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1.3. NEUTRINO OSCILLATION 8

Then, we can also define the mass eigenstates ⇥iL and ⇥ciR (i = 1, 2, 3) as

�
⇥�L
⇥c�R

⇥
= U

�
⇥iL
⇥ciR

⇥
. (1.13)

Here, U is a 6⇥ 6 unitary matrix which satisfies

U †
�

0 mT

m mR†

⇥
U = Mdiag, (1.14)

where Mdiag is a diagonal matrix which contains mass eigenvalues. Hence, ⇥L and ⇥cR can also mix
if neutrino has the Majorana mass term constructed by right-handed field, in addition to the Dirac
mass term.

To estimate the size of mixing, we consider a case that there is only one generation for both
⇥L and ⇥cR. If we assume the Majorana mass mR to be much larger than the Dirac mass m, U is
approximately written as

U ⇧
�

1 ⇤
�⇤ 1

⇥�
i 0
0 1

⇥
, (1.15)

where ⇤ = m/mR ⇤ 1. Using this U in Eq. (1.15), the diagonalized mass matrix (Mdiag) become

Mdiag ⇧
�

m2/mR 0
0 mR

⇥
. (1.16)

Hence, if mR ⌅ m, the mixing between ⇥L and ⇥cR become negligible. Also if we set the Dirac
mass m to be the order of a typical quark or charged lepton mass, the mass of ⇥L1 ,

m1 ⇧ m2/mR, (1.17)

can be very small. Thus, if we identify ⇥L1 as one of the light neutrinos, we have an elegant expla-
nation of why their masses are so small compared to other elementary particles. This explanation,
in which physical neutrino masses are small because the right-handed Majorana mass mR is large,
is known as the see-saw mechanism, and Eq. (1.17) is referred to as the see-saw relation [8–11].

However, if mR is small enough, the mixing between ⇥�L and ⇥c⇥R, as well as ⇥�L and ⇥⇥L,
become possible [6]. The ⇥cR is gauge singlet and don’t make interactions with detectors, and hence
is called “sterile neutrino”. Since the sterile neutrinos don’t make weak interactions, this can be
“observed” only through the “neutrino oscillation”.

1.3 Neutrino oscillation

If there is a mixing between the weak and mass eigenstates, neutrinos can change their flavor
(or, weak eigenstates) as time evolves, which called “neutrino oscillation”. In this section, we
describe the phenomenology of the neutrino oscillation and summary of the previous oscillation
measurements.

To discuss the phenomenology of the neutrino oscillation, we generally define three active flavor
eigenstates as (⇥e, ⇥µ, ⇥⇤ ) = (⇥eL, ⇥µL, ⇥⇤L) and a sterile flavor as |⇥s⌃ = |⇥ceR⌃+ |⇥cµR⌃+ |⇥c⇤R⌃. The
mass eigenstates are also defined as (⇥1, ⇥2, · · · , ⇥6) = (⇥1L, ⇥2L, ⇥3L, ⇥c1R, ⇥

c
2R, ⇥

c
3R).

Then, a flavor eigenstate of neutrino, |⇥�⌃ (� = e, µ, ⌅, s), can be expressed as a superposition
of mass eigenstates, |⇥i⌃ (i = 1, 2, 3, · · · );

|⇥�⌃ =
⇤

i

U�i |⇥i⌃ , (1.18)Weak eigenstate Mass eigenstate
(α = e, μ, τ) (i = 1, 2, 3)
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where U�i is an element of the MNS mixing matrix U . Generated as ⇤�, the state of neutrino at
time t is expressed as

|⇤(t)⌥ =
�

i

U�ie
�iEit |⇤i⌥ , (1.19)

where Ei is the energy of ⇤i in the laboratory frame. In practice, neutrino is extremely relativistic
due to the tinniness of the mass, and thus we can make following approximations:

t ⇤ L, (1.20)

Ei =
 
p2i +m2

i ⇤ pi +
m2

i

2pi
, (1.21)

where L is the distance traveled and pi is the momentum of ⇤i. Since ⇤� is produced with a definite
momentum p, all of ⇤�’s mass eigenstates have a common momentum. Thus, the probability
P (⇤� ⌅ ⇤⇥) that ⇤⇥ is observed after ⇤� travels the distance the distance L is given by

