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The Standard Model of Particle Physics

• Describes the strong, weak and electromagnetic interactions between

fundamental particles,

• Provides predictions for numerous experimental observables which are

in remarkable agreement with collected data,

• Discovery of Higgs boson in 2012 by ATLAS and CMS

collaborations at LHC completed the SM puzzle
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The Standard Model of Particle Physics

• Describes the strong, weak and electromagnetic interactions between

fundamental particles,

• Provides predictions for numerous experimental observables which are

in remarkable agreement with collected data,

• Discovery of Higgs boson in 2012 by ATLAS and CMS

collaborations at LHC completed the SM puzzle

Evidences for Physics beyond the SM

• Baryon asymmetry of the Universe,

• Neutrino oscillations that imply massive

neutrinos and lepton mixing,

• Dark matter.

Beyond the Standard Model
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• Transition probability for flavour evolution in space-time: 

Salas et al. (2020), Esteban et al. (2020), Capozzi et al. (2021)

Global fit of neutrino oscillation data

• Open questions in neutrino 

physics:

- What is the absolute neutrino 

mass scale ? 

- The mass ordering ?

- Is there leptonic CP violation ?

- Are neutrinos Majorana or Dirac 

fermions ?

- How can we explain the tiny 

neutrino masses ?

- And the lepton mixing pattern ?
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- Cold, 

- Electrically-neutral, 

- Non-baryonic,
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DM particle candidate is: 

- Cold, 

- Electrically-neutral, 

- Non-baryonic,

- Stable.

Astrophysical evidence

Galactic rotation curves 

Cosmic microwave 

background 

Big Bang nucleosynthesis …

Relic density Planck 2018 WIMP

Freeze-out

Kolb and Turner
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The Standard Model cannot explain:

• Neutrino flavour oscillations which imply massive neutrinos and lepton mixing

• Observed dark matter abundance

Our idea

Straightforward and elegant solutions:

Type-II seesaw model

Model where both mechanisms contribute to neutrino masses with a 

single discrete symmetry to accommodate: spontaneous CP violation, 

neutrino oscillation data and dark matter stability

Konetschny et al. (1977), Cheng et al. (1980), Lazarides

et al. (1981), Valle et al. (1980), Magg et al. (1980), 

Mohapatra et al. (1981)

Ma (2006)
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Scotogenic model



Scoto/type-II seesaw model

https://arxiv.org/pdf/2204.13605.pdf
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• New 𝑍8 symmetry reduces number of 

parameters in the Lagrangian

• Leads to low-energy predictions for 

neutrino mass and mixing parameters

• Presence of dark particles (odd under 

remnant 𝑍2 after SSB): fermion 𝒇 and 

scalars 𝜼𝟏,𝟐
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• New 𝑍8 symmetry reduces number of 

parameters in the Lagrangian

• Leads to low-energy predictions for 

neutrino mass and mixing parameters

• Presence of dark particles (odd under 

remnant 𝑍2 after SSB): fermion 𝒇 and 

scalars 𝜼𝟏,𝟐

Vacuum configuration
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𝒁𝟖 discrete symmetry

• Lagrangian is required to be CP invariant which makes all couplings real

• CP is spontaneously broken by the complex VEV of 𝜎 and is successfully

transmitted to the leptonic sector

CP symmetry
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Scalar potential contains:

CPV solution to the minimisation conditions

Dark sector: two inert doublets

Charged 

lepton flavour 

violation

Neutrino mass 

generation and 

dark matter

Higgs triplet, doublet and singlet

Naturally 

small 

triplet VEV

We consider triplet 

decoupled from 

remaining states
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Type-II seesaw Scotogenic

Effective neutrino mass matrix

Spontaneous origin for 

leptonic CP violation



Neutrino sector

https://arxiv.org/pdf/2204.13605.pdf
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High-energy parameters Low-energy parameters

Matching

The presence of two texture zeros in the neutrino mass matrix leads to 

testable low-energy constraints

Alcaide, Salvado, Santamaria (2018)
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High-energy parameters Low-energy parameters

Matching

The presence of two texture zeros in the neutrino mass matrix leads to 

testable low-energy constraints

Alcaide, Salvado, Santamaria (2018)
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Predictions for lightest neutrino mass and effective Majorana mass
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𝜹 and 𝜽𝟐𝟑

• Selects second octant for 𝜽𝟐𝟑 (2 𝜎).

