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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 proposed by Dvali and Schifman in PLB, 2000.
4 Combining spontaneous breaking of discrete symmetries with

radiative seesaw processes as in A.E. Cárcamo Hernández, EPJC,
2016 and C. Arbeláez, A.E. Cárcamo Hernández, S. Kovalenko and I.
Schmidt, EPJC, 2017.

5 CKS mechanism of sequential loop supression proposed by A.E.
Cárcamo Hernández, S. Kovalenko and I. Schmidt in JHEP, 2017.

6 Combining Universal Seesaw with spontaneous breaking of discrete
symmetries as in A.E. Cárcamo Hernández, S. Kovalenko,
J. W. F. Valle and C. A. Vaquera-Araujo JHEP, 2017, 2019, A.E.
Cárcamo Hernández, Juan Marchant González, U. J. Saldana-Salazar,
2019, A.E. Cárcamo Hernández, Yocelyne Hidalgo Velásquez and
Nicolás A. Pérez-Julve, 2019
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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 (IS), radiative seesaw at one, two,
three or four loop level. Some low scale seesaw models with discrete
symmetries are:

1 Low scale type I seesaw model with A4, A.E. Cárcamo Hernández,
Marcela González, Nicolás A. Neill, 2019, thanks to supressed Dirac
Yukawa terms.

2 IS model with S4, A.E. Cárcamo Hernández, S. F. King, 2019 and
with A4 A.E. Cárcamo Hernández, Juan Marchant González, U. J.
Saldana-Salazar, 2019.

3 331T ′ model with IS, A.E. Cárcamo Hernández, Yocelyne Hidalgo
Velásquez and Nicolás A. Pérez-Julve, 2019.

4 Pati-Salam and LR symmetric theories with ∆(27) symmetry and IS,
A.E. Cárcamo Hernández, S. Kovalenko, J. W. F. Valle and
C. A. Vaquera-Araujo, JHEP, 2017, 2019.
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Some examples of radiative seesaw models are:

1 Non renormalizable one loop radiative seesaw ∆(27) model Nicolás
Bernal, A. E. Cárcamo Hernández, Ivo de Medeiros Varzielas and
Sergey Kovalenko, JHEP 2018.

2 Two loop radiative seesaw model A. E. Cárcamo Hernández, S.
Kovalenko, H. N. Long, I. Schmidt, JHEP 2018

3 Three loop radiative seesaw model A.E. Cárcamo Hernández, EPJC,
2016, A. E. Cárcamo Hernández, S. Kovalenko, R. Pasechnik, I.
Schmidt, JHEP 2019

4 Four loop radiative seesaw model A.E. Cárcamo Hernández, S.
Kovalenko and I. Schmidt in JHEP, 2017
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The S3 discrete group

The S3 is the smallest non-abelian group having a doublet and two singlet
irreducible representations. The S3 group has three irreducible
representations: 1, 1′ and 2. Denoting the basis vectors for two S3

doublets as (x1, x2)
T and (y1, y2)

T and y ′ a non trivial S3 singlet, the S3

multiplication rules are (Ishimori, et al, Prog. Theor. Phys. Suppl 2010):

(
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x2

)

2

⊗
(
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2

= (x1y1 + x2y2)1 + (x1y2 − x2y1)1′

+

(
x2y2 − x1y1

x1y2 + x2y1

)

2
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A toy model: Generating mb 6= 0 at one loop level with
md = ms = 0.

