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Experimental Evidences of Neutrino Oscillations
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Super-Kamiokande, [eVz] (99.73% C.L)
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ReaCtor (Kam LAN D) [Maltoni, Schwetz, Tortola, Valle, PRD 68 (2003) 113010]
7, disappearance J
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H t MACRO, b =>4
\ SOUDAN 2 ) [ev?|  (99.73% C.L.)
Accelerator (K2K) - |
VH dlsappearance L [Fogli, Lisi, Marrone, Montanino, PRD 67 (2003) 093006]

J

Carlo Giunti — g, Decay Phenomenology — IPPP Workshop, 21-23 April 2004, Grey College, Durham, UK — 2 I




Three-Neutrino Mixing

flavor fields v, massive fields vy

Vol = Z Uk ViL
a=e, 1 p k=1,2,3
2 _ 2 ~5 _x72 2 2 | o 20 o -3 _\72
Amg = Amy; =27 X107 eV Ay = [Amg | = |Am3g,| 2 2.5 X 1077 eV
m m
V3 170
—_ ) —
Amgyy <__
V1
AmiTM Am?ATM
V3
T Y Amd :
normal __> SUN _ inverted
1 V3
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AnaysisA

£
/. \ NV Ve—>VX
SUN Uel Ueg Ue3 5 90% CL Kamiokande (multi-GeV)
I,’ %] 90% CL Kamiokande (sub+multi-GeV)
Am?. < |Am?2]| DT P B e 1o
21 31 s
U’rl UTQ UT3
ATM S
2 _ 2 A2 107
Amicyo0z = Amyy = Ay

CHOOZ: S
Sin ZSCHOOZ = 4|Ue3|2(1 - |ue3|2)

U
Ues* < 5% 1072 (99.73% C.L.) o

[Fogli et al., PRD 66 (2002) 093008]

90% CL

SOLAR AND ATMOSPHERIC v OSCILLATIONS B Y
ARE PRACTICALLY DECOUPLED! CHooz. PL 165 (1000) 418
see also [Palo Verde, PRD 64 (2001) 112001]

TWO-NEUTRINO SOLAR and ATMOSPHERIC v OSCILLATIONS ARE OK!

[Bilenky, Giunti, PLB 444 (1998) 379]

2
) . |u32| - 2 .2 — 2
sin” dsyn = m ~ |Ue| sin” darm = |uﬂ3| [Guo, Xing, PRD 67 (2003) 053002]
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— SK 90% C.L.
— SK99% C.L.
CHOOZ 90% CL exclude
[ 1 PALOVERDE 90% CL exclude

[Nakaya (SK), hep-ex/0209036]

T S S
00 02 03 04 05
sin2913
FUTURE
MINOS: sensitivity |U,s|> ~ 1072
JHF-Kamioka: sensitivity |Usl> ~ 2 X 107 (us/2 ~ 104 with Hyper-Kamiokande) [hep-ex/0106019]
Reactor Experiments: sensitivity [Usl? ~ 3 X 107 (NuFact 03, http: //wn. cap.bnl. gov/nufactes]
Neutrino Factory: sensitivity |Us[> ~ 107
U, > 0 = normal or inverted scheme (Earth matter effects) and (maybe) CP violation
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http://www.cap.bnl.gov/nufact03

Standard Parameterization of Mixing Matrix for Majorana Neutrinos

U = Ry3 Wiz Ri2 D(A)

(1 0 O \( C13 0 8136_1'613\( C12 S12 O\ (1 0 0 )
=10 ¢33 893 0 1 0 —s17 c12 0110 etz

\O —523 €23} \—813€i613 0 c¢3 N 0O O 1} \O 0 €i/\31}

O3 = datmM Y13 = YcHOOZ Y12 = USUN

( C12€13 51213 sj3e3)(1 0 0 )

_ 5 5 A
= | —S12023 — €12523813€""  C12C23 — $12523513€"°®  Sp3c13 ||0 €2 O

5 5 A
| S12523 — €12€23513€'""®  —C12823 — S12€23513€ 7" C23¢13 J{O O ")

