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Introduction

Some reasons to extend the SM are:

1 SM charged fermion mass hierachy.

2 Tiny masses of light active neutrinos.

3 CKM and PMNS matrices very close and very different to the identity
matrix, respectively.

4 Dark matter.

5 Number of SM fermion families.

6 Lepton asymmetry of the Universe.

7 (g − 2)e,µ.

8 Lepton non universality.
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Inverse seesaw One loop Ma radiative seesaw model
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Universal Inverse seesaw mechanism.

The neutrino mass matrix for the IS in the basis
(
νL, νC

R ,NC
R

)
:

Mν =

 03×3 mνD 03×3

mT
νD 03×3 M

03×3 MT µ

 , (1)

For charged fermions, in the basis

(f 1L, f 2L, f 3L,F L, F̃ L)-(f1R , f2R , f3R ,FR , F̃R) we might have:

MF =

 03×3 FF 03×1

GT
F 0 XF

01×3 YF mF

 , (2)

In the limit mF → 0 (F = T ,D,E )

QU(1) (fiL) = QU(1)

(
F̃L

)
= QU(1) (FR) = a,

QU(1) (fiR) = QU(1)

(
F̃R

)
= QU(1) (FL) = b, a 6= b. (3)
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Extending the IS to the first and second families of SM charged fermions:

MF =

 CF + ∆F FF 03×1

GT
F 0 XF

01×3 YF mF

 , (4)

φ1 gives mass to top whereas φ2 to bottom and tau.
v1
×

ū3L ujR

v2
×

d̄3L djR

v2
×

l̄iL l3R
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The second generation of SM charged fermions get their masses from the
diagrams:

×
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××
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l̄iL lnRE1R Ē1LĒ2L E2R

Figure: Tree level Feynman diagrams contributing to the entries of the SM
charged fermion mass matrices. Here, n = 1, 2 and i , j = 1, 2, 3.

The subGeV mass scale of the second family of SM charged fermions, can
be explained by (FQ)n

(
GT

Q

)
i
∼ (FE )i

(
GT

E

)
n
∼ O(10−2TeV2),

mF ∼ O(10−1GeV)
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SU (3)C SU (2)L U (1)Y U (1)X Z2 Z4

φ1 1 2 1
2

1
3 0 −1

φ2 1 2 1
2

2
3 0 1

σ 1 1 0 1
3 0 −1

χ 1 1 0 2
3 0 −2

η 1 1 0 −1 0 2

ρ 1 1 0 2 0 −1

S 1 1 0 0 0 1

ζ+1 1 1 1 2
3 0 −1

ζ+2 1 1 1 1 0 0

ζ+3 1 1 1 2
3 0 1

ϕ1 1 1 0 1 1 0

ϕ2 1 1 0 0 1 1

Table: Scalar assignments under
SU (3)C × SU (2)L × U (1)Y × U (1)X × Z2 × Z4.

The U (1)X is local. The Z4 is spontaneously broken whereas Z2 is
preserved. Notice that ϕ1 and ϕ2 are the only scalars charged under the
preserved Z2 symmetry.
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The first family of SM charged fermions will get one loop level masses.
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Figure: One loop Feynman diagrams contributing to the entries of the SM
charged fermion mass matrices. Here, n = 1, 2 and i , j = 1, 2, 3.
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SU (3)C SU (2)L U (1)Y U (1)X Z2 Z4

qnL 3 2 1
6 0 0 1

q3L 3 2 1
6

1
3 0 0

uiR 3 1 2
3

2
3 0 1

diR 3 1 − 1
3 − 1

3 0 −1

UL 3 1 2
3

1
3 0 2

UR 3 1 2
3

2
3 0 2

TL 3 1 2
3 − 1

3 0 0

TR 3 1 2
3 − 1

3 0 0

D1L 3 1 − 1
3 0 0 2

D1R 3 1 − 1
3 − 1

3 0 2

D2L 3 1 − 1
3 0 1 −1

D2R 3 1 − 1
3 − 1

3 1 0

BL 3 1 − 1
3

2
3 0 0

BR 3 1 − 1
3

2
3 0 0

Table: Quark assignments under
SU (3)C × SU (2)L × U (1)Y × U (1)X × Z2 × Z4. Here i = 1, 2, 3.
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ϕ 1c
ϕ
1c×

vη

Ns NpΨn Ψr
ϕ2a ϕ2b

Ωk Ωl

×vη×
vη

××
vSvS

Figure: Two-loop Feynman diagram contributing to the Majorana neutrino mass
submatrix µ. Here n, k, l , r = 1, 2, s, p = 1, 2, 3, a, b, c = R, I , with ϕnR and ϕnI

corresponding to the CP even and CP odd parts of the scalar field ϕn,
respectively.
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SU (3)C SU (2)L U (1)Y U (1)X Z2 Z4

