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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, BOREXINO; KamLAND

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

� LSND

Dominant �� � ! �� e; MiniBOONE 11/04/07: negative result

� 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
Ul j � j L l = e; �; � :



PMNS Matrix: Standa rd P arametrization
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s12 s23 � c12 c23 s13 ei� � c12 s23 � s12 c23 s13 ei� c23 c13
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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.
S.M. Bilenky , J. Hosek, S.T.P .,1980

J. Schechter, J.W.F. Valle,1980;

� � m2
� � � m2

21
�= 7:6 � 10 � 5 eV 2 > 0, sin2 � 12

�= 0:32, cos 2� 12 �> 0:26 (2 � ),

� j� m2
atm j � j� m2

31 j �= 2:4 (2 :5) � 10 � 3 eV 2, sin2 2� 23
�= 1,

� � 13 - the CHOOZ angle: sin2 � 13 < 0:033 (0 :050 (0 :063)) 2� (3 � ) .
A.Bandy opadhy ay et al. , arXiv:0804.4857;

T. Schw etz et al. , arXiv:0710.5027



� 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 :

� Dirac phase � : � l $ � l0, �� l $ �� l0, l 6= l0; A ( l ;l 0)
CP / JCP / sin � 13 sin �

� 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 !



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

j< m > j �=
�
�
�
q

� m2
� sin2 � 12 ei� +

p
� m2

31 sin2 � 13 ei�
�
�
� ; 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 , � + 2� � � 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 .



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) ?

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

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

atm , � atm .

� 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?



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).



Atmospheric � 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



The Earth

Ea rth: Rcore = 3446 km, Rman = 2885 km;

Neutrino trajecto ries crossing the Ea rth co re: Nadir angle � n � 33 :17 0;

Ea rth: �N man
e � 2:3 N A cm� 3, �N core

e � 6:0 N A cm� 3



The Earth
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Rcore = 3446 km, Rman = 2886 km; �N man
e � 2:3 N A cm� 3, �N core

e � 6:0 N A cm� 3



Earth matter e�ect in � � ! � e, �� � ! �� e (MSW)
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I. Mo cioiu, R. Shro ck, 2000



Earth matter e�ects in � � ! � e, �� � ! �� e (NOLR)
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 n
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S.T.P ., 1998;
M. Chizhov, M. Ma ris, S.T.P ., 1998; M. Chizhov, S.T.P ., 1999

P ( � e ! � � ) � P2� � ( s23 ) � 2P3� ( � e( � ) ! � � ( e) ) , � v � � 13 , � m2 � � m2
atm ;

Absolute maximum: Neutrino Oscillation Length Resonance (NOLR);
Lo cal maxima: MSW e�ect in the Ea rth mantle or co re.



( s23 ) � 2P3� ( � e( � ) ! � � ( e) ) � P2� ; NOLR: \Da rk Red Sp ots", P2� = 1;
V ertical axis: � m2=E [10 � 7eV 2=M eV]; ho rizontal axis: sin2 2� 13 ; � n = 0

M. Chizhov, S.T.P ., 1999 (hep-ph/9903399,9903424)



� F or Ea rth center crossing � 's ( � n = 0) and, e.g. sin2 2� 13 = 0:01 , NOLR
o ccurs at E �= 4 GeV ( � m2( atm ) = 2:5 � 10 � 3 eV 2) .

S.T.P ., hep-ph/9805262

� F or the Ea rth co re crossing � 's: P2� = 1 due to NOLR when

tan � man =2 � tan � 0 = �

s
� cos 2� 00

m

cos(2 � 00
m � 4� 0

m)
;

tan � core=2 � tan � 00= �

s
cos 2� 0

m

� cos(2 � 00
m) cos(2 � 00

m � 4� 0
m)

� man (� core) - phase accumulated in the Ea rth mantle (co re),
� 0

m ( � 00
m) - the mixing angle in the Ea rth mantle (co re).

P2� = 1 due to NOLR fo r � n = 0 (Ea rth center crossing � 's) at,
e.g. sin2 2� 13 = 0:034; 0:154 , E �= 3:5; 5:2 GeV ( � m2( atm ) = 2:5 � 10 � 3 eV 2) .

M. Chizhov, S.T.P ., Phys. Rev. Lett. 83 (1999) 1096 (hep-ph/9903399); Phys. Rev. Lett. 85
(2000) 3979 (hep-ph/0504247); Phys. Rev. D63 (2001) 073003 (hep-ph/9903424).

� First \oscillogram of the Ea rth" t yp e �gures (see the talk by A. Smirnov)
app eared in M. Chizhov, S.T.P ., hep-ph/9903399 (Phys.Rev.Lett. 83
(1999) 1096) and hep-ph/9903424 (Phys. Rev. D63 (2001) 073003).



The values of � m2=E � 20 � 10 � 7 eV 2=MeV and of sin2 2� � 0:95 , � � � 13 , at
which the absolute maxima of P2� � ( s23 ) � 2P3� ( � e( � ) ! � � ( e) ) , co rresp onding
to a total 2-neutrino conversion, P2� = 1, tak e place fo r neutrinos crossing
the Ea rth along trajecto ries passing through the Ea rth co re: � n � h =
0� ; 13 � ; 23 � ; 30 � . The values of 2� 0 � � man , 2� 00 � � core (in units of � ),
sin2 2� 0

m, sin2 2� 00
m and sin2(2 � 00

m � 4� 0
m) at the absolute maxima are also given.