( iAo

((A31—013) )
C12€13 $12013€ {(A51=015)

513€

)\21 A31

— 512523513€"121701) 553056
1(A21+013)

. |
= | =S12C23 — €12523513€""  C12C23€"

5 A A
| $12523 — €12€23513€"7"  —C12523€"* — S12C23513¢€ C23C13€"

51320 OF Ay #0, g or As %0, g — CPLCCP ! £4C & CP violation
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SiIl2 SSUN =

Bilarge Mixing

|u€2|2

1- |u€3|2

tan” 9 = 0.43

SiIlz 2 Sbest-fl t_ 1

ATM

. 2 best-fit _
sin ZSCHOOZ =0

.2 2 . 2 2
sin” Sarm = |Uys| sin® ScHooz = |Ue|

0.30 < tan? 9gun < 0.64 (99.73% C.L.)

[Maltoni, Schwetz, Tortola, Valle, hep-ph/0309130]

sin® 29 amv > 0.86  (99.73% C.L.)

[Fogli, Lisi, Marrone, Montanino, PRD 67 (2003) 093006]

sin” 29cHooz < 5% 1072 (99.73% C.L.)

[Fogli et al., PRD 66 (2002) 093008]

(0.84
Ups =~ -0.39
| 0.39

|

055 0.00)
059 0.71
~0.59 0.71,

12

(0.76 — 0.88 0.47 —0.62 0.00 — 0.22)
0.09 - 0.62 029-0.79 0.55-0.85

\0.11-0.62 0.32-0.80 0.51-0.83,
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Am

[eV]

m

Absolute Scale of Neutrino Masses

m m
V3 V2
Amiyy <
—-
: normal inverted 2
ATM Am ATM
V3
__> Amgyy L
1% 1%
*always almost degenerate for m; > /AmZATM ~ (0.05eV ’
]_OO E III IIII T T llllll 100 E IIII T T llllll llll
E ALMOST E ALMOST
DEGENERATE DEGENERATE
-1L _ -1L A i
L0 E E 07 mume P E
N
m 2,
1072 o oo E 1072 ¢ E
g
107% E 1073 4
F my ] r m3 ]
INVERTED
HIERARCHY HIERARCHY
10—4 llllll 1 1 1111111 1 1 1111111 1 11 111 10—4 1 1 lllllll 1 1 lllllll 1 1 1111111 1 11 111
10~ 1073 102 1071 10° 10~ 1073 102 107! 10°
my leV] ms [eV]
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Tritium  Decay

2
SH — 3He + ¢ + 7, dll _ (cos9¢Gr)” e pE) pE(Q-T) \/(Q ~ T — 2
dT 2703 ¢

Q = Msy — Msy. — m, = 18.58 keV

dI’'/dT
(cos9cG)?

1/2
Kurie plot: K(T) = = [(Q —T) \/(Q - T)* - m%e]

IM|* F(E) pE

2713

; m, <2.2eV (95% C.L.)

[Mainz, Troitsk, hep-ex/0210050]

i ) - futu Fe. KATRIN [hep-ex/0109033]
0.1F m,, = 100eV ]

N N sensitivity: m, > 0.3eV
18.4 18.5 18.6
T Q —m,, Q

18.3

O_.... L
18.1 18.2
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Neutrino Mixing = K(T) =

Q-1 Y U4l (@ TP -2
k

0.2 — | |
i |Ue1 |2 =05 m;=10eV
0.15 | -
- |Ue2|?> = 0.5 mg =100eV
& 01 -
< ,
0.05 | .
O L 1 1 1 1 | 1 1 | 1 1 | 1 \I 1
18.4 18.45 18.5 18.55 18.6
Q@ — my T Q@ —m

1/2

analysis of data is
different from the
Nno-mixing case:
2N — 1 parameters

Y IUP =1
k

If experiment is not sensitive to masses (m, < Q —T) — effective mass

K2 = (Q-T) |ue|2\/1—L=<Q-T>2 |ue|2[1_1L
Zk: ' (Q-T) Zk: 12012

= (Q-T)

1M
2(Q-T)

2 2.2
mﬁ = Z | Uk | my
k

2

2

~(Q-T) Q=T - m2
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[eV]

mg

m, <2.2eV  (95% C.L.)

