
Relation of our notaion (ν+, ν-) and regular notation  (ν1, ν2) �

1	


Regular notation	 

! 

"1
"2

# 

$ 
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' 
( =

cos) *sin)
sin) cos)
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& 

' 
( 
"e
"µ
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( 

! 

"ν1   mass eigenstate whose νe 	

   component is larger than νµ 	 
ν2      mass eigenstate whose νµ 	

    component is larger than νe  	 

è	 by definition, cos2ϕ > sin2ϕ.	

       Can be m1>m2 .  	 
m1 < m2 è Normal Hierarchy	

m1 > m2 è Inverted Hierarchy	 
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( 
) =

cos* #sin*
sin* cos*
$ 

% 
& 

' 

( 
) 
"e
"µ

$ 

% 
& 

' 

( 
) 

ν-    mass eigenstate whose	

       mass is smaller	 
ν+   mass eigenstate whose	

       mass is larger	 

è	 by definition, m+ > m-	

      Can be cos2θ<sin2θ	


cos2θ>sin2θ èNormal Hierarchy	

cos2θ<sin2θ èInverted Hierarchy	 

! 

"

Our notation	 

! 

"

! 

"
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What Mass Hierarchy Physically Means �

NH ó	 m2 > m1 ó	 cos2θ > sin2θ ócos2θ>0ó	 mµµ>mee ó 	

IH  ó	 m2 < m1 ó	 cos2θ < sin2θ  ócos2θ<0 ó	 mµµ<meeó	 	 ! 

cos2" > sin2" #
$1 = $%
$2 = $+

& 
' 
( 

cos2" < sin2" #
$1 = $+

$2 = $%

& 
' 
( 

& 

' 
) 
) 

( 
) 
) 

Relation between       and  	 

! 

"±

! 

"1,2

2θ	


mµµ-mee	

! 

2Aµe
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M.H. corresponds to the hierarchy of mµµ, mee  	 

mee	


νe	
 νe	


mµµ	


νµ	
 νµ	
! 

m"µ
> m"e

! 

m"µ
< m"e
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νe	
 νe	


E0-ω0cos2θ0+VZ+VW	 

νµ	
 νµ	


E0+ω0sin2θ0+VZ	 

νµ	
 νe	


ω0sin2θ0	 
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'

Transition amplitudes in the sun	 

Notice VZ cancels out.	 

! 

" # $
" # +

% 

& 
' 

( 

) 
* =

cos " + sin " + 

$sin " + cos " + 

% 

& 
' 

( 

) 
* 
#e
#µ

% 

& 
' 

( 

) 
* 

! 

" E + = E0 + 2#0 cos2$0 % VW 2#0( )( )2 + sin2 2$0

" E % = E0 % 2#0 cos2$0 % VW 2#0( )( )2 + sin2 2$0

& 
' 
( 

) ( 

As always, mass eigenstates  and their energy are,	 

! 

sin2 " # =
1
2
1$

cos2#0 $ VW 2%0( )( )
cos2#0 $ VW 2%0( )( )2 + sin2 2#0

& 

' 
( 
( 

) 

* 
+ 
+ 



! 

"0 ~ 34°

#m2 ~ 7.7$10%5 eV 2[ ]
&0 ~ 150 g /cm

3[ ]

' 

( 
) ) 

* 
) 
) 

We know 	 

0	
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1.2	


0	
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 0.6	
 0.8	
 1	


sin
2 θ

'	 

E=10MeV	 

ρ/ρ0	 

If νe (E=10MeV) is 	

generated near the center 	

of the sun, it corresponds 	

to the heavier neutrino 	

state. 	

       νe ~ν'+ 	 

è	 

! 

sin2 " # =
1
2
1$

1.5 $ % %0( )E MeV[ ]( )
1.5 $ % %0( )E MeV[ ]( )2 +13.8

& 

' 
( 
( 

) 

* 
+ 
+ 

Heavy neutrino component (ν+) of νe	 
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! 

P "e #"µ( ) = sin2 2 $ % sin2 & $ E 
2

L' 
( 
) 

* 
+ 
, ! 

"e t( ) = cos # $ # " %e
%i # E %t % sin # $ # " +e%i # E +t

"µ t( ) = sin # $ # " %e
%i # E %t + cos # $ # " +e%i # E +t

& 
' 
( 

) ( 

ν oscillation in the sun	 

! 

" # =
4$
% " E 

=
$

&0 cos2'0 ( VW 2&0( )( )2 + sin2 2'0
< 2)103km << RSUN

Then as always,	 

Oscillation length in the sun	 

ν oscillates many times before escaping from the sun	 
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! 

" r( ) ~ "0 exp #10.5
r
R

$ 
% & 

' 
( ) 
; 0.2 < r R <1( )

! 

1
"
d"
dr

# $ < 0.03<<1

The density distribution in the sun is	 

For 1 turn of the oscillation, 	

the density change rate is  small.	 

r	 R	 

log(ρ/ρ0)	 

ν	 

While traveling in the sun, 	

ν experiences density change	 

=> adiabatic condition	 
111020	
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! 

"# 0( ) = #e = cos $ % #& '0( )e&i $ E &t & sin $ % #+ '0( )e&i $ E +t

While traveling,      stays       state, respectively 	

(Adiabatic)	 

! 

"±

! 

"±

! 

"# T( ) = cos $ % #& 0( )e&i'& T( ) & sin $ % #+ 0( )e&i'+ T( )

At t=T, the neutrino reaches the sun surface.	 

When produced in the sun, the neutrino is pure	

 νe state, which is a superposition of  	 

! 

"±

! 

