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Very successful・

Repetitive structure of 
quarks and leptons

・
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Situation

There exist flavor puzzles in the SM !
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Fermion mass structure

There is hierarchical mass structure.

10$"#
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𝑉!"# =
𝑉$% 𝑉$& 𝑉$'
𝑉(% 𝑉(& 𝑉('
𝑉)% 𝑉)& 𝑉)'

𝑉*#+, =
𝑉-. 𝑉-/ 𝑉-0
𝑉1. 𝑉1/ 𝑉10
𝑉2. 𝑉2/ 𝑉20

Structure of mixings

Mixing matrices have distinctive structures.

hierarchical

anarchical



Froggatt-Nielsen (FN) mechanism
C.D.Froggatt and H.B.Nielsen,  Nucl,Phys.B 147 (1979)  

SM fermions have charges under new U(1) symmetry

𝑓' ∶ 𝑞 𝑓' ,

・

𝜅!" 𝑓! 𝑓" 𝐻
𝑆
𝑀#$

% &! '% &"
𝜅'( = 𝑂(1)
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We cannot write ordinary Yukawa interactions・

𝑓' 𝑓( 𝐻𝑓' 𝑓( 𝐻

If we introduce new scalar 𝑆 ∶ −1, new operators 
can be written

・

( 𝑖: generation )



FN mechanism (sequel)

𝑦'( = 𝜅'( × 𝛿 ) *! +) *" ,

・ If S obtains VEV,  Yukawa interactions arise,

𝛿 = 𝑆 /𝑀,- < 1

Hierarchy is realized naturally by this mechanism.・
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𝜅'( 𝑓' 𝑓( 𝐻
𝑆
𝑀,-

) *! +) *"

𝑆 → 𝑆
𝜅'( 𝑓' 𝑓( 𝐻

𝑆
𝑀,-

) *! +) *"
,
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How to find good charges

We adopt the Bayes factor・

Compare the plausibility of multiple different
FN charge assignments

・

( J. Bergstrom, D. Meloni and L. Merlo, PRD 89 (2014) 9, 093021 )
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Bayes theorem

P 𝑀' 𝐷𝑎𝑡𝑎 ∝ P 𝐷𝑎𝑡𝑎 𝑀' × P 𝑀'

P(𝑀'): prior probability of models

P 𝜃 𝑀' : prior distribution of model parameters 

P 𝐷𝑎𝑡𝑎 𝜃,𝑀' : likelihood function

= 8𝑑𝜃 P 𝐷𝑎𝑡𝑎 𝜃,𝑀' × P 𝜃 𝑀' × P 𝑀'
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Bayes factor

P 𝑀' 𝐷𝑎𝑡𝑎
P 𝑀( 𝐷𝑎𝑡𝑎

∝
P 𝐷𝑎𝑡𝑎 𝑀'

P 𝐷𝑎𝑡𝑎 𝑀(
×
P 𝑀'

P 𝑀(

Bayes factor: Comparison of the plausibility
of two models 
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Set up

𝑦'( = 𝜅'( × 𝛿 )(+!)-)(+") ,

−ℒ. = 𝑦/,'( 𝑄' ?𝑢( 𝐻 + 𝑦1,'( 𝑄' 𝑑̅( 𝐻2

+ 𝑦3,'( 𝐿' 𝑒̅( 𝐻2 + 𝑦4 (𝐿' 𝐻)(𝐿( 𝐻)/(2𝑀5) + ℎ. 𝑐. .
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Concrete functions

P 𝑀' 𝐷𝑎𝑡𝑎 ∝ P 𝐷𝑎𝑡𝑎 𝑀' × P 𝑀'

= 8𝑑𝜃 P 𝐷𝑎𝑡𝑎 𝜃,𝑀' × P 𝜃 𝑀' × P 𝑀'

P 𝜃 = 𝜅'( , 𝛿 𝑀' ∝ exp(−tr(𝜅2𝜅)),      (𝑦'( = 𝜅'( × 𝛿 +!-+" )

P 𝑀' = P 𝑀( for  𝑖 ≠ 𝑗

P 𝐷𝑎𝑡𝑎 = 𝑥6 𝜃,𝑀' ∝ 𝛿(𝑥6(𝜃) − 𝑥6789)
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Parameters

𝑦/, 𝑦: , 𝑦; , 𝑦1 , 𝑦<, 𝑦= , 𝑦3 , 𝑦> , 𝑦?Fermion Yukawas

CKM and PMNS
parameters 

𝑠"!@AB, 𝑠!%@AB, 𝑠"%@AB, 𝛿@AB,
𝑠"!CBDE, 𝑠!%CBDE, 𝑠"%CBDE

Neutrino mass ratio ⁄Δ𝑚"!
! Δ𝑚"%

! = ⁄𝑚"
! −𝑚!