10! I B B i
""""""""""""""""" | Mainz & Troitsk | /i
10° F 3
""""""""" KATRN /]
1071 ¢ <— E
107 3
- —”’ (_
10_3 T A ETIT B A R TITT B R NI Nt A NI
10~ 1073 1072 101 109 10!

my [eV]

normal scheme

— mg<22eV (95% C.L.)

10! F T i
""""""""""""""""""" | Mainz & Troitsk | /i
10° =

i KATRIN
107! = <— E

o -

S
107 ¢ 3
10—3 | | 1111

10

ms [eV]

iInverted scheme

almost degenerate: my ~my ~mz ~m, = mé ~ m? Z Ul> = m
P

VERY FAR FUTURE: IF mg < 3 X 1072 eV = NORMAL HIERARCHY
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Cosmological Limit on Neutrino Masses

neutrinos are in equilibrium in the primeval plasma through weak interaction reactions

-9, ) ) _ _ -
VSete vesve VNSVN v &Spe Vp Snet nSpe v,

weak interactions freeze out
Tweak = Nov ~ GET°~T%/Mp ~ VGNT4 ~ \JGnp ~H =~ = Tgec ~ 1MeV
neutrino decoupling

—

1
3
ﬁ) T, ~1945K = kT, =~ 1.676 x 10™* eV (1,=2725:0001 K)

Relic Neutrinos: T, = (

e 3C03)
number density: n; = 12 ng3 = 1y, 5 ~0.1827 T3 ~ 112cm ™
) . i ny, p, Mk 1 My Zk s
density contribution: O = ———— =~ — | Q, 1 = i
Y ¢ 0c 12 94.14 eV o41dey| )

[Gershtein, Zeldovich, JETP Lett. 4 (1966) 120] [Cowsik, McClelland, PRL 29 (1972) 669]

very weak assumptions: 1 <1,Q, <1 — Z my < 94eV

reasonable assumptions: 7 < 0.8, Q, <01 = Z me < 6eV
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[eV]

T

| | vl | |
106 [ ¢ Thee ~ 1 MeV Q, =8x107° 4
| O, = 0.27
- N Tgen ~ 0.1 MeV Qpr =0.73 .
10* - -
107 - -
100 Teq ~ 0.8eV —;\\\ —
Tree ~ 0.3V =N
1072 = -
i o Tyt ~ 1.6 x 1073 eV N |
1 1 i | 1 :I 1 1 1 1 I 1 1 1 1 :I : 1 1 1 :
10-10 107° 10° 10° 1010

t [yr]

massive neutrinos = hot dark matter

)

relativistic at matter-radiation equality
(zeq ~ 3000)
when structures start to form

last CMB Scattering (recombination)

Zrec ~ 1300, Tree ~ 3700K ~ 0.3eV

galaxy formation at zg, ~ 6.8
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P(k) (h=3 Mpc3)

Power Spectrum of Density Fluctuations

Power Spectrum for n=1 ACDM and ACHDM

106: T UL L | T LI | T LN

104

hot dark matter prevents early galaxy formation

small scale suppression

108 -

AP(R) Qv Y, 11 ( 0.1 )
Pky — Q. T\ 1ev J\Q, R
o for k2 ku ~ 0.026 4/ —= \/Q hMpc™

leV
: [Hu, Eisenstein, Tegmark, PRL 80 (1998) 5255]
1010-3 — ....1.O|_2 II Ilmllc;-l - 1(|)° e ....1.01
k (h Mpc-?)

