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> Physique du neutrino et double désintégration béta

» NEMO 3

»SuperNEMO



Double désintégration béta sans neutrino

- Non-conservation du nombre leptonique

-Nature du neutrino : Dirac (v #v) or Majorana (v =v)

- Masse absolue du neutrino et hiérarchie des masses
- Interaction par courant droit
- Violation de CP dans le secteur leptonique

- Recherche supersymétrie et nouvelles particules



Propriétés du neutrino
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Neutrino mass
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Décroissance double béta
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Processus au 2nd ordre de l'interaction faible
Déja observé pour plusieurs noyaux BB(0v) = Majorana neutrino (v=Vv)



Neutrinoless Double Beta decay

(A,Z) —+A,Z+2)+2 e

Découverte implique AL=2 and neutrino de Majorana

Processus: parametres
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BB(0v) :les observables
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Summed electron energy (normalized to QBB)



BB(0v): les observables

Energy difference

Difference in energy between electrons, MeV | edit
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Masse effective et oscillations de neutrinos
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Emetteurs 33

Isotope Qpp (MeV) isjtlg%?gj‘??;) ) G, (ant) x 10%°
“Ca 4.271 0.187 2.44

°Ge 2.040 7.8 0.24

82Se 2.995 9.2 1.08

BZr 3.350 2.8 2.24
100Mo 3.034 9.6 1.75
116Cd 2.802 7.5 1.89

130Te 2.528 33.8 1.70

136X e 2.479 8.9 1.81
150Nd 3.367 5.6 8.00




Eléments de matrice nucléaire

Shell Model - QRPA
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Techniques expérimentales

Avec bruit de fond:

M: masse (g)
M t g : efficacité »
Ov . K. : Confidence level
T (y) > Inz—j\[ & W:LAvogadro number
12 . .
k A NB ke * AE t: temps (an)
C.L. ckg Ng: bruit de fond (keVt.g™.an)

AE: Résolution en énergie (keV)

Aucune technique ne peut optimiser tous ces parametres

Calorimetre
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Calorimetre vs Tracko-calo

Tracko-calo
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Radioactivité naturelle: principal bruit de fond
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Qs et composantes de bruit de fond

Radioactivité naturelle (*°K, 69Co,234mPa, 214Bi and 2°8T| externe...)
214Bj et Radon E—

208T] (2.6 MeV v line) et Thoron e
v venant des réactions (n,y) et bremstrahlung des muQRSe—

+ spécifique fonds pour les calorimetre
Contamination de surface ou de volume en émetteurs of =

Production de cosmogénique ——
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+ BB(2Vv) pour tracko-calo or calorimétre avec une modeste résolution en énergie
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BB(0V) : un domaine dynamique

Experiments Isotopes Techniques Main caracteristics
NEMO3 100Mo,82Se Tracking + calorimeter Bckg rejection, isotope choice
SuperNEMO 82Ge, 150N(d Tracking + calorimeter Bckg rejection, isotope choice
Cuoricino 130Te Bolometers Energy resolution, efficiency
CUORE 130Te Bolometers Energy resolution, efficiency
GERDA 5Ge Ge diodes Energy resolution, eficiency
Majorana 5Ge Ge diodes Energy resolution, efficiency
COBRA 130T, 116Cd ZnCdTe semi-conductors Energy resolution, efficiency
EXO 136Xe TPC ionisation + scintillation | Mass, efficiency, final state signature
MOON 100Mo Tracking + calorimeter Compactness, Bckg rejection
CANDLES 48Ca CaF, scintillating crystals Efficiency, Background
SNO++ 150Nd Nd loaded liquid scintillator Mass, efficiency
XMASS 136X e Liquid Xe Mass, efficiency
CARVEL “8Ca CaWO4 scintillating crystals | Mass, efficiency
Yangyang 1245n Sn loaded liquid scintillator Mass, efficiency
DCBA 150Nd Gazeous TPC Bckg rejection, efficiency




NEMO 3 detector

Source: 10 kg of B3 isotopes
cylindrical, S = 20 m?, 60 mg/cm?

