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Comp elling Evidences fo r � � Oscillations

� � atm : SK UP-DO WN ASYMMETRY

� Z � , L=E � dep endences of � � lik e events

Dominant � � ! � � K2K, MINOS; CNGS (OPERA)

� � � : Homestak e, Kamiok ande, SA GE, GALLEX/GNO

Sup er-Kamiok ande, SNO; KamLAND

Dominant � e ! � �;� BOREXINO,..., Lo wNu

� LSND

Dominant �� � ! �� e MiniBOONE

� lL =
X

j =1
Ul j � j L l = e; �; � :

B. Ponteco rvo, 1957; 1958; 1967;

Z. Maki, M. Nak agawa, S. Sakata, 1962;



The � � Oscillation Data: 3� � Mixing

� lL =
X

j =1 ;2;3
Ul j � j L l = e; �; � :

B. Ponteco rvo, 1957; 1958; 1967;

Z. Maki, M. Nak agawa, S. Sakata, 1962;



Three Neutrino Mixing

� lL =
3X

j =1

Ul j � j L :

U is the Ponteco rvo-Maki-Nak agawa-Sak ata (PMNS) neutrino mixing matrix,

U =

0

@
Ue1 Ue2 Ue3
U� 1 U� 2 U� 3
U� 1 U� 2 U� 3

1

A

� U - n � n unita ry:
n 2 3 4

mixing angles: 1
2 n( n � 1) 1 3 6

CP-violating phases:

� � j � Dirac : 1
2 ( n � 1)( n � 2) 0 1 3

� � j � Majo rana : 1
2 n( n � 1) 1 3 6

n = 3: 1 Dirac and
2 additional CP-violating phases, Majo rana phases

S.M. Bilenky , J. Hosek, S.T.P .,1980;
J. Schechter, J.W.F. Valle,1980;

M. Doi, T. Kotani, E. T akasugi,1981



PMNS Matrix: Standa rd P arametrization

U = V

0

@
1 0 0
0 ei � 21

2 0
0 0 ei � 31

2

1

A

V =

0

@
c12 c13 s12 c13 s13 e� i�

� s12 c23 � c12 s23 s13 c12 c23 � s12 s23 s13 ei� s23 c13

s12 s23 � c12 c23 s13 ei� � c12 s23 � s12 c23 s13 ei� c23 c13

1

A

� sij � sin � ij , cij � cos � ij , � ij = [0 ; �
2 ],

� � - Dirac CP-violation phase, � = [0 ; 2� ],

� � 21 , � 31 - the two Majo rana CP-violation phases.

� � m2
� � � m2

21
�= 8:0 � 10 � 5 eV 2 > 0, sin2 � 12

�= 0:30, cos 2� 12 �> 0:28 (2 � ),

� j� m2
atm j � j� m2

31 j �= 2:5 � 10 � 3 eV 2, sin2 2� 23
�= 1,

� � 13 - the CHOOZ angle: sin2 � 13 < 0:027 (0 :041) 2� (3 � ) .
A.Bandy opadhy ay, S.Choub ey, S.Gosw ami, S.T.P ., D.P .Ro y, hep-ph/0406328 (up dated)

T. Schw etz, hep-ph/0606060.



� sgn(� m2
atm ) = sgn(� m2

31 ) not determined

� m2
atm � � m2

31 > 0; normal mass ordering

� m2
atm � � m2

32 < 0; inverted mass ordering

Convention: m1 < m2 < m3 - NMO , m3 < m1 < m2 - IMO

m1 � m2 � m3; NH ;

m3 � m1 < m2; IH ;

m1
�= m2

�= m3; m2
1;2;3 >> � m2

atm ; QD; mj �> 0:10 eV :

� Majo rana phases � 21 , � 31 :

{ � l $ � l0, �� l $ �� l0 not sensitive ;
S.M. Bilenky , J. Hosek, S.T.P .,1980;

P. Langack er, S.T.P ., G. Steigman, S. T oshev, 1987

{ j< m > j in ( � � ) 0� � decay dep ends on � 21 , � 31 ;

{ �( � ! e + 
 ) etc. in SUSY theo ries dep end on � 21 ;31 ;

{ BA U, leptogenesis scenario: � 21 ;31 !



