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- The neutrinos are everywhere

\Super lova in Milky Way :

~ 5000 000 000 ‘neutrinos Icm2
seconde in 10 S VI (

The Sun: S 4 e} Blg‘Bang 300 « relic » neutrlnos
64 000 000000 neutrmos cm: o g _ o3 - percm?of Umverse

-arth and atmosp ere
6 000 000neutrinos Icm2 seconde

NuclearpoWer plant
100 000 neutrinos /cm? .. , : SR
seconde at 200 km s SRS e -,

: . Human body 8 000 per seconde !! .



The beginning of the history

1896 - 1898:

Becquerel, Pierre and Marie Curie
discovered the radioactivity
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The beginning of the history
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Rutherford, Chadwick,

P. et M. Curie and Villard
identified 3 kinds of radiations
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The beginning of the history

e =i O O == 00 =i

1914 : Chadwick, Hahn and Meitner Electron energy
measured the beta energy spectrum

1914 - 1930 : Energy crisis in the subatomic world

Is there non-conservation of energy ?




The beginning of the history

W. Pauli postulated the neutrino
No interaction with matter

No mass (or very small)
Fermion - spin 1/2

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

As the bearer of these lines, to whom I ask you to lend most graciously your ears, 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 event no greater than 0.01 of the proton mass. The continuous f-spectrum would then be
comprehensible on the assumption 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 modél for the neutron
seems to me to be, that the neutron at rest is a magnetic dipole with a certain moment 1.
Experiments app ly di d that the ionising effect of such a neutron is no greater than that
of a y-ray, in which case 1 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
prosp for experi | verification of the exi of such a if it were to have the
same or perhaps a 10 times greater penetrating 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 i 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 to 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;
Boocnﬁniandinwwspint«nnddwmnevmmwmbaofpmm



The beginning of the history

1933 : Fermi elaborated the theory

of the weak interaction

electron

@

proton neutrino

1942 : Fermi created the first

nuclear reactor under the stadium
of the Chicago University




iIscovery of the neutrino

Neutrino Trap

~&—== 30 000 000 000 000 000 km of lead ===

925 000,000,000,000,000 km

Possible neutrino interactions

To detect neutrinos: plenty of neutrinos and a lot of matter !




The discovery of the neutrino

Savannah River reactor (USA)
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The discovery of the neutrino

1956: Neutrino discovery by Reines and Cowan
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- 1957: Bruno Pontecorvo prédit | oscillation
des neutrinos

o ooaiice tae Ll LD Detecteur



Neutrino Oscillations

100% muon neutrino

50% muon neutrino,
50% other neutrino type

100% other neutrino type
10?
Distance Traveled (kilometers)

. _ f v = cosfv, +sinbv,
Neutrinosde « base »:V, V, V5 > ey
2 i e g 1 V=-cosOVy +sinfv,

Les oscillations n’existent que si le neutrino a-une masse !



TNoel Prize in Pysics

Takaaki Kajita

| Prize share: 1/2 Arthur B. McDonald

Prize share: 1/2

g The Nobel Prize in Physics 2015 was awarded jointly to Takaaki

§ Kajita and Arthur B. McDonald “for the discovery of neutrino
oscillations, which shows that neutrinos have mass"
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Ettore Majorana

1937: Ettore Majorana proposed a theory for
neutral particle which can be its own anti-particle

Fermi: «There are several categories of
scientists: those who do their best, and those
of the first plan, which make important
discoveries ... And then there are the geniuses,
like Galileo and Newton, Ettore was one of
them ...»

