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60 mg/cm? foils
10 kg of BB isotopes

N _M O B 8 T P Elals sl ) sources
\ [ .

BB decay experiment combining
tracker and calorimetric measurement

Located at the Modane underground
laboratory (~4800 m.w.e.)
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10 kg of different 3[3 isotopes

Taking data from February 2003 to
January 2011

Top view Longitudinal view

1256 &

| source

Full reconstruction of 2e kinematics: unique!

1256 keV

Excellent background rejection - \ D/ﬁ[

Equivalent to best calorimetric experiment %
S,

50cm R
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NEMO-3: the detector

The detector:

Plastic scint.

® Central BB source plane Wire chamber

® Wire drift chamber in Geiger mode

® Plastic scintillator calorimeter coupled with PMTs

low radioactivity PMTs
BP source

® Gamma & Neutron shield

NEMO-3 "camembert" (source top view)

8Ca
150Nd

The (33 source:
® 7 different isotopes: Mainly 1Mo (7 kg) &
82Se (1 kg)
® Cu & NaTe blank foils: Cross-check

background measurements
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NEMO-3: energy calibration

207Bi energy spectra
NEMO-3

¢ Data
— MC

Radioactive sources:
® <2U'Bj: 482 keV and 976 keV conversion electron

® OSr—0Y: 3-decay end point Qg = 2280 keV

Number of events / 0.02 MeV

® °Y'Bi: 1682 keV conversion electron to test energy
SCa|e 99% PMTS Data/MC < 02% ’ AT P T P PR A ¢

0 02040608 1 1.2 1.4 1.6 1.8 2
E, (MeV)

90Sr—9Y energy spectra

Data
— 90Y
—— 90Sr
—— MC Total

05 MeV

Laser inter-calibration system:

® (Gain and time survey twice a day PMTs linearity < 1%
for E <4 MeV

Number of events / 0

3]
=
=
o

® 32% of PMTs stable < 5% over the whole data taking

o

2.5 3
Ee (MeV)
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N EMO_S : baC Kg rOUHdS INIM A 606: 449-465, 2009]

EXT Ra226
EXT Ra228
EXT K40
EXT CoB0
SC K40

S5 Bi210
55 Pa234m
Total

External background:

® Radio-impurities in surrounding material, y
from (n,y)

N w L (5]
o o o o
o o o o
o o o o
o o o o

® U bremsstrahlung

Number of events / 0.05 MeV

Measured through e~ + y and e crossing channels

e-crossing E.4; (MeV)

%Mo, metal, 1e Phase-2

—  Pa234m
— K40
U235
SF Bi210
SW Bi210
Radon
Ext bkg
BBMo100
Total

Internal background:

-t
o
(3,

B

® 298T| and 2'“Bi contamination in foil source
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o

-
o
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® °'“Bjfrom Rn decay in tracker volume

-
o
N

Measured through e~ + Ny, e + a and single e
channels

Number of events / 0.05 MeV
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NEMO-3: "Mo 2v[3B3 results

Run : 3478
Event: 6930

® About 700 000 2vB[3 events Date: 09/11/2004

® Detection efficiency = 4.3 = 0.7 %

® Signal over Background ratio = 76

T4 =[7.16 £ 0.01 (stat) + 0.54 (syst) |x10'8y
Consistent with previously published [PRL 95 (2005) 182302]
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[Phys. Rev. D. 89.111101 (2014)]

N EMO_S il OOMO O\/BB res) |_t Detailed paper to be published in

the following weeks

® No event excess after 34.3 kgxy exposure

® T%Wio>1.1x10%*y (90 % C.L.) = (my < 0.3-0.9 eV

NEMO-3 - "*Mo - 7 kg, 4.96 y Expected background in [2.8 - 3.2] MeV

[y
o
S

—e— Data 27051 Evts
100

B 2v3p Mo 8.45 + 0.05

B 2'“Bi from 22Rn

I External Bkgs.