Tracking detector:

drift wire chamber operating

in Geiger mode (6180 cells)
Gas: He + 4% ethyl alcohol + 1% Ar + 0.1% H,0

Calorimeter:
1940 plastic scintillators
coupled to low radioactivity PMTs

3

/1 ";3

JOAE R B BT I
AL

AD: OR

Background: na - U ~+208TL L2 5 MeV)
nmmmpr; Able to identify e”, e”, yand a



Un secteur de NEMO 3

— Anneau cathodique
de la chambre a fils

Tube d’étalonnage

Scintillateurs
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NEMO 3 detector




100 6.914 kg & 826e 0.932 k
. g —_—

116Cd 405g \
Q[—)’B = 2805 keV

96Zr 94¢g

150Nd 37.0 g
QBB = 3367 keV >

BCa 7.0¢g
Qqp = 4272 keV

130Te 454¢g J
QBB = 2529 keV

natTe 491g

Cu 621g

All sources produced by centrifugation in Russia



NEMO 3 33 typical event

Transverse view Longitudinal view

Vertex of the e—e~
emission

1000 foils

Scintillator\‘\
+ PMT

Vertex of the e—e~
emission

Criteria t lect e 2 tracks with charge < 0 ¢ Internal hypothesis TOF (external event rejection)
riteriato selec BB * 2 PMTs, each > 200 keV * No other isolated PMT (y rejection)
events: e PMT-Track association * No delayed a track (21Bi rejection)

e Common vertex



NEMO-3 can measure each component of the background

External Background 29Tl (PMTs) _ __
Measured with (e~, ) external events = et i
~ 1073 BPBOv-like events year~! kg ~* with 2.8<E,+ E,<3.2 MeV = | 7

External Neutrons and High Energy gamma

4 i
Measured with (e”,e7),,, or (e*,e’) events with E,+E, > 4 MeV -
< 0.02 BBOv-like events year! kg ~* with 2.8<E,+ E,<3.2 MeV g’*”

208T] impurities inside the foils ~ 60 uBq/kg

Measured with (e~,2y), (e7,3y) events coming from the foil
~ 0.06 BBOv-like events year kg = with 2.8<E,+ E,<3.2 MeV -

214Bj impurities inside the foils

Measured with (e~,y,a) events coming from the foil, dominated by radon in first period

Radon supressed since December 2004, measument in progress. Limits from Ge: A(*'*Bi)< 400 uBq/kg
< 0.1 BPOv-like events year~! kg ! with 2.8<E,+ E,<3.2 MeV

1Mo BP2v decay T,,=7.1410%y
~ 0.3 BPOv-like events year~! kg ~* with 2.8<E,+E,<3.2 MeV




NEMO 3: 1Mo 3B2v results

. Energy sum spectrum Angular distribution
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T./»(BB2v) = 7.11 £ 0.02 (stat) + 0.54 (syst) x 108 yr

«Bp factory» - tool for precision test



Number of events/0.05 MeV

Number of events/0.05 MeV

NEMO-3 BB(2v) autres résultats
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NEMO 3: 1Mo 3B2v results

The NEMO 3 (33 factory: a tool for precision tests

lsotope Tf;’f__}ﬁﬁ (y)
0Mo [7.11 4+ 0.02(stat) &= 0.54(syst)]x 10'® * (SSD favored)
*%Mo(07) __5.?if:,-_§(5rar) + 0.8(syst)| x 10%° **
2Se 9.6 = 0.3(stat) & 1.0(syst)]x 107 *
HeCd 2.8 +0.1(stat) £ 0.3(syst)]x 1017 **
130Te 6.9 = 0.9(stat) £ 1.0(syst)]x 109 ***
150Nd 0.207055 (stat) £ 0.73(syst)] x 1018 ***
Oy 2.35 + 0.14(stat) = 0.19(syst)] x 1017 ***
““Ca 4.470 (stat) & 0.4(syst)] x 101% ***

* Phase 1 (high radon data), Phys. Rev. Lett. 95 (2005) 182302
(additional statistics are being analysed, to be published soon)

** Phase 1 data

*** Phases 1 and 2, preliminary




Pauli exclusion principle violated by neutrino

alaieaninet oot com S— Proposed by Dolgov and Smirnov in 2005
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osmological and astrophysical consequences to ta ke th|S effect into account
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%Mo, 285 years
= "Moo, 3.85 years
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From NEMO-3 to SuperNEMO... challenges

Tl/z(BBOv) >|n 2 x —A— x

NEMO-3 SuperNEMO
100Mo isotope 82Ge ,15°Nd or %8Ca
7 kg isotope mass M 100 kg
8% efficiency € ~30%
. 208
*%°Tl: < 20 pBa/kg internal contaminations _ Ti< 2 nBa/kg
214Bj: < 300 uBq/kg 208T| and 214Bi in the B foil if 32Se: 214Bi < 10 uBqg/kg
8% @ 3MeV energy resolution (FWHM) 4% @ 3 MeV