"± T( ) = E± # r( )( )dt
0

T
$

φ is the phase rotation during the travel 	 

  is mass eigenstate in the vacuum 	 

! 

"# 0( )
"+ 0( )
$ 

% 
& 

' 

( 
) =

cos*0 sin*0
#sin*0 cos*0

$ 

% 
& 

' 

( 
) 
"e
"µ

$ 

% 
& 

' 

( 
) 

νe 	 

ν+(ρ0)	 ν-(ρ0)	 

ν+(0)	 ν-(0)	 

νe 	 νµ 	 

-sinθ'	 cosθ'	 
-s

in
θ 0
	 

sin
θ 0
	 

co
sθ

0	 

co
sθ

0	 
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Center 	

of the 	

sun	 

Surface 	

of the 	

sun	 

Travel	 



! 

"# T( ) = cos $ % #& 0( )e&i'& T( ) & sin $ % #+ 0( )e&i'+ T( )

= cos $ % cos%0e
&i'& T( ) + sin $ % sin%0e

&i'+ T( )( )#e
+ cos $ % sin%0e

&i'& T( ) & sin $ % cos%0e
&i'+ T( )( )#µ

! 

P "e #"e( ) = cos $ % cos%0e
&i'& T( ) + sin $ % sin%0e

&i'+ T( ) 2

= cos2 $ % cos2%0 + sin2 $ % sin2%0 +
1
2
sin2 $ % sin2%0 cos(' T( )

At the surface of the sun (t=T), the neutrino state is 	 

The probability that νe remains νe is 	 

! 

P "e #"e( ) =
1
2
1+ cos2$0 cos2 % $ ( )

Since neutrinos are generated at various positions, T has some 	

variation and cosΔφ term is averaged to 0 	 

! 

P "e #"e( ) =
1
2
1+ cos2 2$0( )(If there is no MSW effect,                                                )	
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! 

PNH "e #"e( ) ~
1
2
1+ 0.38 1.5 $E" MeV[ ]( ) 1.5 $E" MeV[ ]( )2 +13.8( )

There is energy 	

dependence. 	

	

This dependence	

depends on the 	

mass hierarchy	 

! 

P "e #"e( )

0	

0.1	

0.2	

0.3	

0.4	

0.5	

0.6	

0.7	

0.8	


0.1	
 1	
 10	
 100	


MSW	

Normal Hierarchy	 

No MSW	 
MSW	

Inverted Hierarchy	 
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! 

PIH "e #"e( ) ~
1
2
1+ 0.38 1.5+E" MeV[ ]( ) 1.5+E" MeV[ ]( )2 +13.8( )

If IH (cos2θ0<0),  the relative sign of the potential is reversed	

 and probability becomes; 	 

Eν(MeV)	 
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Normal Hierarchy	 

No MSW	 

MSW	

Inverted Hierarchy	 
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NH is confirmed	

by matter effect	

        m2>m1	 

Observation of ν flux	 
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More Mass Hierarchy �

! 

"m12
2 ~ 8#10$5eV 2, "m23

2 ~ 2.5#10$3eV 2

There are still 2 possibilities.	 

Mass Hierarchy is important for detectability of νe mass.	

If it is IH,                            and there is a chance to measure it.	


So I hope it is IH.   	 

! 

m"e
> 50meV



 Reactor Neutrino Experiments so far	


KamLAND	

PaloVerde	


CHOOZ	


Bugey	


Krsnoyarsk	
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Reactor Neutrino	

n U235

U236
*

n n

Zr94140
Cs

I140

Te
140

Xe
140

Rb
94

Sr
94

Y
94

e-

e-

e-

e-

e-

e-

!e

!e

!e

!e

!e

!e

~6ν/fission & ~200MeV/fission 	


~ 6 !1020" e / s / reactor (1GWe)	
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νe Detection (Chooz)	


p

ν
e

e+

e-

γ(0.511MeV)

γ(0.511MeV)

n

Gd

γ

γ γ

γ

E!" ~ 8MeV

30μs

prompt signal

Delayed signal

! e + p" n + e+

e+ + e! " 2#
E$ ! 0.8MeV( )

n +Gd! Gd' +"s E# = 8MeV( )

8MeV
30μs

1̃8MeV

t

Signal Property
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CHOOZ experiment	

P=8.4GWth	


M=5ton	


L=1km	


D=300mwe	


From atmosheric ν 	

oscillation,	

Δm2 ~10-2eV2(in those days)	

	

Then for Eν~4MeV, 	

same oscillation may 	

take place at L~1km	
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Chooz energy spectrum	 

Δm2=2.5x10-3eV2	 

Deficit was not observed.	 

sin
2 2
θ<

0.
15
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Chooz result	 

This is the current most strong upper  limit of θ13	 
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KamLAND	




KamLAND and Rectors	

68GWth	


<Baseline>~180km	 

111020	
 19	
suekane@FAPPS	


Although there are many reactors,	

the baseline is almost unique.	

~1 Gigantic Reactor @ L~180km	 
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! 

tan2" ~ 0.44, #m2 ~ 7.5$10%5eV 2

Clear oscillation pattern	 

Results	 

KL	 Solar	 
Since KL (    disappearance)	

& Solar (ν disappearance) 	

agrees,  CPT is OK.	 
! 

" 
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3 Flavor (νe, νµ, ντ) case   
νe	
 νe	


νµ	
 νµ	


ντ	
 ντ	


νµ	
 νe	


Αµe	


ντ	
 νe	


Ατe	


! 