To get massless d , s and b quarks at tree level, we forbidd the operators

qiLφdjR , i , j = 1, 2, 3 , (3)

To this end, we consider the following S3 assignments:

qiL ∼ 1, diR ∼ 1′, φ ∼ 1 (4)

We assume S3 softly broken and we add gauge singlet scalars ηk

(k = 1, 2) and vector like down type quarks Bk (k = 1, 2) grouped in S3

doblets as follows:

η = (η1, η2) ∼ 2, BL,R ∼ 2 (5)
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Thus, we are left with the operators:
yi

Λ
qiLφ (BR η)1 , xj

(
BLη

)
1′ djR , i , j = 1, 2, 3 , (6)

which imply:

(MD)ij ≈
yixj

(16π2)2
f2

v

M

µ3
12

Λ3
µ12, (7)

where µ12 is a soft breaking mass parameter in µ2
12η1η2. Thus mb 6= 0 at

one loop level and md = ms = 0.

f̄iL fjR

×v

×
F

(r)
lR F̄

(r)
lL

Re (η1,2) , Im (η2,1)

νi νj

×v ×v

×
νsR νsR

Re (η2) , Im (η2)

Re (η2) , Im (η2)

Re (η1) , Im (η1)
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Cárcamo Hernández-Kovalenko-Schmidt (CKS) mechanism

In the CKS mechanism the SM fermion mass hierarchy is explained by a
sequential loop suppression, so that the masses are generated according to:

t-quark → tree-level mass from qjLφ̃u3R , (8)

b, c , τ, µ → 1-loop mass; tree-level (9)

suppressed by a symmetry.

s, u, d , e → 2-loop mass; tree-level & 1-loop (10)

suppressed by a symmetry.

νi → 4-loop mass; tree-level & lower loops (11)

suppressed by a symmetry.
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The S3 × Z2 particle assignments of the model are:
φ σ η

S3 1 2 1
Z2 1 1 −1

qiL u1R u2R u3R d1R d2R d3R liL l1R l2R l3R

S3 1 1′ 1′ 1 1′ 1′ 1′ 1 1′ 1′ 1′

Z2 1 −1 1 1 −1 −1 1 1 −1 1 1

νsR TL TR T̃L T̃R BL BR B̃
(s)
L B̃

(s)
R E

(s)
L E

(s)
R ẼL ẼR

S3 1′ 2 2 2 2 2 2 2 2 2 2 2 2

Z2 −1 1 1 1 −1 1 1 1 −1 1 1 1 −1

ϕ is the SM Higgs doublet.

The scalar fields σ and η and all exotic fermions are SU(2)L singlets.

The S3 × Z2 discrete group is assumed to be softly broken.
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The mass matrices MU,D of up and down quarks, Ml ,ν, of charged leptons
and light active neutrinos

MU =




ε̃
(u)
11 ε

(u)
12 κ

(u)
13

ε̃
(u)
12 ε

(u)
22 κ

(u)
23

ε̃
(u)
13 ε

(u)
32 κ

(u)
33


 v√

2
, MD =




ε̃
(d)
11 ε̃

(d)
12 ε

(d)
13

ε̃
(d)
21 ε̃

(d)
22 ε

(d)
23

ε̃
(d)
31 ε̃

(d)
32 ε

(d)
33


 v√

2
,

Ml =




ε̃
(l)
11 ε

(l)
12 ε

(l)
13

ε̃
(l)
21 ε

(l)
22 ε

(l)
23

ε̃
(l)
31 ε

(l)
32 ε

(l)
33


 v√

2
, Mν =




ε
(ν)
11 ε

(ν)
12 ε

(ν)
13

ε
(ν)
12 ε

(ν)
22 ε

(ν)
23

ε
(ν)
13 ε

(ν)
23 ε

(ν)
33


 v2

√
2 Λ

,

their entries are generated at different loop-levels:

κ
(u)
j3 → tree-level (12)

ε
(u)
j2 , ε

(d)
j3 , ε

(l)
j2 , ε

(l)
j3 → 1-loop-level (13)

ε̃
(u)
j1 , ε̃

(d)
j1 , ε̃

(d)
j2 , ε̃

(l)
j1 → 2-loop-level (14)

ε
(ν)
jk → 4-loop-level, (15)

where j , k = 1, 2, 3.
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mb ∼ y2
b

16π2
f1
v

Λ
µ12

M
µ12, (16)

ms ∼
y2

s

(16π2)2
f2

v

M

µ3
12

Λ3
µ12, (17)

Assuming y2
b f1 ∼ y2

s f2 ∼ 1 and µ12 ∼ M, we find a rough estimate

Λ ∼ 10v ∼ 2.5TeV (18)

for the correct order of magnitude of mb and ms .
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An extended IDM with sequentially loop-generated fermion
mass hierarchies.

