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Introduction

The origin of fermion masses and mixings is not explained by the SM.
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Some mechanisms to describe the SM charged fermion mass hierarchy are:

1 Spontaneously broken abelian symmetries as originally proposed by
Froggatt and Nielsen in NPB, 1979.

2 Universal Seesaw mechanism as originally proposed by Davidson and
Wali in PRL, 1987

3 Localization of the profiles of the fermionic zero modes in
extradimensions as originally proposed by Dvali and Schifman in PLB,
2000.

4 Sequential loop supression mechanism as originally proposed by A.E.
Cárcamo Hernández, S. Kovalenko and I. Schmidt in JHEP, 2017.

Several mechanisms to generate light active neutrino masses are:
Weinberg Operator, type I seesaw, type II seesaw, type III seesaw, double
seesaw, linear seesaw, inverse seesaw, radiative seesaw at one, two, three
or four loop level. Some of these mechanisms were explained by Celso
Nishi, Steve King, Juan Carlos Helo and Diego Restrepo in their talks.
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The ∆(27) discrete group

3⊗ 3 = 3S1 ⊕ 3S2 ⊕ 3A

3⊗ 3 = 3S1 ⊗ 3S2 ⊕ 3A

3⊗ 3 =
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r=0

1r ,0 ⊕
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1r ,1 ⊕
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1r ,2

1k,` ⊗ 1k ′,`′ = 1k+k ′mod3,`+`′mod3 (1)

(3⊗ 3)3S1
= (x1y1, x2y2, x3y3) ,

(3⊗ 3)3S2
=

1

2
(x2y3 + x3y2, x3y1 + x1y3, x1y2 + x2y1) ,
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1

2
(x2y3 − x3y2, x3y1 − x1y3, x1y2 − x2y1) ,
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)
1r,0

= x1y1 + ω2rx2y2 + ωrx3y3,
(
3⊗ 3

)
1r,1

= x1y2 + ω2rx2y3 + ωrx3y1,
(
3⊗ 3

)
1r,2

= x1y3 + ω2rx2y1 + ωrx3y2, (2)

where r = 0, 1, 2 and ω = e i
2π
3 .
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The model

The model is an extension of the SM that incorporates the
∆ (27)×Z2 ×Z8 ×Z12 discrete symmetry and a particle content extended
with the SM singlets: scalars σ1,2, η1,2, χ, ρ1,2, Φ, Ξ, ϕ and two right
handed Majorana neutrinos N1,2R . All the non-SM fields are charged under
the above mentioned discrete symmetry.
The full symmetry G of the model exhibits the following spontaneous
breaking:

G = SU(3)C × SU (2)L × U (1)Y ×∆ (27)× Z2 × Z8 × Z12

⇓ Λ

SU(3)C × SU (2)L × U (1)Y × Z2

⇓ v

SU(3)C × U (1)Q × Z2 , (3)
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φ σ1 σ2 η1 η2 χ ρ1 ρ2 Φ Ξ ϕ

∆ (27) 10,0 10,0 11,0 10,0 10,0 11,1 10,1 12,2 3 3 10,0
Z2 0 0 0 0 0 0 0 0 0 0 1

Z8 0 -1 -1 -1 -1 0 0 0 0 -4 0

Z12 3 0 -1 -3 -2 6 -3 -2 0 0 0

Table: Scalar assignments under ∆ (27)× Z2 × Z8 × Z12. The ZN charges, q,
shown in the additive notation so that the group element is ω = e2πi q/N .

q1L q2L q3L u1R u2R u3R d1R d2R d3R lL l1R l2R l3R N1R N2R

∆ (27) 10,0 10,0 10,0 12,0 11,0 10,0 10,0 10,0 10,0 3 12,2 12,0 10,0 10,0 10,0
Z2 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1

Z8 -2 -1 0 2 1 0 2 1 0 0 3 1 0 0 4

Z12 -3 -3 -3 4 2 0 0 6 0 3 4 4 6 0 0

Table: The same as in Table 1 but for fermions.
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We assume the following VEV pattern for the ∆(27) triplet SM singlet
scalars

