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The Standard Model (SM) of particle physics is a theory that describes electromagnetic, weak and strong interactions using 

symmetry groups                                          . It also classifies all known fundamental particles with specific charges under 

these groups.
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Besides these problems, there are some hints of new physics:

• Strong CP problem: Lack of a theoretical explanation for the non-observation of the neutron electric dipole moment 

which indicates that strong interactions preserve CP symmetry. 
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The unique lowest-dimensional effective operator that can be added to the SM is the dimension-five Weinberg operator. 

This operator leads to Majorana masses for neutrinos after electroweak symmetry breaking.
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???
Tree: Seesaw

One-loop: Scotogenic 
…

Two-loop: CLBZ
…

The unique lowest-dimensional effective operator that can be added to the SM is the dimension-five Weinberg operator. 

This operator leads to Majorana masses for neutrinos after electroweak symmetry breaking.

Alternatively, neutrinos could be Dirac particles. This scenario requires the existence of right-handed neutrino 

counterparts and the absence of the Weinberg operator, thereby forbidding Majorana mass terms. 
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Type-I Seesaw Model

Minkowski (1977), Gell-Mann et al. (1979), Yanagida (1979), 

Glashow (1980), Mohapatra et al. (1980), Valle et al. (1980)

A straightforward and elegant solution for neutrino masses:
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Type-I Seesaw Model

• The Type-I Seesaw is by far the simplest solution to the neutrino mass problem. 

• However, a major drawback of this model is the large mass scale of the right-handed neutrinos, far away from the reach 

of current experiments.

Minkowski (1977), Gell-Mann et al. (1979), Yanagida (1979), 

Glashow (1980), Mohapatra et al. (1980), Valle et al. (1980)

A straightforward and elegant solution for neutrino masses:
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Low-scale solutions, such as the inverse and linear seesaws, despite being more complicated offer more testability 

prospects at ongoing experiments.
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Inverse Seesaw Model
Mohapatra, Valle (1986)
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Inverse Seesaw Model
Mohapatra, Valle (1986)

in the basis,
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violates lepton number and can be naturally small in the t'Hooft sense. Hence, neutrino masses are suppressed and 

extremely heavy mediators like in the Type-I seesaw are not required. 

Inverse Seesaw Model
Mohapatra, Valle (1986)

in the basis,
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Akhmedov et al. (1996), Malinsky et al. (2005)
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Akhmedov et al. (1996), Malinsky et al. (2005)

in the basis,



Linear Seesaw Model
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is induced through the mixing term             in the scalar potential which violates lepton number and hence can be 

naturally small. Again, the mediators can be at the TeV scale within the reach of current experiments.

Akhmedov et al. (1996), Malinsky et al. (2005)

in the basis,
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Particle dark matter candidates must be:

• Electromagnetically Neutral and Non-Baryonic: constraints from searches in terrestrial, lunar, and meteoritic materials

• Non-Relativistic: to allow structure formation in the early Universe

• Cosmologically Stable or Long-Lived: to account for the observed dark matter density, 
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Particle dark matter candidates must be:

• Electromagnetically Neutral and Non-Baryonic: constraints from searches in terrestrial, lunar, and meteoritic materials

• Non-Relativistic: to allow structure formation in the early Universe

• Cosmologically Stable or Long-Lived: to account for the observed dark matter density, 

Is there a way to incorporate dark matter into neutrino mass models?

Many models beyond the SM employ symmetries such as       to prevent the decay of dark matter into SM particles.   

Odd under Even under 
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may also be viable DM candidates stabilized by symmetry. 
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Scotogenic Model Tao (1996), Ma (2006)
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Scotogenic Model Dark Inverse Seesaw ModelTao (1996), Ma (2006) Mandal et al. (2021)
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We propose a model where the low-scale linear seesaw neutrino mass generation mechanism is seeded by cosmologically 

stable dark matter particles accounting for both neutrino flavour oscillations and the observed dark matter abundance.
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We propose a model where the low-scale linear seesaw neutrino mass generation mechanism is seeded by cosmologically 

stable dark matter particles accounting for both neutrino flavour oscillations and the observed dark matter abundance.