Is the neutrino at the origin of the matter ?
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The beginning of the history

A Energie

0" ,,
1935: Maria Goeppert-Mayer postulates the ‘
existence of the double beta decay, second ‘
order process of the beta decay




The beginning of the history

1939: Wendell Hinkle Furry demonstrates

that if the neutrino is a Majorana particle
(neutrino = anti-neutrino) then a new radioactivity
can occur:

The neutrinoless double beta decay

Scanned at the American
Institute of Physics




Neutrinoless double beta decay and neutrino properties

What can we learn with neutrinoless double beta decay about neutrino properties

BA(2v) (AZ) = (AZ+2)+2e +2v
L=0 =2 L=-2 AL=0

BP(0v) forbidden by Standard Model

(AZ) >  (AZ+2)+2e
L=0 L=2 AL=2

Test of a theory beyond the Standard Model of particle physics

Nature of the neutrino: a Dirac particle (neutrino # antineutrino) ?
or
a Majorana particle (neutrino = antineutrino) ?

Strong impact on particle physics and in cosmology




Neutrinoless double beta decay and neutrino properties

R =g =3

(AZ) — (AZ+2) + 2 ¢
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Phase space factor Nuclear matrix element
T;,= F(QpeZ M‘2/< >2
12~ (Qﬁﬁa ) [M|* <m,

"

Effective mass:

<m,>= m,|U,[*+ m,|U,|%.ei*! + m;|U ;|%.ei*2

|Uei|: mixing matrix element
al et a2: Majorana phase




Neutrinoless double beta decay and neutrino properties

absolute mass ?

Cosmology

BB(OV)

Tritium decay m <2.3eV

Zmi<~1 eV

<m,><0.2-0.5eV

Inverted hierarchy
m,~m, >m,

Normal hierarchy
m,~> m,~m,

m,~m,~m,» [m;-m|

Mass scale ?
2 e m?
A - Vv, A A
— v, — T -
T
- v 'y
152 Al
solar~5x10 eV ?2
: : | m
atmospheric
~3x10eVv2 .
atmospheric ?
2 | ~3x103eV?2
S Sav2
2| solar~5x10—-cV k sy
2
0 & Y
Degenerate




Neutrinoless double beta decay and neutrino properties

_ 2 2 2ia 3. .2 2iB 2.2
EUel.ml.‘ - ‘cos 0, (m1 cos” 6, + m,e”" sin 812)+ m,e”"” sin” 0,
i

< mv >=
1
90% CL
107! :
" [
()
g
g
1072 - Inverse hierarchy
Normal hierarchy
1073 1072 107! 1

lightest neutrino mass in eV

Feruglio F., Strumia A. , Vissani F. hep-ph/0201291



Double beta decay observables

(A, Z) — (A,Z+2) + 2 e

N 30 -
BR2v

o—
0.90 1.00 1.10
K_/Q

BROV

0.
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O.

T T T T
2 0.4 0.6 0.8 1.0

sum electron energy / Q




Double beta decay observables

(A, Z) —— (A,Z+2) + 2 €

Ee, — Ee, distribution

ZRN 30 Angular distribution
2.0 /,f N x_ 20 -
1.5 / \\\- ) lzm !' i !.

mm | | RHC

[l

L

! o SO s i,

sum electron.energy / Q 1.0 Mass vs Right-Handed Current mechanism

Z+1

Decay to Excited States Ry .
0 Identification % VeV
L . (AZ)D (A, Z+2) +2e +1,2y of daugther nucleus : o

Xe > Batt+2 e 5 ——

0 1 or 2 additonnal y-rays




Double beta decay emitters

158 31s
4177y a1 .4
. B B - £ ond
Q- 623 13 1+ 158s 20.8 h."'(" 0
=== 1001.| EC+8%/ 1%Rh
100Mmo 43¢ v /"
B EC!m/
32028 B
rtpte Oge 3630 20
Qe
100
il

Single beta decay forbidden (energy)
or strongly suppressed by large angular
momentum change

