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T H E  M O D E L

Extension of the Standard Model 

with two additional complex scalar fields 


(flavons)  

and three right-handed singlet fermions


(sterile neutrinos)  

F1, F2

N1, N2, N3

5

Extension of the symmetry group with

an additional U(1) flavour symmetry, with a 


non standard leptonic number 
Q = Le − Lμ − Lτ

G. Arcadi, S. Marciano, D. Meloni arXiv:2205.02565 

https://arxiv.org/abs/2205.02565
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L O W E S T  D I M E N S I O N A L 

 O P E R AT O R S  C O N T R I B U T I N G  


T O  T H E  M A S S  M AT R I X

Where all  are generic  free parametersaij 𝒪(1)

After the flavour and electroweak

symmetry breaking these operators provide 


a mass matrix with the general structure:


 with 
(ml)ij ∼ aijlilc
i ( ⟨F1⟩

MF )
αij

( ⟨F2⟩
MF )

βij

⟨Hd⟩ ,

λ = ⟨F1⟩/MF = ⟨F2⟩/MF

ml ∼ mτ

a11λ5 a12λ3 a13λ
a21λ6 a22λ2eiϕ22 a23eiϕ23

a31λ6 a32λ2eiϕ32 1

6

For  the mass ratio 

is found, which naturally reproduces the observed pattern

λ = 0.23 me : mμ : mτ = λ5 : λ2 : 1
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Masses are generated through the standard type-I seesaw mechanism. At the renormalizable level, the seesaw Lagrangian reads:

ℒLO =
1
2

ℳWNc
1N2 +

1
2

ℳZNc
3N3 − aN1Hulμ+

−bN1Hulτ − cN2Hule + h.c. 

Where  is an overall mass scale while  are dimensionless free coefficients. Higher dimensional operators appear at the 

Next-to-leading order (NLO), suppressed by a large mass scale : 

ℳ W, Z, a, b, c
MF

ℒNLO =
1
2

ℳm11Nc
1N1 ( F1

MF ) +
1
2

ℳm13Nc
1N3 ( F2

MF )
2

+
1
2

ℳm22Nc
2N2 (

F†
1

MF )+

+
1
2

ℳm23Nc
2N3 (

F†
2

MF )
2

− d11N1Hule (
F†

1

MF ) − d22N2Hulμ ( F1

MF )+

−d23N2Hulτ ( F1

MF ) − d31N3Hule (
F†

2

MF )
2

− d32N3Hulμ (
F†

2

MF )
2

+

−d33N3Hulτ (
F†

2

MF )
2

+ h.c.

 are dimensionless 

free coefficients

(mij, dij)
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D I R A C  A N D  M A J O R A N A 

 M AT R I C E S

Y =
mD

vu
∼ Nl ∼

λ2d11 aeiΣ beiΩ

ceiΦ λ2d22 λ2d23eiΘ

λ2d31 λ2d32 λ2d33

MR ∼ NN ∼ ℳ
λ2m11 W λ2m13

W λ2m22 λ2m23

λ2m13 λ2m23 Z
From the type-I seesaw master formula  


we get the neutrino mass matrix ( up to order  ):
mν ≃ − mT

DM−1
R mD

𝒪(λ2)

mν ≃
v2

u

ℳ
×

ceiΦ(ceiΦm − 2d11W)λ2

W2 ∙ ∙

− acei(Σ+Φ)

W

aeiΣ(aeiΣm − 2d22W)λ2

W2 ∙

− bcei(Φ+Ω)

W
(abei(Σ+Ω)m − ad23ei(Θ+Σ)W − bd22eiΩW)λ2

W2

beiΩ(beiΩm − 2d23eiΘW)λ2

W2
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The neutrino mass matrix can

 be recast in the following form:

mν = m0

λ2x1 1 x
1 x2λ2 x3λ2

x x3λ2 x4λ2

Where  are a suitable combinations

of the coefficients in the Dirac and Majorana


matrices, and 

(x, xi)

m0 = v2
u /ℳ × 𝒪(1)

x2 =
Δm2

atm

m2
0

− 1 x ∼ 𝒪(1) ⟶ m0 ∼ 𝒪(10−2) eV ℳ ∼ 𝒪(1015) GeV

The masses of the three sterile neutrinos are simply given by:

