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SU„3…c‹SU„4…L‹U„1…X without exotic electric charges
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We present an extension of the standard model to the local gauge groupSU(3)c^ SU(4)L ^ U(1)X with a
family nonuniversal treatment and anomalies canceled among the three families in a nontrivial fashion. The
mass scales, the gauge boson masses, and the masses for the spin 1/2 particles in the model are analyzed. The
neutral currents coupled to all neutral vector bosons in the model are studied, and particular values of the
parameters are used in order to simplify the mixing between the three neutral currents present in the theory,
mixing which is further constrained by experimental results from the CERN LEP, SLAC Linear Collider, and
atomic parity violation.
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I. INTRODUCTION

In spite of the overwhelming phenomenological succ
of the standard model~SM! based on the local gauge grou
SU(3)c^ SU(2)L ^ U(1)Y , with SU(2)L ^ U(1)Y hidden
and SU(3)c confined@1#, it fails to explain several issue
such as hierarchical fermion masses and mixing ang
charge quantization, strongCP violation, replication of fami-
lies and neutrino oscillations among others. For example
the weak basis, before symmetry is broken, the three fam
in the SM are identical to each other; when symmetry bre
ing takes place, the fermions get masses according to
experimental values and the three families acquire a str
hierarchy. However in the SM there is no mechanism
explaining the origin of families or the fermion mass spe
trum.

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.@2#.

At present the only experimental fact that points towar
beyond the SM structure lies in the neutrino sector, and e
there the results are not final yet. So a reasonable approa
to depart from the SM as little as possible, allowing so
room for neutrino oscillations@3#.

SU(4)L ^ U(1)X as a flavor group has been consider
before in the literature@4,5#, and, among its best feature
provides an alternative to the problem of the numberNf of
families, in the sense that anomaly cancellation is achie
whenNf5Nc53, Nc being the number of colors ofSU(3)c
~also known as QCD!. In addition, this gauge structure ha
been used recently in order to implement the so-called l
Higgs mechanism@5#.

In this paper an analysis of theSU(3)c^ SU(4)L
^ U(1)X local gauge theory~hereafter the 3-4-1 theory!
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shows that, by restricting the fermion field representations
particles without exotic electric charges and by paying d
attention to anomaly cancellation, a few different models
obtained, while by relaxing the condition of the nonexisten
of exotic electric charges, an infinite number of models c
be generated.

This paper is organized as follows. In the next section
introduce the model based on the local gauge gro
SU(3)c^ SU(4)L ^ U(1)X which we are going to study. In
Sec. III we describe the scalar sector needed to break
symmetry and to produce masses to the fermion fields in
model. In Sec. IV we study the gauge boson sector pay
special attention to the neutral currents present in the mo
and their mixing. In Sec. V we analyze the fermion ma
spectrum. In Sec. VI we use experimental results in orde
constrain the mixing angle between two of the neutral c
rents and the mass scale of the new neutral gauge boson
the last section we summarize the model and state our
clusions. At the end an Appendix is presented in which
make a systematic analysis of the 3-4-1 symmetry and ob
general conditions to have anomaly free models without
otic electric charges.

II. THE FERMION CONTENT OF THE MODEL

In what follows we assume that the electroweak gau
group is SU(4)L ^ U(1)X which containsSU(2)L ^ U(1)Y
as a subgroup, with a nonuniversal hyperchargeX in the
quark sector, which in turn implies anomaly cancellati
among the families in a nontrivial fashion. We also assu
that the left-handed quarks~color triplets! and left-handed
leptons ~color singlets! transform either under the 4 or 4¯

fundamental representations ofSU(4)L , and that as in the
SM, SU(3)c is vectorlike.

With the former assumptions we look for the simple
structure in such a way that, not only it does not cont
fields with exotic electric charges, but also that charged
otic leptons are absent from the anomaly-free spectrum.
cording to the Appendix there is only one model~model A!
satisfying all those constraints, for which the electric cha
©2004 The American Physical Society07-1
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operator is given by Q5T3L1(1/A3)T8L1(1/A6)T15L
1XI4, with the following fermion structure:

QaL5S ua

da

Da

Da8

D
L

uaL
c daL

c DaL
c DaL8c

@3,4,2 1
12 # @3,1,22

3# @3,1,13# @3,1,13# @3,1,13#

Q1L5S d1

u1

U1

U18

D
L

d1L
c u1L

c U1L
c U1L8

c

@3,4̄, 5
12 # @3,1,13# @3,1,22

3# @3,1,22
3# @3,1,22

3#

La,L5S ea
2

nea

Na
0

N
a

80
D

L

ea
1

@1,4̄,2 1
4 # @1,1,1#

where a52,3 anda51,2,3 are two and three family in
dexes, respectively. The numbers in parentheses refer to
@SU(3)C ,SU(4)L ,U(1)X# quantum numbers, respectivel
Notice that if needed, the lepton structure of the model
be augmented with an undetermined number of neutral W
singlet statesNL,b

0 ;@1,1,0#, b51,2, . . . , without violating
our assumptions, neither the anomaly constraint relatio
because singlets with noX charges are as good as not bei
present as far as anomaly cancellation is concerned.