B 2"Bi Internal

0 %11 Internal

Events / 0.1 MeV

iy
o

32 33 34

o—0—0-0-—0—0—0-¢ +-+-_+_

Data/ MC

3 . 4 4.5

E or (MeV) Total background: 1.3x1073¢ts / (keVxkgxy)
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[Phys. Rev. D. 89.111101 (2014)]
NEMO-3: "Mo OvRR result e o wooke

Systematics

® T%. limit set with a modified frequentist analysis | —
[N.I.M. A 434 (1999) 435] OvB detection efficiency

® Using full information in Emt = [2.0; 3.2] MeV
® Detection efficiency: 11.3 + 0.8 %

® Account for statistical and systematic uncertainties 208T| contamination
and their correlation

Limits at 90% C.L. in units of 10%¢y

Process Stat. Only Stat. + Syst. Expected

Mass mechanism

Majoron (n=1) : : 0.039 [0.027; 0.059]
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N

—-MO-3: other results

Other isotopes: only partial exposure has been published
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—— g!eata =898

Zr 2vpp =429 + 26
sum of bkgs =438+ 7
— Total = 867 + 27

— chi2/ndf = 18.2/17
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>1.0x 10%°

Phys.Rev.Lett. 95 (2005) 182302

| Phys. Rev. Lett. 107, 062504 (2011)

Analysis of whole statistics ongoing (®°Se, 43Ca, %Zr, 11°Cd, °°Nd)...stay tuned!

190Mo OV decay to the ""Ru excited states [Nuclear Physics A781 (2007) 209-226]
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—MO-3: high energy background

No events in Mo foils No events in Cu & Te foils
after 34.3 kgxy > 3.2 MeV after 13.5 kgxy > 3.1 MeV

NEMO-3 - "Mo - 7 kg, 4.96 y Te+Cu foil, Phase 1 + Phase 2

—e— Data 27051 Evts
B 2vpB Mo

B >“Bi from 222Rn
B External Bkgs.
I 2Bi Internal
0 *®11 Internal

Data

219Bj from %*°Rn
External Bkgs
219Bj internal
208T| internal
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Validation of the
background
model

‘..

Data/ MC

o000 oot +-+-_+_

Data/ MC
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Promising background free technique for high Qgg isotopes
48Ca (4.272 MeV), ™ONd (3.368 MeV) or %Zr (3.350 MeV)
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[Eur. Phys. J. C70: 927-943,2010]

SuperNEMO: toward the new generation

- Calorimet |
Extrapolate a well known technique: aonmeter Tracker  Calorimeter

® 100 kg of B3 emitter in 20 detection module

® Approach Inverted Hierarchy region

Jelel=k )

SEEEEDODDRE

NEMO-3 SuperNEMO

Efficiency

s -

A challenge in many aspects:

® R&D program in the past years
almost completed!

® Next step: Demonstrator module

0.3-0.9eV 0.04 - 0.1 eV
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SUuperNEMO: the demonstrator module

Calorimeter Tracker  Calorimeter

One SuperNEMO module = 7 kg 8Se running ~2.5 y

® [0 be installed @ LSM (replacing NEMO-3)
® Match SuperNEMO requirements
Reach NEMO-3 (°Mo) sensitivity in 4.5 months

® Sensitivity: <my) ~ 0.20 - 0.40 eV

1O ) 2
| g
3 " N AN i |

BB source

Schedule:

® Calorimeter & tracker under production
® Installation starting in 2015

® Commissioning & First data by 2016
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SUPerNEMO: the calorimeter

® 5" and 8" high quantum efficiency PMT directly coupled to a scintillator block with
optimised geometry

® Energy resolution tests: 7.8 % FWHM @ 1 MeV

® Electronics, optical modules, shield & mechanical structure under production

1 MeV e~ spectrum | Entries 34370

Mean 0.9718

E RMS 0.1105
250 2%/ ndf 204.7/212
[ Constant 218.8+1.7
Mean 0.9979+ 0.0003
200 [ Sigma  0.03057 = 0.00024

50.

