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How to go BSM?

• Many ways to go BSM

• Usually:  add 
symmetries, add 
particles, add 
interactions

• All of the above

• Messy…

• I will concentrate on 
masses and mixings
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Some aspects of the flavour problem

• Quark and charged lepton masses very different, very 
hierarchical!
!
!
!
!
!

• Neutrino masses unknown, only difference of squared 
masses. 

• Type of hierarchy (normal or inverted) also unknown
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mu : mc : mt ! 10�6 : 10�3 : 1

md : ms : mb ⇠ 10! 4 : 10! 2 : 1

me : mµ : m⌧ ⇠ 10�5 : 10�2 : 1



• Quark mixing angles!
!
!

• Neutrino mixing angles!
!
!

• Small mixing in quarks, large mixing in neutrinos.!
Very different

• Is there an underlying symmetry?

6

✓12 ⇡ 13.0o

✓23 ⇡ 2.4o

✓13 ⇡ 0.2o

⇥12 ⇡ 34.0o

⇥23 ⇡ 45o

⇥13 ⇡ 8.5o



How do we choose a flavour symmetry?

• Several ways:

• Look for inspiration in a high energy extension of 
SM, i.e. strings or GUTs  (see S. King talk)

• Look at low energy phenomenology

• At some point they should intersect…

• In here:

• Find the smallest flavour symmetry suggested by data

• Explore how generally it can be applied (universally)

• Follow it to the end

• Compare it with the data (Neruda’s quote…)
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Logarithmic plot of masses



Plot of mass ratios

Suggests a 2⊕1 structure



Flavour/family symmetries more symmetries

• Add the flavour 
symmetry of your 
choice

• Continuous "  upon 
breaking might generate 
massless Goldstone bosons !
U(1), SU(3)...

• Discrete!
ZN, A4, S3, S4, Q6, 
Δ27...!
"  might also generate !
accidental continuous !
symmetries !

• Explain masses and 
mixings of quarks and 
leptons 

• Usually also add more 
particles "  Higgs
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Multi-Higgs models more particles

• 2HDM without SUSY

• widely studied

• different versions 
depending on how 
they couple to the 
other SM particles

• 3 or more HDM also 
possible 

• Extra singlet Higgs 
models NMSSM

• Complex MSSM 
ℂMSSM

• FCNC’s

• More sources of CP 
violation

• Candidates for dark 
matter, with some 
discrete symmetry

• Might give explanation 
for the mass 
hierarchies and mixing 
of quarks and leptons

• More scalar particles 
give ways to test them
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N-Higgs doublet models — NHDM

• Add more complex  electroweak doublets!
All with same hyper charge Y=1!
!

•                               real parameters:!
12 for 2HDM, 54 for 3HDM…

• Potential must be bounded by below, no charge or colour 
breaking minima

• Must respect unitarity bounds

• Can have CP breaking minima !  baryogenesis (or disaster)
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recent talk by Strocchi [174], where he reiterates the basic points exposed al length in his book [175].

3. Two-Higgs-doublet models

3.1. Several Higgs doublets: generic features

Within the SM, the single Higgs doublet is overstretched. It takes care simultaneously of the
masses of the gauge bosons and of the up and down-type fermions. N -Higgs-doublet models (NHDM),
which are among the simplest extensions of the SM Higgs sector, relax this requirement. They are
based on the simple suggestion that the notion of generations can be brought to the Higgs sector.
Since the gauge structure of the SM does not restrict the number of Higgs “generations”, it needs to
be established experimentally, and anticipating future experimental results, one can investigate this
possibility theoretically. As a bonus, NHDMs lead to remarkably rich phenomenology. They allow
for signals which are impossible within the SM, such as several Higgs bosons, charged and neutral,
modification of the SM-like Higgs couplings, FCNC at tree level, additional forms of CP -violation from
the scalar sector, and opportunities for cosmology such as scalar DM candidates and modification of the
phase transitions in early Universe. Also, many bSM models including supersymmetry (SUSY), gauge
unification models, and even string theory constructions naturally lead to several Higgs doublets at the
electroweak scale.

The NHDM lagrangian uses N Higgs doublets �i (we now switch to the small Greek letter � for the
doublets), i = 1, . . . , N , all having the same hypercharge Y = 1. This echoes in the scalar potential and
Yukawa interactions. The renormalizable Higgs self-interaction potential can generically be written as

V (�) = Yij�
†
i�j + Zijkl(�

†
i�j)(�

†
k�l) . (38)

The hermiticity of V implies that the coe! cients satisfy Yij = Y ⇤
ji, Zijkl = Z⇤

jilk, Zklij = Zijkl. For
N doublets, the general potential contains N2 + N2(N2 + 1)/2 real parameters: 14 for 2HDM, 54 for
3HDM, etc. These parameters must also comply with the requirements that the potential be bounded
from below to insure existence of the global minimum and that the minimum be neutral and not charge-
breaking, which is another exotic possibility absent in the SM. The values of the quartic coe! cients
Zijkl cannot be too large in order not to overshoot the perturbative unitarity bounds [176, 177]. The
Yukawa sector is given by N copies of Eq. (31):

! LY = L̄" i`�i + Q̄L#idR�i + Q̄L$ iuR�̃i + h.c. (39)

where we suppressed the fermion flavor indices. In the most general case, all matrices " i, #i, $ i are
independent, with the number of free parameters skyrocketing to 54N . Even though many of them can
be removed by a scalar and fermion space basis change, the dimension of the physical parameter space
remains huge.

Once the scalar potential is written, the procedure for the SSB closely follows the SM. One minimizes
the potential and performs the global symmetry transformation to bring the vevs to the following form:

"�1#=
1

$
2

✓
u
v1

◆
, "�i#=

1
$
2

✓
0
vi

◆
, i = 2, . . . , N . (40)

In order for the vacuum to be neutral, not charge-breaking, u must be zero. There is no fine-tuning
associated with this requirement; neutrality of the vacuum can be guaranteed if the coe! cients in front
of terms (�†

i�i)(�
†
j�j) ! (�†

i�j)(�
†
j�i) are positive. Since all doublets couple to the gauge-bosons in the

same way, the W and Z masses are determined by the single value v2 = v2
1 + · · · + |vN |2, and, just as

in the SM, the ⇢-parameter remains equal to one at tree level. Inserting the scalar vevs in the Yukawa
sector (39) produces the fermion mass matrices:

M` =
1

$
2

X

i

" ivi , Md =
1

$
2

X

i

#ivi , Mu =
1

$
2

X

i

$ iv
⇤
i . (41)
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3HDM

• Even more Higgses ⟹ 54 real parameters in potential

• Complemented with additional symmetry(ies)

• Studies started in the 70’s, hope to find global symmetry 
that explains the mass and mixing patterns

• The first symmetries to be added were the 
permutational groups S3 and S4

• Another approach was to use # (54) or # (27) hierarchy 
in masses come from vevs. Did not generate a 
hierarchical vev structure v3>>v2>>v1

• Different modern versions of these models exist!
                               e.g.,I.de Medeiros, D. Emmanuel-Costa (2011) for # (54) , 
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3HDM with S3

• Low-energy model

• Extend the concept of 
flavour to the Higgs 
sector by adding two 
more eW doublets

• Add symmetry:  
permutation 
symmetry of three 
objects, symmetry 
operations 
(reflections and 
rotations) that leave 
an equilateral triangle 
invariant

• 3HDM with 
symmetry S3:!
8 couplings in the 
Higgs potential
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• Smallest non-Abelian discrete group

• Has irreducible representations, 2, 1S and 1A

• We add three right-handed neutrinos to implement the 
see-saw mechanism

• We apply the symmetry “universally” to quarks, leptons 
and Higgs-es

• First two families in the doublet

• Third family in symmetric singlet

• Three sectors related, we treat them simultaneously
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Predictions, advantages?

