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Introduction

Dirac predicted the existence of antimatter in the year 1928.

The positron was �rst seen in the year 1932.

The baryon asymmetry is YB =
ηB−ηB

s
.
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Introduction

Exploring probes have not found antimatter in the solar
system.

The ratio of protons and anti-protons is p
p
≈ 10−4.

If large areas of the Universe were mainly constituted of
antimatter, the interface between this areas would produce
gamma ray radiation and distortions on the Microwave
Background Radiation.

YB = (8.75± 0.23)× 10−11.

There is more matter than antimatter!!!
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Cosmological Importance

The baryon asymmetry is very important for Cosmology.

Nucleosynthesis is very sensitive to matter and antimatter
values, if the baryon asymmetry would have been di�erent, the
formation of galaxies and stars would be di�erent also.
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S3 Model

The Standard Model doesn't explain the baryon asymmetry.

How to extend the Standard Model?

The Standard Model is created by symmetries.

We add a new �avour symmetry.

The smallest non-abelian group is the S3.

S3 is the permutational group of three objects.
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S3 Symmetry

The usual representation is the three dimensional one, it can
be taken apart in two irreductible representations.

Of dimension one.

Of dimension two.
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S3 Model

The particles of the Standard Model are,

QT = (uL, dL), uR , dR , L
T = (νL, eL), eR , νR ,H,

It is shown the SU(2) doublets explicitly.

We add I,J indices for the doublets and 3 for the singlets.

We add two Higgs doublets HD .

In order to guarantee the right values of Z,W bosons, the
condition < Hs >

2 + < H1 >
2 + < H2 >

2= (246GeV)2/2 is
needed.
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Modelo S3

The most general Lagrangian is,

LY = LYD + LYU + LYE + LYν

LYD = −Y d
l QIHSdIR − Y d

3 Q3HSd3r

−Y d
2 [QIκIJHldJR − QIηIJH2dJR ]

−Y d
4 Q3HIdIR − Y d

5 QIHID3R + h.c .

LYU = −Y u
1 QI (iσ2H

∗
SuIR)− Y u

3 Q3(iσ2H
∗
Su3R)

−Y u
2 [QIκIJ(iσ2H

∗
1uJR)− QIηIJ(iσ2H

∗
2uJR)]

−Y u
4 Q3(iσ2H

∗
I uIR)− Y u

5 QI (iσ2H
∗
I u3R) + h.c .
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LYE = −Y e
1 LIHSeIR)− Y e

3 L3HSe3R)

−Y e
2 [LIκIJH1eJR − LIηIJH2eJR)]

−Y e
4 L3HI eIR − Y e

5 LIHID3R + h.c.

LYν = −Y ν
1 LI (iσ2H

∗
SνIR)− Y ν

3 L3(iσ2H
∗
Sν3R)

−Y ν
2 [LIκIJ(iσ2H

∗
1νJR)− LIηIJ(iσ2H

∗
2νJR)]

−Y ν
4 L3(iσ2H

∗
I νIR)− Y ν

5 LI (iσ2H
∗
I ν3R) + h.c .,

where σ are the Pauli matrices

κ =

(
0 1
1 0

)
η =

(
1 0
0 −1

)
.
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S3 Model

We are going to add a Majorana mass term for the right
handed neutrinos,

LM = −M1ν
T
IRCνIR −M3ν

T
3RCν3R . (1)

The model includes a Z2 symmetry.

The Z2 symmetry vanishes some elements of the Lagrangian.

some of them Y ν
1

= Y ν
5

= 0
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S3 Model

The S3 model is a good extension of the SM.

The model predicts a non-zero mixing angle θ13.

The model explains the interactions of the Standard Model
with less parameters.

It has been added two Higgs doublets.
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See-Saw Mechanism

The neutrinos mass is:

m2

D1

M1

,
m2

D2

M2

,
m2

D3

M3

, M1, M2, M3.

where mDi and Mi are values of the matrices MD and MR .

This mechanism explains why the neutrino's masses are so low.
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Neutrinos

The Dirac mass is:

LD = mDνν = MDνLNR + h.c.

The Majorana mass is:

LM = −M1ν
T
IRCνIR −M3ν

T
3RCν3R .

The two mass terms can be combined in to the Lagrangian

Lνmass =
1
2
ωTL C

−1MD+MωL + h.c ..

with

MD+M =

(
0 mD

mD MR

)
ωL =

(
νL

C (νR)T

)
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Neutrinos

From the Lagrangian of the S3 model we can read the
neutrino matrix.