The table is tak en from M. Chizhov, S.T.P ., hep-ph/9903424 (Phys. Rev.
D63 (2001) 073003).



P2� � ( s23 ) � 2P3� ( � e( � ) ! � � ( e) ) = 1

h� � m 2

E [10 � 7 eV 2

M eV ] sin2 2� 13 2� 0=� 2� 00=� sin2 2� 0
m sin2 2� 00

m sin2(2 � 00
m � 4� 0

m)
0. 7.201 .034 .923 .949 .111 .614 1.000
0. 4.821 .154 .509 2.334 .749 .208 .296
0. 11.256 .547 2.174 4.693 .795 .996 .285
0. 3.407 .568 .65 3.612 .846 .160 .881
0. 18.113 .803 3.933 9.129 .923 1.000 .710
0. 11.292 .841 2.425 6.167 .987 .891 .716
0. 19.307 .903 4.314 10.382 .979 .987 .845
0. 4.587 .948 1.167 4.705 .792 .285 .996

13. 7.024 .039 .931 .950 .131 .553 1.000
13. 4.537 .169 .496 2.258 .845 .179 .133
13. 10.071 .379 1.887 3.180 .645 .999 .068
13. 10.954 .626 2.272 4.503 .869 .973 .383
13. 3.267 .654 .732 3.456 .777 .153 .966
13. 6.736 .802 1.477 4.059 .997 .580 .688
13. 15.802 .874 3.653 7.680 .977 .972 .791
13. 18.249 .843 4.205 8.603 .949 .997 .762
13. 10.741 .927 2.529 5.936 .998 .797 .859
23. 6.460 .051 .910 .922 .195 .387 1.000
23. 3.812 .224 .499 2.008 1.000 .125 .111
23. 10.101 .449 2.194 2.675 .726 .991 .134
23. 15.419 .744 3.875 5.236 .899 .999 .612
23. 3.417 .848 1.031 2.948 .711 .177 1.000
23. 9.655 .875 2.495 4.011 1.000 .786 .772
23. 16.565 .897 4.368 6.275 .984 .969 .828
30. 5.376 .065 .765 .738 .352 .180 .982
30. 9.038 .199 2.062 .920 .418 1.000 .030
30. 2.908 .437 .742 1.427 .735 .095 .969
30. 14.060 .707 4.159 2.702 .885 .998 .548
30. 8.290 .825 2.491 2.021 1.000 .723 .691
30. 19.839 .913 6.326 4.357 .982 .986 .860
30. 17.123 .952 5.528 3.941 .999 .936 .909



Absolute Neutrino Mass Measurements

The T roitzk and Mainz 3H � -deca y exp eriments

m� e < 2:3 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 :



M � from the See-Sa w Mechanism
P. Mink owski, 1977.

M. Gell-Mann, P. Ramond, R. Slansky , 1979;

T. Yanagida, 1979;

R. Mohapatra, G. Senjanovic, 1980.

� Explains the smallness of � � masses.

� Through leptogenesis theo ry links the � � mass generation to the generation
of baryon asymmetry of the Universe YB .

S. Fukugita, T. Yanagida, 1986.

� In SUSY GUT's with see-saw mechanism of � � mass generation, the LFV decays

� ! e + 
 ; � ! � + 
 ; � ! e + 
 ; etc :

are predicted to tak e place with rates within the reach of present and future
exp eriments.

F. Bo rzumati, A. Masiero, 1986.

� The � j are Majo rana pa rticles ; ( � � ) 0� � decay is allo wed.

See-Sa w: Dirac � -mass mD + Majo rana mass M R fo r N R



The See-Saw Lagrangian

L lep ( x) = L CC ( x) + L Y ( x) + L N
M ( x) ;

L CC = �
g

p
2

lL ( x) 
 � � lL ( x) W � y( x) + h:c: ;

L Y ( x) = � il N iR ( x) H y( x)  lL ( x) + Yl H c( x) lR( x)  lL ( x) + h.c. ;

L N
M ( x) = �

1
2

M i N i ( x) N i ( x) :

 lL - LH doublet,  T
lL = ( � lL lL ), lR - RH singlet, H - Higgs doublet.

Basis: M R = ( M 1; M 2; M 3); D N � diag ( M 1; M 2; M 3) ; D � � diag ( m1; m2; m3).
mD generated by the Yukawa interaction:

�L �
Y = � il N iR H y( x)  lL ( x) ; v = 174 GeV ; v � = mD � complex

For M R - su�ciently large,

m� ' v2 � T M � 1
R � = U�

PMNS mdiag
� Uy

PMNS :

Y� � � =
p

D N R
p

D � ( UPMNS ) y=vu, all at M R ; R-complex, RT R = 1.
J.A. Casas and A. Ibarra, 2001

In GUTs , M R < M X , M X � 10 16 GeV;

in GUTs , e.g., M R = (10 9; 10 12 ; 10 15 ) GeV, mD � 1 GeV.



