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Abstract: Neutrinos are the big unknown in Particle Physics. Since their very beginning they behaved strangely. However, in the last ¢
experiments were able to solve some of their secrets. The talk will review the current experimental status of neutrino experiments and
outlook on future activities.
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Why neutrinos?

F. A. Scott, Phys. Rev. 48, 391 (1935)
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Fi16. 5. Energy distribution curve of the beta-rays.




Why neutrinos?

F. A. Scott, Phys. Rev. 48, 391 (1935)
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F16. 5. Energy distribution curve of the beta-rays

Bohr: At the present stage of atomic theory, however, we may say
that we have no argument, either empirical or theoretical, for
upholding the energy principle in the case of B-ray disintegrations




,JS The solution?

4th December 1930 .
d‘i

As the bearer of these lines, to whom I graciously ask you to listen, will
explain to you in more detail, how because of the "wrong" statistics of the N

Dear Radicactive Ladies and Gentlemen,

and Liﬁ nuclei and the continuous beta spectrum, I have hit upon a desperate
remedy to save the "exchange theorem" of statistics and the law of
conservation of energy. Namely, the possibility that there could exist in the
nuclei electrically neutral particles, that I wish to call neutrons, which have
spin 1/8 and obey the exclusion principle and which further differ from light
quanta in that they do not travel with the velocity of light. The mass of the
neutrons should be of the same order of magnitude as the electron mass and
in any event not larger than 0.01 proton masses. The continuous beta
spectrum would then become understandable by the assumption that in beta
decay a neutron is emitted in addition to the electron such that the sum of

the energies of the neutron and the electron is constant




The solution?
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The discovery

C.Cowan, F. Reines 1953,1956
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Herr Auge Project Poltergeist




1952: m, < 10 keV

Within Standard Model
neutrinos are massless

+ Higgs boson
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Neutrino Oscillations I

-eigeﬁstates can be different from flavour-eigenstates

In complete analogy to quark sector

‘ch> - Um’|vi>
2 flavour scenario

cos® smn®
| -sin® cos®

3 flavour scenario




X Neutrino Oscillations 11

. Oscillation pmbabz!m P(ivu> >V, >) = sin’ 285in2(1.27ﬁm3 %)

2

23
with Am —mz-ml

distance source-detector L

2 unknown parameters: sin“26, Am?

Probabiility
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Neutrino Astrophysics

The problem...
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stellar astrophym

* Unique view into the Interior of the Sun
| ntribution of two cycles (pp and CNO-cycle)

* Unique neutrino source, 150 million km distance, only
A fmmu; 1€ tmlm - .
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¢ e Solar Neutrino Spectrum

SNO, SuperkK

l >
2 .-
10 . . e . . —g
101 L///_\hl o Bahcall-Serenelli 2005 1
pp+ xla 3
m.nt ‘ Neutrino Spectrum (:xlg) o
' I
I
o E ! 1
= | i
S L 8 i
Sy - |
e |
> E ]
| _ 1
| | ep ?
I Ll i ..-""ff.#. ] L A i P S T - | \ i. |

0.1 ! 10
Neutrino Energy in MeV




T 30 years of solar neutrinos
TEER

Homestake Experiment

Cl+v,— " Ar +e”

Result: 256 + 0.23 SNU ,. : -
I'heory: 7.6 £ 1.2 SNU

Gallex/GNO and SAGE

Result: 68.1 £3.75 SNU Theory: 127 £ 10 SNU

vV_+e —>V_+e

Result: =235 +0.10 * 10°cm™?s! Theory=5.1£0.2 * 10° cm?s™!

Super-Kamiokande




TQ Who 1s responsible?
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Magnetic field
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Cross sections
Astrophysicists:
3% change in
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All require neutrino mass




X Oscillations-Solutions

Vacuum oscillations:
Matter oscillations (MSW-Effect)

Resonant amplification of

o e oscillations if N.= G..Am?/E
% € m Ve
Z\e Ve € s

Results in an “effective mass” for v, in

matter proportional to electron density N e
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|
MSW results in a

enlarged range of
allowed Am? regions




Matter-Oscillations

X
.___L
MSW results in a

enlarged range of
allowed Am? regions
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MSW results in a

enlarged range of
allowed Am? regions




Matter-Oscillations

n—z’g 4

MSW results in a o |
enlarged range of ‘
allowed Am? regions ol A




| —
MSW results in a

enlarged range of
allowed Am? regions

Only "weak” evidence
* Needs prove
* Independent of SSM

2;5 Matt;r—Oscﬂlanns




The Sudbury
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SNO — The smoking gun




