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 Neutrino Oscillations   ���
Where are we now and where to go?  	
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Flow of the talk �

* What is neutrino oscillation?
* Why we measure neutrino oscillation? 
* What we know now? 
* What we need to know in the future?
* How we can make it?
* Summary
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Neutrino Oscillation	
 

L(or 1/E)

€ 

Pνe→νµ Amplitude ==> sin22θ
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Δm2 = m2
2 −m1

2  Frequency => 
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Δm2

θ
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è Information of transition amplitudes of neutrinos	
 

€ 

P νµ →νe( ) = sin2 2θ sin2 Δm
2

4E
L

=Phenomenon for ν to Changes its Flavor Periodically 	
 	
 



N.O. and Spin Precession     

Analogy: 
Spin under  Magnetic field 
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è  TThhee  MMaaggnneettiicc  ffiieelldd  ttrraannssffoorrmmss  
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 * Spin wave function:	
 

* Pauli equation:	
 

* For 	
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B = Bx ,0,0( )
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˙ α = −iµBxβ
˙ β = −iµBxα
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Transition amplitude = -iµBx	
 



N.O. and Spin Precession     
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˙ ̇ α = −iµBx
˙ β = − µBx( )2α
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⇒
α t( ) =C+e

−iµBx t +C−e
iµBx t

β t( ) =C+e
−iµBx t −C−e

iµBx t
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If we start from                 ,  the initial condition 	
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ψ 0( ) = ⇑

€ 

α 0( ) =1=C+ +C−

β 0( ) = 0 =C+ −C−

% 
& 
' 

⇒ C+ =C− =
1
2
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α t( ) =
1
2
e−iµBx t + eiµBx t( ) = cos µBxt( )

β t( ) =
1
2
e−iµBx t − eiµBx t( ) = −i sin µBxt( )
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Analogy: 
Spin under  Magnetic field 

General Solution:	
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Bx€ 

ψ t( ) = cos µBxt( )⇑ − i sin µBxt( )⇓ = ⇑ θ = 2µBxt( ) yz

€ 

P⇑→⇓ t( ) = ⇓ ψ t( )
2

= sin2 µBxt( )

The magnetic field makes the spin 
precession in z-y plane. 
The probability to be 	
 	
 	
 state at time t is	
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Oscillation	
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ω = 2µBx

N.O. and Spin Precession     

The wave function becomes

è Neutrino Oscillation can be considered as a precession 
     in flavor space. 	
 



N.O. and Spin Precession     
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α t( ) =C+e
−iµBx t +C−e

iµBx t

β t( ) =C+e
−iµBx t −C−e

iµBx t
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If the initial condition is 	
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C+ =
1
2
, C− = 0 ⇒

α t( ) = e−iµBx t 2

β t( ) = e−iµBx t 2
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ψ+ t( ) =
⇑ + ⇓
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e−iµBx t ≡ + e−iE+t
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 is energy eigenstate with energy	
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E+ = µBx

Again, from general solution,	
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N.O. and Spin Precession     
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ψ− t( ) =
⇑ − ⇓
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eiµBx t ≡ − e−iE−t
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Energy eigenstate is a mixture of original states 	
 

Mixing matrix	
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ω = 2µBx = E+ −E− = ΔE
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E− = −µBx

Relation between angular velocity of the precession and energy	
 

Another energy eigenstate	
 



N.O. and Spin Precession  

Analogy: 
Spin under  Magnetic field 
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* For 	
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B = Bx ,0,Bz( ) = B sinθ,0,cosθ( )
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* Pauli Eq.	
 

