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A proposal for the next-stage generation
of ! ! 0"  experiments
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SummarySummary

¥ ! ! 0"  experiments

¥ NEMO experiment
¥ SuperNEMO experiment
¥ SuperNEMO standard setup
¥ Sensitivity studies
¥ Improvements to the standard setup
¥ Conclusions
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! ! 0"  experiments: tracko-calo aproach

NEMO/SuperNEMO: tracko-calo exper iment

¥ Detection of the 2 electrons: bkg rejection

¥ 3 observables: single energy spectrum, angular

correlation, energy sum.

¥ Sources separated from the detector: allows to

measure T!  for several isotopes

¥ Identification: e-, e+, #, $ particles

¥ modest energy resolution and efficiency
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NEMO experimentNEMO experiment

Source:

 10 kg of ! !  isotopes
 cylindrical, S = 20 m2, 60 mg/cm2

Tracking detector:

drift wire chamber operating in Geiger mode

Calorimeter:

1940 plastic scintillators + low radioactivity PMTs
¥ Energy  Resolution FWHM=14% (1 MeV)
¥ Time resolution = 0.25 ns @ 1MeV
¥ # veto efficiency "  50 %

Magnetic field: 25 Gauss
Gamma shield: Pure Iron (18 cm)
Neutron shield: borated water + Wood

FrŽjus Underground Laboratory  : 4800 m.w.e.

Background: ! !(2") , natural radioactivity, mainly 214Bi and  208Tl (# 2.6 MeV)
                         Radon, neutrons (n,#),  muons
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NEMO experiment: key techniquesNEMO experiment: key techniques

3 
m

4 m
B (25 G)

20 sectors
¥ Goal: reconstruct 2 electrons of the final

state
Ð E1 + E2 = Qbb

¥ Particle physics - like approach:
Ð Measure several observables of the final state

¥ Trajectories of 2 electrons
¥ Energies of 2 electrons
¥ Time
¥ Magnetic field curvature (+ vs -)

Ð Reconstruct the final state topology and
kinematics

¥ Good performance  and several
requirements for candidate events

Ð Topology (vertex, track-scintillator correlation)

Ð Time coincidence

Ð  2-electron invariant mass

Ð Identify e-, e+, g, a

Ð Able to measure backgrounds

NEMO-3
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NEMONEMO  ! !0"! !0"   resultsresults

100Mo, Phase I + II, 693 days

expected in 2009:  T1/2
!! 0"  > 2 x 1024 (90 % CL)      

<m"> < 0.3 Ð 0.65 eV

T1/2
! ! 0"  > 5.8 x 1023 (90 % CL)  
<m"> < 0.6 Ð 1.2 eV    

82Se ,Phase I + II, 693 days

T1/2
! ! 0"  > 2.1 x 1023 (90 % CL)  

<m"> < 1.2-2.3 eV

 T1/2
! ! 0"  > 8 x 1023 (90 % CL)      

<m"> < 0.6-1.2 eV
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SuperNEMO

France
CEN Bordeaux

IReS Strasbourg
LAL Orsay
LPC Caen

LSCE Gif/Yvette

UK
UC London

U Manchester
Imper ial College

Finland
U  Jyvaskula

Russia
JINR Dubna
ITEP Mosow

Kurchatov Institute

Ukraine
INR Kiev

ISMA Kharkov

Czech Republic
Charles U Praha
IEAP Praha

Slovakia
(U. Bratislava)Spain

IFAE
IFIC

U Zaragoza

Poland
U Warsaw

USA
MHC
INL

(U Texas)

Japan
U  Saga
KEK

U Osaka

Marocco
Fes U 

  ~  60 physicists, 12 countries, 27 laboratories

New project for an experiment looking for ! ! 0"  decay,
taking advantage of the NEMO experience
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From NEMO to SuperNEMO

7 kg 100-200 kg isotope mass M

8 %   ~ 30 %

       isotope 100Mo
 

150Nd  or   82Se 
 

NEMO-3 SuperNEMO

   internal contaminations 
208Tl and 214Bi in the ! !  foil

208Tl: < 20 µBq/kg
214Bi: < 300 µBq/kg

208Tl < 2 µBq/kg
if 82Se: 214Bi < 10 µBq/kg

T1/2(! ! 0" ) > 2 x 1024 y T1/2(! ! 0" ) > 2 x 1026 y 

energy resolution (FWHM) 8% @ 3MeV 4% @ 3 MeV

efficiency %

SN expected sensitivity:

<m"> < 70 -100  meV

For 82Se,100 kg and NO background
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SuperNEMOSuperNEMO: : standardstandard SN design SN design

