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Abstract We study an SU(3)L × U(1)X electroweak model. By requiring M2

Z1
− M2

W / cos2 θW to be less than
experimental value we obtain a lower bound on Z′ boson mass, MZ′ > 600 GeV. The relation between MZ′ and MU

(MV ) then gives a lower bound on MU (MV ) : MU (MV ) > 490 GeV. From the constraint sin2 θW (MZ′) < 0.3, the upper
bounds on MZ′ and MU (MV ) are computed to be MZ′ < 5.8 × 104 TeV and MU (MV ) < 4.6 × 104 TeV. We estimate
further the KL − KS mass difference due to Z′ exchange and try to use the result to obtain stronger lower bounds. On
cosmological grounds we find that MN < 390 eV for Tf = 2.3 GeV and MN < 740 eV for Tf = 300 GeV.
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1 Introduction

Ever since the advent of the standard model (SM) of
electroweak interactions various extensions of it have been
considered. An extension called SU(3)L × U(1)X model
was introduced for the first time in Ref. [1], and sev-
eral new versions of the model were suggested[2] in early
1990s. This sort of model has an interesting feature: an
anomaly-free model can be obtained only if the number
of families is a multiple of three. It provides a possible
answer to the family question. Here we will focus on an
SU(3)L ×U(1)X model we proposed recently.[3] The orig-
inal motivation leading to the proposal was to provide
an economic accommodation of the dark matter particle.
Hence we introduced two neutral leptons in each family.
And we found that the extra neutral lepton (N -particle)
can be chosen as a candidate of dark matter particle. Our
aim in this paper is to place mass bounds on the exotic
gauge bosons and the N -particle.

This paper is organized as follows. In Sec. 2 we briefly

review this model. The exotic gauge bosons and their

mass bounds are discussed in Sec. 3. In Sec. 4 the flavor-

changing neutral current processes are described. Also

the KL − KS mass difference due to Z ′ exchange is esti-

mated and used to discuss possible lower mass bounds on

the exotic gauge bosons. Section 5 is devoted to deriv-

ing cosmological bound on N -particle mass. Finally, the

conclusions are presented in Sec. 6.

2 Review of the Model

We first give a brief review of the model. The three

families of leptons transform under SU(3)L × U(1)X as

Li =





νi

li

N c
i





L

∼
(

3, −2

3

)

,

νiR ∼ (1, 0) l−iR
∼ (1,−2), N c

iR
∼ (1, 0)

with i = e, µ, τ . The quarks are given by the following

representations under SU(3)L × U(1)X ,

Q1L =





dα

uα

Pα
1





L

∼ (3̄, 0), dα
R
∼ (1,−2/3), Uα

R ∼ (1, 4/3), Pα
1R ∼ (1,−2/3),

Q2L =





Sα

Cα

Pα
2





L

∼ (3̄, 0), Sα
R ∼ (1,−2/3), Cα

R ∼ (1, 4/3), Pα
2R ∼ (1,−2/3),

Q3L =





tα

bα

Pα
3





L

∼ (3, 2/3), tα
R
∼ (1, 4/3), bα

R
∼ (1,−2/3), Pα

3R ∼ (1, 4/3),

where α is SU(3)c color index. It is useful to note that

there exists a mixing between neutrinos and N -particles.

For simplicity we will work with only the first lepton fam-

ily. Then the mass eigenstates (ν̃, Ñ) are related to the

weak eigenstates (ν,N) by

ν̃ = ν cos ϕ − N sinϕ, Ñ = ν sin ϕ + N cos ϕ ,

where ϕ is a mixing angle.
In the Higgs sector we first introduce a Higgs triplet

φ3 which transforms as φ3 ∼ (3,−2/3). When φ3 gets the
vacuum expectation value (VEV),

〈φ3〉0 =





0

0

v3/
√

2



 ,
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the exotic quarks (P1,2,3) acquire masses and the gauge
symmetry is broken down to SU(2)L × U(1)Y , where
Y = −(1/

√
3)λ8 + X is the hypercharge.

We then introduce two more Higgs triplets φ1 and φ2,
which transform as φ1 ∼ (3,−2/3) and φ2 ∼ (3, 4/3), re-
spectively. When φ1 and φ2 get VEVs,

〈φ1〉0 =





v1/
√

2

0

0



 , 〈φ2〉0 =





0

v2/
√

2

0



 ,

all quarks acquire masses. However not all of the leptons
acquire masses. To remedy this defect we introduce the
fourth Higgs scalar S, which transforms as (6,−4/3) and
has VEV of the form

〈S〉0 =

[ 1
2v4

1
2v4

]

.

