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1. Introduction

Experimental observation of neutrino flavor oscillations
The Standard Model (SM) is an incomplete theory and therefore must be extended

One of the most popular radiative models proposed to generate neutrino masses is the Scotogenic model.
Nature of the dark matter of the universe

Many models have been proposed but one appealing possibility are radiative models
Ma  hep-ph/0601225

https://inspirehep.net/literature/709378
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1. Introduction: The Scotogenic modelScotogenic model = SM + 3 singlet fermions + 1 scalar doublet + a dark Z2 parity
- It induces neutrino masses at the 1-loop level - It obtains a weakly-interacting DM candidate

Scalar potential
Yukawa and Majorana mass terms
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1. Introduction: Scalar sectorScalar sector

Vacuum configuration:The electroweak symmetry gets broken in the standard way.The Z2  symmetry remains unbroken and the stability of the lightest 
Z2-charged particle is guaranteed.

The real and imaginary components of the neutral scalar doublet do not mix
If all the scalar potential parameters are real, CP is conserved in the scalar sector.
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1. Introduction: Scotogenic states’ massesScalar masses

Neutrino massesThe neutrino masses are forbidden at tree-level thanks to the Z2 symmetry
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1. Introduction: Open questions

The       symmetry present in the model  is ad-hoc.
There is no explanation for the smallness of the     parameter, although it’s natural in the sense of ‘t Hooft. 

This work:We consider an ultraviolet completion of the Scotogenic model that provides a natural explanation for the smallness of the      parameter.Here the      parity emerges at low energies from the breaking of a global U(1) symmetry.

‘t Hooft  1980

https://link.springer.com/chapter/10.1007/978-1-4684-7571-5_9


30.11.22 Pablo Escribano 7

2. The UV completion: particle content

The  ol d
 S co tog e

ni c 
mo del

NEW
Scalar tripletScalar singlet

Lepton and scalar particle content of the model and their representations under the gauge and global symmetries:
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2. The UV completion: the Lagrangian

Scalar potential
Lagrangian
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2. The UV completion: the strategy

Energy

We assume that the mass of the triplet scalar is much larger than any other mass scale in the modelThen, we integrate out the triplet     and we keep operators up to dimension 6
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2. The UV completion: the low-energy Lagrangian

Scalar potential
Lagrangian
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2. The UV completion: the low-energy Lagrangian

Neutral fields:

Scalar potential
Lagrangian
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2. The UV completion: the low-energy Lagrangian

Scalar potential
Lagrangian
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2. The UV completion: Z2 -even scalarsCP-even
Mass matrix

Diagonalization Mixing angle
The lightest of the resulting two mass eigenstates is to be identified with the Higgs-like state h with
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2. The UV completion: Z2 -even scalarsCP-odd
Mass matrix

     is the would-be Goldstone boson that becomes the longitudinal component of the Z boson.     is the majoron, a massless Goldstone boson associated to the spontaneous breaking of lepton number.The low-energy theory is the Scotogenic model with additional scalar fields
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2. The UV completion: Z2 -odd statesScalars

Fermions
Majorana mass term:
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2. The UV completion: neutrino masses
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3. Dark matterThe lightest      charged state is stable and can be a good DM candidate.Two possibilities: Fermion dark matter: singletScalar dark matter: doublet  
The new scalars can alter the DM phenomenology substantially. In the case of fermion DM, the annihilation channels
may reduce the tuning normally required in the original Scotogenic model with fermion DM. Vicente, Yaguna  1412.2545In the following, we will concentrate on the fermion DM
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Dark matter in the Scotogenic model with 
spontaneous lepton number violation

Valentina De Romeri, Jacopo Nava, Miguel Puerta, Avelino Vicente
IFIC – CSIC / U. Valencia

[2210.07706]

https://inspirehep.net/literature/2165726
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3. Dark matter: Constraints

Boundedness from below

Neutrino masses

de Salas et al  2006.11237

Casas, Ibarra  hep-ph/0103065

Several experimental and theoretical constraints have to be considered in the numerical analysis

https://inspirehep.net/literature/1802107
https://inspirehep.net/literature/553820
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3. Dark matter: ConstraintsHiggs production and invisible decayInteraction Lagrangian of the CP-even scalar h to a pair of majorons:
Experimental constraint

ATLAS Collaboration  1904.05105The Higgs can also decay invisibly into two singlet fermions if 
The Higgs production channels are suppressed with respect to the SM by the cosine of the mixing angle in the CP-even scalar sector 

https://inspirehep.net/literature/1729103
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3. Dark matter: ConstraintsMajoron diagonal couplings to charged leptons

Bound from white dwarfs: 

Bound from the supernova SN1987A: 