• Possible to reparametrize 
mixing matrices in terms of 
mass ratios, successfully

• Reproduces well CKM "  !
one less parameter as SM

• PMNS "  fix one mixing angle, 
predictions for the other two 
within experimental range

• Predicts reactor mixing angle !
𝛳13 !  0

• No extra flavons

• FCNCs suppressed by 
symmetry 

• Higgs potential has 8 
couplings

• Underlying symmetry in 
quark, leptons and Higgs "  
residual symmetry of a more 
fundamental one?

• Lots of Higgses: !
3 neutral, 4 charged, !
2 pseudoscalars!
Natural decoupling limit

• Further predictions will come 
from Higgs sector:!
decays, branching ratios
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3HDM: GSM ⌦ S3

 f
L  f

R Mass matrix Possible mass textures

A 2, 1S 2, 1S

0

B@
µf
1 + µf

2 µf
4 µf

6

µf
4 µf

1 � µf
2 µf

7

µf
8 µf

9 µf
3

1

CA

0

B@
0 µf

2sc
�
3� t2

�
0

µf
2sc

�
3� t2

�
�2µf

2 c
2
�
1� 3t2

�
µf
7/c

0 µf !
7 /c µf

3 � µf
1 � µf

2 c
2(1� 3t2)

1

CA

A
0

0

BB@

0 2"
3
µf
2 0

2"
3
µf
2 0 2"

3
µf
7

0 2"
3
µf
9 µf

3 � µf
1

1

CCA

B 2, 1A 2, 1A

0

B@
µf
1 + µf

2 µf
4 µf

7

µf
4 µf

1 � µf
2 �µf

6

�µf
9 µf

8 µf
3

1

CA

0

B@
0 �µf

4 c
2
�
1� 3t2

�
0

�µf
4 c

2
�
1� 3t2

�
2µf

4sc
�
3� t2

�
�µf

6/c

0 �µf !
6 /c µf

3 � µf
1 + |µf

4sc(3� t2)

1

CA

B
0

0

B@
0 �2µf

4 0

�2µf
4 0 �2µf

6

0 2µf
8 µf

3 � µf
1

1

CA

Table 2: Mass matrices inS3 family models with three Higgs SU(2)L doublets: H1 and H2, which occupy
the S3 irreducible representation 2, and HS , which transforms as 1S for the cases when both the left- and
right-handed fermion Þelds are in the same assignment. The mass matrices shown here follow a normal ordering
of their mass eigenvalues(mf

1 ,m
f
2 ,m

f
3 ). We have denoteds = sin ✓, c = cos ✓ and t = tan ✓. The third column

of this table corresponds to the general case, while the fourth column to a case where we have rotated the
matrix to a basis where the elements(1, 1), (1, 3) and (3, 1) vanish. The primed cases, AÕ or BÕ, are particular
cases of the unprimed ones, A or B, with✓ = ⇡/6 or ✓ = ⇡/3, respectively.
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Mass matrices reproduce the NNI or the Fritzsch forms!
                                                   F. González et al, Phys.Rev. D88 (2013) 096004

NNI

NNI

Quarks



• Charged leptons can be also parameterised 
successfully, no extra free parameters

• Neutrinos: Fixing one mixing angle we obtain the 
other two 

• Neutrinos:  S3 predicts 𝛳13 !  0!

M1 and M2 equal "  𝛳13  too small!

M1 and M2 different "  𝛳13 in experimental range
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Higgs-es!
this is where the model can be tested!
!
General potential

Higgs Potencial with S3 symmetry

Author’s Name

29 de noviembre de 2017

Resumen

We study the Higgs potential of a general S3-symmetry three-Higgs-
doublet Model (3HDM). This models contains three Higgs SU(2) doublets
fields an CP invariant. We supose the three vevs v1, v2, v3 di! erent zero
and reals, we rewrite them in spherical coordinates v1 = v sin ! sin " , v2 =
v sin ! cos" , v3 = v cos! . Using the lightest Higgs Boson of Standard Mo-
del had a mass, mh 0 = 125GeV , we realize a scan in the parameter space,
where we impose unitary and stability conditions on the scalar potential,
to compute the Higgs masses imposing a decoupling limit.

1. Introduction
The S3 extension of the SM has been used previously to calculate neutrino

masses and mixings, as well as lepton masses and ßavour changing neutral cu-
rrents. The scalar sector is also interesting since there is an economy of para-
meters compared to a more generic 3HDM [1Ð3].

2. The Higgs Sector
The most general Higgs potential invariant underSU (3)c⇥SU (2)L ⇥U (1)Y ⇥

S3 is

V = µ2
1

!
H  

1H1 + H  
2H2

"
+ µ2

0

#
H  

sHs
$

+ a
#
H  

sHs
$2

+ b
#
H  

sHs
$!

H  
1H1 + H  

2H2

"

+ c
!
H  

1H1 + H  
2H2

" 2
+ d

!
H  

1H2 �H  
2H1

" 2
+ efijk

! #
H  

sHi
$!

H  
j Hk

"
+ h.c.

"

+ f
%#

H  
sH1

$!
H  

1Hs

"
+

#
H  

sH2
$!

H  
2Hs

"&
+ g

' !
H  

1H1 �H  
2H2

" 2
+

!
H  

1H2 + H  
2H1

" 2
(

+ h
%#

H  
sH1

$ #
H  

sH1
$

+
#
H  

sH2
$ #

H  
sH2

$
+

!
H  

1Hs

" !
H  

1Hs

"
+

!
H  

2Hs

" !
H  

2Hs

"&
(1)

1

• The minimum of potential can be parameterised in !
spherical coordinates, two angles and v

• Minimisation fixes one angle to v1/v2 = 𝞹/6 !
consistent with NNI form of mass matrices

• Has natural decoupling limit
• Predictions for decays and branching rations            work in progress!

