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1 Introduction

Both the great success as well as the shortcomings of the Standard Model (SM) in providing

a full picture of reality are well publicized. Amongst the latter are the facts that it fails

in giving a convincing explanation for small neutrino masses, the existence three families,

and the dynamical origin of parity violation. Taking these as clues, we suggest a new

Standard Model extension which provides a dynamical criterion for selecting the profile

characterizing the “next step” towards physics Beyond the Standard Model. This would

provide an answer to a current burning question, after the lack of convincing new signals

in Run 2 of the LHC: what is the expected pattern of the upcoming new physics? By

suggesting that these three features are deeply inter-connected we reconcile the idea of

spontaneous parity violation with anomaly cancellation with, and only with, three families

of fermions.

The framework is based on a generalized left-right symmetric SU(3)c ⊗ SU(3)L ⊗
SU(3)R ⊗ U(1)X group structure, first proposed in [1] in a different context. In [2] we

suggested a unique framework able to mimic either a usual left-right symmetric theory or a

331 model, incorporating spontaneous parity violation and small neutrino masses through

the seesaw mechanism. In order to incorporate the cancellation of the Adler-Bell-Jackiw

anomalies [3, 4] the number of fermion families must chosen to match exactly the number

of colors, with quarks assigned in a non-sequential way, in which one quark family differs

from the other two [5], as in the early proposal of refs. [5, 6] (see [7] for an alternative

formulation).1 We choose the simplest scalar sector for which light neutrino masses are

proportional to a small parameter, implementing a genuine low-scale realization of the see-

saw mechanism, such as the inverse [10–15] or linear seesaw mechanism [12–14], instead

1The model is unique up to exotic fermion charge assignments. Unfortunately, the interesting choice

made in [8, 9] is inconsistent with our construction, due to the perturbativity requirement of the gauge

couplings [1].
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ψaL ψaR QαL QαR Q3
L Q3

R SaL Φ ρ χL χR

SU(3)c 1 1 3 3 3 3 1 1 1 1 1

SU(3)L 3 1 3∗ 1 3 1 1 3 3 3 1

SU(3)R 1 3 1 3∗ 1 3 1 3∗ 3 1 3

U(1)X −1
3 −1

3 0 0 1
3

1
3 0 0 1

3 −1
3 −1

3

Table 1. Particle content of the model, with a = 1, 2, 3 and α = 1, 2.

of the more conventional high-scale seesaw [16–20]. Moreover the model suggests that the

CKM matrix characterizing quark weak interactions may have a dynamical origin through

a new “leptophobic” vacuum expectation value. The scheme has potentially accessible new

neutral gauge bosons coupling non-diagonally to the quark flavors, inducing flavor changing

neutral currents in the K, D and B neutral meson systems [21]. On the other hand such

Z ′’s can also be searched directly in Dilepton studies at the LHC [22]

This paper is organized as follows. First we sketch our framework reconciling the

existence of parity at a fundamental level with a gauge structure consistent only for the case

of three families of fermions. We then show how different patterns of symmetry breaking

determine alternative profiles for the “next” expected physics beyond the Standard Model.

Finally we briefly discuss generic features of fermion masses and mixings, as well as their

interactions and phenomenological implications for the LHC and K, D and B meson mixing.

2 The model

The gauge group is SU(3)c ⊗ SU(3)L ⊗ SU(3)R ⊗U(1)X with the three families of fermion

fields assigned as,

ψaL,R =

 ν

`−

N


a

L,R

, QαL,R =

 d

−u
D


α

L,R

, Q3
L,R =

 u

d

U


3

L,R

, (2.1)

where parity acts as: ψaL ↔ ψaR, QαL ↔ QαR, Q3
L ↔ Q3

R.