Transition | Qgs (keV) | Abondance (%)
T98Nd — ™8Sm 56 + 5 17
%Mo — °Ru 112 £ 7 24
30Ge — 80Kt 130 £ 9 50
I22gn — 1227 364 + 4 4.6
20ijg —» 299PDb 416 + 2 7
205 — 192pt 417 + 4 41
186\ 5 186Qg 490 + 2 29
IT3Cq — TG, 534 + 4 29
TTOEr — 170y q 654 + 2 15
BiXe —» T¥1Ba 847 + 10 10
23ITh — 22 858 + 6 100
128Te _; 128X ¢ 368 + 4 32
®Ca — T} 987 + 4 =
07Zn — °Ge 1001 + 3 0.6
Pt — P%Hg 1048 + 4 7
IT6Yb — 17°Hf 1079 + 3 13
By 5 BBpy 1145 + 2 99
%47Zr — %Mo 1145 + 2 17
548 m — °1Gd 1252 + 2 23
S6Kr — %8St 1256 + 5 17
I0iRy — 104Pd 1299 + 4 19
142Ce — T42Nd 1418 + 3 11
[ 160Gd — 9Dy 1729 + 1 22
T48Nd — ¥8S5m 1928 + 2 6
I0pq — 110Cq | 2013 + 19 12
6 Ge — '6Ge 2040 + 1 8
12735 — 124Te 2288 + 2 6
138X e —» 196Ba 2479 + 8 9
130Te — 130X e 2533 + 4 34
116Cd — 18Gn 2802 + 4 T
878e 5 7Ky 2995 + 6 9
T00No — 'Ru 3034 + 6 10
%®7Zr — %Mo 3350 + 3 3
TS0Nd — 159Sm 3667 + 2 6
BCa — BT, 4271 + 4 0.2

35 BP emitters but only about 10 can be experimentally studied




Expected half-lifes

Qvalue Nat. abund. (PS Ov)™

(keV) (yrs x eV?) (PS 2v)~*
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a: isotopic abundance
N,: Avogadro number
M: mass

24 75 . T: time
1 decay/y for 10 10°° nuclei Ngg: number of decays

1 decay/y for ~ 10 moles ( 1 kg)




Basic principle for a neutrinoless double beta decay experiment

()

m

e

MOV

(TI?ZV )_1 =G"

GO¥: Phase space factor function of Qﬁ[35 and Z
MOY: Nuclear Matrix Element
<m,>= effective neutrino mass

Expected half-life > 10%°> years = High number of nuclei = isotopic enrichment
High transition energy (Qg)

Good energy resolution

Rejection of background coming from natural radioactivity

Choice of the nucleus = experimental technique




Isotopic enrichment

Uranium enriched
with U-235

—
Uranium
depleted
of U-235

ECP (Electro-Chemical Plant, Svetlana)
Zelenogorsk (Siberia)

Enrichment mainly made by centrifugation: need gazeous form for the isotope
136X e, 100Mo, 82Se, 76Ge, ....



Isotopic enrichment

Enrichment *Ca, 15Nd, %¢Zr possible in principle




Measured experimental half-life

0v €
Tl/z(y)oc A M .t

NO Background

M: masse (g)

g : efficiency

K¢, : Confidence level

N: Avogadro number

t: time (y)

Ng: Background events (keV-t.gty™)
AE: energy resolution (keV)

e [M .t

Tf/;(y) >ln2_JA[. €

kC.L.

With background

A"V Ny AE




Source of background from natural radioactivity

Such experiment cannot be performed at the sea level because of cosmic rays




de rayonnements cosmiques

par jour
-

Sous la montagne au LSM (- 1800 m):
4 rayonnements cosmiques par m? et par jour

: 3
I &
7 1 o



Source of background from natural radioactivity

The radiations from the natural radioactivity can mimic double beta decay when
they interact inside the detectors

% 6 - r I l I I- l ° -l
2 -
208T| (and thoron) w """:F;: ...............................................................................................................

