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Standard model

Gauge theory SU(3)c × SU(2)L × U(1)Y

⇒ Accidental symmetries:
lepton number...

⇒ Massless neutrinos.

Open questions (neutrino sector):

⇒ What is the origin of
neutrino masses?

⇒ Are neutrinos Dirac or
Majorana fermions?

DPS June 11, 2023 3 / 14



Brief introduction to the Scotogenic model.

The Scotogenic model is an extension to the standard model where three generations of
right-handed fermions (N) and a scalar doublet are added:• EM, Phys. Rev. D 73, 077301 (2006)

Field SU(3)c SU(2)L U(1)Y Z2

ℓL 1 2 -1/2 +

eR 1 1 -1 +

N 1 1 0 −
H 1 2 1/2 +

η 1 2 1/2 − νL νL

H0 H0

η η

N N

Where the yukawa sector of the lagrangian can be written as:

LY = y N η̃† ℓL +
1

2
MN N

c
N + h.c. , (1)

and the scalar potential

VUV = m2
HH†H +

λ1

2
(H†H)2 +m2

ηη
†η +

λ2

2
(η†η)2

+ λ3(H
†H)(η†η) + λ4(H

†η)(η†H) +

[
λ5

2
(H†η)2 + h.c.

]
.

(2)
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After the Spontaneous Symmetry Breaking (SSB) using

⟨H0⟩ = vH√
2
, ⟨η0⟩ = 0 . (3)

we obtain the mass at one loop level for νL such that

(mν)αβ =
λ5 v

2
H

32π2

∑
n

ynα ynβ

MNn

[
M2

Nn

m2
0 −M2

Nn

+
M4

Nn(
m2

0 −M2
Nn

)2 log
M2

Nn

m2
0

]
, (4)

where m2
0 = m2

η + (λ3 + λ4) v
2
H/2 and MNn are the diagonal elements of the MN

matrix. Two of the main ”problems” of this formulation are:

Dark Z2 discrete symmetry is introduced ad-hoc to the model in order to forbid
the interaction N̄H†ℓL within the model.

λ5 ∼ 10−5 ≪ 1. In order to recover the smallness of neutrinos masses.
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Ultraviolet extensions to the Scotogenic model.

Top. Diagram Required operators

I

ηH†

S

ηH†

σA σB

(σAH†SH̃),(σB η̃†S†η)

II

H†H†

S

ηη

σA σB

(σAH†Sη),(σBH†S†η)

III
H† H†S

η

ησA

σB

(σAσBH†S),(H†ηS†η)

IV
H†

H†

Sη η

σA

σB

(H†SH†η),(σAσBS†η)

V
η

H†

SS

σCσB

σA σA

H†

η

(σAH†Sη),((S†)2σBσC)

λ5 operator in the UV theory.

• DPS, PE and AV,

arXiv:2301.05249.

(A) U(1)L
⟨σ⟩−−−−−−→ Z2

(B) Have an effective
(H†η)2 after the
decoupling of an scalar
S and the SSB. Leaving
a natural suppressed λ5

parameter.

Oλ5
= (H†η)2σAσB , (5)

Oλ5
= (H†η)2σ2

AσBσC , (6)

We have the operator σ1N̄cN
within all the models.
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We obtain 50 different models of this kind. One example of them II(1,2):

νL νL

H0 H0

η0 η0

N Ny y

κ

σ1

σ1

σ2

S

β1 β2

qN =
1

2
, qη = −

1

2
, qS =

3

2
, qσ1 = −1 , qσ2 = 2 . (7)

λ5

2
= −

vσ1vσ2β1β2

2m2
S

≪ 1

VUV = m2
HH†H +m2

SS
∗S +m2

σi
σ∗
i σi +m2

ηη
†η +

λ1

2
(H†H)2 +

λ2

2
(η†η)2

+
λS

2
(S∗S)2 +

λσi

2
(σ∗

i σi)
2 + λ3(H

†H)(η†η) + λS
3 (H

†H)(S∗S)

+ λ
σi
3 (H†H)(σ∗

i σi) + ληS
3 (η†η)(S∗S) + λ

ησi
3 (η†η)(σ∗

i σi)

+ λσσ
3 (σ∗

1σ1)(σ
∗
2σ2) + λ

σiS
3 (σ∗

i σi)(S
∗S) + λ4(H

†η)(η†H)

+

[
β1(σ1H

†Sη) + β2(σ2H
†S†η) +

µ
√
2
(σ2σ1σ1) + λ0(SSσ1σ

∗
2) + h.c.

]
,

(8)
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Once S is integrated out, we obtain

VIR = m2
H(H†H) +m2

η(η
†η) +m2

σi
(σ∗

i σi) +
λ1

2
(H†H)2 +

λ2

2
(η†η)2 +

λσi

2
(σ∗

i σi)
2

+ λ3(H
†H)(η†η) + λ

σi
3 (H†H)(σ∗

i σi) + λ
ησi
3 (η†η)(σ∗

i σi) + λσσ
3 (σ∗

1σ1)(σ
∗
2σ2)

+

[
λ4 −

|βi|2

m2
S

(σ∗
i σi)

]
(H†η)(η†H)

+

[
µ
√
2
(σ2σ1σ1)−

β1β2

m2
S

σ1σ2(H
†η)2 + h.c.