This VEV together with 〈φ1〉0 and 〈φ2〉0 gives leptons’
acceptable masses and breaks the electroweak gauge sym-

metry down to U(1)Q.

3 Gauge Bosons

In this section we discuss gauge bosons and their

masses. To start with, we have an octet W a
µ (a =

1, 2, . . . , 8) of massless bosons associated with SU(3)L and

a massless singlet Xµ associated with U(1)X . The covari-

ant derivative for a triplet is defined as

Dµ = ∂µ − ig
λa

2
W a

µ − igx
X

2
Xµ ,

where λa are the Gell-Mann matrices, g and gx are the

SU(3)L and U(1)X coupling constants respectively. By

matching the gauge coupling constants at the SU(3)L ×
U(1)X breaking we get the matching condition

1

g′2
=

1

3g2
+

1

g2
x

,

where g′ is U(1)Y coupling constant with g′/g = tg θW .

After electroweak breaking the gauge bosons W±
µ = (1/

√
2)(W 1

µ ∓ iW 2
µ), U0

µ = (1/
√

2)(W 4
µ − iW 5

µ), Ū0
µ =

(1/
√

2)(W 4
µ + iW 5

µ) and V ±
µ = (1/

√
2)(W 6

µ ± iW 7
µ) acquire the masses

M2
W = 1

4g2(v2
1 + v2

2 + v2
4), M2

V = 1
4g2(v2

2 + v2
3 + v2

4) , M2
U = 1

4g2(v2
1 + v2

3 + 4v2
4) .

On the other hand, the neutral gauge bosons have the following mass-squared matrix in the (W 3,W 8,X) basis

M2 =
1

4
g2















v2
1 + v2

2 + v2
4

1√
3
(v2

1 − v2
2 − v2

4) −2

3
t(v2

1 + 2v2
2 + 2v2

4)

1√
3
(v2

1 − v2
2 − v2

4)
1

3
(v2

1 + v2
2 + 4v2

3 + v2
4) − 2

3
√

3
t(v2

1 − 2v2
2 − 2v2

3 − 2v2
4)

−2

3
t(v2

1 + 2v2
2 + 2v2

4) − 2

3
√

3
t(v2

1 − 2v2
2 − 2v2

3 − 2v2
4)

4

9
t2(v2

1 + 4v2
2 + v2

3 + 4v2
4)















,

where t = gx/g. By partially diagonalizing this matrix we can identify three physical states A (photon), Z and Z ′,

Aµ = W 3
µ sin θW +

(

− 1√
3
W 8

µ tg θW + Xµ

√

1 − 1
3 tg2 θW

)

cos θW ,

Zµ = W 3
µ cos θW −

(

− 1√
3
W 8

µ tg θW + Xµ

√

1 − 1
3 tg2 θW

)

sin θW ,

Z ′

µ = −W 8
µ

√

1 − 1
3 tg2 θW − 1√

3
Xµ tg θW .

In the (A,Z,Z ′) basis the mass matrix for Z and Z ′ is

M2 =

[

M2
Z M2

ZZ′

M2
ZZ′ M2

Z′

]

(1a)

with

M2
Z = 1

4 (g2/ cos2 θW )(v2
1 + v2

2 + v2
4) ,

M2
ZZ′ = 1

4 (g2/ cos2 θW )[v2
1(2 sin2 θW − 1) + v2

2 + v2
4 ]/

√

3 − 4 sin2 θW ,

M2
Z′ = 1

4 (g2/ cos2 θW )[−4v2
1 sin2 θW cos2 θW + (v2

1 + v2
2 + v2

4) + 4v2
3 cos4 θW ]/(3 − 4 sin2 θW ) . (1b)

The mass eigenstates are

Z1µ = Zµ cos θ − Z ′

µ sin θ, Z2µ = Zµ sin θ + Z ′

µ cos θ ,

where Z1 corresponds to the neutral gauge boson of the

SM and Z2 is a heavy partner.