M1 ≃ ℳ [W + 𝒪(λ2)]
M2 ≃ ℳ [W − 𝒪(λ2)]
M3 ≃ ℳ [Z + 𝒪(λ3)]

Three heavy 

 degenerate Majorana neutrinos 

at a mass scale Mi ∼ 𝒪(1015) GeV

R E S O N A N T 

S C E N A R I O
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mν = m0

λ2x1 1 x
1 x2λ2 x3λ2

x x3λ2 x4λ2

mν ≃
v2

u

ℳ
×

ceiΦ(ceiΦm − 2d11W)λ2

W2 ∙ ∙

− acei(Σ+Φ)

W

aeiΣ(aeiΣm − 2d22W)λ2

W2 ∙

− bcei(Φ+Ω)

W
(abei(Σ+Ω)m − ad23ei(Θ+Σ)W − bd22eiΩW)λ2

W2

beiΩ(beiΩm − 2d23eiΘW)λ2

W2

Assuming ,

to maintain 


W should be around 

ℳ ∼ 𝒪(1013) GeV
m0 ∼ 𝒪(10−2) eV

102

M1 ≃ ℳ [W + 𝒪(λ2)]
M2 ≃ ℳ [W − 𝒪(λ2)]
M3 ≃ ℳ [Z + 𝒪(λ3)]

Two almost degenerate

states with mass , and a

lighter one with mass 

M1 ≃ M2 ∼ 1015 GeV
M3 ≃ Zℳ ∼ 1013 GeV

H I E R A R C H I C A L 

S C E N A R I O
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Uν =

−
1

2

1

2
0

1
2(1 + x2)

1
2(1 + x2)

−
x

2(1 + x2)
x

2(1 + x2)
x

2(1 + x2)
−

1

1 + x2

+ 𝒪(λ2) Ul =

−1
a13λ

1 + a2
23e2iϕ23

a13λ

1 + a2
23e2iϕ23

−
a13a32ei(ϕ22+ϕ23)λ

−a23a32eiϕ22 + a22ei(ϕ23+ϕ32)

a23eiϕ23

1 + a2
13e2iϕ23

a23eiϕ23

1 + a2
13e2iϕ23

−
a13a22ei(ϕ23+ϕ32)λ

−a23a32eiϕ22 + a22ei(ϕ23+ϕ32)

1

1 + a2
23e2iϕ23

1

1 + a2
23e2iϕ23

+ 𝒪(λ2)

We compute the mass ratio  

and the mixing angles (using )  

r = Δm2
sol /Δm2

atm
UPMNS = U†

l Uν

r ∼ 𝒪(λ2),
tan θ12 ∼ 1 + 𝒪(λ),
sin θ13 ∼ 𝒪(λ),
tan θ23 ∼ 1 .
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The three Majorana neutrinos decay in the Early 
Universe creating a lepton asymmetry,


which is consequently conversed in a baryon 
asymmetry through non perturbative processes,


the sphalerons. 

ηB ≡
nB − nB̄

nγ 0

≈ 6.1 ⋅ 10−10
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ηB ≃ 7.05 ⋅ 10−3 ∑
i

εi ηi

εi : CP-violation parameters

ηi :  efficiency factors

K1 ≃
27.7
W {c2 + (d2

11 + d2
31) λ4 +

2
(W − Z) ( c2m2

(W − Z)
+ 2 c d31 m cos(Φ)) λ4} ,

K2 ≃
27.7
W {a2 + (d2

22 + d2
33)λ

4}, K3 ≃
27.7

Z {b2 + (d2
23 + d2

33)λ
4} .

