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~NEo 3 2vBp and OVAR
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N%O = Practical factors

@ Natural radioactivity and cosmic rays dominate the
Qs Natural source of backgrounds = need to go

(MeV)  abundance (%)

underground + lots of local shielding
BCa—*8Ti  ( 4.271 ) 0.187
N~ - 238 232 :
76Ge—s76Se 2 040 28 € 238U and 232Th decay chains produce
_ the most troubling gammas (highest energies):
82Se—82Kr 2.995 [) 9.2 . 214p;
9%zr—%Mo  { 3.350 2.8 **Tl - 232Th decay chain
19Mo—%Ru ( 3.034 9.6 3 |
10Pd10Cd | 2.013 11.8 ol 2 e
116 116 _
cd—"esn  2.802 [) 7.5 Tl
124S5n—124Te 2.228 5.64 \ ’
130Te—130Xe 1(2.5331 ) 34.5 10 | |
136Xe—136Ba 2.479 8.9 |
150Nd— 150Sm (~ 3.367 |) 5.6
(11) [3[3 emiters with QBB > 2 MeV 10_1‘000 1200 14§oo 1600 180D 2000 2200 2400 2800 2800 3000
Borrowed from: Hall B
F. T. Avignone, S. R. Elliott and J. Engel, Hall C
“"Double Beta Decay, Majorana Neutrinos, and Neutrino Mass,” OPERABOX
Rev.\ Mod.\ Phys.\ {\bf 80}, 481 (2008) [arXiv:0708.1033 [nucl-ex]]. 10 cm Pb shielding
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NEMO-3 technique schematics

Measurables
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~NEo 3 NEMO-3 detector

Fréjus Underground Laboratory : 4800 m.w.e.

20 sectors Source: 10 kg of B isotopic foils
area = 20 m?, thickness ~ 60 mg/cm?

Tracking detector:
drift wire chamber operating (9 layers)

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

Calorimeter:
1940 plastic scintillators (ps + PTP + POPOP)
coupled to low radioactivity PMTs

3m

Magnetic field: 25 Gauss
Gamma shield: pureiron (d = 18cm)

Neutron shield: 30cm water (ext. wall)

40 cm wood (top and
bottom)
(since March 2004:

Particle ID: e, e*,yand a water + boron)




N%o3 NEMO-3 detector

ASECTOR

-----

ll- | Particle ID: e”, e*, y and a_|

Fréjus Underground Laboratory : 4800 m.w.e.

Source: 10 kg of B isotopic foils

area = 20 m?, thickness ~ 60 mg/cm?

Tracking detector:
drift wire chamber operating (9 layers)

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

Calorimeter:
1940 plastic scintillators (PS + PTP + POPOP)
coupled to low radioactivity PMTs

Magnetic field: 25 Gauss
Gamma shield: pureiron (d = 18cm)

Neutron shield: 30cm water (ext. wall)

40 cm wood (top and

bottom)
(since March 2004:

water + boron)




~NEo 3 Bp decay isotopes NEMO-3

05 04

[ 2vpp measurement]

t [ uscd 405¢

Qg = 2805 keV

96
00 Zr 94g
Q= 3350 keV

09

19 150Nd 37.0g

10
B < Qg = 3367 keV

18
8Ca 7.0g

Qqp=4272 keV

130Te 454g

14 15 Qpp = 2529 keV

External bkg
10Mo 6.914 kg 826e 0.932 kg \ "Te 491g { measurement }
Qq = 3034 keV Qqp = 2995 keV
— —— — Cu 621g

[ Ovpp search ]

(All enriched isotopes produced in Russia)
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(Frejus tunnel)

Laboratoire Souterrain de Modane

1 lm=RE

NEMO collaboration:
80 physicists / 30 institutions

e ©

LSM, France
(Tunnel Frejus, depth of ~4,700 mwe )
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Laboratoire Souterrain de Modane

e=9 FRANCE ITALIE 4700 m.w.e

COMMISSARIAT A LENERGIE ATOMIQUE

DIRECTION DES SCIENCES DE LA MATIERE

CENTRE NATIONAL Altitudes 1228 m ! 11263 m : 11298 m
DE LA RECHERCHE Distances ' 0 m ' '6210 m ' ‘12 868 m

SCIENTIFIQUE

I N 2 P 3

Low background
- counting facility

Built for Taup experiment (proton decay) in 1981-1982




Cathod rings

Wire chamber
PMTs

8 Calibration tube

scintillators \J :'j.'i,“-». :
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During installation AUGUST 2001
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B AN NEMO-3 Opening Day, July 2002
N%O = M

-f— Start taking data 14 February 2003
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Finished detector
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Side view

Top view Typical BB2v event observed from Mo
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~NEsO 3 Typical 2vBp event observed in 1Mo