~ Calorimeter main wall
%0204 06 08 1 12 14 1.6 1.8 2 T T R e e
Energy (MeV) : T » SR
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SUPerNEMO: the tracker

® 2034 Geiger cells in a Rn-tight tracker chamber surrounded by Optical Modules
® Drift cells under production. Tracker assembly in 4 pieces (CO to C3)
® Commissioning of CO ongoing at sea level, C1 under construction.

® Preliminary radon emanation : 0.236 + 0.035 mBg/m® — close to the requirement!

_ e optical modules *
H BB oo SN S T o A
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SUperNEMO: the source foll

® About 37 foils installed on the source frame in the detector center
® 5°Se powder mixed with PVA glue + mylar or nylon mechanical support
® Limits on foil contamination in “%%TI (2 uBag/kg) and #'Bi (10 uBag/kg) are challenging

® Purification technique under investigation: chemical chromatography, distillation, etc.

. i ] —

Se foils radio-purity measurements M
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radio-purity measurements

Radon:

® Control the Radon emanation of the materials

® Radon purification/absorption with dedicated setup
Detector radio-purity budget:

® Material validation with HPGe detectors

Source foils:

® Dedicated setup operating at LSC (Canfranc):
detect delayed 3-a from Bi-Po chain

® First two 82Se foils currently under measurement

¥ BiPo detector @ LSC
w
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Summary & conclusions

Tracking + Calo.
technique

Latest NEMO-3
results

SuperNEMO
demonstrator

Future:
Full SuperNEMO

Unique: allowing direct reconstruction of the 2e-
Full signature of Ov3R events and powerful background rejection

Background-free technique for high energy Qgg isotopes

Total 199Mo exposure of 34.3 kgxy shows no event excess

TV >1.1x10%*y = (M) <0.3-0.9eV @ (90 % C.L.)

Other isotopes: re-analysis of full statistics ongoing

Under construction: commissioning by 2016
Foresee to run for 2.5 years with 7 kg of 8°Se
TV0>6.5x10%%y = (my) < 0.20-0.40eV @ (90 % C.L.)

20 demonstrator-like modules

100 kg of 82Se running for 5 years
TV >1%x10%y = (Mmy) <0.04-0.10eV @ (90 % C.L))
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VWhat is the status”?

1993 - 2000:
HdM (35.5 kg x y) & IGEX, "°Ge
o TV, >1910%y @ 90% C.L.
HdM claim: (mgg) = 0.32 +/- 0.03 eV
2000 - 2010:
Cuoricino (19.75 kg x y): TeO2 bolometer
o ~11kg ™Te: TV >2.810°*y @ 90% C.L.
NEMOS (34.7 kg x y Mo): tracking + calorimetry
o ~7kg'POMo: TV >1.110°y @ 90% C.L.

Since 2011: new generation, R&D for future scaling
EXO200 (> 95 kg x y): Liquid Xe TPC
Kamland-ZEN (190 kg x y): Liquid Scintillator
GERDA Phase 1 (>20 kg x y): Ge diodes
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-uture projects

CUORE, Gerda, Majorana, Lucifer, AMORE,
NEXT, COBRA, EXO, SNO+, KamLAND-Zen,
CANDLES, SuperNEMO, DCBA, ...