]
+O

(
1

m4
S

)
.

(9)

After the decomposition

H0 =
1
√
2
(vH + ϕ+ i A) , σi =

1
√
2
(vσi + ρi + i Ji) , (10)

The non-trivial tadpole equation are

dVIR

dH0

∣∣∣∣
⟨H0,σi⟩={ vH√

2
,
vσi√

2
}
=

vH√
2

(
m2

H + λ1
v2H
2

+ λσ1
3

v2σ1

2
+ λσ2

3

v2σ2

2

)
= 0, (11)

dVIR

dσ1

∣∣∣∣
⟨H0,σi⟩={ vH√

2
,
vσi√

2
}
=

vσ1√
2

(
m2

σ1
+ µ vσ2 + λσ1

3

v2H
2

+ λσ1

v2σ1

2
+ λσσ

3

v2σ2

2

)
= 0, (12)

dVIR

dσ2

∣∣∣∣
⟨H0,σi⟩={ vH√

2
,
vσi√

2
}
=

vσ2√
2

(
m2

σ2
+ µ

v2σ1

2vσ2

+ λσ2
3

v2H
2

+ λσ2

v2σ2

2
+ λσσ

3

v2σ1

2

)
= 0. (13)

DPS June 11, 2023 8 / 14



Taking our attention in the η fields

η0 =
1√
2
(ηR + i ηI) . (14)

The mass of the charged η+ and the neutral ηR,I fields are given by

m2
η+ = m2

η +
v2H
2

λeff
3 , (15)

m2
ηR = m2

η +
v2H
2

(
λeff
3 + λeff

4 − β1β2vσ1vσ2

m2
S

)
, (16)

m2
ηI = m2

η +
v2H
2

(
λeff
3 + λeff

4 +
β1β2vσ1vσ2

m2
S

)
, (17)

where we defined

λeff
3 ≡ λ3 + λησ1

3

v2σ1

v2H
+ λησ2

3

v2σ2

v2H
(18)

λeff
4 ≡ λ4 −

β2
1v

2
σ1

2m2
S

−
β2
2v

2
σ2

2m2
S

. (19)
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For the CP-even fields we get

M2
R =

 λ1v2H λσ1
3 vHvσ1 λσ2

3 vHvσ2

λσ1
3 vHvσ1 λσ1v

2
σ1

vσ1 (µ+ λσσ
3 vσ2 )

λσ2
3 vHvσ2 vσ1 (µ+ λσσ

3 vσ2 ) λ2v2σ2
−

µv2
σ1

2vσ2



On the other hand, for the CP-odd scalars

M2
I =

 0 0 0
0 −2µvσ2 −µvσ1

0 −µvσ1 −
µv2

σ1
2vσ2

 , M̂2
I =

 0 0 0
0 0 0

0 0 −
µ(v2

σ1
+4v2

σ2
)

2vσ2

 ,

where the mixing J1 − J2 is

tan(2θ) =
2 (M2

I)23
(M2

I)22 − (M2
I)33

=
4vσ1vσ2

4v2σ2
− v2σ1

. (20)
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Majoron coupling

J

ℓ−α

ℓ+β

η−

N

N

y

y

gJNN

LℓℓJ = J ℓ̄β

(
Sβα
L PL + Sβα

R PR

)
ℓα + h.c. . (21)

with

gJNN =

{
i κ√

2
in models with one σ singlet

i κ√
2
cos θ in models with two σ singlets

,

SL,R ∝ gJNN

M2
N −m2

η+ +m2
η+ log

(
m2

η+

M2
N

)
M2

N −m2
η+ +M2

N log

(
m2

η+

M2
N

) . (22)
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Contours of BR (µ → eJ) in the
(
MN ,mη+

)
plane. The colored regions correspond to the

regions allowed by the current experimental bound on the branching ratio. On the left,
gJNN has been fixed to 10−1 (blue) and to 10−2 (pink), while rη = 1 has been used. On the
right, the coupling gJNN was not fixed and three different values of the rη ratio have been
considered, 0.1 (pink), 1 (blue) and 2 (green).

BR(µ → eJ) =
mµ

32π Γµ

(
|Seµ

L |2 + |Seµ
R |2

)
, (23)
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Summary

We provided the condition for U(1)L charges must satisfy in order to recover the
Scotogenic model in each of the 50 models.

This UV extensions enrich the phenomenology of the Scotogenic model.

We studied the effective coupling at one-loop level between the majoron and two
charged leptons. Using experimental bounds for the transition µ → eJ we set
the allowed region in the new physic parameter space (mη,mN ).

Illustrated the possibility of having Z2 dark parity as an accidental symmetry
after the SSB, obtaining 19 different models.
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Thank you!
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