Deposited energy:
E,+E,= 2088 keV

Internal hypothesis:
(At), os —(At),00 = 0.22 ns

Common vertex:
(Avertex), = 2.1 mm

vertex

e

Run Number: 2040
Event Number:
9732

Date: 2003-03-20

Trigger: atleast 1 PMT > 150 keV
=3 Geiger hits (2 neighbouring layers+1)
Trigger rate =7 Hz
25 BB events per hour
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NEMO-3 backgrounds

o Internal background (in addition to a potential 2vgp tail)
(due to radio-impurities of the isotopic source foil)

e —
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il |7 toil Y Qf(&/
~-X o/< ~a Y
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e IC . €
beta + IC beta + Moller beta + Compton
(dominant)

@ = radioisotope

o Externa MAUNYI VUl IU
(due to radio-impurities of the detector)

— T ——

B = electron from beta decay

e —

IC = internal conversion
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N%os Signal and background signatures

K. Lang (U of Texas at Austin): NEMO-3 and SuperNEMO (WIN'09) 17



Cadmium Foil(s)
Activity and Hot Spots
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Background: control channels

o

Example:
ey control channel

150-Nd foil
E
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N%03 Previous results for 1°°Mo: pp2v

Phase | (high Radon): Feb 2003 — Dec 2004 (389 days)

Sum energy spectrum  Single electron energy spectrum Angular distribution
= 12000 > 5 a2 i
C 219000 evt 2 20000 %Mo g 12000 6914 g
'9 10000 * Data 8 17500 | * Data % 10000 * Data
(=) MC BB2v g' (%000 | - MC Bp2v o - MC Bp2v
% 8000 bgr subtracted @ | - bgr subtracted @ 8000 - bgr subtracted
g 2 12500 £
3 6000 § 10000 | S/B = 40 E 6000 S/B =40
(o] L |
E 4000 ; 7500 | 4000
£ 2 5000
2 2000 = | 2000
= 3 2500
0 e | 0 i_f: e | 0 ltmmmm S N C .
0 05 1 15 2 25 3 0 05 1 15 2 25 -1 -0.5 0 0.5 1
E,. (MeV) E. (MeV) cos(0)

100Mo: T,,(BB2v) =(7.11 * 0.02(stat) * 0.54(syst))-10"8 y
Phys.Rev.Lett. 95, 182302 (2005)

«BPB factory» — tool for precision tests
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~fgo

OvBp of 199Mo

Data until the end of 2008

%Mo, 3.85 years

%Mo, 3.85 years

> >
Q 4@
%70000 ) o ® Data 724486 evts = 10 -0-_._ ® Data
S50000 d N 2035 ™ Mo S o 295" Mo
. 222p - 10 3 -~ *2Rn
-?:50000 PY . 999 internal BKG ..g- -9 ¥ internal BKG
Q ® —— Ovpp"Mo Q - ovpp'"Mo
240000 o @ 102
=2 ° < ]
30000
° " 10
20000 °
[ ] ®
10000 | ° 1
.,_— R .J___/_\ ‘ o YT T
0 05 1 15 2 25 3 3.5 2 22 24 26 28 3 3.2 34 3.6
Eror (MeV) Eror (MeV)
[2.8, 3.2] MeV: MCLIMIT : [2.0, 3.2] eV

Data: 20 events, Expected: 18.6 events
Excluded at 90% C.L. 9.6 events
Efficiency e= 0.0726

18 events excluded
Total mean Ov efficiency ¢ = 0.174

Both simple counting
and likelihood
methods are consistent

T., (OVBB) > 1.1x10%y @ 90% C.L.
<m,> < 0.45-0.93 eV
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Ovpp of 82Se

Data until the end of 2008

#2ge, 3.85 years ®2Se, 3.85 years
- >
Q Q
= 1400 @ Data, 15796 evts = ® Data
i [0 2vpp*se S 2vpp™Se
--o.. 1200 [ 1 Radon ~ %228n
%1000 7]  internal BKG -g' 7 internal BKG
Q [ 1 external BKG g external BKG
3 800 ——  MCtotal ;
= —  DvBR*Se
600 e
400
200 |
1 1.5 2 2.5 3 3.5 2 22 24 26 28 3 3.2 34 3.6
Eror (MeV) Eror (MeV)
[2.6 , 3.2] MeV: MCLIMIT : [2.0, 3.2] MeV
Data: 15 events, Expected: 13.2 events 9.8 events excluded
Excluded at 90% C.L. 8.9 events Total mean Ov efficiency ¢ = 0.182
Efficiency ¢= 0.151

T., (OVBB) > 3.6 x 102y @ 90% C.L.
<m,> <0.89 -1.61eV
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Results of 2vpp measurements
Summer 2009
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N%o3 Results of Ovpp results
‘ Summer 2009

o No evidence for non conservation of the lepton number
o Current limits on OvBp (at 90% C.L.):