P (⇤� ⌅ ⇤⇥) = | ⌃⇤⇥ |⇤(t)⌥ |2 =

�����
�

i

U�iU
⇥
⇥ie

�ipLe�i
m2

i L

2p

�����

2

(1.22)

= ��⇥ � 4
�
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⇥
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⇥
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2

⇥
1.27�m2

ij
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E

⇤

+2
�

i>j

Im(U�iU
⇥
⇥iU

⇥
�jU⇥j) sin

2

⇥
2.54�m2

ij
L

E

⇤

where �m2
ij ⇥ m2

i �m2
j is the mass squared di⇥erence between ⇤i and ⇤j in eV2, L is in km, and

E is in GeV. The sign of the last term in Eq. 1.22 is + instead of � in the case of the expression
for anti-neutrino. Therefore, the neutrino oscillation occurs only when �m2 ⇧= 0. As described in
the following part, this phenomena is observed and confirmed by multiple experiments. This is the
evidence that the neutrinos have finite masses.

1.3.1 Oscillation with three active flavors

In the case of oscillation between three active neutrino flavors, the MNS matrix is expressed using
four independent parameters:three mixing angles, ⇥12, ⇥23, ⇥13, and one complex phase �;

U =

⌅

⌃
1 0 0
0 c23 s23
0 �s23 c23

⇧

⌥

⌅

⌃
c13 0 s13e�i⇤

0 1 0
�s13ei⇤ 0 c13

⇧

⌥

⌅

⌃
c12 s12 0
�s12 c12 0
0 0 1

⇧

⌥ (1.23)

=

⌅

⌃
c12s13 s12c13 s13e�i⇤

�s12c23 � c12s13s23ei⇤ c12c23 � s12s13s23ei⇤ c13s23
s12s23 � c12s13c23ei⇤ c12s23 � s12s13c23ei⇤ c13c23

⇧

⌥ , (1.24)

where cij = cos ⇥ij and sij = sin ⇥ij . In case of � ⇧= 0, the MNS matrix includes the imaginary
parts, which means the CP violation in the lepton sector. Hence, the � is called the CP phase.

Because of the condition �m2
12+�m2

23+�m2
31 = 0 to be imposed, the number of independent

parameters for neutrino oscillations is six in the case of three lepton generations: three mixing
angles, (⇥12, ⇥23, ⇥31), one CP phase, �, and any two out of three mass squared di⇥erence, �m2’s.

There are many neutrino oscillation measurements such as atmospheric neutrino observations,
solar neutrino observations, reactor neutrino experiments and accelerator neutrino experiments.
Figure 1.1 shows allowed or excluded regions from various experiments. In summary, there are two
allowed regions observed and confirmed by multiple experiments:
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The probability for ⌅� ⌅ ⌅⇥ oscillation is given as

P(⌅� ⌅ ⌅⇥) = sin2 2⇤ sin2
�

(Ei � Ej)t
2

⇥
. (1.18)

Making an approximation of Ei ⇤ p +m2
i /2p and including the factors of � and c,

the probability is formulated as

P(⌅� ⌅ ⌅⇥) = sin2 2⇤ sin2
�

1.27�m2[eV2]L[km]
E[GeV]

⇥
, (1.19)

where �m2 ⇥ m2
j �m2

i is the mass-squared di⇥erence and L is the flight length of
neutrino.

If the neutrino mass states mix together and their eigenvalues are di⇥erent,
that is ⇤ � 0 and �m2 � 0, neutrinos can change their flavor during travel. Thus,
the observation of neutrino oscillation gives an evidence for the finite neutrino
mass. The oscillation amplitude is characterized by the mixing angle ⇤ and the
mass-squared di⇥erence �m2, and expressed as a function of L/E. The oscillation
e⇥ect is enhanced to the maximum when the following condition is satisfied:

L [km]
E [GeV]

=
⇧

2.53 · �m2 [eV2]
. (1.20)

1.2 Search for neutrino oscillation

Currently, there is no theoretical prediction on neutrino masses, and many exper-
iments have been performed to probe the masses of neutrinos. Up to now, the
evidence for neutrino oscillations has been discovered by various experiments.
The neutrino oscillation experiments measure the sizes of the squared-mass di⇥er-
ences and the mixing angles; these are called ”oscillation parameters”. Figure 1.2
shows the regions of neutrino oscillation parameter space allowed or excluded
by various experiments. In this chapter, we introduce neutrino oscillation exper-
iments and summarize our current knowledge of the oscillation phenomena.