5 years time scale:
® M ~ 10 - 50 kg of B3 isotope
® Background level 1073 cts. /(keV kg y)
® EXxplore quasi-degenerate region
10 years time scale:
® M~ 100 kg - 1t of 33 isotope
® Background level 10 cts. /(keV kg y)

® Approach Inverse Hierarchy region

® Extended R&D: Energy resolution, particle
ID, radio-purity

® Multi-phase approach: demonstrate
scalability and background levels

0y NAIHQ € M xt
1/2 = Ny XZX B x AFE

) 10 years

1 L1111 1 1 llll:lll 1 L il
4 107 1072 10!
Mo prest [eV]
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VWhich isotope”

Nat. abund. Gov

(enrich.) [%] (10714 y-110) Experiment

Isotope

#Ca NEMOS3

"Ge GERDA

Se . 9.0+0.7 NEMO3

L . 2.0+0.3 NEMOS3

0.71+0.04 NEMO3

3.0£0.2 NEMO3

NEMOS3

KamlandZEN

Isotopes enrichment and T2 from respective experiment

NEMOS3
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VWhat is the status”?

Light Majorana Right handed SUSY: neutralino or  Majoron emission
neutrino exchange current gluino exchange

:/ /\: \/ /\ ; :

Exposure EHaIf life (1025y)§ {my (e\/) oy, (106): p (108) N'111/f (102)E (Qee» (107°)

Isotope (kg-y) published pubhshed publlshed publlshedl published i published

100 Mo 11l (NEMO-3) 7 . §Q33-08ﬁ 0.9-1.3 §

0.31-0.71i 1.6-2.4 |

76 Ge 9 (HdM)
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—MO-3: Laser survey

Before laser survey

EXP: 534511 ev; E>3.4MeV 9 ev Laser inter-calibration system:
MC: E>3.4MeV 0.77+/-0.15 ev

Nev/0.1MeV

® (Gain and time survey twice a day PMTs
vt | linearity < 1% for E < 4 MeV
4

6 8 10
low radon data E(e),MeV

After laser survey 82% of PMTs stable < 5% over the whole data

EXP: 421154 ev; E>3.4MeV 1 ev taking
MC: E>3.4MeV 0.50+/-0.11 ev

Nev/0.1MeV

Validate PMT stability with the 21*Bi B-decay
. L X end point (3270 keV) background free channel

low radon data
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NEMO-3: external backgrounds

Source Source 3 Source

Radio-impurities in material, y from (n,y)
and p bremsstrahlung

e-y and one-crossing-e channels Compton Compton

creation + Compton + Moller

EXT Ra226
EXT Ra228
EXT K40
EXT CoB0
SC K40

SS Bi210
S5 Pa234m
Total

E SUM 1.14MeV

N W £ (3
o o o o
o o o o
o o o o
o o o o

Number of events / 0.05 MeV

e-crossing E;,; (MeV)
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NEMO-3: internal backgrounds

/v—\

208T] (from 232Th) and 2™Bi (from 238U |

foil

i
contamination in foil source and 2'“Bi from /
Rn decay in tracker volume |

R
.:.’\
Yy -
L N— L—" N——
Beta decay Beta decay Beta decay

1eNy (¢%8Tl) and 1el1a (¢'“Bi) channels +1C * Moler + Compton

RUN 2032
EVENT 177611
SEQN 177598

; + Data
| ¢
¢ F Y

4
PR SR
CORTSEA

SWIN

3 SW ouT
] s

-
0 10 20 30 10 20 30 40
IN, e same side. o length (cm) e opposit side. o length (cm)

SF IN

SF OUT

Mylar

1UReNn-

Internal

S
10 20 30 40 10 20 30 40
betagetaz2057 o OUT, e same side. a length (cm) o OUT, e opposit side. a length (cm)
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NEMO-3: #2“Rn background

o

222Rn in the gas of the tracking chamber
monitored through the 1e1a channel

N B O O
o O

A(Rn), mBg/m®
o

o

o
o o

S
o

Strongly suppressed upon flushing Rn-free air
Into a dedicated tent surrounding the detector

N
o

o

5 O O
o O O

‘ .
#
¥

N
o

W.mmw nwwwm MWMWMWW
02 03 04 05 06

o

N B O O®
o O O o

W’*W mWW«M e me \A P MLWMWWM‘\W mm[ WWMMMM

o1 02 03 04 05 06 07 08 09 10 11 12
month number

o

Phase 1: 37.7+0.1 mBg/m?
Phase 2: 6.46+0.02 mBg/m?
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Sackground measurement