* Energy eigenstates	
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E± = ±µB
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iµBcosθ

If the magnetic field is inclined,



N.O. and Spin Precession  

Analogy: 
Spin under  Magnetic field 
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ψ 0( ) =C+ + +C− − = ⇑

If the initial condition is  	
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→ C+ = sin θ 2( ), C− = cos θ 2( )

€ 

ψ t( ) = cos µBt( ) + i sin µBt( )cosθ( )⇑ − i sinθ sin µBt( )⇓
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P⇑→⇓ t( ) = ⇓ ψ t( )
2

= sin2θ sin2 ΔE
2
t( 
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ψ t( ) =C+ + e−iµBt +C− − e
iµBt

* Wave function at time t	
 

The wave function is determined to be	
 

Spin transition probability is	
 	
 

This comes from the direction (ratio) of the transition amplitudes	
 



Turn to  ν oscillation  
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νe

-iAµe	
 -iµµµ	
 
	
 

-iµee	
 

2Aµe

2θν

µµµ-µee
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tan2θν ≡
2Aµe

µµµ −µee

From the Analogy, Mass eignenstate is 
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We assume some effect X generates transition amplitude 
between ν flavors	
 

X	
 X	
 X	
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Turn to  ν oscillation  
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νµ

€ 

νe
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νµ
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νe

-iAµe	
 -iµµµ	
 
	
 

-iµee	
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m− = E− =
µµµ + µee

2
−
1
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µµµ −µee( )2 + 4Aµe
2

m+ = E+ =
µµµ + µee

2
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µµµ −µee( )2 + 4Aµe
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Masses
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ψν t( ) = cos Δm
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ψν 0( ) = νµIf the initial condition is                        ,  the wave function at t is	
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The flavor transition probability is 	
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P νµ →νe;t( ) = sin2 2θν sin
2 Δm
2
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N.O. of neutrino at rest	
 



Quark oscillation  
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tan2θC ≡
2Gds

Gss −Gdd

= 0.489
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md /s =
v0
2
Gss +Gdd ∓ Gss −Gdd( )2 + 4Gds

2( ) ~ 5MeV /100MeV

(v0: Higgs vaccum expectation value ~ 246GeV) 	
 

€ 

⇒ Gdd = 4.0×10−5, Gss = 3.9×10−4 , Gds = 8.5×10−5

Cabbibo angle is generated by the quark flavor transition
Oscillation length ~1/95MeV~0.5fm; too quick to observe	
 

In this case, "Magnetic Field" = Higgs Field	
 



WWhhyy  wwee  mmeessuurree  ν  oosscciillllaattiioonnss??  

€ 

K 0 ⇔K 0 , B0 ⇔ B0
＊  　　　　　　　　　OOsscciillllaattiioonn．è  CCPP  vviioollaattiioonn  

＊ssppiinn  pprreecceessssiioonn  bbyy  BB  ((==　　　　oosscciillllaattiioonn))  è  FFoorrmmaattiioonn  ooff  QQ..MM..  

＊                                oosscciillllaattiioonn  iinn  π0 ,,  η  è  HHaaddrroonn  mmaassss,,  qquuaarrkk  mmooddeell,,  QQCCDD,,  

＊　　　  oosscciillllaattiioonn      èCCaabbbbiibboo  aannggllee,,  HHiiggggss--qquuaarrkk  ccoouupplliinngg..  

**                        oosscciillllaattiioonn  è    WWeeiinnbbeerrgg  aannggllee,,  HHiiggggss--GGBB  ccoouupplliinngg..  

  

  

  è  WWee  hhaavvee  lleeaarrnneedd  aa  lloott  ffrroomm  tthheessee  ""OOsscciillllaattiioonnss""  
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uu ⇔ dd 
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⇑ ⇔ ⇓
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d⇔ s

€ 

να ⇔νβ

€ 

B⇔W3

There are many oscillations (Irrespective to it is observable or not)	
 

WWee  ccaann  eexxppeecctt  ttoo  lleeaarrnn  mmoorree  ffrroomm  ν  OOsscciillllaattiioonnss;;　　　　	
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What causes X? (origin)
Why X is so small? (ν mass)
What is the ratio between off-diagonal to 
      the difference of diagonal amplitude? (mixing angle)
Is X complex number? (CP violation)
Can X change particle to antiparticle? (Majorana neutrino?)