Neutrino Mixing P arameters

� 12 , � 23 , � 13

� j Dirac Majo rana

� � , � 21 , � 31

m1, m2, m3

m1, m2, m3 - in terms of � m2
� , � m2

atm and min( mj )

Conventions

A. m1 < m2 < m3 (NO) or m3 < m1 < m2 (IO)

� � m2
� = � m2

21 > 0

� � m2
atm = � m2

31 > 0 (NO) , � m2
atm = � m2

32 < 0 (IO)

� m2 =
p

m2
1 + � m2

21 , m3 =
p

m2
1 + � m2

31

B. m1 < m2 < m3

� � m2
atm = � m2

31 > 0

� � m2
� = � m2

21 > 0, NO ; � m2
� = � m2

32 > 0, IO



Neutrino Oscillation Parameters

parameter bf � 1� 1� acc. 2� range 3� range

� m2
21 [10 � 5eV 2] 7:9 � 0:3 4% 7:3 � 8:5 7:1 � 8:9

j� m2
31 j [10 � 3eV 2] 2:5+0 :20

� 0:25 10% 2:1 � 3:0 1:9 � 3:2

sin2 � 12 0:30 +0 :02
� 0:03 9% 0:26 � 0:36 0:24 � 0:40

sin2 � 23 0:50 +0 :08
� 0:07 16% 0:38 � 0:64 0:34 � 0:68

sin2 � 13 � � � 0:025 � 0:041

Best �t values (bf ), 1� erro rs, relative accuracies at 1� , and 2� and 3� allo wed
ranges of three-
avo r neutrino oscillation parameters from a combined analysis
of global data.

T. Schw etz, hep-ph/0606060



Absolute Neutrino Mass Measurements

T roitzk and Mainz 3H � -deca y exp eriments, 3H ! 3 He + e� + �� e,

m� e < 2:2 eV (95% C:L :)

There are prosp ects to reach sensitivit y

KA TRIN : m� e � 0:2 eV

Cosmological and astrophysical data: the WMAP result combined with data from
large scale structure surveys (2dF GRS, SDSS)

X

j

mj � � < (0 :4 � 1:7) eV

The WMAP and future PLANCK exp eriments can be sensitive to
X

j

mj
�= 0:4 eV

Data on weak lensing of galaxies by large scale structure, combined with data
from the WMAP and PLANCK exp eriments may allo w to determine

X

j

mj : � �= 0:04 eV :



F uture Progress

� Determination of the nature - Dirac or Majo rana , of � j .

� Determination of sgn(� m2
atm ) , t yp e of � � mass spectrum

m1 � m2 � m3; NH ;

m3 � m1 < m2; IH ;

m1
�= m2

�= m3; m2
1;2;3 >> � m2

atm ; QD; mj �> 0:10 eV :

� Determining, or obtaining signi�cant constraints on, the absolute scale of � j -
masses, or min( mj ) .

� Status of the CP-symmetry in the lepton secto r: violated due to � (Dirac) ,
and/o r due to � 21 , � 31 (Majo rana) ?

� High precision determination of � m2
� , � � , � m2

atm , � atm .

� Measurement of, or imp roving by at least a facto r of (5 - 10) the existing upp er
limit on, sin2 � 13 .

� Searching fo r possible manifestations, other than � l � oscillations, of the non-
conservation of L l , l = e; �; � , such as � ! e + 
 , � ! � + 
 , etc. decays.



� Understanding at fundamental level the mechanism giving rise to the � � masses
and mixing and to the L l � non-conservation. Includes understanding

{ the origin of the observed patterns of � -mixing and � -masses ;

{ the physical origin of CP V phases in UPMNS ;

{ Are the observed patterns of � -mixing and of � m2
21 ;31 related to the exis-

tence of a new symmetry?

{ Is there any relations between q� mixing and � � mixing? Is � 12 + � c= � =4 ?

{ Is � 23 = � =4, or � 23 > � =4 or else � 23 < � =4?

{ Is there any correlation between the values of CP V phases and of mixing
angles in UPMNS ?

� Progress in the theo ry of � -mixing might lead to a better understanding of the
origin of the BA U.

{ Can the Majo rana and/o r Dirac CPVP in UPMNS be the leptogenesis CPV
parameters at the origin of BA U?



HO W?
� � � � , � atm � exp eriments

SK ( � atm ); INO ( � atm ), MEMPHYS

SNO

SAGE

BOREXINO

Lo wNu (XMASS, LENS,...)

