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Neutrinoless Double Beta Decay

Neutrinoless double beta decay: Ov[33

. (A, Z2) = (A, Z+2)+2e

e Beyond SM: Total lepton number violated by 2
AL = 21 V= e Most sensitive way to establish Majorana/Dirac nature of
neutrino (requires the neutrino to be a Majorana particle)

e Most sensitive way to measure absolute neutrino mass in a
ﬁ lab environment (for Majorana neutrino)
n P e Possible access to neutrino mass hierarchy and Majorana CP-
violation phases
e Link to matter-antimatter asymmetry (leptogenesis)

Phase space (a Qgg°),
well known

Half-life |~ .. 1! A gov]? 2
[Tl/z] =G A{ ‘TI\ Lepton number

violating parameter

Nuclear matrix element,
challenging

* 1 can be due to different mechanisms: Majorana mass of neutrino (n = <m, > effective mass), V+A,
Majoron, H -, leptoquarks, RPV SUSY, extra dimensions etc. or a combination of them.
e Therefore a detector which can probe different mechanisms and different isotopes is required!
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Source = detector (calorimeter only)

* Good energy resolution

* High detection efficiency
* No particle identification
* Background from radio-impurities

er
€

source = calorimeter

Source # detector (tracker + calorimeter)

* Modest energy resolution
* Modest detection efficiency
 Several observables:
* Two electrons
* In coincidence
* Originating from the same vertex

* Angular distribution between two electrons [

!

Kinematic measurement of B
Topological background suppression
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Double Beta Decay Experimental Approach (1)

At ~0 ns

At ~0 ns

At=3 ns

At ~0 ns



Double Beta Decay Experimental Approach (2)

*E, +E, > discrimination between 2vBp and OvBp

*E, E

« Angular distribution between = discrimination between different Ov3f

mechanism
electrons (cos6) o echanisms
Angular distribution Electron energy difference

o . .|%se 4 |s25e

S 1,5 S 1,5

5 =

~ ©

5 7

-~ 1,0 = 1,0

L

MM V+A
0,5 0,5
0 0 Eur. Phys. J. C. 70 p. 927(2010)
-1 -06 02 02 06 1 0 02 04 06 08 1,0
cos © |AE| / Qes

£ 2; ------ n=1
S 1.8
E‘ o n=2
= 1.6
8 f ----n=3
< 1.4 .

(b =T 0w o - Decays that produce continuous
TE ovpp e ..2vBp Ovep® o VPP .
T e, T | spectra (2vBB, OvBBB (Majoron

::: // particle emission)) are more

0af- ' % sensitive to topological detection

o2t/ A ,

05500000 13602000 -~ 3500 3000 3500

Esum[MeV]

Rencontres du Vietnam, 2012 A. Basharina-Freshville (U of Manchester)



The NEMO Principle

(-:ll}ll'g(?(] [)ill‘ti(fl(? Particle individual
wwav vertey trajectory energy and TOF
ccav vertex : J 5.

) : ‘

Observables measured in the final * Topological signature of events

state: * Powerful background identification and
rejection

* Kinematics of BB decay: Ey, E,, cos6, === . Qpen to any lepton number violating

At (time of flight) process with possibility to disentangle

* Particle ID: e, e*, a, y mechanism
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The eutrino ttore ajorana
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* Data taking from February 2003 — January 2011
* Located in the Laboratoire Souterrain de Modane
(LSM) in the Frejus tunnel — 4800 mwe
* Magnetic field: 25 Gauss
* vy shield: 18cm of pure iron
* n shield:
* 30cm of borated water (external wall)
* 40cm of wood (top and bottom)
* Anti-radon “factory” installed in October 2004
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The NEMO-3 Detector (2)

20 sectors * 10 kg of 7 different BB decay isotopes

source

o s| ¢ Calorimeter — energy and time measurements
- 1940 scintillator blocks coupled to low

_fE et U U . .
A et ” radioactivity PMTs
E . .
. * Tracker — topological event reconstruction
- Drift wire chamber of 6180 cells operating in
Y ly - Geiger mode
- Gas mixture:
2 m He + 4% ethyl alcohol + 1% Ar + 0.1% H,0
NEMO-3 "camembert" (source top view) m Qy (keV)
%Mo 6914 3035
- 8250 932 2995
- 116Cd 405 2805
BT sozr o4 3350
eca odokg| > song 37 3367
- 48Ca 7 4272
- 130Tg 454 2529
natCy 621
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NEMO-3 Event Selection

SUM "é\&gmév

O /
/

scmtlllator hi

) \ \(ongmatmgmfonl ‘
ted Ge\g /
Exl:ernalw\

e ~sCl tlllator hit
~ Reconstructed .