T,/,(BBOV) >2 x 10**y T,/,(BROV) > 10%y

<m,><0.3-1.3eV <m,> < 50 meV




SuperNEMO collaboration

~ 80 physicists, 10 countries, 28 laboratories

South Korea
KAERI Daejong
Japan
U Saga
U Osaka
U. Fukui

USA . Tokushima
MHC KEK

INL
U Texas
UK Russia
UCL JINR Dubna
U Manchester - ITEP Mosow
Imperial College

Ukraine

France INR Kiev

CEN Bordeaux e, :
IReS Strasbourg < Slovakia
: LAL ORSAY L e Comemius U
s a n Sisse! - i .
=Pain LPC Caen o s

U Valencia LSCE Gif/Yvette
U Saragossa

U Barcelona

Academy of sciences
Slovak technical U.

Czech Republic
Charles U Praha

IEAP Praha




SuperNEMO conceptual design
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Module 0: 7 kg of 82Se
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LABORATOIRE DE L'ACCELERATEURLINEAIRE
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SuperNEMO Sources

Guideline: 82Se
- Can be produced by centrifugation

- Already 5 kg in the collaboration

- (3,5 kg from ILIAS, 1 kg in NEMO3, 0,5 from ITEP)
- 2,5 kg more will be provided by Russian groups

- No problem to order 100 kg

- Several possibilities for purification

Possibility of ***Nd enrichment (Qgg = 3,37 MeV No background from 2Bi, phase space factor)
-Laser isotopique separation possible in India or Russia ?

- (was possible in France but facilityhas been dismantled in 2009)

-Possibility to use centrifugation ?

Common investigations with SNO++ (also for purification)

48Ca enrichment (QBB = 4,27 MeV No background from 21Bi,

- Laser isotopique separation developed in KOREA (patent)

-Support of Korean government for production of 1 kg
(enr: 25%) within 3 years




SuperNEMO Calorimeter

1.0 MeV spectrum Entries 11926

Meam 059565

NEMO3 SuperNEMO 400 RMS 0.15
** I ndf 47.52 | 39

350 . Constant 37114 5.4

Mean 0.5997 + 0.0004

300 Sigma 0.03299 + 000041

250

200

FWHM =7,1 %

VSI: 41 VSI: 8l 190 (7,6% before energy
5" PMT 8" PMT 100 loss correction)
AE/E ~16% AEJ/E 6.5-8% 50

{h 0.2 04 06 0.8 1 1.2 14 16 1.8 2
Energy (MeVW}

PMT PHOTONIS HAMAMATSU
XP1886 R5912MOD

Photonis and Hamamatsu PMTs “fight”

Use of PVT instead of Polystyren, improvements of QE of PMT (8”’)
Use of Polystyren still possible



SuperNEMO... BiPo

Objectives :to mesure 28Tl < 2 uBq/kg & 2'Bi < 10 uBq/kg in B source foil in 1 month

Principle: Detection of BiPo coincidence : B + a retardé

B g
214 212
238 | Po 232Th Po Source =
S B/(164 Ms) AN ﬁ/t (300 ns) Scintillatcur*‘—_' o

h 214j l a R 212p; l o
(19.9 mn) (60.5 mn)
210p, 365 l 208p|, \f/
0.021% 22.3y ° (stable)
210T| / 208T| / E'llHiPO I|II /—-f E]III'HiPQ I'. :,J’ Temps
(1.3 mn) (3.1 mn) ~3000s |/ ~164ps

Prototype BiPo 1

-

D : ‘,, g .
Data tak_ing"'sinc_e'i;_,luly 2008
[’ A .. Q




SuperNEMO BiPo results

212Po in capsule 1

¢ 212Pg decay constant measurement : ' ' 21290 docay lcapsui 1
The lifetime of the 21°Po (299 ns) has been  w;
measured in BiPol (2 scintillator versions) = | T,,=274 8ns

and BiPo2 using a calibrated Aluminium foil. =7

250

200 -

T | BiPol
Time between two pulses distribution for BiPo2 at Modane e betwrsen two pulses distri 100 -
%10° Entries 6312
C Mean 429.9 50
0.18 RMS 271.1 . . : L - |
= 0 500 1000 1500 2000 2500
0.16/— T1/2 =303.4+2.9ns delta-time (s)
[} 0'14:_ Dacay fit
= -
2 0.12— |Amp = 2.114E+02 + 5.003E+00
@ N
S 0.1: Tau = 4.084E+02 + 7.796E+00
3 F ;
E 0-081 The Bi-Po events measurement
008 principle has been validated with
0.04[ .
i BiPo?2 the prototypes
0.02f
DN B | S [S EV Y I [P IR 1 O

L | L ' | L | Lo -
02 04 06 0.8 1 12 14 16 1.8 2
Time between two pulses (ns)

o



SuperNEMO BiPo 1 results

2 modules composed of 2 rows of 9 scintillator pairs
(face-to-face, 30x30 cm? ) coupled to 5”’PMTs.

