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Introduction

The origin of fermion masses and mixings is not explained by the SM.

√∣∣∣∆m2
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√
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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):

(
x1

x2

)

2

⊗
(

y1

y2

)

2

= (x1y1 + x2y2)1 + (x1y2 − x2y1)1′

+

(
x2y2 − x1y1

x1y2 + x2y1

)

2

, (1)

(
x1

x2

)

2

⊗
(
y ′
)
1′ =

( −x2y
′

x1y
′

)

2

,
(
x ′
)
1′ ⊗

(
y ′
)
1′ =

(
x ′y ′

)
1

. (2)
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A S3× Z8 flavor model

The S3 symmetry is assumed to be softly broken whereas the Z8 discrete
group is broken at the scale vχ.

φ∼ (1,1) , η = (η1, η2)∼
(
2,e−

πi
4

)
, χ∼ (1,− i) , (3)

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. (4)

We use the S3 discrete group since it is the smallest non-Abelian group,
having a doublet and two singlets as irreducible representations.
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∑
s=1

x
(u)
rs

(
T

(r )
L η

)
1′
usR

χ3−k

Λ3−k

+
3

∑
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where I set
vχ = λΛ, λ = 0.225. (7)
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Fermion masses and mixing.

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
, (8)

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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The light active neutrino mass matrix is:

Mν =




W 2
1 W1W2 cos ϕ W1W3 cos (ϕ− $)

W1W2 cos ϕ W 2
2 W2W3 cos $

W1W3 cos (ϕ− $) W2W3 cos $ W 2
3


 ,

−→
Wj =


Aj1

√
y1vχf

(ν)
1

64π3Λ
,
Aj2

√
y2vχf

(ν)
2

64π3Λ


 ,Ajs = λ3−jy (ν)js

v√
2

cos ϕ =

−→
W1 ·

−→
W2∣∣∣−→W1

∣∣∣
∣∣∣−→W2

∣∣∣
, cos (ϕ− $) =

−→
W 1 ·

−→
W3∣∣∣−→W 1

∣∣∣
∣∣∣−→W3

∣∣∣
, cos $ =

−→
W2 ·

−→
W3∣∣∣−→W2

∣∣∣
∣∣∣−→W3

∣∣∣

where the dimensionless parameters f
(ν)
s (s = 1, 2) are generated at three

loop level.
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A S3× Z2 flavor model

The 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 , (9)

b, c , τ, µ → 1-loop mass; tree-level (10)

suppressed by a symmetry.

s, u, d , e → 2-loop mass; tree-level & 1-loop (11)

suppressed by a symmetry.

νi → 4-loop mass; tree-level & lower loops (12)

suppressed by a symmetry.
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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 (13)

ε
(u)
j2 , ε

(d)
j3 , ε

(l)
j2 , ε

(l)
j3 → 1-loop-level (14)

ε̃
(u)
j1 , ε̃

(d)
j1 , ε̃

(d)
j2 , ε̃

(l)
j1 → 2-loop-level (15)

ε
(ν)
jk → 4-loop-level, (16)

where j , k = 1, 2, 3.
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The S3 × Z2 discrete group is assumed to be softly broken.

φ ∼ (1, 1) , σ = (σ1, σ2) ∼ (2, 1) , η ∼ (1,−1) , (17)