5

Two-neutrino case:

θ               : mixing angle
Δm2      : mass squared difference
L [km]    : the distance traveled
E (GeV)  : the energy of neutrino
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Neutrino Oscillations 
Neutrinos have masses and mix with each other.☞

SK UP-DOWN ASYMMETRY

θZ−, L/E− dependences of μ−like events

Dominant νμ → ντ K2K, MINOS, T2K; CNGS (OPERA)

νatm

ν⊙ Homestake, Kamiokande, SAGE, GALLEX/GNO
Super-Kamiokande, SNO, BOREXINO; KamLAND

νe- (from reactors): Daya Bay, RENO, Double Chooz

Dominant νe → νμ,τ

T2K, MINOS (νμ from accelerators): νμ → νe

Δm21
2, sin2θ12 �

|Δm32
2|, sin2θ23 �

sin2θ13 �



Experiments on solar neutrinos

Neutrinos born in Cosmic ray collisions and on earth

Normal hierarchy Inverted hierarchy

1

The smallness of this ratio is due to the fact that in our model,
mee is suppressed not only by a two-loop factor, it is also sup-
pressed by the electron mass factor (me/MW )2 coming from the
doubly charged scalar coupling.

m2
1 ≃ m2

2 ≃ ∆m2
atm ≫ m2

3

L̄LTLc
L

LY = YνL̄ΦνR + h.c. ⇒ mD
ν = Yν < Φ >

The observed neutrino masses would require Yν ≤ 10−13 −
10−12 (unnatural)

1. Motivation:

K0 system
CP violation

B system

T violation – K0 system

• CPT Theorem: CP ⇒ T

In the standard model:
VCKM ≃

⎛

⎜

⎝

1 λ Aλ3(ρ − iη)
−λ 1 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1

⎞

⎟

⎠

— a unique phase

Where to look for direct T violating effects
in b system,

which are small in the SM and have less
hadronic uncertainty.

2

2



Absolute Neutrino Mass Scale

0.2 eVKATRIN
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•  Number density  
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Contribution to the energy  
density of the Universe 

eV  94.1

 m
h  Ω i

i
2

∑
=ν

52 101.7h  Ω −×=ν

m≠0 m=0

The cosmological bound on mν

The best bound to 
absolute values of
neutrino masses
from Cosmology

95%CL (Planck+other data)

0.23 eV

ΛCDM ☞

⬇︎



CQG+CC.Lee, J.L.Shen,
PLB740,285(2015)

Matter power spectrum in ΛCDM and f(R) 
Exponential f(R) model 

ΛCDM 

mν=0 

mν=

mν=



In terms of the PMNS mixing matrix

PDG2016

Bimaximal Matrix Tribimaximal Matrix
2 2 0
2 2
1 1 2
2 2 2
1 1 2
2 2 2
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θ23≈42o        

θ13≈9o 

δ≈1.4π

NH

IH 

center
values



• A brief overview of neutrino mass generation



Φ=Φ0=(-µ2/2λ)1/2

SSB

    What about neutrinos?

    Do neutrinos get their masses like charged fermions? 



Neutrino masses: Dirac or Majorana
Dirac neutrino mass: Majorana neutrino mass:

Forbidden 
in the sm.☞Introduce νR

(not in the SM) 
☞

L

L

L

L

L

C L YIn the SM:
    No Dirac mass term  
   (no right-handed neutrino).
    No Majorana mass term either 
    (νL is an SU(2) doublet). 

 Neutrino oscillations measure Δm2, but they do not provide    
 information about the absolute neutrino spectrum and  
 cannot distinguish pure Dirac and Majorana neutrinos.

☺the lepton number L is conserved •the lepton number L is violated



O=(λ0/MX)LΦLΦ

Effective Dim-5 operator: S. Weinberg, Phys. Rev. D22, 1694 (1980).

SSB

For λ0∼1, <Φ>∼100 GeV, MX∼MP   →   mν∼10-6 eV  (too small)

(Majorana)

1

LY = YνL̄ΦνR + h.c. ⇒ mD
ν = Yν < Φ >

1. Motivation:

K0 system
CP violation

B system

T violation – K0 system

• CPT Theorem: CP ⇒ T

In the standard model: VCKM ≃

⎛

⎜

⎝

1 λ Aλ3(ρ− iη)
−λ 1 Aλ2

Aλ3(1 − ρ− iη) −Aλ2 1

⎞

⎟

⎠

— a unique phase

Where to look for direct T violating effects in b system,
which are small in the SM and have less hadronic uncertainty.