Transverse view

betobetoz?2123

Rencontres du Vietnam, 2012

* 2 tracks of negative curvature

* Associated to 2 calorimeter hits

(> 200 keV each)

* Common track vertex

* Internal hypothesis (external event
rejection)

* No other isolated calorimeter hits (y
rejection)

* No delayed tracks (?1Bi rejection)

25 BB events per hour
(for 1%°Mo)
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Each background is measured

using NEMO-3 data

(c) Double Compton

(b) Compton Scattering +

(a) Pair Creation

Scattering

Mgller Scattering

Large background for 2vBB, but small for Ovpp

(1°®Mo and #2Se Qgg ~ 3 MeV > Ey(*%Tl) ~ 2.6 MeV)

Internal background
From: contamination in BB decay source foils

Y

B.
<
e
(b) B decay + Maller

B.
e

(b) B decay + Compton

(a) B decay + Internal

Scaterring

Scattering

214Bi from 238U chain (Qg = 3.3 MeV)

Conversion
208T| from 232Th chain (Qg

4.9 MeV)

* Radon (?'*Bi) inside the tracking detector

From: 222Rn decays and deposits 214Bi on the surface of the A

BB foils and the wires near B foils

* 2vfp tail

A. Basharina-Freshville (U of Manchester)
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NEMO-3 Backgrounds (2) — Anti-Radon Factory

RUN 2851 l

EVENT Q015

SEQON Q014
\
.// |
Recponstructed |
ufm —____elegtron track |
—
LT 4 “‘

Sciftillator hit 7

ea event

FILE
'/ buffer

u\-.,,.- -‘ub.d-qUMAp...mq m—-.ﬂ\uw

* Rnis trapped in cooled charcoal where it decays I R B R R T
e Factory: input = 15 Bg/m3— output = 15 mBg/m?3 | L Yem T —
105? NIM A 606 (2009) 449-465 | X"/ ndf 54.70 / 51 InSIde the deteCtor:
F P1 0.1917E+05  + 16.05 5
i :i oﬁ;?g i OJsgfig; o1 02 03 04 05 06 07 08 09 10 11 12
- P4 oamaes0s  + o2osaes0s | Phase 1: Feb 03 — Sep 04 — Tyt PooTels S S o aos
0t P5 1631  + 2.481 3
E Fraction of non o events: 0.59+ 1.33% A(Radon) = 40 mBCI/m
| T = 162.9 3 Phase 2: Dec 04 -Jan 11 - S0 L0 S T D R R P
e ‘ 20‘0 ‘ ‘ 4(‘)0 ‘ ‘ ‘ 6(‘)0 ‘ 80‘0 ‘ ‘ ‘1000 A(Radon) = 5 mBq/m3 - 01 02 03 17 05 06 07 08 09 10 11 12

a track delay (HS) month number

Rencontres du Vietnam, 2012 A. Basharina-Freshville (U of Manchester) 10



NEMO-3 2v[33 Results (1)

Number of events / 0.1 MeV

2 electron sum energy Single electron energy Angular distribution
x 10
> @ :
70000 | » 100\ o NEMO-3 | 2 10000 | 100M o NEMO-3 z o 100M o NEMO-3
]  Data |0 . * Daa @ 80000 | * Daa
60000 B3 Mo | 2 BB Mo | % 777 Bp ' Mo
-~ 8000 B Tot wg = P
50000 0 2
2 2 60000
40000 |- ‘g 6000 - 3
-
30000 | o 40000
3 4000
20000 E
3 2000/ 20000
10000 |
0 .y L 0 v e, o, 0 k= T
0 05 1 15 2 25 3 35 0o 05 1 15 2 25 -1 0.5 0 0.5 1
E or(MeV) E (MeV) cos(0)

* > 700000 2-electron for 7kg of 1°°Mo Phase 2 (4 years)
* Signal/Background ratio = 76

T,,%PP=7.16 £ 0.01 (stat) + 0.54 (sys) x 10*® years [preliminary]

Published phase 1: 7.11 + 0.02 (stat) + 0.54 (sys) x 10%8 years [Phys. Rev. Lett. 95 182302 (2005)]

* Major background component for OvpBf search
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NEMO-3 2vBB Results (2)