Isotope | Exposure | T,,(0vBR) (m,) NME
(kg-y) lyears] [eV] reference
100Mo 26.6 >1.1-10% <0.45-0.93 1-3
82Se 3.6 >36-108 | <0.9-1.6 1-3
<23 7
150Nd 0.095 >1.8-10%2 | <1.5-2.5 4,5
<4.0-6.38 6
130Te 1.4 >08-10%2 | <1.6-3.1 2,3
L) 0.031 >90.2 - 107 <7.2-19.5 2,3
48Ca 0.017 >1.3-10%2 | <29.6 7

o Nuclear Matrix Elements references:
[1] M.Kortelainen and J.Suhonen, Phys.Rev. C 75 (2007) 051303(R)
[2] M.Kortelainen and J.Suhonen, Phys.Rev. C 76 (2007) 024315
[3] F.Simkovic, et al. Phys.Rev. C 77 (2008) 045503
[4] V.A. Rodin et al. Nucl.Phys. A 793 (2007) 213
[5] V.A. Rodin et al. Nucl.Phys. A 766(2006) 107
[6] J.H.Hirsh et al. Nucl.Phys. A 582(1995) 124
[7] E.Caurrier et al. Phys.Rev.Lett 100 (2008) 052503
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N%03 2vBp and 0vBp of 1Mo to excited states

Transition Ty, (y) Theory
(this work)

Ovpp
0+ -> 2+1

2vpBA
O+ _> 2+1

Ovpp
0* -> 0%,

2vRP
O+ _> O+1

NEMO Collaboration / Nuclear Physics A 781 (2007) 209-226

>1.6* 1023 (*)
2.1%

>1.1*10%

> 8.9 * 1022(*)

6.8 * 1030 <m >

1027 < A\ >

2.1 *10%
5.5* 10%

7.6 * 10%* <m >

-2.6 * 10% <m,>

[5.7 13 4(stat)
+/-0.8 * 1020 (*) -

(*) Best limits or uncertainties

1.5 * 10%°
2.1 *10%

3034 keV

RUN 3074
\\EVENT 108309

ESUM  1.537MeV,

~ T~
\[\\[
y
‘ In-time
* FILE Y
5074 | coincidence
1+
100r¢
.
23 1362keV

4] 1227keV
0] 1130 keV

590.76 keV

2] 540 keV

53953 keV

0+

“Ru
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NEgo 3 V+A currents & Majoron

u u u u
d d d d
d > \ > u d » V-4 L g u
WL e, W, .
Majoron " ’ %
emission 00 e J V+A
. Y VRV
. > % > -
W (./ €, W R Cx
d . v{"“’ . d . V+A . l(li
;' ! ; “
5 28XX . : .. — : r
Z 250 | D=7 0p0y 2pvy 26x 2601 V+A Majoron(s) emission (n=spectral index)
© R n=5 28y n=
200 | ‘ T12(0vVBR) n=1 n=2 n=3 n=7
[years]
150 | 100Mo | >5.7-102 >2.7-1022 >1.7-1022 | >1-102 | >7-101°
A<1.4:10° | gee<(0.4-1.8)-10
100 |-
; 82Se >2.4-1023 >1.5-1022 >6-102 >3.212-10 >5-1020
50 ;¢ A<2.10° | gee<(0.7-1.9)10
0 0-560 I 'IOIOO ‘ 15|00 I 20‘0(,).’“-2500 %HISOI(‘)O

Energy (keV) " Phase I+Phase Il data
“ Phase | data, R. Arold et al. Nucl. Phys. A765 (2006) 483
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NEMO-3 > SuperNEMO

challenges

416x10%*y (ea) | Mt

n., —number of std. dev. for a given C.L.

a —isotopic abundance
¢ —detection efficiency

W —molecular weight of the source

Ov M - total mass of the source (kg)
]1 /2 (nU ) = t — time of data collection (y)
n, W JVDAE .
b — background rate in counts (keV -kg-y)
AE — energy resolution (keV)
NEMO-3 SuperNEMO
100mo isotope 82Ge
7 kg isotope mass M 100-200 kg
8% efficiency ¢ ~30%

208T]: < 20 uBqg/kg
214Bj: < 300 uBq/kg

internal contaminations
208T| and 2!4Bi in the Bp foil

208T| < 2 uBq/kg
214Bj < 10 uBq/kg

8% @ 3MeV

energy resolution (FWHM)

4% @ 3 MeV

T,,,(0vBP) > 1.4 x 10y
<m,>< 390 - 810 meV

T1/z(OVBB) >2x10%%y
<m,>< 40 - 100 meV

27



NEgo 3 SuperNEMO - conceptually

20 modules for 100 kg

Source: ~ 5kg (4 0 mg/cm?, 12m?)
Tracking: ~2,100 drift cells).
Calorimeter: ~600 blocks