[Primack, Gross, astro-ph/0007165]
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Current power spectrum P(k) [(h~! Mpc)3]

10®

104

1000

100

10

Wavelength A [h-! Mpc]
104 1000 100 10 1
E T |IIIIII T T |IIIIII T T |IIIIII T T |IIIIII T T |III£
L : | ]
I ke ]
| 12k _
- ®m Cosmic Microwave Background :
B @ 2dF galaxies T
¥ Cluster abundance
E m Weak lensing ]
C A Lyman Alpha Forest ]
C 1 IIIIII| 1 1 IIIIII| 1 1 IIIIII| I 1 IIIIII| 1 1 IIIII_
0.001 0.01 0.1 1 10

Wavenumber k [h/Mpc]

[Tegmark, Zaldarriaga, Phys. Rev. D66 (2002) 103508]

Current power spectrum P(k) [(h~! Mpc)3]

104

1000

100

10

104

Wavelength A [h-! Mpc]

1000 100 10

1

T IIIIIII| T T T TTTIT T IIIIIII| T T TTTITH

® Cosmic Microwave Background
® SDSS galaxies

% Cluster abundance
m Weak lensing

A Lyman Alpha Forest

1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 1 11 111T]

0.001

0.01 0.1
Wavenumber k [h/Mpc]

[SDSS, astro-ph/0310725]
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CMB (WMAP, CBI, ACBAR) + LSS (2dFGRS, L-a) + HST + SN-la

[WMAP, astro-ph/0302207, astro-ph/0302209]

To=13.7+01Gyr, h= 0-71i818431’

OQuor = 1.02£0.02,  Qph? = 0.0224 +0.0009, Q,,h* = 0.135+0008

ACDM:

0, h? < 0.0076 (95% confidence) = Z my < 0.71eV = my < 0.23eV
k

10° F— L L A L R < 10° F— L L O AL 2
| CMB + LSS | CMB + LSS
Spme
1071 F DMk 3 wlty—— o 3
F I : . - ma : .
— ms3 . my
N N
o, L,
1072 M E 1072 F .
S : S
1073 E 1073 ¢ E
m1 E ms
10_4 T | T | T | 10_4 T | T | Lo el
104 1073 1072 107! 109 104 103 1072 1071 10°
m [eV] ms [eV]
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Hannestad [astro-ph/0303076]

Z me < 1.01eV  (95% confidence) [WMAP+CBI+2dFGRS+HST+SN-Ia]
k

Z mp < 1.20eV  (95% confidence) [WMAP+CBI+2dFGRS]
k

Z my <2.12eV  (95% confidence)  [WMAP+2dFGRS]
k

Elgaroy and Lahav [astro-ph/0303089]

Z m, <1.1eV  (95% confidence) [WMAP+2dFGRS+HST]
k

WMAP + SDSS [astro-ph/0310723]

B 070705  Qn~030+004 (o) Y m, <17eV (95% confidence)
k

Carlo Giunti — g, Decay Phenomenology — IPPP Workshop, 21-23 April 2004, Grey College, Durham, UK — 17 I




Majorana Neutrino Mass?

U d S cl? 7;

|

I
" V2 13 e i M
_ oo V Vo

|

|

|

|

}\/ }"
| | | | | | | | | |

Y\L A ¥ | L |
107* 102 1072 10°! 10 10' 10% 10% 10* 10° 105 107 10® 10° 10%° 10t 1012

\i;\

=
—
=

/

m [eV]
known natural explanations * See-Saw Mechanism
of smallness of v masses: * 5-D Non-Renormalizable Effective Operator

[ % Majorana v masses & |AL| = 2 < Bf, decay
2

Mew
M

both imply { x see-saw type relation m, ~

| * new high energy scale M

Majorana neutrino masses provide the most accessible
window on New Physics Beyond the Standard Model
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In Neutrino Oscillations Dirac ~ Majorana

dv 1
Evolution of Amplitudes: ¢ = UM?U" + 2EV
P 3 = 3£ )us Vs
_ Dirac: u®)
difference: _
Majorana: UM = u®pr)
1 O 0
0 e21 0
DA =|. . ] = D'=D"!
0 0 N1
(m% 0 0 )
0 mj -~ 0
M=\ . — DM?=M?’D — DM?D' = M?
L0 0 - n2 )

u(M)MZ ( u(M) )'l‘ — u(D) DM2 D'I‘ ( u(D) )'l‘ — u(D)MZ ( u(D) )‘I‘
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Neutrinoless Double-g Decay: AL =2

