. events

Neutrino Mass from Time- of -flight

Supernova 1987a in Large Magellenic Cloud
L =50 kpc (150 light years )

L m2{v)et
—g— madel ‘ g e k)= —- (l T ) )
I energy ] | c

Ll t=0unknown (Mev) <
a ||| use arrival time as function of energy —

o 1ETa

T A T TTTT PP

time (sec) time (sec)

M(n,) < 23 eV/c?




Limits on M(n; )

Measured int decays at LEP
ee® tTt-
t ® npn, (n=3, 5, 6)

contours are limitswhenE_=0

s
ZZ

(a)

1 —

0.95

(@) m,= 0 Mev/ ¢
(b) m,= 30 MeV /¢’

0.8 |

(d) m,= 100 MeV /&’

1.6 1.65 1.7 1.75 1.8
M, (GeV /%)



Limits on M(n, )

In tau rest frame energy
of hadronic system h:

m,2+m,.2- m 2

En = 2 m,

Total decays

2939: t-® 2p p'n
52 t-® 3 p 2p* n
3:t-® 3p 2p*p¥n,

only events with high m,
contribute to M(n, ) limit

M(n, ) < 18.2 MeV/c? (95% CL)

E, / Ebeam

1.1

ALEPH
T = 51(n°) v,
1.05 |
| = / %7
0.95 -
0.9 |
m,=0 MeV /¢’
__ — m,=23 MeV/c*
08946 1.64 1,68  1.72 1,76 1.8

M, (GeV/c?)



Limits on M(n_)

T — ,ur"' + 1y (Two body decay)

Decay at rest; 55 w +

- i i & -

|ﬁﬂ| = |i€;&|
m, = &, + Eﬁ
—}mf,: |||:‘;+ﬂli—2--||:-1.ﬂ'm§+p§

Pionic atoms: m, = 139.570180(350) MeV
Myonium: m,, = 105.658357(5) MeV
Magnetic spektrometer (PSI): Pu = 29.791998(110) MeV

M(n,) < 170 keV/c? (95% CL)
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Limits on M(n, )

Tritium 5 decay:
superallowed

S3H — 3Het +e~ +1, : Ep=186keV

’[1/2: 12.3a
100 D i
800 Ry

o /B00 N const. offset ~ mqy, )
£ 400 +
= _
S 200
B O :

I N N N Y N Y I | = _, | i i | i L ! ! | L L L L ] 1 1 ] I
0 5 18 1a { — 30 — 20 ] £ G 10
energy £ [keVl F—E, [=V]

Detailed study of end-point of spectrum: many experiments



Limits on M(n, )

Mainz spectrometer

CRYOQGENIC TRAF | SOLENDID —~ELECTRODES DETECTOR
~ gl
i ¥ !
& ——

== ﬁ == ==
%ﬂ" -1 sl B

e——— |

NEW GUIDING MAGNETS NEWW HIGH FIELD ELECTRODES

LHe cooled

Laser for elllpsnny shield
o

#® Ts flmat 1.86 K

# quench condensed on graphite substrate (HOPG)
& == 450 A thick, area 2 cm?

& thickness measured. by ellipsometry
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Limits on M(n, )

End-point spectra

Troitsk experiment

Integral p-spectrum of Tritium decay near end-point

= [Expesimertial paints, 1996
— Theomtical apecium + sep eMecl
355 + 06 mHE o 18563 eV
—== ZSinp offect subimcted

Traitek anomaly
¥

By =y~
E, == 1.8 w
E/
Iisground sl = 20,7 mHz ; i
ot Do e R ¥ [}
P S T N [ TR T N R T N | e I W PR hLae -1 Y PR
18555 TESG0 18565 18510 168575 18580
Energy, eV

caunt rate [s7']

Q.02

0.015F

':"%.:55'

Mainz experiment

; | I | Pa i
}r ll, m fainz 98,99 datc
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L h! Eu,-lf
N
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retarding energy [keVl




Limits on M(n, )

v kil

m ¢’ [eV]
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Double Beta Decay

A(ZN) ® A(Z+2, N-2)+2e"+2n, A(ZN) ® A(Z+2, N-2)+2e

dL Ur, dL U
H{,% Ef, §W
—w~—— &
Hed, Vel &
2vBp G Ovpp
VeL Y (neutrino-less)

Vel
€L
W EL §W
d d g Only possible M(v) = 0

Majorana neutrinov =v

2vpp Ovpp

Energy(e 1) + Energy(e,)



Only a few possible double beta Isotopes

T Must be energetically allowed
' and single beta decay suppressed

EA (A,Z+1)

=i Q X
(£ L p— L BERT 4 4 347 Al
T ek | ¥ el

| Iransit on [ Y ke'V) | Abanda pie du nivaay 07
Er— "o | K. 1R 045 3T
= - :H.- Crr : chis - [ﬁ'zll.i}