15 m
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SuperNEMO calorimeter R&D:

blocks & bars designs

N%O ==
M‘ LABORATOIRE DE L'ACCELERATEURLINEAIRE

IN2P3-CNRS et Université PARIS-SUD Centre Scientifique d'Orsay - Bat 200 - B.P. 34 91898 ORSAY Cedex (France)

J.FORGET & C.BOURGEOIS — SuperNEMO module

Sources Tracker

Bars design Blocks design
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CABORATOINIRE SOUTERRAIN DE MODANE

MODANE UNDERGROUND LABORATORY 60'000 m® EXTENSION

LABORATOIRE SOUTERRAINE DE MODANE AGRANDISSEMENT 60'000 m’

Actual Modane Underground Laboratory Hall B Fréjus Safety Tunnel

Laboratoire Souterraine de Modane (actuel) Galerie de Sécurité du Tunnel du Fréjus

Laboratory Bypass Access

/ Bypass d'accés au Laboratoire

\

Pedestrian Cross-Adit

HallA -
Salle A Shelter 18

New LSMEnt
ew ntrance Abri 18

Nouvel Accés au LSM \

Bypass Piétonne

Pedestrian Cross-Adit

Bypass Piétonne

\V Fréjus Road Tunnel

Tunnel Routier du Fréjus

LESM L




Future LSM Hall A

/‘( 10m:< 12m |, 15m I< 46m
B Ewﬂaaaaa@aaaaaa
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~NEo 3 SuperNEMO: Calorimeter R&D

AE/E ~ 7.2 % at 1 MeV (corrected)

'l |

-
w
T

-
N
TTTTT

— 1NE fit

FWHM - Energy (%)
T

-

<
Il!llll TTT
i

GEANT4 optical simulation

P SN WY TR NN W A SR S 8” Hamamatsu 2m_|ong scintillator bars
04 06 08 1 12 14 16 18 2 )
a cheaper option)

Energy (MeV) R591 2-MOD
Super-Bialkali |
8 Dynodes
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~NEo 3 SuperNEMO tracker R&D

o Optimize length, wire material and diameter, read-out, gas mixture etc
o Several 1-cell and two 9-cell prototypes built and tested

a 90-cell prototype: r — resolution
Z — resolution

£00.0 r —-S0.0m
SS0.0m— -0.0
S00.0m-— =-S0.0m
4S0.0m— =-100.0m
400.0m— —-150.0m
350.0m— —-200.0m
é 300.0m— —-250.0m E
250.0m— —-300.0m
200.0m- —-350.0m
150.0m-— —-400.0m
100.0m-— —-450.0m
S0.0m- =-S00.0m
0.0 e — . -SS0.0m
-50.0m- | 0 ' 0 ' ' ' 1 ' ' 1 ,=-600.0m
-2.0u SO0u 100u 1S0u 200u 2S0u 300u 3S0u 400u 450u SO00Ou SS0u E0.0u

Time

0.7 mm
1.3 cm

90-cell prototype
Manchester

2
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¢
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*
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~NEo 3 Tracker: fully automated wiring

0 ~500,000 wires to be strung, crimped, terminated
O Wiring robot being developed in collaboration with Mullard Space Science Lab (UCL)
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BiPo R&D

(for measuring foil radio-purity)

BiPo-1

214Po
hN 164 us
g B /( us)

214g; o
(19.9 mn) /

l 210Pb
0.021% / 22.3y

210T|
(1.3 mn)

Objectives :
to mesure 28Tl < 2 uBq/kg & 2'“Bi < 10 uBq/kg
in B source foil (5kg/month)

v'BiPo-1: 10 capsules in operation since 12/2007,
v'current sensitivity < 7.5 uBq/10m? x 40 mg foil
v'BiPo-2 and Phoswhich under development

BX.

Source =T W |
Scintillateur = \x o

2I2Bipo 24Bipo ! " Temps
~ 300 ns ~164ps
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~NEo 3 Summary and outlook

o0 NEMO-3 running (through 2010) and produces unique results
v many best results in Ovpp and 2vpH
10Mo (2009): T,,66 > 1.1 x 10%4y (90% CL) <m > < (450 — 930) meV
82Ge (2009): T,,B6 > 3.6 x 102y (90% CL) <m > < (900 — 2300) meV

v results for 5 other isotopes: 48Ca, °6Zr, 116Cd, 130Te, 150Nd
v results on transitions to excited states, V+A, Majorons, SSD vs HSD, ...

0 Next: SuperNEMO

0 82Se
0 sensitivity T,o(0v) = (1-2) x 10%® y (500 kg*y exposure)

<m,> =< 40-140meV  (NME uncertainty QRPA + SM)
2007 2008 2009 2010 2011 2012 2013

NEMO-3 Running

Demonstratic