� Reacto r Exp eriments � (1 � 180) km

� Accelerato r Exp eriments
MINOS ( � atm ) 732 km

OPERA, ICARUS 732 km



� Sup er Beams

T2K, SK (HK) 295 km

NO � A � 800 km

SPL+ � � beams, MEMPHYS (0.5 megaton):
CERN-F rejus � 140 km

� � Facto ries � 3000, 7000 km

� ( � � ) 0� � Deca y, 3H � � Deca y

� Astrophysics, Cosmology



� m2
� = � m2

21 , � � = � 12

Data from � � - exp eriments

� SNO : A D � N < 4:3%

w ould restrict further � m2
21 from b elo w

RCC =NC = 0:306 � 0:035 , reducing the erro r

w ould restrict further

the range of sin2 � 12

� BOREXINO

� Lo wNu (pp neutrinos) - LENS, XMASS : sin2 2� 12



0.1 0.2 0.3 0.4
6´ 10

-5

7´ 10
-5

8´ 10
-5

9´ 10
-5

1´ 10
-4

D
m

2 21
/e

V
2

0.1 0.2 0.3 0.4 0.5
6´ 10

-5

7´ 10
-5

8´ 10
-5

9´ 10
-5

1´ 10
-4

0.23
0.27

0.31
0.35

0.39
0.43

0.02 0.023 0.026

0.029

0.032

0.035

0.038

0.044

0.041

sin
2
q12

Iso CC/NC plots Iso ADN plots

A.Bandy opadhy ay,S.Choub ey,S.G oswam i,S .T.P .,D.P .Roy, hep-ph/0309174



Lo wNu: generic � � e� ES exp eriment

pp : E� � 0:42 MeV, �E � = 0:286 MeV

Assume Te � 50 keV

Rpp
�= �P + r pp(1 � �P ) , �P �= cos4 � 13 (1 � 1

2 sin2 2� 12 ) , r pp
�= 0:3

RCC=N C( SN O) �= sin2 � 12 cos4 � 13

�( Rpp) < �( RCC=N C) to reduce �(sin 2 � 12 ); SNO3: � 6%

BP04: Rpp
�= 0:71 ; 3� : 0.67 - 0.76

With �( Rpp) = 1% , �(sin 2 � 12 ) �> 15% at 3�

Dedicated reacto r exp eriment with L � 60 km:

�(sin 2 � 12 ) = (6 � 9)% at 3�
A. Bandy opadhy ay et al., hep-ph/0302243 and hep-ph/0410283;

H. Minak ata et al., hep-ph/0407326



Reacto r Exp eriments

F uture mo re precise KamLAND data: � m2
21 with higher precision

sin2 � 12 cannot b e determined with a high precision

(\wrong distance")

even with SHIKA-2 reacto r to b e op erative in 2006

(\right distance", L = 88 km, but signal to o w eak (3.926 GW))

P 3�
KL

�= sin4 � 13 + cos4 � 13

�
1 � sin2 2� 12 sin2(

� m2
�

4E
L )

�

sin2( � m 2
�

4E L ) �= 0 ( SPMAX; KamLAND ):

strong sensitivit y to � m2
� � � m2

21 , w eak sensitivit y to sin2 � 12

sin2( � m 2
�

4E L ) �= 1 ( SPMIN ): E = 4 MeV, L �= 60 km,

strong sensitivit y to sin2 � 12
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SK + 0.1% Gd
J.F. Beacom and M.R. V agins, hep-ph/0309300

� SK-Gd reacto r �� e rate � 43 times KamLAND rate

3 years statistics in SK-Gd, 99% C.L.:

� m2
21 = (8 :01 � 8:61) � 10 � 5eV 2; spread = 3:6%

sin2 � 12 = (0 :22 � 0:34); spread = 21%

5 years statistics in SK-Gd, 99% C.L.:

� m2
21 = (8 :07 � 8:53) � 10 � 5eV 2; spread = 2:8%

sin2 � 12 = (0 :22 � 0:32); spread = 18%

spread =
amax � amin

amax + amin
; a � �m 2

21 or sin2 � 12

Comment: SK-Gd data simulated at � m2
21 = 8:3 � 10 � 5 eV 2, sin2 � 12 = 0:27

(the \old" global b est-�t p oint). The precision on � m 2
21 and sin2 � 12 fo r a

given statistics remains app ro ximately the same fo r � m 2
21 = 8:0 � 10 � 5 eV 2,

sin2 � 12 = 0:30 (the new global b est-�t p oint).

