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The beginning of the history

1896- 1898:

Becquere] Pierre andMarie Curie
discoveredthe radioactivity

L
- N = Py o v I

l'":’__v B g I"-"-f- l. Gy lewnd s

Fpfmt b Al §) e 8Te fmn Al
:-""Lf" R ey AT WA A BN

L
-----

SN L R Ay Ty ey T

T




The beginning of the history
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The beginning of the history

Ches i B30 =3 ™
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1914 : Chadwick, Hahn and Meitner Electronenergy
measuredthe betaenergyspectrum

1914¢ 1930 :Energycrisisin the subatomicworld

Isthere non-conservation ofenergy?



The beginning of the history

W. Paulipostulatedthe neutrino
No interactionwith matter

No mass (owvery small)
Fermion- spin 1/2

Physikalisches Institut
der Eidg. Technischen Hochschule
Zirich
Ziirich, 4. Dez. 1930
Gloriastrasse
Dear Radioactive Ladies and Gentlemen.

As the bearer of these lines, to whom I ask you to lend most graciously your cars, will
explain in greater detail, I have hit, in view of the "false” statistics of the N and Li-6 nuclei and
of the continuous B-spectrum, upon a desperate expedient for saving the "Wechselsatz"t of
statistics and energy conversation. This is the possibility that electrically neutral particles, which
I shall call neutrons, might exist in the nucleus, having spin 1/2 and obeying the exclusion
principle. In addition they differ from light quanta in that they do not travel at the speed of light.
The mass of the neutron should be of the same order of magnitude as that of the electron and in
any cvent no greater than 0.01 of the proton mass. The continuous f-spectrum would then be
comprehensible on the ption that on B-decay a is emitted with the el in
such a way that the sum of the neutron and the electron energy is constant.

Furthermore the question arises which forces act on the neutron. For reasons of wave
mechanics (the bearer of these lines knows more about this) the likeliest model for the neutron
seems to me to be, that the neutron at rest is a magnetic dipole with a certain moment M.
Experiments app ly d d that the ionising effect of such a neutron is no greater than that
of a y-ray, in which case jt should be no greater than ¢ (10-13 cm).

For the moment I would not venture to publish anything on this notion and should like
first of all to turn trustingly to you, dear Radioactives, with the question concerning the
prospects for experimental verification of the existence of such a neutron if it were to have the
same or perhaps a 10 times greater penctrating power as a y-ray.

T admit that my expedient may seem rather improbable from the first, because if neutrons
existed they would have been discovered long since. Nevertheless, nothing ventured nothing
gained, and the seri of the situation with the inuous B-spectrum is illustrated by a

by my d pred: in office, Mr. Debye, who recently told me in Brussels:
"Oh, it's better to ignore that completely, just like the new taxes". We should therefore be
seriously discussing every path to salvation. So, dear Radioactives, consider and judge.
Unfortunately I cannot come to Tiibingen in person since my presence here is essential as a
result of a ball held on the night of 6th to 7th December in Ziirich.

With kind regards 10 all of you and Mr. Back, I remain,
your humble servant,

(signed) W. Pauli

T “This states: Fermi statistics and half-numbered spin for nuclei with an odd total number of particles;
Bose statistics and integer spin for nuclei with an even total number of particles.



The beginning of the history

1933: Fermielaboratedthe theory

of the weak interaction

electron

-

proton neutrino

1942: Fermicreatedthe first

nuclearreactorunderthe stadium
of the ChicagdJniversity




The discovery of the neutrino

Neutrino Trap
= 3() 000 000 000 000 000 kmfi lead =————-

925 000,000,000,000,000 km

Possible neutrino interactions

N+PaA € +n

Todetect neutrinos:plenty of neutrinos and a lot ahatter!