• Predicts a CP-violating phase 𝜹 ∼ [𝟎. 𝟖, 𝟏. 𝟔]𝝅 (3 𝜎).
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𝒎𝜷𝜷 = 𝟎
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• B3 IO: selects second octant for 𝜽𝟐𝟑

• B4 IO: selects first octant for 𝜽𝟐𝟑

• B3 NO: selects first octant for 𝜽𝟐𝟑

• B4 NO: selects second octant for 𝜽𝟐𝟑
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𝜹 and 𝜽𝟐𝟑
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• Both cases sharply predict 𝜹 ∼ 𝟑𝝅/𝟐

• B3 IO: selects second octant for 𝜽𝟐𝟑

• B4 IO: selects first octant for 𝜽𝟐𝟑

• B3 NO: selects first octant for 𝜽𝟐𝟑

• B4 NO: selects second octant for 𝜽𝟐𝟑



Neutrino sector predictions: B3 and B4 case
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Upper limit ∼ 60 meV (2 𝜎)
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Lightest neutrino mass

• B3 NO: Lower limit ∼ 40 meV (3 𝜎)

• B4 NO: Lower limit ∼ 40 meV (3 𝜎)

Upper limit ∼ 60 meV (2 𝜎)

• B3 IO: Lower limit ∼ 40 meV (3 𝜎)

Upper limit ∼ 100 meV (2 𝜎)

• B4 IO: Lower limit ∼ 40 meV (3 𝜎)
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Lightest neutrino mass

• B3 NO: Lower limit ∼ 40 meV (3 𝜎)

• B4 NO: Lower limit ∼ 40 meV (3 𝜎)

Upper limit ∼ 60 meV (2 𝜎)

• Now being probed

by cosmology

• B3 IO: Lower limit ∼ 40 meV (3 𝜎)

Upper limit ∼ 100 meV (2 𝜎)

• B4 IO: Lower limit ∼ 40 meV (3 𝜎)



Neutrino sector predictions: B3 and B4 case
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𝒎𝜷𝜷

• Current KamLAND-Zen 400

excludes B3 and B4 IO

• B4 NO still viable and will be

tested by near-future 𝟎𝝂𝜷𝜷

experiments



Flavour

https://arxiv.org/pdf/2204.13605.pdf
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The two couplings in 𝐘Δ
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and dark charged scalars mix
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For each 𝒁𝟖
α−β

𝐨nly 𝒍α 3 𝒍β,  

𝒍α 𝒍β γ, and μ-e conversion 

for 𝒁𝟖
𝒆−𝝁

Each symmetry case has only two Yukawas

and dark charged scalars mix
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Due to flavour symmetry the 

allowed contributions to 

cLFV from both sectors do 

not overlap

For each 𝒁𝟖
α−β

𝐨nly 𝒍α 3 𝒍β,  

𝒍α 𝒍β γ, and μ-e conversion 

for 𝒁𝟖
𝒆−𝝁

Each symmetry case has only two Yukawas

and dark charged scalars mix
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Packages
Parameter scan and 

constraints

SARAH

SPHENO & 

FlavourKit

micrOmegas

SSP

Model 

implementation

Masses, 

mixing, BRs, 

CRs, flavour

Relic density,

Direct detection

Links all the 

packages, 

runs scans

• Perturbativity of couplings

• Higgs triplet decoupled and does

not mix

• Compatibility with neutrino data

through parameter reconstruction

• Focus on case 𝒁𝟖
𝒆−𝝁

NO
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• Large fraction of

parameter space is

excluded by current

cLFV constraints

• There is still a large

number of points that

evade current and

future bounds
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Scotogenic sector contribution to muon cLFV
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• Scotogenic cLFV processes are mediated at loop level by dark charged scalars

• Quadratic dependence on the product of Yukawa couplings and BR decreases with

increasing dark charged scalar mass

• Only non-zero thanks to mixing between inert doublets
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Dark matter

https://arxiv.org/pdf/2204.13605.pdf
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The case of scalar DM:

lightest neutral scalar 𝑆1
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decay width

The case of scalar DM:

lightest neutral scalar 𝑆1
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LEP constraint Z-boson 

decay width

The case of scalar DM:

lightest neutral scalar 𝑆1

Higgs s-channel

Z,W-boson s-channel

Quartic into Higgs bosonQuartic ínto EW boson

Scattering into 

final state top 

quarks
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• In scoto-type-I seesaw and inert doublet

model a high-mass region above 500 GeV

allows for correct relic density since the

thermally averaged cross section drops

with 𝜶 𝟏/𝒎𝐃𝐌
𝟐

• In our scenario we have two-inert doublets

leading to co-annihilation channels increasing

the thermally averaged cross section e.g.
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• Tree-level contribution to WIMP-

nucleon spin-independent elastic

cross section

• Updated result:

-The current most stringent

constraint from WIMP direct

detection experiment on spin-

independent elastic cross

section comes from Lux-Zeplin

(LZ) collaboration 2022

- Rules out the mass region

between 46 and 61 GeV
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Higgs invisible decay Higgs to photon-photon

Allowed mass region: 68 to 90 GeV 
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Relic density

Allowed mass region: 

above 45 GeV

The case of fermionic DM:

fermion 𝑓
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• For WIMP DM Majorana-type fermions, with bare mass term only, there is no tree-level

nor one-loop contributions to the spin independent cross section

• In our model the fermion f mass is dynamically generated via the singlet VEV

• Since the singlet mixes with the Higgs there is a contribution at tree-level to the

spin independent cross section controlled by the mixing angle between the scalars
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Thank you !
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