SNO 2005
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X A SNO - day










A SNO - day




Phase 1 (D,0)

n captures on
=H(n, v)°H
o=0.0005b
Observe 6.25 MeV
PMT array readout
Good CC

H+n

2 t NaCl. n captures on

SNO Run Sequence

Phase III (°*He)
Summer 04 - Dec. 06

Phase 11 (salt)
July 01 - Sep. 03

40 proportional counters |
BCl(n, y)¥*Ci 3He(n, p)*H
o=44b c=5330b
Observe multiple y's Observe p and *H
PMT array readout PC independent readout
Enhanced NC Event by Event Det.

SCIHN =
«<— S¢cm—




X SNO Spectrum - D,0 phase
0
CC 1967.7:%3

ES 263.6*%¢
NC 576.5:%;

. Cerenkov background subtractied SNQ data

0. (10 cm™s™")

=
lllll

el Full solar neutrino flux measured !
osodoos T Not missing but wrong neutrinos !




_4<_ SNO - Impact

* Before SNO

W SMA

890 % C.L.
== 95 % CL.
= 99 % C.L
—

89.73 % C.L.

10-¢

10-¢

10-19 Cl + Ga + SP(B} + Sp[h}
8 free + BP2000
Iﬂ‘l]‘

10-12
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SNO - Impact

With SNO, NC/CC,
Day-Night Spectrum
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b KamLAND - Results

365 = 24 events expected,
258 observed

K. Eguchi et al, PRL 90021802 (2003)
T Araki at al PRI G4 NARI1KN1T (0NS)




391- day salt results
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SNO data fixes 6, KamI_AND fixes Am?
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Atmospheric neutrinos

\ primary cosmic ray

T > ; L
@ air molecules Cosmic proton beam

Target=N, O




SK-Zenith angle dependence

Evanls




10

Analysis based on 8.9 x 10" pot

Best fit value in physical region : sin?260 =1.00 , Am? =2.73 x 103 eV?

K2K-alll DATA MC KIK- & K2H-I
(K2K-1, K2K-II)  (K2K-I, K2K-1I) (K2K-I, K2K-II) smi[eV2]s B
FC 22.5kt 108 150.9
i (56, 52) | (79.1°,71.8) .
iring 66 93.7 0.006
B (32, 34) (48.6, 45.1 ) iscillations
u-like 57 2 84.8 0.004 SJOWAllauULVID
(30, 27) (44.3, 40.5)
| confirmed

e-lika 8.8 0.002
2,7 (4.3, 4.5) .
at>.y o

Multi Ring | ' T s57.2 :
(24, 18) (30.5, 26.7) 0.0 0.2 0.4 0.6 0.8 1.0
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CERN - Gran Sasso (CNGS)

OPERA | == >

lead-emulision _
sandwich Emulsion

layers

0
" 8.3kg

(electronic bubble chamber)

about 206 000 blocks 4

ICARUS LArTPC

. T 600

at LNGS

Beam this year




The LSND Evidence

Biaam Exogess

Iy F ISL O f all Wl :.:1-"; 3 mararg
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A. Aguilaret al,
PRD 64, 112007 (2001)
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);( Oscillation evidences
. dépends on [VEYies’s No absolute mass measurement
LSND
sin?20 = 10-1-10° , Am? =0.1-6 eV?

1=

."'tllll eV : |

Atmospheric

(Soudan. Kamiokande, AlMOspheric
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sin?20 =0.81 , Am? =8.2 x 107 eV?
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Oscillation evidences

LS

dépends 0 Am” =m
LSND
sin?20 = 10-1-10° , Am? =0.1-6 eV~

sin?20 =1.00 , Am? =2.1 x 103 eV?2

sin?20 =0.81 , Am? =8.2 x 107 eV?