Calibbi, Redigolo, Ziegler, Zupan  2006.04795
Croon, Elor, Leane, McDermott  2006.13942Large couplings to electrons or muons are excluded since they would lead to an abundant production of majorons in dense astrophysical media and an efficient cooling mechanism

https://inspirehep.net/literature/1800408
https://inspirehep.net/literature/1802845
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3. Dark matter: ConstraintsLepton flavor violation
Theses turn out to be the most constraining observables in most neutrino mass models MEG Collaboration  1605.05081
Analytical expressions in Abada et al.  1408.0138The majoron mediated contributions are derived in Escribano, Vicente  2008.01099

Jodidio et al.  Phys.Rev.D 34Hirsch, Vicente, Meyer, Porod  0902.0525
Analytical expressions in Abada et al.  1408.0138

https://inspirehep.net/literature/1459275
https://inspirehep.net/literature/1309448
https://inspirehep.net/literature/1810047
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.34.1967
https://inspirehep.net/literature/812452
https://inspirehep.net/literature/1309448
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3. Dark matter: Numerical resultsAs mentioned before, they concentrate on the fermion DM:      

is fixed by the condition of requiring  In order to have       as the DM candidate, we requireRegarding neutrino oscillation parameters, normal hierarchy for the neutrino spectrum was chosen and the best-fit values for the parameters were taken from the global fit.The angles of the orthogonal matrix R are assumed to be real and taken randomly de Salas et al  2006.11237

https://inspirehep.net/literature/1802107
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Grey points: overabundant DM, excluded by any constraint or where the spin-indendent N1-nucleon elastic scattering cross section is excluded by the data from LUX-ZEPLINCyan points: solutions that reproduce the observed cold DM relic density measured form Planck dataBlue points: underabundant DM
Most of the solutions lead to overabundant DM, except for points in these regions:

3. Dark matter: Relic abundance of N1
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If coannihilations are relevant, more viable solutions can be found

3. Dark matter: Relic abundance of N1

In the following:
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Coannihilation region in order to maximize the number of viable solutions

Relative abundance LUX-ZEPLINexperiment

The neutrino floor should not be taken as a hard limit, as it can be overcome with different techniques and it has strong dependencies on the target material and a series of uncertainties

3. Dark matter: N1 direct detection

LZ Collaboration  2207.03764

Billard et al.  1307.5458

For more details:  2109.03247, 2109.03116, 2203.08084

https://inspirehep.net/literature/2107834
https://inspirehep.net/literature/1243804
https://inspirehep.net/literature/1918579
https://inspirehep.net/literature/1918102
https://inspirehep.net/literature/2052588
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The detection of N1 annihilations into charged cosmic rays is more challenging due to uncertainties in the treatment of their propagation

3. Dark matter: N1 indirect detection

Gamma rays and charged cosmic rays are among the most suitable messengers to probe DM via indirect detection

The hadronization of the final states will produce neutral pions, which decay into photons giving rise to a gamma-ray flux which may be within reach of DM indirect detection experiments
Regarding the DM annihilation into gamma rays:
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3. Dark matter: N1 indirect detection

Few solutions already fall within the region currently excluded by AMS-02 dataForthcoming data will allow to further probe the singlet fermion as a DM candidate via it multi-messenger signals

Charged cosmic raysGamma rays
Fermi-LAT Collaboration  1503.02641AMS Collaboration  Phys. Rev. Lett. 117, 091103

https://inspirehep.net/literature/1351193
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.117.091103
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3. Dark matter: LFV

LFV procesess strongly restrict the available parameter space of the modelSome parameter points are already excluded by the current experimental limits, although the scan also finds many valid points leading to very low values of both LFV branching ratios
Because random R matrices where considered so some points have suppressed 
            flavor violation
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3. Summary and discussion

The Scotogenic model is a very economical scenario for neutrino masses that includes a dark matter candidateHowever, an ultraviolet completion for the model may offer interesting possibilities:  A natural explanation for the smallness of the     parameter due to large scale suppression.  The     symmetry is obtained from spontaneous lepton number breaking.  Additional particles at low energies. In our case, a massive scalar and a massless Goldstone boson, the majoron.  The new states and interactions can have a remarkable impact on the phenomenology of the model.
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3. Summary and discussion

Focusing on the DM candidate N1, it can explain the observed DM 
abundance in three regions:

If coannihilations are relevant, more solutions are found, either explaining 
the totality of DM or a sizeable part of it

Indirect detection searches constitute a promising tool to probe N1 as DM 
via its multi-messenger signal

A resonant region where it annihilates via Higgs 

A second resonant region where it annihilates via h2 

A region of coannihilations at masses around the TeV
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Thanks for Thanks for 
your attention!your attention!
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