The CP-Inva rinace Constraints
Assume: C( � j ) T = � j , C( N k) T = N k, j; k = 1; 2; 3.

The CP-symmetry transfo rmation:

UCP N j ( x) Uy
CP = � N CP

j 
 0 N j ( x0) ; � N CP
j = i� N

j = � i ;

UCP � k( x) Uy
CP = � � CP

k 
 0 � k( x0) ; � � CP
k = i� �

k = � i :

CP-inva riance:

� �
j l = � j l ( � N CP

j ) � � l � H � ; j = 1; 2; 3; l = e; �; � ;

Convenient choice: � l = i , � H = 1 ( � W = 1) :

� �
j l = � j l � N

j ; � N
j = � 1 ;

U�
l j = Ul j � �

j ; � �
j = � 1 ;

R�
j k = Rj k � N

j � �
k ; j; k = 1; 2; 3; l = e; �; � ;

� j l , Ul j , Rj k - either real or purely imagina ry .

Relevant quantit y:

Pj kml � Rj k Rj m U�
lk Ulm ; k 6= m ;

CP : P �
j kml = Pj kml ( � N

j ) 2 ( � �
k) 2 ( � �

m) 2 = Pj kml ; Im( Pj kml ) = 0 :



Pj kml � Rj k Rj m U�
lk Ulm ; k 6= m ;

CP : P �
j kml = Pj kml ( � N

j ) 2 ( � �
k) 2 ( � �

m) 2 = Pj kml ; Im( Pj kml ) = 0 :

Consider NH N j , NH � k: P123 � = R12 R13 U�
� 2 U� 3

Supp ose, CP-invrainace holds at low E : � = 0, � 21 = � , � 31 = 0.

Thus, U�
� 2 U� 3 - purely imagina ry.

Then real R12 R13 corresp onds to CP-violation at \high" E .



Leptogenesis
YB = nB � n �B

S � 8:6 � 10 � 11 ( n
 : � 6:3 � 10 � 10 )

YB
�= � 10 � 2 " �

W. Buchm• uller, M. Pl•umacher, 1998;
W. Buchm• uller, P. Di Ba ri, M. Pl•umacher, 2004

� { e�ciency facto r; � � 10 � 1 � 10 � 3: " �> 10 � 7.

" : CP � , L � violating asymmetry generated in out of equilib rium N Rj � decays in
the early Universe,

" 1 =
�( N 1 ! � � `+ ) � �( N 1 ! � + ` � )
�( N 1 ! � � `+ ) + �( N 1 ! � + ` � )

M.A. Lut y, 1992;
L. Covi, E. Roulet and F. Vissani, 1996;

M. Flanz et al. , 1996;
M. Pl•umacher, 1997;

A. Pilaftsis, 1997.

� = � ( fm), fm - determines the rate of wash-out pro cesses:

� + + ` � ! N 1, ` � + � + ! � � + `+ , etc.
W. Buchmuller, P. Di Ba ri and M. Plumacher, 2002;

G. F. Giudice et al. , 2004



Lo w Energy Leptonic CPV and Leptogenesis
Assume: M 1 � M 2 � M 3

Individual asymmetries:

" 1l = �
3M 1

16 � v2

Im
� P

j;k m1=2
j m3=2

k U�
l j UlkR1j R1k

�

P
j mj jR1j j

2 ; v = 174 GeV

fml �
j� 1l j2 v2

M 1
=

�
�
�
�
�

X

k

R1k m1=2
k U�

lk

�
�
�
�
�

2

; l = e; �; � :

The \one-
avo r" app roximation - Y e;�;� - \small" :

Boltzmann eqn. fo r n( N 1) and � L = �( L e + L � + L � ).

Yl H c( x) lR( x)  lL - out of equilib rium at T � M 1.

One-
avo r app roximation: M 1 � T > 10 12 GeV

" 1 =
X

l

" 1l = �
3M 1

16 � v2

Im
� P

j;k m2
j R2

1j

�

P
k mk jR1kj2

;

fm1 =
X

l

fml =
X

k

mk jR1kj2 :



Tw o-Flavour Regime

At M 1 � T � 10 12 GeV: Y� - in equilib rium, Ye;� - not; dynamics changes: � �
R , � +

L

� �
R + N 1 ! � L + � �

R , N 1 + � L ! � �
R + � +

L , etc.

" 1� and ( " 1e + " 1� ) � " 2 evolve indep endently .

Three-Flavour Regime

At M 1 � T � 10 9 GeV: Y� , Y� - in equilib rium, Ye - not.

" 1� , " 1e and " 1� evolve indep endently .