"e

"µ

"#

$ 

% 

& 
& & 

' 

( 

) 
) ) 

=

Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ 3

U#1 U# 2 U# 3

$ 

% 

& 
& & 

' 

( 

) 
) ) 

"1
"2
" 3

$ 

% 

& 
& & 

' 

( 

) 
) ) 

=

1 0 0
0 c23 s23
0 *s23 c23

$ 

% 

& 
& & 

' 

( 

) 
) ) 

c13 0 s13e
i+

0 1 0
*s13e

*i+ 0 c13

$ 

% 

& 
& 
& 

' 

( 

) 
) 
) 

c12 s12 0
*s12 c12 0
0 0 1

$ 

% 

& 
& & 

' 

( 

) 
) ) 

"1
"2
" 3

$ 

% 

& 
& & 

' 

( 

) 
) ) 

Transition	

amplitudes	 

Mixing	 

CPV phase	 

Α*
µe	


νµ	
νe	


Α*eτ	


ντ	
νe	
 νµ	
 ντ	


Α*
µτ	


Αµτ	


νµ	
ντ	


3 mixing angles + 1 phase (+ 3 masses)	 

! 

m" e

! 

m"µ

! 

m"#

This parametrisation happens to be very useful because angles 	

can be independently related to the experimental results.  	

(not always so. Wolfenstain parametrization is not useful here.)	 
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! 

P "# $"%( ) =&#% ' 4 Re (ij
#%[ ]sin2)ij

i> j
* ' 2 Im (ij

#%[ ]sin2)ij
i> j
*

! 

"ij
#$ %U#i

*U$iU#jU$j
*

α,β= flavor indices, i,j=mass indices.	 

Probability of ν oscillations　(after some boring calculations)	 

Especially for disappearance probability	 

! 

P "# $"#( ) =1% 4 U#i
2U#j

2
sin2&ij

i> j
' = P " # $" #( )
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! 

"ij #
$mij

2L
4E%

, $mij
2 # mj

2 &mi
2

3 flavor ν oscillation 	 

! 

P " # $" %( ) =&#% ' 4 Re (ij
#%[ ]sin2)ij

i> j
* + 2 Im (ij

#%[ ]sin2)ij
i> j
*

Assuming 	

CPT	 
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! 

P "#L $"%L( ) C& $ & P " #L $" %L( ) P& $ & P " #R $" %R( )
CP violation in neutrino oscillation	 

If                                                    , CP symmetry violates. 	 

! 

P "#L $"%L( ) / = P " #R $" %R( )

! 

P " # $" %( )&P "# $"%( ) = 4 Im 'ij
#%( )sin2(ij

i> j
)Since                                                                                 ,  	


 è	 CPV <= imaginary part of mixing matrix 	 

For β=α,   	

                          	

	

	

à	 CPV does not appear in disappearance.  	 

Where CP violation may comes from  	 
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! 

P " # $" #( )%P "# $"#( ) = 4 Im &ij
##( )sin2'ij

i> j
(

                         = 4 Im U#i
2U#j

2( )sin2'ij
i> j
( = 0
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CPT violation in neutrino oscillation	 

! 

P "#L $"%L( ) CP& $ & P " #R $" %R( ) T& $ & P " %R $" #R( )

Especially when β=α 	 

! 

P "#L $"#L( ) CPT% $ % P " #R $" #R( )

If disappearance  of ν and ν is different, à CPT 	 

In the ν oscillation formalism so far,  CPT symmetry is assumed. 	

è If CPTV is found, we have to change our theory.	

=> Comparison of ν disappeance and ν  disappearance is important	 
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! 

P "#L $"#L( ) CPT% $ % P " #R $" #R( )

What about CPT?  	 



Correspondence between experimental results 	

and 3 flavor mixing angles; θ12, θ23, θ13 �

! 

@"m2 = 2.5#10$3eV 2 ,
sin2 2%µ& ~1 Atmos, K2K, MINOS( )

sin2 2%ee < 0.15 CHOOZ( )

' 
( 
) 

* ) 

@"m2 = 8.0#10$5eV 2, sin2 2%ee ~ 0.8 Solar, KamLAND( )

' 

( 
) 

* 
) 

What have observed:	 

What is the relation with θ12, θ23, θ31, δ?	 

We define 	 

! 

"m12
2 # 8.0$10%5eV 2, "m23

2 # 2.5$10%3eV 2

Then 	 

! 

"m31
2 = "m12

2 +"m23
2 ~ "m23

2 = 2.5#10$3eV 2

Since                            oscillations at two L/Es are well separated	

=> It makes things simpler.	 

! 

"m31
2 << "m23

2
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! 

P " e #" e( )

=1$ 4 Ue2
2Ue1

2 sin2%21 +Ue3
2Ue1

2 sin2%31 +Ue3
2Ue2

2 sin2%32( )

For Chooz limit	 

For  Chooz E/L                                             and, 	 

! 

sin2 "23 ~ sin2 "31 ~O 1( )            "12 ~ 0

! 

P@23 "e #"e( ) ~1$ 4Ue3
2 Ue1

2 +Ue2
2( )sin2%31 =1$ sin2 2&13 sin

2%31

! 

sin22"13 < 0.15

Then,	 

From experimental result,	 
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Correspondence between experimental results 	

and 3 flavor mixing angles �



Similarly, for accelerator and atmospheric results, 	


! 

P@23 "µ #"µ( )
~1$ 4Uµ 3

2
Uµ1

2
+Uµ2

2( )sin2%32 =1$ 4c13
2 s23

2 c23
2 + s13

2 s23
2( )sin2%32

Because                  we ignore it: 	 

! 

s13
2 < 0.04

! 

P@23 "µ #"µ( ) ~1$ sin2 2%23 sin2&32

From accelerator and atmospheric experiment, 	 

! 

sin2 2"23 ~ 1

Relation between experimental results 	

and 3 flavor mixing angles �
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For solar and KamLAND experiment, 	 

! 