G = SU(3)C × SU (2)L × U (1)Y × U (1)X × Z
(1)
2 × Z

(2)
2

vσ1
,vρ3−−−→ SU(3)C × SU (2)L × U (1)Y × Z

(2)
2

v−→SU(3)C × U (1)em × Z
(2)
2 , (19)

Field φ1 φ2 σ1 σ2 σ3 ρ1 ρ2 ρ3 η ϕ+
1 ϕ+

2 ϕ+
3 ϕ+

4 ϕ+
5

SU3c 1 1 1 1 1 1 1 1 1 1 1 1 1 1

SU2L 2 2 1 1 1 1 1 1 1 1 1 1 1 1

U1Y
1
2

1
2 0 0 0 0 0 0 0 1 1 1 1 1

U1X 1 2 −1 −1 −2 0 0 0 1 5 2 3 2 3

Z
(1)
2 1 1 1 1 −1 1 −1 −1 −1 −1 1 1 −1 −1

Z
(2)
2 1 −1 1 −1 −1 −1 −1 1 −1 1 1 −1 1 1

Table: Scalars assignments under the SU3c × SU2L × U1Y × U1X × Z
(1)
2 × Z

(2)
2

symmetry.
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Field q1L q2L q3L u1R u2R u3R d1R d2R d3R TL TR T̃L T̃R B1L B1R B2L B2R B3L B3R B4L B4R

SU3c 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3

SU2L 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

U1Y
1
6

1
6

1
6

2
3

2
3

2
3 − 1

3 − 1
3 − 1

3
2
3

2
3

2
3

2
3 − 1

3 − 1
3 − 1

3 − 1
3 − 1

3 − 1
3 − 1

3 − 1
3

U1X 0 0 1 2 2 2 −1 −1 −1 1 2 1 1 0 −1 0 −1 −2 −2 −3 −3

Z
(1)
2 1 1 1 −1 −1 1 −1 −1 −1 1 1 −1 −1 1 1 1 1 1 1 1 1

Z
(2)
2 −1 −1 −1 −1 −1 −1 −1 −1 −1 1 1 −1 −1 1 1 1 1 1 1 −1 −1

Table: Quark assignments under the SU3c × SU2L × U1Y × U1X × Z
(1)
2 × Z

(2)
2

symmetry.