MD =

µν2 µν
2

0
µν
2
−µν

2
0

µν
4

µν
4

µν
3

 .

enforcing M1 = M2

The Mν

Mν =

2(ρν
2
)2 0 2ρν

2
ρν
4

0 2(ρν
2
)2 0

2ρν
2
ρν
2

0 2(ρν
4
)2 + 2(ρν

3
)2


where ρν

2
= (µν

2
)/M

1/2
1
, ρν

4
= (µν

4
)/M

1/2
1
, ρν

3
= (µν

3
)/M

1/2
3
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Neutrinos On The S3 Model

The mass matrix Mν can be taken to diagonal form through
the bi-unitary transformation U

UT
ν MνUν = diag(|mν1|e iφ1 , |mν2|e iφ2 , |mν3|e iφ3 , )

where
|mν1|Sinφ1 = |mν2|Sinφ2 = |mν3|Sinφ3.

is required to ensure the unitary of U.
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Neutrinos On The S3 Model

For U to diagonalize the mass matrix

Mν =

mν3 0 z

0 mν3 0
z 0 (mν1 + mν2 −mν3)e−2iδν

 ,

where z =
√

(mν3 −mν1)(mν2 −mν3)e−iδν .
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Md Matrix

We can calculate the md matrix in terms of the neutrinos
masses

Md =


√

m3M2
2

√
m3M2
2

0√
m3M2
2

−
√

m3M2
2

0√
M2(m3−m1)(m2−m3)e iδ√

2m3

√
M2(m3−m1)(m2−m3)e iδ√

2m3
a

 .

With

a =

√
M3(e−2iδ(m1 + m2 −m3)− e−2iδ(m2 −m3)(−m1 + m3)

m3

).
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Baryogenesis

Baryogenesis is the term for processes in the early universe
that lead to an asymmetry between baryons and antibaryons.
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Renormalization Group

Leptogenesis occurs at high energy, that is why it is important
to take in account the renormalization group e�ect.

The renormalization Group Equations are di�erent than those
for the SM due to the three Higgs doublets.

16π2
dYi

dt
= Σnh

k=1
(TikYk+YkY

†
kYi+

1
2
YiY

†
kYk)−9g2 + 15g ′

4
Yi

where Tij is
Tij = tr(YiY

†
j ).
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Leptogenesis

Is there any way to generate lepton asymmetry?

The S3 Lagrangian has terms like

L = . . . − Y ν
1 LI (iσ2H

∗
SνIR) . . . (2)

This allow right handed neutrinos to decay in to left handed
ones.

νR −→ ν.

The Lepton and the Baryon Number are not conserved
quantities, nevertheless B − L is, so

L −→ B.
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Leptogenesis

The �rst Feynman diagrams of the right handed neutrino
decays are

Fig 2.1 a) At tree level. b) One loop diagram. c) Self-interaction
diagram.
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Leptogenesis

Replacing

−Y ν
1 LI (iσ2H

∗
SνIR)←→ hijνRiLjH.

The decay rate for the neutrinos is

ΓDi =
∑
α

[Γ(νi → H + `α) + Γ(νi → H + `α)]

=
1
8π

(hh†)iiMi .

The Lepton CP asymmetry is

ε1 =

∑
α Γ(N1 → `αH)− Γ(N1 → `αH)∑
α Γ(N1 → `αH) + Γ(N1 → `αH)

.
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Leptogenesis

We calculate the asymmetry

ε ' − 3
8π

1

(hνh
†
ν)

∑
i=2,3

Im{(hνh†ν)21i}[f (
M2

i

M2
1

) + g(
M2

i

M2
1

)],

f (x) is from the loop diagram (Fig 2.1 (a))

f (x) =
√
x [1− (1 + x)ln(

1 + x

x
)].

g(x) is from the self-interaction diagram (Fig 2.1 (c))

g(x) =

√
x

1− x
.
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Leptogenesis

The baryon and the lepton asymmetry are related by the
Sphalerion process

YB = a(YB−L) =
a

a − 1
YL,

where a is a = (8Nf + 4NH)/(22Nf + 13NH) and

YL =
nL − nL̄

s
= κ

εi
g∗
.
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Leptogenesis

g is 110, the relativistic freedom number, κ is obtained from
the Boltzman equations, we can reparameterized κ,

κ ≈ 0.3
K (ln(K ))0.6

for 10 < K < 106

κ ≈ 1

2
√
K 2 + 9

for 0 < K < 10,

where k = Γ1/H < 1 describes o�-thermal equilibrium process,
κ < 1 describe the washout e�ects.
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Leptogenesis

with

K =
Mpl

1.66
√
g∗(8πv2)

(m†DmD)11
M1

.
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Results

We can calculate the asymmetry as function of the phases,
θ1 and δ.

The maximum is reached when δ = 3π
4

and θ1 = π.
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Results

Baryon asymmetry as function of the di�erence of masses M2
and M3.
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Results

For close masses we have to take into account the condition
|Γ1 − Γi | << |M1 −Mi |.
When the masses M1 and M2 are of the same order.

If |Γ1 − Γi | ∼ |M1 −Mi |, we can't take into
account the self-interaction contribution.
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Results

If |Γ1 − Γi | << |M1 −Mi |.
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Conclusions

The S3 model is a good extension of the SM.

The texture of the mass matrices and the Yukawa matrices
doesn't change in high energies.

Leptogenesis is very dependent on the phases.

The S3 model show a contribution to Leptogenesis, this
contribution can be considerable with speci�c values of phases
and masses.
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Conclusions

Thanks!!!
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