S.T.P . and S. Choub ey, hep-ph/0404103



0.2 0.3 0.4 0.5 0.6 0.7 0.8
sin

2
q12

7.8e-05

8e-05

8.2e-05

8.4e-05

8.6e-05

8.8e-05

9e-05
D

m
2 2

1

3 years of running of SK-Gd
with all 17 reactors commissioned

S.T.P . and S. Choub ey, hep-ph/0404103



Sensitivit y to � m2
21 and sin2 � 12

Data 99%CL 99%CL 99%CL 99%CL

set rangeof spread range spread

used � m2
21� of of in

10� 5eV2 � m2
21 sin2 � 12 sin2 � 12

only solar 3.2 - 14.9 65% 0:22� 0:37 25%

solar with future SNO 3:3 � 11:9 57% 2:2 � 0:34 21%

solar+1 kTy KL(lo w-LMA) 6.5 - 8.0 10% 0:23� 0:37 23%

solar+2.6 kTy KL(lo w-LMA) 6:7 � 7:7 7% 0:23� 0:36 22%

solar with future SNO+1.3 kTy KL(lo w-LMA) 6:7 � 7:8 8% 0:24� 0:34 17%

3 yrs SK-Gd 7.0 - 7.4 3% 0:25� 0:37 19%

5 yrs SK-Gd 7:0 � 7:3 2% 0:26� 0:35 15%

solar+3 yrs SK-Gd(low-LMA) 7:0 � 7:4 3% 0:25� 0:34 15%

solar with future SNO+3 yrs SK-Gd(low-LMA) 7:0 � 7:4 3% 0:25� 0:335 14%

7 yrs SK-Gd with only Shika-2 \up" 7:0 � 7:3 2% 0:28� 0:32 6.7%

F uture SNO: 5% on RCC, 6% on RN C

S.T.P . and S. Choub ey, hep-ph/0404103



MEMPHYS (F rejus) + 0.1% Gd
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MEMPHYSGd vs SK Gd

H
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sin
2
q12
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Dc
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3s contours

1 year MEMGd �= 7 years SK Gd: 3 � (� m2
21 ) �= 3% , 3 � (sin 2

21 ) �= 20%

7 years MEMPHYSGd: 3 � (� m2
21 ) �= 1:4% , 3 � (sin 2

21 ) �= 13%
S.T.P . and T. Schw etz, hep-ph/0607155



Dedicated Reacto r Exp eriment on sin2 2� 12

P 3�
KL

�= sin4 � 13 + cos4 � 13

�
1 � sin2 2� 12 sin2(

� m2
�

4E
L )

�

SPMIN : L � 60 km: sin2 2� 12

�(sin 2 � 12 ) = (6 � 9)% at 3�
A. Bandy opadhy ay, S. Choub ey, S. Gosw ami, hep-ph/0302243;

A. Bandy opadhy ay, S. Choub ey, S. Gosw ami, S.T.P ., hep-ph/0410283;

H. Minak ata et al., hep-ph/0407326
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Oscillation P arameters

� m2
� = 8:0 � 10 � 5 eV 2 ; 3� (� m2

� ) = 12% ;

sin2 � � = 0:30 ; 3� (sin 2 � � ) = 24% ;

j� m2
atm j = 2:5 � 10 � 3 eV ; 3� ( j� m2

atm j) = 26% :

F uture:

SNO I I I: 3� (sin 2 � � ) = 21% ;

3 kT y KamLAND: 3� (� m2
� ) = 7% ; 3� (sin 2 � � ) = 18% ;

A. Bandy opadhy ay et al., hep-ph/0410283

SK-Gd (0.1% Gd: 43 � (KL �� e rate)), 3y: 3� (� m2
� ) �= 4%

S. Choub ey, S.T.P ., hep-ph/0404103;

J. Beacom and M. V agins, hep-ph/0309300

KL t yp e reacto r �� e detecto r, L � 60 km, � 60 GW kT y:

3� (sin 2 � � ) �= 6% (9%) fo r 2% (5%) syst. erro r; + � (sin 2 � 13 ) : 9% (11%)
A. Bandy opadhy ay, et al., hep-ph/0410283

T2K (SK): 3� ( j� m2
atm j) �= 12%

P. Hub er et al., hep-ph/0403068



Determining the � � Mass Hiera rchy ( sgn(� m2
atm )

1

2
3 3

2
1

  N H  I Hm
 2

� Reacto r �� e Oscillations in vacuum.