Thus, at M 1 � 10 9 � 10 12 GeV: L � , � L � - distinguishable;

L e, L � , � L e, � L � - individually not distinguishable;

L e + L � , �( L e + L � )
A. Abada et al., 2006; E. Nardi et al., 2006

A. Abada et al., 2006



Individual asymmetries:
Assume: M 1 � M 2 � M 3, 10 9 �< M 1 ( � T ) �< 10 12 GeV,

" 1l = �
3M 1

16 � v2

Im
� P

j;k m1=2
j m3=2

k U�
l j UlkR1j R1k

�

P
j mj jR1j j

2

fml �
j� 1l j2 v2

M 1
=

�
�
�
�
�

X

k

R1km1=2
k U�

lk

�
�
�
�
�

2

; l = e; �; � :

The baryon asymmetry is

YB ' �
12

37g�

�
� 2 �

�
417
589

fm2

�
+ � � �

�
390
589

fm�

��
;

� ( fml ) '

 �
fml

8:25 � 10 � 3 eV

� � 1

+

�
0:2 � 10 � 3 eV

fml

� � 1:16
! � 1

:

YB = � (12 =37) ( Y2 + Y� ) ,

Y2 = Ye+ � , " 2 = " 1e + " 1� , fm2 = gm1e + gm1�

A. Abada et al., 2006; E. Nardi et al., 2006

A. Abada et al., 2006



Real (Purely Imagina ry) R: " 1l 6= 0, CPV from U

" 1e + " 1� + " 1� = " 2 + " 1� = 0,

" 1� = �
3M 1

16 � v2

Im
� P

j;k m1=2
j m3=2

k U�
� j U� kR1j R1k

�

P
j mj jR1j j

2

= �
3M 1

16 � v2

P
j;k >j m1=2

j m1=2
k ( mk � mj ) R1j R1kIm

�
U�

� j U� k
�

P
j mj jR1j j

2 ; R1j R1k = � jR1j R1kj ;

= �
3M 1

16 � v2

P
j;k >j m1=2

j m1=2
k ( mk + mj ) jR1j R1kj Re

�
U�

� j U� k
�

P
j mj jR1j j

2 ; R1j R1k = � i jR1j R1k j

S. Pascoli, S.T.P ., A. Riotto, 2006.

CP-Violation: Im
�
U�

� j U� k
�

6= 0, Re
�
U�

� j U� k
�

6= 0;

YB = �
12
37

" 1�

g�

�
�

�
390
589

fm�

�
� �

�
417
589

fm2

��



m1 � m2 � m3, M 1 � M 2;3; R12 R13 { real; m1
�= 0, R11

�= 0 ( N 3 decoupling)

" 1� = �
3M 1

p
� m2

31

16 � v2

�
� m2

�

� m2
31

� 1
4 jR12 R13 j

�
� m 2

�

� m 2
31

� 1
2

jR12 j2 + jR13 j2

�

0

B
@1�

q
� m2

�
p

� m2
31

1

C
A Im ( U�

� 2U� 3)

Im ( U�
� 2U� 3) = � c13

h
c23 s23 c12 sin

� � 32

2

�
� c2

23 s12 s13 sin
�

� �
� 32

2

� i

� 32 = � , � = 0: Re( U�
� 2U� 3) = 0, CPV due to R

S. Pascoli, S.T.P ., A. Riotto, 2006.



M 1 � M 2 � M 3, m1 � m2 � m3 ( NH )

Dirac CP-violation

� 32 = 0 (2 � ), � 23 = � (0); � 23 � � 12 + � 13 � arg ( R12 R13 ).

jR12 j2 �= 0:85, jR13 j2 = 1 � jR12 j2 �= 0:15 - maximise j� � j and jYB j:

jYB j �= 2:8 � 10 � 13 j sin � j
� s13

0:2

� �
M 1

10 9 GeV

�
:

jYB j �> 8 � 10 � 11 , M 1 �< 5 � 10 11 GeV imply

j sin � 13 sin � j �> 0:11 ; sin � 13 �> 0:11 :

The lower limit corresp onds to

jJCP j �> 2:4 � 10 � 2

FOR � 32 = 0 (2 � ), � 23 = 0 ( � ):

j sin � 13 sin � j �> 0:09 ; sin � 13 �> 0:09 ; jJCP j �> 2:0 � 10 � 2



M 1 � M 2 � M 3, m1 � m2 � m3 ( NH )

Majo rana CP-violation

� = 0, real R12 , R13 ( � 23 = � (0));

� 32
�= � =2, jR12 j2 �= 0:85, jR13 j2 = 1 � jR12 j2 �= 0:15 - maximise j� � j and jYB j:

jYB j �= 2 � 10 � 12

 p
� m2

31

0:05 eV

! �
M 1

10 9 GeV

�
:

W e get jYB j �> 8 � 10 � 11 , fo r M 1 �> 3:6 � 10 10 GeV



M 1 � M 2 � M 3, m3 � m1 < m2 ( IH )

m3
�= 0, R13

�= 0 ( N 3 decoupling): imp ossible to repro duce Y obs
B fo r real R11 R12 ;

jYB j supp ressed by the additional facto r � m2
� =j� m2

A j �= 0:03.