NA,Z) > NA,Z+2)+e +e d e
- Uek;
(T§’72) = Goy Moy | [mggl?
myjp ——x Vg
effective U
Majorana igg = Z Uz my R
mass p ) W

Two-Neutrino Double-3 Decay: AL =0

NA,Z) > NA,Z+2)+e +e +7,+ 7,

(T%//z)_l = Gy, |M2v|2

second order weak interaction process
In the Standard Model :
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Majorana Neutrino Mass & ff,, Decay
[Hirsch]

[Schechter, Valle, PRD 25 (1982) 2951] [Takasugi, PLB 149 (1984) 372]
i .

v e e BN e T o e e SR S

black
box

e L I ]

Majorana Mass Term: LM —

N u, d, e are massive
two conditions:

standard left-handed weak interaction exists

cancellations with other diagrams are very unlikely (unstable under perturbations)
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The Problem of Nuclear Matrix Elements

[Simkovic, Vergados, Suhonen, Kortelainen]

Theoretically evaluated 88(0v) half-lives (units
of 10?8 years for (m,) = 10 meV).

Isotope [10] [11] [12] [13] [14] [15]
BCa 3.18 8.83 - . : 2.5
6Ge 1.7 177 140 233 32 3.6
82Ge 058 24 56 06 08 1.5

100M o . - 1.0 1.28 0.3 3.9
116 (14 ’ . g 0.48 0.78 4.7
130Te 0.15 5.8 0.7 0.5 0.9 0.85
136 ¥ - 12.1 3.3 2.2 5.3 1.8
150N - . - 0.025 0.05 -
16034 _ - - 0.85 - -

[Cremonesi, NPB P.S. 118 (2003) 287]

about factor of 3 discrepancies — estimated uncertainty
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QRPA calculation of M,

[Simkovic]
Ge Nucleus | Moy |
6Ge | 2.40 +0.07
290 10Mo | 1.16 +£0.11
B30Te | 129 +0.11
52 [Rodin, Faessler, Simkovic, Vogel, PRC 68 (2003) 044302]
[Bilenky, Faessler, Simkovic, hep-ph/0402250]
3.0r
- 0.00 b e RORPA
¢ o QRPA ]
20F -
AT .
S 15) .
% i : ) ¢ % ]
' 1.0k E % .
——— T ———————"-3.90 0t
0.7 08 09 10 1.1 1.2 1.3
gpp

0.0"
76 100 130 136
Ge Mo Te

Xe
uncertainties much smaller than the traditional factor of ~ 3
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Hirsch Comment on Matrix Element Uncertainty

* In QRPA calculations g, is the most important parameter
* Increasing g,, reduces both g, and g, matrix elements

* If BB, half life is known, g,, can be fitted

[Rodin, Faessler, Simkovic, Vogel, PRC 68 (2003) 044302]

3 different nuclear Hamiltonians M = 2,68 + 0.06
—
3 different model spaces MR =240 +0.07

[Muto, PLB 391 (1997) 243]

MEA =45 M =38 MIFH =309

Rodin-Faessler-Simkovic-Vogel
MOV

~

N[ =

Muto
MOV
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* Rodin-Faessler-Simkovic-Vogel uncertainties seem too optimistic
* but factor of ~ 3 uncertainty maybe too pessimistic
* necessary to exclude old or unreliable calculations

* experts should join, select the best calculations and estimate uncertainty

Vergados: important to improve shell model and QRPA calculations
to reach (hopefully) convergence

Suhonen: use available g~ decay data of intermediate nucleus
to constrain and test models

Important to test and constrain model with all available data
Kortelainen: possible test with u capture

no method can guarantee rightness of matrix element,
but important to increase confidence
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BBy, Decay Experiments