Can X connect our ν and sterile ν? (Sterile ν)

"Magnetic field-X" for the Neutrino Oscillation �

To answer these question, we need to measure X.	
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ν L
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ν RX	
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ν
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νS
X	
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P∝ sin2 m2 −m1

2
t Lorentz Boost$ → $ $ $ sin2 E2 −E1

2
t − p2 − p1

2
x

& 
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In experimental condition, ν travels  ultrarelativistically	
 
Relativistic oscillation	
 

Method-I (a simple and often used method)	
 	
 

Assume p1=p2 =p, then                           and 	
 

€ 

Ei ~ p+
mi
2

2p

However, in actual experimental condition, neutrinos are produced in
π-decay, µ-decay or β-decay and the neutrino momenta are 
different for different mass eigenstate	
 
€ 

1
2
ΔEt −Δpx( ) =

Δm2

4 p
t =

Δm2

4E
x
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X→ν± +Y
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E± ~ E0 1−
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Assume ν is produced in the decay of particle X,	
 

Where Y can be a single particle or multi particle system,
In this case, the energy and momentum of the neutrino is, 	
 

€ 

1
2
ΔEt −Δpx( ) =

Δm2

4E0
x

A similar expression is obtained.	
 

Method-II (more realistic case)	
 

(x=t used)	
 

E0: neutrino energy in case neutrino is massless	
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e−imt Lorentz Boost# → # # # e−i Et− ! p ! x ( ) On the particle: ! x = ! p E( ) t# → # # # # # # e−i m γ( ) t
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νe
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νe

-iAµe/γ	
 -iµµµ/γ	
 
	
 

-iµee/γ	
 

€ 

tan2θν
L .B.$ → $ 

2 Aµe γ( )
µµµ γ( )− µee γ( )

=
2Aµe

µµµ −µee

= tan2θν

€ 

m+ −m−

2
t L .B.# → # 

m+ −m−

2γβ
L ~ m+

2 −m−
2

4E 
L ≡ Δm2L

4E 
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γ ~ E 
m 
~ 2E 

m+ + m−

No change	
 

Method-III (general and useful)	
 

is used	
 

Divide all the transition amplitude by γ	
 



Relativistic 3 Flavor Neutrino Case   
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µee/γ

νµ νµ

µµµ/γ

ντ ντ

µττ/γ

νe νµ

Aeµ/γ

νe ντ

Aeτ/γ

νµ ντ

Aµτ/γ

Aαβ can be complex number	
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P να →νβ( ) = Uβ1Uα1
* e−i m1 γ( ) t +Uβ2Uα2

* e−i m2 γ( ) t +Uβ 3Uα 3
* e−i m3 γ( ) t 2

=δαβ − 4 Re Ωij
αβ[ ]sin2Φij

i> j
∑ ∓ 2 Im Ωij

αβ[ ]sin2Φij
i> j
∑
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Ωij
αβ ≡Uαi

*UβiUαjUβj
*

€ 

Φij ≡
Δmij

2L
4Eν

, Δmij
2 ≡ mj

2 −mi
2

The oscillation probability can be obtained directly from the 
Feynman Diagram, after substituting mi à mi/γ	
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P να →νβ( ) =δαβ − 4 Re Ωij
αβ[ ]sin2Φij

i> j
∑  2 Im Ωij

αβ[ ]sin2Φij
i> j
∑
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# 

$ 

% 
% % 

& 

' 

( 
( ( 

€ 

Ωij
αβ ≡Uαi

*UβiUαjUβj
*

€ 

Φij ≡
Δmij

2L
4Eν

, Δmij
2 ≡ mj

2 −mi
2

   Δm2 & Direct mass measurement are necessary.
(è	
  ν Oscillation & direct mass exp. are complementary)	
 

Transition Amplitudes can be Calculated    

Observable	
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Quark case

d'

10ΜeV

d'

90MeV

s' s'

4200ΜeV

b' b'

20MeV

d' s'

(8-14i)MeV

d' b'

170MeV

s' b'

H0	
 

We would like to do the same thing for neutrinos and study the origin 
of the neutrino flavor transition.	
 