� A tmospheric � exp eriments: sub dominant � � ( e) ! � e( � ) and �� � ( e) ! �� e( � )

oscillations (matter e�ects).

� LBL � � oscillation exp eriments (T2KK, NO � A); � � facto ry .

� 3H � -deca y Exp eriments (sensitivit y to 5 � 10 � 2 eV).

� ( � � ) 0� � Deca y Exp eriments ( � j � Majo rana pa rticles).



Reacto r �� e Oscillations in vacuum

PNH ( �� e ! �� e) = 1 � 1
2 sin2 2� 13

�
1 � cos � m 2

A L
2 E �

�
� 1

2 cos4 � 13 sin2 2� �

�
1 � cos � m 2

� L
2 E �

�

+ sin2 2� 13 sin2 � � sin � m 2
� L

4 E �
sin

�
� m 2

A L
2 E �

� � m 2
� L

4 E �

�
;

PIH ( �� e ! �� e) = 1 � 1
2 sin2 2� 13

�
1 � cos � m 2

A L
2 E �

�
� 1

2 cos4 � 13 sin2 2� �

�
1 � cos � m 2

� L
2 E �

�

+ sin2 2� 13 cos2 � � sin � m 2
� L

4 E �
sin

�
� m 2

A L
2 E �

� � m 2
� L

4 E �

�
;

� � = � 12 ; � m2
� = � m2

21 > 0 ; sin2 � 12 � 0:38 at 3� ;

� m2
A = � m2

31 > 0 ; NH spectrum ;

� m2
A = � m2

23 > 0 ; IH spectrum

S.M. Bilenky , D. Nicolo, S.T.P ., hep-ph/0112216;

M. Piai, S.T.P ., hep-ph/0112074;
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A = 1:3; 2:5; 3:5 � 10 � 3 eV 2

L = 20 km; � E � = 0:3 MeV

NH { light grey; IH { da rk grey
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sin2 � 13 = 0:03 , sin2 � � = 0:30 , � m2
21 = 1:5 � 10 � 4 eV 2, � m2

A = 2:5 � 10 � 3 eV 2

L = 20 km; � E � = 0:1 MeV; 75 GWkT y

NH { thick cy an; IH { dotted, thin solid ( � m 2
A = 2:6 � 10 � 3 eV 2)
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sin2 � � = 0:30 , � m2
21 = 1:5 � 10 � 4 eV 2, � m2

A = 2:5 � 10 � 3 eV 2

L = 20 km; � E � = 0:1 MeV; syst. erro r 2%

\T rue": NH; 90%, 95%, 99% and 99.73% solution regions
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T. Schw etz, Septemb er 2006

sin2 � � = 0:30 , � m2
21 = 8 � 10 � 5 eV 2; \true" � m2

A = 2:50 � 10 � 3 eV 2 (NH)

Minimum at � m2
A = � 2:55 � 10 � 3 eV 2 (IH)

Precision of � 1% on j� m2
A j required



A tmospheric � exp eriments

Sub dominant � � ( e) ! � e( � ) and �� � ( e) ! �� e( � ) oscillations in the Ea rth.

P3� ( � e ! � � ) �= P3� ( � � ! � e) �= s2
23 P2� ; P3� ( � e ! � � ) �= c2

23 P2� ;

P3� ( � � ! � � ) �= 1 � s4
23 P2� � 2c2

23 s2
23

�
1 � Re ( e� i� A 2� ( � � ! � � ))

�
;

P2� � P2� (� m2
31 ; � 13 ; E ; � n ; N e) : 2- � � e ! � 0

� oscillations in the Ea rth,
� 0

� = s23 � � + c23 � � ;

� and A 2� ( � � ! � � ) � A 2� are kno wn phase and 2- � amplitude.