- =~
B )
45— @
- 7}
214gj (and radon) B g'
...... e o
- )
208T] (2.6 MeVYy) o i T L ?D
of %3

40K, 60Co, ... -
......... - %:0

110Pd 7SGe 124Srl 136)(e 130-|-e 116Cd SZSe 100Mo Qﬁzr 150Nd 4BCa

Detectors installed underground

Selection of all materials used in the detectors
Shielding against gamma-ray from the rocks
Suppression of radon




Source of background from natural radioactivity

I Different strategies are possible to minimize the background I

Detector: very accurate measurement of the energy to see the peak
or detection of the two emitted neutrino to reduce background

Calorimetric measurement Electron detection



Ge experiment: Heidelberg Moscow

Very good energy resolution

b
Ge detector works as semi-conductor at the liquid nitrogen temperature (-172°C)

T,,> 1.9 105 yr

<m><0.2-0.5eV

counta/(ka ¥ keV)

06
with PSA Wl 25 5 gy (357
without PSA [M1s%0 kg y
s without PS: 1 ka
axpactad Quid ive
01 -
n‘l '
03 f
(T
02 ¥ 1 I |
ol ;_/‘
9960 a1 owa X0 040 0% 080 0N K0

energy |keV|




Ge experiment: GERDA experiment




Ge experiment: GERDA experiment

[ ]AC+MV

> > x

2 2 10 Phasell - 10.8 kg ki St

= A+ MV +PSD T ETOv _ 5o, 1025l mmm AC + MV + LA+ PSD

2 a2 12 : il

c

S S 1t nm it -

8 8 il

b 107 A ]
il Al — ] e 1 i
2050 2060 2010 2020 2030 2040 2050 2060

energy [keV] energy [keV]

» blind analysis, no Ov33 signal:
Tlo/’f? > 5.2-10%yr (90% C.L.)*

|mee| < [160,260] meV (90% C.L.)*




Bolometers : Cuoricino experiment

Very good energy resolution

Heat sink

+—— Thermal coupling
— Thermometer

Crystal absorbef ;

example 750 g of TeO, @ 10 mK
C ~ T3 (Debye) = C~ 2><1O J/IK
1 MeV y-ray = AT ~ 80 uK

= AU ~10 eV



Bolometers : Cuoricino experiment
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T,,>6.10* yr <m,><0.1-0.7 eV




Liquid Xenon: EXO-200

E 00\
: '- @:/\'/\S/;:;illation <€O§
b %oooo
7 e

JINST 7 (2012) PO5010

. - - : ‘~_ I i : s:. NIM A608 €8-75 (2009)
Avalanche photodlode A\ ' - a NIM A591, 490-509 (2008)

HV FILTER AND Poster # 98: EX0-200
FEEDTHROUGH detector performance,
i S - VETO PANELS
ZP]IZ ’.‘ E. Smith, Y.-R. —
LAY
" \‘\ 650.m High purity
’

Heat transfer fluid
HFE7000

> : = > 50 cm
! \\ ' K - DOUBLE-WALLED
\ FRONT END WAy, . CRYOSTAT
5 D \ metastable 47s ELECTRONICS 5 25 mm ea
' Al )
’ an

™ LXe VESSEL
1.37 mm

h VACUUM PUMPS

_ LEAD SHIELDING
== >25cm

VETO PANELS

Possibility to tag Baryum ?
Very difficult R&D in progress

Installed at WIPPL (USA)



Liquid Xenon: EXO-200

Looking for Ov(3
7 . . T
= Backgrounds in + 20
6+ - - : - ROI
T T Fosn T 7 Th228chan  16.0
4"34— - | o -Lj;t ] _L _.;_.:I_ '-_—_l - .
5 il | U-232 chain 8.1
8 3F - o o puul = al Jl —
! |- Xe-137 7.0
L el e o o ik i
LTt e | e = | 4 R [ ] Total 31.1+38
.................................. e - A~ .r.s.._i,\:-l_—:____

2400 2450 2500 2550 2600
Energy (keV)

0 1 n
2250 2300 2350

_+_ Data - = 227Th (far) From profile likelihood:
- Best Fit - = \essel T,,088 > 1.1-10%5 yr
o RN 0vB3 <{mgg> (<gz)g/‘?6£|_15)0 meV
-= | Xe bgd 2v603

n-capture PRTY e s

M.G. Marino 21 6 June 2014, Nu 2014



Large liquid scintillator experiment: KamLAND-ZEN

Reactors Solar neutrinos

Geoneutrinos

Supernovae neutrinos

KamLAND detector



Large liquid scintillator experiment:KamLAND-ZEN

B S =

Ok

L ". = i
A\ ‘Séxe 400k9

Dissolution of 136Xe inside a ballon of liquid scintillator

Possibility to dissolve very large mass

Installed at Kamioka mine (Japan)