Example: 1Mo in MOON detector
Mo(42,48) ® Ru(44, 46)
Both:
Double beta decay: 10Mo ® 10Ry +2e (+2 n,)

i 8B
%3:— 3.3 tons 1""Mo
= ALY AARES RALLY LALS nasas | IR 1L
>‘-—_~' 1+ 16— -1 &
(24 Solar-v Ej g ]
C
L 202 PEP = B
Z 1 A E Be § lﬂ- :
L in 0
1 DOTC 1+ II E g
0 —QF =0 165Mev— — — - g 2
100M0 T=15.88ec < é
' 6 -
5

u_ 11418 L i L1 F 1
025 05 078 1 1.25 2.8 2.8 3 32 34
O+ Energy (MeV) Sum Energy (MeV)




Physics beyond Standard Model in Onbb

b
i E' Right-Handed Currents
WLK P )
“‘\%
“ Wr

B Majoron

P
n
W / |5£ Majoron production
L
‘e‘g{
i P

Supersymmetry




NEMO 3 (100Mo)

At Modane laboratory in Frejus tunnel

Ty CHRAT LOTSCWAC 1k ¢ :
LT 1 I ETTETEN




countslg -d- keV

Heidelberg-Moscow (7°Ge)

At Gran Sasso Ia
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Summary of Double Beta Decay Results

Limits on Majorana neutrino mass GENIUS: 10t
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|_atest News

Latest results from the HEIDELBERG-MOSCOW double beta
decay experiment

L' 3 r L Al i3, Heusser!, LV woshein='_ B. = H. i - "t
T e e 1 Mabri B 7w August 2001 limit:

e R e ey To>3.1" 10* years (90% CL)

Hepalved: 22 A ggust 2001 M < 0.3 eV /C2

Cormrruniexted by D Schealm
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EVIDENCE FOR NEUTRIMOLESS DOUBLE BETA DECAY
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Summary of Particle Data Group 2001
Number of light n: 2.994 + 0.012
M(n,)< 3eV/c?

M(n.)) < 190 keV/c?
M(n,) < 18.2 MeV/c?

Majorana mass M(n,) < 0.24 eV /c?
( dependent on Nuclear Matrix Element)



Possible Neutrino Mass Splitting

5 -
Am2_ =3*10" eV*
AmZ < 10~ ev? 7] - 2 . . .
M(n,) <3eV?
0 \ 4 \ 4 \ 4 \ 4

Zero of mass scale ?



Neutrino Mixing

Analogy with quarks
For massive particles:
flavour eigenstates can be different from mass eigenstates

leptons

Ne /Uel Ue2 UeS\ L rd(]; /Vud VUS Vub\ d

quarks

n,|=| Uy Uy Uy n, s¢ | = | Vg Ve Vg S

) WY Ve U (] e vy, V., V, b,
U : leptonic mixing matrix
V : quark mixing matrix, ( CKM matrix )

Standard Model,
U and V unitary 3~ 3 complex matrices: S U, U= d



W decays

leptons quarks
W® In, W® g, gy
W ® en, u%U,, %2 W ® ud p 2V, %
® en, 4 LU, Y7 ® us B BV, Y2
® en, U %LU, %2 ® ub p %LV, %2
® mn, U %LU V7 ® cd YLV Y2
® mn, 4 %LU, Y2 ® cs UV Y2
® mn, p LU %2 ® cb W%V, Y2

® tn, pYU, Y2
® tn, YU,
® tn, g YU, 12

Unitarity:
VU Y2+ 12U B+ U =1 36V, 18436V, VB + 36V, Y8 = 1

etc.



Numerical Values

el Ue2 Ue3 A ! Vud Vus Vub A
mL U n U n8 Vcd Vcs Vcb
Ut 3 ) _ th /

A - 0.97 0.22 0.003 )
022 1.0 0.04

1.0

/ G /



Possibilities for Leptonic Mixing

No mixing

(Uel Ue2 Ue3\

Un U U

Utl

UtZ Ut3j

NS

" 0.97
0.22 1.0 0.04

| 0.006 0.04 1.0

like quarks

0.22 0.003"

1/ -1/ 0

1/2 12 -1

J

L 1/2 1/2 1

bi-maximal mixing

If U; = 0 no CP violation ( like V= 0 for quarks)



CP Violation in Neutrino Sector

(Uel Ue2 UeBN
UmL Umz UnB

Utl Ut2 Ut3j

NS

If U, = 0no CP violation ( like V= 0 for quarks)

Same parameterisation as quark sector:

C19 C13 519 C13 s13€ °
5 5
—8192 C23 — C12 S23 S13 € C19 Co3 — S12 S23 S13 € 593 C13
i5 5
$12 S23 — C12 C93 S13 € —C12 S23 — S12C23 S13 € €23 C13
Ciy — COS Qz;j, Sij — sin eij

CP conservation:  P(v, — v; t) = P(Uy — Tp; t)