NH: � � ( e) ! � e( � ) matter enhanced , �� � ( e) ! �� e( � ) - supp ressed

IH: �� � ( e) ! �� e( � ) matter enhanced , � � ( e) ! � e( � ) � supp ressed
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Iron Magnetized Detecto rs (MINOS, INO): multi-GeV � � and � + event rates ,
N � � and N � + ; cos � n = (0 :30 � 0:84) mantle bin, E = [5,20] GeV
A � U� D

U+ D in the � n � dep endence of
N � �

N � +

� j � m2
31 j = 3 � 10 � 3 eV 2, sin2 � 23 = 0.36, 0.50, 0.64

� � m2
31 > 0-NH (dashed) , � m2

31 < 0-IH (dotted) , 2 � � (solid)

S.T.P ., S. P aloma res-Ruiz, hep-ph/0406



W ater-Cerenk ov detecto r, 1.8 MT y
T. Kajita et al., 2004
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sin2 2� 13 = 0:10 , sin2 � 23 = 0:50 , j� m2
A j = 2:4 � 10 � 3 eV 2

E� = (2 � 10) GeV; 0:1 � cos � n � 1:0
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E� = (2 � 10) GeV; 0:1 � cos � n � 1:0

Thin solid lines - stat. erro rs only (fo r � -lik e events)

INO; ATLAS, CMS (?)



( � � ) 0� � Deca y Exp eriments :

- Majo rana nature of � j

- T yp e of � � mass sp ectrum (NH, IH, QD)

- Absolute neutrino mass scale

3H � -deca y, cosmology: m� (QD, IH)

- CPV due to Majo rana CPV phases

� j � Dirac or Majo rana pa rticles , fundamental problem

� j � Dirac: conserved lepton cha rge exists, L = L e + L � + L � , � j 6= �� j

� j � Majo rana : no lepton cha rge is exactly conserved, � j � �� j
The observed patterns of � � mixing and of � m2

atm and � m2
� can b e related

to Majo rana � j and an app ro ximate symmetry:

L 0 = L e � L � � L �

S.T.P ., 1982
See-sa w mechanism: � j � Majo rana

Establishing that � j are Majo rana pa rticles w ould b e as imp ortant as the
discovery of � � oscillations.



If � j � Majo rana pa rticles, UPMNS contains (3- � mixing)

� -Dirac , � 21 ; � 31 - Majo rana physical CPV phases

� - oscillations � l $ � l0, �� l $ �� l0, l ; l 0 = e; �; � ,

� are not sensitive to the nature of � j ,
S.M. Bilenky et al.,1980;
P. Langack er et al., 1987

� provide info rmation on � m2
j k = m2

j � m2
k , but not on the absolute values

of � j masses .

The Majo rana nature of � j can manifest itself in the existence of � L = � 2
pro cesses:

K + ! � � + � + + � +

� � + (A ; Z) ! � + + (A ; Z � 2)

The pro cess most sensitive to the p ossible Majo rana nature of � j - ( � � ) 0� -
deca y

(A ; Z) ! (A ; Z + 2) + e� + e�

of even-even nuclei, 48 Ca, 76 Ge, 82 Se, 100 Mo, 116 Cd, 130 T e, 136 Xe, 150 Nd .

2n from (A,Z) exchange a virtual Majo rana � j (via the CC w eak interac-

tion) and transfo rm into 2p of (A,Z+2) and t w o free e� .
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V. Ro din, talk at Gran Sasso, 2006



A( � � ) 0� � < m > M(A,Z) , M(A,Z) - NME ,

j< m > j =
�
�m1jUe1j2 + m2jUe2j2 ei� 21 + m3jUe3j2 ei� 31

�
�

=
�
�m1 c2

12 c2
13 + m2 s2

12 c2
13 ei� 21 + m3 s2

13 ei� 31

�
� , � 12 � � � , � 13 - CHOOZ

� 21 , � 31 - the t w o Majo rana CPVP of the PMNS matrix.

CP-inva riance: � 21 = 0; � � , � 31 = 0; � � ;

� 21 � ei� 21 = � 1; � 31 � ei� 31 = � 1

relative CP-pa rities of � 1 and � 2, and of � 1 and � 3 .

L. W olfenstein, 1981;

S.M. Bilenky , N. Nedelcheva, S.T.P ., 1984;

B. Ka yser, 1984.



A( � � ) 0� � < m > M(A,Z) , M(A,Z) - NME ,

j< m > j �=
�
�
�
q

� m2
� sin2 � 12 ei� +

p
� m2

31 sin2 � 13 ei� M

�
�
� ; m1 � m2 � m3 (NH) ,

j< m > j �=
p

m2
3 + � m2

13

�
�cos2 � 12 + ei� sin2 � 12

�
� ; m3 < ( � ) m1 < m2 (IH) ,

j< m > j �= m
�
�cos2 � 12 + ei� sin2 � 12

�
� ; m1;2;3

�= m �> 0:10 eV (QD) ,

� 12 � � � , � 13 -CHOOZ ; � � � 21 , � M � � 31 .