¥

m‘ : m'{,w; 7 "I\) ? heat weldlng of balloon ﬁlm baIIoon wethrough the black sheet
P Clas 10-‘160 deamSpm ,
. } 5 > S alil y JEATS & 41§ . inner balloon
1] , . S N i boundary
\ ¥ 4 N L " 4 \J 7 N ¥ 4

)
- ’ -’ - - -
inner balfoon deployment inside view




Large liquid scintillator experiment:KamLAND-ZEN

10

Events/0.05MeV

107!

Events/0.05MeV  Events/0.05MeV

(b) Period-1

_ N W A
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©C = N W s
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26 28
Visible Energy (MeV)

E_ (a) Period2 . Data . momp
= — Total - PPUPThe M Bi
Lo T,y Total +219po  BK UK
34 (OvBBUL) - IB/External
- i —— Xe 2vBp ---- Spallation )
Ea — *Xe OvBp |
S IPC i (90% CL.UL)
E |
WA - | i3 .
1 2 3 4
Visible Energy (MeV)
Visible energies in 2.3~3.0MeV

Phasel Tip > 1.9 x 1025 yr
Phase2 Ty >9.2 x 1026 yr x6!

Combined T > 1.07x102 yr

90%C.L. upper limits on {mgg)

PETETETY BTSN TITT! st U i

10% 1070 102 107! 50 100 150




Principle of experiments with electron detection

Charged particle Particle individual
(Doca_\’ \-'ort.oxJ trajectory energy and TOF

Multi-isotope detector
High rejection of background







m, NEMO

detector

()J

Cathodic rings

Wire chamber
PMTs

| Calibration tube

scintillators

BP isotope foils —

4...
b
'




The NEMO3 detector

Water tank

wood

coil

Iron shield

F. Piquemal (CENBG) CS IN2P3 2005/03/05



NEMO3 isotopes

05

04

09 00

1S
10

18

14

1Mo 6.914 kg

Qpp= 3034 keV
—

15

2Se 0.932 kg

Qg = 2995 keV

——

[ BPOv search ]

/

[ BR2v measurement}

([ 116Cd 405 ¢
Qpp= 2805 keV

%Zr 94g¢g
Qup= 3350 keV

INd 37.0¢g
Q= 3367 keV

|

BCa 7.0¢g
Qps= 4272 keV
130Te 454g
Qg = 2529 keV
Dot \ External bkg
\ "Te 491¢g measurement
Cu 621¢g

(All enriched isotopes produced in Russia)



NEMOS3 Double beta decay event

Longitu
viev

Ir layers + 1)

j/.*/%“ﬂ

Side view

Top view




NEMO

Qo
—
Q)
w
c
—
w

o Sum energy spectrum . Angular distribution
N C
© 12000 219 000 events s 12000 | 219 000 events
E NEMO-3 it 2 L NEMO-3 6914 g
< 10000 - '"MoO 389 days 2 10000 [$'"Mo 389 days
= S/B =40 g S/B =40
Z £
S £
z} 8000 - 2 8000 | ® Data
o — ZBZV
: ® Data 6000 | Monte Carlo
= 6000 - — 282 N
= p2v [ EEE Background
= Monte Carlo subtracted
= Background -
Z: 4000 - @ subtracted 4000 i
2000 . 2000 [
0 - 0 b s ~
u 05 1 15 2 25 3 1 -0.5 0 0.5 Cos(0) 1

E,+E, (MeV)

T,,(BP2v) = 7.11 = 0.02 (stat) = 0.54 (syst) x 1018 years
Phys. Rev. Lett. 95 182302 (2005)

«pBP factory» — tool for precision test



NEMO3 results

NEMO-3 0v23 Search with 1"“Mo

» Detection efficiency &y, = 4.7 % in the [2.8 — 3.2] MeV region
» No event excess observed in 1°°Mo after 34.3 kg-y exposure:

0 > 1.1 % 10%4 y (90 % CL)

NEMO-3 - Mo -7 kg, 4.96 y

Events /0.1 MeV
-
QQ

2

T
______

10°

10

—e— Data 27051 Evis
I 255 ™Mo

I #*BI from Z?Rn
I External BKgs.