〈Φ〉 = vΦ (1, 0, 0) , 〈Ξ〉 = vΞ (1, 1, 1) , (7)

which is consistent with the scalar potential minimization equations for a
large region of parameter space as shown in detail in (Medeiros, King,
Luhn, Neder, PLB, 2017).
Since fermion mass and mixing pattern arises from the ∆ (27)× Z8 × Z12

symmetry breaking, we set:

vσ1 ∼ vσ2 ∼ λ2Λ < vη1 ∼ vη2 ∼ vρ1 ∼ vρ2 ∼ vχ ∼ vΦ ∼ vΞ ∼ λΛ . (8)

being λ = 0.225. The model cutoff scale Λ can be thought of as the scale
of the UV completion of the model, e.g. the masses of Froggatt-Nielsen
messenger fields.
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Quark masses and mixing.

The quark mass matrices take the form:

MU =




a
(U)
1 λ8 0 a

(U)
4 λ4

0 a
(U)
2 λ4 a

(U)
5 λ2

0 0 a
(U)
3


 v√

2
,

MD =




a
(D)
1 λ7 a

(D)
4 λ6 0

0 a
(D)
2 λ5 0

0 0 a
(D)
3 λ3


 v√

2
, (9)

where a
(U)
k (k = 1, · · · , 5), and a

(D)
k (k = 1, · · · , 4) are O(1) parameters.

Here λ = 0.225 is the Wolfenstein parameter and v = 246 GeV the scale
of electroweak symmetry breaking.
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The obtained values for the physical quark mass spectrum are consistent
with their experimental data, starting from the following benchmark point:

a
(U)
1 ' 1.266, a

(U)
2 ' 1.430, a

(U)
3 ' 0.989,

a
(U)
4 ' −0.510− 1.262i , a

(U)
5 ' 0.806, a

(D)
1 ' 0.550,

a
(D)
2 ' 0.554, a

(D)
3 ' 1.411, a

(D)
4 ' 0.565. (10)

Observable Model value Experimental value

mu [MeV] 1.47 1.45+0.56
−0.45

mc [MeV] 641 635± 86

mt [GeV] 172 172.1± 0.6± 0.9

md [MeV] 2.8 2.9+0.5
−0.4

ms [MeV] 57.5 57.7+16.8
−15.7

mb [GeV] 2.81 2.82+0.09
−0.04

sin θ
(q)
12 0.225 0.225

sin θ
(q)
23 0.0414 0.0414

sin θ
(q)
13 0.00355 0.00355

δ 68◦ 68◦

Table: Model and experimental values of the quark masses and CKM parameters.
Antonio Enrique Cárcamo Hernández (UTFSM)A ∆(27) flavor model with radiative seesaw mechanism 01/16 12 / 20



Lepton masses and mixing.

The charged lepton mass matrix is:

Ml =




a
(l)
1 λ9 0 a

(l)
4 λ4

0 a
(l)
2 λ5 0

0 0 a
(l)
3 λ3


 v√

2
, (11)

where a
(l)
k (k = 1, · · · , 4) are O(1) dimensionless parameters.

The contribution from the charged lepton sector to the PMNS matrix, U(l)

consists in a rotation by a single non-vanishing angle θ
(l)
13 which depends

crucially on a
(l)
4 .
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Figure: Loop Feynman diagrams contributing to the entries of the neutrino mass
matrix. Here i , j = 1, 2, 3. The cross marks in the internal lines with NnR − NnR

(n = 1, 2) denote the insertion of the mass mNnR
.