"12 ~O 1( ), "13 and "13
at                                            quickly oscillate and averaged to 1/2	 

! 

P12 "e #"e( ) ~1$ sin22%12sin
2&21 +O s13

2( )

! 

sin22"12 ~ 0.8from data, 	


! 

P " e #" e( )

=1$ 4 Ue2
2Ue1

2 sin2%21 +Ue3
2Ue1

2 sin2%31 +Ue3
2Ue2

2 sin2%32( )

Relation between experimental results 	

and 3 flavor mixing angles �
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! 

UMNS ~
0.8 0.5 s13e

i"

#0.4 0.6 0.7
0.4 #0.6 0.7

$ 

% 

& 
& 
& 

' 

( 

) 
) 
) 

! 

sin2 2"23 > 0.88 3#( ), $m23
2 ~ 2.40%0.11

+0.12 &10%3eV 2

sin2 2"12 = 0.846%0.026
+0.033, $m12

2 ~ 7.65%0.20
+0.23 &10%5eV 2

sin2 2"13 < 0.21 3#( ),  (or = 0.17 if T2K most probable value is correct)

' 

( 
) ) 

* 
) 
) 

Global analysis before θ13	

（T. Schwetz, et al., New J. Phys. 10 (2008) 113011 [arXiv:0808.2016]）	 	 

Our current knowledge	 
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νe	
 νe	


mee~5meV	


νµ	
 νµ	


mµµ~30meV	


ντ	
 ντ	


mττ~30meV	


νe	
 νµ	


Aeµ~(30s13eiδ+3)meV	


νe	
 ντ	


Aeτ~(30s13eiδ-3)meV	


νµ	
 ντ	


Aµτ~20meV	


Unfortunatelly transition amplitudes can not be 	

determined because we do not know absolute mass. 	

 	

If we assume  m3>m2>m1~0	


Our current knowledge	 
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111020	
 31	
31	


Exactly same discussions can be applied to quarks.	

For quarks we can determine T.A. since we know quark masses. 	


Our current knowledge for quarks	

(Sometimes it is instructive to look aside)	 

For this case these amplitudes are understood to be 	

caused by the Higgs potential.	 

d'	


10ΜeV	


d'	


90MeV	


s'	
 s'	


4200ΜeV	


b'	
 b'	


20MeV	


d'	
 s'	


(8-14i)MeV	


d'	
 b'	


170MeV	


s'	
 b'	


Quark transition amplitudes from CKM & mq	


111020	
 31	




Quark oscillation	 
Quarks are oscillating. You just don't notice it.	


Let's take light quarks only for simplicity	 

as always d'ós' oscillation takes place.	 

d'	


10ΜeV	


d'	


90MeV	


s'	
 s'	


20MeV	


d'	
 s'	


2θ	


(90-20)MeV	


2x20MeV	 
  

! 

tan2" =
40MeV
80MeV

= 0.5 # " =13!

md = 5MeV , ms = 95MeV

$ 
% 
& 

' & 

! 

1
"

=
1
#m

=
1

45MeV
~10$23 s

 Too quick to observe. You can only see the averaged results.	

This is essential difference from ν-oscillations.	




Quark oscillation: an example	 

pure d'	 generation of s'	 

! 

" # $ K # +%How                                decay takes place from this view. 	 

! 

" # $ K%( )
" # $&%( )

= tan2' ~ 0.05 We call this θ as Cabbibo angle; θC.	 

mixing 	


This is the physics behind the Cabbibo angle.	 



Near Future & Beyond �

4 still  
unknowns 

(1) sin22θ13	

(2)Mass Hierarchy (m3>m1 or  m1>m3?)	

(3)θ23 degeneracy (θ23> π/2 or θ23< π/2 ?)	

(4) CP violating δ	


Available  
information 

(1) νµ=>νe  (accelerator)	

(2) νµ=>νe  (accelerator)	

(3) Matter effect (accelerator)	

(4) νµ=>νµ  (accelerator)	

(5) νe=>νe (reactor)	

(6) Solar, Atmospheric	
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! 

1
2
c12
2 sin2 2"23 +

1
4
sin4"12 sin 4"23 sin"13 cos#

! 

s23
2 sin2 2"12 #

1
2
sin4"12 sin2"23 sin"13 cos$

! 

c23
2 sin2 2"12 +

1
2
sin4"12 sin2"23 sin"13 cos#

νe	 

νµ	 
ντ	 

! 

"12 =
#
2

νe	 

νµ	 
ντ	 

! 

"23 =
#
2

! 

s23
2 sin2 2"13
# 0.05sin2"13 sin2"23 sin2"31 sin$

! 

sin2 2"23

Complete set of neutrino oscillation formulas	 

! 

c23
2 sin2 2"13

+0.05sin2"13 sin2"23 sin2"31 sin#

(For anti neutrinos δ à -δ)	 

You can calculate any 	

oscillations @ oscillation 	

maximums by this set.	




θ13�
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Importance of θ13 measurement  

Parameter � Measurement Method �
δCP�

θ23 degeneracy	


Mass Hierarchy �
! 

PA "µ #"e( )$PA " µ #" e( )[ ]@%23
~ 0.1sin2&13 sin'

! 

PA "µ #"e( ) +PA " µ #" e( )[ ]@$23
~ 2sin2%23 sin

22%13

! 

PA "µ #"e;L( ) + PA "µ #"e; $ L ( )[ ]@%23
~ sgn %m23

2( ) $ L & L( )sin2 2'13

! 