The particle content of the model is summarized in table 1. We also introduce the

fermion fields SaL, transforming as singlets under the SU(3)c ⊗ SU(3)L ⊗ SU(3)R ⊗ U(1)X

gauge symmetry and crucial ingredients of low-scale seesaw schemes [10] as well as a set

of scalar multiplets including a bi-triplet scalar Φ involved in the generation of charged

fermion masses, as well as χL and χR triggering neutrino masses, see below. Notice that,

following the procedure used in refs. [12–14], in the current model we replace the sextets

∆L and ∆R present in the construction of refs. [2, 23], by the fields χL and χR

χL ∼
(
1,3,1,−1

3

)
, χR ∼

(
1,1,3,−1

3

)
. (2.2)
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In the presence of the gauge singlet fermions, the Yukawa interactions for leptons are

given by

− Lleptons =
∑
a,b

[
yabR ψ

a
RχRS

b
L + yabL ψ

a
LχL(SbL)c + yabψ

a
LΦψbR +

µab
2

(SaL)cSbL

]
+ h.c. (2.3)

Parity acts on singlet fermions as SL ↔ (SL)c and the scalar fields transform as Φ ↔ Φ†,

χL ↔ χR, which implies that yR = yL and y = y†. Spontaneous symmetry breaking is

driven by the following structure of vacuum expectation values (VEVs):2

〈Φ〉 =
1√
2

diag(k1, k2, n) , 〈ρ〉 =
1√
2

 0 k3 0

k4 0 0

0 0 0

 ,

〈χR〉 =
1√
2

 vR
0

ΛR

 , 〈χL〉 =
1√
2

 vL
0

ΛL

 .

(2.4)

In this work, we assume for simplicity k4,ΛL = 0 and the hierarchy n , vR ,ΛR � ki , vL,

i = 1, . . . , 3. After symmetry breaking the electric charge is identified as the unbroken

combination

Q = T 3
L + T 3

R + β(T 8
L + T 8

R) +X, (2.5)

and the parameter β is given, in our construction, by

β = −1/
√

3 , (2.6)

which corresponds to the SVS case [5].

3 Spontaneous symmetry breaking

The most general scalar potential characterizing symmetry breaking in our model can be

written as

V = Vχ + VΦ + Vρ + VΦχ + VΦρ + Vχρ + VΦρχ , (3.1)

Vχ = µ2
χ(χ†LχL + χ†RχR) + λ1[(χ†LχL)2 + (χ†RχR)2] + λ2χ

†
LχLχ

†
RχR ,

VΦ = µ2
ΦTr(ΦΦ†) + fΦ[εl1l2l3εr1r2r3Φr1

l1
Φr2
l2

Φr3
l3

+ h.c.] + λ3Tr(ΦΦ†)2 + λ4Tr(ΦΦ†ΦΦ†) ,

Vρ = µ2
ρTr(ρρ†) + λ5Tr(ρρ†)2 + λ6Tr(ρρ†ρρ†) ,

VΦχ = fχ(χ†LΦχR + h.c.) + λ7(χ†LχL + χ†RχR)Tr(ΦΦ†) + λ8

(
χ†LΦΦ†χL + χ†RΦ†ΦχR

)
,

VΦρ = λ9Tr(ρρ†)Tr(ΦΦ†) + λ10

[
Tr(ΦΦ†ρρ†) + Tr(Φ†ΦρTρ∗)

]
+ λ11

[
Tr(Φ†ρΦTρ∗) + Tr(ΦρTΦ∗ρ†)

]
,

Vχρ = λ12Tr(ρρ†)(χ†LχL + χ†RχR) + λ13(χ†Lρρ
†χL + χ†Rρ

Tρ∗χR) ,

VΦρχ = fρ[ε
l1l2l3(ΦρT )l1l2(χL)l3 + εr1r2r3(Φ†ρ)r1r2(χR)r3 + h.c.]