Purely imagina ry R11 R12 : no (additional) supp ression

Dirac CP-violation

� 21 = � ; R11 R12 = i � jR11 R12 j, � = 1;

jR11 j �= 1:07, jR12 j2 = jR11 j2 � 1, jR12 j �= 0:38 - maximise j� � j and jYB j:

jYB j �= 8:1 � 10 � 12 js13 sin � j

�
M 1

10 9 GeV

�
:

jYB j �> 8 � 10 � 11 , M 1 �< 5 � 10 11 GeV imply

j sin � 13 sin � j �> 0:02 ; sin � 13 �> 0:02 :

The lower limit corresp onds to

jJCP j �> 4:6 � 10 � 3



M 1 � M 2 � M 3, m3 � m1 < m2 ( IH )

Majo rana or Dirac CP-violation

m3 6= 0, R13 6= 0, R11 ( R12 ) = 0: possible to repro duce Y obs
B fo r real R12(11) R13 6= 0

Requires m3
�= (10 � 5 � 10 � 2) eV; non-trivial dep endence of jYB j on m3

Majo rana CPV, � = 0 ( � ): requires M 1 �> 3:5 � 10 10 GeV

Dirac CPV, � 32(31) = 0: t ypically requires M 1 �> 10 11 GeV

jYB j �> 8 � 10 � 11 , M 1 �< 5 � 10 11 GeV imply

j sin � 13 sin � j; sin � 13 �> (0 :04 � 0:09) :

The lower limit corresp onds to

jJCP j �> (0 :009 � 0:02)

NO (NH) spectrum, m1 < ( � ) m2 < m3: simila r dep endence of jYB j on m1 if
R12 = 0, R11 R13 6= 0; non-trivial e�ects fo r m1

�= (10 � 4 � 5 � 10 � 2) eV.
E. Molina ro, S.T.P ., T. Shindou, Y. T akanishi, 2007
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M 1 � M 2 � M 3, m1 � m2 � m3; Dirac CP-violation, � 32 = 0; 2� ;
real R12 , R13 , jR12 j2 + jR13 j2 = 1, jR12 j = 0:86, jR13 j = 0:51, sign ( R12 R13 ) = +1;
i) � 32 = 0 ( � 0 = +1), s13 = 0:2 (red line) and s13 = 0:1 (da rk blue line);
ii) � 32 = 2� ( � 0 = � 1), s13 = 0:2 (light blue line);
M 1 = 5 � 10 11 GeV.

S. Pascoli, S.T.P ., A. Riotto, 2006.
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M 1 � M 2 � M 3, m1 � m2 � m3; M 1 = 5 � 10 11 GeV;
Dirac CP-violation, � 32 = 0 (2 � );
jR12 j = 0:86, jR13 j = 0:51, sign ( R12 R13 ) = +1 ( � 1) ( � 23 = 0 ( � ), � 0 = +1);
The red region denotes the 2� allo wed range of YB .

S. Pascoli, S.T.P ., A. Riotto, 2006.
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M 1 � M 2 � M 3, m1 � m2 � m3; M 1 = 5 � 10 11 GeV;
real R12 , R13 , sign ( R12 R13 ) = +1, R2

12 + R2
13 = 1, s13 = 0:20;

a) Majo rana CP-violation (blue line), � = 0 and � 32 = � =2 ( � = +1);
b) Dirac CP-violation (red line), � = � =2 and � 32 = 0 ( � 0 = +1);
� m2

� , sin2 � 12 , � m2
31 , sin2 2� 23 - �xed at their best �t values.
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M 1 � M 2 � M 3, m3 � m1 < m2; M 1 = 2 � 10 11 GeV;
Majo rana CP-violation, � = 0;
purely imagina ry R11 R12 = i� jR11 R12 j, � = � 1, jR11 j2 � jR12 j2 = 1, jR11 j = 1:2;
s13 = 0 (blue line) and 0:2 (red line).

S. Pascoli, S.T.P ., A. Riotto, 2006.
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M 1 � M 2 � M 3, m3 � m1 < m2; M 1 = 2 � 10 11 GeV;
Majo rana CP-violation, � = 0, s13 = 0;
purely imagina ry R11 R12 = i� jR11 R12 j, � = +1 jR11 j2 � jR12 j2 = 1, jR11 j = 1:05.
The Majo rana phase � 21 is varied in the interval [� � =2; � =2].

S. Pascoli, S.T.P ., A. Riotto, 2006.



1010

1011

1012

1013

10-10 10-9 10-8 10-7 10-6 10-5 10-4 10-3 10-2

M
1
[G

e
V

]

m3[eV]

 s13=0.2
 s13=0.1
 s13=0.0

No flavour effects

m3 < m1 < m2, M 1 � M 2 � M 3, real R1j ; M 1 = (10 9 � 10 12 ) GeV, s13 = 0:2; 0:1; 0;
R1j varied within jR13 j2 + jR12 j2 + jR13 j2 = 1; � 21 ; � 31 ; � varied in [0,2 � ];
min( M 1) fo r given m3: jYB j = 8:6 � 10 � 11 ; absolute minima of M 1:
m3

�= 5:5 � 10 � 4; 5:9 � 10 � 3 eV, � 32
�= � =2, M 1 = 3:4 (3 :5) � 10 10 GeV.
E. Molina ro, S.T.P ., T. Shindou, Y. T akanishi, 2007
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m3 � m1 � m2 (IH), R11 = 0, real R12 R13 , Majo rana CPV;
� 32 = � =2, s13 = 0, M 1 = 10 11 GeV; R2