PR " e #" e( )@$12
~1% 0.5sin2 2&13 sin

2 $31 + tan2&12 sin
2 $32( )

Future ν experiments strongly depends on θ13	

è	 Precise measurement of θ13  is very important. 	 
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Reactor & Accelerator θ13	 measurement	 

! 

P "µ #"$( ) = cos2%23sin22%13
+ 0.045 & sin2%13sin'! 

E
L
~ "m13

2

2#

! 

"e

! 

"#

! 

"µ

! 

@"m13
2 L

4E
~ #
2

E~MeV, L~1km                Reactor Experiments	

E~GeV, L=100~1000km; Accelerator experiments	


Accelerator 	

Measurements	

T2K, NOvA 	


! 

P"e#"µ
+P"e#"

$
= sin22%13

Reactor measurements	

DoubleChooz, RENO, Dayabay	


! 

P "µ #"e( ) = sin2$23sin2 2$13

                % 0.045 & sin2$13sin'
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H.A.Tanaka (2011LP conference)	 
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! 

"µ #"e6                appearance	

were observed. 	

BKG=              events.	


! 

1.5± 0.3

T2K Indication of                 appearance 	 

! 

"µ #"e

δ=0, θ23=π/4	

For Normal Hiererchy	

 sin22θ13=0.11(best fit), 	

              =0.03-0.28(90%CL)	 

For Inverted Hierarchy	

 sin22θ13=0.14(best fit), 	

              =0.04-0.34(90%CL)	 

2011.7	 
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! 

P "µ #"e( ) = sin2$23sin22$13 % 0.045 & sin2$13sin'

An issue of accelerator θ13 measurement; 	

 θ23  degenearcy	 

! 

sin2"23 =
1± 1# sin22"23

2

sin22θ23 is measured by νµàνµ disappearance by accelerator,	

but there are 2 possibilities of  sin2θ23 if sin22θ23 is not 1 or 0.	 

For example, for sin22θ23>0.95 è	 0.49< sin2θ23<0.61.	

	

This is called θ23 degeneracy and it will become problematic when	

measuring the mass hierarchy by accelerator experiments. 	 
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��

by Yasuda	

L=300km	


Accelerator	

Measurement	


Re
ac

to
r	


M
ea

su
re

m
en

t	


Complementarity of Reactor-Accelerator  
θ13 measurement	 

  

! 

PAC "µ #"e( ) =
0.50± 0.11

1! 0.00017L km[ ]( )2
sin22$13 ± 0.045sin2$13sin%

δ dependece	


　	 

Matter effect	


θ23 degeneracy	
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Recent T2K indication	 

T2K result (0.03<sin22θ13<0.28) is obtained by fixing δ=0 and θ23=π/4.	

If all parameters are set free, it corresponds to  0.017<sin22θ13<~0.5 	 

P	 
PMAX	 
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Reactor-θ13	


! 

P " e #" e( )

Cancel uncertainty of neutrino flux and detection efficiency 	

by comparing near & far detector	


Sensitivity(1st generation) sin22θ13=0.01~0.03	


Reactor	


<500m	

Near Detector	
 Far Detector	


~1.5km	
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Reactor θ13 Neutrino Experiments"

Chooz, France"

RENO, Korea"

Daya Bay, China"

Under construction."
45	
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data taking started   	 
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Huber et al., heo-ph/0907.1896	 

An exciting time is just around the corner ....	 

Results: within a few years	 
49	
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a bit old	 



CPV-δ �
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 δ   	


! 

P "µ #"e( ) = sin2$23sin22$13 % 0.45sin2$13sin&

! 

P " µ #" e( ) = sin2$23sin22$13 + 0.45sin2$13sin%

Change	

sign	


! 

E
L
~ "m23

2

2#

! 

"e

! 

"µ

! 

"#

ν	


! 

E
L
~ "m23

2

2#

! 

" e

! 

" µ

! 

" #

ν	


! 

A =
P "P 
P + P 

=
0.045

sin2#23sin2#13
sin$

! 

P       needs 3x more luminosity to obtain same statistics as P,	

 since cross section of             is smaller than           and       	

is produced fewer than ν.     	 

! 

" + A

! 

" + A

! 

" 
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CPV sensitivities	 

111020	
 53	
suekane@FAPPS	




54	


Mass Hierarchy���
(m3>m1 or m1>m3?) �
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! 

PAC "µ #"e( ) =
sin2$23sin

22$13
1! 0.00017L km[ ]( )2

± 0.045sin2$13sin%

Matter effect	 

With High energy νµ,	 

Mass Hierarchy (like solar neutrino case) 	 
L dependence è Mass Hierarchy	 

111020	
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ACP	 
IH	 

IH	 

NH	 

NH	 
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θ

L

detector	 

Earth	 

neutrino	 

Cosmic-ray measurement at HK	 

θ dependence = L dependence	 

NH	 

IH	 

NH	 
IH	 

! 

"e

! 

" e
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Sensitivity very much depend on θ23 degeneracy	 

sin2θ23=0.6	 

sin2θ23=0.4	 

NH	 IH	 

sin2θ23=0.5	 
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θ

L

detector	 

Earth	 

neutrino	 
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Reactor Neutrino Oscillation

0

0.2

0.4

0.6

0.8

1

1.2

1 10 100 1000

L(km)

P
( !

e
 -

->
 !

e
 )

sin22θ13=0.1 assumed	


      Normal Hierarchy	


　　 Inverted Hierarchy	


precise θ13	


Very precise θ12	

Mass Hierarchy	


Δm2
13	


KamLAND	


58	
suekane@FAPPS	
111020	


Chooz, PaloVerde	

DoubleChooz, RENO, Dayabay	 Δm2

12, θ12	


No experiment yet	 No experiment yet	 

 Mass Hierarchy Determination by Reactor �



 Mass Hierarchy by Reactor 50km �

! 