"*Se, 1 kg, Phase 2, 3.49 y

> 7
§ 125 _World s+best NEMO 3
- + +§ + Data
e 5 2 | pp™se
@ 1000 + T Totbkg
c + +
2
a0 *
G % S/B=4
2
£
5
> ¥ )
| . s e
o 05 1 1. 5 2 2 5 3 358
or(MeV)
9.6 £ 0.1 (stat) £ 1.0 (sys) x 10 yr
[preliminary]
§3°°;W°rld > lPeﬂEMO 3 '%Nd
% 2503_ . Data(924.7 days)
§ C | - 2vBp MC
200~ '
o C Background MC
'§150:—
zZ S/B=2.7
100
50
L 150
C : | 111l I 1111 I 1111 d
% 05 1 15 2 25 3 35

> ev)
9.11 £ 0.25 (stat) £ 0.63 (sys) x 1018 yr

[Phys. Rev. C80, 032501 (2009)]
Rencontres du Vietnam, 2012
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NEMO-3
—4— data=7636

Y8Cd 2vpp = 6949 + 88
sum of bkgs = 674 15
—— Total = 7623+ 90
—— chi2/ndf=15.1/27

S/B=10

116Cd

35 4
E, +E, (MeV)

25 3

2.88 + 0.04 (stat) £ 0.16 (sys) x 10 yr
[preliminary]

180

160

140

120

100

20

orld’s best

—— data=898

20 *2r signal = 428 + 26
sum of bkgs =439+ 7
—— Total MC = 867 + 27

S/B=1

962r

En
2.35 + 0.14 (stat) £ 0.16 (sys) x io

A. Basharina-Fres

0.5 1 1.5

223

5, (MeV)

[Nucl. Pth A 847 (2010)]

ville (U of Manchester)

160
140
120
100

13°Te, Low radon, 3.49 y, TS10

| Entries

1191

Number of events / 0.1MeV

First direct detection

1.5 2 2 5 3
E,+E,(MeV)
7.0 £ 0.9 (stat) £ 1.1 (sys) x 1020 yr
[Phys. Rev. Lett. 107, 062504 (2011)]

60_L! T | TT T IIl!lIII!'IIII‘IIII[!|II|!!|I|ITII|II1J_
7World s bes Preliminary -
50 -
E * Data E
40— EIBkg MC
C —2vBEMC -

B —Total MC -
30 ]
. S/B=6.81
20 -
10 -
: _ *8Ca -
c0 0.5 1 15 2 2. 5 3 35 4 45 5

4.4 £ 0.5 (stat) £ 0.4 (sys) x 10 yr
[preliminary]
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NEMO-3 OvBp Results (1)

100Mo: 7kg x 4.5 years 82Ge: 1kg x 4.5 years
>
210* 1Mo NEMO 3 E 82Ga NEMO 3
-~ @® Data -— 2 @® Data
S 3 NN\ - 2vpp™Mo s 107 2vppTse
~ 10 Radon =~ Radon
N . 7}
*E int BKG -E int BKG
Q ovBp'®Mo Q ovpp®se
3 10 2 for T, ,(0v)=5.10"y 5 10 for T, ,(0v)=10%y
P <
10
Y 1
1 \\ ‘
O\ [ L DI\
2 22 24 26 28 3 3.2 34 36 2 22 24 26 28 3 3.2 34 36
E o7 (MeV) E;or (MeV)
Events in [2.8-3.2]MeV: Events in [2.8-3.2]MeV:
Data=18 TotalMC=164+t14 Data=14 TotalMC=11.3+1.3
T,,,%PP > 1.0 x 10%* years (90% CL) T,,,0%PP > 3.2 x 10?3 years (90% CL)
<m,><0.31-0.96 eV <m><0.94-2.6eV
c.f. EXO (May 2012) : <m> < 0.14 — 0.38 eV for 13Xe for 32.5 kg.yr
NME QRPA Kortelainen and Suhonen, Phys. Rev. C75 051303 (2007) QRPA Kortelainen and Suhonen, Phys. Rev. C76 024315 (2007)
QRPA Simkovic et al., Phys. Rev. C77 045503 (2008) IBM2 Barea and lachello, Phys. Rev. C79 044301 (2009)
PHFB Rath et al., Phys. Rev. C82 064310 (2010) SM Caurrier et al., Phys. Rev. Lett. 100 052503 (2008)
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NEMO-3 Ov3p Results (2) — Other Modes + Excited States

Other modes:

| veAt | 01t | n=2tt | n=3tt | ne7t

solif ¢

>5.7-10%3 >2.7-10%2 >1.7-10%2 >1.0-1022 >7-10%°
A<1.4-106 Goo<(0.4-1.8)-10%

Mo

. >2.4-10%3 >1.5-10%2 >6-1021 >3.1-10% >5-10%0
€ A<2.0-10 G,.<(0.7- 1.9)-10"*

n: spectral index of Majoron mode emission, limits on half-life given in years

* Phase 1 + Phase 2 data (including 2008)