CP-inva riance: � = 0; � � , � M = 0; � � ;

j< m > j �< 5 � 10 � 3 eV , NH ;

p
� m2

13 cos 2� 12
�= 0:013 eV �< j< m > j �<

p
� m2

13
�= 0:055 eV , IH ;

m cos 2� 12 �< j< m > j �< m, m �> 0:10 eV , QD .



Best sensitivit y: Heidelb erg-Mosco w 76 Ge exp eriment.

Claim fo r a p ositive signal at > 3� :

H. Klap do r-Kleingrothaus et al., PL B586 (2004),

j< m > j = (0 :1 � 0:9) eV ( 99 :73% C.L.).

IGEX 76 Ge: j< m > j < (0 :33 � 1:35) eV ( 90% C.L.).

T aking data - NEMO3 ( 100 Mo), CUORICINO ( 130 T e):

j< m > j < (0.7{1.2) eV, j< m > j < (0.18{0.90) eV (90% C.L.).

La rge numb er of projects: j< m > j � (0 :01 � 0:05) eV

CUORE - 130 T e,
GERD A - 76 Ge,
Sup erNEMO - 82 Se,
EX O - 136 Xe,
MAJORANA - 76 Ge,
MOON - 100 Mo,
CANDLES - 48 Ca,
XMASS - 136 Xe.
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The current 2 � ranges of values of the pa rameters used.
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sin2 � 13 = 0:015 � 0:006 ; 1� (� m2
� ) = 4% , 1� (sin 2 � � ) = 4% , 1� ( j� m2

atm j) = 6% ;

2� ( j< m > j ) used.



3H � -deca y: 3H ! 3 He + e� + �� e

d �
d Ee

=
X

i

jUeij2
d �( mi )

d Ee
;

d �( mi )
d Ee

= C pe ( Ee + me) ( E0 � Ee)
q

( E0 � Ee) 2 � m2
i F ( Ee) � ( E0 � Ee � mi ) :

NH : m1 << m2 < m3, m2
�=

p
� m2

21
�= 9 � 10 � 3 eV, m3

�=
p

� m2
31

�= 5 � 10 � 2 eV

IH : m3 << m1
�= m2, m1;2

�=
p

� m2
23

�= 5 � 10 � 2 eV

Assume sensitivit y to 5 � 10 � 2 eV .

� NH : m1, m2 - b elo w the sensitivit y; the e�ect of m 3 - unobservable,
supp ressed by sin2 � 13 :

d �
d Ee

�=
d �( mi = 0)

d Ee

� IH : m3 - b elo w the sensitivit y; m2 � m1
�= 1:6 � 10 � 3 eV - unobservable:

d �

d Ee

�=
d �( m1;2)

d Ee

�=
d �(

p
� m2

23 )

d Ee



No e� sp ectrum defo rmation observed: NH sp ectrum.

Defo rmations observed:

1) sp ectrum with inverted neutrino mass ordering, � m 2
23 < 0,

a) inverted hiera rchical (IH) , m3 � m1 < m2, or
b) pa rtial inverted hiera rchy , m3 < m1 < m2;

2) sp ectrum with no rmal neutrino mass ordering, � m 2
23 > 0, but with pa r-

tial neutrino mass hiera rchy , m1 < m2 < m3.

Example (hyp othetical) of the p ossibilit y 2): m 1 = 5:0 � 10 � 2 eV,

m2 =
p

m2
1 + � m2

12
�= 5:1 � 10 � 2 eV, m3 =

p
m2

1 + � m2
13

�= 6:9 � 10 � 2 eV

m1 + m2 + m3
�= 0:17 eV

d �
d Ee

�= (1 � jUe3j2)
d �( m1;2)

d Ee
+ jUe3j2

d �( m3)
d Ee

�=
d �( m1;2)

d Ee

S.M. Bilenky , M. Matey ev, S.T.P ., 2006



Conclusions

Exp eriments with reacto r �� e have rema rk able physics p otential:

{ Can provide high precision determination of sin 2 � 12 , � m2
21 , j� m2

31 j

{ Can provide imp ortant constraint or measure sin 2 � 13

{ Can determine the t yp e of � mass sp ectrum

W e are at the b eginning of the Road...