! 𝑚"
! −𝑚%

!
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𝛿 = 0.17, 𝑞 𝑄 = 3, 2, 0 , 𝑞 𝑑̅ = 3, 3, 3

𝑦% ./01

𝑦2 ./01

𝑠'(345

Results(quarks)
𝑞 I𝑢 = 4, 2, 0 ,
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yu
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yd

ys
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sCKM
12

sCKM
23

sCKM
13
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Results(leptons)

𝑦! ./01

𝑠'(,567
8

Δ𝑚()
) /Δ𝑚(*

)

𝑞 𝐿 = 4, 4, 3 , 𝑞 𝑒̅ = (5, 2, 0)

10�7 10�6 10�5 10�4 10�3 10�2 10�1 100 101

ye

yµ

y⌧

�m2
12/�m2

13

(sPMNS
12 )2

(sPMNS
23 )2

(sPMNS
13 )2

𝛿 = 0.23,
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We have studied proton decay・

Branching fractions of proton decay・

Details of flavor structure

Proton decay is a probe of high energy physics・

How to explore flavor



20

Proton decay

𝑂'(FG
(%) =

1
𝑀! (?𝑢'

2𝑑̅(
2)(𝑄F𝐿G), 𝑂'(FG

(&) =
1
𝑀! 𝑒̅'

2 ?𝑢(
2 𝑄F𝑄G ,

𝑂'(FG
(!) =

1
𝑀! (𝑄'𝑄()(𝑄F𝐿G),𝑂'(FG

(") =
1
𝑀! ?𝑢'

2𝑒̅(
2 ?𝑢F

2𝑑̅G
2 ,

(𝑖, 𝑗, 𝑘, 𝑙) : flavor indices,

Dim-6 operators relevant to proton decay・ S. Weinberg,  PRL 43 (1979)  

𝑀 : an energy scale
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𝐶'(FG
(!) ∝ 𝛿 ) H! -) H" -) H# -)(I$)

𝐶'(FG
(") ∝ 𝛿 $) J/! $) 3̅" $) J/# $) L1$

(𝑄'𝑄()(𝑄F𝐿G)

?𝑢'
2𝑒̅(

2 ?𝑢F
2𝑑̅G

2

FN charge dependence of operators 

𝐶'(FG
(%) ∝ 𝛿 $) J/! $) L1" - ) H# -)(I$)

𝐶'(FG
(&) ∝ 𝛿 $) 3̅! $) J/" -) H# -)(H$)

(?𝑢'
2𝑑̅(

2)(𝑄F𝐿G)

𝑒̅'
2 ?𝑢(

2 𝑄F𝑄G
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Branching fraction

Out[ ] =
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Summary

24

The FN mechanism is a promising mechanism to 
explain the flavor puzzles

・

We are searching for good FN charge assignments 
which can explain the flavor puzzles

・

We need to find good FN charge assignments to 
search for new physics 

・
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Thank you for your attention!
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Integral measure

𝐴 = 𝑈IΣ𝑈5
2 Σ = diag(𝜎", 𝜎!, 𝜎%)

`
',(

𝑑 Re(𝐴'() 𝑑 Im 𝐴'(

= (𝜎"! − 𝜎!!)!(𝜎!! − 𝜎%!)!(𝜎%! − 𝜎"!)!𝑑𝜎"!𝑑𝜎!! 𝑑𝜎%!
1M%1M&

1N'1N(1N)
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Prior function

𝑦/ = 𝑈/I Σ/ 𝑈/5
2 , Σ = diag(𝜎/", 𝜎/!, 𝜎/%)

𝜋 𝜅/ = 𝜋 𝑦/ ∘ 𝛿$ )!-/"

= exp(− ftr[ 𝑦/ ∘ 𝛿$ )!-/"
2
(𝑦/ ∘ 𝛿$ )!-/" )] 2)
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Neutrino ordering(inverted)
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Branching fraction
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Branching fraction
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