The Flavor Transition is understood to be caused by the Higgs-quark 
Yukawa coupling	
 

Quark Mass + CKM Mixing Matrix	
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A Good Parametrisation of the Mixing Matrix	
 

€ 

sij = sinθij , cij = cosθij

€ 

Δmij
2 = mi

2 −mj
2
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ν1	
 
	
 ν2	
 

ν3	
 

νe	
 
	
 
νµ	
 

ντ	
 

θ12	
 

θ13	
 

θ23	
 



If mixing angles (θij) are small,	
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Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ 3
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µee Aµe
* Aτe

*

Aµe µµµ Aτµ
*
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Uν
† ~

m1 Δm21s12 Δm31s13e
−iδ

Δm21s12 m2 Δm32s23
Δm31s13e

iδ Δm32s23 m3
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m1 ~ µee, m2 ~ µµµ , m3 ~ µττ

€ 

s12 ~
Aµe

µµµ −µee

, s23 ~
Aτµ

µττ −µµµ

, s13e
iδ ~ Aτe

µττ −µee

The transition amplitude becomes	
 

The ordering ν1, ν2, ν3 is such that for small mixing, 
ν1=νe, ν2=νµ and ν3=ντ	
 

Correspondence between (1,2,3) and (e, µ, τ)	
 

Then	
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L-E relation of Neutrino Oscillation Experiments	
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Δm31
2 , Δm32

2

€ 

Δm31
2

How neutrino oscillation parameters have been measred	
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€ 

ΔmL
2 ~ 2.5×10−3 eV 2[ ]→ Δm32

2 , Δm31
2

ΔmS
2 ~ 8×10−5 eV 2[ ]→ Δm21

2

& 
' 
( 

) ( 
€ 

Δm12
2 +Δm23

2 +Δm31
2 = 0

Summary of measurements	
 

two distinct Δm2	
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€ 

θ23, Δm32
2

€ 

P νµ →νµ( ) ~1− sin2 2θ23 sin2
Δm32

2

4E
L

SK Atmospheric, T2K, MINOS	
 

€ 

sin2 2θ23 ~ 1, Δm32
2 ~ 2.5×10−3 eV 2[ ]

arXiv:1502.01550v1	
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€ 

θ12 , Δm12
2

€ 

P νe →νe;@Δm21
2( ) ~1− sin2 2θ12 sin2

Δm12
2

4E
L

arXiv:1303.4667v2	
 

 Solar Neutrino Experiments	
 

€ 

Solar ν :  tan2θ12 = 0.468−0.044
+0.031 , Δm21

2 = 5.4−1.1
+1.7 ×10−5eV 2

etc.	
 

arXive:1303.4667v2	
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Δm21
2
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P νe →νe;@solar( ) ~
1
2
1+

cos2θ12 cos2θ12 − a( )
cos2θ12 − a( )2 + sin2 2θ12

& 

' 
( ( 

) 

* 
+ + 

€ 

a > 0⇒ m2 > m1

mass hierarchy	
 çMatter Effect of Solar Neutrinos	
 

etc.	
 

€ 

a =
2 2EGFne
Δm21

2 ~ 0.25E MeV[ ]

It changes sign depending
on the mass hieararchy	
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Evidence of Flavor Transmutation:	
 SNO experiment	
 

arXiv:hep-ex/0505071v1	
 

€ 

Although Φ νe( ) <Φ SSM( ), Φ νe( ) +Φ νµ( ) +Φ ντ( ) =Φ SSM( )

€ 

ν x+D→ν x+p+ n NC interaction	
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€ 

θ12 , Δm12
2

€ 

P ν e →ν e;@Δm21
2( ) ~1− sin2 2θ12 sin2

Δm12
2

4E
L

€ 

KamLAND :  tan2θ12 = 0.436−0.025
+0.029, Δm21

2 = 7.53−0.18
+0.18 ×10−5eV 2

KamLAND Reactor Neutrino Oscillation 	
 

arXive:1303.4667v2	
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€ 

sin2 2θ13 = 0.084 ± 0.005, Δm31
2 = 2.44−0.11

+0.10 ×10−3eV 2

€ 

θ13, Δm31
2 :

