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Comp elling Evidences for Oscillations

atm : OK 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 I : BOREXINO; KamLAND..., Lo wNu
LSND
Dominant I e, MiniBOONE 11/04/07: negative  result
X
= Ui gL =€
J=1

B. Ponteco rvo, 1957; 1958:; 1967;
Z. Maki, M. Nakagawa, S. Sakata, 1962



The Oscillation Data: 3- mixing



PMNS Matrix: Standa rd P arametrization

0 1
1 O 0
Uu=v@o &% 0 A
0 0 €%
0 1
C12C13 _ S12C13 - Size’
V=@ sppc 1252351360 C12Cos S12523513€ Spzciz A
$12S23  C12C23S13€' C12S23  S12C23S13€'  C23C13
sj sin j,cj cos j, j= [0;5],
- 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;

m? m3, = 7:6 10 5eV2> 0, sin® 12 = 0:32, cos2 12 > 0:26 (2 ),
j m2.j j m%j= 2:4(2:5) 10 3eV? sin?2 3= 1,
13 - the CHOOZ angle: sin? 13 < 0:033 (0:050 (0:063)) 2 (3 ).

A.Bandy opadhy ay et al., arXiv:0804.4857;
T. Schwetz et al., arXiv:0710.5027



sgn( m2.) = sgn( m3;) not determined

2 2 : -
M&im m3; > 0; normal mass ordering

m2.. m3, < 0; inverted mass ordering

Convention: M1 < M2 < M3-NMO, M3 < M1 < M2 - IMO

m1 mo mas, NH;
m3z My < My, IH;

M1 = Mz = M3, Mi,3>> Mim: QD; m; > 0:10 eV:

Dirac phase : |$ 0 |$ 016 1% A/ 3ep/ sin sasin
Majo rana phases 21, 31:
{ $ 10 | $ |0not sensitive ;
S.M. Bilenky , J. Hosek, S.T.P .,1980;
P. Langack er, S.T.P ., G. Steigman, S. Toshev, 1987
{J<M>] in( )o decaydepends on 21, 31:
{ ( ! e+ ) etc. in SUSY theories depend on 21:31;
{ BAU, leptogenesis scenario:  21:31 !



A( o <M> maAaz , M(AZ) - NME
q

: : _ . P . |
j<m>j m? sin® € + m3 sin? 3¢ 5 mi mz  ms (NH),

P 2

j< m>j m3+ m2; cos? 1o+ € sin® 12 ; mzg< ( )my< my (IH),

j< m>J = m COS2 12 + e‘ sin2 12 , M12:3= M > 0:10 eV (QD) .
12 , 13-CHOOZ; 21, *+ 2 31

CP-inva riance: = 0; .M = 0O; :

J<M>] <5 10 3eV, NH;

P

P : : .
m2;,cos2 12 = 0:013 eV < < M>] < m2, = 0:055 eV, IH;

mcos2 1 < J<M>] < m, m>0:10 eV, QD .



Future Progress

Determination  of the nature - Dirac or Majo rana, of ; .

Determination  of sgn( m3,, ), type of mass spectrum
m1q mo mas,; NH ;
ms mip < my; IH;

My = Mz = M3 Mi,3>> Mim: QD; m; > 0:10 eV:
Determining, or obtaining signicant constraints on, the absolute scale of -
masses, or min( mj).

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

Measurement of, or improving by at least a facto r of (5 - 10) the existing upp er
limit on, sin? 3.

High precision determination of m?2, |, m2. ., am.

Searching for possible manifestations, other than | oscillations, of the non-
conservation of Ly, |l = e;; ,such as ! e+ , | + , etc. decays.



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

{ the origin of the observed patterns of -mixing and -masses ;
{ the physical origin of CPV phases in Upyns ;

{ Are the observed patterns of -mixing and of m3,.;, related to the exis-
tence of a new symmetry?

{ Is there any relations between g mixing and mixing? Is 1o+ &= =472
{ IS 23 = =4, or 23> =4 or else 7,3 < =47

{ Is there any correlation between the values of CPV phases and of mixing
angles In Upuns ?