                                                

Felix-Beltrán, Rodríguez-Jáuregui, M.M (2006), Das (2010),  Félix-Beltrán et al 



4HDM -S3 with DM

• We add another doublet, inert, to have a DM 
candidate. We assign it to the 1A, and thus 
“saturate” the irreps

• A lot of Higgses (13), but the good features of 3H-
S3 remain

• S3 symmetry constrains strongly the allowed 
couplings 
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4H-S3 potential

• Most general Lagrangian with 4 Higgs doublets and S3 symmetry, plus 
Z2 symmetry

• First two generations in a flavour doublet, third in a singlet, extra anti-
symmetric singlet is inert "  DM candidates
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tercer familia est‡n asignados al singlete simŽtrico deS3 es [7]:

! LYf = Y f
1 (!̄ f

S,L! f
S,RHs) +

1
"
2

Y f
2 (!̄ f

1,L! f
1,R + !̄ f

2,L! f
2,R)Hs

+
1

2
Y f

3 [(!̄ f
1,LH2 + !̄ 2,LH1)!

f
1,R + (!̄ 1,LH1 ! !̄ f

2,LH2)!
f
2,R]

+
1

"
2

Y f
4 (!̄ f

1,L! 2,R ! !̄ f
2,L! f

1,R)Ha

+
1

"
2

Y f
5 (!̄ f

1,LH1 + !̄ f
1,LH1 + !̄ f

2,LH2)!
f
S,R

+
1

"
2

Y f
6 (!̄ f

S,L(H1! f
1,R + H2! f

2,R)] + h.c.

f = d, e.

(6.9)

donde Y f
i son acoplamientos de Yukawa complejos. Al escribir el lagrangiano

de Yukawa, para quarks up o neutrinos de Dirac, el campo de Higgs debe reem-
plazarse por el campo conjugado de Higgs respectivoH iw # i " 2H ⇤

iW , i = 1, 2.

DespuŽs del rompimiento de simetr’a, los dobletesSU(2)L de Higgs adquieren
valores de expectaci—n en el vac’o, que escogemos reales de manera que no
rompan CP expl’citamente,

v1 $ %0|H1|0& v2 $ %0|H2|0&

vs $ %0|Hs|0& va $ %0|Ha|0&,
(6.10)

dando masa a los fermiones del Modelo Est‡ndar. La matriz de masa invariante
genŽrica para los fermiones de Dirac se escribe como:

M f
S3

=

!

"

"
2Y f

2 v2 + Y f
3 v2 Y f

3 v1 +
"
2Y f

4 va
"
2Y f

5 v1

Y f
3 v1 !

"
2Y f

4 va
"
2Y f

2 vs ! Y f
3 v2

"
2Y f

5 v2"
2Y f

6 v1
"
2Y f

6 v2 2Y f
1 vs

#

$ . (6.11)

cuyos eigenvalores sonmf
i , i = 1, 2, 3. Es conveniente deÞnir la notaci—n

µf
1 $

"
2Y f

2 vs, µf
2 $

"
2Y f

3 v2, µf
3 $ 2Y f

1 vs, µf
4 $ Y f

3 v1

µf
5 $

"
2Y f

4 va µf
6 $

"
2Y f

5 v1 µf
7 $

"
2Y f

5 v2

µf
8 $

"
2Y f

6 v1 µf
9 $

"
2Y f

6 vf
3 $ 2Y f

1 va.

(6.12)

Con esta notaci—n la matriz de masa despuŽs del rompimento de simetr’a es:
!

"
µf

1 + µf
2 µf

4 + µf
5 µf

6

µf
4 ! µf

5 µf
1 ! µf

2 ! µf
7

µf
8 µf

9 µf
3

#

$ (6.13)

y la textura de masa es:
!

"
0 µf

2 sc(3 ! t2) 0

µf
2 sc(3 ! t2) ! 2µf

2 c2(1 ! 3t2) µf
7 /c

0 µf
7 /c µ f

3 ! µf
1 ! µf

2 c2(1 ! 3t2)

#

$ , (6.14)
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Higgs potential 4H-S3
• We need to find the minima of the potential S3xZ2, which 

satisfy the stability and unitarity conditions!
!

23

de S3 [110, 8]:

V4 = µ2
0H

†
sHs + µ2

1(H
†
1H1 +H†

2H2) + µ2
2H

†
aHa

+ �1(H
†
1H1 +H†

2H2)
2 + �2(H

†
1H2 �H†

2H1)
2

+ �3[(H
†
1H1 �H†

2H2)
2 + (H†

1H2 +H†
2H1)

2]

+ �4[(H
†
sH1)(H

†
1H2 +H†

2H1) + (H†
sH2)(H

†
1H1 �H†

2H2) + h.c.]

+ �5(H
†
sHs)(H

†
1H1 +H†

2H2)

+ �6[(H
†
sH1)(H

†
1Hs) + (H†

sH2)(H
†
2Hs)]

+ �7[(H
†
sH1)(H

†
sH1) + (H†

sH2)(H
†
sH2) + h.c.]

+ �8(H
†
sHs)

2

+ �9[(H
†
aH2)(H

†
1H2 +H†

2H1)� (H†
aH1)(H

†
1H1 �H†

2H2) + h.c.]

+ �10(H
†
aHa)(H

†
1H1 +H†

2H2)

+ �11[(H
†
aH1)(H

†
1Ha) + (H†

aH2)(H
†
2Ha)]

+ �12[(H
†
aH1)(H

†
aH1) + (H†

aH2)(H
†
aH2) + h.c.]

+ �13(H
†
aHa)

2 + �14(H
†
sHaH

†
aHs) + �15[(H

†
1Hs)(H

†
2Ha) + h.c.].

(6.8)

Notemos que (6.8) es igual a (6.7) + (6.6) más los términos que acoplan a los
singletes Ha y Hs: �14(H

†
sHaH

†
aHs) + �15[(H

†
1Hs)(H

†
2Ha) + h.c.]

6.2. El lagrangiano de Yukawa.

6.2.1. El lagrangiano de Yukawa con 4 dobletes de Higgs

Existen cuatro posibilidades, tener ambas componentes izquierda y derecha de la
tercer familia en el singlete simétrico o ambas en el antisimétrico, o la izquierda
en el simétrico y la derecha en el antisimétrico, o viceversa, el izquierdo en el
antisimétrico y el derecho en el simétrico. Nos concentraremos, en el caso con
ambas componentes en el singlete simétrico, esta y el resto de las posibilidades
se exploran en [7].