€ 

P ν e →ν e;@Δm31
2( ) ~1− sin2 2θ13 sin2

Δm31
2

4E
L

Daya Bay, RENO, Double Chooz Reactor Neutrino experiments

Daya Bay	
 

Chao Zhen Neutirno2014	
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€ 

Δ ˜ m 31
2 = 2.95−1.07

+0.59 ×10−3 eV 2

L(m)	
 

T.J.C. Bezerra, et al., hep-ex/1304.6259 	
 

€ 

Δm31
2 :

€ 

P ν e →ν e;@Δm31
2( ) ~1− sin2 2θ13 sin2

Δm31
2

4E
L

Baseline Dependence of Reactor ν Oscillation	
 



€ 

P31 νµ →νe( ) ~ 0.5sin2 2θ13
sin2 1− a( )Φ32( )

1− a( )2

− 0.043sin2θ13
sin 1− a( )Φ32( )

1− a
cos Φ32 +δ( )

δ :	
 

arXiv:1502.01550v1	
 

€ 

δ ~ −π
2
?

T2K	
 
Reactor-θ13	
 



MH	
 MH	
 
unknown	
 

€ 

P31 νµ →νe;Φ31 = π 2( ) ~ sin2 2θ13
2 1− L L0( )( )2

− 0.043 sin2θ13
1− L L0( )

sinδ

T2K Baseline	
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sin22θ23=1, NH	
 

P(
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 à
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e) 
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]	
 

 	
 

Reactor-Accelerator Complementarity	
 
PRD68, 03317 (2003)	
 

L0: Typical matter effect
 distance~5,800km.
(L/L0~0.05 for T2K)
L0>0 for NH
L0<0 for  IH
	
 

sin22θ13	
 

a=L/L0	
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Reactor-Accelerator Complementarity	
 

T2K Baseline	
 

sin22θ23=1, NH
sin22θ23=1,  IH
	
 

For Inverted Mass 
Hierarchy (L0<0)	
 € 

P31 νµ →νe;Φ31 = π 2( ) ~ sin2 2θ13
2 1− L L0( )( )2

− 0.043 sin2θ13
1− L L0( )

sinδ

sin22θ13	
 

P(
ν µ

 à
 ν

e) 
[A

cc
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]	
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Current Status	
 

T2K Baseline	
 

sin22θ23=1, NH
sin22θ23=1,  IH
	
 

150402

T2K	
 	
 

DayaBay	
 

 sinδ=-1, NH  favored but 
the central value has a 
weak tension.
è	
 It is important to check
if this tension is true or not
 by T2K and DC	
 	
 

€ 

P31 νµ →νe;Φ31 = π 2( ) ~ sin2 2θ13
2 1− L L0( )( )2

− 0.043 sin2θ13
1− L L0( )

sinδ

sin22θ13	
 



Global 
parameter 
fit	
 



Our Current Knowledge of  Neutrino ���
Transition Amplitude

€ 

UNH ~
0.82 0.55 −0.09+ 0.13i

−0.36+ 0.07i 0.65+ 0.05i 0.67
0.43+ 0.08i −0.53+ 0.05i 0.73

# 

$ 

% 
% % 

& 

' 

( 
( ( 

νe νe νµ νµ ντ ντ

νe νµ νe ντ νµ ντ

3.8meV	
 ~25meV	
 ~30meV	
 

~(1.4-4.5i)meV	
 ~(-4.4-5.1i)meV	
 ~21meV	
 

Assumption: m1~0, è m2 =8.7meV, m3=50meV	
 

If NH and  δ=-π/2, 	
 

X X	
 X	
 

X	
 X	
 X	
 



Our Current Knowledge of  Neutrino ���
Transition Amplitude

€ 

UIH ~
0.82 0.55 −0.05+ 0.14i

−0.39+ 0.08i 0.63− 0.05i 0.65
0.40+ 0.09i −0.53+ 0.06i 0.74

# 

$ 

% 
% % 

& 

' 