Ripple" sin2 2#13 sin
2 $31 + tan2#12 sin

2 $32( )

Principle	 

! 

" = #m31
2 , #m32

2Fourier Analysis => Power Spectrum Peaks at	 

: Normal Hierarchy	 

: Inverted Hierarchy	 

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

The smaller peak is           and larger peak is  	 

! 

"m32
2

! 

"m31
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	 
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J.Learned et al. arXive-0612022 	 

If sin22θ13=0.05, 3kton x24GW x5yr , 	

Mass Hierarchy can be determined with  1σ significance. 	


Simulation of power spectrum	 

IH	 NH	 

 (L.Zhan et al.=> Mass Hierarchy could be determined if sin22θ13>0.005.)	


More studies are necessary to estimate actual  sensitivity	 

ω	 
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Note; this method does	

not use the matter effect.	 
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θ23 degeneracy �
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Combination Reactor-Accelerator Meas.	


0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

sin 2 2!13

P ! µ "!e( )

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

Reactor-θ13 	

Measurement	


Accelerator	

Measurement	


sin2θ23=0.39	 

sin2θ23=0.61	 

favored	 



0ν2β decays ���
(Is          ?) �

63	


! 

" = " 

! 

" 0 = uu + dd 
The quark structure of the π0-meson (mass eigenstate) is 	 

Anti-particle state of the π0-meson is,  	 

Because quark structure is the same,	


! 

" 0 = " 0

! 

"# = # +# 

! 

" # = # +# ="#

! 

" 0 = u u + d d

If superposition of neutrino and antineutrino is mass eigenstate	


The particle and antiparticle state can be interpreted as same particle. 	 

The anti-particle state of ψν is, 	 

111020	
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Now we know that neutrinos have small but finite masses. 	 

Majorana neutrino and neutrino-less double beta decays	 

mν	 

ν	 ν	 

! 

˙ " # = $im#"#

If this transition amplitude come from Higgs coupling, 	

like quarks and charged leptons,  the coupling is unnaturally 	

small compared with other fermion masses 	

                                      	 

Theorists do not like it. 	 

111020	
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! 

"m12
2

me

~1.8#10$8



Majorana neutrino and neutrino-less double beta decays	 

! 

˙ " = #im$0" %
˙ " L = #im$0"R

˙ " R = #im$0"L

& 
' 
( 

mν	 

νL	 νR	 

This means there is  L ó R transition 	 

However,  νR does not exist in the standard model.	 
Theorists do not like it, either. 	 

Dirac equation can be re-written as 	 

111020	
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Majorana neutrino and neutrino-less double beta decays	 

M	 

νL	 

! 

" R

If the following transition amplitude exists for some reason,  	


! 

˙ " L = #iM" R
˙ " R = #iM" L

$ 
% 
& 

In the standard model,    only the                  exist and both perform 	

weak interaction.                	 

! 

" L & " R

The equation of motion is  	 
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Majorana neutrino and neutrino-less double beta decays	 

Then the mass eigenstates are,  	 

! 

˙ " L = #iM$0" R
˙ " R = #iM$0" L

% 
& 
' 

This ψν may be our neutrino.	 

This case does not require νR and theorists like it. 	


! 

˙ e L = "im#0eR

˙ e R = "im#0eL

$ 
% 
& 

Dirac equation	 Majorana equation	 

! 

"e = eL + eR( )e#imet = e e#imet

! 

"# = # L + # R( )e$iMt % w e$iMt

We know this	 
Analogy from 	

Dirac equation 	 
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Neutrinoless double beta dacays to check Majorana or Dirac	 

! 

" R

! 

"L

e-	 e-	 

W-	 
W-	 

! 

AZ"A Z +2( ) +2e#

udd	 udd	 

udu	 udu	 

n	 n	 

p	 p	 

M	 

! 

W " # e" +$ R

! 

" R #" L

! 

" L +W # $ e#
! 

u" d +W #

! 

u" d +W #

What is going on here?	 

If           , the following decay (0ν2β) 	

can happen.           	 

! 

" = " 

! 

AZ"A Z + 2( ) + 2e#

 Process	 
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! 

" x( ) =
1+#

2
ˆ u 
! $ %
! 
& ̂  u 

' 

( 
) 

* 

+ 
, ei ! p ! x -Et( ) +

-! $ %
! 
& ̂  v 

ˆ v 
' 

( 
) 

* 

+ 
, ei ! p ! x +Et( )

. 

/ 
0 

1 

2 
3 

! 

ˆ u 2 + ˆ v 2 =1

Chirality Oscillation	 

M	 

νL	 

! 

" R

The transition amplitude changes      state to νL, but how much? 	 

! 

" R

m	 

ψL	 ψR	 

Try to think of the case of Dirac equation for analogy	 

  

! 

! " #
! p 

E + m

General solution is,	 

Dirac Eq.	 

Majorana Eq.	 
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! 

" L# 0( )$
1 %1
%1 1
& 

' 
( 

) 

* 
+ 

ˆ u % ! , -
! 
. ̂  v 

! , -
! 
. ̂  u + ˆ v 

& 

' 
( 

) 

* 
+ = 0

  

! 

ˆ v = " 1#
! 
$ %
! 
& ( ) ˆ u 

  

! 

ˆ u † 1"
! 
# $
! 
% ( ) ˆ u [ ] =

1
2& 2

Chirality Oscillation	 

If the state is P.C. at x=0, the N.C. component of the wave function is 0  	 

Which is satisfied if there is a relation; 	 

And from the normalization condition, there    has to satisfy	 

111020	
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! 