The discovery of the neutrino

1956: Neutrinadiscoveryby Reines and Cowa
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The discovery of the neutrino

Savannah Rivereactor (USA)
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Ettore Majorana

1937:Ettore Majorana proposeda theory for
neutral particle which canbe its own anti-particle

Fermi:«There areseveralcategoriesof
scientiststhosewho do their best, andthose
of the first planwhichmakeimportant
discoveries.. Andthen there are thegeniuses
like Galileo and Newton, Ettor@asone of

them..»

Is the neutrincat the origin of the matter




The beginning of the history

A Energie

1935: Maria GoeppetMayer postulatesthe .
existence of the double betdecay second .
order processof the betadecay




The beginning of the history

1939:WendellHinkleFurrydemonstrates
that if the neutrinois a Majoranaparticle
(neutrino = antineutrino) then a newradioactivity

can occur.
Theneutrinolessdouble betadecay

Scanned at the American
Institute of Physics
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Neutrinoless double beta decay and neutrino properties

What canwe learnwith neutrinolessdouble betadecayabout neutrinoproperties

bb( 0 ferpidden by Standard Model
(A,Z) A (A,Z+2) + 2e

L=0 L=2  DL=2
Bif 2n(phZ) A (AZ+2) + 2e 2v
L=0 L=22 LBL=0

Test of aheory beyondthe Standard Model gbarticle physics

Nature of the neutrino: a Diragparticled Y Sdzi NAYy 2 | YOG A Yy Sdzi|
or
a Majoranaparticle (neutrino = antineutrino) 7

Strongimpact onparticle physicsand incosmology
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Neutrinoless double beta decay and neutrino properties

(AZ) — (A/Z+2) + 2 e

:i :; Phase space factor Nuclear matrix element
d 14 VA ' 4 u \ /
W € 1 5
— 2 2
" T17= F(Qp »4) IM|* <m>
R!
p 1 Effective mass:
W #
€ _ . :
d _ VA {JJ - L . <Mp>= My|Ugy” + My|Ug ”. €3 + my|U . e22
d L _ L d |Uei|: mixing matrix element
u u al eta2: Majorana phase




Neutrinoless double beta decay and neutrino properties

absolutemass ?

Tritium decay m <2.3eV

Cosmology Sm<~1leV
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Neutrinoless double beta decay and neutrino properties

[ 'a - L]
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lightest neutrino mass in eV

FeruglioF , StrumiaA. , Vissark hep-ph/0201291



Double beta decay observables

(A, Z)—— (A,Z+2) €2
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Double beta decay observables
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Double beta decay emitters

158 31s
100Nb| 100Nb'l
4177y 41777 &
) B— B i7m ‘(5') \k 0.334
Qg- 623 13 5 1+ 158s 20.8 h.'(1- 0
100+~ . ec:g%/ 190Rh
e B1e | Y
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32028 B s
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Qe I 6
100
“Ru

Single betalecayforbidden(energy
or stronglysuppressedy largeangular
momentunchange

Transition | Qzs (keV) | Abondance (%)
T®Nd — ¥65m 56 + 5 17
[ 9Mo — °Ru 112 + 7 24
80Ge 3 0Kt 130 £ 9 50
122G5n — 22Te 364 = 4 4.6
20ig — 299Pb 416 x 2 7
19205 — 192p¢ 417 + 4 41
186\ 5 18605 490 + 2 29
1149Cd — g 534 + 4 29
TR 5 170yd 654 + 2 15
B4Xe —» ¥4Ba 847 + 10 10
232Th — 2220 858 + 6 100
128Te _, 128X ¢ 868 + 4 32
¥®Ca — 7T 987 + 4 =
07Zn — 0Ge 1001 + 3 0.6
198py _, 198}y 1048 + 4 T
T76Yb — 17°Hf 1079 + 3 13
[y 5 PBpy 1145 + 2 99
5i7Zr — %*Mo 1145 + 2 17
548m — PiGd 1252 + 2 23
S6Kr — %6Sr 1256 £ 5 17
I0ARy — 104Pd 1299 + 4 19
T12Ce —» T¥2IN4 1418 + 3 11
80Gd — 9Dy 1729 + 1 22
I48Nd — %8Sm 1928 + 2 6
I0pq — 19Cq | 2013 + 19 12
76Ge — 6Ge 2040 + 1 8
1235, —, 124Te 2288 + 2 6
36X e — 96Ba 2479 + 8 9
I30Te —3 130X e 2533 + 4 34
116Cd — 8Sn | 2802 + 4 7
82Se — ®°Kr 2995 + 6 9
100Mo — '%°Ru 3034 + 6 10
%7Zr — Mo 3350 + 3 3
TS0Nd — T59Sm 3667 + 2 6
®Ca — BT, 4271 + 4 0.2