( 
( ( 

νe νe νµ νµ ντ ντ

νe νµ νe ντ νµ ντ

~48meV	
 ~28meV	
 ~23meV	
 

~(3.1+4.2i)meV	
 ~(2.9+4.6i)meV	
 ~-24meV	
 

Assumption: m3~0, è m2 =50meV, m1=49meV	
 

If IH and  δ=-π/2, 	
 

X X	
 X	
 

X	
 X	
 X	
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νe νe νµ νµ ντ ντ

νe νµ νe ντ νµ ντ

Gee=1.5x10-14	
 Gµµ=1.0x10-13	
 Gττ=1.2x10-13	
 

Geµ~(0.6-1.8i)x10-14	
 Geτ~(-1.8-2.1i)x10-14	
 Gµτ~8.1x10-14	
 
	
 	
 

H0	
 H0	
 H0	
 

H0	
 H0	
 H0	
 

If we assume the transitions are caused by the 
Yukawa coupling to the Higgs field, the coupling constants
 is for NH case are

The coupling constants are extremely small. 

Theorists say this is unnatural	
 

è We need to look for other origin.	
 



Relation to the νe mass 	
 
<m

νe
> 

[e
V

]	
 

minimum neutrino mass [eV]	
 

Impact to absolute νe mass measurement	
 

There is minimum neutrino mass.
If IH, the mass will be definitely 
observed at > 0.048eV.
(KATRIN Sensitivity ~0.2eV)

(I hope it is IH.)	
 

42

€ 

mνe

2 = Ue1
2m1

2 +Ue2
2m2

2 +Ue3
2m3

2 ~
m1
2 + 10meV( )2 for NH

m3
2 + 48meV( )2 for IH

# 
$ 
% 

& % 
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€ 

mνe

2Once            is measured, all the neutrino masses can be determined	
 	
 

€ 

m1 = mνe

2 − 8.1×10−5 eV 2[ ]
m2 = mνe

2 − 5.1×10−6 eV 2[ ]
m3 = mνe

2 + 2.4 ×10−3 eV 2[ ]

% 

& 
' 
' 

( 
' 
' 

For N.H.	
 

€ 

m1 = mνe

2 + 3.5×10−5 eV 2[ ]
m2 = mνe

2 +1.1×10−4 eV 2[ ]
m3= mνe

2 − 2.4 ×10−3 eV 2[ ]

% 

& 
' 
' 

( 
' 
' 

For I.H.	
 

And all the transition amplitude can be determined
è Now              measurement becomes all the more important

€ 

mνe

2
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€ 

mνµ

2 = Uµ1
2
m1
2 +Uµ2

2
m2
2 +Uµ 3

2
m3
2 = mνe

2 ± 30meV( )2

mντ

2 = Uτ1
2m1

2 +Uτ 2
2m2

2 +Uτ 3
2m3

2 = mνe

2 ± 36meV( )2

Since                             ,                                  	
 

€ 

mνe

2 < 2eV

€ 

mνµ

2 , mντ

2 < 2eV

No practical way to measure        and         with this precision ....

only          measurement has hope ..... 	
 

Relation to νµ, ντ masses	
 

€ 

mνµ

€ 

mντ

€ 

mνe



minimum neutrino mass [eV]	
 

<m
ββ

> 
[e

V
]	
 If IH, there is lower limit of 

mββ~15meV.
=> Either ν is Dirac or Majorana 
can be definitely determined with
experiment with sensitivity 15meV.
  	
 

€ 

mββ

2
= c12

2 c13
2 m1 + s12

2 c13
2 m2e

−2iα + s13
2 m3e

−2i β+δ( ) 2

150402 45@LPNHE

Relation	
 to the Majorana mass 	
 
Double Beta Decay mass:  mββ	
 

(I hope it is IH.)	
 