+ λ14(ΦρTΦχR + Φ†ρΦ†χL + h.c.) ,

2We restrict our analysis to the case in which there is no mixing at tree level between exotic and SM

fermions. Note that, for the most general VEV structure a small mixing between Standard Model and

exotic fermions is induced, but it will be controlled by the ratio ki/n which is expected to be small.
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Minimization leads to the following tadpole equations:

µ2
Φ = −

(
n2+k2

1 +k2
2

)
λ3−(n2+k2

2)λ4−
1

2

[
k2

3λ9−
k2

2k
2
3

n2−k2
2

λ10+
n2Λ2

R

n2−k2
2

λ8+(v2
L+v2

R+Λ2
R)λ7

]
,

µ2
ρ = −1

2

[
v2
LΛ2

R(v2
L−v2

R−Λ2
R)

k2
3(v2

L−v2
R)

(2λ1−λ2)+k2
3(λ5+λ6)+

(n2−k2
1)Λ2

R

k2
3

λ8+(k2
1 +k2

2 +n2)λ9

+ (k2
1 + k2

2)λ10 + (v2
L + v2

R + Λ2
R)λ12 + v2

L

(
1 +

Λ2
R

v2
L − v2

R

)
λ13

]
,

µ2
χ = −

(
v2
L + v2

R +
v2
RΛ2

R

v2
R − v2

L

)
λ1 −

1

2

[
Λ2
Rv

2
L

(v2
L − v2

R)
λ2 + (k2

1 + k2
2 + n2)λ7 + k2

1λ8 + k2
3λ12

+
k2

3v
2
L

(v2
L − v2

R)
λ13

]
,

fΦ =
2(n2 − k2

2)nk2λ4 − nk2k
2
3λ10 + k3ΛR(n2 − k2

2)λ14 + nk2Λ2
Rλ8√

2k1(v2
L − v2

R)
,

fρ =
1√
2k1

{
nk2λ14+

ΛR(k2
1−n2)

k3
λ8+

v2
LΛR

k3(v2
L−v2

R)
[k2

3λ13+(v2
L−v2

R−Λ2
R)(2λ1−λ2)]

}
,

fχ =
vLvR

[
(2λ1 − λ2)(v2

R + Λ2
R − v2

L)− k2
3λ13

]
√

2(v2
R − v2

L)k1

, (3.2)

together with the relations

2k2
1k2k

2
3(v2

L − v2
R)λ11 − nvLvRΛ2

R[k2
3λ13 + (2λ1 − λ2)(v2

L − v2
R − Λ2

R)] = 0

nk3(k2
1 − k2

2)λ14 + (n2 − k2
1)k2ΛRλ8 +

k2
3vL(nvR − k2vL)ΛR

v2
L − v2

R

λ13

+
vL(k2vL − nvR)ΛR(v2

L − v2
R − Λ2

R)

v2
L − v2

R

(λ2 − 2λ1) = 0 ,

(k2
1 − k2

2)

[
(k2

1 − n2)λ4 +
n2k2

3

(n2 − k2
2)
λ10

]
+
λ8

2

{
k2

1(v2
L + v2

R)−
[n4 + (k2

1 − 2n2)k2
2]Λ2

R

n2 − k2
2

}
+ nk2k3ΛRλ14 +

v2
R + Λ2

R

2(v2
L − v2

R)

[
k2

3v
2
Lλ13 + v2

L(v2
L − v2

R − Λ2
R)(2λ1 − λ2)

]
= 0 . (3.3)

Different patterns of symmetry breaking associated to different hierarchies of the above

vacuum expectation values will thus translate into a different nature for the physics beyond

the Standard Model expected above current LHC energies. In one of them the “next” theory

will be left-right symmetric, while in the other it will follow the pattern dictated by the

331 gauge dynamics.
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Φ χR χR Φ

νL νR SL SL νR νL

Figure 1. Inverse seesaw diagram.

χL χR Φ

νL SL νR νL

Figure 2. Linear seesaw diagram, up to symmetrization.