Field l1L l2L l3L l1R l2R l3R E1L E1R E2L E2R E3L E3R ν1R ν2R ν3R Ω1R Ω2R ΨR

SU3c 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

SU2L 2 2 2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

U1Y − 1
2 − 1

2 − 1
2 −1 −1 −1 −1 −1 −1 −1 −1 −1 0 0 0 0 0 0

U1X 0 −3 0 −3 −6 −3 −3 −2 −6 −5 −3 −2 2 −1 2 −1 1 0

Z
(1)
2 1 −1 1 1 −1 1 −1 −1 −1 −1 1 1 1 −1 1 −1 −1 1

Z
(2)
2 −1 −1 −1 −1 −1 −1 1 1 1 1 1 1 1 1 1 −1 1 1

Table: Lepton assignments under the SU3c × SU2L × U1Y × U1X × Z
(1)
2 × Z

(2)
2

symmetry.
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ūnL unRTR T̄L

×vσ

×vρ

×v

φ̃0
2R, φ̃

0
2I

ρ2R, ρ2I

ηR, ηI

×vσ

σ2R, σ2I

×
vσ

ūnL unRB3R

×
B̄3L B̄4L

×
B4R

φ+
2 σ3R, σ3I

×vσ×vρ

σ2R, σ2I

ϕ−
1

×v

d̄3L djRBmR B̄nL

×vσ

×vρ

×v

φ0
2R, φ

0
2I

σ2R, σ2I

×
vσ

ρ2R, ρ2I

ηR, ηI

×vσ

d̄nL djRTR

×
T̄L

¯̃
TLT̃R

×
vσ

φ−
2 ϕ+

2

×v

σ2R, σ2I

×vσ×vρ

ρ2R, ρ2I

d̄nL djRB3R B̄3L

×

φ0
2R, φ

0
2I

ηR, ηI

×v× vρ
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l̄kL lnRE3R Ē3L

×
vσ

×v

φ0
2R, φ

0
2I

×vσ

ρ1R, ρ1I

σ2R, σ2I

l̄2L l2RE2R Ē2L

×v

φ0
2R, φ

0
2I

×vσ

ρ1R, ρ1I

σ2R, σ2I

×v

×
vσ

l̄2L l2RE2R Ē2L

×
vσ

φ0
2R, φ

0
2I

ρ1R, ρ1I

×v× vσ

l̄kL lnRνmR ΨC
RĒ1L E1R

×
vσ

φ−
2 ϕ+

3

×v

ϕ+
4

××
vσ vσ

×
vσ

ϕ−
1

ϕ+
5
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νn νmνkR νlR

×vσ× vσ

×
Ψ ΨΩ1 Ω1

×v ×v

φ̃0
2R, φ̃

0
2I φ̃0

2R, φ̃
0
2I

σ2R, σ2I σ2R, σ2I

ηR, ηI ηR, ηI

×vσ×vσ

ηR, ηI ηR, ηI

××
vσ vσ

ν2 ν2ν2R ν2R

×vσ× vσ

×
Ψ ΨΩ1 Ω1

×v ×v

φ̃0
2R, φ̃

0
2I φ̃0

2R, φ̃
0
2I

σ2R, σ2I σ2R, σ2I

×vσ×vσ

ηR, ηI ηR, ηI

σ3R, σ3I σ3R, σ3I

×vσ ×vσ

××
vσ vσ

×
vσ

×
vσ

ρ2R, ρ2I ρ2R, ρ2I

νn ν2νkR ν2R

×vσ× vσ

×
Ψ ΨΩ1 Ω1

×v ×v

φ̃0
2R, φ̃

0
2I φ̃0

2R, φ̃
0
2I

σ2R, σ2I σ2R, σ2I

ηR, ηI

σ2R, σ2I

×vσ×vσ

ηR, ηI ηR, ηI

vρ

××
vσ vρ

ρ2R, ρ2I

σ3R, σ3I

×vσ

×
vσ
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Fitting RK = Br (B→K µ+µ−)
Br (B→Ke+e−) at 1σ and 2σ yields the constraints:

14 TeV <
MZ ′

gX
< 20 TeV at 1σ, 13 TeV <

MZ ′

gX
< 26 TeV at 2σ .

The e+e− → µ+µ− measurement at LEP imposes the following limit :

MZ ′

gX
> 12 TeV . (20)
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Hk

µ µ

γ

E2 E2

Ak

µ µ

γ

E2 E2

Z ′

µ µ

γ

µ µ

Here Hk and Ak (k = 1, 2) are the physical CP even and CP odd states
built from ρ2 and φ0

2.
We have fixed tan θ = v

vσ
, MZ ′ = 1.5 TeV and gX = 0.1, in consistency

with the 2.6σ RK anomaly. Considering that the muon anomalous
magnetic moment is constrained to be in the range:

(
∆aµ

)
exp

= (26.1± 8)× 10−10 , (21)
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Figure: The total Z ′ production cross section via the DY mechanism at the LHC
for
√
S = 13 TeV and gX = 0.1 as a function of the Z ′ mass.
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Figure: The total Z ′ production cross section via the DY mechanism at a future
pp collider for