El lagrangiano de Yukawa invariante bajo S3 más general, para el acoplamiento
de fermiones de Dirac acoplados a 4 Higgses, donde ambas componentes de la
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4H-S3 potential

• We have to analyse the Higgs potential to find the proper 
minima:

• Stability conditions - potential bounded from below

• Scalar S-matrix is unitary

• Quartic Higgs couplings are perturbative

• These conditions restrict the allowed parameter space, 
i.e. couplings

• Check masses of DM candidates  

• Calculate relic density

24



6.3.3. Condiciones de positividad

La condiciones de positividad que aseguran un vac’o estable son las siguientes:

�8 > 0 (6.94)

�1 + �3 > 0 (6.95)

�5 > �2
p

(�1 + �3)�8 (6.96)

�5 + �6 � 2|�7| >
p

(�1 + �3)�8 (6.97)

�1 � �2 > 0 (6.98)

�1 + �3+ | 2�4 | + �5 + 2�7 + �8 > 0 (6.99)

�13 > 0 (6.100)

�10 > �2
p

(�1 + �3)�13 (6.101)

�10 + �11 � 2|�12| >
p

(�1 + �3)�13 (6.102)

�14 > �2
p
�8�13. (6.103)

Para obtener las condiciones necesarias para que el potencial estŽ acotado por
abajo, se parametrizaron los campos en coordenadas hiperesfŽricas, de manera
an‡loga a lo hecho en[110] para el modelo con tres dobletes:

H1 = r cos� sin✓s sin✓a öH1 (6.104)

H2 = r sin� sin✓s sin✓a öH2 (6.105)

Hs = r cos✓s⇢s expi�s
öHs (6.106)

Ha = r sin✓s cos✓a öHa. (6.107)

Donde r � 0, � 2 [0,⇡/ 2], ✓s = [0 ,⇡/ 2] y ✓a = [0 ,⇡/ 2].

El producto entre dos espinores unitarios diferentes ser‡ un nœmero complejo
con m—dulo no mayor a uno, en nuestro caso tenemos

öH †
2 á öH1 = ⇢12ei! 12 , öH †

s á öH2 = ⇢s2ei! s2 , öH †
1 á öHs = ⇢s1ei! s1 , (6.108)

öH †
a á öH2 = ⇢a2ei! a 2 , öH †

1 á öHs = ⇢s1ei! s1 , öH †
s á öHa = ⇢saei! sa . (6.109)

Observando los l’mites en el espacio de coordenadas hiperesfŽricas de dos en dos,
obtenemos las siguientes condiciones necesarias (los resultados son an‡logos a los
obtenidos en[110, 109] para el caso con 3 dobletes). Para esto, solo los tŽrminos
cu‡rticos son relevantes, por lo que omitiremos los tŽrminosµ2

i .

Para ✓a = ⇡/ 2 y ✓s = 0 , el potencial es

V = �8 > 0. (6.110)

Donde obtenemos la condici—n:

�8 > 0. (6.111)
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6.3.4. Condiciones de unitariedad

Das y Dey [109] calcularon las condiciones de unitariedad de la matriz-S para
el modelo con tres dobletes, acotando los eigenvalores de la matriz como:

| a±
i |, | bi |6 16⇡, para i = 1 , 2, ...6. (6.131)

Aunque el cálculo de las condiciones de unitariedad para el modelo de cuatro
dobletes proveería restricciones más exactas, se usaron las condiciones obtenidas
para tres dobletes como una primera aproximación, las cuales se escriben a
continuación:

a±
1 = ( �1 ! �2 +

�5 + �6

2
)

±

!

(�1 ! �2 +
�5 + �6

2
)2 ! 4[(�1 ! �2)(

�5 + �6

2
) ! �2

4]

a±
2 = ( �1 + �2 + 2�3 + �8)

±
"

(�1 + �2 + 2�3 + �8)2 ! 4[�8(�1 + �2 + 2�3) ! 2�2
7]

a±
3 = ( �1 ! �2 + 2�3 + �8)

±

!

(�1 ! �2 + 2�3 + �8)2 ! 4[�8(�1 + �2 + 2�3) !
�2

6

2
]

a±
4 = ( �1 + �2 +

�5

2
+ �7)

±

!

(�1 + �2 +
�5

2
+ �7)2 ! 4[(�1 ! �2)(

�5

2
+ �7) ! �2

4]

(6.132)

a±
5 = (5 �1 ! �2 + 2�3 + 3�8)

±

!

(5�1 ! �2 + 2�3 + 3�8)2 ! 4[3�8(5�1 ! �2 + 2�3) !
1
2

(2�5 + �6)2]

a±
6 = ( �1 + �2 + 4�3 +

�5

2
+ �6 + 3�7) ± ((�1 + �2 + 4�3 +

�5

2
+ �6 + 3�7)2!

4[(�1 + �2 + 4�3)(
�5

2
+ �6 + 3�7) ! 9�2

4])1/2

b1 = �5 + 2�6 ! �7

b2 = �5 ! 2�7

b3 = 2( �1 ! 5�1 ! 2�3)

b4 = 2( �1 ! �1 ! 2�3)

b5 = 2( �1 + �1 ! 2�3)

b6 = �5 ! �6.

(6.133)
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Stability conditions

These are for 3H!
4H ones similar

Unitarity conditions



Masses

• After electroweak symmetry breaking (Higgs 
mechanism) we are left with !
                 13 massive particles!

• One has to be the SM Higgs boson - two 
candidates

• Another three can be DM particles

• Check SM Higgs boson first

26



The	masses	are	
found	by	
diagonalizing	the	
matrix:

Which	is	block	diagonal,	and	all	the	submatrices	
have	the	following	form:

The	fields	
corresponding	

to	Ha	are	
decoupled.



Reparametrizing	the	vevs	asNeutral scalar Higgses mass range!
Hs as the SM Higgs.

Charged Higgses mass range
Pseudo scalar Higgses mass range

From the minimisation conditions!



Neutral scalar Higgses mass range, scalar H2 as the SM Higgs.

Pseudo scalar Higgses mass range Charged scalar Higgses mass range

Less points, no natural 
decoupling limit, !
but most studied 
solution so far



Viable	dark	matter	candidates

Theoretical restrictions 
• The potential must have a 

finite vacuum
• The dispersion matrix must 

be unitary.
• Quartic couplings must be 

perturbative

Experimental 
restrictions 

• The mass of the SM 
Higgs !

• The measured relic 
density 



Allowed Feynman diagrams for the 
DM candidate To find the relic density 

we need to calculate all 
the annihilation cross 
sections of the model

As a first test, we only 
used the circled 
Feynman Diagram.

This allows us to 
compare !
with the more 
studied 2HDM, and 
get a first estimate of 
relic density



Relic Density scan, using 
MICROMEGAS.

The black line represents the 
measured relic density, 
approximately 0.118.  All points 
in this graph are below this 
value.

• Simplified model to check 
viability

• Adding all contributions: !
still not saturated

• Very promising, since it is 
below the measured 𝝮



Preliminary

• Calculation done in 
approximation close to SM

• 𝝮 still not saturated
• Allows for more than one 

DM candidate: other scalar, 
right-handed neutrino…

• Allows for Sommerfeld 
enhancement

• Need to consider co-
annihilation and decay of 
heavier scalars into DM 
candidate

100 200 300 400
DMMass

5¥10-6
1¥10-5

5¥10-5
1¥10-4

5¥10-4
0.001

0.005

W



What else we need to worry about…

• Adding all contributions — all Feynman diagrams!
works still well

• Check both candidates for DM

• Possibility:  one of them decaying into the other!
"  more contributions

• Vacuum might not be the deepest "  check for 
metastable solutions, i.e. vacuum tunnelling 
(Vevacious)!
"  will constrain more the allowed parameter space
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Leptogenesis in S3-3H

• The model lends itself naturally to leptogenesis and 
associated baryogenesis:!
!
      Heavy right handed neutrinos!
       Majorana neutrinos!
       Decay of right-handed neutrinos into the!
       left-handed ones
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Figure 2: Plot of the free parameter space for the non-degenerate case, where
‘green’ is one, ‘orange’ two, and ‘red’ is three � agreement with the experimental
value.