Progress in the theory of -mixing might lead to a better understanding of the
origin of the BAU.

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



Determining the Mass Hierarchy (sgn ( mgtm)

m IH N H

Reacto r ¢ Oscillations in vacuum.

Atmospheric exp eriments:  sub dominant ! eyand (! )
oscillations  (matter e ects).

LBL oscillation  exp eriments  (T2KK, NO A); facto ry.
SH -decay  Exp eriments (sensitivit y to 5 10 2 eV).

( )o Decay Exp eriments ( ; Majo rana particles).



Atmospheric exp eriments

Sub dominant ! e yand (! ¢ ) oscillations in the Earth,
P3(e! ): P3( ! e): S§3P2;P3(e! ): C%apz;
Ps( ! )=1 s3, P, 2c3,85, 1 Re(e' A ( ! ) ;

P, P2 ( m3; 13,E; njNe): 2- ¢! O oscillatons in the Earth,

O= sp3  + Ca3
and A, ( ! ) Ay are known phase and 2- amplitude.
NH: (e ! ¢ ) matter enhanced , (o ! ¢ ) - supp ressed

IH: (e ! ¢ ) matter enhanced , (o ! ¢ ) supp ressed



The Earth

Mantle

Nadir

Earth: Rcore = 3446 km, Rpan = 2885 km;
Neutrino trajecto ries crossing the Earth core: Nadir angle , 33:179;
Earth: NI  2:3 Na cm 3, N&™ 6:0 Na cm 3



The Earth
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Earth matter

P(n®n)
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1998; M. Chizhov,
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(s23) ?P3 (¢ )y! (9) P2; NOLR: \Da rk Red Spots", Py = 1;
Vertical axis: m2=E [10 “eV2=M eV]; horizontal axis: sin?2 13; n= 0
M. Chizhov, S.T.P ., 1999 (hep-ph/9903399,9903424)



For Earth center crossing 's ( n= 0) and, e.g. sin?2 13 = 0:01, NOLR
occurs at E= 4 GeV ( m?(atm) = 2:5 10 2 eV?).
S.T.P ., hep-ph/9805262

For the Earth core crossing 's: P, = 1 due to NOLR when

S

00
tan ™"=2 tan O= CSZ2m .
cos(2 9 4 0)

00 cos 2
cos(2 99 cos(2 9 4 9)

tan =2 tan

man (- cor¢) . phase accumulated in the Earth mantle (co re),
O (99 - the mixing angle in the Earth mantle (co re).

P, = 1 due to NOLR for = 0 (Ea rth center crossing 's) at,
e.g. sin®2 13 = 0:034; 0:154, E = 3:5; 5:2 GeV ( m?2(atm) = 2:5 10 3 eV?).

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 Earth" type 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 eV2=MeV and of sin?2  0:95, 13, at
which the absolute maxima of P (s23) %P3 ( ¢ ) (e)), CoOrresp onding
to a total 2-neutrino  conversion, P, = 1, tak e place for neutrinos crossing
the Earth along trajecto ries passing through the Earth core: n h =
O0; 13 ; 23 ; 30 . The values of 2 © man = 2 00 core (in units of ),

sin2 9, sin?2 Yand sin?(2 % 4 02) 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).



P, (S23) “P3 (¢ )! @) =1

h 10 7 2] sin®2 3 [ 2% 2% [sin®2 0 sin®2 R sin®2 R 4 9)
0. 7.201 034 923 949 A1 .014 1.000
0. 4.821 154 509  2.334 749 208 296
0. 11.256 547 2174  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 | 3653  7.680 977 972 791
13. 18.249 843 || 4205  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 2948 711 177 1.000
23. 9.655 875 2495  4.011 1.000 .786 772
23. 16.565 .897 4.368  6.275 984 969 828
30. 2.3/6 065 .60 .[38 322 .180 962
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 4159  2.702 885 998 548
30. 8.290 825 2491  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 Troitzk and Mainz °H -decay experiments

m _ < 2:3 eV (95% C:L:)

There are prosp ects to reach sensitivit y

KA TRIN : m 0:2 eV

e

Cosmological and astrophysical data: the WMAP result combined with data from
large scale structure surveys (2dF GRS, SDSS)
X
m;j <(0:4 1.7) eV
j
The WMAP and future PLANCK experiments can be sensitive to
X
mj = 0:4 eV
i
Data on weak lensing of galaxies by large scale structure, combined with data

from the WMAP and PLANCK experiments may allow to determine
X
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 Yg.
S. Fukugita, T. Yanagida, 1986.

