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Introduction	
Fermion masses are hierarchical 

mt >>mc >>mu, mb >>ms >>md

mτ >>mµ >>me, mf >>mν

Large hierarchy in the Yukawa couplings  

It is challenging to understand the structure 	

Flavor symmetry, extending Higgs sector, etc.	



Introduction	

Our attempt is… 
to relax hierarchical structure of Yukawa couplings 

Forbid tree level mass of light fermions by symmetry	

ü Extra U(1) gauge symmetry 

ü Discrete Z2 symmetry 

Light fermion masses are generated at loop levels	

We also take into account flavor constraints from new Yukawa couplings	

v Extending scalar sector and introduce vector like fermions	

Loop	
fL	 fR	

H	



Model I	 The structure of The model 

Symmetry : GSM×U(1)R×Z2 	

New gauge symmetry U(1)R	

ü  Anomaly free in each generation 
ü  1,2 generation particles are charged	

Vector like quark, lepton and new scalars	

To generate masses radiatively	

 PLB 761 (2016) 190-196 H.Okada, T.N., 



Model I	

v Yukawa couplings for quark and lepton	

ü  SM Higgs couple only 3rd generation at tree level	

v Scalar potential	

ü  VEV of φ breaks U(1)R 	
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Model I	

v Yukawa couplings for quark and lepton	

ü  SM Higgs couple only 3rd generation at tree level	

v Scalar potential	

ü  VEV of φ breaks U(1)R 	

SM-like Yukawa	

Z2 odd scalar Yukawa	



Radiative mass generation 
Model I	
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² For first and second generations 

² Third generation get mass at tree level	
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Model I	

u Mass matrices	

(α=1-3, j=1,2)	

Quark mass	

(α=1-3, j=1,2)	

Lepton mass	

× × !
× × !
× × !
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Numerical analysis  

Model I	

ü Randomly taking Yukawa couplings and VLQ masses 

ü  Search for parameter range to accommodate with  
    the CKM matrix, SM fermion masses  
    and neutrino oscillation data 

ü  Imposing flavor constraints: LFV, FCNC 

Ui(di)	 Q’	

Q’	Ui(di)	

Ui(di)	

Ui(di)	



Result of numerical analysis 
Model I	

Ø  The constraints from LFV, FCNC in quark sector can be satisfied 

Ø  This parameter range can fit neutrino oscillation data 

Ø  Hierarchy of Yukawa coupling is relaxed for quark and charged lepton 

     → Range of coupling can be 0.001 < |yl,u,d| < 1 

Ø  Yukawa coupling for neutrino mass should be tiny   yν ~ 10-12,-13	



Extension of model I 

² 1 loop neutrino mass is forbidden by Z2 

² New scalars to generate neutrino mass at 2 loop 

² Neutrino mass becomes Majorana type	

Model II	
PRD 94 093006 (2016), H.Okada, T.N 

v New Yukawa couplings and potential 	



Neutrino mass at 2 loop level 
Model II	



Model II	

Yukawa couplings to fit experimental data 

Less hierarchical structure including neutrino sector	



Model II	

Some Implications of the model 
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² Muon g-2 is not large 

² µ-e conversion ~ O(10-17) which is observable in future 

² Q-Q mixing is close to experimental limit 

ΔmK =mKL
−mKS

, ΔmD =mD1
0 −mD2

0



＊Remarks  

Model II	

ü  The model has DM candidate: Z2 odd scalar η	

It can provide observed relic density: inert Higgs doublet	

ü Our U(1)R  induces Z’ with flavor dependent coupling	

Phenomenology of the Z’ would be interesting	



Summary and Discussions	

² Radiatively induced lepton and quark mass model 

² 3rd generation → tree, 1st,2nd generation → loop level 

² All flavor constraints can be satisfied 

² Extension of model → 2 loop neutrino mass generation 

² DM physics can be also considered 

Thanks for listening !	



Appendix	



v Scalar fields with VEV	
NG boson	

v Scalar fields with mixing	

ca(sa)=cos a (sin a)	
Z2 odd	 Z2 even	



u Constraint from flavor physics 

LFV decay: ℓ→ℓ’γ and muon g-2	

u Lepton sector  



u Lepton sector  
µ−e conversion	

N	 N	

µ	 e	

Similar structure as µ→eγ	
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u Quark sector 
Mass matrix	

(α=1-3, j=1,2)	

To avoid constraint from B0-B0 mixing constraint, we assume	



u Quark sector 
FCNC constraint	

Ui(di)	 Q’	

Q’	Ui(di)	

Ui(di)	

Ui(di)	Meson anti-meson mixing	
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²  Constraints from experiments  
ü  Lepton sector 	

ü Quark sector 	



Neutrino mass matrix from observation 



Extension of model I 
2.Model II	

v New Yukawa couplings and potential 	

v Charged Higgs sector	

Here we take mixing angle as a free parameter 	


