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Open Questions 

!Neutrinos
–What mechanism gives masses to neutrinos?
–Are neutrinos Dirac or Majorana particle?
–What is the origin of flavor mixing structures?

!Dark Matter
–What is the dark matter (particle)? 

•Few properties known, and many candidates
  

!Want to create a model that relates above questions 
and is within experimental reach



New ‘Dark’ particle ➞ Physics beyond the SM required

← Angular scale 

3rd peak (high)

 Dark Matter Evidences
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Bullet cluster. 
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Neutrino Oscillations ➞ Neutrino Masses

Flavor Eigenstates

(2 Majorna 
phases)

Atmospheric Solarreactor + CP phase !13 Mixing Angles:

PMNS matrix (Pontecorvo-Maki-Nakawa-Sakata)

Propagation 
in vacuum

m!=0 in the SM  ➞  Physics beyond the SM required

Oscillations

Propagation
Mass Eigenstates

Osc. probability



Absolute Mass Scales

!Mainz experiment:

!Cosmological constraints:

Katrin
tritium-beta-decay
sensitivity ~0.2 eV 

Kraus et al.
Eur.Phys.J.C40:447-468,2005

Planck

m⌫e < 2.3 eV

P
m⌫ . 1 eV

!Normal or Inverted mass 
ordering for the neutrinos? 



Building a Predictive Model



Building a Predictive Model

Ingredients:

1. Neutrino mass?
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Generating a Neutrino Mass 

See-Saw Mechanism

Radiatively
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Mass hierarchy

!Neutrino masses tiny
    mv /vev ~ 10-13

!See-saw mechanism with 
couplings of ~1 gives: 
mD~MGUT~1016 GeV 

!Electroweak scale (~vev) 
being loop suppressed?
3-loops w/ gauge couplings:

Suggestive: a 3-loop suppression 
to naturally explains the hierarchy



Building a Predictive Model

Ingredients:

1. Neutrino mass radiatively (at 3-loops)
2. A large 0νββ-decay signal?



Majorana or Dirac?

!Majorana neutrino ➞ neutrinoless double-beta decay

!Neutrinoless double-beta decay ➞  Majorana neutrino mass 

The exact connection depend on the underlying model

➞

(contribution)

2n ➔ 2p + 2e-
(Does not exist in the SM)

0⌫��



Effective operators for 0νββ

F. del Aguila, A. Aparici, S. Bhattacharya, A. Santamaria and J. Wudka, JHEP 1205 (2012) 133 
F. del Aguila, A. Aparici, S. Bhattacharya, A. Santamaria and J. Wudka, JHEP 1206 (2012) 146
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!If new physics does not couple directly to quarks
➞ then we do not need to consider: D-F

!Remarkably, for A-C there are only 3 possible lowest-order gauge 
invariant LNV operators: 
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Building a Predictive Model

Ingredients:

1. Neutrino mass radiatively at 3-loops
2. A large 0νββ-decay signal
3. Predictions for Flavor Mixing Structures
    and Neutrino Mass Hierarchy? 
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Building a Predictive Model

Ingredients:

1. Neutrino mass radiatively at 3-loops
2. A large 0νββ-decay signal
3. Predictions for Flavor Mixing Structures
    and Neutrino Mass Hierarchy
4. Dark Matter Candidate



Creating a Cocktail Model 
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!Concrete realization of       requires:
– lepton number violating interactions
– couplings to W-bosons and RH leptons
–New states at electroweak scale with O(1) 

couplings − so that a 1-loop realization 
give correct m! masses#

!A possible realization:
–Add singlet ρ++ to couple to RH leptons
–Add singlet S+ ➞ m!##at 2-loop (Zee/Babu) 
➞ avoided by imposing a Z2 parity on S+

–Add SU(2) scalar doublet ɸ2 to mix with 
S+ (Z2 odd) and couple to W boson

–Unbroken Z2 ➞ new stable and EW 
interacting states ➞ WIMP candidate?
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Lepton number violation:
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3-loop calculation
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XENON10 (low mass)
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Its Dark Matter Candidate

Thermal production at freeze-out

Inert Doublet ModelWIMPS H0 (or A0) is good DM candidate  

Klasen, Yaguna, Ruiz-Alvarez 
Phys. Rev. D 87, 075025 (2013)
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effects

LUX

MG, Rydbeck, Honorez, Lundström Phys.Rev.D 86 (2012) 075019

MDM ~60 GeV 

1. Higgs portal (resonance): ~60 GeV
2. Coannihilation with Ao

    (gives too small mν)
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3. H0H0 -> WW threshold effect: ~70 GeV
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1. Higgs portal (resonance): ~60 GeV
2. Coannihilation with Ao

    (gives too small mν)

3. H0H0 -> WW threshold effect: ~70 GeV
   (gives striking gamma-ray lines) 

MG ,Lundstöm, Bergström, Edsjö, PRL 2007 MDM ~60 GeV ~70 GeV 
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Neutrinoless Double Beta Decay

0νββ-decay fully dominated by 
the short range force 

With a 0νββ-decay rate:
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0νββ Decay Bounds

0νββ-decay puts the strongest exp. 
constraint on the Yukawa coupling Cee

neutrino exchange Short range forceCocktail model
predictions



Recall that the neutrino mass 
matrix was of a similar form 
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Lepton Flavor Violation

Constraints are of this 
form on the Yukawa Cab:

Nebot, Oliver, Palao and Santamaria, Phys. Rev. D 77 (2008) 093013
J. Adam et al. [MEG Collaboration], arXiv:1303.0754.
K. Hatasaka et al. [Belle Collaboration], Phys.Lett.B 687 (2010)

Considering Neutrino masses, mixing 
angles, LFV and DM gives

Stringent bounds from rare 
flavor-violating processes

➞ LFV limits impose strong upper bounds on
➞ LFV process predicted close to current bounds
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Summary & Conclusions

!Electroweak Scale Physics Responsible for Neutrino Masses is 
Appealing: Very Rich Phenomenology (& testable)

!Neutrino Mass Suppression can be Linked to DM Stability 
in Models of Radiative Neutrino Mass Generation

!Neutrino Mass Generation via the Operator
Leads to Signatures in Neutrino Mixings & 0νββ-decay

!The “Cocktail model” is a Concrete BSM Realization 
that Contains these (and other) Testable Ingredients
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