12 =R2
13 = m3=m2: maximises j� � j;

i) sgn( R12 R13 ) = +1; ii) sgn( R12 R13 ) = � 1.
E. Molina ro, S.T.P ., T. Shindou, Y. T akanishi, 2007
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m3 � m1 � m2 (IH), R11 = 0, real R12 R13 , Dirac CPV, � 32 = 0;
s13 = 0:2, � = � =2, M 1 = 1:5 � 10 11 GeV;
i) sgn( R12 R13 ) = +1; ii) sgn( R12 R13 ) = � 1;
i) sin2 � 23 = 0:50; 0:35; 0:64 (red solid, dotted, dash-dotted lines);
ii) sin2 � 23 = 0:50 (blue dashed line);

E. Molina ro, S.T.P ., T. Shindou, Y. T akanishi, 2007



10-12

10-11

10-10

10-9

0.0001 0.001 0.01 0.1

|Y
B
|

m1[eV]

a31=p/3
a31=p/2
a31=2p/3

m1 < m2 < m3 (NO(NH)), R12 = 0, real R11 R13 , Majo rana CPV, s13 = 0;
sgn( R11 R13 ) = � 1, sin2 � 23 = 0:50, M 1 = 1:5 � � 10 11 GeV;
� 32 = 2� =3; � =2; � =3 (red, blue, green lines).

E. Molina ro, S.T.P ., T. Shindou, Y. T akanishi, 2007



Complex R: " 1l 6= 0, CPV from U and R

m1 � m2 < m3 (NH), M 1 � M 2;3; m1
�= 0, R11

�= 0 ( N 3 decoupling)

R2
12 + R2

13 = jR12 j2 ei2' 12 + jR13 j2 ei2' 13 = 1,

jR12 j2 sin 2' 12 + jR13 j2 sin 2' 13 = 0 : sgn(sin 2' 12 ) = � sgn(sin 2' 13 ) .

cos 2' 12 = 1+ jR12 j4 �j R13 j4

2jR12 j2 ; sin 2' 12 = �
p

1 � cos2 2' 12 ,

cos 2' 13 = 1�j R12 j4+ jR13 j4

2jR13 j2 ; sin 2' 13 = �
p

1 � cos2 2' 13 .

m3 � m1 < m2 (IH), M 1 � M 2;3; m3
�= 0, R13

�= 0 ( N 3 decoupling)

R2
11 + R2

12 = jR11 j2 ei2' 11 + R2
12 ei 2' 12 = 1,

jR11 j2 sin 2' 11 + jR12 j2 sin 2' 12 = 0 .

jY 0
B A HE j / jR11 j2 sin(2 ' 11 ) ( jU� 1j2 � jU� 2j2) - can be supp ressed:

jU� 1j2 � jU� 2j2 �= ( s2
12 � c2

12 ) s2
23 � 4s12 c12 s23 c23 s13 cos � �= � 0:20 � 0:92 s13 cos � .



0

1

2

3

4

5

6

7

8

 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1

|Y
B
| ×

 1
01

0

|R13|

m1 < m2 < m3 (NO(NH)), R11 = 0, CPV due to R and U,
� 32 = � =2 , s13 = 0, sin2 � 23 = 0:50, M 1 = 10 11 GeV;
jY 0

B A HE j ( R CPV , blue), jY 0
B A MIX j ( U CPV , green), total jYB j (red line)

E. Molina ro, S.T.P ., 2008



0

1

2

3

4

5

6

 0.1  0.2  0.3  0.4  0.5  0.6  0.7  0.8  0.9  1

|Y
B
| ×

 1
01

0

|R13|

m1 < m2 < m3 (NO(NH)), R11 = 0, CPV due to R and U,
� 32 = � =2 , s13 = 0, sin2 � 23 = 0:64, M 1 = 10 11 GeV;
jY 0

B A HE j ( R CPV , blue), jY 0
B A MIX j ( U CPV , green), total jYB j (red line)

E. Molina ro, S.T.P ., 2008



0.4
0.5
0.6
0.7
0.8
0.9

1
1.1
1.2
1.3

 0  1  2  3  4  5  6

|Y
B
| ×

 1
01

0

a32

m1 � m2 � m3 (NH), R11 = 0, Majo rana and R-matrix CPV ;
jR12 j = 1 , jR13 j = 0:51 , s13 = 0:2 , � = 0 ( � ) (red (green) line) ,
s2

23 = 0:5, M 1 = 3:5 � 10 10 GeV.



0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

 0  1  2  3  4  5  6

|Y
B
| ×

 1
01

0

d

jYB j as a function of � in the case of NH spectrum, Dirac and R-matrix CPV,
s13 = 0:2, � 32 = � , jR12 j �= 1, jR13 j �= 0:12 and M 1 = 5 � 10 11 GeV .



0

0.2

0.4

0.6

0.8

1

1.2

1.4

 0.8  0.9  1  1.1  1.2

|Y
B
| ×

 1
01

0

|R12|

-s13 cosd = 0.15
-s13 cosd = 0.16
-s13 cosd = 0.17
-s13 cosd = 0.2 

m3 � m1 < m2 (IH)), R13 = 0, Majo rana and R-matrix CPV ,
� 21 = � =2 , ( � s13 cos � ) = 0:15, jR11 j = 1:2 , M 1 = 10 11 GeV ;
jY 0

B A HE j ( R CPV , blue), jY 0
B A MIX j ( U CPV , green), total jYB j (red line) .