T Violation in Λb → Λl+l− (l = e, µ)

• All particles: s = 1/2 ⇒ Many T-odd correlations
polarized e.g. s⃗i · (p⃗j × p⃗k)

• To analyze the helicity structure of b → sl+l−

– different from those in B decays

• Br(Λb → Λl+l−) ∼ 2 × 10−6

Hadron machines Tevatron
LHC

   If there are right handed neutrinos νR :

1

LY = YνL̄ΦνR + h.c. ⇒ mD
ν = Yν < Φ >

The observed neutrino masses would require Yν ≤ 10−13 − 10−12 (unnatural)

1. Motivation:

K0 system
CP violation

B system

T violation – K0 system

• CPT Theorem: CP ⇒ T

In the standard model: VCKM ≃

⎛

⎜

⎝

1 λ Aλ3(ρ− iη)
−λ 1 Aλ2

Aλ3(1 − ρ− iη) −Aλ2 1

⎞

⎟

⎠

— a unique phase

Where to look for direct T violating effects in b system,
which are small in the SM and have less hadronic uncertainty.

T Violation in Λb → Λl+l− (l = e, µ)

• All particles: s = 1/2 ⇒ Many T-odd correlations
polarized e.g. s⃗i · (p⃗j × p⃗k)

• To analyze the helicity structure of b → sl+l−

– different from those in B decays

• Br(Λb → Λl+l−) ∼ 2 × 10−6

Hadron machines Tevatron
LHC

   Majorana mass for νR:
Type-I see-saw mechanism:

νR=(1,1,0)

?

(naturally small?+Majorana)

Neutrino masses beyond the SM:



The Seesaw mechanism refers to the neutrino mass matrix of the form: 

The Seesaw Mechanism

For one generation, if MR>>mD , the diagonal masses are 

A very nice way to explain why light neutrino masses 
are so much lighter than their charged lepton partners



Inverse Seesaw

Mohapatra & Valle, 
1986

After EWSB, the effective light neutrino mass matrix is given by

Basis (ν, νc, S):

“Inverse” seesaw, because:



Effective Operators

d = 5:

d = 7:

d = 9:

Babu & Leung, 2001

Weinberg, 1980

de Gouvea & Jenkins, 2007



Example realization:

d = 5:

0νββ decay:

d = 7:

d = 9:



Tree level 

Minkowski 1977; ... Xiao-Gang He et al 1989

= (1, 3, 2) scalar triplet

Type II seesaw

Without νR•產⽣Majorana中微⼦質量簡介

Type-III See-Saw 
Xiao-Gang He 

MΔ ~ 250 GeV, µ ~0.1 eV,  Yν ~ 1

Mν ~0.1 eV



Type III seesaw

the triplet Σ=(1, 3, 0)

Foot, Lew, X.G.He and Joshi,  1989



a. Zee model (with charged scalar singlet 
   and additional scalar doublets).

Zee-Babu model (with doubly and 
singly charged scalars).

b. Ma model (with fermion singlet Ni and  
additional scalar doublet η).

1986 1988

1980

2006

1-loop:

2-loop:

Loop level 



2013

L.Krauss,S.Nasri,and M.Trodden, 2002

C.S.Chen,K.L.McDonald,S.Nasri, 2014

3-loop:

Dark Matter

M.Aoki,S.Kanemura,O.Seto, PRL102,051805(2009)

Hatanaka,Nishiwaki,Okada,Orikasa, 
arXiv:1412.8664

4-loop:



Other models with loops:

Suppressed 0νββ in all these loop models!

Double beta decay:

Neutrinoless double beta decay:

0νββ
-

Majorana nature of ν



“Black Box” theorem J. Schechter and J.W.F. Valle, Phys.Rev. D 25, 2951 (1982)

``Any mechanism inducing the 0νββ decay produces 
an effective Majorana neutrino mass term, which must 
therefore contribute to this decay.’’ 

dd

u u
e e

  0νββ decay Majorana neutrino mass?

The theorem does not state if the mechanism for 
0νββ from Mν is the dominant one.

☞

In some models, the dominant contributions to 0νββ 
are generated without directly involving νM or Mν.