4 Phenomenological implications

After spontaneous symmetry breaking driven by the pattern in eq. (2.4) the neutrino mass

matrix in the (νL, ν
c
R, NL, N

c
R, SL) basis is given by:

Mν =


0 yk1 0 0 yLvL

yTk1 0 0 0 yRvR
0 0 0 yn 0

0 0 yTn 0 yRΛR
yTLvL y

T
RvR 0 yTRΛR µ

 . (4.1)

For example, setting vL → 0 gives us

mlight ≈
k2

1

v2
R

(y yT−1
R )µ(y−1

R yT ) , (4.2)

which vanishes as µ → 0, reproducing the standard inverse seesaw relation [10, 11] illus-

trated in figure 1. On the other hand, taking µ→ 0 leads to

mlight ≈
vLk1

vR

[
y(yR y

−1
L )T + (yR y

−1
L )yT

]
, (4.3)

recovering the linear seesaw mass relation [14], see figure 2. Besides, as dictated by

parity, the Yukawa couplings satisfy yL = yR and the above mass relation reduces to

mlight ≈ vLk1
vR

(y + yT ). In either case we can naturally explain the lightness of neutrinos as

a result of the exchange of quasi-Dirac heavy lepton messengers that could lie in the TeV

scale [24, 25]. The required mixing parameters measured in neutrino oscillation experiments

can also be accommodated.
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In the quark sector, the up- and down-type quark mass matrices are determined by

the Yukawa interactions

− Lquarks =

2∑
α,β=1

(
hQαβQ

α
LΦ∗QβR

)
+ hQ33Q

3
LΦQ3

R +
2∑

α=1

(
hQα3Q

α
Lρ
∗Q3

R + hQ3αQ
3
LρQ

α
R

)
+ h.c.

(4.4)

and are given by

Mu =
1√
2

 hQ11k2 hQ12k2 0

hQ21k2 hQ22k2 0

−hQ31k3 −hQ32k3 h
Q
33k1

 , (4.5)

Md =
1√
2

 hQ11k1 h
Q
12k1 h

Q
13k3

hQ21k1 h
Q
22k1 h

Q
23k3

0 0 hQ33k2

 . (4.6)

Concerning the neutral current weak interaction, these are exactly flavor-diagonal as

expected by the Glashow-Iliopoulos-Maiani mechanism. There are, however, new neutral

gauge bosons that couple non-diagonally to the quark flavors. Such flavor changing inter-

actions are constrained by direct searches at the LHC Dilepton data, as well as by limits

from K, D and B neutral meson systems [21]. On the other hand right-handed neutrino

pair production through the Z ′ gauge boson portal would induce sizeable rates for lepton

flavour violation effects at the high energies available at the LHC [25], even when processes

like µ→ eγ are negligibly small.

5 Flavor-changing neutral currents

An interesting feature of our model is the break down of the Glashow-Iliopoulos-Maiani

mechanism in the weak neutral current. Indeed there are flavor-changing neutral currents

(FCNC) mediated by the new heavy neutral gauge bosons Z ′L and Z ′R associated to the

left and right SU(3) groups. The neutral current Lagrangian is given by

LNC =− fLiγµ
[
gL(TL3 W

L3
µ + TL8 W

L8
µ ) + gxXiBµ

]
fLi

− fRiγµ
[
gL(TR3 W

R3
µ + TR8 W

R8
µ ) + gxXiBµ

]
fRi ,

(5.1)

with X = Q − T 3
L − T 3

R + 1√
3
(T 8
L + T 8

R). We note that the Standard Model neutral gauge

bosons, the photon and the standard Z boson, do not mediate FCNC since their coupling

involves only the electric charge and T 3 generators in flavor space, hence proportional to

the identity matrix. However the T8 piece of the neutral current leads to flavor change,

and taking this into account we obtain the FCNC piece of the neutral current Lagrangian,

LFCNC ⊃− fLiγµTL8
(
gLW

L8
µ +

1√
3
gXBµ

)
fLi

− fRiγµTR8
(
gLW

R8
µ +

1√
3
gXBµ

)
fRi .