[Avighone]

sensitivity: signal equal to background fluctuations

Iy, NggTe~ VBAEMT
Ngs T

o ppl € e MT

V2 \JBAEMT BAE

large efficiency e
large mass M
long time T
low background rate B
small energy resolution AE
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Best limits for 3., Decay

-25 -1 -2
(T%,)™" = Gou Mo, P lmggl? | NUCleUS | Go [Ty eV7] | [ Moy
°Ge 0.30 2.40
RQRPA calculation of M, 100
[Rodin, Faessler, Simkovic, Vogel, PRC 68 (2003) 044302] MO 219 1 16
[Bilenky, Faessler, Simkovic, hep-ph/0402250] 130Te 712 1.29

Heidelberg-Moscow ("°Ge)

[EPJA 12 (2001) 147]

T, >19x10%y (90% C.L)| = |Imgl <0.55eV (90% C.L.)

IGEX ("°Ge)

[PRD 65 (2002) 092007]

T, >157x10"y (90% C.L)| = | |mgl<0.6leV (90% C.L.)
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Best reported results on 88 processes. Limits are at 90% C.L. except when noted. S3(2v) results are
averaged over different experiments. The effective neutrino mass limits and ranges are those deduced by
the authors ({m,)) or according to Table 1 ((m})).

Isotope Ti7, (¥) T, (¥) (m,) (eV) (ml) (eV)
#Ca (4.2 £1.2) x 10'°[16] > 9.5 x 102 (76%)[17] < 8.3 <16 -30
%Ge (1.3 £0.1) x 10%1[37,18] > 1.9 x 10%%(37] < 0.35 <03-1

> 1.6 x 1025 [19,38] <0.33-1.35
82Se (9.2 £ 1.0) x 1019[20,21] > 2.7 x 1022(68%) [20] <5 <46-144
Rz (1.4133) x 101°[22,23]
180Mo (8.0 £ 0. 6) x 10'8[24-26] > 5.5 x 10%%[27] <21 <23-84
116Cd (3.2 £0.3) x 10*°[28-30] > 7 x 10%?3[29] <26 <26-—82
1281307 Geoch. ratio[31] <1ll1-15
128Te (7.2 £ 0.3) x 10%4[31,32] > 7.7 x 10?4 [31] <11-15
130Te (2.7 £0.1) x 10%1[31] > 2.08 x 1023 <0.9-20 < 0.85-5.3
120X > 8.1 x 102°[33] > 4.4 x 1023 [34] <18-5.2 <2-52
150Nq 7.015% x 101%[25,35] > 1.2 x 10%1[25] <3 <4.6-6.5
2387)(3) (2.0 £ 0.6) x 10%1[36]

[Cremonesi, NPB P.S. 118 (2003) 287]
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Indication of 3f,, Decay in Heidelberg-Moscow Experiment

[Klapdor-Kleingrothaus, Dietz, Harney, Krivosheina, Mod. Phys. Lett. A16 (2001) 2409] [Klapdor-Kleingrothaus, Dietz, Krivosheina, Found. Phys. 32 (2002) 1181]

[Klapdor-Kleingrothaus, Dietz, Chkvorez, Krivosheina, NIMA 522 (2004) 371] [Klapdor-Kleingrothaus, Krivosheina, Dietz, Chkvorets, PLB 586 (2004) 198]

Y, = (0.69 —4.18) x 10”y (99.73% C.L.) TOvbest-iit — 119 x 10%y

1/2
4.20 evidence (99.9973% C.L.)
[mggl = 0.37 — 0.92eV  (99.73% C.L.) [mgg Pt = 0.70 eV
70 ‘ ; SSE -
5r ) = 2n2b Rosen — Primakov Approximation
M 60}
al
50t
%} >
<3p %40?
§ f %30»
ol ~
/ 20t
i ] | o Q=2039 keV
8000 2010 2020 Enerzgci/s:okev - 2040 2050 % 500 1000 Ene?gf?kev 2000 2500 3000
ulse-shape selected spectrum 3.80 evidence [PLB 586 (2004) 198]
P

the claim must be tested by independent experiment (NEMO-3, CUORICINO)
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Experimental Perspectives for 58y, Decay

[Avignone, Thomas, Zuber]

Expected 5 y sensitivities of future projects.
NME are from ref. [13] except when noted.