III. THE SCALAR SECTOR

Our aim is to break the symmetry following the pattern

SU~3!c^ SU~4!L ^ U~1!X→SU~3!c^ SU~3!L ^ U~1!X

→SU~3!c^ SU~2!L ^ U~1!Y

→SU~3!c^ U~1!Q ,

where SU(3)c^ SU(3)L ^ U(1)X refers to the so-called
3-3-1 structure introduced in Ref.@6#. At the same time we
want to give masses to the fermion fields in the model. W
this in mind we introduce the following three Higgs scala
f1@1,4,23/4# with a vacuum expectation value~VEV!

aligned in the direction̂ f1&5(v,0,0,0)T; f2@1,4̄,21/4#

with a VEV aligned as ^f2&5(0,0,V,0)T and f3@1,4̄,
21/4# with a VEV aligned aŝ f3&5(0,0,0,V8)T, with the
hierarchy V;V8@v;174 GeV ~the electroweak breaking
scale!.
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IV. THE GAUGE BOSON SECTOR

In the model there are a total of 24 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 another 15 gauge fields associ
with SU(4)L which we may write as

1

2
laAa

m5
1

A2 S D1
m W1m K1m X1m

W2m D2
m K0m X0m

K2m K̄0m D3
m Y0m

X2m X̄0m Ȳ0m D4
m

D ,

where D1
m5A3

m/A21A8
m/A61A15

m /A12, D2
m52A3

m/A2
1A8

m/A61A15
m /A12; D3

m522A8
m/A61A15

m /A12, and D4
m

523A15
m /A12.

After breaking the symmetry witĥf1&1^f2&1^f3& and
using for the covariant derivative for 4-pletsiD m5 i ]m

2(g/2)laAa
m2g8XBm, whereg andg8 are theSU(4)L and

U(1)X gauge coupling constants, respectively, we get
following mass terms for the charged gauge bosons:MW6

2

5(g2/2)v2 as in the SM, MK6
2

5(g2/2)(v21V2), MX6
2

5(g2/2)(v21V82), MK0(K̄0)
2

5(g2/2)V2, MX0(X̄0)
2

5(g2/2)V82 and MY0(Ȳ0)
2

5(g2/2)(V21V82). Since W6

does not mix withK6 or with X6 we have thatv'174 GeV
as in the SM.

For the four neutral gauge bosons we get mass term
the form

M5
g2

2 FV2S g8Bm

2g
2

2A8
m

A3
1

A15
m

A6
D 2

1V82S g8Bm

2g
2

3A15
m

A6
D 2

1v2S A3
m1

A8
m

A3
1

A15
m

A6
2

3g8Bm

2g D 2G .

M is a 434 matrix with a zero eigenvalue correspondin
to the photon. Once the photon field has been identified,
remain with a 333 mass matrix for three neutral gaug
bosonsZm, Z8m andZ9m. Since we are interested now in th
low energy phenomenology of our model, we can choosV
5V8 in order to simplify matters. For this particular case t
field Z9m5A8

m/A32A2/3A15
m decouples from the other two

and acquires a squared mass (g2/2)V2. By diagonalizing the
remaining 232 mass matrix we get the other two physic
neutral gauge bosons which are defined through the mix
angleu betweenZm , Zm8 :

Z1
m5Zmcosu1Zm8 sinu,

Z2
m52Zmsinu1Zm8 cosu,

where
7-2
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tan~2u!52
2A2CW

A112d2F11
2V2

v2
CW

4 2
2

112d2
CW

2 G , ~1!

with d5g8/(2g).
The photon fieldAm and the fieldsZm andZm8 are given by

Am5SWA3
m1CWFTW

A3
S A8

m1
A15

m

A2
D 1~12TW

2 /2!1/2BmG ,

Zm5CWA3
m2SWFTW

A3
S A8

m1
A15

m

A2
D 1~12TW

2 /2!1/2BmG ,
05500
Z8m5A2

3
~12TW

2 /2!1/2S A8
m1

A15
m

A2
D 2

TW

A2
Bm. ~2!

SW52d/A6d211 and CW are the sine and cosine of th
electroweak mixing angle respectively, andTW5SW /CW .
We can also identify theY hypercharge associated with th
SM Abelian gauge boson as