ˆ u 



  

! 

"L x( ) = # L" x( ) = $i 1+#
2

1$ ! % &
! 
' ( )

ˆ u 
$ ˆ u 
( 

) 
* 

+ 

, 
- ei! p ! x sin Et

The wave function at x is, 	 

  

! 

" x( ) =
1+#

2
$2i

ˆ u 
! % &
! 
' ̂  u 

( 

) 
* 

+ 

, 
- sin Et +# 1$ ! % &

! 
' ( )

ˆ u 
ˆ u 
( 

) 
* 
+ 

, 
- eiEt

. 

/ 
0 

1 

2 
3 ei! p ! x 

Then N.C. component at x is, 	 

The probability to be N.C. state is 	 

  

! 

PL x( ) =
"L x( ) 2

" x( ) 2 = 2 ˆ u † 1#
! 
$ %
! 
& ( ) ˆ u [ ]sin2 Et =

1
' 2 sin2 Et

=> The chirality oscillates with amplitude 1/γ2 and angular speed 2E  	 

Chirality Oscillation	 
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! 

" R

! 

"L

e-	 e-	 

W-	 
W-	 

! 

AZ"A Z +2( ) +2e#

udd	 udd	 

udu	 udu	 

n	 n	 

p	 

For 0νββ decays of nuclei, 	

   E~MeV, t~1fm/c	

è Et~10-2	 

Exactly same formalism can be 	

applied to　　　　 transition	

 	 

! 

" R #" L

! 

P" R#"L
x( ) =

M 2

E2 sin
2 Et

! 

P" R#"L
#

M 2

E2 Et( )2 ~ M 2L2

The probability is proportional to M2	
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! 

" =
1
#

=GMA
2M$

2

MA=nuclear matrix element	

This is complicate and beyond	

the scope of this lecture. But in 	

principle calculable by nuclear 	

theory. 	

	

G~GF

2 ; known	

	

è Neutrino mass can be measured	

from lifetime 	


0νββ probability �

! 

" R

! 

"L

e-	 e-	 

W-	 
W-	 

! 

AZ"A Z +2( ) +2e#

udd	 udd	 

udu	 udu	 

n	 n	 

p	 

gw	 

gw	 

gw	 

gw	 

Mν	 

! 

m"
2 =

1
#GMA

2
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In case there is flavor mixing,	 

! 

" R

! 

"L

e-	 e-	 

W-	 
W-	 

! 

AZ"A Z +2( ) +2e#

udd	 udd	 

udu	 udu	 

n	 n	 

p	 

! 

Ue1
*" 1 +Ue2

* " 2 +Ue3
* " 3

! 

m1Ue1
*"1 +m2Ue2

* "2 +m3Ue3
* " 3

! 

" 0( ) = # e =Ue1
*# 1 +Ue2

* # 2 +Ue3
* # 3

! 

" x( ) ~

m1e
i#1Ue1

*$1 +m2e
i#2Ue2

* $2 +m3e
i#3Ue3

* $3

νiL	 

! 

" iR

! 

mie
i"i

 can be complex	 

Initial state is	 
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! 

"e
"µ

"#

$ 

% 

& 
& & 

' 

( 

) 
) ) 

=

1 0 0
0 c23 s23
0 *s23 c23

$ 

% 

& 
& & 

' 

( 

) 
) ) 

c13 0 s13e
i+

0 1 0
*s13e

*i+ 0 c13

$ 

% 

& 
& 
& 

' 

( 

) 
) 
) 

c12 s12 0
*s12 c12 0
0 0 1

$ 

% 

& 
& & 

' 

( 

) 
) ) 

"1
"2
"3

$ 

% 

& 
& & 

' 

( 

) 
) ) 

! 

"e
"µ

"#

$ 

% 

& 
& & 

' 

( 

) 
) ) 

=

1 0 0
0 c23 s23
0 *s23 c23

$ 

% 

& 
& & 

' 

( 

) 
) ) 

c13 0 s13e
i+

0 1 0
*s13e

*i+ 0 c13

$ 

% 

& 
& 
& 

' 

( 

) 
) 
) 

c12 s12 0
*s12 c12 0
0 0 1

$ 

% 

& 
& & 

' 

( 

) 
) ) 

1 0 0
0 ei, 0
0 0 ei-

$ 

% 

& 
& & 

' 

( 

) 
) ) 

"1
"2
"3

$ 

% 

& 
& & 

' 

( 

) 
) ) 

Neutrino mixing matrix will be modified 	 
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! 

" R

! 

"L

e-	 e-	 

W-	 
W-	 

! 

AZ"A Z +2( ) +2e#

udd	 udd	 

udu	 udu	 

n	 n	 

p	 

! 

Ue1
*" 1 +Ue2

* " 2 +Ue3
* " 3

! 

m1Ue1
*"1 +m2Ue2

* "2 +m3Ue3
* " 3

! 

