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Neutrinos are massless in the SM as a result of the 
model’s simple structure:  
--- SU(2)L×U(1)Y gauge symmetry and Lorentz invariance; 
      Fundamentals of the model, mandatory for its consistency as a QFT.  
--- Economical particle content: 
      No right-handed neutrinos --- a Dirac mass term is not allowed. 
      Only one Higgs doublet --- a Majorana mass term is not allowed. 
--- Renormalizability: 
      No dimension ≥ 5 operators --- a Majorana mass term is forbidden. 
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Neutrino masses: Seesaw 

Neutrinos are Majorana particles 

𝜈R + Majorana & Dirac masses + seesaw 
Natural description of the smallness of ν-masses 
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Integrate out right-

handed neutrinos 
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Neutrino masses: Seesaw 
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Typical choice of the seesaw scale: 

 𝑀R~ΛGUT ≫ ΛEW   &   𝑀D ~ΛEW 
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Neutrino masses: Seesaw 
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Typical choice of the seesaw scale: 

 𝑀R~ΛGUT ≫ ΛEW   &   𝑀D ~ΛEW 

Alternatively, electroweak (𝑀R~ΛEW) scale or eV 

scale seesaw (𝑀R~ eV) could also be nature  
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Neutrino masses: Seesaw 
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Typical choice of the seesaw scale: 

 𝑀R~ΛGUT ≫ ΛEW   &   𝑀D ~ΛEW 

Alternatively, electroweak (𝑀R~ΛEW) scale or eV 

scale seesaw (𝑀R~ eV) could also be nature  

sterile neutrinos: 𝜈𝑠 
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Neutrino mixing matrix: 

4 × 4 case: 𝑈 = 𝑅34𝑅 24𝑅 14𝑅23𝑅 13𝑅12𝑃 

𝑅34 =

1 0
0 1

0 0
0 0

0 0
0 0

𝑐34 𝑠34
−𝑠34 𝑐34

       𝑅 14 =

𝑐14 0
0 1

0 𝑠14
0 0

0 0
−𝑠14 0

1 0
0 𝑐14

 

5 × 5 case: 𝑈 = 𝑅 25𝑅34𝑅25𝑅 24𝑅23𝑅 15𝑅 14𝑅 13𝑅12𝑃 

six mixing angles + 3 Dirac phases +3 Majorana phases  
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Mass spectrum of five neutrinos 

3+2 / 2+3 

1+3+1  
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Mass spectrum of five neutrinos 

3+2 / 2+3 

1+3+1  

more tension with 

cosmology 
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Best-fit and estimated 2σ values of the sterile neutrino parameters. 
Kopp, Maltoni, Schwetz, 1103.4570 

Short-baseline neutrino oscillations: 3+2/2+3 vs. 1+3+1 

1+3+1 3+2/2+3 
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Constraints from cosmology 

J. Hamann et al, arXiv:1006.5276 

n+3 

3+n 

CMB 

BBN 

G. Mangano, P. Serpico, 

arXiv:1103.1261 
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Neutrino-less double beta decay 

The allowed ranges in the 𝑚𝑒𝑒 − 𝑚light parameter space 
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Neutrino-less double beta decay 

The allowed ranges in the 𝑚𝑒𝑒 − 𝑚light parameter space 
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How to realize eV-scale 𝜈R 

Extra dimension theories   (Kusenko, Takahashi, Yanagida, 10) 

• Splitting between the SM brane and a hidden brane  

• Effects of right-handed neutrinos are exponenally suppressed 

since they are located on the hidden brane 

talk by Mavromatos 

zero mode with an exponential profile in the bulk 
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How to realize eV-scale 𝜈R 

Extra dimension theories   (Kusenko, Takahashi, Yanagida, 10) 

• Splitting between the SM brane and a hidden brane  

• Effects of right-handed neutrinos are exponenally suppressed 

since they are located on the hidden brane 

Flavor symmetries (Lindner, Merle, Niro, 10) 

𝐿𝑒 − 𝐿𝜇 − 𝐿𝜏 symmetry:  two heavy + one massless 

right-handed neutrinos 

light sterile 

neutrino from 

symmetry 

breaking 
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Froggatt-Nielsen mechanism 

• Fermion flavors are differently charged under a 𝑈(1)FN symmetry 

• Their masses receive a suppression factor 𝑀 → 𝑀𝜆𝐹   (𝜆 =
𝜙

Λ
< 1) 

• Neutrino masses are not affected by the FN charges 

𝜆𝐹 𝜆𝐹 

𝜆−2𝐹 

How to realize eV-scale 𝜈R 



18 

Barry, 

Rodejohann, HZ, 

JHEP07(2011)091  

𝑣𝑠  in flavor symmetry models: A4 + FN mechanism 
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Barry, 

