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Introduction : Two Right-handed Neutrinos 

SM extended by two Right-handed (RH) neutrinos 

Neutrino masses 

Baryon Asymmetry of the Universe (BAU) 
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Seesaw mechanism 

ex) Leptogenesis [Fukugita, YanagidaόΩусύϐ 

[Akhemedov, RubakovΣ {ƳƛǊƴƻǾόΩфуύϐ 
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To probe the origins of neutrino masses and BAU 
the experimental test of RH neutrinos is crucial 
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Light (active) neutrinos 

Heavy neutrinos 2N 3N
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2 2

atm sol,  m mD D

Resonant Leptogenesis [Pilaftsis, UnderwoodόΩлпύϐ 

Baryogenesis via neutrino oscillation  



Parameters in 2RHn model 
Physics of heavy neutrinos is described by         and 
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PMNS    /I NF i U D Da n= W F [Casas,IbarraόΩлмύϐ 
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Light neutrino sector 

Heavy neutrino sector 

(in IH) Dirac phase d
Majorana phase h

Complex parameter w

Sign parameter 1x=°
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Parameters in 2RHn model 
Physics of heavy neutrinos is described by         and 

1/2 1/2

PMNS    /I NF i U D Da n= W F [Casas,IbarraόΩлмύϐ 
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Light n sector Heavy n sector 

Global analysis 
2

12sin 0.307q =
2

23sin 0.392q =
2

13sin 0.0244q =
1 0.0488eVm = 2 0.0496eVm = 3 0m =

(IH) [Fogli Ŝǘ ŀƭόΩмнύϐ 

Unknown parameters 

[ ]0,2d p= [ ]0,h p=

1x=°
NM ( ) NM MD

[ ]Re 2, 2w p p= - ( )exp Im 1Xw w= ²

NM IFa

From oscillation experiments 

This model introduces 12 real parameters in addition to sign parameter 

Can these unknown 
parameters be 

determined 
experimentally? 



ά¢ŜǎǘŀōƭŜέ wƛƎƘǘ-handed Neutrinos 

Toy model with 1LHn + 1RHn 
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When Majorana mass is 
 small enough, RH neutrino 
is testable by experiments. 

Leptogenesis 

Seesaw mechanism 
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MF m Mn= F

Resonant Leptogenesis 
Baryogenesis via neutrino oscillation 



Framework in this talk 

Target heavy neutrinos 2N
3N

Lighter than charged Kaon mass 
2,3 493MeVKM m< =

Direct test by Kaon decays is possible IK Nl+ +

Quasi-degenerate 
3 2 3 22 NM M M M M M- =D = +

Baryogenesis via neutrino oscillation is possible 

, 

In this framework, we show 

1. Parameters are restricted from current experiments 
and Big-Bang Nucleosynthesis (BBN) 

2. All unknown parameters might be determined by 
      future experiments and BAU 

[Akhemedov, RubakovΣ {ƳƛǊƴƻǾόΩфуύϐ 



Constraints of heavy neutrinos 

Direct search (PS191 experiment) 

2N 3N, 

[Bernardi et al.όΩууύϐ 

Production 

Detection 
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Upper bounds of mixing elements  
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Big-Bang Nucleosynthesis (BBN) 

To keep the success of BBN 
Upper limit of lifetime  0.1secNt <

From above two types of constraint 
we evaluate the allowed region of heavy neutrinos 2N 3N, 

(a,b,c:depend on        and channel) NM
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[Gorbunov, Shaposhnikov όΩлтύϐ [Ruchayski, Ivashko όΩмнύϐ 
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Allowed region of 

Bounds of 

2 2 2F XwQ ´ ´ (large            )  Imw
Bounds of Xw
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(10)X Ow=We find the allowed range of  and  
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Direct Search 

Direct Search 

2N 3N, 
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Allowed region of 

Bounds of 

2 2 2F XwQ ´ ´ (large            )  Imw
Bounds of 

2Xw
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We find another interesting result in IH case! 



Mixing elements of heavy neutrinos 

When  
NM MD and  1Xw ,  

mixing elements of  
2N 3Nand  are same,  2 3a aQ =Q [Asaka,SE,IshidaόΩммύϐ 
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Mixing elements in IH 

Flavor dependence of mixing elements 



Mixing elements in IH 

1x=+ 1x=-

Mixing elements of heavy neutrinos 
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Allowed range of Majorana phase in IH 

Majorana phase is restricted for 

Excluded by PS191 + BBN :                   , 

Excluded by PS191 + BBN :                   , 

K e N+ + N ce cp+- +

K Nm+ + N ccpm- + +

Majorana phase is restricted by direct search experiment and BBN 

350MeVNM <

Impact on neutrinoless double beta decay 

1x=+ 1x=-



0nbb decay in IH 
Impact on 0nbb decay by restricted Majorana phase 

Effective neutrino mass  effm
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eff    0mn h p-=

Heavy neutrinos give  
negative contribution of  effm

The restricted   
predicts the limited 
for   

effm

h

350MeVNM <

Only light neutrinos  



Allowed range of Majorana phase in IH 

Excluded by 
PS191 + BBN 

Excluded by 
PS191 + BBN 

K e N+ +

N ce cp+- +

K Nm+ +

N ccpm- + +

NM

Future search experiments by Kaon decays can provide 
strong information on Majorana phase 

If          is determined by a experiment (Peak search), 
Majarana phase may be also determined 



Heavy neutrino mass       from experiments  

Direct search experiments of heavy neutrinos 

Peak Search experiment [ShrockόΩулύϐ 
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measured  

Search for the peak 
corresponding to heavy neutrino 
in positron energy distribution 
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conservation of momentum and energy  

Unique for a heavy neutrino mass  

two-body decay  
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Majorana phase      from experiments h

250MeV, =+1NM x=

Ratio: 
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Information of CP phases  

is cancelled 2Xw



Majorana phase      from experiments h

250MeV, =+1NM x=

Ratio: 
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Information of CP phases  

Once the ratio is measured, 
Majorana phase is  limited 
only the two points. 
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Heavy neutrino search 

h,       ,      and XwNM x

are determined 



Relation between     and          from BAU 

Generation of asymmetry is controlled by  

Rew

Baryogenesis via Neutrino Oscillation 
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250MeV, NM d p= =

Correct sign of BAU restricts 
the region of           depending 
on  

Rew

Dependence of        is very ǎƳŀƭƭ ŀƴŘ ŘƻŜǎƴΩǘ ŎƘŀƴƎŜ ǎƛƎƴ ƻŦ .!¦  d

Relation between         and  h

h

Contour of baryon-to-entropy ratio   BY

Rew
h



Relation between         and       from BAU 
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Baryogenesis via Neutrino Oscillation 

Temperature of oscillation is crucial  

Contour of baryon-to-entropy ratio   BY

If        is determined  h RewRelation between           and  

The order of          is determined 
if            is not around     or 