M 2 " #e m1Ue1
*#1 +m2e

i$Ue2
* #2 +m3e

i%Ue3
* #3

2

=
Ue1#1 +Ue2#2 +Ue2#2

& m1Ue1
*#1 +m2e

i$Ue2
* #2 +m3e

i%Ue3
* #3

2

= Ue1
*( )2m1 + Ue2

*( )2ei$m2 + Ue3
*( )2ei%m3

2

! 

m"" # Ue1
*( )2m1 + Ue2

*( )2ei$m2 + Ue3
*( )2ei"m3

α=δ2-δ1, β=δ3-δ1	 
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  effective mass of 0νββ-decay	


イメージを表示できません。メモリ不足のためにイメージを開くことができないか、イメージが破損している可能性があります。コンピューターを再起動して再度ファイルを開いてください。それでも赤い x が表示される場合は、イメージを削除して挿入してください。

! 

cos2 "12m1 + sin2"12 m1
2 +#m12

2

! 

cos2 "12m1 # sin
2"12 m1

2 +$m12
2

! 

sin2"12
cos2"12

#m12
2 $ 4.0meV

! 

sin"12 #m12
2 $ 2.5meV

! 

cos2"12 m3
2 +#m23

2

! 

m3
2 +"m23

2

! 

m3 > m2 ~ m1

! 

m3 < m2 ~ m1! 

m3 ~ m2 ~ m1 If IH, there is a lower limit 	

of <mββ> > 20meV	 ! 

m"" =

Ue1
*( )2m1 + Ue2

*( )2ei#m2 + Ue3
*( )2ei"m3

+known oscillation parameters.	 
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double β-decay nuclei	


(Z,A)	


(Z+1,A)	


(Z+2,A)	


(Z,A)→(Z+1,A)+e-+ν 	

(forbidden)	 

(Z,A)→(Z+2,A)+2e-	


nucleus	

mass	 

(Z,A)	


(Z+1,A)	


(Z+2,A)	

(Z+1,A)	

  →(Z+2,A)+e-+ν	


(Z,A)→(Z+1,A)+e-+ν	


(Z,A)→(Z+2,A)+2e-+2ν	

>>> (Z,A)→(Z+2,A)+2e-	


48Ca, 82Se,100Mo, 116Cd, 130Te,136Xe,150Nd, .....	 
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Examples of level schemes for ββ decay nuclei	 
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2νββ & 0νββ	


E1+E2=Q	
E1+E2<Q	


  

! 

"t <
!
E! 

Z ,A( )" Z +2,A( ) +2e+2#

! 

Z ,A( )" Z +2,A( ) +2e
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SNO++ (150Nd)	


EXO (136Xe)	

Majorana (76Ge)	


Cuoricino/CUORE (130Te)	

GERDA (76Ge)	

COBRA (116Cd)	


CANDLES (48Ca)	

KamLAND-ZEN (136Xe)	

MOON (100Mo)	


ββ(0ν) : experiments and projects	


Calorimeter	

Source = detector	


β	


β	


β	


β	


Tracko-calo	

Source ≠ detector	


EXO gaz (136Xe)	


DCBA (150Nd)	


NEMO3/SuperNEMO (82Se, 150Nd, 48Ca)	

NEXT (136Xe)	
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 0νββ  earches �



85	


 Positive Result?���
(Hidelberg-Moscow Experiment)	


Pulse Shape 	

analysis	 

! 

T1/2
0" = 2.23#0.31

+0.44 $1025 y111020	
 suekane@FAPPS	
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From here, I borrowed many slides from Dr. Bernhard 	

Schwingenheuer's very nice review talk @ TAUP2011	
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NEMO-3�

88	
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The 1st observation of 2ν2β decay of 136Xe	 
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If 0ν2β is observed, it is important to understand 	

what is the "magnetic field" which causes the transition	 

M	 

νL	 

! 

" R
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=> Theorist's job.	 



mD	 

νL	 

! 

"R
-mD	 

! 

" R

! 

" L

Assume νR exists after all and the following 2 transition amplitude exist.	 

M	 

νL	 

! 

" RAnd                                         exists but                                        	

	

does not exists. 	 

0	 

νR	 

! 

" L

And M is very large; >> mD	 

The Majorana mass still does not explain the smallness of neutrino mass 	 

Where mD is a typical Dirac mass ~ GeV	 

Seesaw mechanism �
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Seesaw mechanism to explain smallness of neutrino mass �
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! 

"# t( ) = # L t( ) # L +#R t( ) #R +# L t( ) # L +# R t( ) # R

In this case, the general neutrino wave function is expressed as,	 

! 

d
dt

" L

"R

" L
" R

# 
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"R
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" R
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& 
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( 
( 
( 
( 

The equation of motion is, 	 



Assumeing M>>mD, the energy eigenstates (E>0) are, 	 

! 

"# t( )$
# R + # L( )exp %i mD

2 M( )t( )
#R + # L( )exp %iMt( )

& 
' 
( 

) ( 

This is our neutrino	 

This is heavy neutrino..	

too heavy to be produced	

by experiment	 If this is true, our neutrino mass is, 	


	

	

	

and is suppressed by factor mD/M and lightness	

of neutrino mass can be naturally explained.	

 If we assume;  mν=mν3~50meV & mD=mτ=1.7GeV,	

                                M~1011 GeV 	


! 

m" =
mD
2

M
= mD

mD

M
# 
$ 
% 

& 
' 
( 

mν	 

M	 
mD	 
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Roles of Neutrino Studies �
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What we have learned from neutrino related observations �

* Solved the anomaly of beta decays.  1930 Pauli	

	

* Energy spectrum of beta decays 	

 è	 Fermi theory of interaction (1934) Fermi	 

* Parity violation of β decays,  Helicity of neutrinos  è	 V-A theory	

	

* Discovery of neutral current (Z0) 	


! 

" µ

! 

" µ

e-	

! 

Z 0

e-	

* Determination of # of generations=3 from ν flavor counting	 

è	 ν has contributed to establish the standard model	 
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* neutrino oscillation  à	 beyond the standard model	

	

* Mixing pattern different from quark's	

	

     == 
	

* Mass hierarchy ?   absolute mass ?	

	

* CP Violation?	

	

* Majorana?	


è	 Will contribute to GUT 	 



Now, it's your turn.	 
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I would like to thank to the FAPPS organizers 	

for giving this very good opportunity to me.	 