Top view

1 m

Planar  and modular  design: ~ 100 kg of  isotope (~20 modules & 5-7 kg)

1 module:  

Source (~40 mg/cm2)   4 (length) x 3(height) m2

  Tracking : dr ift chamber ~3000 cells in Geiger  mode
  Calorimeter:   scintillators + PM
                          ~1 000 PM if  scint. blocks
                       ~ 100 PM if scint. bars

4 
m

5 m
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SuperNEMO isotopes

116Cd   405 g
      Q! !  =  2805 keV

96Zr        9.4 g
      Q! !  = 3350 keV

150Nd   37.0 g
      Q! !  =  3367 keV

48Ca       7.0 g
      Q! !  = 4272 keV

100Mo   6.914 kg
      Q! !  = 3034 keV

82Se   0.932 kg
      Q! !  = 2995 keV

NEMO foils:

!!2"  mode too fast

Q! !  too low

CanÕt be enriched

CanÕt be enriched

SuperNEMO foils: 

82Se

150Nd ???

¥ can be enriched?
¥ NME?
¥ purity?
¥ Cost?

¥ Q! !  must be high to reject external bkg
¥ ! ! 2"  half-life must be high
¥ foil must be enriched with the desired isotope
¥ Nuclear matrix element
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SuperNEMO SuperNEMO MC and data reconstructionMC and data reconstruction

¥ Full simulation in GEANT4
¥ Reconstruction algorithms have been developed for the standard setup

Overall reconstruction efficiency ~30%

¥ geometrical acceptance (50%)

¥ reconstruction algorithms efficiency

¥ Event selection cuts

¥ Track rec efficiency ~ 90%

¥ charge id efficiency ~ 98%

¥ vertex rec efficiency ~99%

¥ vertex x resolution ~1.7 cm

¥ vertex y resolution ~3 cm

¥ Tracks are reconstructed from GG hits

¥ Foil vertex is computed

¥ Matching with CAL hits

¥ charge measured thanks to B

Work developed by IFAE and IFIC
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                           SuperNEMO SuperNEMO backgroundsbackgrounds

¥ External backgrounds: 214Bi, 208Tl, neutrons and #

¥ expected to be negligible (from NEMO experience)

¥ measured by BiPo

¥ Tail of ! !2"  spectrum

¥ depens on energy resolution  

¥ Internal backgrounds: 214Bi, 208Tl
¥ fake ! !  event when decaying 

¥ measured with BiPo detector

¥  222Rn inside tracking chamber:
¥ 214Bi coming from 222Rn chain sticks to foil and wire surfaces:

¥ dominant background in NEMO: 5 mBq/m3 222Rn -> ~500µBq/kg 214Bi on foil surface

! ! 2"

! ! 0"

7% FWHM

100 kg 82Se
5 years 

7% FWHM
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SuperNEMOSuperNEMO: challenges and R&D program: challenges and R&D program

¥ Radio purity: 

¥ new tools for extra low radioactivity measurements (BiPo)

¥ need to keep foil background under control (214Bi,208Tl)

¥ Calorimeter resolution:      7% FWHM @ 1MeV (14% in NEMO) 

¥ Radon background:          need to reduce Rn levels observed in NEMO (5 mBq/m3)

¥ overall reconstruction efficiency:  standard setup ~30%, but may be improved

¥ Optimal size (mass scale, number of modules, cost, É )
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SuperNEMO SuperNEMO sensitivity for sensitivity for 8282SeSe

SN standard setup: 82Se foil 40mg/cm2, 7%FWHM at 1MeV, 30% rec efficiency

¥ Results for 100 kg and 5 year (90% C.L.):

T1/2> 1.7e26 y, <m"> < 72 meV

To compute sensitivity to m! ! :
QRPA NME form V.A. Rodin et Al. Nucl-Th/07064304

Only ! !2"  background taken into account ! 
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Calorimeter resolution dependenceCalorimeter resolution dependence

SuperNEMO sensitivity for 82Se

Energy resolution: CAL response and energy losses inside foil

¥ sensitivity limit due to e loss: <m">< 57  meV

¥ 3% FWHM would be optimal for  40mg/cm2 foil

¥ Assuming 7% FWHM, thicker  foils could be used

82Se foil 40mg/cm2, 30% rec efficiency, 500 Kg Year

Distinguish between ! !2"  and ! !0" : need for good E resolution
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Foil thickness dependenceFoil thickness dependence
82Se , 30% rec efficiency 7%FWHM, 500 Kg Year