The light active neutrino mass matrix has the form

Mν =




A
(ν)
1 A

(ν)
2 A

(ν)
2

A
(ν)
2 A

(ν)
2 A

(ν)
2

A
(ν)
2 A

(ν)
2 A

(ν)
2


 , (12)
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The O(1) dimensionless couplings a
(l)
i (i = 1, · · · , 4) determine the

charged lepton masses, the reactor mixing parameter sin2 θ13 6= 0 and the
deviation sin2 θ23 − 1/2 6= 0, which are correlated:

sin2 θ23 =
1

2 (1− sin2 θ13)
. (13)

For the case of inverted neutrino mass hierarchy we find the following best
fit result

a
(l)
1 ' 1.936, a

(l)
2 ' 1.025, a

(l)
3 ' 0.864, a

(l)
4 ' 0.813, (14)∣∣∣A(ν)

1

∣∣∣ ' 69.7 meV, A
(ν)
2 ' 20.6 meV, arg

[
A

(ν)
1

]
' −58.26◦.
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The obtained numerical values given above for the neutrino parameters∣∣∣A(ν)
1

∣∣∣, A(ν)
2 and arg

[
A

(ν)
1

]
can be obtained from the following benchmark

point:

mN1 = 500 GeV, mN2 = 2 TeV, mReϕ = 900 GeV, mImϕ = 600 GeV,

Λ = 2.41× 105 TeV, |y1ν | = 1.12, y2ν = 0.61, arg [y1ν ] ' −37.4◦ .

Observable Model value Experimental value ± 1σ 2σ range 3σ range

me [MeV] 0.487 0.487 0.487 0.487

mµ [MeV] 102.8 102.8± 0.0003 102.8± 0.0006 102.8± 0.0009

mτ [GeV] 1.75 1.75± 0.0003 1.75± 0.0006 1.75± 0.0009

∆m2
21 [10−5eV2] (IH) 7.56 7.56± 0.19 7.20− 7.95 7.05− 8.14

∆m2
13 [10−3eV2] (IH) 2.49 2.49± 0.04 2.41− 2.57 2.37− 2.61

δ [◦] (IH) 281.6 259+47
−41 182− 347 0− 31 and 142− 360

sin2 θ12 (IH) 0.321 0.321+0.018
−0.016 0.289− 0.359 0.273− 0.379

sin2 θ23 (IH) 0.511 0.596+0.017
−0.018 0.404− 0.456 and 0.556− 0.625 0.388− 0.638

sin2 θ13 (IH) 0.0214 0.0214+0.00082
−0.00085 0.0197− 0.0230 0.0189− 0.0239

Table: Model and experimental values of the charged lepton masses, neutrino
mass squared splittings and leptonic mixing parameters for the inverted (IH) mass
hierarchy

.
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Dark Matter Constraints.

102 103 104

mImϕ [GeV]
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Figure: Scalar Dark Matter Scenario. Parameter space generating the observed
DM relic abundance via the WIMP mechanism, using the full annihilation
cross-section (thick black line) and the only the annihilation into Higgs bosons
(thin red line). The light blue region is in tension with the latest PandaX-II
results.
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Figure: Fermionic Dark Matter Scenario. Effective coupling y1χ needed in order to
generate the observed relic abundance via the WIMP (left plot) and FIMP (right
plot) mechanisms, assuming mϕ ≡ mReϕ ∼ mImϕ.
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Conclusions

Fermion masses and mixings are successfully accounted for.

For the quarks, the down sector parameters control the Cabibbo
angle, and the up sector parameters control the remaining angles.

For the leptons, the effective neutrino parameters that arise after
radiative seesaw control the solar angle, and the charged lepton
parameters control the reactor angle, which is also correlated to the
deviation of the atmospheric angle from its maximal value.

The model is only viable for inverted hierarchy and after fitting to the
best-fit values of the solar and reactor angle, predicts sin2 θ23 ' 0.51,
δ ' 281.6◦ and mee = 41.3 meV.

The breaking of ∆ (27)× Z8 × Z12 generates the non SM fermion
masses as well as the observed pattern of SM fermion masses and
mixings.

The model addresses the flavour problem while providing a viable DM
candidate (scalar or fermionic).
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Antonio Enrique Cárcamo Hernández (UTFSM)A ∆(27) flavor model with radiative seesaw mechanism 01/16 20 / 20


	Introduction
	The (27) discrete group
	The model
	Quark masses and mixings
	Lepton masses and mixings
	Dark Matter Constraints
	Scalar Dark Matter Scenario
	Fermionic Dark Matter Scenario

	Conclusions

