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Summary so far

* Neutrinos have a non-vanishing rest mass

* Observed in atmospheric neutrinos, confirmed by
accelerators (long baseline experiments)

* Bestfitis

|Am?| =(2.32%0.10) x 103 eV? (90% C.L.)
sin?220=1
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Standard Solar Models

Assumption: Sun is producing energy by nuclear fusion
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60 billion neutrinos pass per cm? every second



Detection principle

radiochemical (CC)
v,+(AZ)—>e +(AZ+1)
+. low energy -: not real-time

1 SNU = 10-3¢ captures/target atom/s

elastic electron-neutrino scattering (ES)
v.+te >v +e
+: real time -: high energy

reactions on deuterium (CC + NC)
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Impressions -

Swimming pool (shielding) Short before
4500 mwe underground beginning operation
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Cl-experiment - Results

Count Rate (Events per Live Day)

BT. Cleveland et al. /Nuclear Physics B (Proc. Suppl) 38 (1995) 47-53 Figure 3: Time Distribution of Events Within the Acceptance Window
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Super-Kamiokande

NO significant day/night
asymmetry
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All experiments measure only 30-50% of predicted flux

l'otal Rates: Standard Model vs. Experiment
3 Bahcall-Pinsonneault 2000
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Neutrino

Core temperature Vacuum
H°B)oc T'° oscillations
Chem. composition Matter oscillations
Magn§tlc held Magnetic moment
Cosmions
Nuclear cross sections Neutrino decay
Astrophysicists:

All require

5% change 1n core -
0 & neutrino mass

temperature 1s too much
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Solutions with oscillations

. . E 1M
vacuum oscillations: Am‘rx== eV:lO‘“eVz

L 10"m
Matter oscillations

V,>Z< >ﬁ<
potential V V —\IiGFn V2m v \ Ve Vzm{ v1m Ve
dm_ Neamo 7 ~45° \9 —g’\Zm

new matter EIgenStateS Vim'Vom

with new mixing angle

depending on E ne Am2cos2819 . V2GEne Am?sin26is
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Matter effects




Am?

MSW results In
dramatic extension of
possible Am? regions 10°

107

——- SAGE & GALLEX

Only "weak” evidence
needs definite proof - Kamiokande .
 Independent of SSM Vacuum

solution
sin? B /







SNO — The smoking gun Tktp

1000 t heavy water (D,0)

CC 1% CC 1%

€

ES v, +014(v,+v,) NC v + v, +V,




The SNO Detector
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SNO Run Sequence

Phase I (D,0) Phase II (salt) Phase III (?He)

Nov. 99 - May 01 July 01 - Sep. 03 Summer 04 - Dec. 06
n captures on 2 t NaCl. n captures on 40 proportional counters
2H(n, y)°H 3Cl(n, y)*Cl 3He(n, p)*H
o =0.0005 b c=44b c=5330b
Observe 6.25 MeV v Observe multiple y's Observe p and *H
PMT array readout PMT array readout PC independent readout
Good CC Enhanced NC Event by Event Det.
BCl+n
2H+n 8.6 MeV <— Scm —>
1! - k
3H l' 4

360



SNO Results
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All neutrinos are coming but 60-70% in wrong flavour
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KamLAND 1
am I
- 4 * Large number of
Tp—>€e" +n nuclear power plants
 — — — around Kamioka mine
| W ST e | * Concentration at
LA ey ) about 180 km distance
e * Test of LMA solution

. South Korea

| Fukushima Daini |

_ ) 38'N
“ * Fukushima Daiichi ‘
36'N

1000 t
Liquid
scintillator

:.ﬂ’ kmm'm

Safaty Canter af ANL, Mar 1999 .
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KamLAND - Results Tkip

2179 + 89 events expected, S. Abe et al, arXiv.0801.4589 (2008)
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Survival probability

] : Bahcall & ) Friedland, Lunardini, Pena-Garay PLB 594 (2004)
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Borexino

1800 8inch Thorn EMI PMTs
muon veto; with light collectors and
200 outward- 400 without light collectors

300t Liquid Scintillator gl

o liguid buffer
o2
“‘ 100 ton
\ ‘ ~ fiducial
= valume
scintillator
= mylan film
L radon barrier
nylan sphere
8.5m diameter
ey

water buffer

holding strings

v,+e —>v +€

y i stainless-steel

sphere 13.7m diameter
stainless-steel water tank  steel shielding plates

18m diameter B8m = 8m » 10cm and
4m = 4m = dom

Real time
detection of
"Be neutrinos
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Borexino - First results

- Fit: %?/NDF = 185/174
— 'Be: 49%3 cpd/100 tons
— 21°Bji +CNO: 23*2 cpd/100 tons
— 8Kr: 25%3 cpd/100 tons
— 11Cc: 25%1 cpd/100 tons