35b kemitters but only about 10can be experimentally studied




Isotope

Nat. abund.
(%)

(PS 0}

(yrs x e¥)

GEVAYE
(yrs)

Ca 48

0.187

4.10E24

2.52E16

Ge 76

/.8

4.09E25

/.66E18

Se 82

9.2

9.27/E24

2.30E17

/r 96

2.8

4.46E24

5.19E16

Mo 100

9.6

5.70E24

1.06E17

Pd 110

11.8

1.86E25

2.51E18

Cd 116

/.5

5.28E24

1.25E17

Sn1i124

5.64

9.48E24

5.93FE17

Te 130

34.5

5.89E24

2.08E17

Xe 136

5.52E24

2.0/E17

Nd 150

1.25E24

8.41E15

1 decayy for 1G:* ¢ 10%° nuclei
1 decayy for ~ 10 mole$ 1 kg)

a:isoto |cabunm:e
Na Av gadrcnu r
M: mass

T: time

N, , humberof decays




Basic principle for a neutrinoless double beta decay experiment

:%m,)0
me o

GP" Phasespacefactor function of Q, Pand Z
MO " NuclearMatrix Element
<m>= effective neutrino mass

MOI?

) ="

Expectedchalf-life > 16°years A Highnumberof nuclei A isotopicenrichment
High transitionenergy(Q, )
Goodenergyresolution

Rejection of backgroundomingfrom naturalradioactivity

Choiceof the nucleushA experimentattechnique




Isotopic enrichment

Uranium enriched
with U-235
UFg supply f
Uranium
depleted
of U-235

ECP (EIectro-ChemicaI Plant, Svetlana)
Zelenogorsk(Siberia)

Enrichment mainly made by centrifugation: needgazeoudorm for the isotope
136Xe, 190Mo, 8%Se,"Ge , . €



Isotopic enrichment

Enrichment 4€Ca, 1°0Nd, °6Zr possible in principle




Measured experimental half-life

0
T & M.t

NO Background

M: masse (g)

e: efficiency

KcL: Confidencdevel

N: Avogadronumber

t: time (y)

Ngcg Backgrounavents(keV:.gly?)
DE energyresolution(ke\)

With background




Source of background from natural radioactivity

Suchexperimentcannotbe performedat the sealevelbecauseof cosmicrays

|
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Source of background from natural radioactivity

The radiationgrom the naturalradioactivitycanmimic double betadecaywhen
theyinteractinsidethe detectors

Natural radioactivity

6r

208T] (and thOrONYghe

E (MeV)

214Bi (and radon) -
208T[(2.6 MeVQ)

99 ABisusuonsisuel |

ﬁDPd 76Ge 124Sn 136Xe TSDTe 116Cd EQSe 100M0 Qﬁzr 150Nd 48Ca

Detectorsinstalledunderground

Selectionof allmaterialsusedin the detectors
Shieldingagainstgammaray from the rocks
Suppression of radon




Source of background from natural radioactivity

| Different strategiesare possible taninimizethe backgroundl

Detector:veryaccuratemeasuremenbf the energyto seethe peak
or detectionof the two emitted neutrino toreducebackground