u1R ∼
(
1′,−1

)
, u2R ∼

(
1′, 1

)
, u3R ∼ (1, 1) ,

d1R ∼
(
1′,−1

)
, d2R ∼

(
1′,−1

)
, d3R ∼

(
1′, 1

)
,

l1R ∼
(
1′,−1

)
, l2R ∼

(
1′, 1

)
, l3R ∼

(
1′, 1

)
,

qjL ∼ (1, 1) , ljL ∼ (1, 1) , j = 1, 2, 3, νsR =
(
1′,−1

)
, s = 1, 2,

TL = (T1L,T2L) ∼ (2, 1) , TR = (T1R ,T2R) ∼ (2, 1) ,

T̃L =
(
T̃1L, T̃2L

)
∼ (2, 1) , T̃R =

(
T̃1R , T̃2R

)
∼ (2,−1) ,

BL = (B1L,B2L) ∼ (2, 1) , BR = (B1R ,B2R) ∼ (2, 1) ,

ẼL =
(
Ẽ1L, Ẽ2L

)
∼ (2, 1) , ẼR =

(
Ẽ1R , Ẽ2R

)
∼ (2− 1) ,

B̃
(s)
L =

(
B̃
(s)
1L , B̃

(s)
2L

)
∼ (2, 1) , B̃

(s)
R =

(
B̃
(s)
1R , B̃

(s)
2R

)
∼ (2,−1) ,

E
(s)
L =

(
E
(s)
1L ,E

(s)
2L

)
∼ (2, 1) , E

(s)
R =

(
E
(s)
1R ,E

(s)
2R

)
∼ (2, 1) . (18)
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(
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)
2

σ + h.c .
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f̄iL fkR

×v

×
F

(r)
lR F̄

(r)
lL

Re (σ1,2) , Im (σ2,1)
⊗

f̄iL f̃jR
⊗

F̃
(s)
lR

¯̃
F

(s)

lL

×v

Re (σ1,2) , Im (σ2,1)
⊗

Re (η) , Im (η)
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×v ×v

×
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−L(l)
Y =

3

∑
j=1

y
(l)
j l jLφ

(
ẼRσ

)
1

η

Λ2
+ x

(l)
1

(
ẼLσ

)
1′
l1R

η

Λ

+
3

∑
j=1

2

∑
s=1

y
(l)
js l jLφ

(
E
(s)
R σ

)
1

1

Λ
+

2

∑
k=1

2

∑
s=1

x
(l)
ks

(
E
(s)
L σ

)
1′
lkR

+
2

∑
s=1

y
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s

(
E
(s)
L E

(s)
R

)
2
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−L(ν)
Y =

3

∑
j=1

2

∑
s=1

y
(ν)
js l jLφ̃νsR

[σ (σσ)2]1′ η

Λ4
+

2

∑
s=1

ms ν̄sRνCsR + h.c .

LF
soft = m̃T

(
T̃ LT̃R

)
1
+

2

∑
s=1

m̃
(s)
B

(
B̃
(s)

L B̃
(s)
R

)

1

+ m̃E

(
ẼLẼR

)
1
+ h.c . , (19)

Lσ
soft = µ2

12σ1σ2 (20)
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mb ∼ y2
b

16π2
f1
v

Λ
µ12

M
µ12, (21)

ms ∼
y2
s

(16π2)2
f2

v

M

µ3
12

Λ3
µ12, (22)

Assuming y2
b f1 ∼ y2

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

Λ ∼ 10v ∼ 2.5TeV (23)

for the correct order of magnitude of mb and ms .
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Model Phenomenology.

Mν =
µ2

ηµ6
σv

(16π2)4 Λ8




β2
1 + γ2

1 β1β2 + γ1γ2 β1β3 + γ1γ3

β1β2 + γ1γ2 β2
2 + γ2

2 β2β3 + γ2γ3

β1β3 + γ1γ3 β2β3 + γ2γ3 β2
3 + γ2

3


 ,

βs = y
(ν)
s1

v

m1
f
(ν)

1 , γs = y
(ν)
s2

v

m2
f
(ν)

2 , s = 1, 2. (24)

mν ∼

(
y (ν)

)2

(16π2)4
f (ν)

v

ms

µ2
ηµ6

σ

Λ8
v . (25)

Assuming
(
y (ν)

)2
· f (ν) ∼ 1, µη ∼ µσ ∼ ms ∼ α ·Λ and taking

Λ = 2.5TeV from the quark sector (23) we find for α ∼ 1 the light
neutrino mass scale mν ∼ 1eV, which is too heavy. Assuming, for instance,
α = 0.3 we arrive at the correct neutrino mass scale mν ∼ 50 meV. We
expect a typical mass scale for all the non-SM particles – the η-DM
candidate, in particular, – to be mnon−SM ∼ mη ∼ α ·Λ ∼ 750 GeV.
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The only possible decay modes of η are