C 11 41
If all three are

€ COIIX

No absolute mass measurement

-
J.
<

(Soudan, Kamiokande, Almospheric
MACRO, Super-K) v,V

|"—'.

wsiake SAGE
GALLEX "'-;.;h,-:-h Solar MSW

SNO. Kaml AND) Ve VX
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Neutrino mass schemes

« almost degenerate neutrinos m,= m,= m,
* hierarchical neutrino mass schemes

90% CL 1 dof) |98

10~
lightest neottino massn =V

normal inverted Benchmark number to discriminate
between hierarchical models: m = 50 meV



Beta and double beta decay

Beta decay
(AZ) > (AZ+1) + e + v, B-decay
=D& v,
Double beta decay
(AZ) = (AZ+2) +2 e + 2v, 2vBp
(A Z) - (AZ+2) + 2 e OvBp

o o=
e Ve

R

changing Z by two units while leaving A constant



Beta decay - Current status (°H)

Electron energy spectrum

retical B spectrum near endpoint

Mainz: m,_ <23eV (95% CL)  C.Krausetal, Eur. Phys. J. C 40, 447 (2005)
Troitsk: m,, < 205eV (95% CL) V.M. Lobashev, Nucl. Phys. A 719,153 (2003)

Alterrative approach: '*/Re cryogenic bolometers (bounds 15-26 ¢V




KATRIN-
The ultimate beta-decay experiment

molecular tntium source pumping

™' TyNnyviential o
PAfbisLlchl 223




A=76
NOS 42, Z331984)
NDS 74. 63(1995)U)

Neutrinoless mode requires: a) Neutrinos are Majorana particles
b) a non-vanishing mass




XK

k_

Phase space

GvBE
VBB
-value ,; -1 P v
Isotope 2 ““ Nat. abund. S Ov) ) S 2v)
(ke¥) (%) (yrs x eV?) (yrs)
Ca4s e | oast | 410E24 | 2.52E16
' Ge76 | 2039 18  409E25 | 7.66E18
Se 82 | 2995 92 ' 927E24 | 230E17
Zr 96 3350 2.8 4.46E24 5.19E16
Mo 100 | 3034 | 9.6 570E24 | 1.06E17
Pd 110 | 2013 | 11.8 1.86E25 | 2.51E18
- Cd 116 2802 7.5 5.28E24 1.25E17
Sn 124 | 2288 | 5.64 ' 948E24 | 593E17
Te 130 | 2529 345 | 5.89E24 2.08E17
Xeld6 2479 | 89 | SS52E24 | 2.07E17
Nd 150 3367 5.6 1.25E24 3.41E15



A=76
NOS 42, Z33(1984)
NDS 74. 63(1985)U)

Neutrinoless mode requires: a) Neutrinos are Majorana particles
b) a non-vanishing mass




Phase space

Isotope Cvalue o abund. PSOV)  (PS2v)~

(keV) (%) (yrs x eV?)  (yrs)

Ca 48 £271 | 0187 2 | 410E24 | 252E16
Ge 76 | 2039 7.8 | 409E25 | 7.66E18
Se 82 | 2995 92 ' 927E24 | 2.30E17
Zr 96 3350 2.8 4.46E24 S5.19E16
Me 100 | 3034 9.6 5. 70E24 - L.OGE17
Pd 110 | 2013 118 1.86E25 | 2.51E18
Cd 116 2802 1.5 S.28E24 1.25E17
| Sn 124 | 2288 | 5.64 ' 948E24 | 5.93E17
Tel30 . 2529 34.5 5.89E24 2.08E17
Xe136 2479 . 89 | 552E24 | 2.07E17

Nd 150 | 3367 5.6 1.25E24 8.41E15



;( Spectral shapes
F_UVB? Peak at Q-value of nuclear transition

Measured quantity: Half-hife

Ty/2 @ @ & (Met/AEsB)Y2

"- G e G R ek e ; d J = . f I \
250 500 750 1000 1250 1500 1750 2000 [ T4, = pg ”‘*’JME2 "‘ (m,_ / m:gﬁz

energy [keV]

Sum energy spectrum of both electrons

Nuclear physics
input needed !




X Heidelberg -Moscow
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H.V. Klapdor-Kleingrothaus et al,
Europ. Phys. J. A 12, 147 (2001)

f*\ 3: Ty > 1.9 x 10%° yr (90% CL) ==

Subgroup of collaboration

Ty, =0.6-84x10=yr
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Ve COBRA

k‘_—L‘_
Use large amount of
CdZnTe
Semiconductor Detectors
L Array of 1cm3

CdZnTe detectors

K. Zuber, Phys. Lett. B 519,1 (2001)



Y Advantages

|
e Source = detector

e Semiconductor (Good energy resolution, clean)

e Room temperature (safety)
e Modular design (Coincidences)
e Two isotopes at once

e Industrial development of CdTe detectors
e 116Cd above 2.614 MeV
e Tracking (,,Solid state TPC")




Pixellated detectors

Solid state TPC

3D - Pixelisation:

Observation of muon tracks

Zhong He (2003) Detector: 1.5x1.5%1 em? CdZnTe
The Univ. of Michigan




ATLAS Detector Photos




Nobody said it was going to be easy, and nobody was right

|r.r -i - _ 1 17 r :--\ '-='
George W. Bush




X Back of the envelope
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50 meV implies half-life measurements of 10%6%7 yrs
1 eventfyr you need 102%%% source atoms

This is about 1000 moles of isotope, implying 100 kg
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K

CARVEL

Future projects

Ca-48

| 100 kg *CaWO, crystal scintillators

COBRA

Te-130

' 10 kg CdTe semiconductors

oCcBA

Nd-150

1_ 20 kg Nd layers between tracking chambers

NEMO

Mc-100. Various

| 10 kg of Bp isctopes (7 kg of Mo), expand to superNEMO

CAMEO

| Ca-114

-_ 1t CdWQO, crystails

CANDLES

Ca-48

| Several tons CaF, crystals in liquid scint.

CUOCRE
EXO

Te-130
Xe-136

| 750 kg TeO, bolometers
| 1ton Xe TPC (gas or liquid)

GEM

Ge-T6

' 1 ton Ge diodes in liquid nitrogen

GENIUS

Ge-76

' 1 ton Ge diodes in liquid nitrogen

GERDA

GSO

Ge-76

Gd-160

~30-40 kg Ge diodes in LN, expand to larger masses

' 2t Gd,Si0,:Ce crystal scint. in liquid scint.

Majorana

Ge-76

~180 kg Ge diodes. expand to larger masses

MOON

Mc-100

: Mo sheets between plastic scint., or lig. scint.

Xe

Xe-136

1.56 t of Xe in lig. Scint.

Xe-136

| 10 t of liquid Xe

small scale ones will expand, very likely not a complete list...




j Back of the envelope

T = "E'F L= i ' B 1 J -t\ — T . i _ L -
L4 = ﬂf—h; *ad®*IN,® ??1 et/ N aa | G>> Sacxkground iree )
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P

50 meV implies half-life measurements of 10%6¢-% yrs
1 eventfyr you need 10%%%7 source atoms

This is about 1000 moles of isotope, implying 100 kg

i -- | - — - - R p— -
NOW YOU Oniy ! 0S€. nat. adundaance LICICTIC DACKETO1




2;_ Future projects

CARVEL | Ca-48 | 100 kg **CaWO, crystai scintillators

COBRA | Te-130 | 10 kg CdTe semiconductors

DCBA Nd-150 20 kg Nd layers between tracking chambers

NEMO Mo-100, Various | 10 kg of §f isotopes (7 kg of Mo). expand to superNEMO
CAMEO | Cd-114 | 1tCdWO, crystals

CANDLES | Ca48 | Several tons CaF, crystais in liquid scint.

CUORE | Te-130 | 750 kg TeO, bolometers

EXO | Xe-136 | 1ton Xe TPC (gas or liquid)

GEM Ge-76 ' 1 ton Ge diodes in liquid nitrogen

GENIUS | Ge-76 | 1 ton Ge diodes in liquid nitrogen

GERDA | Ge-76 | ~30-40 kg Ge diodes in LN, expand to larger masses
@GS0 | a-160 2t Gd,Si0. Ce crystal scint. in liquid scint.
Majorana Ge-76 ~180 kg Ge diodes. expand to larger masses

MOON Mo-100 ' Mo sheets between plastic scint., or lig. scint.

Xe Xe-136 | 1.6 tof Xe in lig. Scint.
Xe-136 | 10t of liquid Xe

small scale ones will expand, very likely not a complete list...




e Introduction

N, _ * Solar neutrinos and the
. o AT Sudbury Neutrino
SRS Observatory (SNO)
R * Double beta and the
COBRA experiment




;1( The twotold way....
® * Precision determination of mixing matrix
elements (PMNS), CP violation

* Absolute neutrino mass measurement
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Where do we go - Masses
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7? Where do we go - Oscillations
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TS

Neutrinos in
Cosmology
Relic 196 K
neutrino
background

UHE neutrinos Supernova

-Baikal
-Nestor
-Antares
-Amanda
-Icecube
-Auger

Apologies

and everything else I have not mentioned...

neutrinos

Low energy Precision

real -time measurements
experiments in vN scattering
-Borexino -Weinberg
-KamLLAND angle
-CLEAN - Structure
-Xmass functions
-LENS -

-MOON
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