liL 1 2 − 1
2 − 1

3 0 1

lnR 1 1 −1 −1 0 1

l3R 1 1 −1 −1 0 0

E1L 1 1 −1 −1 0 −2

E1R 1 1 −1 −1 0 0

E2L 1 1 −1 1 0 1

E2R 1 1 −1 1 0 1

νC
iR 1 1 0 − 1

3 0 0

NiR 1 1 0 0 0 −1

ΨnR 1 1 0 1 1 1

ΩnR 1 1 0 −1 0 0

Table: Lepton assigments under
SU (3)C × SU (2)L × U (1)Y × U (1)X × Z2 × Z4. Here i = 1, 2, 3 and n = 1, 2.
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Figure: Allowed region in the mZ ′ − gX plane consistent with the constraint
arising from B0

d − B̄0
d (left-plot) and B0

s − B̄0
s (right-plot) mixings. Here we fix

the couplings of the flavor violating neutral Yukawa interactions as 2× 10−4 and
10−3 for the left and right plots, respectively. Furthermore, we have set
MH1

= 1.2 TeV, MH2
= 1.3 TeV, MA1

= MA2
= 1 TeV.

K 0 − K̄ 0 mixing constraint is also fulfilled for a flavor violating Yukawa
coupling of the order of 0.5× 10−5
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The scalar DM ϕ2 mainly annihilates into W+W−,ZZ , tt̄, bb̄,HH via a
scalar portal interaction. The relic density is:

Ωh2 ' 0.1

(
mϕ2

λeff × 1.354TeV

)2

, (5)

If the effective coupling is in the range 0.5 < λeff < 1.5, the dark matter
mass satisfies 0.75TeV < mϕ2 < 2.25TeV.
Ψn annihilates into SM particles through the exchange of a new gauge
boson. The relic density is given as

ΩΦh
2 ' 0.1pb

( α

150GeV

)−2 ( mΨ

2.86TeV

)2
, (6)

where
(

α
150GeV

)2 ' 1pb.
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To study the lepton asymmetry we assume that the fermions ΨnR are
heavier than the lightest pseudo-Dirac pair, (N±). Thus, the lepton
asymmetry parameter, is induced by decay process of N±.
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Scotogenic neutrino masses with GCU

Field SU(3)c SU(3)L U(1)X U(1)N Q MP = (−1)3(B−L)+2s

qiL 3 3 0 0 (− 1
3 , 2

3 ,− 1
3 )

T (+ +−)T

q3L 3 3 1
3

2
3 ( 2

3 ,− 1
3 , 2

3 )
T (+ +−)T

uaR 3 1 2
3

1
3

2
3 +

daR 3 1 − 1
3

1
3 − 1

3 +

U3R 3 1 2
3

4
3

2
3 −

DiR 3 1 − 1
3 − 2

3 − 1
3 −

laL 1 3 − 1
3 − 2

3 (0,−1, 0)T (+ +−)T

eaR 1 1 −1 −1 −1 +

νiR 1 1 0 −4 0 −
ν3R 1 1 0 5 0 +

ΩaL 1 8 0 0

 0 1 0

−1 0 −1

0 1 0


− − +

− − +

+ + −


η 1 3 − 1

3
1
3 (0,−1, 0)T (+ +−)T

ρ 1 3 2
3

1
3 (1, 0, 1)T (+ +−)T

χ 1 3 − 1
3 − 2

3 (0,−1, 0)T (−−+)T

φ 1 1 0 2 0 +

σ 1 1 0 1 0 −

Table: 3311 model field content (a = 1, 2, 3 and i = 1, 2 are family indices).
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〈η〉 〈η〉

〈φ〉

νL ΩL ΩL
νL

χ

σ

χ

σ

Figure: Feynman-loop diagram contributing to the light active Majorana neutrino
mass matrix.

In the limit where the trilinear scalar interactions φ†σ2 and (η†χ)σ are
absent, the model Lagrangian has an accidental U(1) symmetry under
which φ and σ have the same charge whereas the remaining fields are
neutral under this symmetry.
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Q = T3 −
T8√

3
+ X , B − L = − 2√

3
T8 +N, (7)

qiL =

 di

−ui

Di


L

q3L =

u3

d3

U3


L

laL =

νa

ea

Na


L

, (8)

The gauged B − L symmetry is spontaneously broken leaving a discrete
remnant symmetry MP = (−1)3(B−L)+2s .