Ym5FTW

A3
S A8

m1
A15

m

A2
D 1~12TW

2 /2!1/2BmG . ~3!
A. Charged currents

After some algebra, the Hamiltonian for the charged currents can be written as

HCC5
g

A2
FWm

1S S (
a52

3

ūaLgmdaLD 2ū1Lgmd1L2S (
a51

3

n̄eaLgmeaL
2 D D

1Km
1S S (

a52

3

ūaLgmDaLD 2Ū1Lgmd1L2S (
a51

3

N̄aL
0 gmeaL

2 D D
1Xm

1S S (
a52

3

ūaLgmDaL8 D 2Ū81Lgmd1L2S (
a51

3

N̄8aL
0 gmeaL

2 D D
1Km

0 S S (
a52

3

d̄aLgmDaLD 2Ū1Lgmu1L2S (
a51

3

N̄aL
0 gmneaLD D

1Xm
0 S S (

a52

3

d̄aLgmDaL8 D 2Ū81Lgmu1L2S (
a51

3

N̄8aL
0 gmneaLD D

1Ym
0 S S (

a52

3

D̄aLgmDaL8 D 2Ū81LgmU1L8 2S (
a51

3

N̄8aL
0 gmNaL

0 D D G1H.c. ~4!

B. Neutral currents

The neutral currentsJm(EM), Jm(Z), Jm(Z8), andJm(Z9) associated with the Hamiltonian

H05eAmJm~EM!1~g/CW!ZmJm~Z!1~g8/A2!Z8mJm~Z8!1~g/2!Z9mJm~Z9!

are

Jm~EM!5
2

3 S S (
a52

3

ūagmuaD 1ū1gmu11Ū1gmU11Ū81gmU18D
2

1

3 S S (
a52

3

d̄agmda1D̄agmDa1D̄8agmDa8D 1d̄1gmd1D 2 (
a51

3

ēa
2gmea

2

5(
f

qf f̄ gm f ,
7-3
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Jm~Z!5Jm,L~Z!2SW
2 Jm~EM!,

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

Jm~Z9!5 (
a52

3

~D̄8aLgmDaL8 2D̄aLgmDaL!

1~2Ū81LgmU1L8 1Ū1LgmU1L!

1 (
a51

3

~2N̄aL80 gmN8aL01N̄aL
0 gmNaL

0 !, ~5!

where e5gSW5g8CWA12TW
2 /2.0 is the electric charge

qf is the electric charge of the fermionf in units of e and
Jm(EM) is the electromagnetic current. Notice that theZm9
current couples only to exotic fields. The left-handed c
rents are

Jm,L~Z!5
1

2 F (
a52

3

~ ūaLgmuaL2d̄aLgmdaL!

2~ d̄1Lgmd1L2ū1Lgmu1L!

2 (
a51

3

~ ēaL
2 gmeaL

2 2 n̄eaLgmneaL!G
5(

f
T4 f f̄ Lgm f L ,

Jm,L~Z8!

5TW
21F (

a52

3 S ūaLgmuaL2
1

2
D̄aLgmDaL2

1

2
D 8̄aLgmDaL8 D

2d̄1Lgmd1L1
1

2
Ū1LgmU1L1

1

2
U 8̄1LgmU1L8

1 (
a51

3 S2ēaL
2 gmeaL

2 1
1

2
N̄aL

0 gmNaL
0 1

1

2
N8̄aL

0 gmN8aL0DG
5(

f
T4 f8 f̄ Lgm f L , ~6!

whereT4 f5Dg(1/2,21/2,0,0) is the third component of th
weak isospin and T4 f8 5(1/TW)Dg(1,0,21/2,21/2)
5(1/TW)(l3/21l8 /A31l15/A6) is a convenient 434 di-
agonal matrix, acting both of them on the representation 4
SU(4)L . Notice thatJm(Z) is just the generalization of th
neutral current present in the SM. This allows us to iden
Zm as the neutral gauge boson of the SM, which is consis
with Eqs.~2! and ~3!.

The couplings of the mass eigenstatesZ1
m and Z2

m are
given by
05500
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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 !5 cosu~T4 f2qfSW
2 !1

g8sinuCW

gA2
~T4 f8 2qfTW!,

a1R~ f !52qfSWS cosuSW1
g8sinu

gA2
D ,

a2L~ f !52sinu~T4 f2qfSW
2 !1

g8 cosuCW

gA2
~T4 f8 2qfTW!,

a2R~ f !5qfSWS sinuSW2
g8 cosu

gA2
D , ~7!

and

g~ f !1V5 cosu ~T4 f22SW
2 qf !1

g8sinu

gA2
~T4 f8 CW22qfSW!,

g~ f !2V52sinu~T4 f22SW
2 qf !

1
g8 cosu

gA2
~T4 f8 CW22qfSW!,

g~ f !1A5 cosuT4 f1
g8sinu

gA2
T4 f8 CW ,

g~ f !2A52sinuT4 f1
g8 cosu

gA2
T4 f8 CW . ~8!

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. Quark masses

For the quark sector we can write the following Yukaw
terms:
7-4
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TABLE I. The Z1
m→ f̄ f couplings.