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

I e+ : I+ = 1 e+

; etc:

are predicted to take place with rates within the reach of present and future
exp eriments.
F. Borzumati, A. Masiero, 1986.

The  are Majo rana particles ; ( )o decay is allowed.

See-Saw: Dirac -mass mp + Majo rana mass Mg for Ngr



The See-Saw Lagrangian

L' (x) = Lee(x)+ Ly(x)+ LN(X);
Lce = pg—zﬁ(x) iL(x) W Y(x) + hc:;
Ly(x) = i Nr(X)HY(X) w(x)+ YTHY(X)Ir(x) (x)+ hc.;
OO = oMINGO NI

iL - LH doublet, || = (1L IL), Ir - RH singlet, H - Higgs doublet.
Basis: Mr = (M1;M2;M3); Dy diag(M1;M2;M3); D diag (ma1; m2; m3).
M p generated by the Yukawa interaction:

L v= aNgHY(X) L(X); v= 174 GeV; v = mp complex

For Mr - suciently large,
' 2 T 1 diag y .

D (Upuns )Y=w, all at Mg ; R-complex, RTR = 1.
J.A. Casas and A. lbarra, 2001

P

v =Ppor?

In GUTs , Mr < Mx, Mx 1016 GeVv;

in GUTs , e.g., Mr = (10°;1012:10%) GeV, mp 1 GeV.



The CP-Inva rinace Constraints
Assume: C()T= j, C(NY" = Ny, jik=1;2;3.

The CP-symmetry transfo rmation:

Uce Nj(x) Uy = jNCP o Nj (X9 ; jNCP = jN = 1,
Ucp «k(X) U(%p = kCP 0 k(Xg; kCP: | = 0
CP-inva riance:
no= o oqp Ny PR =123 1= e
Convenient choice: '=1i, H=1 (W=1):
_ N . N
TR TH R R
Up = Ui j5 5= 13
Rix = Rk ¥ o k=123 1=¢e;; ;

i, Uj, Rjk - either real or purely imagina ry.

Relevant quantit y:
Pikmi RjkRjm Uy Uim; k& m;

CP Pim = Pjkmi( jN)Z( O°C m)%= Pikmi: IM(Pjm) = O:



Pikmi Rik RimUygUpm; kK6 m;
CP: I:)jkml = ijml( jN)Z( k)z( m)2 = ijmI; Im( ijml) = 0:
Consider NH N;j, NH : Pis = RoR1iz3U,U 3
Supp ose, CP-invrainace holds at low E: =0, 2= , 31 = 0.

Thus, U ,U 3 - purely imagina ry.

Then real Ri2 R13 corresponds to CP-violation at \nigh" E.



Leptogenesis
Yg= Mele 86 10 ¥ (n: 6:3 10 10

S
Ys = 10 2 "
W. Buchmeuller, M. Plumacher, 1998;
W. Buchmeuller, P. Di Bari, M. Plumacher, 2004
{ eciency factor; 10! 103 " >107.

CP , L violating asymmetry generated in out of equilib rium Ng; decays in
the early Universe,

o _ (Np! ) Nyt )
TNy ! )+ (N!0 )

M.A. Luty, 1992;

L. Covi, E. Roulet and F. Vissani, 1996;
M. Flanz et al., 1996;

M. Plumacher, 1997,

A. Pilaftsis, 1997.

= (M), M - determines the rate of wash-out processes:

o+ I N¢, =~ + T + 7 etc.