Very Near Future�
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T2K, NOVA  νe appearance  	
 



Measurement of CPV  δ �

€ 

CPV effect∝ Jq =
1
8
c13
q sin2θ12

q sin2θ23
q sin2θ13

q sinδq

　
(1)  Baryon number non-conservation.
(2) C and CP violation
(3) Thermal non-equilibrium.	
 

The Sakharov conditions for Baryogenesis	
 

wikipedia	
 

In order to realize the matter dominance of the current universe, 	
 

However, CPV effect of quark interactions is very small.	
 

CPV effect of ν can be x1,000 times larger: Jν~0.04sinδν	
 

If quarks can not explain it, leptons should be responsible for it.   	
 

~3x10-5	
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νe	
 

νµ	
 
ντ	
 

€ 

Φ23 =
π
2

€ 

P νµ →νe( ) ~ s232 sin2 2θ13
−0.043sin2θ13 sin2θ23 sinδ

€ 

sin2 2θ23€ 

P ντ →νe( ) = c23
2 sin2 2θ13

+ 0.043sin2θ13 sin2θ23 sinδ

€ 

P ν e →ν e( ) =1− sin2 2θ13

€ 

ACP =
P νµ →νe( )−P ν µ →ν e( )
P νµ →νe( ) +P ν µ →ν e( )

=
0.1cotθ23 sinδ
sin2θ13

~ 0.3sinδ

Probability Formulas of Available Oscillations	
 

J	
 

T2K, MINOS, NOVA	
 

Reactors	
 

OPERA	
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Then we can measure the CPV-δ (?)	
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T2K/HK
L~300km	
 

νµ à νe	
 Ash River	
 
NOVA 

LBNE	
 

Present and Future long baseline experiments	
 

L=1300km	
 

L=2300km	
 

Thomas Patzak Nu2014	
 



Matter Effect Affects �
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Actually, ν-beams go through earth and there is matter effect.	
 

€ 

P∝ M 0 +GFM I
2

= M 0
2 + 2GF Re M 0

*MI[ ] +GF
2 MI

2

Potential for ultra relativistic neutrino is VW ~ γρGF ~ 0.01 eV ~sqrt(Δm2)
   è Matter does affect on neutrino oscillation.	
 

mW/Z	
 

gW	
 

gW	
 

GFMI	
 Forward scattering 
by Potential	
 

scattering	
 



€ 

P νµ →νe;Φ31 = π 2( ) ~ 0.05
1+ L L0( )( )2

−
0.014

1+ L L0( )( )
sinδ

P ν µ →ν e;Φ31 = π 2( ) ~ 0.05
1− L L0( )( )2

+
0.014

1− L L0( )( )
sinδ

( 

) 
* 
* 

+ 
* 
* 

Oscillation probability with matter effect 	
 

Current T2K range	
 
where Nova's result
will be?	
 

*	
 Improve T2K accuracy
 	
 (Now T2K is running 
    with     mode)
*	
 Wait for Nova's result	
 

€ 

ν 



€ 

ACP =
P νµ →νe( )−P ν µ →ν e( )
P νµ →νe( ) +P ν µ →ν e( )

~ −0.27sinδ ±
L km[ ]
2,800

Affects of the matter effect 	
 

Even if an asymmetry is found,  we can not conclude δ is finite.  
We need to know Mass Hierarchy	
 

* What T2K and Nova
 will show??	
 



€ 

ACP =
P νµ →νe( )−P ν µ →ν e( )
P νµ →νe( ) +P ν µ →ν e( )

~ −0.27sinδ ±
L km[ ]
2,800

Affects of the matter effect 	
 

Even if an asymmetry is found,  we can not conclude δ is finite.  
The sensitivity of δ is limited by Mass Hierarchy	
 

extrapolate two 
measurements.	
 

inclination shows
MH and intercept
shows sinδ

Wait for T2K and 
Nova's ACP result	
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Comparison of Nova (L=810km) & T2K(295km) 	
 
P(
ν µ

 è
 ν

e)	
 

NOVA	
 T2K	
 

The spread due to MH is large è  easier to determine MH.	
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A Bit Future Experiments �
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 Reactor Neutrino Oscillation
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      Normal Hierarchy