¥ 40mg/cm2 sensitivity limit due to e loss: <m"> < 57  meV

¥ 60mg/cm2 sensitivity limit due to e loss: <m"> < 64  meV

¥ 40mg/cm2: T1/2> 1.70e26,  <m" >  < 72 meV

¥ 6����0mg/cm2: T1/2> 1.39e26,  <m" > < 79 meV

No significant difference between 40 and

60 mg/cm2 foil, since sensitivity is limited

by CAL resolution:

¥ Since it makes no difference, thicker foils seem to be a
better choice in order to get a more compact detector: cheaper
and providing faster results

SuperNEMO sensitivity for 82Se
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Reconstruction efficiency dependenceReconstruction efficiency dependence

82Se foil 40mg/cm2, 7%FWHM at 1MeV, 500 Kg Year

50% Geometrical acceptance

30% Reconstruction efficiency

¥ Reconstruction efficiency limited to 50% due to geometrical acceptance

¥ After reconstruction, final efficiency is about 30%

¥ 100% reconstruction efficiency:  <m" > < 43 meV 

Since N! !  is proportional to efficiency the better %, the better sensitivity: 

SuperNEMO sensitivity for 82Se
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Exposure dependenceExposure dependence

Up to 50 Kg 5 years Up to 100 Kg 5 years

Up to 200 Kg 5 yearsUp to 150 Kg 5 years

¥ Is it worth to go above 100 Kg ? 
82Se foil 40mg/cm2, 7%FWHM at 1MeV

R measures dependence of <m"> with M:

¥ R ~ 2 if zero background

¥ R ~ 4 if background dominated 

¥ 50 Kg, 5 years:    <m">   < 99 meV

¥ 100 Kg, 5 years:  <m">  < 72 meV

¥ 15����0 Kg, 5 years:  <m">  < 60 meV

¥ 200 kg, 5 years:  <m">   < 54 meV

SuperNEMO sensitivity for 82Se
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214214Bi internal backgroundBi internal background

¥ 222Rn:   ~��500 µBq/Kg deposited on the
foil  in NEMO3 !!!

82Se foil 40mg/cm2, 7%FWHM at 1MeV

¥ 1 µBq/Kg:    T1/2> 1.7e26,  <m" >  < 73 meV

¥ 10 µBq/Kg:  T1/2> 1.3e26,  <m" >  < 83���� meV

¥ 1e2 µBq/Kg: T1/2> 6.7e25,  <m" >  < 113 meV

¥ 1e3 µBq/Kg: T1/2> 2.5e25,  <m" >  < 185 meV

¥ Source purity requirement:  < 10 µBq/Kg

¥ For > 10 µBq/Kg, background dominated for 500 kg year

External 214Bi from Rn

SuperNEMO sensitivity for 82Se

Results for 100 Kg and 5 years:
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208208Tl internal backgroundTl internal background

¥ 0.2 µBq/Kg: T1/2> 1.5e26,  <m" >  < 76 meV

¥ 2 µBq/Kg:    T1/2> 1.1e26,  <m" >  < 89meV

¥ 8 µBq/Kg:    T1/2> 7.7e25,  <m" >  < 106 meV

¥ 16 µBq/Kg:  T1/2> 6.2e25,  <m" >  < 118 meV

82Se foil 40mg/cm2, 7%FWHM at 1MeV

¥ Source purity requirement:  < 2 µBq/Kg

¥ For > 2 µBq/Kg, background dominated for 500 kg year

SuperNEMO sensitivity for 82Se

Results for 100 Kg and 5 years:
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Internal Internal 214214Bi and Bi and 208208Tl backgroundsTl backgrounds

¥ 10 µBq/Kg 214Bi and 2 µB/Kg 208Tl

¥ No external background (Rn)

¥ Standard setup: 82Se foil 40mg/cm2, 7%FWHM at 1MeV

¥ Backgrounds:

¥ Results for 100 kg and 5year (90% C.L.):

T1/2> 9.9e25, <m"> < 94 meV

¥ Background dominated for exposures > 500 Kg year

SuperNEMO sensitivity for 82Se
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Possible improvements to the standardPossible improvements to the standard  setupsetup

¥  energy resolution:

¥  1-3%  FWHM cannot be achieved with current technology

¥ thicker foils for compact detector:

¥ assuming 7% FWHM, 60-80 mg/cm2 foils:

¥ from 20 to 10 modules: cheaper detector

¥ faster results: more sensitivity per module

¥ Bkg on surface will be reduced: same mass, less surface

¥ Setup with higher geometric acceptance:

¥ less distance between foil and calorimeter walls ?

¥ different tracking layout ?