We now turn to the estimate of mass bounds on the

exotic gauge bosons. It is reasonable to set v1 = v4 = 0 in

Eq. (1), since the symmetry breaking hierarchy requires

v3 ≫ v1,2 > v4. Thus M2 becomes

M2 =





M2
Z M2

Z

/

√

3 − 4 sin2 θW

M2
Z

/

√

3 − 4 sin2 θW M2
Z′



 , (2)

where M2
Z = (1/4)g2v2

2/ cos2 θW = M2
W / cos2 θW . From
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Eq. (2) we can deduce that the mass shift is of the order

∆M2 = M2
Z1

− M2
Z = −M4

Z/[M2
Z′(3 − 4 sin2 θW )]

with MZ = MW / cos θW . Requiring ∆M2 to be less than

experimental value[4] we get the lower bound on MZ′ ,

MZ′ > 600 GeV . (3)

In the approximation v3 ≫ v1,2 > v4 we have

MU ≃ MV ≃ MZ′

√

3 − 4 sin2 θW /2 cos θW , (4)

which implies, together with Eq. (3), the following lower

bounds MU (MV ) > 490 GeV. We will see that these

lower bounds can be improved by considering flavor-

changing neutral currents (FCNC).

4 FCNC Processes

We first write down the gauge interactions for Z and

Z ′ bosons explicitly.

(i) Gauge interaction of Z boson. The interaction

Lagrangian among fermions and Z is

L(Z) = −(g/2 cos θW )Zµψ̄γµ[ gL(ψ)(1 − γ5)

+ gR(ψ)(1 + γ5)]ψ .

The neutral current coefficients are given as

gL,R = T 3(ψL,R) − Q(ψ) sin2 θW ,

where T 3 is the weak isospin of fermion ψ and Q is the

charge of ψ in units e. It is easy to verify that for usual

fermions the respective coefficients gL and gR coincide with

those of the SM, hence there is no FCNC coupled to Z bo-

son.

(ii) Gauge interaction of Z ′ boson. The interaction

Lagrangian among fermions and Z ′ is

L(Z ′) = − (g/2 cos θW )Z ′

µψ̄γµ[ g′
L
(ψ)(1 − γ5)

+ g′
R
(ψ)(1 + γ5)]ψ ,

where the new neutral current coupling coefficients are

given as

g′L,R =
1

2

√

3 − 4 sin2 θW Y (ψL,R)

− 3

2

cos2 θW
√

3 − 4 sin2 θW

X(ψL,R) .

In the left-handed sector the third family has different

coupling to Z ′ from the other two families. This leads to

the FCNCs. In particular, the FCNC in the down sector

is

LFCNC = − g

2 cos θW

Z ′

µδLU∗

3di
U3dj

d̄iγ
µ(1 − γ5)dj (5)

and

δL = g′
L
(d3) − g′

L
(d1) = − cos2 θW /

√

3 − 4 sin2 θW ,

where di(= d, s, b) are mass eigenstates. U is the unitary

matrix that relates mass eigenstates to weak eigenstates.

There is no FCNC for right-handed currents, since usual

right-handed fermions transform identically.

As an example of FCNC process we consider the

KL − KS mass difference. The Z ′ exchange contribution

to the mass difference appears in Fig. 1. From Eq. (5) we
can deduce the corresponding effective Lagrangian

Leff = − g2

4M2
Z′ cos2 θW

δ2
L
|U∗

3dU3S |2[d̄γµ(1 − γ5)S]2 ,

which gives the physical K0 ↔ K̄0 transition amplitude

A(K0 ↔ K̄0) = 〈K̄0|Heff(d̄S ↔ dS̄)|K0〉 (6)

with Heff = −Leff . The matrix element in Eq. (6) can
be estimated by the “vacuum insertion” approximation.[5]

The KL −KS mass difference is then computed by means
of the equation

∆mK = mL − mS = 2Re A(K0 ↔ K̄0) ,

which gives

∆mK =
16

3

GF√
2

M2
W δ2

L

M2
Z′ cos2 θW

|U∗

3dU3S |2f2
K
mK , (7)

where fK = 1.23 mπ. Assuming ∆mK ≤ 1 × 10−15 GeV
we get from Eq. (7),

M2
Z′ > 1.55 × 1012|U∗

3dU3S |2 (GeV)2 .

In Table 1 we give our results for the lower bound for a
number of values of |U∗

3dU3S |. We see that stronger lower
bounds on MZ′ , hence on MU and MV , can be obtained,
if |U∗

3dU3S | ≥ 1 × 10−3.
At the end of this section we will derive upper mass

bounds on the exotic gauge bosons. To do this we as-
sume a normalization prompted by potential unification
in a more complete theory[6]

1

4
g2

x Tr (X)2 = g2 Tr (T3)
2 ,

which gives g2
x = 1

2g2 for the fermion representations in
our model. Combining with the matching conditions we
find that sin2 θW should be less than 0.3. With this con-
straint the upper bound on MZ′ can be computed by
considering the one-loop running of sin2 θW . Including
the Higgs multiplets and taking sin2 θW (MZ) = 0.231 and
α−1 = 127.9 we find MZ′ < 5.8 × 104 TeV. Equation (4)
then gives MU (MV ) < 4.6 × 104 TeV.