3 Leptogenesis in an S3-3H model

The Yukawa couplings of the neutrinos allow the decay of the right-handed
neutrinos into the left-handed ones.

�Y ⌫
1 LI(i�2H

⇤
S⌫IR). (98)

As shown in [38,44], the asymmetry is defined to be

✏1 =

!
↵ ! (N1 ! `↵H)� ! (N1 ! `↵H)

!
↵ ! (N1 ! `↵H) + ! (N1 ! `↵H)

. (99)

where ! is the decay rate, and N1 is the decaying right-handed neutrino.
The possible decays up to tree level are shown in 3,

Figure 3: Feynman diagrams up to second order. a) Tree level b) Second Order
c) Self Energy diagram

The asymmetry generated by these decays are,

✏ ' � 3

8⇡

1

(h⌫h
 
⌫)

"

i=2,3

Im{ (h⌫h
 
⌫)

2
1i} [f(

M2
i

M2
1

) + g(
M2

i

M2
1

)]. (100)

and the self interactions are

f(x) =
p
x[1� (1 + x) ln(

1 + x

x
)] , (101)
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Figure 2: Plot of the free parameter space for the non-degenerate case, where
‘green’ is one, ‘orange’ two, and ‘red’ is three � agreement with the experimental
value.

3 Leptogenesis in an S3-3H model

The Yukawa couplings of the neutrinos allow the decay of the right-handed
neutrinos into the left-handed ones.

�Y !
1 LI(i�2H

⇤
S⌫IR). (98)

As shown in [38,44], the asymmetry is defined to be

✏1 =

P
" �(N1 ! `" H)� �(N1 ! `" H)

P
" �(N1 ! `" H) + �(N1 ! `" H)

. (99)

where � is the decay rate, and N1 is the decaying right-handed neutrino.
The possible decays up to tree level are shown in 3,

Figure 3: Feynman diagrams up to second order. a) Tree level b) Second Order
c) Self Energy diagram

The asymmetry generated by these decays are,

✏ ' � 3

8⇡

1

(h! h
 
! )

X

i=2,3

Im{(h! h
 
! )

2
1i}[f(

M2
i

M2
1

) + g(
M2

i

M2
1

)]. (100)

and the self interactions are

f(x) =
p
x[1� (1 + x) ln(

1 + x

x
)] , (101)

13

Figure 2: Plot of the free parameter space for the non-degenerate case, where
‘green’ is one, ‘orange’ two, and ‘red’ is three � agreement with the experimental
value.

3 Leptogenesis in an S3-3H model

The Yukawa couplings of the neutrinos allow the decay of the right-handed
neutrinos into the left-handed ones.

�Y ⌫
1 LI (i�2H

⇤
S⌫IR ). (98)

As shown in [38,44], the asymmetry is defined to be

✏1 =

!
↵ ! (N1 ! `↵H)� ! (N1 ! `↵H)

!
↵ ! (N1 ! `↵H) + ! (N1 ! `↵H)

. (99)

where ! is the decay rate, and N1 is the decaying right-handed neutrino.
The possible decays up to tree level are shown in 3,

Figure 3: Feynman diagrams up to second order. a) Tree level b) Second Order
c) Self Energy diagram

The asymmetry generated by these decays are,

✏ ' � 3

8⇡

1

(h⌫h
†
⌫)

"

i=2,3

Im{(h⌫h
†
⌫)

2
1i }[f(

M2
i

M2
1

) + g(
M2

i

M2
1

)]. (100)

and the self interactions are

f(x) =
p
x[1� (1 + x) ln(

1 + x

x
)] , (101)

13
Asymmetry depends on the right- and left-handed !
neutrino masses, as well as the phases
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g(x) =
!

x
1 " x

. (102)

This function depends strongly on the hierarchy of the light neutrino masses.
It can lead to a strong enhancement of the CP asymmetries if the masses M 2

and M 3 are nearly degenerate.
Because ✏ is small so we can assume identical distributions of ` and ¯̀.We con-
sider only initial zero abundance of N. We use only single particle distribution
functions, in which case the Boltzmann equation for the heavy species can be
written as [45, 46]

df N

dt
" |PN |H̃ df N

d|PN | = CD [f N ] (103)

where f N is the phase space distribution of the RHN,PN the right handed
neutrino moment and H̃ is the Hubble parameter. with the collision integrals
CD

CD [f N ] =
1

2EN

Z
d3p!

2E! (2⇡)3

dpH
2EH (2⇡)3 (2⇡

4)�4(pN " p! " pH )

# [f H f ! (1 " f N )(|M N ! N |2 + |M H ø! ! N |2)
" f N (1 " f ! )(1 + f H )(|M N ! H ! 2 |2 + |M N ! H ø! |2)]

(104)

And for the light neutrino

df !

dt
" |PN |H̃ df N

d|PN | = CD [f ! ] (105)

with

CD [f ! ] =
1

2EN

Z
d3p!

2E! (2⇡)3

dpH
2EH (2⇡)3 (2⇡

4)�4(pN " p! " pH )

# [f H f ! (1 " f N )(|M N ! N |2 + |M H ø! ! N |2)
" f N (1 " f ! )(1 + f H )(|M N ! H ! 2 |2 + |M N ! H ø! |2)]

(106)

and a similar equation for ¯̀. H ,` and ¯̀ have gauge interactions which are
very fast. This means that H can be described by a distribution in chemical
equilibrium, and that `,¯̀can be described as distributions in kinetic equilibrium,

f (N ) = (1 + eeP N/T )" 1

f (`) = (1 + ee(P ! " µ ) /T )" 1

f (¯̀) = (1 + eeP ø! " µ/T )" 1

(107)

with µ/T = 3(n! " nø! )/T
3 + O((µ/T )3). Using CPT-invariance, following the

idea of [46], we find

|M N ! H ! |2 = |M H ø! ! N |2 = 1 " ✏

|M N ! H ø! |2 = |M H ! ! N |2 = 1 + ✏
(108)

This simplifies the Boltzmann equations. For the heavy neutrino the Boltzmann
equation can be simplified to [47]

14

Mi, right handed neutrinos!
h𝜈 mass matrices for Yuk couplings of Dirac neutrinos

𝜈



• The leptonic sector has a Z2 
symmetry

• Mass matrices of charged 
leptons and neutrinos are 
parameterised in terms of 
physical masses

37

where !M = diag (M1,M1,M3). In principle, all entries in the mass matrices can
be complex since there is no restriction coming from the S3 flavor symmetry.
The mass matrices are diagonalized by bi-unitary transformations as

U  
d(u,e)LMd(u,e)Ud(u,e)R = diag(md(u,e),ms(u,e),mb(u,e)) (20)

UT
! M! U! = diag(m! 1,m! 2,m! 3). (21)

The entries in this matrix are complex numbers, so the physical masses are their
absolute values. The mixing matrices are, by definition,

VCKM = U  
uLUdL, VPMNS = U  

eLU! K. (22)

Where K is defined as the matrix that take out the phases of the diagonal mass
matrix,

diag(m! 1,m! 2,m! 3) = K   diag(|m! 1|, |m! 2|, |m! 3|)K   . (23)

A further reduction of the number of parameters in the leptonic sector may be
achieved by means of an Abelian Z2 symmetry. A possible set of charge assign-
ments of Z2, compatible with the experimental data on masses and mixings in
the leptonic sector is given in Table I. The Z2 assignments forbid the following

� +
HS , ⌫3R HI , L3, LI , eeR, eIR.⌫IR

Table 1: Z2 assignment in the leptonic sector.