S T R O N G  

WA S H O U T 


R E G I M E

Ki ≫ 1

ηi ≡ 1/Ki

εi(z) = ∑
j≠0

Im [(Y†Y)2
ij]

(Y†Y)ii(Y†Y)jj

ΔMij /Γj

1 + (ΔMij /Γj)2 [fij(z) + gij(z)]

S. Davidson, E. Nardi, and Y. Nir, Phys. Rept. 466, 105 (2008), arXiv:0802.2962 [hep-ph]
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ε1 = +
16 π (W − Z) Z

c2 (256π(W − Z)2 + b4Z2) [c2d2
23 sin [2 (Θ − Φ)]+

+bd11 (bd11 sin [2Ω] + 2cd23 sin [Θ − Φ + Ω])]λ4 + 𝒪(λ5)

ε2 = −
16 (b2π(W − Z)Z sin [2(Σ − Ω)])

256π2(W − Z)2 + b4Z2
+

+
16b2mπZ (256π2(W − Z)2 − b4Z2) sin [2 (Σ − Ω)] λ2

(256π2(W − Z)2 + b4Z2)2 + 𝒪(λ4)

ε3 = +
16 (b2π(W − Z)Z sin [2(Σ − Ω)])

256π2(W − Z)2 + b4Z2
+

−
16b2mπZ (256π2(W − Z)2 − b4Z2) sin [2 (Σ − Ω)] λ2

(256π2(W − Z)2 + b4Z2)2 + 𝒪(λ4)

We assume    so that the leading  

order of the  goes to zero, and a further 


individual suppression of the phases

Σ → Ω
ε2,3

εi ∼ 𝒪(10−6) ηi ∼ 𝒪(10−2)
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dNi

dz
= −(Di + Si) (Ni − Neq

i ) i = 1,2,3

dNB−L

dz
=

3

∑
i

εiDi (Ni − Neq
i ) − WiNB−L ,

NB−L(∞) = 2.11 ⋅ 10−8,
ηB = 3.01 ⋅ 10−10 .

0.01 0.10 1 10 10010-10

10-8

10-6

10-4

0.01

1

z=M/T

Neq
N

NN

|N B−L
|

|N B−L
|
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ηB ≃ 7.05 ⋅ 10−3ε3 η3
Considering a hierarchical spectrum with 

we can assume that only the lighter neutrino decays


are relevant for the Leptogenesis 

M3 ≪ M1,2

εi =
1

8π (Y†Y)ii
∑
j≠i

Im [(Y†Y)2
ij] f [

M2
j

M2
i ]

f [x] = x [1 − (1 + x)log (1 +
1
x ) +

1
1 − x ]

Loop function

ε3 = f [ M2
2

M2
3 ] 1

8b4π
⋅ {sin [2(Σ − Ω)] (a2b2 − 2a2(d2

23 + d2
33))+

−2a b d22 d23 sin [Θ − Σ + Ω]+

+2 a b d32 d33 sin [Σ − Ω] + 𝒪(λ4)}
η3 ≃ 3.6 ⋅ 10−4 ( Z

b2
+ O(λ4))

In this scenario: f [M2
2 /M2

3] ≃ 10−2
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η3 ≃ 4.3 ⋅ 10−4

ε3 ≃ 3.24 ⋅ 10−4 ηB ≃ 9.5 ⋅ 10−10

0.001 0.010 0.100 1 10 100

10-10

10-8

10-6

10-4

0.01

1

z=M/T

|N B−L|

N N

Neq
N

dN3

dz
= −(D3 − S3) (N3 − Neq

3 ) ,

dNB−L

dz
= ε3D3 (N3 − Neq

3 ) − W3NB−L

NB−L(∞) = 2.75 ⋅ 10−8 ,
ηB = 3.96 ⋅ 10−10



C O N C L U S I O N S

• Proof of existence about the possibility of contemporary achieving viable masses and mixing patters for the 
SM neutrinos and a value of the baryon-asymmetry of the Universe (BAU), via leptogenesis, in model based 
on an abelian flavor symmetry  .


• The resonant scenario with three degenerate right-handed neutrinos at a mass scale of . The 
lepton asymmetry is resonantly enhanced so that we invoke an ad-hoc suppression of the CP-violating 
phases in the Yukawa matrix.


• The hierarchical scenario in which one of the right-handed masses is lowered down to  without 
destroying the good agreement with the lepton masses and mixing. In this case it is possible to find 
parameter assignations leading to the correct value of BAU without invoking ad-hoc assignations.