Table 1 The lower bound on MZ′ for different values
of |Y ∗

3dU3s|.

|U∗

3d
U3s| MZ′ (TeV)

0.004 × 0.035 0.2

4.8 × 10−4 0.6

1 × 10−3 1.3

1 × 10−2 12.5

Fig. 1 Diagram responsible for K0–K̄0 transition due
to Z′ exchange.
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5 Cosmological Bound on N-Particle Mass

We now proceed to derive the upper bound on the N ’s
mass by invoking cosmological theories. We assume that
the N is still relativistic when it decouples. The present
mass density of the N is then[7]

ρN0
= nN0

MN = 825[ geff/g∗s(Tf )](MN/eV)eV · cm−3 ,

ΩN0
h2 = 7.83 × 10−2[ geff/g∗s(Tf )](MN/eV) , (8)

where ΩN0
= ρN0

/ρc. Since ΩN0
h2 < Ω0h

2 . 1, we get
from Eq. (8),

MN . 12.8[ g∗s/geff(Tf )] eV .

We see that the upper bound of N ’s mass depends on
freeze-out temperature Tf , which is related to ν–N mix-
ing angle φ. The upper bound of the ϕ can be estimated
by considering the µ-decay experiment. We note that the
µ-decay rate (1/τ2) in our model differs from 1/τ1 in the
SM by a factor cos4 ϕ. Hence the difference in lifetimes
can be approximated by

∆τ = τ2 − τ1 = 2τϕ2 ,

since ϕ ≪ 1. The experimental value for τ is (2.19703 ±
0.00004) × 10−6 s. Therefore ϕ . 3 × 10−3.

Fig. 2 Diagrams contributing to NN̄ annihilation.

We now compute the upper mass bound of the N for
two cases.

(i) Tf ≪ MW . We assume that Z–Z ′ mixing angle
is so small that the dominant reactions which contribute
to NN̄ annihilation are those described by the diagrams
in Fig. 2. The cross section for these reactions is given by

σ ≃ G2
F T 2 sin4 ϕ, where GF is the Fermi constant. The

N ’s number density is n ≃ T 3. So the annihilation rate

(per N -particle) is

Γ = nσ|v| ≃ G2
F T 5 sin4 ϕ .

The ratio of Γ to the expansion rate is

Γ

H
=

G2
F T 5 sin4 ϕ

T 2/Mpl
≃ (T sin4/3 ϕ/1 MeV)3 ,

where Mpl is the Planck mass. Since the N decouples

when Γ/H ≃ 1, we deduce that

Tf = 1/ sin4/3 ϕ MeV .

As an illustrative value we choose ϕ ≃ 3 × 10−3. Then

Tf = 2.3 (GeV) ≪ MW . At this temperature g∗s = 91.5.

For a single four-component N -particle geff = 3. This

implies that

MN < 390 eV .

(ii) Tf ≫ MW . On dimensional grounds the cross

section of NN̄ annihilation is

σ ≃ G2
F M2

W sin4 ϕ/T 2 .

Following the same steps as in the case (i) we find Tf =

300 GeV (Choose sin ϕ = 2.26 × 10−4) and g∗s = 174

(Assume that all particles have masses less than 300 GeV

except U0, Ū0, V ±, Z ′ and φ3). This implies that

MN < 740 eV .

Finally, we note that our results are insensitive to the

freeze-out temperature.

6 Conclusions

So far we have considered an SU(3)L × U(1)X model

in detail. We first derive the mass expressions for gauge

bosons. By requiring ∆M2 to be less than the experi-

mental value we get a lower bound on MZ′ . The relation

between MZ′ and MU (MV ) then gives a lower bound

on MU (MV ). Furthermore the gauge interactions for Z

and Z ′ bosons are recalled and then used to estimate the

KL−KS mass difference due to the exchange of Z ′ boson.

Next we assume a new normalization, which together with

the matching conditions gives sin2 θW (MZ′) < 0.3. From

this constraint an upper bound on MZ′ is obtained. Equa-

tion (4) then gives an upper bound on MU and MV . Fi-

nally, we get an upper bound on N ’s mass on cosmological

grounds.
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