η → σ1,2T̃2L,1Lu1R , σ1,2T̃1R,2RuiL, σ1,2B̃
(s)
2L,1LdkR , σ1,2B̃

(s)
1R,2RdiL,

σ1,2Ẽ2L,1Ll1R , σ1,2Ẽ1R,2ReiL, σ12σ2νiLνsR (26)

with s, k = 1, 2 and i = 1, 2, 3.
We assume that our DM candidate η annihilates mainly into WW , ZZ , tt,
bb and hh. We take λh2η2 = 1, 1.2, 1.5 (from top to bottom, respectively).

200 400 600 800 1000

0.0

0.1

0.2

0.3

mη[GeV]

Ω
h

2
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Conclusions

For the S3 × Z8 flavor model:

The top quark and the exotic fermions acquire tree level masses.
The remaining charged fermions and the light active neutrinos get
one and three loop level masses, respectively.
The breaking of Z8 generates the non SM fermion masses as well as
the observed pattern of SM fermion masses and mixings
The preserved S3 allows for natural dark matter candidates.

For the S3 × Z2 flavor model:

The SM fermion mass hierarchy is generated by the loops.
We model cutoff scale is Λ ∼ 2.5 TeV, from the 1- and 2-loop quark
masses.
The model predicts one massless and two non-zero mass neutrinos.
We hinted that the mass scale of the non-SM particles of our model
are of the order of 1 TeV.
The model possesses DM particle candidates. We found that one of
them, the SM-singlet scalar η lighter than the other non-SM scalars,
could be a viable DM particle.
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Since the dimensionless parameters ε
(f )
jk (j , k = 1, 2, 3) with f = u, d , l , are

generated at one loop level, I set ε
(f )
jk = a

(f )
jk λ3. In addition, I adopt the

benchmark:

a
(u)
12 = a

(u)
21 , a

(u)
31 = y

(u)
13 , a

(u)
32 = y

(u)
23

a
(d)
12 =

∣∣∣a(d)12

∣∣∣ e−iτ1 , a
(d)
21 =

∣∣∣a(d)12

∣∣∣ e iτ1 , (27)

a
(d)
13 =

∣∣∣a(d)13

∣∣∣ e−iτ2 , a
(d)
31 =

∣∣∣a(d)13

∣∣∣ e iτ2 , a
(d)
23 = a

(d)
32 .

The best fit values are:

a
(u)
11 ' 0.58, a

(u)
22 ' 2.19, a

(u)
12 ' 0.67,

a
(u)
13 ' 0.80, a

(u)
23 ' 0.83, a

(d)
11 ' 1.96,

a
(d)
12 ' 0.53, a

(d)
13 ' 1.07, a

(d)
22 ' 1.93, (28)

a
(d)
23 ' 1.36, a

(d)
33 ' 1.35, τ1 ' 9.56◦, τ2 ' 4.64◦.

Antonio Enrique Cárcamo Hernández (UTFSM)Two viable models of SM fermion mass generation 09/09 23 / 28



Observable Model value Experimental value

mu(MeV ) 1.44 1.45+0.56
−0.45

mc(MeV ) 656 635± 86

mt(GeV ) 177.1 172.1± 0.6± 0.9

md (MeV ) 2.9 2.9+0.5
−0.4

ms(MeV ) 57.7 57.7+16.8
−15.7

mb(GeV ) 2.82 2.82+0.09
−0.04

sin θ12 0.225 0.225

sin θ23 0.0412 0.0412

sin θ13 0.00351 0.00351

δ 64◦ 68◦

Table: Model and experimental values of the quark masses and CKM parameters.
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In the concerning to the charged lepton sector, I adopt the benchmark

a
(l)
jk = a

(l)
k δjk , so that the charged lepton masses take the form:

me = a
(l)
1 λ7 v√

2
, mµ = a

(l)
2 λ5 v√

2
, mτ = a

(l)
3 λ3 v√

2
.

