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The Scotogenic Model Model Features

The Scotogenic Model[Ma, 2006]

(from greek: scotos = darkness)

Particle content

SM field content

2nd scalar doublet η
(Yη = YHiggs)

≥ 2 fermion singlets N1,2, ...

Symmetries

SM gauge group

Z2 parity

- SM 7→ SM
- η 7→ −η
- Ni 7→ −Ni

inert or dark sector
(stable lightest inert particle)

In short:

New particles with restricted interactions, DM candidate, but no neutrino
mass at the classical level
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The Scotogenic Model Model Features

The Scotogenic Model[Ma, 2006]

Scalar sector

SM gauge group broken by Higgs mechanism

SU(3)c × SU(2)L × U(1)Y
EWSB−−−−→ SU(3)c × U(1)em

physical Higgs: H =
(

0, v + 1√
2
h
)T

,

inert scalars: η =
(
η±, 1√

2
(ηR + iηI)

)T
exact Z2 parity ⇔ 〈η〉 = 0

Scalar potential

V = m2
HH

†H +m2
ηη
†η +

λ1
2

(
H†H

)2
+
λ2
2

(
η†η
)2

+ λ3

(
H†H

)(
η†η
)

+ λ4

(
η†H

)(
H†η

)
+
λ5
2

[
(η†H)2 + h.c.

]
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The Scotogenic Model Model Features

The Scotogenic Model[Ma, 2006]

Fermion sector

Majorana masses for fermion singlets: M1,2, ...

only one new Yukawa interaction allowed due to Z2

⇒ no neutrino mass term (〈η〉 = 0) !

Lagrangian

L = LSM − V +
1

2
N iMijN

C
j + h.c.+ hijNiη̃

†`Lj + h.c.
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The Scotogenic Model Model Features

The Scotogenic Model[Ma, 2006]

L =
1

2
N iMijN

C
j + . . .+ hijNiη̃

†`Lj + . . .+
λ5
2

(
η†H

)2
Global U(1)L “lepton number” symmetry

M = 0⇒ L(N) = 1, L(η) = 0, L(`L) = 1

h = 0⇒ L(N) = 0, L(η) = 0, L(`L) = 1

λ5 = 0⇒ L(N) = 0, L(η) = −1, L(`L) = 1

’t Hooft naturalness

A coupling constant is naturally small if the theory’s symmetry is enhanced
when the coupling vanishes.
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The Scotogenic Model Phenomenology

Phenomenology
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The Scotogenic Model Phenomenology

The Mass Matrix – A Closer Look

Small λ5 (mR ≈ mI):

mν, ij ≈ −
∑
k

λ5 ×
1

(4π)2
× v hki ×

≡ Λ−1︷ ︸︸ ︷
M−1k f(Mk,m0) ×v hkj

(
m2

0 ≡
m2
R +m2

I

2

)
In general, we find:

mν = (LNV coupling) × (loop factor) ×mT
D × (loop function) ×mD︸ ︷︷ ︸

∼ seesaw formula
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Running Masses & Angles

Running of Neutrino Masses and
Mixing Angles
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Running Masses & Angles Overview

Renormalization Procedure – Technical Steps

DYe = Ye

{
3

2
Y †e Ye +

1

2
h†h+ T − 15

4
g21 −

9

4
g22

}
Dh = h

{
3

2
h†h+

1

2
Y †e Ye + Tν −

3

4
g21 −

9

4
g22

}
DM =

{(
hh†

)
M +M

(
hh†

)∗}
Dλ1 = 12λ21 + 4λ23 + 4λ3λ4 + 2λ24 + 2λ25 +

3

4

(
g41 + 2g21g

2
2 + 3g42

)
− 3λ1

(
g21 + 3g22

)
+ 4λ1T − 4T4

Dλ2 = 12λ22 + 4λ23 + 4λ3λ4 + 2λ24 + 2λ25 +
3

4

(
g41 + 2g21g

2
2 + 3g42

)
− 3λ2

(
g21 + 3g22

)
+ 4λ2Tν − 4T4ν

Dλ3 = 2 (λ1 + λ2) (3λ3 + λ4) + 4λ23 + 2λ24 + 2λ25 +
3

4

(
g41 − 2g21g

2
2 + 3g42

)
− 3λ3

(
g21 + 3g22

)
+ 2λ3 (T + Tν)− 4Tνe

Dλ4 = 2 (λ1 + λ2)λ4 + 8λ3λ4 + 4λ24 + 8λ25 + 3g21g
2
2

− 3λ4
(
g21 + 3g22

)
+ 2λ4 (T + Tν) + 4Tνe

Dλ5 = λ5[2 (λ1 + λ2) + 8λ3 + 12λ4 − 3
(
g21 + 3g22

)
+ 2 (T + Tν)]