Yukawa couplings
Y e
1 = Y e

3 = Y !
1 = Y !

5 . (24)

Therefore, the corresponding entries in the mass matrices vanish.

2.1 Mass matrix for the charged leptons

Under these assumptions, the mass matrix of the charged leptons takes the form

Me = m"

"

#
µ̃2 µ̃2 µ̃5

µ̃2 �µ̃2 µ̃5

µ̃4 µ̃4 0

$

% . (25)

The unitary matrix UeL that enters in the definition of the mixing matrix,
VPMNS , is calculated from

U  
eLMeM

 
eUeL = diag(m2

e,m
2
µ,m

2
" ), (26)

where m3,mµ and m" are the masses of the charged leptons, and

MeM
"
e = m2

"

"

#
2|µ̃2|2 |µ̃5|2 2|µ̃2||µ̃4|e�i#e

|µ̃5|2 2|µ̃2|2 0
2|µ̃2||µ̃4|ei#e 0 2|µ̃4|2

$

% . (27)

Notice that this matrix only has one phase factor. The parameters |µ̃2|, |µ̃4| and
|µ̃5| may readily be expressed in terms of the charged lepton masses. From the
invariants of MeM  

e , we get the set of equations [17]

Tr(MeM
 
e ) = m2

e +m2
µ +m2

" = m2
" [4|µ̃2|2 + 2(|µ̃4|2 + |µ̃5|2)] (28)

5

! (MeM
†
e ) =m2

! (m
2
e +m2

µ) +m2
em

2
µ (29)

=4m4
! [|µ̃2|2 + |µ̃2|2(|µ̃4|2 + |µ̃5|2) + |µ̃4|2|µ̃5|2] (30)

(31)

det(MeM
†
e ) = m2

em
2
µm

2
! = 4m6

! |µ̃2|2|µ̃4|2|µ̃5|2, (32)

where ! (MeM†
e ) =

1
2 [Tr(! MeM†

e ))
2 " Tr((MeM†

e )
2)]. Solving these equations

for |µ̃2|, |µ̃4| and |µ̃5|, we obtain

|µ̃2|2 =
1

2

m2
e +m2

µ

m2
!

"
m2

em
2
µ

m2
! (m

2
e +m2

µ)
+ " . (33)

In this expression, " is the smallest solution of the equation

" 3 "
1

2
(1 " 2y + 6

x

y
)" 2 "

1

4
(y " y2 " 4

z

y
+ 7z " 12

z2

y2 )" " (34)

1

8
yz "

1

2

z2

y2 +
3

4

z2

y
"

z3

y3 = 0 (35)

(36)

where y = (m2
e +m2

µ)/m! and z = µ2
µµ

2
e/µ

4
! .

An estimation of " at good order of magnitude is obtained from [40]

" # "
m2

µm
2
e

2m2
! (m

2
! " (m2

! +m2
e))

. (37)

The parameters |µ̃4|2 and |µ̃5|2 are in terms of |µ̃2|2,

| ˜µ4,5|2 =
1

4
(1 "

m2
µ +m2

e

m2
!

+ 4
m2

em
2
µ

m2
! (m

2
e +m2

µ

) " " ) (38)

± 1

4
(

!

(1 "
m2

µ +m2
e

m2
!

+ 4
m2

em
2
µ

m2
! (m

2
e +m2

µ

) " " )2 "
m2

µm
2
e

m4
!

1

|µ̃2|2
) (39)

(40)

Once MeM†
e has been reparametrized in terms of the charged lepton masses, it

is straightforward to compute UeL also as a function of the lepton masses. Here
we will write the result to order (mµme/m2

! )
2 and x4 = (me/m! )4

Me # m!

"

#
#
#
#
#
$

1p
2

÷mµp
1+ x2

1p
2

÷mµp
1+ x2

1p
2

q
1+ x2� ÷m2

µp
1+ x2

1p
2

÷mµp
1+ x2 " 1p

2
÷mµp

1+ x2
1p
2

q
1+ x2� ÷m2

µp
1+ x2

÷me(1+ x2 )q
1+ x2� ÷m2

µ

ei" e ÷me(1+ x2 )q
1+ x2� ÷m2

µ

ei" e 0

%

&
&
&
&
&
'

. (41)

The unitary matrix UeL that diagonalizes MeM†
e and enters in the definition of

the neutrino mixing matrix VV PMNS , equation (22), is

UeL #

"

$
1 0 0
0 1 0
0 0 ei" e

%

'

"

$
O11 " O12 O13

" O21 O22 O23

" O31 " O32 O33

%

' , (42)

6

where

UeL '

0

@
O11 �O12 O13

�O21 O22 O23

�O31 �O32 O33

1

A = (43)

0

BBBBBB@

1!
2
x

(1+2m̃2
µ +x2+m̃4

µ +2m̃2
e )q

1+m̃2
µ +5x2" m̃4

µ " m̃6
µ +m̃12

e +12x4
� 1!

2

(1" 2m̃2
µ +m̃4

µ " 2m̃2
e )q

1" m̃2
µ +x2+6m̃4

µ " 4m̃6
µ +5m̃12

e

1!
2

� 1!
2
x

(1+4x2" m̃4
µ " 2m̃2

e )q
1+m̃2

µ +5x2" m̃4
µ " m̃6

µ +m̃12
e +12x4

1!
2

(1" 2m̃2
µ +m̃4

µ )
q

1" m̃2
µ +x2+6m̃4

µ " 4m̃6
µ +5m̃12

e

1!
2

�
q

1+2x2" m̃2
µ " m̃2

e (1+m̃2
µ +x2" 2m̃2

e )
q

1+m̃2
µ +5x2" m̃4

µ " m̃6
µ +m̃12

e +12x4
�x

q
1+2x2" m̃2

µ " m̃2
e (1+x2" m̃2

µ " 2m̃2
e )

q
1" m̃2

µ +x2+6m̃4
µ " 4m̃6

µ +5m̃12
e

m̃em̃µ

!
1+x2

q
1+x2" m̃2

µ

1

CCCCCCA
=

(44)
and where m̃µ = mµ/m! , m̃e = me/m! and x = me/mµ.