Total number of PMT channels : 72

Surface of measurement : 0.3 x 0.3 x (18 x 2) = 3.24 m?

3 x 6 superior light lines are fixed on 3 moving supports
Maximum opening up is 200 mm for loading the source to be measured

Ways of cables
72 HV, 72 signals

Lead (150 mm )

(200 mm)

‘ Wood

Pure iron
(30 mm)

18 inferior light lines are fixed on the table




SuperNEMO Tracking

Wiring Robot

prototype 90 cells prototype

Actuator Mechanism I Cathode Wire Feeders |




Tracking 90 cells first tracks




SuperNEMO Radon

Resolution 7 % FWHM at 1 MeV |

1, - limit, years

105

104

—&8— Fn = 55 uBg'm’
- Bn= 110pBgm’
sisgen Ry m 20 I-'F""I-"""ﬁ
« ¥+ Fin = 560 pByim’
R = 1400 uBg/m’
R = 5250 uBg/m’ [NEMID3)

i |

10° 107

Exposure, kg y

Strategy to reduce radon:

Tracker separated from calorimeter
Sealing of the setup = planar geometry
More radiopure materials

Monitoring of the gaz



SuperNEMO Radon

']Tr' 5 1 Qut
[ [ |
—
NG G
| Ls] ] F
CH
1

Bratislava, UCL : setups to measure radon emanation
of materials or gas

Prague : setup to measure
permeability of materials arvet [T RET | arouter
and amplifier circuit

il ln

- ceramic feed-through
acrylic plate
FIN photodiode

stainless steel
vessel

Volume:68. 7liter

4———— 350mm ————— -

-+ S00mm ¢ -

CENBG, Marseille, Saga U: Electrostatic
CENBG: setup to measure detectors for gaz measurement

radon emanation with liquid scintillator




SuperNEMO MC simulations

Large scale ssmulations are performing in GRID

P. Nowalla

Sl

Lame




SuperNEMO sensitivity 100 kg 5 years

| Exposure 500kgy | | Exposure 500kgy |

= Se82 2os Nd150

& - —e— g - 5 uBq/kg; P71 = 0.5 uBqg/kg %120 =N —e— Nd, no bgr

>~ | 2 r Nd, 2°®TI = 0.5 uBq/kg

|—g L 48] = 10 uBaykg; *°*T = 2 uBqrkg |_§ T T U A Y a Nd, 2T = 1uBq/kg
¥ Nd, 2T = 2 uBg/kg

140 A [
- N e A 298 = 50 uBg/kg; *°°T1 = 2 pBqrkg
: \ 100, \ Nd, **Ti - 4 uBg/kg

120}~ RN

100} - : L [N

........ l \.

""".&.._'II
|||||||||||||| IIITI"T-‘AI |

6 2 4 6 8 10 12 14 16 Sl e
Resolution, % FWHM at 1MeV

8 10 12 14 16
Resolution, % FWHM at 1MeV

3 candidates :
Ty, <10y <m_>< 0.07 - 0.12 eV

Ty, <4.10%y <m,>< 0.05 eV
(IE50%) T,, <1.910%*y <m,><0.03 eV




<m > current and future limits

Klapdor
Limits in 2010 1 claim
HM,NEMO3,
Cuoricino Expected limits
lﬂ_l 2013 - 2018
i mnverLea rnierdrcny CUORE’GERDA’
> Majorana,
81072 SuperNEMO,
S EXO,....

Normal hierarchy 0

107 §

1074 (d)

1074 1073 107% 107! 1

_ lightest neutrino mass in eV
Use of « latest NME » for all experiments




SuperNEMO Module 0

SuperNEMO phase | : 2011 - 2014

A demontrator module with 7 kg of 82Se (1 kg of *3Ca ?)