Experiment Isotope 17, ()
(10% y) (meV)
CUORE[47] 1307 7 27
CUORICINO[47] 139Te 0.15 184
EXO[48] 136 Xe 8 52
GENIUS[49] %Ge 100 15
MAJORANA[50] "6Ge 40 25
GEM][51] %Ge 70 18
MOON[52] 100Mo 10 36
XMASS[53] 136X e 3 86
COBRA[54] 130e 0.01 240
DCBA[55] 150Nd 0.15 190
NEMO 3[56] 100Mo 0.04 560
CAMEO|57] 116Cd > 1 69
CANDLES[58] 48Ca 1 158[15]

[Cremonesi, NPB P.S. 118 (2003) 287]
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Neutrino Oscillations Bounds for 3,, Decay

[Hirsch, Pascoli]

| U, |2 e21(A31-013) 49 3

Mgg = Z U?k My Mg
k

|UaPe**211my

complex U, = possible cancellations among m, my, m3 contributions!

mgg = |Ua["my + [Uepl?e® 2 my + |Upsl?e™ M5 09 my

conserved CP = 613=0 A4 =0, g — M= 11

opposite CP parities of vy andv; = ¢*% =-1 = maximal cancellation!
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Mass Hierarchy Without Fine-Tuned Cancellations

[Gm)] = max ()l [l = Ukl 1y

2 2 N >
|Ue3|” ~ sin” YcHooz mz =~ /Am

> .2
|Up2|” ~ sin” dsyn Am? ATM

SUN

] )
Ul.y,_g, = 0.30, \/Amgggﬁt-ﬁt = 83%107

0.22 < |U| £ 0.38

-3 -3
73%x 107 5 (JAm2 9.7 %10 |

2 2 best—fit 2
[Ueslpest—ic = 0 \/ Amiypy = 5.1 x107 (my[best=fit —
- { ;

[yt = 2.5 x 107
s —>
1.6 X107 5 [(m)l, 3.7 x 107

U | < 0.05 3
, Km)|s < 3.6 xX10
3.7 %10~ sw/A Myt <71x1072

v, contribution [{m)|, may be dominant! (lower limit for |(n1)|)

but overlap of allowed ranges for [(m)|, and |(m)|3 show that strong cancellations are possible
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CP Conservation: Normal Scheme

10! fr T 10 R B B B
E An =0 As1 =0 An=m/2 Az =m/2 A
1005_ 1005_ E 1005 I“I T T IIII“I T T IIII“I
o —————— - : ALMOST
| H-M & IGEX | | H-M & IGEX | ) // DEGENERATE
4 1= il / |
10 E = 107 E 07N E E
102F - & 102k - = )
B F [ T L E
103 F 3 1073 3 S
[ [ 1073 E
10—4 Ll Ll Ll Ll L 10—4 TR FERTIT r mi
0% 10°% 102 107! 10° 10! 1074 10!
i [eV] iy [eV] HIERARCHY
T o e N e 1 e e e e 10—4_ L -------l_ L -------l_ L -------l_ Lo
10" E T T T T A 10 g T T T T E 10~4 10~3 10~2 10~
E /] E 3
A =0 Az =mn/2 F An=m/2 Az =0 A mi  [eV]
100 S 100
FlaMmecex | T 2
/ _ | Ul =058 -0.77
1071 g ’ 4 < 107k
E 2 .
o Ugplc =0.22 - 0.38
102 E - S 102k )
__________ Uesl” = 0.00 — 0.05
10°F E 103 ;
: / : :' [Hirsch, Pascoli]
104 L | TN BT BT R 104 NI RN T T R B
1074 1073 1072 107! 10° 10! 10~* 1073 1072 107! 10° 10!
m [eV] my [eV]
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leV]

111451

leV]

