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MotivationMotivation



Fundamental Blocks

point string



Origin of Masses

SM: Higgs mechanism

WC

Where is the Higgs particle? (LHC)
)()(),(),(),(SM HVGLHGLHfLGfLL −+++=

SUSY?

women men



Fermion Masses

a strange spectrum!



Who ordered that?

Who Ordered That?

What distinguishes different generations 
of leptons or quarks?

----- they have the same gauge quantum numbers, 

yet they are quite different from one another.

Hidden flavor quantum numbers/flavor symmetries



Who Ordered This?
Koide Relation for Pole Masses of Charged Leptons:

Xing & Zhang, hep-ph/0611360 (PLB)

Hidden flavor quantum numbers/flavor symmetries

S(3)For example: Koide, hep-ph/0612058



Lesson
Guiding Principle

S3 , S4 , A4 , Z2 , U(1)F , SU(2)F , ……

Flavor Symmetry

Symmetry Breaking

Observed patterns of fermion masses and flavor mixing



Examples
(A)

Fritzsch, Xing 1996

(B)

Harrison, Perkins, Scott 
2002

Simple numbers imply underlying flavor symmetries

Zee’s argument:



Mu-Tau SymmetryMu-Tau Symmetry



Mu-Tau Permutation

οο 0,45 1323 == θθ

Symmetry limit



Symmetry Breaking
In general, hard symmetry breaking leads to
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For example, Yasue’s company: 
Aizawa, Baba, Fuki, Kitabayashi

But soft symmetry breaking might result in
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F-L ModelF-L Model



T.D.’s 80th Birthday



hep-ph/0606071 



F-L Flavor Symmetry

( )( ) ( )( )
( )( )ττ

μμμτμτ

νννν
νννννννν

−−+

−−+−−=

ee

ee

c
baLmass

The mass operator of Dirac neutrinos:

The neutrino mass matrix: 
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Translational symmetry z+→ αα νν



Add a diagonal term---all masses are now non-zero: 
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Diagonalization:
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Numerical Result
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Comments

Taking a, b, c or (and) m_0 to be complex:

CP violation

For example: Xing, Zhang & Zhou, hep-ph/0607091 (PLB)

Straightforward extension of the F-L Model



Oblique SB (I)Oblique SB (I)



Motivation

Luo & Xing, hep-ph/0611360

A nontrivial way to break the F-L symmetry:

★ the lightest neutrino remains massless

★ the observed MNS pattern is achievable

oblique



Oblique SB 

Majorana neutrinos:

Mass matrix: 

This conclusion is true even for ααα νκν *→



Masses and Mixing

01 =m

eV102.5 22
sun

2
atm3

−×≈Δ+Δ= mmm

eV104.8 32
sun2

−×≈Δ= mm

(a, b, c are all real)
b =c is of μ-τ symmetry



Predictions

Current neutrino oscillation data:
(Strumia & Vissani, hep-ph/0606054)

|κ|=1/2 Tri-Bimax



Angle Correlation



Oblique SB (II)Oblique SB (II)



CP Violation 

Majorana neutrinos:

A simple example: a real and b = c^* complex

soft μ-τ symmetry breaking

A CP-violating phase is from 



Flavor Mixing

CP-violating phase:

Mixing angles:



Seesaw ScenarioSeesaw Scenario



The Minimal Seesaw
SM
+ 

two heavy right-handed Majorana neutrinos 
Frampton, Glashow & Yanagida 2002
Endoh, Kaneko, Kang, Morozumi & Tanimoto 2002
……
Guo, Xing & Zhou, hep-ph/0612033 ----- A Review



A Simple Realization

There are, of course, many other possibilities for sale 



Illustration 

with CP violation, Leptogenesis is possible! 

If a, b and c are real,



ConclusionConclusion



On F-L Symmetry

♦ F-L symmetry is a NEW flavor symmetry

♦ It can be extended to the quark sector

♦ It has a lot of implications on neutrinos

♦ Physics behind this symmetry is unclear 

Symmetry is a guideline of model building

But there are sooooooo many possibilities

How to identify the unique / correct one?



On μ-τ Symmetry

♦ It makes the MNS mixing matrix special

♦ We have good reasons to make it broken 

♦ Preliminary experimental hint: ο4523 ≠θ

T. Kajita/ISVHECRI 06



A Signal of μ-τ SB

Neutrino (1νe:2νμ)

Light absorbed

Proton scattered 
by magnetic field

(1νe:1νμ:1ντ)

CMB

Conventional UHE cosmic neutrino source:
(p + p or p + γ collisions)
UHE Neutrino Telescopes

{ } { }0:2:1:: τμe =φφφ { } { })1(:)1(:)21(:: τμe Δ+Δ+Δ−=φφφ

Xing, hep-ph/0605219 (PRD)



Neutrino Telescopes

NESTOR 
Pylos, Greece

ANTARES
La-Seyne-sur-Mer,   

France

NEMO
Catania, Italy

BAIKAL
Russia

AMANDA and IceCube
South Pole, Antarctica



The Mediterranean SeaThe South Pole

From Water to Ice



Hunting for θ_13

Muss es sein?    

Es muss sein!

Muss es sein --- Does it have to be?

Es muss sein --- It does have to be!

非如此不可?
非如此不可!

D-CHOOZ

T2K

Minakata, Shiozawa (yesterday)



Last but not LeastThank You

Yoshio

Best Wishes