Dm2
H = 6λ1m

2
H + 2 (2λ3 + λ4)m

2
η +m2

H

[
2T − 3

2

(
g21 + 3g22

)]
Dm2

η = 6λ2m
2
η + 2 (2λ3 + λ4)m

2
H +m2

η

[
2Tν −

3

2

(
g21 + 3g22

)]
− 4

∑
i

M2
i

(
hh†

)
ii

calculate RGEs

determine
matching conditions
at mass thresholds

analytical RGEs for
mixing angles and
masses (θ13 � 1)

compare with
numerics
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−i
(n)
mν, ij =

νj νi

〈
H0
〉 〈

H0
〉

κ
(11)
ij

+

νj νi
κ
(22)
ij

ηR/I

+

,
νi νjN1, ..., n−1

ηR/I
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+
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=
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Running Masses & Angles Overview

Renormalization Procedure – Technical Steps

h†h = diag(h21, h
2
2, h

2
3) & mη

 �M1,2, ...

≈M1,2, ...

�M1,2, ...

(4π)2m′1 = m1

[
C + 2αh

[
c212c

2
13h

2
1 + s223(c

2
12s

2
13h

2
2 + s212h

2
3) + c223(s

2
12h

2
2 + c212s

2
13h

2
3)
]

+

+ αhs
2
13 cos(δ) sin(2θ12) sin(2θ23)(h

2
2 − h23)

]
(4π)2m′2 = m2

[
C + 2αh

[
s212c

2
13h

2
1 + s223(s

2
12s

2
13h

2
2 + c212h

2
3) + c223(c

2
12h

2
2 + s212s

2
13h

2
3)
]

+

+ αhs
2
13 cos(δ) sin(2θ12) sin(2θ23)(h

2
3 − h22)

]
(4π)2m′3 = m3

[
C + 2αh

[
s213h

2
1 + c213(s

2
23h

2
2 + c223h

2
3)
]]

(4π)2θ′12 =
αh
2

sin(2θ12)

∣∣∣m1e
iφ1 +m2e

iφ2
∣∣∣2

∆m2
21

(
h21 − c223h22 − s223h23

)
+O(θ13)

(4π)2θ′23 =
αh
2

sin(2θ23) (h22 − h23)
∆m2

32

c212 ∣∣∣m2e
iφ2 +m3

∣∣∣2 + s212

∣∣∣m1e
iφ1 +m3

∣∣∣2
1 + ζ

+O(θ13)

(4π)2θ′13 =
αh
2

(h23 − h22) sin(2θ12) sin(2θ23)
m3

(1 + ζ)∆m2
32

×

× [m1 cos(δ − φ1)− (1 + ζ)m2 cos(δ − φ2)− ζm3 cos(δ)] +O(θ13)

cf. Seesaw Mechanism: [Antusch et al., 2003]

calculate RGEs

determine
matching conditions
at mass thresholds

analytical RGEs for
mixing angles and
masses (θ13 � 1)

compare with
numerics
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Running Masses & Angles Results

Results – top-down from Λ = 1016 GeV

For hij ∼ O(1); M1,2,3 < mη = 350 GeV; bimaximal mixing:
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⇒ h†h = diag is quite restrictive, but now we know where to look!
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Running Masses & Angles Results

Relaxing the Assumptions on the Yukawas

Now: mη ≈M1,2,3 ≈ 600 GeV and h†h arbitrary
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Running Masses & Angles Results

Results – bottom-up
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Running Masses & Angles Results

Results – bottom-up
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Parity Problem

The Parity Problem
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Parity Problem What is the Parity Problem?

What is the Parity Problem?

strong mass hierarchy
∣∣m2

H

∣∣� m2
η �M2

1,2, ...

⇒ hierarchy problem

fermionic corrections have opposite sign!

⇒ m2
η < 0 will cause spontaneous breaking of Z2 at some point

However:

Z2 is crucial because it guarantees small neutrino masses
and the stability of DM!
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Parity Problem The Scale of Z2 Breaking

The Parity Problem – Breaking Scale Λ
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Parity Problem New Constraints

The Parity Problem – Analytical Understanding

EWSB (IR) Z2 intact (UV)
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Parity Problem New Constraints

Keeping Z2 intact up to 1016 GeV (M1,2,3 ∼ 1 TeV)
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Color code: EWSB , valid up to 1016 GeV , SSB of Z2 (+ el. charge)

for all valid points mη > 550 GeV

physical scalar masses:

m± ≥ 554 GeV & mR/I ≥ 559 GeV

analytical estimate (Λ ≥ 1016 GeV): mη & 625 GeV
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Conclusions

Conclusions

Summary:

scotogenic model is a paradigm for radiative ν mass

→ LNV, loop suppression and scale suppression

RG running in such a model can be significant

→ flavor symmetries, collider vs. low-energy data . . .

parity problem is a hierarchy-type problem

→ mass scales cannot be too far apart, light RH neutrinos?!
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Conclusions

Thank you!
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