The lepton number symmetry is violated by the scalar potential term:
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The fermion    and the scalar     (which is a mixed state of the inert scalar doublet    and singlet   ) can be viable WIMP DM 

candidates. We focused on the scalar DM phenomenology. 
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Direct detection

The fermion    and the scalar     (which is a mixed state of the inert scalar doublet    and singlet   ) can be viable WIMP DM 

candidates. We focused on the scalar DM phenomenology. 

Relic abundance

Direct detection is mediated by the SM Higgs boson and the Z-boson.
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The new particles can mediate charged lepton flavour violating decays with sizable branching ratios.
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Therefore, our model can be probed through these processes at various current and upcoming experiments. 

The new particles can mediate charged lepton flavour violating decays with sizable branching ratios.
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Strong CP problem
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 Weinberg (1978), Wilczek (1978)

Vector-like quarks
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New class of models where neutrino masses are radiatively generated by coloured particles which 

simultaneously solve through the PQ mechanism the strong CP problem. The predicted axion particle accounts 

for dark matter.

Our approach:

AxionStrong CP problem Peccei,Quinn (1977),   

 Weinberg (1978), Wilczek (1978)

Vector-like quarks

KSVZ (1979, 1980)
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Vector-like quarks
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Vector-like quarks

Complex scalar singlet

Yukawa Lagrangian:

Coloured scalars
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Vector-like quarks

Complex scalar singlet

Scalar Potential:

Yukawa Lagrangian:

Coloured scalars
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Cheng,Li (1980), Zee 

(1986), Babu (1988)

Neutrino mass generation

Two-loop colour-

mediated Majorana 

neutrino masses
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(1986), Babu (1988)

Neutrino mass generation

Two-loop colour-

mediated Majorana 

neutrino masses

Strong CP problem
Axion decay constant
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Cheng,Li (1980), Zee 

(1986), Babu (1988)

Neutrino mass generation

Two-loop colour-

mediated Majorana 

neutrino masses

Strong CP problem

Colour-anomaly factor

QCD axion mass relationAxion decay constant

Cortona et al.(2016)
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Cortona et al.(2016)

Axion-to-photon coupling:
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Cortona et al.(2016)

Axion-to-photon coupling:

Model dependent contribution to the electromagnetic and colour anomaly factors:
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Cortona et al.(2016)

Axion-to-photon coupling:

Model dependent contribution to the electromagnetic and colour anomaly factors:
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The different models can be probed through the axion-to-photon coupling at helioscope and haloscope experiments. 
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Axions are naturally light, weakly coupled with ordinary matter, cosmologically stable, and can be nonthermally produced in the early Universe 

being an excellent DM candidate.

Vector-like quarksColoured scalars
Potentially dangerous stable 

coloured/baryonic and electrically 

charged relics

Axion dark matter via the misalignment mechanism in the pre-inflationary scenario: 

Callan et al. (1978); Gross et al. (1981); Dimopoulos et al. (2008)

Isocurvature fluctuations are constrained by CMB data setting a bound on the inflationary scale:

Di Luzio et al. (2017)
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For                    axions can account for the full CDM budget, provided                                  , a region currently under scrutiny 

at haloscopes.
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The scalar leptoquarks     and     lead to lepton-quark interaction terms.

However, there is an accidental baryon number symmetry under which the SM quark fields and the new colored ones are 

equally charged forbids dangerous proton decay operators such as the dimension 6,

There is a residual       symmetry under which, This forbids all Majorana type operators,

But allows Dirac type operators,
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Neutrino mass generation

One-loop colour-

mediated Dirac 

neutrino masses
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Neutrino mass generation

One-loop colour-

mediated Dirac 

neutrino masses

Axion dark matter

The initial misalignment angle is no longer a free variable in the post-inflationary scenario and by performing a 

statistical average one obtains,
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Flavour-violating axion couplings
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Thank you!
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