Expected background in [2.8 — 3.2] MeV

I **BI Internal

Data/MC
O - N W —

w28 8.45 + 0.05
214Bj from radon 52+ 05
External < 0.2
214Bj internal 1.0+ 0.1
208T| internal 3.3+ 0.3
Total 18.0 + 0.6
Data 15

Total background
1.3 x 1072 cts-keV l-kg~ly~!

T,,> 1.0 102 yr

<m><0.3-0.7 eV
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*x *
* 0
#* % *

1 1=

Tracking Detector

[712 calorimeter channels

]

Radiopure Geiger Cells

[ 2034 tracker cells

Calo. Optical Module
FWHM 7-8 % @ 1 MeV

TAUP-2017

[7 kg BB source

Demonstrator Module

NEMO-3 & SuperNEMO

SuperNEMO hmpiim ©

( )

Also :
= Change igotope
100Mo $ 82Qe

= Reduce radon in gas
by factor 30

= Improved efficiency,
calibration etc.

“BiPo” Detector
Measure source foil
contamination to
208T| < 2 yBqg/kg
214Bj < 10 uBqg/kg




supernemo —~
collaboration l‘m

= All detector parts underground at LSM.

= Half-detector fully assembled and undergoing
testing/commissioning :

E ~ 800 keV

irst Commissioning
Pata : March 2017

= Source foil fabrication (7kg of 32Se) complete
within next few months.

= SuperNEMO Demonstrator Module fully
assembled by end-2017.

= Physics data-taking starts in 2018.
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supernemo N
collaboration l‘m

Vs

Demonstrator Module (2.5 year run)

17.5 kgxyvr initial exposure :

Tlo/”2 > 6.5 x 10** yr

(m,) < 0.20 — 0.40 eV

Full SuperNEMO

500 kgxyr :
Ty > 10% yr R//

(m,) < 50 — 100 meV

: : . * Cheaper.
= R&D into modified SuperNEMO design : o
TAUP-2018 * Enhanced sensitivity. 56
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SuperNEMO project

20 modules _

A module
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2 m (assembled, ~0.5m b




| atest results

H.M.
GERDA
Cuoricino
NEMO3
EXO-200

Kamland-
Zen

isotope

76Ge

7GGe

130Te
100|V|0
136Xe

136Xe

14
14
12

200
400

Half-life
limit in
years
1.9 10%°

1.9 10%
2.810%
1.0 10%
1.6 10%
2.6 10%°

Neutrino
mass limit
in eV

0.21-0.53
0.20-0.40
0.27-0.57
0.31-0.79
0.14-0.38
0.14-0.26



Present experiments or projects

COBRA
CANDLES
‘ CdWO, ‘-

GERDA
MAJORANA
SuperNEMO
LUCIFER

A dream ?

KamLAND-Zen
EXO
NEXT

SNO+
Borexino

CANDLES
SuperNEMO
AMOoORE

SNO+
SuperNEMO
MTD
Borexino




Summary

€ The search of neutrinoless double beta decay is one of most important
question 1n particle physics:
Neutrino nature
Neutrino mass

€ The experimental search is a real challenge to reduce background

€ Present sensitivity on neutrino mass < 0.15 — 0.60 eV with 10 kg
(or 400 kg of 136Xe)

€ Next generation 100 kg should allow to reach <m > < 0.05 eV

€ New ideas required for higher mass (1 ton)



Background from natural radioactivity

External (7 flux):

'\/\’,;{H/ ; mfrff/v -
ZI'V\. ) N ‘ w

double Compton+
Compton Moller

Internal (source foil contaminants):

B ..,

8
-

B+ B+
Compton Moller

-
}3_
-~

pair
production

A



iege a neutrino

30 000 000 000 000 000 km de plomb

7'lm Sun

| it |
' 925,000,000,000,000,000 km '

- —
- FPOONEETEE e

Quelles interactions peut avoir le neutrino ?
WENELT W,

V+P> € +n

-V + € 2V + e

Pour détecter des néutrinos: beaucoup de neutrinos et beaucoup de matiére (noyau) !