The multi-loop with 0νββ to mν is too small,  
 ~ O(10-25) eV. M.Duerr, M.Lindner, A.Merle, JHEP1106, 091 (2011)  .....



C.S.Chen+CQG+J.N.Ng,
PRD75,053004(2007)

New scalars:  a triplet T (1,3,2) + a singlet Ψ (1,1,4)

L

L

L

L

L

New Yukawa term: lepton # for Ψ is 2

No Yukawa coupling for the triplet: LLT Forbidden by a symmetry

No νR added

C L Y

• A special class of models to generate Mν

 Φ1 and Φ2 Z2 or T-parity:   Φ1 → Φ1 ;  Φ2→ -Φ2; T→ -T ; L→L C.S.Chen+CQG,
PRD82,105004(2010)



*Symmetry: two Higgs doublets (Φ1 and Φ2) 
                        with Z2-symmetry or T-parity
T-parity:   Φ1 → Φ1 ;  Φ2→ -Φ2; T→ -T ; L→L

No effect for other couplings

CS.Chen,CQG,PRD82,105004(2010)

We will consider higher dimensional multiplets so that 
NO LL-like term is allowed in the Yukawa interactions.

(Colorless scalars)

There are only three possible new renormalizable Yukawa 
interactions involving SM fermions with non-Higgs scalars:

Without Symmetry:

Chen,CQG,Huang,Tsai, PRD87,077702 (2013)

ξ(1,N,2) + Ψ (1,1,4) LLξ  if N>3➨

LLT



We replace s=(1,1,2) and T=(1,3,2) by ξ=(1,N,2) 
N>3 (=4, 5, 6, 7,…) is the quantum # under SU(2)L 
and Y=2 is the hypercharge with Qem=I3+Y/2

The scalar potential reads    

No N=4, 6, 8, 10,…, even dimensions 
due to their antisymmetric products

Multi High Charged Scalars

Higgs            2 photon
enhance 

☞☝

Chen,CQG,Huang,Tsai, 
PRD87,077702 (2013)

1.6 times of excess at the LHC 

N=5, 7, …, odd dimensions 

e.g. for N=5



The must general potential is

Some detail calculations: doublet Φ(1,2,-1) + triplet T (1,3,2) + singlet Ψ (1,1,4)



The mass terms

Trilinear couplings

The vacuum energy

Tadpole terms



The quartic couplings

Let
Mass mixing matrices



The covariant derivative



The masses of gauge bosons are

The mixing matrix



Gauge-scalar trilinear interactions :



Gauge-scalar trilinear interactions :





Constraints on the models:

➨

Two doubly charged scalars: and Ψ++

Mass eigenstates: or for N=5



The neutrino masses are generated 
radiatively at two-loop level

normal hierarchy:

• Neutrino mass generation: 



λΦTTΦΨ

The neutrino masses are generated radiatively at two-loop level



The neutrino masses are generated radiatively at two-loop level

W±W± Ψ∓ ∓☞



The neutrino masses are generated radiatively at two-loop level

New model:  a multiplet ξ (1,5,2) + a singlet Φ (1,1,4)

Without Symmetry: LLξ  

dimension-9
L violating O

M.Gustafsson,J.M.No,M.A.Rivera,
PRD90, 013012 (2014)

S.F.King,A.Merle,L.Panizzi,
JHEP1411, 124 (2014)

dimension-7 O

Φ
Φ
Φ

C

Φ++

Chen,CQG,Huang,Tsai,
PRD87, 077702 (2014)

W±W± Ψ∓ ∓☞



(Mν)ab ∝ mambYab

For Yab ~ O(1)

Normal hierarchy

With (Mν)ee ≃ (Mν)eµ ≃ 0 and the center values of PDG2014 :

Dirac and Majorana phases:

CQG+L.H.Tsai, Annals Phys. 365,210 (2016)
CQG, MPLA30,1530018(2015)

Z.-z.Xing,PLB530,159(2002);PLB539,85(2002);
Frampton,Glashow,Marfatia,PLB536,79(2002);
W.L.Guo,Z.-z.Xing,PRD67,053002(2003);
......

Agree well with

Global Best-Fit



At three-loop level

xa=ma/v ,  I1 ~ I2 ~ O(1)

CQG,D.Huang,L.H.Tsai,
PRD90, 113005 (2014)

M.Gustafsson,J.M.No,M.A.Rivera,
PRL110, 211802 (2013).