Rodejohann, HZ, 

JHEP07(2011)091  

𝑣𝑠  in flavor symmetry models: A4 + FN mechanism 
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𝑣𝑠  in flavor symmetry models: A4 + FN mechanism 

Barry, 

Rodejohann, HZ, 

JHEP07(2011)091  

Assuming the flavon 

VEV alignments 

𝜉 = 𝑢 

𝜑 = 𝑣, 0,0  

𝜑′ = 𝑣′, 𝑣′, 𝑣′  
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active and sterile neutrino masses 

Numerical example: assuming Yukawa couplings are of 

order 1 and 𝜆 = 10−1.5 ≅ 0.03 
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active and sterile neutrino masses 

• Charged-lepton mass hierarchy: different FN changes of 𝑒𝑅 , 𝜇𝑅 , 𝜏𝑅  

• Extension to the 3+2 case: simply add more singlet neutrinos 

Numerical example: assuming Yukawa couplings are of 

order 1 and 𝜆 = 10−1.5 ≅ 0.03 
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Neutrino mixing matrix 
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Neutrino mixing matrix 

Exact tri-bimaximal mixing pattern 
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Neutrino mixing matrix 

Exact tri-bimaximal mixing pattern + sterile neutrino corrections 
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Neutrino mixing matrix 

Exact tri-bimaximal mixing pattern + sterile neutrino corrections 
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Neutrino mixing matrix 

Exact tri-bimaximal mixing pattern + sterile neutrino corrections 
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Connections between mixing angles  
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Light sterile neutrinos in seesaw models  

sterile neutrinos from type-I seesaw  

Model A: three eV-scale sterile neutrinos. 

No neutrinoless double beta decay  

More tension with cosmology 

Model B: 1eV + 1keV + 1heavy sterile neutrinos 

Neutrinoless double beta decay 

Need to understand the mass splitting  

Candidate for keV WDM 

Model C: 1eV + 2heavy (>GeV) sterile neutrinos 

Neutrinoless double beta decay 

Successful leptogenesis 

Model D: 1keV + 2heavy (>GeV) sterile neutrinos (𝜈MSM) 

Both baryon asymmetry and Warm Dark Matter puzzles 

can be solved 

Failed in explaining the reactor anomaly  
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Minimal extended type-I seesaw 

The model:  SM + three right-handed neutrinos + one singlet S  

Barry, Rodejohann, HZ, 11 
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Minimal extended type-I seesaw 

The model:  SM + three right-handed neutrinos + one singlet S  

• The full 7 × 7 neutrino mass matrix 

if of rank 6, and therefore, one 

active neutrino is massless. 

Barry, Rodejohann, HZ, 11 
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Minimal extended type-I seesaw 

The model:  SM + three right-handed neutrinos + one singlet S  

𝑀𝐷~100 GeV;  
𝑀𝑆~500 GeV;   𝑀𝑅~2 × 1014GeV 

• The full 7 × 7 neutrino mass matrix 

if of rank 6, and therefore, one 

active neutrino is massless. 

• No need to artificially insert small mass scales and tiny 

Yukawa couplings for light neutrino masses.  

• Thermal leptogenesis works. 

• Only one singlet S is allowed (minimal extension).  

𝑚𝜈~0.05 eV;  
𝑚𝑠~1.3 eV;    𝑈𝑒4~0.2 

Barry, Rodejohann, HZ, 11 
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Minimal extended type-I seesaw 

The model:  SM + three right-handed neutrinos + one singlet S  

• The full 7 × 7 neutrino mass matrix 

if of rank 6, and therefore, one 

active neutrino is massless. 

Barry, Rodejohann, HZ, 11 

A similar idea was used with a sterile state of mass ∼ 10−3 eV 

introduced in order to explain the solar neutrino problem 

 (Chun, Joshipura, Smirnov, 95) 
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1. The presence of light sterile neutrinos could significantly change 

both the short-baseline neutrino oscillation experiments and the 

effective mass measured in neutrino-less double beta decays.   
 

2. We found that light sterile neutrinos can be naturally embedded  

into flavor symmetry models, e.g., A4.  In general, the admixture 

between active and sterile neutrinos leads to the deviation from 

the exact constant (e.g., tri-bimaximal) mixing pattern.  
 

3. A minimal extended type-I seesaw model is presented, in which, 

without the need of introducing tiny Yukawa couplings, the 

smallness of sterile neutrino masses is ascribed to the existence 

of heavy singlet neutrinos, whereas the mixing between active 

and sterile neutrinos could still be sizable.    

Summary 
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Summary 

Thanks 