%Mo, metal, 1e Phase-2

Pa234m
K40
U235

SF Bi210
SW Bi210
Radon
Ext bkg
BpMo100
Total

- - -
o o o
w L o

-
o
N

>
[}
=
Tp)
Q
o
~
(2]
e
c
(]
>
()]
[
(o]
)
o
Q
£
=
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o

AT

15 2 25 3 35 4
E, (MeV)

Number of events / 0.05 MeV
N w =N (8]
o o o o
o o o o
o [ ] o o
o o o o

0

ol

EXT Ra226
EXT Ra228
EXT K40
EXT CoB60
SC K40

SS Bi210
SS Pa234m
Total

e-crossing E.5; (MeV)

1 1.5 2 25 3 35

eyext E;or (MeV)

EXT Ra226
EXT Ra228
EXT K40
EXT CoB0
EXTy

SC K40
Total
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—MO-3: Systematic uncertainties

Systematics

OvPBPB detection efficinecy : Measure activity of known 2°7Bi source

208T| contamination : Measure activity of known 238U source
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NEMO-3: 233 of '""Mo SSD/HS

If the intermediate nucleus is a J"'=1+ state, the NME
could be dominated by GT transitions through this state.

C . HSD, higher levels
If the SSD hypothesis is confirmed \ contribute to the decay

\

Y SSD, 1+ level

\ dominates in the decay

® 2Vv[3[3 half-life could be determined from single-

B and electron capture (EC) measurements. . " (Abadetal, 1984,

\ Ann. Fis. A 80, 9)

\

® simplification in the theoretical description of oot

. . 1OORu
the intermediate nucleus

Electron energy distribution in 2v[3
decay of Mo is in favour of SSD

Number of entries / 0.05 MeV
Number of entries / 0.05 MeV
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—-MO-3: excited states

WMo decays to excited states: constrain model for NME calculation

100.-rc

With NEMOGS after 7kg - yr of exposure (Phasel):

T1/22V(O — 0%,) = 5.7+13 4 (stat) + 0.8 (syst) x 1020y
MO0 = 0) >8.9x10%°y @ 90% C.L.
1/22V(O+ - 2+) >1.1x10%"y @ 90% C.L.

T,,20* = 2+) >1.6x102y @ 90% C.L.
[Nuclear Physics A781 (2007) 209-220]
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SuperN Radon measurements

® The Rn gas in the tracker volume was the dominant background in NEMO-3

® Reduce Rn contamination to 0.15 mBg/m3
® Control the Radon emanation of the materials
® Radon purification/absorption with dedicated setup

® Preliminary radon emanation of CO = 0.236 + 0.035 mBg/m?® — limits is close!

s
ml RN gas purification setup
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SuperNEMO: radio-purity measurements

Detector radio-purity budget:

® Materials validation with HPGe detectors (sensitivity ~ mBQ)

Source foils:

® HPGe not sensitive enough for SuperNEMO requirement

® Dedicated setup operating since February 2013 @ LSC (Canfranc): BiPo

® Detecting delayed 3—a coincidence from Bi—Po chain

® First two 82Se foils currently under measurement

N
o

BiP03: 3.6 m? - 82Se: 40 mg/cm?

298| pkg: 0.16 uBg/m? scint
1 *®Tibkg: [0.04 - 0.50] uBg/m? scint
— — - SuperNEMO 2°®T| target: 2 uBq/kg source

—
o)
TTTTT

AN
TTTTTTTT

source light—guide

—_ -
(2]

BiPo 208T] sensitivity

—
N
TTTT

298] Sensitivity [uBg/kg source]

—
o
TTTT

» 2] o)
TTTTTTTTTTT]TIT

scintillator

Measurement Time [month]
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