17251

CP Conservation: Inverted Scheme

10! F T 10 I A B BN EEREARA:
. An =0 F An =m/2 Ay =7/2 7
100 F 100 o L
2 Y DA - ALMOST
| H-M & IGEX | | H-M & IGEX | /,/ s DEGENERATE
i S i )
10 fo = 10 £ B 10_1 E my,my > f/’,/ 3
1072 ¢ E g’: 1072 o E E
C ] 1 1072F E
107°F 3 107°F 3 .
L 10—3 L .
E ms
10—4 Ll Ll Ll Ll L 10—4 TR | Ll Ll Ll IR o
1074 1073 1072 107! 10° 10° 1074 1073 1072 107! 10° 10! L INVERTED
;s [eV] s [eV] r HIERARCHY
;- 104
107 ! ! ! ! v 10" ' ' ' ' 3 10~ 1073 102 10~ 10°
A =0 Az =mn/2 F An=m/2 Az =0 A my  [eV]
100 E YA 100 L
b JHM&IGEX, /] - lHM&IGEx, 7] 2
[ % 1 o U,|” =0.58 - 0.77
0 3 < 107 E 3
- e ] E - s 3 2
i | ] Uy~ =0.22 -0.38
102 F E S 102 E 5
1073 ¢ E 1073 F E
[Hirsch, Pascoli]
10—4 Ll Ll Ll Ll L 10—4 TR | Ll Ll Ll IR
1074 1073 1072 107! 10° 10! 10~* 1073 1072 107! 10° 10!
msz  [eV] m3 [eV]
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General Neutrino Oscillations Bounds for 3y, Decay

[mggl

10! e 10" g
100 F 100 E_
""""""""""""""""""""""""""""""""""""""""""""""""""""" IHM&IGEX,
101 E E 10~k CP violation -
1020 = 10 > i e
10-> N, 1073 3 E
10—4 ! r ol L 1ol L 10—4 | Lol Lol Lol L 1ol L
1074 1073 1072 1071 10° 101 1074 1073 1072 1071 100 101
my  [eV] ms  [eV]
“normal” scheme “Inverted” scheme
FUTURE: NEMO3, CUORICINO, COBRA, XMASS, CAMEO (Imgg| ~ few 10~1eV)

EXO, MOON, Super-NEMO, CUORE, Majorana, GEM, GENIUS (|m55| ~ few 1072 eV)
VERY FAR FUTURE: IF |m55| <7X 1072 eV — NORMAL HIERARCHY
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Beyond Neutrino Mass

very interesting, but | think always important to remember

OCKHAM RAZOR

essentia non sunt multiplicanda praeter necessitatem

entities should not be multiplied unnecessarily
[William Of Ockham (near Ripley, Surrey, England), ~ 1288 — 1348]

a basic principle of scientific research (and common sense)

| think that until the neutrino mass contribution dominance is found insufficient
or there is independent evidence of the existence of other entities

BBy data should be used only to place limit on other mechanisms
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[Hirsch]
many possible mechanisms
heavy majorana neutrinos
left-right symmetry
R-parity conserving supersymmetry
R-parity violating supersymmetry
leptoquarks
composite neutrinos

extra-dimensions [Pilaftsis]
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Conclusions

Experimental evidences of v Oscillations = 3-v Mixing,.

Most important open fundamental question: which is the nature of neutrinos (Dirac or
Majorana)? Theory favors Majorana neutrinos. Windows on physics beyond SM.

Best known mechanism to reveal the Majorana nature of neutrinos is ., decay.

Next generation of BB, decay experiments with sensitivity |m44| ~ few 10! eV can probe
the degenerate mass spectra.

Planned Bp,, decay experiments with sensitivity |44 ~ few 10> eV will probe the
inverted hierarchical mass spectrum.

Eventually BB, decay experiments with sensitivity [mgg| < 1072 eV may exclude the
inverted hierarchical mass spectrum.

Hope is to fi nd Bf, decay at large |mgg], which may allow detailed study of neutrino
properties (masses and maybe CP violation and Majorana phases).

Big theoretical effort to understand and improve uncertainty of nuclear matrix element
calculation is absolutely needed!
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