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

u2,3 cosu S 1
22

4SW
2

3 D1 sinu

~3CW
2 21!1/2S 12

7SW
2

3 D 1
2 cosu 1sinuCW

2 /(3CW
2 21)1/2

d2,3 S2
1
21

2SW
2

3
D cosu 12

3 sinu SW
2 /~3CW

2 21!1/2 2
1
2 cosu

D2,3
2SW

2

3
cosu21

2 sinu S12
7SW

2

3 D/~3CW
2 21!1/2 2

1
2 sinuCW

2 /(3CW
2 21)1/2

D2,38
2SW

2

3
cosu21

2 sinu S12
7SW

2

3 D/~3CW
2 21!1/2 2

1
2 sinuCW

2 /(3CW
2 21)1/2

d1 S2
1
21

2SW
2

3
D cosu2sinu S12

5SW
2

3 D/~3CW
2 21!1/2 2

1
2 cosu2sinuCW

2 /(3CW
2 21)1/2

u1 cosu S 1
22

4SW
2

3 D2 4 sinu

3~3CW
2 21!1/2

SW
2 1

2 cosu

U1 2
4SW

2 cosu

3
1sinu ~1211

3 SW
2 !/@2~3CW

2 21!1/2# CW
2 sinu /@2(3CW

2 21)1/2#

U18 2
4SW

2 cosu

3
1sinu ~1211

3 SW
2 !/@2~3CW

2 21!1/2# CW
2 sinu /@2(3CW

2 21)1/2#

e1,2,3
2 cosu ~21

212SW
2 !2

sinu

~3CW
2 21!1/2

~123SW
2 !

2
cosu

2
2

sinu

(3CW
2 21)1/2

CW
2

n1,2,3
1
2 cosu 1

2 cosu

N1,2,3
0 CW

2 sinu /@2~3CW
2 21!1/2# CW

2 sinu /@2(3CW
2 21)1/2#

N1,2,380 CW
2 sinu /@2~3CW

2 21!1/2# CW
2 sinu /@2(3CW

2 21)1/2#
in

ut
:

ee-

ng
ia-

or-

wa

i-
L Y
Q5 (

a52

3

QaL
T CH f1* S (

a51

3

hua
a uaL

c 1hU
a UL

c1hU
a8UL8

cD
1~f21f3!F (

a51

3

had
a daL

c 1 (
b52

3

~hbD
a DbL

c 1hbD
a8 DbL8c !G J

1Q1L
T CH f1F (

a51

3

hda
1 daL

c 1 (
a52

3

~haD
1 DaL

c 1haD
18 DaL8c !G

1~f2* 1f3* !S (
a51

3

hua
1 uaL

c 1hU
1 UL

c1hU
18UL8

cD J 1H.c.

where theh’s are Yukawa couplings andC is the charge
conjugate operator. This Lagrangian produces the follow
tree level quark masses:

U18 ,D28 andD38 acquire heavy masses of the order ofV8
@v.

U1 ,D2 and D3 acquire heavy masses of the order ofV
@v.

u3 ,u2 and d1 acquire masses of the order ofv
'174 GeV.

u1 ,d2 andd3 remain massless at the tree level.
05500
g

The former mass spectrum is far from being realistic, b
it can be improved by implementing the following program

To introduce a discrete symmetry in order to avoid a tr
level mass ford1 ~and maybe foru2 too!.

To introduce a new Higgs fieldf4@1,4̄,21/4# which does
not acquire VEV but that introduces a quartic coupli
f1* f2f3f4 in the Higgs potential in order to generate rad
tive masses for the ordinary quarks.

To tune the Yukawa couplings in order to obtain the c
rect mixing between flavors~ordinary and exotic! with the
same electric charge.

B. Lepton masses

For the charged leptons we have the following Yuka
terms:

L Y
l 5 (

a51

3

(
b51

3

hab
e LaL

T Cf1ebL
1 1H.c. ~9!

Notice that forhab
e 5hdab we get a mass only for the heav
7-5
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TABLE II. The Z2
m→ f̄ f couplings.