〈η〉 =
1√
2
(v1, 0, 0)T , 〈ρ〉 = 1√

2
(0, v2, 0)T , 〈χ〉 = (0, 0,w)T ,

〈φ〉 =
1√
2

Λ, 〈σ〉 = 0. (9)

We assume w , Λ,� v1, v2, such that the SSB pattern of the model is

SU(3)C×SU(3)L × U(1)X × U(1)N

↓ w , Λ
SU(3)C × SU(2)L × U(1)Y ×MP

↓ v1, v2

SU(3)C × U(1)Q ×MP . (10)
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Figure: Viable mass regions where the field ϕ2 of the simplified model described
in the text behaves as a dark matter candidate. The red regions correspond to
the current direct detection limits The blue regions represent values of the
effective coupling λeff where the corresponding relic density is incompatible with
the Planck measurement.

For the case of fermionic DM candidate, one has:

< σv >≈
( α

150 GeV

)2
(

MΩ

3 TeV

)2

≈
(

MΩ

3 TeV

)2

pb, (11)

ΩDMh2 =
0.1 pb

< σv >
, (12)
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Figure: Left) Unification scale MU as a function of the 3-3-1-1 symmetry breaking
scale MX , for three benchmark choices M8 = MX (solid curve), M8 = 3MX

(dashed curve) and M8 = 10MX (dot-dashed curve). (Right) An example of
SU(3)c × SU(3)L ×U(1)X ×U(1)N unification for a phenomenologically
accessible 3-3-1-1 symmetry breaking scale MX = 10 TeV and M8 = 3MX = 30
TeV.
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Conclusions

Inverse seesaw mechanism can explain the SM fermion mass hierarchy.

Fermion masses and mixings, DM, (g − 2)e,µ anomalies, lepton and
baryon asymmetries can be accounted for.

Dark matter stability can arise from a residual matter-parity
symmetry.

Leptonic SU(3)L octets allow GCU and one loop scotogenic neutrino
generation. DM can also be accounted for.
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Thus, the lepton asymmetry parameter, is induced by decay process of N±:

ε± =
3

∑
α=1

{Γ (N± → lαH
+)− Γ (N± → l̄αH

−)}
{Γ (N± → lαH+) + Γ (N± → l̄αH−)}

' =
[
(y ν)†y ν(y ν)†y ν

]
11

8πA±

r

r2 +
Γ2
∓

m2
N∓

, (13)

where r ≡ m2
N+
−m2

N−
mN+mN−

, A± =
(
(y ν)†y ν

)
11

, Γ± ≡ A±mN±
8π .
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ηB =
εN±

g∗
for K eff

N± � 1,

ηB =
0.3εN±

g∗K eff
N± (lnK

eff
N± )

0.6
for K eff

N± � 1. (14)

Here, g∗ ' 118 defined as

K eff
N± '

(
Γ+ + Γ−

H

)(
mN+ −mN−

Γ±

)2

(15)

where H =
√

4π3g∗
45

T 2

MPl
is the Hubble constant.

y ν =
vσ

v2

(
UPMNSM

1
2
ν Rµ−

1
2 yN

)
. (16)

R =

 cycz −sxczsy − cxsz sxsz − cxsycz

cy sz cxcz − sxsy sz −czsx − cxsy sz

sy sxcy cxcy

 , (17)

cx = cos x , sx = sin x and we set x = 0, y = z = <[θ] + i=[θ],
Y (N) = Diag(0.5, 0.9i, 1.8), v2 = 24.6GeV, vσ ' 5× 103GeV . Then
µ ' 1keV.
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For the case of two heavy seesaw mediators, one has:

M =

 F1G1 + X1Y1 F1G2 + X1Y2 F1G3 + X1Y3

F2G1 + X2Y1 F2G2 + X2Y2 F2G3 + X2Y3

F3G1 + X3Y1 F3G2 + X3Y2 F3G3 + X3Y3

 , (18)

Mij = M i
j = FiGj + XiYj = F iGj + X iYj (19)

F i = Fi , X i = Xi (20)

det
(
M i

j

)
=

1

3!
εj1j2j3 εi1i2i3M j1

i1
M j2

i2
M j3

i3
, M i

j = Mij (21)

det
(
M i

j

)
=

1

3!
εj1j2j3 εi1i2i3

(
F j1Gi1 + X j1Yi1

)
×

(
F j2Gi2 + X j2Yi2

) (
F j3Gi3 + X j3Yi3

)
= 0 (22)
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For the case of three fermionic seesaw mediators, one has:

Mij = M i
j = FiGj + XiYj + RiSj = F iGj + X iYj + R iSj (23)

Then, it follows that:

det
(
M i

j

)
= εj1j2j3 εi1i2i3F j1Gi1X

j2Yi2R
j3Si3 6= 0 (24)

provided that:

Gi1 6= Yi2 6= Si3 , F j1 6= X j2 6= R j3 (25)

Therefore, we have shown that in order to generate the masses of three
fermion families via a seesaw mechanism, there should be at least three
fermionic seesaw mediators. Furthermore, the number of the massless
states obtained in a mass matrix resulting from a seesaw mechanism is
3− n, where n is the number of fermionic seesaw mediators.
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