W. Buchmuller, P. Di Bari and M. Plumacher, 2002;
G. F. Giudice et al., 2004



Low Energy Leptonic CPV and Leptogenesis

Assume: M 1 M > M 3
Individual asymmetries:

P

3M Im jik mlj=2mi:2U|j UkR1j Rk
"1 = 5 . — ; v= 174 GeV

16 v j Mj JRyj]

2
L2\ 2 X
Y -
(i I ul = lemﬁzu,k . 1= e;;
M 1
k

The \one-avo " approximation - Ye:. - \small

Boltzmann egn. for n(N7) and L = ( Le+ L + L ).
Y, HS(x)Ir(X) |- out of equilibrium at T M.

One-avo r approximation: M1 T > 101? GeV
P

2p2
_ XL 3y ImD ik MR,
1 = 1= F —
| 16 v? kmklleJ2
X X _ -
hy = M, = Mg JR1k)” -

I k



Tw o-Flavour Regime

At M1 T 10'? GeV: Y - in equilib rium, Ye - not; dynamics changes:

+
r T Nq! Lt R, N+ || rt |, etc

"1 and ("1e+ "1 ) "2 evolve indep endently .
Three-Flavour Regime

At My T 10° GeV: Y, Y - in equilib rium, Ye - not.

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

Thus, at M1 10° 10% GeVv: L, L - distinguishable;
Le, L, Le L - individually not distinguishable;
Le+ L, ( Le+ L)

A. Abada et al.,

R*» L

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



Individual asymmetries:

Assume: M1 My M3z, 102 < Mg (

P 1=2 _3=2

T) < 102 Gev,

116 v MRy
2
P22 X _
|fn| J—llj = lem&_ZU”( , | = e,
M1
k
The baryon asymmetry is
12 417 390
Yg — 2 ———thy + — i ;
379 589 589
|
ag ¢ 1
| i, 1 022 10 %ev M°
() : 2 +
8:25 10 eV rfn|

Y= (12=37) (Y2+ Y),
Y2 = Yes "o= "et "1, M2= Wit M1

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



Real (Purely Imaginary) R: "1,6 0, CPV from U

(1] 1e+ "1 + "1 — lI2 + "1 — O’

P = =
am, Im j;kmizmﬁ’zujule,-le
1 = F —
16 v? ;m jRyjj°
3M 4 P s mjlzzmizz(Dmk mj) RyjRyIm U U _ _
= T F — > R1jR1k = JRajRu);
16 v i Mj IRy
P 1=2 1=2 D D
3M1 ks Mj M (me+ mj) jR1jRayjRe U U i . :
= 5 P — R1jR1k = 1JR1j Ry
16 v  Mj JR1j)
S. Pascoli, S.T.P ., A. Riotto, 2006.
CP-Violation: Im U J-U k 6 0, Re U J-U k 6 0;
12 " 390 417
YB = — i (1 rh2

37 g 589 589



32 —

mz, mgz, M1 Mzs; Ri2Raiz { real;, mi= 0, Rz = 0 (N3 decoupling)
P 2 2 i - -
" _ 3M 1 M3q m ) JR12R13J
- 16 v2 m3 I
3 ::51 jR12j% + jRi3j?
0 q 1
m?2
@ p——=kIm (U ,U 3)
M3,
h 32 2 |
Im (U ,U 3) = €13 €23523C12 SiN - C33S12S13 Sin -
, = 0: Re(U,U3)=0, CPV due to R

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



M1 M2 M3z, mg my m3 (NH)
Dirac CP-violation

322=0(@2 ), 2= (0) 23 12+ 13 arg(R12R13).
jR12j2 = 0:85, jR13j°= 1 jR12j2 = 0:15 - maximise j j and jYgj:
S13 M1

0:2 109 GeV
jiYej> 8 10 ¥, M;< 5 10 GeVv imply

iYej = 2:8 10 Bjsin j

jsin 13 sin j = 0:11; sin 13 = 0:11:

The lower limit corresp onds to

jdepj > 2:4 10 2
FOR 3 =0(@2 ), 23=0¢():

jsin 13 sin j = 0:09; sin 13 = 0:09; jJcpj ~ 2:0

10

2



M1 M2 M3z, mig my m3 (NH)

Majo rana CP-violation

= 0, real Rip, Riz ( 23=  (0));
322 = =2, jR1zj?= 0:85, jR13j2= 1 jR12j?2= 0:15 - maximise j j and jYgj:
D !