** Phase 1 data [R. Arnold et al. Nucl. Phys. A 765 (2006), 483]

0

"'-‘\‘ L L L ".'i'- "’""u \-‘
500 1000 1500 2000 2500 3000

BB Decays to excited states:
Best uncertainty and limits: 0+
A 100Mo ‘w\‘\\\
T.,2(0* > 0*,) =5.7+13 4 (stat) + 0.8 (sys) x 1020 yr W
T,,(0* > 0%;) >8.9x 102 yr (90% C.L.) . 2.+ (1362 keV)
T.,2(0* > 2%)) >1.1x10% yr (90% C.L.) o W 4,* (1227 keV)
T,,2(0% = 2*,) > 1.6 x 103 yr (90% C.L.) 3 o [ oy
o N : 2,* (540 keV)
[Nucl. Phys. A 781 (2006), 209-226] v \ l . 0 (9.5)
100Ru
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From NEMO-3 to SuperNEMO

——

100Mo Isotope 82Se (or 1°°Nd or #8Ca)
7 kg x 5 years Exposure 100 kg x 5 years
18% OvBp efficiency 30%
8% at 3 MeV Calorimeter energy resolution (FWHM) 4% at 3 MeV

208T| ~ 100 uBg/kg
214Bj < 300 uBqg/kg

208T| < 2 uBqg/kg

Contaminants in B foil 214Bj < 10 uBg/kg

222Rn ~ 5 mBg/m?3 Radon in the tracker 222Rn £0.15 mBg/m?3

T,,0f> 1 x 10% years
<m,><0.04-0.1eV

T,,0F>(1-2) x 10%* years
<m,><0.3-0.8eV

Sensitivity

)

Rencontres du Vietnam, 2012 A. Basharina-Freshville (U of Manchester) 15




The SuperNEMO Detector

supernemo

* Modular detector with a planar geometry

1 module (of 20) consists of:

collaboration e Source foil:

- 5 kg (total of 100 kg) of 40 mg/cm? (4 x 2.7 m?)
- 82Se (high Qgg, long T, ,2*P#, proven enrichment
technology)

- 150Nd and #8Ca being considered depending on
enrichment possibilities

o S o A

Tracker: ~2000 drift cells in Geiger mode

p

7773

Calorimeter: ~550 scintillator blocks + PMTs

Passive shielding (water) surrounding each module

2 m (assembled, ~0.5 m between source and calorimeter)

Rencontres du Vietnam, 2012 A. Basharina-Freshville (U of Manchester) 16



SuperNEMO Sensitivity

Sensitivity simulations:

* Based on GEANT-4
- Detector effects
- Full chain of backgrounds
- Based on NEMO3 experience

T, years

* 500 kg years of 82Se

T,/ >10%* years — <m ><0.04-0.1eV
(90% C.L. with target detector
parameters)

* Also look at:
- Other Ov mechanisms
- Disentangling <m, > and V+A
modes
- Decay to excited states
- Other isotopes

Rencontres du Vietnam, 2012
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SuperNEMO R&D: Source Radiopurity

* 5kg of 82Se ready

e Radiopurity requirements:

— 208T| < 2 uBqg/kg
— 214Bj< 10 uBg/kg

. o
214p; B , 214p , 210p}
19.9 mn 164 us
. B a
212B1 ; 212PO } 208Pb
60.5 mn 300 ns

T — -
212Bipo 2ldgipy | /7 Time
~300 ns ~164ps \/

Sensitivity reached in 6 months:
208T]: ~5 uBqg/kg
214Bj: ~15 uBq/kg

Rencontres du Vietnam, 2012

HPGe detectors do not have sensitivity
for SuperNEMO requirements

|

Dedicated BiPo3 detector developed
and installed at Canfranc

1140

Pure iron
closing plates

40 HV cables
40 signals cables

40 optical fibers Gas distribution

A. Basharina-Freshville (U of Manchester) 18



SuperNEMO R&D: Tracker

o

) L7 !

