SM.

uU1s*U1du
uVus* Vudu

MZ2
~GeV!

1 1.43105

1021 1.43104

1022 1.43103

0.531022 0.73103
-

ion

angle. To suppress the FCNC’s we must assume that th
contribution of~40! to theK L

02K S
0 mass difference are less

than the contribution of thec quark. We then obtain

MZ1
2 .S uU1s* U1du2

uVus* Vudu2
t2uW

MW
4

mc
2

32p

a D f 8
2

3
, ~43!

Mz2
2 .S uU1s* U1du2

uVus* Vudu2
t2uW

MW
4

mc
2

32p

a D f 88
2

3
, ~44!

where GF/&5g2/8Mw has been used. TakingMZ1
591.175 GeV,MW580 GeV,mc51.5 GeV, s2uW50.23,
we get from~43! the upper bound

uU1s* U1du
uVus* Vudu

,
1.331023

su
. ~45!

Equation~44! gives

MZ2
.

uU1s* U1du
uVus* Vudu

1.43105 GeV, ~46!

where cuc'1 has been used. We tabulate in Table I the
lower bound ~46! as a function of the ratio
uU1s* U1du/uVus* Vudu of the mixing angles. We see from Table
I thatMZ2

can be as light as 700 GeV or may be even lighter.

However, it seems more likely thatMZ2
lies in the TeV

range. An upper limit on theV0 andV6 masses can be ob-
tained in terms of theZ2 mass by making use of the
symmetry-breaking hierarchyV@n1,n2. From Eqs.~19! and
~21! we obtain

MV0,V6
2

,
9

4~31t !
MZ8

2
,

9

4~31t !
MZ2

2 , ~47!

which for s2uW50.23 gives

MV0,V6,0.8MZ2
. ~48!

The FCNC’s coupled toZ1 andZ2 are not the only ones.
There are also those coupled to the Higgs bosons. As w
have discussed before, the flavor-changing neutral-curren
Higgs ~FCNH! interactions between ordinary and new heavy
quarks are eliminated by imposing the discrete symmetry in
~8!. However, there exists FCNH interactions involving or-
dinary quarks and the light Higgs multipletsf1 andf2. This
is because, as is seen in Eq.~6!, one of the three families gets
mass from a different Higgs boson than the other two. Thes
FCNH interactions too have to be eliminated, or at least sup
pressed, which can be achieved by a judicious choice o
Yukawa couplings or by fine tuning of the vacuum expecta-
tion valuesn1 andn2. We will not address this issue further
because the problem is similar to the case in models with
exotic quarks@5#.

Before concluding this paper, we will obtain an upper
bound on the massMZ2

of the heavy partnerZ2 of Z1. As is

seen from Eq.~28!, the f j and f j8 which appear in the neutral-
current LagrangianLNC in Eq. ~27! are inversely propor-
tional to the square-root factorA12(4/3)sin2 uW. The finite-
ness of the neutral-current processes requires that sin2 uW at
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the symmetry limitMZ8 be less than 3/4. Considering th
one-loop running of sin2 uW , the upper bound onMZ8, and
hence onMZ2

, can be calculated from the constrai
sin2 uW(MZ8),3/4. Including the Higgs multiplets in the
evolution of sin2 uW , and taking sin2 uW(MZ)50.2333 and
a215127.9 we find

MZ2
<3.63103 TeV. ~49!

It is interesting and instructive to compare this upp
bound with that in the SU~3!L3U~1!X models containing
exotic quarks, namely quarks with electric charge64/3,
65/3 in units of e. In these models thef j and f j8 in
Eq. ~28! are inversely proportional to the facto
A124 sin2 uW. Therefore, sin

2 uW must be less than 1/4 a
the energy scaleMZ8. Computing the evolution of sin

2 uW , it
has been shown in Ref.@4# that MZ2

<1 TeV, while more

detailed calculations in Ref.@9# has givenMZ2
<3.1 TeV.

The reason for the large difference on the upper bound
MZ2

in the two versions, namely exotic vs non-exotic qua
versions, of the SU~3!L3U~1!X theory is due to the differen
coefficients of sin2 uW in the square-root factors above. Th
coefficients are different in the two versions because of
different embeddings of the electric charge operator. N
physics in the present model, if it exists, may thus occu
an arbitrarily high-energy scale, much beyond the scope
future TeV accelerators. Hence it is impossible to rule
the present model as far as the low-energy experiments
concerned.
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VI. CONCLUSIONS

We have presented an SU~3!L3U~1!X model of the elec-
troweak interactions as an extension of the SM to high
energies. Contrary to most of the existing SU~3!L3U~1!X
models in the literature, the model presented here does n
contain exotic quarks, as a result of which the theory doe
not have doubly charged massive gauge bosons. The ga
bosons are either neutral or singly charged. We obtained
upper limit on theZ2Z8 mixing from the scattering experi-
ments. There are FCNC’s coupling both to theZ1 and Z2
gauge bosons, as well as to Higgs bosons. Suppression
these currents provided us with a lower limit on the mass
Z2 in terms of the ratio of the mixing angles in this model to
those in the SM. As is the case in most SU~3!L3U~1!X mod-
els,MZ2

is more likely to lie in the TeV range. Regarding the

massess of the new gauge bosons, the present model is no
restrictive as the ones with exotic quarks and doubly charg
gauge bosons. The heavy partnerZ2 of Z1 might have mass
in the 103 TeV range in the present version of the
SU~3!L3U~1!X theory without exotic quarks. We have ar-
gued that the reason for such a high upper bound is t
coefficient 4/3 of sin2 uW in the factor 12(4/3)sin2 uW. The
same coefficient turns out to be 4 in models with exoti
quarks and allows the upper bound to be 3.1 TeV only. F
ture experiments may confront the present model with i
competitors, and confirm either this one or the others, or ru
out all the SU~3!L3U~1!X models. Thus the need for the
accelerators in the TeV range stands more than ever.
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