2.2 The mass matrix of the neutrinos

With the Z2 selection rule (Table 1), the mass matrix of the Dirac neutrinos
takes the form

M" D =

0

@
µ"
2 µ"

2 0
µ"
2 �µ"

2 0
µ"
4 µ"

4 µ"
3

1

A (45)

Then, the mass matrix for the left-handed Majorana neutrinos is obtained from
the see-saw mechanism,

M" = M" DM̃ " 1(M" D)T =

0

B@
( 1
M1

+ 1
M2

)µ2
2 ( 1

M1
� 1

M2
)µ2

2 ( 1
M1

+ 1
M2

)µ2µ4

( 1
M1

� 1
M2

)µ2
2 ( 1

M1
+ 1

M2
)µ2

2 ( 1
M1

� 1
M2

)µ2µ4

( 1
M1

+ 1
M2

)µ2µ4 ( 1
M1

� 1
M2

)µ2µ4
µ2
4

M2
+ µ2

3
M3

1

CA ,

(46)
where Mi are the right handed neutrino masses appearing in eq. (16).
The non-Hermitian, complex, symmetric neutrino mass matrix M" may be
brought to a diagonal form by a bi-unitary transformation, as

UT
" M" U" = diag(m" 1e

i#1 ,m" 2e
i#2 ,m" 3e

i#3) (47)

Where U" is the matrix that diagonalizes the matrix M" .

2.2.1 Neutrino matrix with degenerate masses.

In the case where M1 = M2 the mass matrix is reduced to [14]

M" = M" DM̃ " 1(M" D)T =

0

B@
( 1
M1

+ 1
M1

)µ2
2 0 ( 1

M1
+ 1

M1
)µ2µ4

0 ( 1
M1

+ 1
M1

)µ2
2 0

( 1
M1

+ 1
M1

)µ2µ4 0 µ2
4

M1 + µ2
3

M3

1

CA .

(48)
With this texture is easy to calculate the U" matrix that diagonalizes M†

" M" ,

M†
" M" =

0

@
|A|2 + |B|2 0 A#B +B#D

0 |A2| 0
AB# +BD# 0 |B|2 + |D|2

1

A (49)

7

m̃i = mi/m⌧ , x

4 = (me/m⌧ )
4

Similarly for the Majorana neutrino mass matrix —  !
𝜇 function of the masses, Majorana phases 𝜙 and Dirac phase 𝛿



Asymmetry for the degenerate case M1=M2

Only inverted hierarchy for light neutrinos possible!

where a is a = (8Nf +4NH )/(22Nf +13NH ), Nf is the number of families and
NH is the number of Higgs doublets.
We can express the lepton asymmetry in terms of the CP asymmetry

YL =
nL � nL̄

s
= !

"i

g⇤ , (115)

where g is 110, the number of relativistic degrees of freedom, ! is obtained from
solving the Boltzmann equations, and it can be reparametrized in terms of K
defined as the ratio of �1, the tree-level decay width of N1 to H the Hubble
parameter at temperature M1, where k = �1/H < 1 describes a process out of
thermal equilibrium and ! < 1 describes the washout e↵ect [49, 50]:

! ⇡ 0.3

K(ln(K))0.6 for 10 < K < 106 , (116)

! ⇡ 1

2
p
K2 + 9

for 0 < K < 10 . (117)

The decay width of N1 by the Yukawa interaction at tree level and Hubble
parameter in terms of the temperature T and the Planck scale Mpl are �1 =

(m 
D mD )11M1/(8#v2) and H = 1.66g⇤1/ 2T 2/Mpl respectively. At temperature

T = M1 the ratio K is

K =
Mpl

1.66
p
g⇤(8#v2)

(m 
D mD )11
M1

. (118)

3.1 Baryon asymmetry in the degenerate scheme

Putting all the above ingredients together, the asymmetry for the S3-3H model
is

" =
Im[e2i ! !

M2m3

p
M 2 (m 2�m 3 )(m 3�m 1 )p

m 3
](f [M 2

3
M 2

1
] + g[M 2

3
M 2

1
])

8#|M2m3|
. (119)

The value of the baryon asymmetry has a dependence on $ and the masses of
the neutrinos |m1|,M1, |m2|,M2, |m3|,M3, where the masses of the right-handed
neutrinos are considered real. We can calculate the dependence of the baryon
asymmetry on the phase %. As can be seen from eq. (119) the asymmetry is a
periodic function of %, where the masses give the scale of the baryon asymmetry.
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𝛿 = Dirac phase, YL,B = baryon, lepton asymmetry,    Nf,H= number of families and Higgs doublets

df N
dt

! pH̃
df N
dp

=
mN�TOT

ENPN

! (EN + PN )/2

(EN ! PN )/2
dpH [f H f ! (1 ! f N ) ! f N (1 ! f ! )(1 ! f H)]

(109)

Where �tot = �N " ! H + �N " ø! H = �+ �̄ is the total ret frame decay rate. The
corresponding equation for ` : ! ¯̀ is

d(f ! ! f ø! )

dt
! pH

d(f ! ! f ø! )

dp

= !
mN�

2E! p!

! #

m 2
N

4P `
+ p`

dE [(f H + f N )F !

+✏(! 2(1 + f H)f N + (f N ! f H(1 ! 2f N ))F + )

(110)

to first order of ✏, and with,

F + = f ! + f ø! =
2

1 + ep/T
+ O((µ/T )2)

F ! = f ! ! f ø! =
2ep/T

(1 + ep/T )2

µ
T

+ O((µ/T )2)
(111)

Since we have so far only included 2 " 1 processes, Eq. 110 su↵ers from the
problem of lepton asymmetry generation even in equilibrium. To remedy this
problem the resonant part of the `H " ¯̀H must be included. To lowest order
in ✏this amounts to adding the term 2✏(1 ! f N )f HF + in Eq. 110 [46, 48], so
that the final form of the equation for the lepton asymmetry is

F + = f ! + f ø! =
2

1 + ep/T
+ O((µ/T )2)

= !
mR�

2E! p!