√
S = 100 TeV and gX = 0.1 as a function of the Z ′ mass.
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For m2
ΦDM

>> v2, with v = 246 GeV, one has the estimate:

< σv >' γ2

128πm2
ΦDM

, (22)

which results in a DM relic abundance

ΩDMh2

0.12
=

0.1pb

0.12 < σv >
'
(

1

γ

)2 ( mΦDM

1.1TeV

)2
, (23)

In the scenario with a fermionic DM candidate, when
m2

Ω1R
<<m2

ηR
∼ m2

ηI
∼ m2

η, one has:

< σv >' 9y4
Ωm

2
Ω

16πm4
η

. (24)

Then, the DM relic abundance is

ΩDMh2

0.12
=

0.1pb

0.12 < σv >
'
(

1

yΩ

)4 (400GeV

mΩ

)2 ( mη

1.9TeV

)4
. (25)
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Conclusions

For the S3 × Z2 flavor model:

The SM fermion mass hierarchy is generated by the loops.

The cutoff scale is Λ ∼ 2.5 TeV.

The model predicts one massless and two non-zero mass neutrinos.

The mass scale of the non-SM particles are of the order of 1 TeV.

The model possesses DM particle candidates.
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For the IDM model with sequential loop suppression mechanism

The first renormalizable model of sequential loop suppression
mechanism without soft-breaking mass terms.

Only the top quark and exotic fermions acquire tree-level masses.

The masses for the bottom, strange and charm quarks, tau and muon
leptons are generated at one-loop level, whereas the masses for the up
and down quarks as well as the electron mass appear at two-loop level.

Light active neutrino masses arise at three-loop level.

The model has DM particle candidates.

The model successfully accommodates the experimental value of the
muon magnetic moment.
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Combining radiative mechanisms with spontaneously broken symmetries.
The S3 symmetry is softly broken whereas the Z8 discrete group is broken.

φ∼ (1,1) , η = (η1, η2)∼
(
2,e−

πi
4

)
, χ∼ (1,− i) ,

vχ = λΛ, λ = 0.225. (26)

qjL ∼
(
1,e−

πi(3−j)
2

)
, ukR ∼

(
1′, e

πi(3−k)
2

)
, u3R ∼ (1, 1) ,

d jR ∼
(
1′, e

πi(3−j)
2

)
, l jL∼

(
1,e−

πi(3−j)
2

)
, l jR ∼

(
1′, e

πi(3−j)
2

)
,

T
(k)
L ∼

(
2,e−

πi
4

)
, T

(k)
R ∼

(
2,e

πi
4

)
, k = 1, 2,

B
(j)
L ∼

(
2,e−

πi
4

)
, B

(j)
R ∼

(
2,e

πi
4

)
, j = 1, 2, 3,

E
(j)
L ∼

(
2,e−

πi
4

)
, E

(j)
R ∼

(
2,e

πi
4

)
,

νkR ∼
(
1′, e−

πi
4

)
, k = 1, 2. (27)

I use the S3 discrete group since it is the smallest non-Abelian group.
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−L(U)
Y =

3

∑
j=1

2

∑
r=1

y
(u)
jr qjLφ̃

(
T

(r )
R η

)
1

χ3−j

Λ4−j

+
2

∑
r=1

2

∑
s=1

x
(u)
rs

(
T

(r )
L η

)
1′
usR

χ3−k

Λ3−k

+
3

∑
j=1

y
(u)
j3 qjLφ̃u3R

χ3−j

Λ3−j
+

2

∑
r=1

y
(T )
r

(
T

(r )
L T

(r )
R

)
1

χ + h.c

−L(ν)
Y =

3

∑
j=1

2

∑
s=1

y
(ν)
js l jLφ̃νsR

[η∗ (ηη∗)2]1′ χ
3−j

Λ6−j
+

2

∑
s=1

ys νsR νC
sR χ + h.c.

f̄iL fjR

×v

×
F

(r)
lR F̄

(r)
lL

Re (η1,2) , Im (η2,1)