f g~f!2V
g( f )2A

u2,3 2sinuS 1
22

4SW
2

3 D1 cosu

~3CW
2 21!1/2S 12

7SW
2

3 D 2
1
2 sinu 1 cosu CW

2 /(3CW
2 21)1/2

d2,3 S 1
22

2SW
2

3
Dsinu 12

3 cosuSW
2 /~3CW

2 21!1/2 1
2 sinu

D2,3 2
2SW

2

3
sinu 21

2 cosu S12
7SW

2

3 D/~3CW
2 21!1/2 2

1
2 cosu CW

2 /(3CW
2 21)1/2

D2,38 2
2SW

2

3
sinu 21

2 cosu S12
7SW

2

3 D/~3CW
2 21!1/2 2

1
2 cosu CW

2 /(3CW
2 21)1/2

d1 S 1
22

2SW
2

3
Dsinu 2 cosu S12

5SW
2

3 D/~3CW
2 21!1/2 1

2 sinu 2 cosu CW
2 /(3CW

2 21)1/2

u1 2sinu S 1
22

4SW
2

3 D2 4 cosu

3~3CW
2 21!1/2

SW
2 2

1
2 sinu

U1
4SW

2 sinu

3
1 cosu ~1211

3 SW
2 !/@2~3CW

2 21!1/2# CW
2 cosu /@2(3CW

2 21)1/2#

U18
4SW

2 sinu

3
1 cosu ~1211

3 SW
2 !/@2~3CW

2 21!1/2# CW
2 cosu /@2(3CW

2 21)1/2#

e1,2,3
2 sinu~ 1

222SW
2 !2

cosu

~3CW
2 21!1/2

~123SW
2 ! sinu

2
2

cosu

(3CW
2 21)1/2

CW
2

n1,2,3 2
1
2 sinu 2

1
2 sinu

N1,2,3
0 CW

2 cosu /@2~3CW
2 21!1/2# CW

2 cosu /@2(3CW
2 21)1/2#

N
1,2,3

80
CW

2 cosu /@2~3CW
2 21!1/2# CW

2 cosu /@2(3CW
2 21)1/2#
es
w
f

o
ed
te
e

a

s

the
rks
ich
ee
de

n

m
-
e
p
m-
est lepton~thet). So, in the context of this model the mass
for the charged leptons can be generated in a consistent
with the masses fore2 andm2 suppressed by differences o
Yukawa couplings.

The neutral leptons remain massless as far as we use
the original fields introduced in Sec. II. But as mention
earlier, we may introduce one or more Weyl singlet sta
NL,b

0 , b51,2, . . . which may implement the appropriat
neutrino oscillations@3#.

VI. CONSTRAINS 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.

The expression for the partial decay width forZ1
m→ f f̄ is

G~Z1
m→ f f̄ !5

NCGFMZ1

3

6pA2
rH 3b2b3

2
@g~ f !1V#2

1b3@g~ f !1A#2J ~11d f !REWRQCD , ~10!
05500
ay,

nly

s

t

wheref is an ordinary SM fermion,Z1
m is the physical gauge

boson observed at LEP,NC51 for leptons while for quarks
NC53(11as /p11.405as

2/p2212.77as
3/p3), where the 3

is due to color and the factor in parentheses represents
universal part of the QCD corrections for massless qua
~for fermion mass effects and further QCD corrections wh
are different for vector and axial-vector partial widths s
Ref. @7#!; REW are the electroweak corrections which inclu
the leading order QED corrections given byRQED51
13a/(4p). RQCD are further QCD corrections~for a com-
prehensive review see Ref.@8# and references therein!, and

b5A124mf
2/MZ1

2 is a kinematic factor which can be take

equal to 1 for all the SM fermions except for the botto
quark. The factord f contains the one loop vertex contribu
tion which is negligible for all fermion fields except for th
bottom quark for which the contribution coming from the to
quark at the one loop vertex radiative correction is para
etrized asdb'1022@2mt

2/(2MZ1

2 )11/5# @9#. The r param-

eter can be expanded asr511dr01drV where the oblique
correctiondr0 is given bydr0'3GFmt

2/(8p2A2), anddrV

is the tree level contribution due to the (Zm2Zm8 ) mixing
which can be parametrized asdrV'(MZ2

2 /MZ1

2 21)sin2u. Fi-
7-6
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nally, g( f )1V and g( f )1A are the coupling constants of th
physicalZ1

m field with ordinary fermions which are listed i
Table I.

In what follows we are going to use the experimen
values @10#: MZ1

591.188 GeV, mt5174.3 GeV, as(mZ)

50.1192,a(mZ)215127.938, and sin2 u W50.2333. The ex-
perimental values are introduced using the definitionsRh
[G(hh)/G(hadrons) forh5e,m,t,b,c.

As a first result notice from Table I that our model pr
dicts Re5Rm5Rt , in agreement with the experimental r
sults in Table III.

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#, ~11!

where c1q52g(e)1Ag(q)1V . The theoretical value forQW

for the cesium atom is given by@11# QW(55
133Cs)5273.09

60.041DQW , where the contribution of new physics is in
cluded inDQW which can be written as@12#

DQW5F S 114
SW

4

122SW
2 D Z2NGdrV1DQW8 . ~12!

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

DQW8 5~8.29Z116.14N!sinu1~11.64Z114.47N!
MZ1

2

MZ2

2
.

~13!

The discrepancy between the SM and the experime
data forDQW is given by@13#

DQW5QW
exp2QW

SM51.0360.44, ~14!

which is 2.3s away from the SM predictions.

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

Experimental
results

SM

GZ~GeV! 2.495260.0023 2.496660.0016

G(had) ~GeV! 1.744460.0020 1.742960.0015

G( l 1l 2) ~MeV! 83.98460.086 84.01960.027
Re 20.80460.050 20.74460.018
Rm 20.78560.033 20.74460.018
Rt 20.76460.045 20.79060.018
Rb 0.2166460.00068 0.2156960.00016
Rc 0.172960.0032 0.1723060.00007
QW

Cs 272.6560.2860.34 273.1060.03

MZ1
(GeV) 91.187260.0021 91.187060.0021
05500
l

al

Introducing the expressions forZ pole observables in Eq
~10!, with DQW in terms of new physics in Eq.~12! and
using experimental data from LEP, SLC and atomic par
violation ~see Table III!, we do ax2 fit and we find the best
allowed region in the (u2MZ2

) plane at 95% confidence
level ~C.L.!. In Fig. 1 we display this region which gives u
the constraints

20.0011<u<0.0019, 2 TeV<MZ2
. ~15!