! #

m 2
R

4P `
+ p`

dE [(f H + f N )(F ! + ✏F + ) ! 2✏f N (1 + f H)]
(112)

This equation does not exhibit any lepton asymmetry generating behaviour
in thermal equilibrium because [(f H + f R)(F ! + ✏F + ) ! 2✏f R(1 + f H)] = 0
explicitly. To first order in µ/T equations Eq. 110 and 109 can be easily
integrated numerically for given values of mR and �. If Maxwell-Boltzmann
statistics and kinetic equilibrium for N are assumed the equations can be further
simplified. The integrated Boltzmann equations are then

dYN

dz
= ! K 1z(YN ! Y eq

N )
1(z)
2(z)

dY!

dz
= ✏K 1z(YN ! Y eq

N )
1(z)
2(z)

!
z3

4
K 11(z)Y!

(113)

The relation between the lepton and baryon asymmetry is given through the
sphaleron process [34]

YB = aYB! L =
a

a ! 1
YL , (114)
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where a is a = (8Nf +4NH)/(22Nf +13NH), Nf is the number of families and
NH is the number of Higgs doublets.
We can express the lepton asymmetry in terms of the CP asymmetry

YL =
nL � nL̄

s
= 

✏i
g⇤ , (115)

where g is 110, the number of relativistic degrees of freedom,  is obtained from
solving the Boltzmann equations, and it can be reparametrized in terms of K
defined as the ratio of �1, the tree-level decay width of N1 to H the Hubble
parameter at temperature M1, where k = �1/H < 1 describes a process out of
thermal equilibrium and  < 1 describes the washout e↵ect [49, 50]:

 ⇡ 0.3

K(ln(K))0.6
for 10 < K < 106 , (116)

 ⇡ 1

2
p
K2 + 9

for 0 < K < 10 . (117)

The decay width of N1 by the Yukawa interaction at tree level and Hubble
parameter in terms of the temperature T and the Planck scale Mpl are �1 =

(m†
DmD)11M1/(8⇡v2) and H = 1.66g⇤1/2T 2/Mpl respectively. At temperature

T = M1 the ratio K is

K =
Mpl

1.66
p
g⇤(8⇡v2)

(m†
DmD)11
M1

. (118)

3.1 Baryon asymmetry in the degenerate scheme

Putting all the above ingredients together, the asymmetry for the S3-3H model
is

✏ =
Im[e2i!

!
M2m3

p
M2 (m2�m3 )(m3�m1 )p

m3
](f [M

2
3

M2
1
] + g[M

2
3

M2
1
])

8⇡|M2m3|
. (119)

The value of the baryon asymmetry has a dependence on � and the masses of
the neutrinos |m1|,M1, |m2|,M2, |m3|,M3, where the masses of the right-handed
neutrinos are considered real. We can calculate the dependence of the baryon
asymmetry on the phase �. As can be seen from eq. (119) the asymmetry is a
periodic function of �, where the masses give the scale of the baryon asymmetry.
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For the non-degenerate case it depends also !
on the phases       , !
 

µi = |µi |eiµ iaµia

Preliminary!
update of arXiv:1701.07929    !
    !
                           Solving the Boltzmann equations



Figure 5: Baryon asymmetry dependence on M1,M3, more asymmetry corre-
sponds to darker shades of green. The red region corresponds to an excess of
asymmetry, with the maximum value of �.

3.2 Non-degenerate scenario

The value of the baryon asymmetry in the non-degenerate case has dependence
on the angles of the Md matrix µ2a , µ3a and the real masses of the neutrinos
M1,M2,M3, where µia is the angle of µi = |µi |eiµ ia . We can calculate the de-
pendence of the baryon asymmetry on the phases µ2a , µ3a . As in the degenerate
case the magnitude or scale of the baryon assymetry is given by the masses.

Figure 6: Baryon asymmetry dependance on the phases µ2a , µ3a
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Figure 5: Baryon asymmetry dependence on M 1, M 3, more asymmetry corre-
sponds to darker shades of green. The red region corresponds to an excess of
asymmetry, with the maximum value of �.

3.2 Non-degenerate scenario

The value of the baryon asymmetry in the non-degenerate case has dependence
on the angles of the M d matrix µ2a, µ3a and the real masses of the neutrinos
M 1, M 2, M 3, where µia is the angle of µi = |µi|eiµia . We can calculate the de-
pendence of the baryon asymmetry on the phases µ2a, µ3a. As in the degenerate
case the magnitude or scale of the baryon assymetry is given by the masses.

Figure 6: Baryon asymmetry dependance on the phases µ2a, µ3a
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The maximum of the asymmetry is achieved in all the lines whereµ2a ! µ3a =
! /2 + n! , where n is any integer, as can be seen from Þg. 6. Again, this is
independent of the masses of the neutrinos, the masses only Þx the scale of the
asymmetry. Taking the best values of the angles we can see that the scale of
the masses of the right-handed neutrinos can be lower and that the region of
resonant leptogenesis is wider. Therefore, this gives a wider region in parameter
space fulÞlling the baryon asymmetry explanation. In Þg. 7 we show the baryon
asymmetry dependence on theM1 and M3 masses. The darker shades of green
correspond to more asymmetry, whereas the red regions correspond to an excess
of baryon asymmetry as compared to the one observed in the Universe, for the
maximum value of the phases.

Figure 7: Baryon asymmetry depending on the values ofM1,M3. The colour
code is similar as in Þg. 5.

4 Conclusions

The minimal S3-3H extension of the SM acommodates well the masses and
mixings of quarks and leptons, and gives naturally a non-zero value for the
neutrino reactor mixing angle. We re-derived previous results on the neutrino
sector with recent experimental data, taking into account a new value of the
phase " to include the angle #12 in the model. In the non-degenerate right-
handed neutrino mass case, we Þnd a new parametrization of theVPMNS matrix
and use the experimental values in a$2 analysis to Þt the new parameters. We
Þnd thus a new region in parameter space where the model predicts the mixing
angles correctly.
We then calculated the leptogenesis and the associated baryogenesis in this
model in the case of two right-handed degenerate neutrino masses, and in the
more general case of non-degenerate masses. We show that there are regions in
parameter space which allow leptogenesis as a mechanism to solve the observed
baryonic asymmetry with right-handed neutrino masses starting from 106 GeV .
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Degenerate case

Non-degenerate case

Inverted hierarchy!
m1 $  .055 eV  !
m2 $  .056 eV!
m3 $  .022 eV!

Red - too much baryon asymmetry!
Darker shades of green - more asymmetry!
but not yet saturated!
!
Solution to baryon asymmetry can have !
R-neutino masses as low as ~107 GeV



How can you go up?

• Propose a model with a 
similar symmetry, but at 
high energies!
!
SUSY GUT SU(5)⨉Q6

• Q6 is the double covering 
of S3, has similar 
structure

• Neutrino masses through 
extra singlets (right 
handed), U(1) or non-
renormalizable 
interactions

• Now we start from GUT 
scale and go down and 
we recover nice features 
of previous model (not 
identical)

• CKM and PMNS ok

• Neutrino mixing angles 
also within experimental 
bounds
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Conclusions
• Multi-Higgs models with S3 symmetry predictive, provide viable 

DM candidates

• Models have to be consistent from the SM point of view "   
extra Higgses sufficiently decoupled or inert

• Vacuum much more complicated than in SM, all checks 
necessary:   stability, perturbative unitarity

• 4H-3S (based on 3H-3S) model promising: 

• explains well masses and mixings in quark and lepton sectors

• can provide with two promising DM candidates

• enough leptogenesis to explain baryogengesis (3H-3S)     A.Alvarez & M.M                                                                      

• Possible to have more DM candidates in the R-neutrino sector, not 
yet explored
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