Calorimetricneasurement Electrondetection



Ge experiment: Heidelberg Moscow

Gedetectorworksas semiconductorat the liquid nitrogentemperature(-172° C)

Verygoodenergyresolution g YT Frymwre=
E: s | Mlaza ka y
. axpactad DWiF e
=
E 0
T,,>1.9106%yr <m,><0.27 0.5 eV -
02 - ' i K| 1 I |
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QIIIE) Ml A EVR Y] LY s Flh BN ] EIE
energy |kev|




Ge experiment: GERDA experiment

counts/keV

———————————————— background interpolation---# ]

3. i}
2|0 2
(=] L]
o NE

counts/(2 keV)
T | T T T | T
24p 2204 keV

900 1950 2000 2000 2100 2150

1L
ene?gzgrﬂ[ke\f] T1/2> 3 1(?5 yr <mn> < 02| 04 eV




Bolometers : Cuoricino experiment

Very goodenergyresolution

+— Heat sink

«~—— Thermal coupling
— Thermometer

example 750 g of TeO, @ 10 mK
C~T3(Debye) Y C~ 2>< 10 J/IK
1 MeV gray Y DT ~ 80 nK

Y DU ~10eV



Bolometers : Cuoricino experiment

OnDBD
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Large liquid scintillator experiment:KamLAND-ZEN

Solar neutrinos

Reactors

Geoneutrinos Supernovae neutrinos
KamLAND detector


http://kamland.stanford.edu/Pictures/GeoNeutrino3a_small.bmp

Large liquid scintillator experiment:KamLAND-ZEN

Dissolution of 136Xensidea ballon ofliquid
scintillator

Possibilityto dissolvevery large mass

10°

E(2)DS-14+D5-2 - Dum R

10°

100

Events/0.05MeV

10§

1E,

1yt

35F
30E
asf
20f
15F
10F

Events'0.05MeV

T,,>2.016%yr <m><0.27 0.3eV

fatn S ua
TTTT TTT T




Principle of experiments with electron detection

Charged particle Particle individual '
[J_]m-m- 1;[1”_[13.:) trajectory energy and TOF )

Multi-isotope detector
High rejection of background







The NEMO3 o
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The NEMO3 detector

Water tank

wood

coil

Iron shield

F. Piguemal (CENBG) CS IN2P3 2005/03/05
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100Mo  6.914 kg

Q, = 3034 keV
N—

15

82Se 0.932 kg

Q, (= 2995 keV

——

[ b b Osearch }

/

[b b 2measuremeni

[ 116Cd 405 g
Q, = 2805 keV
%Zr 949
Q, &= 3350 keV
150Nd 37.0g
< Q, = 3367 keV
¥Ca 7.0¢

Q, = 4272 keV

130Te 4549 )
Q, = 2529 keV

natTe 491 g
Cu

External bkg
measurement

==

(All enriched isotopes produced in Russia)

621 g

J



b bevents selection in NEMG3

Typical b Bn event observed from®Mo
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NEMOS3 result

~
o

Sum energy spectrum

> 2
()
S 120007 \=vio3 219 000 events § 12000
8 6914 g O
) S/B =40 E
= o
gi 8000 - g 8000
@ pd
o $ Data [
© 6000 - — 2b2n 6000
g Monte Carlo
> Background
Z: 4000 - B subtracted 4000

© 2000 - 2000 [

0 g 0 [

25 3
E,+E, (MeV)

Angular distribution

NEMO-3 219 OOOGS\Snés
he 100\0 389 days
S/B =40
8 Data
— 2b2n
Monte Carlo
% Background
subtracted

T,b b 2711+ 0.02 (stat)x 0.54 (syst}® 108

years

Phys. Rev. Lett. 95 182302 (2005)

«b Hfactory» Y tool for precision test



NEMQO3r

100Mo

Phase | + |l
693 days
[ | Radon
[ | Tlext
Il Tlint
Bi int
Bl 22y

30

Number of events / 0.02 MeV

20
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SuperNEMO project
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