E. Molina ro, S.T.P ., 2008



0

0.2

0.4

0.6

0.8

1

1.2

1.4

 0.1  0.2  0.3  0.4  0.5  0.6

|Y
B
| ×

 1
01

0

|R12|

m3 � m1 < m2 (IH)), R13 = 0, Majo rana and R-matrix CPV ,
� 21 = � =2 , s13 = 0, jR11 j �= 1 , M 1 = 10 11 GeV ;
jY 0

B A HE j ( R CPV , blue), jY 0
B A MIX j ( U CPV , green), total jYB j (red line) .

Light-blue line: CP-conserving R, R11 R12 � ik jR11 R12 j, k = � 1 jR11 j2 � jR12 j2 = 1.

E. Molina ro, S.T.P ., 2008



Lo w Energy Leptonic CPV and Leptogenesis: Summa ry
Leptogenesis: see-saw mechanism; N j - heavy RH � 's;
N j , � k - Majo rana particles

N j : M 1 � M 2 � M 3

The observed value of the baryon asymmetry of the Universe can be generated

A. CP-violation due to the Dirac phase � in UPMNS , no other sources of CPV
(Majo rana phases in UPMNS equal to 0, etc.); requires M 1 �> 10 11 GeV.

m1 � m2 � m3 ( NH ):

j sin � 13 sin � j �> 0:09 ; sin � 13 �> 0:09 ; jJCP j �> 2:0 � 10 � 2

m3 � m1 < m2 ( IH ):

j sin � 13 sin � j �> 0:02 ; sin � 13 �> 0:02 ; jJCP j �> 4:6 � 10 � 3

B. CP-violation due to the Majo rana phases in UPMNS , no other sources of CPV
(Dirac phase in UPMNS equal to 0, etc.); requires M 1 �> 3:5 � 10 10 GeV.

C. CP-violation due to both Dirac and Majo rana phases in UPMNS .

D. YB can dep end non-trivially on min( mj ) � (10 � 5 � 10 � 2) eV.
S. Pascoli, S.T.P ., A. Riotto, 2006 (A-C);

E. Molina ro, S.T.P ., T. Shindou, Y. T akanishi, 2007 (D).



Conclusions
Determining the nature - Dirac or Majo rana, of massive neutrinos is of funda-
mental imp ortance fo r understanding the origin of neutrino masses.

The see-saw mechanism provides a link between � -mass generation and BA U.
Majo rana CPV phases in UPMNS : ( � � ) 0� -deca y, YB .

Any of the CPV phases in UPMNS can be the leptogenesis CPV parameters.

Obtaining info rmation on Dirac and Majo rana CPV is a rema rkably challenging
problem.

Dirac and Majo rana CPV may have the same source.

Lo w energy leptonic CPV can be directly related to the existence of BA U.

Understanding the status of the CP-symmetry in the lepton secto r is of funda-
mental imp ortance.

These results underline further the imp ortance of the exp eriments aiming to mea-
sure the CHOOZ angle � 13 and of the exp erimental searches fo r Dirac and/o r
Majo rana leptonic CP-violation at low energies.



SUPPORTING SLIDES



Comments on the Earth NOLR (o r Mantle-Co re)
Enhancement

� Ermilova et al., 1986, pa rametric resonance:
� ( x) = �� + � 1 cos � x! =Lv;
classical pa ram. enhancement: noticeable after n = 5 � 6 p erio ds; maxi-
mum - after n = 10 p erio ds. Not applicable (do es not co rresp ond) to the
case of the Ea rth.

� E. Akhmedov, 1988 (Sov.J.Nucl.Phys. 47 (1988) 301):
\castle w all" p erio dic p otential: t w o constant densities � 1, � 2, over X 1, X 2;
used X 1 = X 2, integer numb er of p erio ds n;
found enhancement condition when � 1;2 � � res, � res - \resonance densit y" .
Do es not apply to the case of the Ea rth: fo r the Ea rth X 1 6= X 2, n < 1:5
and the NOLR enhancement o ccurs at � 1 < � res < � 2.

� Q.Y. Liu, A. Yu. Smirnov, hep-ph/9712493;
S.M. Mikhey ev, Q.Y. Liu, A.Y u. Smirnov, hep-ph/9803415
Enahncement of P ( � � ! � s) in the Ea rth:
� man �= � core �= � ; o ccurs at E �= 30 GeV ( � m2( atm ) = 8 � 10 � 3 eV 2).
Called the enhancement \pa rametric resonance".
Claimed (in b oth articles): the condition of enhancement not ful�lled fo r
the 2- � � � ! � e, � e ! � � ( � ) transitions, i.e. fo r P2� ( � � ! � e) , P2� ( � e ! � � ( � ) ) .