2

iYei = 2 10 ¥ 31
IV 0:05 eV 10° GeV

We get jYgj > 8 10 ', for M1 > 3:6 10'° GeVv



Mi Mz M3z, m3z mg< my (IH)

m3 = 0, Ri3 = 0 (N3 decoupling): imp ossible to reproduce Yé’bs for real R11R12;

jYgj suppressed by the additional factor m?= m2j= 0:03.
Purely imagina ry Ri1R12: no (additional) suppression

Dirac CP-violation

21 = ; RuRi2 =1 JRuuR12j, = 1;

jR11j = 1:07, jR12j% = jR11j2 1, jR1z2j = 0:38 - maximise j j and jYgj:

o, : o M 1
Ygj = 8:1 10 '?jsy3 sin
]YB] JS13 J 10° GeV
jiYsej > 8 10 ¥, M; < 5 10! GeVv imply
jsin 13 sin j = 0:02; sin 13 = 0:02:

The lower limit corresp onds to

chpj > 4:6 10 3



Mi Mz M3 mzg my< my(IH)
Majo rana or Dirac CP-violation
m3 6 0, Ri3 8 0, R11(R12) = 0: possible to reproduce YE?bS for real Ryy11) R13 8 0
Requires msz = (10 ° 10 2) eV; non-trivial dependence of jYgj on m3
Majo rana CPV, = 0 ( ): requires M1 > 3:5 1019 GeVv
Dirac CPV, 331 = O: typically requires M1 > 10 GeV
iYsj> 8 10 1, M, <5 10 GeV imply
jsin 13 sin j; sin 13 = (0:04 0:09) :
The lower limit corresp onds to

jJepj > (0:009  0:02)

NO (NH) spectrum, mi; < ( ) mz < mg3: similar dependence of jYgj on mq if
Ri» = 0, R11R13 6 0; non-trivial eects for my= (10 # 5 10 ?) eV.
E. Molina ro, S.T.P ., T. Shindou, Y. Takanishi, 2007



151
125
-
- 10!
E
% 15
5,
2.5
o - ¥\
0 1 2 3 4 H 6
d
M 1 M - M3, mq m o m3; Dirac CP-violation, 32 = 0; 2 ;

real Ri2, Ri3, jR12j> + jR13j> = 1, jR12j = 0:86, jR13j = 0:51, sign (R12R13) = +1;
) 32=0( %= +1), s;3= 0:2 (red line) and s;3 = 0:1 (dark blue line);
i) 332=2 (%= 1), si3= 0:2 (light blue line);
Mi=5 10 Gev.
S. Pascoli, S.T.P ., A. Riotto, 2006.



0.04 h
0.02.
S 0
-0.02!
-0.04/ |
115 -11 -105 -10 -95 -9

Log,,Ye

M; Mz Mz, m; mp m3 Mi=5 101 Gev,
Dirac CP-violation, 32=0 (2 )
jR12j = 0:86, jRyzj = 0:51, sign (R12R13) = +1 (1) ( 23= 0 ( ), 0= +1);
The red region denotes the 2 allowed range of Yg.
S. Pascoli, S.T.P ., A. Riotto, 2006.



0 02 04 06 08 1
Rio

M1 M > M3, mq mo m3; M1 =5 101 GeV;

real Ri2, Ris, sign (R12R13) = +1, R2%, + R%, = 1, s;3 = 0:20;

a) Majo rana CP-violation (blue line), = 0and 3= =2 ( = +1);

b) Dirac CP-violation (red line), = =2 and 3 = 0 ( %= +1);
m?, sin® 12, m3;, sin®2 ,3 - xed at their best t values.



%5
L
S5
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0 1 2 3 4 5 6

M1 M, M3z m3z mi<mp Mi=2 10 Gev;
Majo rana CP-violation, = 0;
purely imaginary R11R12 = i jR11R12j, = 1, jR11j° jR12j°= 1, jRuj= 1:2;
s13 = 0 (blue line) and 0:2 (red line).
S. Pascoli, S.T.P ., A. Riotto, 2006.