Le − Lμ − Lτ

1015 GeV

1013 GeV



T H A N K  Y O U !

dedicato a 


pongolone m
io



B A C K U P  S L I D E S
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ml ∼ mτ

a11λ5 a12λ3 a13λ
a21λ6 a22λ2eiϕ22 a23eiϕ23

a31λ6 a32λ2eiϕ32 1
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For  the mass ratio 



is found, which naturally reproduces the 
observed pattern

λ = 0.23
me : mμ : mτ = λ5 : λ2 : 1

C H A R G E D  L E P T O N 

M A S S  M AT R I X

Ul =

−1
a13λ

1 + a2
23e2iϕ23

a13λ

1 + a2
23e2iϕ23

−
a13a32ei(ϕ22+ϕ23)λ

−a23a32eiϕ22 + a22ei(ϕ23+ϕ32)

a23eiϕ23

1 + a2
13e2iϕ23

a23eiϕ23

1 + a2
13e2iϕ23

−
a13a22ei(ϕ23+ϕ32)λ

−a23a32eiϕ22 + a22ei(ϕ23+ϕ32)

1

1 + a2
23e2iϕ23

1

1 + a2
23e2iϕ23

+ 𝒪(λ2)
Diagonalizing the hermitean  we find


the left-handed rotation 

mlm†
l

Ul
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ml ∼ mτ

a11λ5 a12λ3 a13λ
a21λ6 a22λ2eiϕ22 a23eiϕ23

a31λ6 a32λ2eiϕ32 1
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For  the mass ratio 

is found, which naturally reproduces the observed pattern

λ = 0.23 me : mμ : mτ = λ5 : λ2 : 1

C H A R G E D  L E P T O N 

M A S S  M AT R I X

Ul =

−1
a13λ

1 + a2
23e2iϕ23

a13λ

1 + a2
23e2iϕ23

−
a13a32ei(ϕ22+ϕ23)λ

−a23a32eiϕ22 + a22ei(ϕ23+ϕ32)

a23eiϕ23

1 + a2
13e2iϕ23

a23eiϕ23

1 + a2
13e2iϕ23

−
a13a22ei(ϕ23+ϕ32)λ

−a23a32eiϕ22 + a22ei(ϕ23+ϕ32)

1

1 + a2
23e2iϕ23

1

1 + a2
23e2iϕ23

+ 𝒪(λ2)

The (23) and (33) entries are of , meaning 
that the charged lepton contribution to the 

atmospheric angle will be large. Being the (12) 
and (13) elements of , we expect a similar 

correction to the solar and reactor angles 

𝒪(1)

𝒪(λ)
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Simone Marciano 2021 J. Phys.: Conf. Ser. 2156 012188
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arXiv:hep-ph/0310123v2

W(z) = WID(z)[1 +
2

D(z) (2St(z) +
N1(z)
Neq

1 (z)
Ss(z) + 2SN(z) + 2SNt(z))]

Ss,t(z) =
Ks

9ζ(3)
fs,t(z)fs,t(z) =

∫ ∞
z2 dΨχs,t(Ψ/z2) Ψ𝒦1( Ψ)

z2𝒦2(z)

χs(x) = ( x − 1
x )

2
χt(x) =

x − 1
x [ x − 2 + 2ah

x − 1 + ah
+

1 − 2ah

x − 1
log ( x − 1 + ah

ah )]

WID(z) =
1
2

D(z)
Neq

1 (z)
Neq

l
D(z) = Kz ⟨ 1

γ ⟩ ⟨ 1
γ ⟩ =

𝒦1

𝒦2

Sx(z) =
Γx(z)
Hz

Γx(z) =
M1

24ζ(3)gNπ2

ℐx

𝒦2(z)z3
ℐx = ∫

∞

z2

dΨ ̂σx(Ψ) Ψ𝒦1( Ψ)

https://arxiv.org/abs/hep-ph/0310123v2
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The three Majorana neutrinos decay in the Early 
Universe creating a lepton asymmetry,


which is consequently conversed in a baryon 
asymmetry through non perturbative processes,


the sphalerons. 

ηB ≡
nB − nB̄

nγ 0

≈ 6.1 ⋅ 10−10εi ≡
Γ(Ni → ϕli) − Γ(Nii → ϕ̄l̄i)
Γ(Ni → ϕli) + Γ(Nii → ϕ̄l̄i)