� S.T.P ., hep-ph/9805262
Enahncement of P ( � 2 ! � e) , P2� ( � � ! � e) , P2� ( � e ! � � ( � ) ) in the Ea rth:
requires � man = (2 k + 1) � , � core = (2 k0+ 1) � , k; k0 = 0; 1; :::;
fo r Ea rth center crossing � 's ( � n = 0) and, e.g. sin2 2� = 0:01 , o ccurs at
E �= 5 (4) GeV ( � m2( atm ) = 3:0 (2 :5) � 10 � 3 eV 2) .
Called the enhancement \neutrino oscillation length resonance (NOLR)"
(requires a sinchronisation b et w een the � -oscillation length in the Ea rth
mantle and that in the Ea rth co re).
� M. Chizhov, S.T.P . hep-ph/9903399, hep-ph/9903424
Ea rth co re crossing � 's: P2� ( � � ( e) ! � e( �;� ) ) = 1 due to NOLR when

tan � man =2 = �

s
� cos 2� 00

m

cos(2 � 00
m � 4� 0

m)
;

tan � core=2 = �

s
cos 2� 0

m

� cos(2 � 00
m) cos(2 � 00

m � 4� 0
m)

Sho w ed that these conditions are ful�lled fo r Ea rth co re crossing neutri-
nos; found the values of � m2( atm ) =E and sin2 2� at which P2� ( � � ! � e) = 1
fo r � trajecto ries co rresp onding to Nadir angles � n = 0; 13 0; 23 0; 30 0.
First \oscillogram of the Ea rth" t yp e �gure app eared in M. Chizhov,
S.T.P ., Phys. Rev. Lett. 83 (1999) 1096 (hep-ph/9903399).

M. Chizhov, S.T.P ., Phys. Rev. Lett. 83 (1999) 1096 (hep-ph/9903399); Phys. Rev. D63
(2001) 073003 (hep-ph/9903424); Phys. Rev. Lett. 85 (2000) 3979 (hep-ph/0504247).



HO W?
� � � � , � atm � exp eriments

SK ( � atm );

INO ( � atm ); MEMPHYS

MINOS ( � atm
� ); ATLAS, CMS ( � atm

� ) ( ?)

SNO (2006)

SAGE

BOREXINO

Lo wNu (XMASS, LENS,...)

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

� Accelerato r Exp eriments
MINOS 732 km

CNGS (OPERA) 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



Rephasing Inva riants Asso ciated with CPVP

Dirac phase � :

JCP = Im
�

Ue1 U� 2 U�
e2 U�

� 1

	
:

C. Jarlsk og, 1985 (fo r qua rks)

CP-, T- violation e�ects in neutrino oscillations
P. Krastev, S.T.P ., 1988

Majo rana phases � 21 , � 31 :

S1 = Im f Ue1U�
e3g ; S2 = Im f Ue2U�

e3g (not unique); or
S0

1 = Im f U� 1U�
� 2g ; S0

2 = Im f U� 2U�
� 3g

J.F. Nieves and P. Pal, 1987, 2001

G.C. Branco et al., 1986

J.A. Aguila r-Saavedra and G.C. Branco, 2000

CP-violation : both Im f Ue1U�
e3g 6= 0 and Re f Ue1U�

e3g 6= 0 .

S1, S2 app ear in j< m > j in ( � � ) 0� -deca y.

In general, JCP , S1 and S2 are indep endent .



Dirac CP-Nonconservation: � in UPMNS
Observable manifestations in

� l $ � l0 ; �� l $ �� l0 ; l ; l 0= e; �; �
� not sensitive to Majo rana CPVP � 21 ; � 31
CP-inva riance:

N. Cabibb o, 1978
S.M. Bilenky , J. Hosek, S.T.P .,1980;

V. Ba rger et al.,1980.
P ( � l ! � l 0) = P ( �� l ! �� l 0) ; l 6= l 0 = e; �; �

CPT-inva riance:

P ( � l ! � l 0) = P ( �� l 0 ! �� l )

l = l 0 : P ( � l ! � l ) = P ( �� l ! �� l )

T-inva riance:

P ( � l ! � l 0) = P ( � l 0 ! � l ) ; l 6= l 0

3� � mixing:

A ( l ;l 0)
CP � P ( � l ! � l 0) � P ( �� l ! �� l 0) ; l 6= l 0 = e; �; �

A ( l ;l 0)
T � P ( � l ! � l 0) � P ( � l 0 ! � l ) ; l 6= l 0

A ( e;� )
T = A ( �;� )

T = � A ( e;� )
T

P.I. Krastev, S.T.P ., 1988



In vacuum: A ( e;� )
T = JCP F vac

osc

JCP = Im
�

Ue1 U� 2 U�
e2 U�

� 1

	
=

1
8

sin 2� 12 sin 2� 23 sin 2� 13 cos � 13 sin �

F vac
osc = sin(

� m2
21

2E
L ) + sin(

� m2
32

2E
L ) + sin(

� m2
13

2E
L )

P.I. Krastev, S.T.P ., 1988
In matter: Matter e�ects violate

CP : P ( � l ! � l 0) 6= P ( �� l ! �� l 0)

CPT : P ( � l ! � l 0) 6= P ( �� l 0 ! �� l )

P. Langack er et al., 1987

Can conserve the T-inva riance (Ea rth)

P ( � l ! � l 0) = P ( � l 0 ! � l ) ; l 6= l 0

In matter with constant densit y: A (e ;� )
T = Jmat

CP F mat
osc

Jmat
CP = Jvac

CP RCP

RCP do es not dep end on � 23 and � ; jRCP j �< 2:5
P.I. Krastev, S.T.P ., 1988