As we can see the mass of the new neutral gauge boso
compatible with the bound obtained inpp̄ collisions at the
Fermilab Tevatron@14#. From our analysis we can also se
that for uuu→0, MZ2

peaks at a finite value larger than 10
TeV which still copes with the experimental constraints
the r parameter.

VII. CONCLUSIONS

We have presented an anomaly-free model based on
local gauge groupSU(3)c^ SU(4)L ^ U(1)X . We break the
gauge symmetry down toSU(3)c^ U(1)Q and at the same
time give masses to the fermion fields in the model in
consistent way by using three different Higgs scalarsf i , i
51,2,3 which set two different mass scales:V;V8@v
5174 GeV. By using experimental results we bound t
mixing angleu between the SM neutral current and a ne
one to be20.0011,u,0.0019 and the lowest bound fo
MZ2

is 2 TeV<MZ2
.

Our model includes four exotic down type quar
Da ,Da8 , a52,3 of electric charge21/3 and two exotic up
quarksU1 ,U18 of electric charge 2/3. The six exotic quark
acquire large masses of the order ofV.V8@v5174 GeV
and are useful in two ways: first they mix with the ordina
up and down quarks in the three families with a mixing th
can be used in order to produce a consistent mass spec
~masses and mixings! for ordinary quarks; second, they ca
be used in order to implement the so-called little Hig
mechanism@5#.

Notice also the consistence of our model in the charg
lepton sector. Not only it predicts the correct ratiosRh , h

FIG. 1. Contour plot displaying the allowed region foru vs MZ2

at 95% C.L.
7-7
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5e,m,t in the Z decays, but the model also allows for
consistent mass pattern of the particles, which do not incl
leptons with exotic electric charges.

In the main body of this paper we have analyzed an s
cific model based on the 3-4-1 gauge structure. This mod
just one of a large variety of models based on the same ga
structure. A systematic analysis of models without exo
electric charges with the same gauge structure is present
the Appendix at the end of the paper. A phenomenolog
analysis for all those model can be done, but we think i
not profitable since all of them must produce similar resu
at low energies.
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APPENDIX

In what follows we present a systematic analysis of m
els without exotic electric charges, based on the local ga
structureSU(3)c^ SU(4)L ^ U(1)X .

We assume that the electroweak group isSU(4)L
^ U(1)X.SU(3)L ^ U(1)Z.SU(2)L ^ U(1)Y , where the
gauge structureSU(3)L ^ U(1)Z refers to the one presente
in Ref. @6#. We also assume that the left-handed quarks~color
triplets!, left-handed leptons~color singlets! and scalars,
th
rr

f

us

la
ta
u

05500
e

e-
is
ge
c

in
al
s
s

-
t-
a

-
ge

transform either under the 4 or the 4¯ fundamental represen
tations ofSU(4)L . Two classes of models will be discusse
one family models where the anomalies cancel in each f
ily as in the SM, and family models where the anomal
cancel by an interplay between the several families. As in
SM, SU(3)c is vectorlike.

The most general expression for the electric charge g
erator inSU(4)L ^ U(1)X is a linear combination of the fou
diagonal generators of the gauge group

Q5aT3L1
1

A3
bT8L1

1

A6
cT15L1XI4 , ~A1!

where TiL5l iL /2, being l iL the Gell-Mann matrices for
SU(4)L normalized as Tr(l il j )52d i j , I 45Dg(1,1,1,1) is
the diagonal 434 unit matrix, anda, b andc are free param-
eters to be fixed next. Notice that we can absorb an even
coefficient forX in its definition.

If we assume that the usual isospinSU(2)L of the SM is
such thatSU(2)L,SU(4)L , thena51 and we have just a
two-parameter set of models, all of them characterized by
values ofb andc. So, Eq.~A1! allows for an infinite number
of models in the context of the 3-4-1 theory, each one as
ciated to particular values of the parametersb and c, with
characteristic signatures that make them different from e
other.

There are a total of 24 gauge bosons in the gauge gr
under consideration, 15 of them associated withSU(4)L
which can be written as
1

2
laAm

a5
1

A2 S D1m
0 Wm

1 Km
(b11)/2 Xm

(31b12c)/6

Wm
2 D2m

0 Km
(b21)/2 Xm

(231b12c)/6

Km
2(b11)/2 K̄m

2(b21)/2 D3m
0 Ym

2(b2c)/3

Xm
2(31b12c)/6 X̄m

(32b22c)/6 Ȳm
(b2c)/3 D4m

0

D , ~A2!
where D1
m5A3

m/A21A8
m/A61A15

m /A12, D2
m52A3

m/A2
1A8

m/A61A15
m /A12; D3

m522A8
m/A61A15

m /A12, and D4
m

523A15
m /A12. The upper indices in the gauge bosons in

former expression stand for the electric charge of the co
sponding particle, some of them functions of theb and c
parameters as they should be. Notice that if we demand
gauge bosons with electric charges 0,61 only, there are not
more than four different possibilities for the simultaneo
values ofb and c; they are:b5c51; b5c521; b51,c
522, andb521,c52.