- 98
- 99
>€i - 10
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S 101 -
_
- 10.2!
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003 0035 004 0045 0.05
Bin,\keV
M1 M2 M3z mz mi<my Mi=2 101 Gev;
Majo rana CP-violation, = 0, s13 = 0
purely imagina ry R11R12 = i jR11R12j, = +1 jR11j> jR12j2= 1, jR11j = 1:05.

The Majo rana phase 1 is varied in the interval [ =2; =2].
S. Pascoli, S.T.P ., A. Riotto, 2006.



No flavour effects

M,[GeV]

m3< mp<my Mi Mz Mg, real Ryj; M= (10° 10%?) GeV, s13 = 0:2; 0:1; 0;
R1j varied within jR13j%+ jR12j%+ jRa3j? = 1; 21; 31; varied in [0,2 ;
min( M1) for given ms: jYgj= 8:6 10 !; absolute minima of Mjq:
mz= 55 10 4 59 10 3eV, 3= =2, Mi= 34 (3:5 10 GeV.
E. Molina ro, S.T.P ., T. Shindou, Y. Takanishi, 2007



my [10'3 eV] my [10'3 eV]

mas m i m»> (IH), Ri1 = 0, real R12R13, Majo rana CPV;,
32 = =2, s13= 0, M1 = 10" GeV; R%,=R%; = m3=my: maximises | j;
) sgn(R12R13) = +1; i) sgn(R12R13) = 1.
E. Molina ro, S.T.P ., T. Shindou, Y. Takanishi, 2007
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ms mq m»> (IH), Ri1 = O, real R12R13, Dirac CPV, 3 = 0;
s;3= 02, = =2, M;= 1:5 101 Gev:

) sgn(R12R13) = +1; i) sgn(R12R13) = 1;

) sin® ,3 = 0:50; 0:35; 0:64 (red solid, dotted, dash-dotted lines);

i) sin®? 23 = 0:50 (blue dashed line);
E. Molina ro, S.T.P ., T. Shindou, Y. Takanishi, 2007
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mi1 < m2 < m3 (NO(NH)), Ri2 = 0, real R11R13, Majorana CPV, si13 = 0;
sgn(R11R13) = 1, sin? 3= 0:50, M= 1:5 1011 GeVv;
32 = 2 =3; =2; =3 (red, blue, green lines).

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



Complex R: "4 6 0, CPV from U and R
m1 Mo < M3 (NH), M 1 |\/|2;3; mi=0, Ri7=0 (N3 decoupling)

R%, + R3; = jR12j?€'? = + jRyzj?€? = = 1,

jR12j2 sin2' 12 + jR13j2sin2' 13 = 0: sgn(sin 2' 12) = sgn(sin 2' 13) .
. /s 14 .
cos 2' 1p = Rl Rul' . ginor o = 1 cos22' 15,
2]R 15
o |
cos 2' 13 = Rl *IRul . ginpr 5 = 1 cos?2' 13.

2]R13)? !

ms mi; < Mo (|H), M 1 |\/|2;3; m3= 0, Riz= 0 (N3 decoupling)
R + RE = jRuj?e? »+ R, &% 2= 1,

jR11j% sin2' 11 + jR12j? sin2' 12 = 0.

JYRARE] 1 jR11j2 sin(2 " 11) (jU 1j  jU 2j?) - can be suppressed:

jU 1j2 jU 2j2 = (S%Z C%Z)S%:g 4S12C12S23C23S13 COS = 0:20 0:92 s13 coS
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mi; < m2 < m3 (NO(NH)), Ri1 = 0, CPV due to R and U,
32 = =2, s;3= 0, sin? 3= 0:50, Mi= 101 GeV;
jYPALE] (R CPV, blue), jY2Amxj (U CPV, green), total jYgj (red line)
E. Molina ro, S.T.P ., 2008
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mi; < m2 < m3 (NO(NH)), Ri1 = 0, CPV due to R and U,
32 = =2, s;3= 0, sin? 3= 0:64, M1= 101 GeV;
jYPALE] (R CPV, blue), jY2Amxj (U CPV, green), total jYgj (red line)
E. Molina ro, S.T.P ., 2008



1Ygl x10™°

m; my m3 (NH), Ri1 = 0, Majorana and R-matrix CPV ;
jJR12j= 1, ]R3 = 0:51, s13= 02, = 0( ) (red (green) line) ,
s3; = 0:5, M1 = 3:5 1010 GeV.