νi νj

×v ×v

×
νsR νsR

Re (η2) , Im (η2)

Re (η2) , Im (η2)

Re (η1) , Im (η1)
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The charged fermion mass matrices are:

MU =




ε
(u)
11 λ3 ε

(u)
12 λ2 y

(u)
13 λ2

ε
(u)
21 λ2 ε

(u)
22 λ y

(u)
23 λ

ε
(u)
31 λ ε

(u)
32 y

(u)
33


 v√

2
, (28)

MD,l =




ε
(d ,l)
11 λ4 ε

(d ,l)
12 λ3 ε

(d ,l)
13 λ2

ε
(d ,l)
21 λ3 ε

(d ,l)
22 λ2 ε

(d ,l)
23 λ

ε
(d ,l)
31 λ2 ε

(d ,l)
32 λ ε

(d ,l)
33


 v√

2
,

where the dimensionless parameters ε
(f )
jk (j , k = 1, 2, 3) with f = u, d , l ,

are generated at one loop level. The invariance of charged exotic fermion
Yukawa interactions under the cyclic symmetry requires to consider the Z8

instead of the Z4 discrete symmetry.
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LF = y
(u)
3j q3Lφ̃1u3R +

2∑

n=1

x(u)
n qnLφ̃2TR +

2∑

n=1

z
(u)
j TLη

∗unR + yTTLσ1TR +mT̃ T̃LT̃R + x(T )TLρ2T̃R

+
2∑

n=1

x(d)
n q3Lφ2BnR +

2∑

n=1

3∑

j=1

y
(d)
nj BnLηdjR +

3∑

j=1

z
(d)
j B3Lη

∗djR +
2∑

n=1

w(u)
n B4Lϕ

−
1 unR

+
4∑

k=3

mBk
BkLBkR +

2∑

n=1

x(d)
n qnLφ2B3R +

2∑

n=1

2∑

m=1

y(B)
nmBnLσ

∗
1BmR + z(B)B3Lσ

∗
2B4R +

3∑

j=1

w
(d)
j T̃Lϕ

+
2 d

+
∑

k=1,3

x
(l)
k3 lkLφ2E3R +

∑

k=1,3

y
(l)
3kE3Lρ1lkR + x

(l)
22 l2Lφ2E2R + y

(l)
22E2Lρ1l2R

+
3∑

i=1

y
(E)
i EiLσ

∗
1EiR + x

(ν)
2 l2Lφ̃2ν2R +

∑

k=1,3

z
(l)
k ΨC

Rϕ
+
3 lkR +

∑

k=1,3

z
(ν)
k E1Lϕ

−
1 νkR + z(E)ΨC

Rϕ
+
4 E1R

+
∑

k=1,3

∑

n=1,3

x
(ν)
kn lkLφ̃2νnR +

∑

k=1,3

y
(Ω)
k ΩC

1Rη
∗νkR + y(Ω)ΩC

1Rσ
∗
3ν2R

+x
(Ψ)
1 ΩC

1RηΨR + x
(Ψ)
2 ΩC

2Rη
∗ΨR + zΩΩC

1Rσ
∗
2Ω2R +mΨΨC

RΨR + h.c. ,
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Parameter
∆C

µµ
9

C SM
9

Best fit −0.21

1σ range −0.27 up to −0.13

2σ range −0.32 up to −0.08

Table: Constraints on the C
µµ
9 Wilson coefficient from the LHCb data. Taken

from Hurth, et al, 2016.

∆Heff = −GF αemVtbV
∗
ts√

2π
∑

l̃=e,µ,τ

C l̃ l̃
9 (sγµPLb)

(
l̃γµ l̃

)
. (29)

∆C
µµ
9 = − 9g2

X

2M2
Z ′

(V ∗DL)32 (VDL)33

√
2π

GF αemVtbV
∗
ts
' − 9g2

X

2M2
Z ′

√
2π

GF αem
. (30)
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