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Taken from T2K web cite 

http://t2k-experiment.org/ja/ 

Taken from NASA web cite 

https://wmap.gsfc.nasa.gov/universe/uni_matter.html 

-Neutrinos are massive 

-Dark matter is there 

-Matter anti-matter asymmetry  

 needs to be created 

Introduction 

Hints for new physics 
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All the particles have been observed  

and the SM looks to be completed 
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Adding RH neutrinos looks natural! 

Missing particles in the Standard Model 

How many RH neutrinos are necessary? 
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Introduction 

-Flavor mixing angles 

-Mass squared difference 

-(Dirac CP violating phase) 
[NuFIT3.2 (2018)] 

What we know from oscillation experiments 

Larger mixing than quark sector 

[PDG] 
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Introduction 

-Flavor mixing angles 

-Mass squared difference 

Larger mixing than quark sector 

[NuFIT3.2 (2018)] 

What we know from oscillation experiments 

[PDG] 

At least, two mass scales are required! 
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Introduction 

Usual way to obtain neutrino masses (type-I seesaw) 

[Minkowski (1977);Yanagida(1979);Gell-Mann,Ramond,Slansky (1979); 

 Glashow (1980);Mohapatra,Senjanovic(1980)] 

-Adding RH neutrinos 

*Dirac masses :  *Majorana masses :  

where 

-Tiny neutrino masses can be realized by hierarchy 
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(           is needed at least) 



*Active neutrinos :  

*Heavy neutral leptons (HNL) :  

Important parameter :  

HNL can have gauge interaction through this mixing 

e.g. 

Physical states of neutrinos 

Introduction 
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Note: sometimes itôs called as sterile neutrinos but this is NOT MiniBooNE sterile neutrino! 
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Required Majorana scale to realize seesaw 

Electron Yukawa Coupling 
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Coupling is O(1) 

Small couplings 

are still OK 

Superheavy HNLs are not necessary 

Electron Yukawa Coupling 
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Introduction 

Required Majorana scale to realize seesaw 

Coupling is O(1) 

Small couplings 

are still OK 

How light HNLs are allowed? 

Electron Yukawa Coupling 
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Introduction 

Once HNLs contribute active n masses via seesaw 

[Ruchayskiy and Ivashko (2012)] -Constraint on lifetime 
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lifetime 

detectability 
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[Ruchayskiy and Ivashko (2012)] 
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[Ruchayskiy and Ivashko (2012)] 



Introduction 

Once HNLs contribute active n masses via seesaw 

[Ruchayskiy and Ivashko (2012)] -Constraint on lifetime 

HNLs need to be heavier than pion mass 
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[Ruchayskiy and Ivashko (2012)] 
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Testability of HNL 

Center mass energy of LHC: 

Direct production is impossible  

when 
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Introduction 

Testability of HNL 

Center mass energy of LHC: 

Direct production is impossible  

when 

If  

Hints of low scale seesaw can be got by 

                                             high intensity experiments!! 
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Today, I would like to focus oné 

*LNV B decay at future collider 
[Asaka and H.I. (2016)] 

*LNV B decay at future B experiments 
[Cvetiļ and Kim (2017)] 

*Displaced vertices search at future LHCb 
[Antusch, Cazzato, and Fischer (2017)] 
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*Displaced vertices search at LHC 
[Giovanna, Helo, and Hirsch, arXiv:1806.05191] 



Contents 

Today, I would like to focus oné 

*LNV B decay at future collider 
[Asaka and H.I. (2016)] 

*LNV B decay at future B experiments 
[Cvetiļ and Kim (2017)] 

*Displaced vertices search at future LHCb 
[Antusch, Cazzato, and Fischer (2017)] 

In further discussions,  

Majorana mass and mixing angle are considered  

as independent parameters 
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Excuse for assumption 

Generic feature of Yukawa coupling  [Casas, Ibarra(2001)] 

*  

*  

*  

*  for N.H. for I.H. 

is arbitrary complex, 
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Generic feature of Yukawa coupling  [Casas, Ibarra(2001)] 

*  

*  

*  

*  for N.H. for I.H. 
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Independent of seesaw relation! 



Excuse for assumption 

Generic feature of Yukawa coupling  [Casas, Ibarra(2001)] 

Imaginary part can determine  

the magnitude of Yukawa coupling 

Because, 

Enhancement of Yukawa coupling (mixing angle)  

can be realized by Imw! 
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Excuse for assumption 

Generic feature of Yukawa coupling  [Casas, Ibarra(2001)] 

Imaginary part can determine  

the magnitude of Yukawa coupling 

Because, 

Just for simplicity,  

we analyze the extended SM by ñaò RHn 
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LNV B decay at future collider 
[Asaka and H.I. (2016)] 
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LNV B decay at future collider [Asaka and H.I. (2016)] 

Focusing process 
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LNV B decay at future collider 

on-shell HNL 

[Asaka and H.I. (2016)] 

Focusing process 
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LNV B decay at future collider 

on-shell HNL 

*Considerable mass range 

[Asaka and H.I. (2016)] 

Focusing process 
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*Assumption 

and 