Now, contrary to the SM where only the AbelianU(1)Y
factor is anomalous, in the 3-4-1 theory both,SU(4)L and
U(1)X are anomalous@SU(3)c is vectorlike#. So, special
combinations of multiplets must be used in each particu
model in order to cancel the possible anomalies, and ob
renormalizable models. The triangle anomalies we m
take care of are: @SU(4)L#3, @SU(3)c#

2U(1)X ,
e
e-

or

r
in
st

@SU(4)L#2U(1)X , @grav#2U(1)X and @U(1)X#3.
Now let us see how the charge operator in Eq.~A1! acts

on the representations 4 and 4¯of SU(4)L :

Q@4#5DgS 1

2
1

b

6
1

c

12
1X,2

1

2
1

b

6
1

c

12
1X,

2
2b

6
1

c

12
1X,2

3c

12
1XD ,

Q@ 4̄#5DgS 2
1

2
2

b

6
2

c

12
1X,

1

2
2

b

6
2

c

12
1X,

2b

6
2

c

12
1X,

3c

12
1XD .
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TABLE IV. Anomalies for sets with valuesb5c51.

Anomaly S1
q S2

q S3
l S4

l S5
l S6

l

@U(1)X#3 29/16 227/16 21/16 215/16 15/16 221/16
@SU(4)L#2U(1)X 21/4 5/4 23/4 1/4 21/4 3/4
@SU(4)L#3 3 23 1 1 21 21
ar
an
r-

ic
tr

p

lu
r t

it

s

/2
i
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nd

ing

this

l

m

uc-

l

r
lso

m-
Notice that, if we accommodate the known left-handed qu
and lepton isodoublets in the two upper components of 4
4̄ ~or 4̄ and 4!, do not allow for electrically charged antipa
ticles in the two lower components of the multiplets@anti-
quarks violateSU(3)c and e1,m1 and t1 violate lepton
number at the tree level# and forbid the presence of exot
electric charges in the possible models, then the elec
charge of the third and fourth components in 4 and 4¯must be
equal either to the charge of the first and/or second com
nent, which in turn implies thatb and c can take only the
four sets of values stated above. So, these four sets of va
for b andc are necessary and sufficient conditions in orde
exclude exotic electric charges in the fermion sector too.

A further analysis also shows that models withb5c5
21 are equivalent, via charge conjugation, to models w
b5c51. Similarly, models withb521, c52 are equiva-
lent to models withb51, c522. So, with the constraints
imposed, we have only two different sets of models; tho
for b5c51 and those forb51, c522.

1. Models for bÄcÄ1

First let us define the following complete sets of spin 1
Weyl spinors~complete in the sense that each set contains
own charged antiparticles!:

S1
q5$~u,d,D,D8!L;@3,4,2 1

12 #, uL
c;@ 3̄,1,2 2

3 #,

dL
c;@ 3̄,1,13 #, DL

c;@ 3̄,1,13 #, DL8
c;@ 3̄,1,13 #%.

S2
q5$~d,u,U,U8!L;@3,4̄, 5

12 #, uL
c;@ 3̄,1,2 2

3 #,

dL
c;@ 3̄,1,13 #, UL

c;@ 3̄,1,2 2
3 #, UL8

c;@ 3̄,1,2 2
3 #%.

S3
l 5$~ne

0 ,e2,E2,E82!L;@1,4,2 3
4 #, eL

1;@1,1,1#,

EL
1;@1,1,1#, EL8

1;@1,1,1#%.

S4
l 5$~E1,N1

0 ,N2
0 ,N3

0!L;@1,4,14 #, EL
2;@1,1,21#%.

S5
l 5$~e2,ne

0 ,N0,N80!L;@1,4̄,2 1
4 #, eL

1;@1,1,1#%.

S6
l 5$~N,E1

1 ,E2
1 ,E3

1!L;@1,4̄, 3
4 #, E1L

2 ;@1,1,21#,

E2L
2 ;@1,1,21#, E3L

2 ;@1,1,21#%.

Due to the fact that each set includes charged parti
together with their corresponding antiparticles, a
since SU(3)c is vectorlike, the anomalies
@grav#2U(1)X , @SU(3)c#

3 and @SU(3)c#
2U(1)X automati-
05500
k
d

ic

o-

es
o

h

e

ts

s

cally vanish. So, we only have to take care of the remain
three anomalies whose values are shown in Table IV.

Several anomaly free models can be constructed from
table. Let us see.

a. Three family models

We found two three family structures which are:
Model A52S1

q
% S2

q
% 3S5

l . ~The model analyzed in the
main text.!