¢
AP
vz

*
S
~

* Design verified with 90-cell prototype s00m i00m
- Resolution: 0.7mm transverse, 1cm longitudinal | o
- Cell efficiency > 98% %0m / s00m
30.0m l 100.0m
25.0m 150.0m
- : I ® o Anode . -3
* Automated wiring robot being commissioned for mass 5 o n
production in ultra low background conditions o a000m
. . . . 5.0m A 350.0m
- 500000 wires to string, crimp and terminate L\ ! e
ST Cathode 1 Cathode 2 | o
. -10.0m- ; : : ! ,--500.0m
* Readout electronics under development L
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SuperNEMO R&D: Calorimeter

1 MeV e~ spectrum

250
200F
150

100

50

* Target AE/E reached with hexagonal and cubic

Entries 34370

Mean 0.9718
RMS 0.1105
%2/ ndf 204.7 /212
Constant 218.8+ 1.7
Mean 0.9979+ 0.0003

Sigma  0.03057 + 0.00024

0 0204 06 08 1 1.2 1.4 1.6 1.8 2

Energy (MeV)

FWHM - Energy (%)

0.4

0.6

0.8

1

1.2

blocks and high QE 8” Hamamatsu R519MOD PMTs:

7.2% FWHM at 1 MeV

(equivalent to 4% at Qu,; = 3.0 MeV)
BB

(c.f. NEMO3: 14-17% at 1 MeV)

Rencontres du Vietnam, 2012

14 1.6
Energy (MeV)
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SuperNEMO R&D: Radon

* SuperNEMO requirement:

Rn activity inside tracking volume
<150 uBg/m3

* Radon concentration line developed
for:

- Measurements of Rn emanation
from materials

- Measurements of permeability
through membranes and seals

* Radon concentration line sensitivity:
<50 uBg/m3

Vacuum pump Radon detector
(electrostatic & pin diode)

Carbon trap

Rencontres du Vietnam, 2012 A. Basharina-Freshville (U of Manchester) 21



SuperNEMO Demonstrator Construction

*  Physics with 7kg of 82Se in 2.5 years

e
e ————t———p ~ =

¥

_‘I

T,,,°®8 sensitivity > 6.5 x 104 years

— Sensitive to Klapdor claim

":—\—i“q

ra— %
e —

=
V
[ ]

A zero background experiment (< 0.06
events/year)

e Test of technology - proof that we can reach
required background levels

e Construction is under way

e Location: LSM (in place of NEMO3), to be
installed in 2014

Rencontres du Vietnam, 2012 A. Basharina-Freshville (U of Manchester) 22



SuperNEMO Schedule

Demonstrator module

. o Demonstrator running
construction and commissioning

A A
4 N 7 N
2011 | 2012 | 2013 | 2014 2015 @ 2016 | 2017 | 2018 | 2019 | 2020 | 2021
\ ) — _
Y V
Installation at LSM Construction, deployment and running of
successive SuperNEMO modules
Rencontres du Vietnam, 2012 A. Basharina-Freshville (U of Manchester) 23



* NEMO-3:

— 8 years of successful data taking

— Unique spectrum of results for 2vBB (unprecedented results, input for

NME calculations) and Ov[3B (different lepton violating mechanisms
probed)

T,,%# > 1.0 x 10** years — <m,>< 0.31-0.96 eV (90% C.L.)
— Analysis of full dataset in progress

* SuperNEMO:

— Successful R&D to reach sensitivity of 50 — 100 meV by 2020
— Demonstrator module under construction, to start taking data in 2014
— Unique detector approach:

event topology, isotope flexibility, modularity, probing of different OvpBf3
mechanisms

Rencontres du Vietnam, 2012 A. Basharina-Freshville (U of Manchester) 24



Backup Slides
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NEMO-3 Backgrounds (2)

RUN 5446
] 5477

Each background is measured using NEMO-3 data:

Channel Background measurement

e
Yexternal External background: 4°K, 6°Co, 22°Ra etc.
ecrossing
e Pure B emitters in foil: 40K, 234mPa, 20Y etc.
ey
eyy B + Y emitters in foil: 297Bi, 208T], 214Bj etc.
eyyy
ea 222Rn in gas and %*Bi on foil and wires

* Analysis of external, internal and radon background
through independent channels

* The background model is validated with a dedicated foil
in the detector (pure Cu)

[NIM A606 (2009) 449-465]

Rencontres du Vietnam, 2012 A. Basharina-Freshville (U of Manchester)
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SuperNEMO Sensitivity

v In2N, n Mt
2 A Ko [Ny, AE

v

Ny (NEMO-3) < 10°3
Ny (SuperNEMO) ~ 6 x 107

N, = Avogadro’s number,

A = atomic mass of isotope,

n = detector efficiency,

K, = number of os corresponding to
the confidence level (1.640 for a
90% C.L.),

M = isotope mass,

t = exposure time,

Ny = background index (in

kg tkeV-1yri),

AE = energy window of Ov3 decay
at Qug value, approximated by AE/E
(energy resolution)
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