M.Gustafsson,J.M.No,M.A.Rivera,
PRL110, 211802 (2013); Erratum,
PRL112, 259902 (2014).

For Cab ~ O(1)



»

Black box theorem is irrelevant as 0νββ dominantly arises from the SD contribution☞

C.S.Chen+CQG+J.N.Ng,
PRD75,053004(2007)Yee

No other strong constraint on Yee except the rate of 0νββ itself. So the rate 
of 0νββ can be very large, which would correlate with the LHC searches.

• 0νββ decays:



»

Black box theorem is irrelevant as 0νββ dominantly arises from the SD contribution☞

C.S.Chen+CQG+J.N.Ng,
PRD75,053004(2007)Yee

No other strong constraint on Yee except the rate of 0νββ itself. So the rate 
of 0νββ can be very large, which would correlate with the LHC searches.

Currently, Yee< O(10-2) 
for MP ~ O(1) TeV

1

The smallness of this ratio is due to the fact that in our model,
mee is suppressed not only by a two-loop factor, it is also sup-
pressed by the electron mass factor (me/MW )2 coming from the
doubly charged scalar coupling.

L̄LTLc
L

LY = YνL̄ΦνR + h.c. ⇒ mD
ν = Yν < Φ >

The observed neutrino masses would require Yν ≤ 10−13 −
10−12 (unnatural)

1. Motivation:

K0 system
CP violation

B system

T violation – K0 system

• CPT Theorem: CP ⇒ T

In the standard model:
VCKM ≃

⎛

⎜

⎝

1 λ Aλ3(ρ − iη)
−λ 1 Aλ2

Aλ3(1 − ρ − iη) −Aλ2 1

⎞

⎟

⎠

— a unique phase

Where to look for direct T violating effects
in b system,

which are small in the SM and have less
hadronic uncertainty.

T Violation in Λb → Λl+l− (l = e, µ)

• 0νββ decays:



Dimension-9
L violating O

M.Gustafsson,J.M.No,M.A.Rivera,
PRD90, 013012 (2014)

S.F.King,A.Merle,L.Panizzi,
JHEP1411, 124 (2014)

Dimension-7 O

C
Φ++ ☞ ⇓

Cocktail model

Gustafsson,No,Rivera,
PRD90, 013012 (2014)

CQG,D.Huang,L.H.Tsai,
PRD90, 113005 (2014)

☞



Multi Charged Scalars
a. Lepton flavor physics:

b. Doubly charged scalars at the LHC:

The WW fusion processes similar to 0νββ decays +
the Drell-Yan annihilation processes:

 

C.S.Chen+CQG+J.Ng+ J.Wu, JHEP0708, 22 (07)

• Other physics:



c. Same-sign single dilepton signatures: 

 (i) In our model, the final state charged leptons are right-handed. 
       Hence, in principle, helicity measurements can be used to 
       distinguish between our model and those whose doubly charged 
       Higgs coupling only to left-handed leptons (LLT). 

(ii) P1±± will directly produce spectacular lepton # violating
      signals from like-sign dileptons such as eµ, eτ and µτ. 

Remarks:

Chen, CQG, Zhuridov,
Eur.Phys.J.C60,119(2009)



d. Triply charged scalar decays:



e. Multi charged scalar contributions to H→ γγ and H→ Zγ :

ξ=(1, N, 2) with N=3, 5, ....

for N=5

I3=(-N+3)/2 to (N+1)/2

e.g. 

Chen,CQG,Huang,Tsai, 
PRD87,077702 (2013)



☺ Open questions in neutrino physics:
1. What are the masses of the neutrino 
    mass eigenstates (νi)?
2. Are the neutrino mass eigenstates 
    Dirac or Majorana particles?

4. Can we understand the mixing angles in the neutrino 
    sector? Is there a  symmetry behind them?
5. Is there CP violation in the neutrino sector?

6. Others: sterile neutrino, dark radiation? 

New field: Astro-Neutrino Physics A real window for new physics

3. If 0νββ is observed, is ν a Majorana particle?



2015

                  
              2015 Nobel Prize for 
             neutrino oscillation
       Icecube see high energy
       comic neutrinos
Daya Bay; Reno see θ13

    astro-neutrino physics
JUNO reactor experiment
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