(5.2)

– 6 –
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Defining the relevant fields Z ′L,Rµ and couplings g′L,R as

g′LZ
′
Lµ = gLW

L8
µ +

1√
3
gXBµ ,

g′RZ
′
Rµ = gLW

R8
µ +

1√
3
gXBµ ,

(5.3)

we can write down the FCNC Lagrangian

LFCNC = − 1√
3

[
g′LZ

′
Lµ(V qL

3j )∗V qL
3i q

′j
Lγ

µq′iL + g′RZ
′
Rµ(V qR

3j )∗V qR
3i q

′j
Rγ

µq′iR

]
, (5.4)

with q′ = (u, c, t) or q′ = (d, s, b) and i 6= j. Thus, the effective Lagrangian for meson

mixing becomes

Leff
FCNC =

1

3

∣∣∣(V qL
3j )∗V qL

3i

∣∣∣2( g′2L
m2
Z′
L

)
(q′jLγ

µq′iL)2+
1

3

∣∣∣(V qR
3j )∗V qR

3i

∣∣∣2( g′2R
m2
Z′
R

)
(q′jRγ

µq′iR)2 . (5.5)

The phenomenology of the model is quite rich since the Z ′L,R mediate meson mixing and can

also be searched directly at the LHC by Drell Yann production in the dilepton channel.

One notices that the relative importance of the left and right terms is determined by

the hierarchy of vacuum expectation values which characterizes the physics “just beyond”

the Standard Model in our scheme. Indeed, these gauge boson mass parameters scale as

mZ′
L
∼ n and mZ′

R
∼
√
n2 + v2

R so that for n � vR the intermediate scale physics is

described by the SU(2)L ⊗ SU(2)R ⊗U(1) gauge structure.3 In this left-right symmetric

limit the FCNC will be suppressed by the high value of vR. In contrast, for n � vR one

has intermediate SU(3)c ⊗ SU(3)L ⊗U(1) physics at “low” scale. In this case one recovers

the situation considered in [21] with FCNC suppressed by the magnitude of the vacuum

expectation value n. For the generic case of potentially comparable magnitudes for n and

vR one can generalize the analysis given in [21] so as to constrain them jointly, by combining

restrictions from meson mixing with LHC bounds from direct search. These will restrict

the symmetry breaking path from our original “mother” theory.

Before concluding this brief sketch, let us mention that, since all leptons are in the 3∗

representation, there are no tree level flavor changing effects mediated by Z ′L nor Z ′R in this

sector and, as a result, lepton flavour violation is adequately suppressed. The same occurs

for exotic (third component) quarks: since the up-type belong to the 3 and down-type

transform as 3∗ they do not give rise to flavor change.

6 Conclusion

In summary, we have proposed a framework where the origin of small neutrino mass,

spontaneous parity violation and the existence of three fermion families all have a common

origin, with neutrinos getting mass from low-scale seesaw, such as the inverse or the linear

3In contrast to the most popular left-right symmetric model here the low-scale is consistent with neutrino

mass generation.
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seesaw mechanism. The framework specifies dynamically whether the nature of the new

physics to show up in the next run of the LHC will follow a left-right symmetric pattern, or

a chiral SU(3)c ⊗ SU(3)L ⊗U(1) symmetry profile, with quark flavor changing interactions

associated to new Z ′ gauge bosons. These patterns follow from minimizing the Higgs

potential for different hierarchies of the relevant vacuum expectation values. The theory

reconciles the existence of parity at a fundamental level with the quantum consistency

requirement of having precisely three families of fermions, in which quarks must be assigned

in a non-sequential way with the third family different from the others. The existence of a

Z ′ gauge boson would be probed in Dilepton studies, and also provide a production portal

for the right-handed neutrinos responsible for generating neutrino mass via a genuine low-

scale seesaw mechanism. These new Z ′ gauge bosons could also induce sub-weak flavor

changing transitions in the K, D and B neutral meson systems.
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