Sensibility equivalent to GERDA |

Tracker already funded by UK elefe
(7o b

R

3820

Calendar:
- Construction in labs: 2011 - 2012

1

- Installation, commissioning and running in LSM: 2013

- Few months to qualify the backgroud level

- Results 2014



SuperNEMO Demonstrator

90% CL (1 dof)

SuperNEMO phase II: 2014 - 2018

-3
Contruction: 2015 - 2016 8102
g

Commissioning and running: 2015 - 2020

-
i
1
|
|
!
|
|
1
1

Total cost : 40 M€ (2/3 for Europe) 107 :
1074 1073 1072 107!
lightest neutrino mass in eV

Running cost : ~“300 k€




SuperNEMO schedule summary

2009 2010 2011 2012 2013 2014 2015

|
m guperNEMO

BiPo 1 and 2

running

BiPo

construction BiPo running @ Canfrang

Wodule

construction

Wraﬁon
of LSM site

st module

run ing
w‘ron of
20 njodules




SuperNEMO summary

In case of signal, it must be confirmed on other isotope and by:
- identification of electrons
- measure of both angular and single energy distributions

Tracko-calo a la NEMO is the only multi-isotope detector available for such measurement

NEMO3 has been a successful experiment at the level of the best limits
and has provided data for nuclear matrix element calculations

Final sensitivity for NEMO3 : T, , >2 10**years <m ><0.3-0.7 eV

SuperNEMO R&D has reached most of the requirements, especially on energy resolution
(limits on radiopurity to be checked)

Could be possible in the future to obtain several tens of kg of 1°°Nd and “2Ca
Expected sensitivity for SuperNEMO : T,,, > 10%® years <m, >< 50-120 eV

LSM extension has good chance to be done and to be able to host the next generation
of both double beta decay and dak matter experiments



Summary

Enriched
Experiment Isotope | isotope mass T, (yr) <m,> (eV) Status
(kg)

*
(@)
Q
2
Q
CUORE 130Te 203 2.1 10% 0.03-0.07* 2012 Funded §'
g
GERDA phase | 8Ge 17.9 3.10% 0.2-0.5* 2010 Funded =
phase 11 40 2.102% 0.07 -0.2* 2012 Funded §
m
Majorana %Ge 30-60 1.10% 0.1-0.3* 2011 Funded g
x
S
EXO-200 136X 200 6.4 10% 0.2-0.7* 2008 Funded 3
@
Module 0 =
82Ge 100 2.102% 0.05- 0.09* N
SuperNEMO 2013 ' 4
H2 150Nd 100 1026 0.07 Partlally g_
funded S
S
CANDLES 48Ca 0.5 ~0.5 2010 Funded 5
o
MOON I1 100Mo 120 0.09-0.13 ? R&D =
=
o
DCBA 150Nd 20 ? R&D o
he)
s
SNO++ 150Nd 500 0.03 ? R&D S
116Cd, 420
COBRA ? ? ? R&D
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LSM extension

COUPE TYPE SALLE A CAVERN A CROSS SECTION
SECTION EXCAVEE 375 m? EXCAVATED AREA 375 m?

A ettt
| SECTION UTILE 320 m? INTERNAL CLEARANCE 320 m?
b
; \ 1:100 1:100
.
A b
A S
h .
h b
A -
h .
h b
: b fviflement provisolre beton projeté
| - OECrete preqminary ning in
b
L
o r FYC+geotextile waterproofing complex
L : Impérmeabilisation PYC+geotextile
L L Révetement définitif béton armeé
3 L Final reinforced concrete lining
L
-
A b
A .
o P
.
A .
h -
L
b
= ] .
e L
=1 |:
L
- )
L b
L - 3
b w b
] E| \
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A i - .
o L Gabarit Pant Roulant
L .
o L Overhead crane clearance
- .
L 3
L b
L b
L 3
L b
L b
L b
L b
L b
L .
L b
L -
L b
L b
- L T fond de roulement en béton
s L e L o e Concrete pavement
>
=] ] r R
S - L Tuyeau collecteur eaux du massif
- Y/ b {li¢ aw cireuit d'évacuation deau
1 L Radier en béton u nuveaw .50 aux fonds de cavernes
ettt el Aottt Drainage pipe at -0.50, linked to

caverns bottom




SuperNEMO @ LSM

Space requirements:32 mX 15 m

Minimum height: 13 m

Cleanroom:7mXé6m

Electrical power : 80 kW

Free radon air : 15 mBq/m3

Water shielding



{:“‘ LSM extension

»Safety galery work started in September 2009

> Excavation of the extension end 2011.
» In operation in 2013.

» Pre-study funded by LSM and UK in 2006. Preliminary design to host SuperNEMO and
EURECA

» Detailed studies funded by Savoie departement and Rhone-Alpes Region
> Review of project and Lol’s by an indepeandent Scientific Advisory Committee

» Estimated cost : 10 M€ for civil work
3 M€ for equipment (ventilation, cooling, electrical power)

>

Funding in progress
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