¥ limit mass to ~100 Kg for a 5 years run:

¥ sensitivity saturates for higher exposures: negligible improvement if

go up to 200 Kg
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ConclusionsConclusions

¥ Sensitivities for standard setup:

¥ Improvements to the standard setup:

¥ No backgrounds:                                   T1/2> 1.70e26, <m"> < 72 meV

¥ Required source purity:                         < 10 µBq/Kg 214Bi  and < 2µBq/Kg 208Tl

¥ Sensitivity for these bkg levels:            T1/2> 9.9e25, <m"> < 94 meV

¥ Major open issue:

¥ External backgrounds: 222Rn          Need to reduce NEMO ��level��100 times !!!

¥ New geometry to achieve more efficiency

¥ current design limited to 50% efficiency

¥ Thicker foils (if 7% FWHM resolution) for compact detector:

¥ cheaper, faster and less (surface) background

¥ limit exposure to avoid sensitivity saturation
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Backup
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NEMO foils

100Mo   6.914 kg
      Q! !  = 3034 keV

82Se   0.932 kg
      Q! !  = 2995 keV

116Cd   405 g
      Q! !  =  2805 keV

96Zr        9.4 g
      Q! !  = 3350 keV

150Nd   37.0 g
      Q! !  =  3367 keV

  Cu      621 g

48Ca       7.0 g
      Q! !  = 4272 keV

natTe     893 g

130Te     454 g
      Q! !  = 2529 keV

!!2"  measurement

Detector  bkg 
measurement

!!0"   search
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Double beta decay

' L = 2 - only possible for 
Majorana neutrinos with mass > 0

Beyond the SM:
Lepton Number Violation !

predicted in 1935 by
 Maria Goeppert-Mayer
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SuperNEMO SuperNEMO sensitivity for sensitivity for 150150NdNd

Standard setup: 150Nd foil 40mg/cm2, 7%FWHM at 1MeV

¥ Results for 100 kg and 5year (90% C.L.):

T1/2> 8.9e25, <m"> < 31 meV

But still some open issues regarding Nd:

¥ Nd foil: 

¥ can be enriched ?

¥ how much would it cost?

¥ can achieve required purity?

¥ Sensitivity to <m">: 

¥ reliable NME ?

¥ Could nucleus deformation supress NME?

¥ No background !
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R&D R&D Super NEMOSuper NEMO

2007 2008 2009 2010 2011 2012 2013

NEMO3 RunningNEMO3 Running

RUNNI NG ofRUNNI NG of
Full det ect orFull det ect or

const r uct ion ofconst r uct ion of
20 modules20 modules

Super NEMO Super NEMO 11stst

module const r uct ionmodule const r uct ion

Final Final Super NEMO Super NEMO modules inst allat ionmodules inst allat ion

Pr epar at ionPr epar at ion
of  t he sit eof  t he sit e

BiPoBiPo
inst allat ioninst allat ion

BiPoBiPo
const r uct ionconst r uct ion

BiPo BiPo r unning @ r unning @ Canf r ancCanf r anc

6 6 Super NEMO Super NEMO modules r unning @ modules r unning @ Canf r ancCanf r anc

BiPo1BiPo1
Canf r ancCanf r anc

SuperNemoSuperNemo: schedule summary: schedule summary
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BiPo

¥ Need to measure purity at few µBq level
Ð Beyond sensitivity of conventional Ge detectors
Ð Build new tool: BiPo detector
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External External SuperNEMO SuperNEMO backgrounds: backgrounds: 222222RnRn

SuperNEMO sensitivity for 82Se

¥ 214Bi and 208Tl from surrounding materials and external # and n expected to be negligible     

¥ 222Rn inside the tracking chamber is the dominant background:  

222Rn

218Po

214Pb

214Bi

214Po

210Pb

(3.82 d)

(3.1 min)

(19.9 min)

(1.64á10-4 s)

(22.3 y)(26.8 min)

5.5 MeV

6.0 MeV 7.7 MeV

$

$ $

!

!

[Q! =1.024 MeV]

[Q! =3.272 MeV]

[Q! =63.5 keV]

¥ NEMO is bkg dominated due to 214Bi from 222Rn :  ~mBq/m3

¥ Distribution of 214Bi coming from 222Rn not well understood

NEMO 222Rn levels spoils COMPLETLY SuperNEMO sensitivity  !!!

¥ 222Rn comes from both air and degassing

¥ 222Rn decay into ionised 214Po and 214Pb

¥ Daughters stick to foil and wires surfaces

¥ Outcome:  214Bi in detector surfaces

¥ 214Bi from 222Rn on wires surface may be tagged thanks to good vertex resolution, butÉ

¥ 214Bi from 222Rn deposited in foil surface  fakes ! !  event (except from $, tagged with 50% eff), soÉ .

mBq vs 10 µBq !!!