　　 Inverted Hierarchy

M.H.  by medium baseline reactor experiment �
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KamLAND	
 DC, DB, RENO	
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 Reactor Neutrino Oscillation @L~50km �

€ 

∝ sin2 2θ13 sin
2 Δ31 + tan2θ12 sin

2 Δ32( )

Principle	
 

€ 

ω = Δm31
2 , Δm32

2Fourier Trans. => peaks at 　　　　　　　　	
 

: Normal Hierarchy	
 

: Inverted Hierarchy	
 

It is essential that θ12 is not maximum (tan2θ12~0.4) 	
 

Smaller peak corresponds to  　　  larger peak corresponds to   	
 

€ 

Δm32
2

€ 

Δm31
2 ,

ω	
 

ω	
 

Petcov et al., Phys. Lett. B 533, 94 (2002)
S.Choubey et al., Phys. Rev. D 68,113006 (2003)
J. Learned et al., hep-ex/062022
L.Zhan et al., hep-ex/0807.3203
M.Batygov et al., hep-ex/0810.2508

Δ32	
 

Δ32	
 

Δ31	
 

Δ31	
 

Power	
 

Ripple	
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JUNO in China	
 

≥ 10ktons of LS detector with energy resolution
                              is required.	
 

€ 

≤ 3% E MeV( )
2 proposals	
 

From L.Wen Nu2014	
 

RENO50 in Korea	
 
	
 



Y.Hayato Nu2014	
 a bit Future	
 



R.J.Wilson Nu2014	
 

a bit Future	
 
	
 



T.Patzak Nu2014	
 a bit Future	
 



There are many ideas �
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A view of the ν oscillation study	
 

Just straightened out	
 

€ 

sin2 2θ13

δ	
 

€ 

cos2θ23

.. It is like releasing tangled threads	
 

K	
 
J	
 

MH	
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δ	
 

ΜΗ

If you pull only one thread, 
it makes the tangle tighter.	
 

64€ 

cos2θ23

L	
 

A view of the ν oscillation study	
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δ	
 

€ 

cos2θ23 A careful strategy 
makes things simpler

T2K, NOVA, HK, LBNE,
LBNO, Reactor .... 

€ 

sin2 2θ13

A view of the ν oscillation study	
 

ΜΗ



Precise meas. 
of sin22θ13  by 
Reactor (done)　

MH by  T2K + Nova
+Reactor   

sinδ by 
HK / LBNE / LBNO	
 

Definite mβ measurement
@ >50meV	
 

Definite determination 
of Dirac or Majorana
with 15meV sensitivity	
 

A Golden Scenario	
 

Determination of All 
transition amplitudes	
 

If IH
J	
 

The nature has been amazingly kind to us. J 
Let's assume she will be kind to us in the future also. J 	
 

Neutrino Oscillation Industry	
 Absolute Mass Industry	
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Identification of 
νµ à νe  Osci.
by Accelerator
(done)	
 



Summary �

sinδ	
 M.H.	
 cos2θ23	
 θ13 	
 

J	
 

* An important purpose of the N.O. experiments is to measure 
the transition amplitudes

* θ12, θ23, θ13,                                      have been measured. 

* Measurements of δ, M.H. become realistic.

* sinδ~-1, N.H. are slightly favored but the central values of short 
baseline reactor and accelerator (νµ à νe) data have slight tension.     
* A strategy on how to combine the different experiments is important
 to efficiently solve the remaining issues.   	
 

€ 

Δm12
2 , Δ ˜ m 32

2 , Δ ˜ m 31
2



θ13	
 
θ23	
 

Δm2
31	
 

δ	
 

MH	
 

http://neko-web.com/sozai/images/illust/illust-cat-00236.gif	
 
http://www.kogumakai-himawari.jp/recipe02/HQrecipe021001.jpg	
 

http://janjan.voicejapan.org/living/0804/0804074455/img/photo151136.jpg	
 

http://cdn6.fotosearch.com/bthumb/CSP/CSP232/k2327182.jpg	
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