The best-fit values are:

$ = ϕ/2 ' 38.73◦, W1 ' −0.063eV
1
2 , W2 ' 0.18eV

1
2 ,

W3 ' 0.15eV
1
2 , for NH

a
(l)
1 ' 0.1, a

(l)
2 ' 1.02, a

(l)
3 ' 0.88, (29)

$ ' 162.26◦, ϕ ' 79.44◦, W1 ' 0.22eV
1
2 ,

W2 ' 0.15eV
1
2 , W3 ' 0.17eV

1
2 , for IH

a
(l)
1 ' 0.1, a

(l)
2 ' 1.02, a

(l)
3 ' 0.88, (30)
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Observable Model value Experimental value

me(MeV ) 0.487 0.487

mµ(MeV ) 102.8 102.8± 0.0003

mτ(GeV ) 1.75 1.75± 0.0003

∆m2
21(10−5eV2) (NH) 7.22 7.60+0.19

−0.18

∆m2
31(10−3eV2) (NH) 2.50 2.48+0.05

−0.07

sin2 θ12 (NH) 0.334 0.323± 0.016

sin2 θ23 (NH) 0.567 0.567+0.032
−0.128

sin2 θ13 (NH) 0.0228 0.0234± 0.0020

∆m2
21(10−5eV2) (IH) 7.60 7.60+0.19

−0.18

∆m2
13(10−3eV2) (IH) 2.48 2.48+0.05

−0.06

sin2 θ12 (IH) 0.323 0.323± 0.016

sin2 θ23 (IH) 0.573 0.573+0.025
−0.043

sin2 θ13 (IH) 0.0240 0.0240± 0.0019

Table: Model and experimental values of the charged lepton masses, neutrino
mass squared splittings and leptonic mixing parameters for the normal (NH) and
inverted (IH) mass hierarchies.
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For the second model, we adopt the benchmark:

ε̃
(u)
i1 = a

(u)
i λ8, ε

(u)
i2 = b

(u)
i λ4, ε̃

(d)
i1 = a

(d)
i λ8

ε̃
(d)
i2 = a

(d)
i λ6, ε

(d)
i3 = a

(d)
i λ3, i = 1, 2, 3. (31)

The best fit values are:

a
(u)
1 ' 2.17, a

(u)
2 ' 1.01, a

(u)
3 ' 0.51, b

(u)
1 ' 1.63,

b
(u)
2 ' 0.40, b

(u)
3 ' 2.45, κ

(u)
13 = κ

(u)
23 = κ

(u)
33 ' 0.57,

a
(d)
1 ' −2.04− 4.60× 10−3i , a

(d)
2 ' 1.20− 4.88× 10−3i ,

b
(d)
1 ' −0.17− 1.08× 10−3i , b

(d)
2 ' −1.60− 1.14× 10−3i ,

c
(d)
1 ' −0.81− 3.78× 10−3i , c

(d)
2 ' −0.86 + 1.51× 10−3,

a
(d)
3 ' 0.81− 4.42× 10−3i , b

(d)
3 ' 1.95− 1.03× 10−3i ,

c
(d)
3 ' −0.78 + 2.27× 10−3i (32)
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Observable Model value Experimental value

mu(MeV) 1.37 1.45+0.56
−0.45

mc(MeV) 652 635± 86

mt(GeV) 172 172.1± 0.6± 0.9

md (MeV) 2.9 2.9+0.5
−0.4

ms(MeV) 57.7 57.7+16.8
−15.7

mb(GeV) 2.82 2.82+0.09
−0.04

sin θ12 0.22536 0.22536± 0.00061

sin θ23 0.0414 0.0414± 0.0012

sin θ13 0.00355 0.00355± 0.00015

δ 68◦ 68◦

Table: Model and experimental values of the quark masses and CKM parameters.
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