14c lﬂc

Counts/ (10 keV x day x 100 tons)
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Borexino - results
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Oscillation - evidences

depending on

2 2 2
Am™=m; —m

Atmospheric neutrinos

sin?20,; = 1.00, Am? = 2.3 x 103 eV?
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Neutrino mass schemes

 almost degenerate neutrinos m;= m,= m,

m? 2
. . A === M A
hierarchical -,
neutrino - v,
mass SChemeS m32-— . . -—"’22
1 T solar~7x107%eV?2 |~
atmospheric I . - )T
~2x103eV? _
atmospheric
m,2-] ~2x1073eV?2
1"13- v— ——17132
9 3
O O

normal inverted



Neutrino mixing

(0.8 058 0
Leptons : |UPMNS‘|“—"' 0.64 0.58 0.71
\ 0.64 0.58 0.71 )

Compare to

[ 0.97419 0.2257  0.00359 )
Quarks: VexkMm| =~ | 0.2256  0.97334  0.0415
\ 0.00874 0.0407 0.999133 )

©,+06.=45" | 0,,=45° Is nature telling us something???



Beta decay

relative decay amplitude

1.0

08

0.6

04

0.z

E.W. Otten, C. Weinheimer, Rep. Prog. Phys. 71,086201 (2008)

e (AZ) > (AZ+]1) +e + v,

tritium B-decay and the neutrino rest mass

*H —3He + e+ ¥,

superaiiowed

entire spectrum
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Unique process to measure the mass of the neutrino

Unque process to measure character of neutrino

Requires half-life measurements well beyond 1020 yrs!!!!

The smaller the neutrino mass
the longer the half-life




Example - Ge76
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Ovpp i

Any AL=2 process can contribute to Ov[3[3

u Rp ViOIating SUSY

V+A interactions
e Extra dimensions (KK- states)
Leptoquarks
Double charged Higgs bosons
Compositeness
Heavy Majorana neutrino exchange
Light Majorana neutrino exchange

L

1/T,,=PS * NME? *&?

Nice interplay with LHC,see A. de Roeck talk



Ovpp TkEr

I peak Is ever observed Ov[3f3, the real work begins

Cartoon:
Contributions
Neutrino mass

Rp violating SUSY

Right handed weak currents

Could be more contributions....
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My wish list for LHC (I'm willing to help/collaborate):

-Good limits on gluino and squark masses or find it!
-Bound on A},

-Search for Wx

-Search for double charged Higgs

- If you have time.... Leptoquarks, KK states

A



Light Majorana neutrinos  'ktp

Vv

E= <mv> = ZUezimvi

_ 2 2.2 2 2 ia 2 ia,
<mv>_ZUeimvi = C 1 C13MMy T 81,C13€ My T8, 71y
j

> 1/T,,=PS*NME2 * (<m >/ m,)?

Schechter and Valle 1982:

Independent of mechanism for neutrinoless DBD
Majorana neutrino mass will appear in higher order!

Observe 0v33 decay

> = T

Neutrinos are Majorana particles




Mass hierarchies and DBD

4 Detectors, neuronal net

| - \ -
| ®Ge T, =223+ 0.4x10%5 yr i Z yrs
1 .
f. 10 1026 yrs
14 :,_ |
u - 10%7yrs
'1;300 2020 2040 2060 2080 2100 : lD—E :
energy, ] E
o E 1028yrs
H.V. Klapdor-Kleingrothaus, I. Krivosheina,
Mod.Phys.Lett.A21:1547-1566 (2006) 1073
m2 mZ .
A . v, A
- 90% CL (1 dof
LA .
i Lo 1o - Ly 1
f solar~7x10eV2 '2 10 107 107 107
atmospheric Tm lightest neuttino mass in eV
2x10-3eV?2 . .
oTey amospheric 1.) Is the claimed evidence correct?
m.21 ~2x1073eV2
22 solar~7x10 e V2 .
T 1 2.) Can we probe the inverted hierarchy?
0 0 .
- 3.) What about the normal hierarchy?

normal inverted



DBD and neutrino masses

Also other neutrino physics matters

Beta decay:

1
1.2 2 2 2 2 2 2 27 3
mg = [013(312”’”1 -+ C13819M5 —+ slgmg]

Double beta decay: " e )

12 .2 2 .2 ids | 2 its) ,
mpgg = |C13C12M1 T C13S1oM2€ 7" + S13Mm3e s

Cosmology: > n n
= My — M2 T M3

P
1 1
FlnE S 0,01 0.1
k (hMpe-1)

P(k) (arbitrary norm )

+ oscillation parameters