Model B5S1
q

% 2S2
q

% 3S3
l .

b. Two family models

We find only one two family structure given by: Mode
C5S1

q
% S2

q
% S3

l
% S5

l .

c. One family models

A one family model can not be directly extracted fro
Si , i 51,2, . . . ,6, but we cancheck that the following
particular arrangement is an anomaly free one family str
ture: Model D5S1

q
% (e2,ne

0 ,N0,N80)L % (E1
2 ,N1

0 ,N2
0 ,N3

0)L

% (N4
0 ,E1

1 ,e1,E2
1)L % E2

2 . As can be checked, this mode
reduces to the model in Ref.@15# for the breaking chain
SU(4)L ^ U(1)X→SU(3)L ^ U(1)a ^ U(1)X→SU(3)L
^ U(1)Z , for the valuea51/12. In an analogous way, othe
one family models with more exotic charged leptons can a
be constructed.

2. Models for bÄ1,cÄÀ2

As in the previous case, let us define the following co
plete sets of spin 1/2 Weyl spinors:

S18
q5$~u,d,D,U !L;@3,4,16 #, uL

c;@ 3̄,1,2 2
3 #,

dL
c;@ 3̄,1,13 #, DL

c;@ 3̄,1,13 #, UL
c;@ 3̄,1,2 2

3 #%.

S28
q5$~d,u,U,D !L;@3,4̄, 1

6 #, uL
c;@ 3̄,1,2 2

3 #,

dL
c;@ 3̄,1,13 #, UL

c;@ 3̄,1,2 2
3 #, DL

c;@ 3̄,1,13 #%.

S38
l5$~ne

0 ,e2,E2,N0!L;@1,4,2 1
2 #, eL

1;@1,1,1#,

EL
1;@1,1,1#%.

S48
l5$~e2,ne

0 ,N0,E2!L;@1,4̄,2 1
2 #, eL

1;@1,1,1#,

EL
1;@1,1,1#%.
7-9
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TABLE V. Anomalies for sets with valuesb51, c522.

Anomaly S1
q S2

q S3
l S4

l S5
l S6

l

@U(1)X#3 23/2 23/2 3/2 3/2 23/2 23/2
@SU(4)L#2U(1)X 1/2 1/2 21/2 21/2 1/2 1/2
@SU(4)L#3 3 23 1 21 1 21
re
a

y:

al-
y
em
00

ne
S58
l5$~E1,N1

0 ,N2
0 ,e1!L;@1,4,12 #, EL

2;@1,1,21#,

eL
2;@1,1,21#%.

S68
l5$~N3

0 ,E1,e1,N4
0!L;@1,4̄, 1

2 #, EL
2;@1,1,21#,

eL
2;@1,1,21#%.

For the former sets the anomalies@grav#2U(1)X , @SU(3)c#
3

and @SU(3)c#
2U(1)X vanish. The other anomalies a

shown in Table V. Again, several anomaly free models c
be constructed from this table. Let us see.

a. Three family models

We found two three family structures which are:
Model E52S18

q
% S28

q
% 3S48

l .
Model F5S18

q
% 2S28

q
% 3S38

l .
,
l

n,
e,

ty
nd

V
-
3,
ys

9;

05500
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b. Two family models

We find again only one two family structure given b
Model G5S18

q
% S28

q
% S38

l
% S48

l .

c. One family models

Two one family models can be constructed usingSi8 , i
51, . . . ,6.They are:

Model H5S28
q

% 2S38
l
% S58

l .

Model I5S18
q

% 2S48
l
% S68

l .

To conclude this appendix let us mention that for the v
ues of the parametersb and c used in our analysis, man
more anomaly-free models can be constructed, all of th
featuring the SM phenomenology at energies below 1
GeV. Model A, discussed in the main text, is just o
example.
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Flórez, and L.A. Sa´nchez, Int. J. Mod. Phys. A17, 643~2002!;
W.A. Ponce, Y. Giraldo, and L.A. Sa´nchez, Phys. Rev. D67,
075001~2003!.

@7# K.G. Chetyrkin and J.H. Ku¨n, Phys. Lett. B406, 102 ~1997!.
@8# A. Leike, Phys. Rep.317, 143 ~1999!.
@9# J. Bernabeu, A. Pich, and A. Santamaria, Nucl. Phys.B363,

326 ~1991!.
@10# Particle Data Group, K. Hagiwaraet al., Phys. Rev. D66,

010001~2002!.
@11# W.J. Marciano and A. Sirlin, Phys. Rev. D29, 75 ~1984!; W.J.

Marciano and J. Rosner, Phys. Rev. Lett.65, 2963~1990!.
@12# L. Durkin and P. Langacker, Phys. Lett.166B, 436 ~1986!.
@13# R. Casalbuoni, S. De Curtis, D. Dominici, and R. Gatto, Ph

Lett. B 460, 135 ~1999!; J. Rosner, Phys. Rev. D61, 016006
~2000!; J. Erler and P. Langacker, Phys. Rev. Lett.84, 212
~2000!.

@14# F. Abeet al., Phys. Rev. Lett.79, 2192~1997!.
@15# L.A. Sánchez, W.A. Ponce, and R. Martinez, Phys. Rev. D64,

075013~2001!.
7-10