Y 5| x10™

jYgj as a function of in the case of NH spectrum, Dirac and R-matrix CPV,
S13 = 0:2, 32 = , jR12j = 1, jR13j = 0:12 and M1 =5 1011 Gev .
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ms mi1< m2 (IH), Riz3= 0, Majorana and R-matrix CPV ,
1= =2, ( sizcos )= 0:15 jRy1j= 1:2, My = 10 Gev;
jYPALE] (R CPV, blue), jY2Amxj (U CPV, green), total jYgj (red line) .
E. Molina ro, S.T.P ., 2008
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m3 mi1< m2 (IH)), Ri3= 0, Majorana and R-matrix CPV ,

21 = =2, Si13 = 0, lelj: 1, Mg = 1011 GeV ;
jYPALe] (R CPV, blue), jY2Amxj (U CPV, green), total jYgj (red line) .
Light-blue line: CP-conserving R, R11R1>  ikjR11R12j, k= 1 jR11j° jR12j? = 1.

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



Low Energy Leptonic CPV and Leptogenesis: Summa ry

Leptogenesis: see-saw mechanism; N; - heavy RH
N;j, k - Majorana particles

S,

Nji |\/|1 |\/|2 MS
The observed value of the baryon asymmetry of the Universe can be generated

A. CP-violation due to the Dirac phase In Upuns , NO other sources of CPV
(Majo rana phases in Upyns equal to O, etc.); requires M1 > 1011 GeVv.

mq mo ms; (NH)Z

jsin 13 sin j > 0:09; sin 13 > 0:09; jJcpj > 2:0 10 2

ms mi < ma (IH):
jsin 13 sin j > 0:02; sin 13 > 0:02; jJcpj > 46 10 °
B. CP-violation due to the Majo rana phases in Upyns, NO other sources of CPV
(Dirac phase in Upuyns equal to O, etc.); requires M1 > 3:5 1010 Gev.
C. CP-violation due to both Dirac and Majo rana phases in Upuns .

D. Yg can depend non-trivially on min( m;) (10 ° 10 2) eV.

_ S. Pascoli, S.T.P ., A._Riotto, 2006 ;A—C;
E. Molina ro, S.T.P ., T. Shindou, 'Y. Takanishi, 2007 (D).



Conclusions

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

The see-saw mechanism provides a link between -mass generation and BA U.
Majo rana CPV phases in Upyns: (1 )o -decay, Yg.

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

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

Dirac and Majo rana CPV may have the same source.

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

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

These results underline further the imp ortance of the experiments aiming to mea-
sure the CHOOZ angle 13 and of the experimental searches for Dirac and/o r
Majo rana leptonic CP-violation at low energies.



SUPPORTING  SLIDES



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

Ermilova et al., 1986, parametric resonance:

(x) = + q1cos x! =Ly;
classical param. enhancement: noticeable after n= 5 6 perio ds; maxi-
mum - after n = 10 perio ds. Not applicable (do es not corresp ond) to the
case of the Earth.

E. Akhmedov, 1988 (Sov.J.Nucl.Phys. 47 (1988) 301):
\castle wall" perio dic potential: two constant densities 1, 2, over X1, Xg;
used X1 = X2, integer numb er of perio ds n;

found enhancement condition when 1. ¢S, ' - \resonance densit y" .
Do es not apply to the case of the Earth: for the Earth X186 Xy, n< 15
and the NOLR enhancement occurs at 1< ™< .