Neutrinoless double beta decay

2 ({m, )Y

High Qg and high Z

Possibility of enrichment
Expected half-life 10%° y

High 1sotopic abundance

(le)zv)_l _ GOV MOV
m€

Qps Isotopic

(MeV) Abundance
48 a—48Ti 4271 (0.187
76Ge—76Se 2040 (7.8
825 82K 2.995 | 9.2
967 r—>% Mo 3.350 | 2.8
100 A 0—>100R 3.034 | 9.6
110pd 110 d 2013 | 118
1n6Cd—1165n 2.802 |7.5
1245 n_,124Te 2.228 | 5.64
130Te130Xe |[2.533 (345
136 Xe—>136Ba |(2.479 | 8.9
150Nl d—150Sm | 3.367 | 5.6




Large liquid scintillator experiment:KamLAND-ZEN

Phase 1 (first 110.3 days) Phase 2
30—
o — Total
5 %*Xe Onupp
>E_'”xe2vpp
z 20_ 110, = ; H
2 T T s Total preliminary
S 15fy - Spl o 2vB8 o R
% - %) \I)[) 110mA Qg + 88Y + 208Bj + 60Co
4 i &
Sl T S Spallation film BG
SE N Oy g t_/
2vBpINaec " p 21 s LT
0" ha 26 T
Visible Energy (MeV) N
. 24 26 ., 28 3
spallation cut volume Visible Enerey (MeV) ™.,
selection 3 [ Total (Ovf upper imit) prelifinary
> L
- 0 , Y[
Phase 1 T2 >1.9 x 1025 yr g o | (90;0'(;,':)
R = —
Phase 2 T%2>1.3 x10% yr g | // _________
Combined T%2 > 2.6 x 102 yr iaieas e N N =, = e o S
S ¥ S T S A% A 28
QRPA NME model i Visible Energy (MeV)

J. Phys. G 39 124006 (2012)

(mgg> <0.14-0.28 eV



Isotope choice

/2
e
T® 10
F L T T T T T T T 1 NSIM .I
5 T QRPA (Tue) ———-
T ok GOV o (QS Z) T QRPA (Jy) - - - -
s °F pB° 8 - IBM - _
3 L T : IBM  ~
e L T ; ! GCM o
g L | : | PHFB - - -
8 15— 6 ! T — : Pseudo-SU@3) _ v
g L | ¢ L
s = ."' [ I » T‘r
o L = 1r'e 1. [ ¢ ¢ |
10— 4 - R 1 - T ! @
C - [ A L g _T
- e n Sl I
: L] n =l _LA ] ] o -
5 2 ¢ I = n T
L 1l - .
: | | v
0— 0 1 1 1 1 1 1 1 1 1 1 1
4808 76Ge BZSe QSZr 100M0 110F,d 11SCd 124Sn 130Te 136Xe 150Nd 4BCa 76Ge 8289 QSZI, 100Mo 110Pd 11GCd 124Sn 130Te 136)(e 150Nd

Isotope

Dueck et al. Phys,. Rev. D 83 113010(2011)



Isotopic enrichment

R&D in KAERI (Korea) for
48Ca enrichment by laser

Nucleus Existing method R&D

“Ca Laser separation, N s \‘ o - ",,:
gazeous diffusion Tl

®Ge Centrifugation

82Se Centrifugation

Zr Laser separation

1%0Mo Centrifugation

l1ecd Centrifugation

R&D in Russia for R&D in France for

130Te Centrifugation 150Nd enrichment 150Nd enrichment
by centrifugation by laser

136X e Centrifugation

150N d Centrifugation, Laser