Q.Y. Liu, A. Yu. Smirnov, hep-ph/9712493;
S.M. Mikhey ev, Q.Y. Liu, AY u. Smirnov, hep-ph/9803415
Enahncement of P( ! ) in the Earth:
man - core = - gccurs at E = 30 GeV ( m?(atm) = 8 10 3 eV?).
Called the enhancement \pa rametric resonance".
Claimed (in both articles): the condition of enhancement not fullled for
the 2- I e e ( ) transitions, Le. for P (! &), P2 ( e! ())-



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

Enahncement of P( 2! &), P2( ! &), P2 ( ¢e! ()) in the Earth:
requires man = 2k+ 1) , °re= 2k%+ 1) , k;k= 0:1;::;
for Earth center crossing 's ( o= 0) and, e.g. sin°2 = 0:01, occurs at

E=5(@4) GevV ( m?am)= 3:0 (2:5 10 ° eV?).

Called the enhancement \neutrino oscillation  length resonance (NOLR)"
(requires a sinchronisation between the -oscillation length in the Earth
mantle and that in the Earth core).

M. Chizhov, S.T.P . hep-ph/9903399, hep-ph/9903424
Earth core crossing ‘st P2( (9! &:)) = 1due to NOLR when
S
fan man—o = cos2 %

cos(2 90 4 0)°
S

0
cos 2 p,

tan =2 =
cos(2 99 cos(2 % 4 9)

Showed that these conditions are fullled for Earth core crossing neutri-
nos; found the values of m2(atm)=E and sin?2 at which P, ( ! ¢ =1
for trajecto ries corresp onding to Nadir angles ,= 0; 139; 230: 300,
First \oscillogram of the Earth" type gure appeared 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 €xperiments
SK ( am);
INO ( am); MEMPHYS
MINOS ( am): ATLAS, CMS ( am) (?)
SNO (2006)
SAGE
BOREXINO
LowNu (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

( )o Decay, H Decay
Astrophysics, Cosmology



Rephasing Invariants Associated with CPVP

Dirac phase

JCP: Im Ue]_U 2U82U1
C. Jarlskog, 1985 (for quarks)
CP-, T- violation eects in neutrino oscillations
P. Krastev, S.T.P ., 1988
Majo rana phases 71, 31:

S1= ImfUeaUgQg: Sz = ImfUeUgg  (not unique); or
SY= ImfU 1U,g; S2= ImfU 2U 59

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 fUe U396 0 and RefUe1Uj396 O .
S1, Sp appear in j<m>j in ( )o -decay.

In general, Jcp, S1 and S, are indep endent .



Dirac CP-Nonconservation: IN UppNs

Observable manifestations in

'S 0 1% q0; 119= e
not sensitive to Majo rana CPVP 21 s 31

CP-inva riance;
N. Cabibb o, 1978

S.M. Bilenky , J. Hosek, S.T.P .,1980;
V. Barger et al.,1980.
P(1! 1=P(! ); 181%°= ¢;; 0

CPT-inva riance:
P(i! 9= P(p! )

=1 P(y! D)=P(i! )

T-inva riance:

P(i! )= P(p! 1);161°
3 mixing:
ALY P( 1 P! ) 16 10= e,
A Py ) Pt ) 1810

P.l. Krastev, S.T.P ., 1988



In vacuum: AlS ) = JepFlac

1 . . . .
Jecp = Im UgU2U,,U ; = gsmz 12SIN 2 23 SIN 2 13COS 13 SIn
m?2 m?2 m?
Fya® = sin 2ZLL) + sin 2L) + sin 13
sss = sin(— L) + sin(— Z2L) + sin(— L)

_ P.l. Krastev, S.T.P ., 1988
In matter: Matter e ects violate

CP: P(i1! w6 P(1! 1

CPT : P( |! |0) 6 P( |0! |)

P. Langack er et al., 1987

Can conserve the T-inva riance (Ea rih)

P(1! 9=P(p! 1);161°
In matter with constant density: A1) = gmat pmat
IR = I Rep
Rcp does not depend on 23 and ; |jRcpj < 2:5

P.l. Krastev, S.T.P ., 1988



