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The neutrino-less double beta decay 

2

(T 0⌫
1/2)

�1 = G0⌫(Q�� , Z)|M0⌫ |2⌘2

• Light Majorana neutrino exchange

• Right-handed current (V+A), SUSY, 1 Majoron, etc.

Different event topology in the final state

0νββ decay:

• process forbidden in the SM 

 

(A,Z) ! (A,Z + 2) + 2e�

2νββ decay:

• 2nd order process allowed in the SM 

• Single β decay forbidden (energy & angular momentum)

(A,Z) ! (A,Z + 2) + 2e� + 2⌫̄e
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Fig. 9. – The standard mechanism for ββ0ν decay, based on light Majorana neutrino exchange.

In other words, the value of the effective neutrino Majorana mass mββ in eq. (27) can
be inferred from a non-zero ββ0ν rate measurement, albeit with some nuclear physics
uncertainties. Conversely, if a given experiment does not observe the ββ0ν process, the
result can be interpreted in terms of an upper bound on mββ.

If light Majorana neutrino exchange is the dominant mechanism for ββ0ν, it is clear
from eq. (27) that ββ0ν is in this case directly connected to neutrino oscillations phe-
nomenology, and that it also provides direct information on the absolute neutrino mass
scale, as cosmology and β decay experiments do (see sect. 2.1). The relationship between
mββ and the actual neutrino masses mi is affected by:

1. the uncertainties in the measured oscillation parameters;

2. the unknown neutrino mass ordering (normal or inverted);

3. the unknown phases in the neutrino mixing matrix (both Dirac and Majorana).

For example, the relationship between mββ and the lightest neutrino mass mlight

(which is equal to m1 or m3 in the normal and inverted mass ordering cases, respectively)
is illustrated in fig. 10. This graphical representation was first proposed in [58]. The width
of the two bands is due to items 1 and 3 above, where the uncertainties in the measured
oscillation parameters (item 1) are taken as 3σ ranges from a recent global oscillation fit
[3]. Figure 10 also shows an upper bound on mlight from cosmology (mlight < 0.43 eV),
also shown in fig. 2, and an upper bound on mββ from current ββ0ν data (mββ <
0.32 eV), which we will discuss in sect. 3.5. As can be seen from fig. 10, current ββ0ν
data provide a constraint on the absolute mass scale mlight that is almost as competitive
as the cosmological one.

In figs. 2 and 10, we have shown only upper bounds on various neutrino mass combi-
nations, coming from current data. The detection of positive results for absolute neutrino
mass scale observables would open up the possibility to further explore neutrino prop-
erties and lepton number violating processes. We give three examples in the following.
First, the successful determination of both mβ in eq. (3) and mββ in eq. (27) via β
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Searching for 0νββ process
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Measure the 2 e- energy spectrum

• 2νββ signature → Broad spectrum

• 0νββ signal signature → Peak @ Qββ

If no signal → set a limit on half life

T 0⌫
1/2 >

NA ln 2

n�
⇥ ✏

A
⇥

r
M ⇥ t

B ⇥�E

5 years time scale:

• M ~ 10 - 50 kg of ββ isotope

• Background level 10-3 cts. /(keV kg y)

10 years time scale:

• M ~ 100 kg - 1t of ββ isotope

• Background level 10-4 cts. /(keV kg y)
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SuperNEMO: toward the new generation
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NEMO-3 SuperNEMO

Efficiency

Isotope

Exposure

Energy res.

208-Tl (source)

214Bi (source)

Rn (in tracker)

T1/2

⟨mν⟩

18% ~30%

7 kg 100Mo ~100 kg 82Se (150Nd, 48Ca)

35 kg y ~500 kg y

8% @ 3 MeV 4% @ 3 MeV

~100 µBq/kg < 2 µBq/kg

~ 300 µBq/kg < 10 µBq/kg

5 mBq/m3 0.15 mBq/m3

1024 y 1026 y

0.31 - 0.79 eV 0.04 - 0.1 eV

Extrapolate a well known technique (NEMO-3):

• 100 kg of ββ emitter in 20 detection module 

• Approach Inverted Hierarchy region

A challenge under many aspects:

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

• Next step: Demonstrator module 

The SuperNEMO Experiment 

- Source foil: 
5-7 kg of 82Se (or 150Nd/48Ca) 

- Tracker: 
Drift chamber (2000 cells) 

- Calorimeter: 
500 PMTs & plastic scintillator 

2 

• SuperNEMO is a next-generation 0vββ experiment. 

Source 

Tracker 

Calorimeter Calorimeter 

• Phase 1: Demonstrator Module (7 kg of 82Se) 

• Phase 2: Up to 20 identical modules (100 kg of source) 

CalorimeterTrackerCalorimeter

ββ sourceBfield
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SuperNEMO: the demonstrator module
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One SuperNEMO module → 7 kg 82Se running ~2.5 y

• To be installed @ LSM (replacing NEMO-3)

Match SuperNEMO requirements

• Background level ~ 10-4 cts./(keV kg y)

• Background free at high energy (150Nd)

Reach NEMO-3 (100Mo) sensitivity in 4.5 months

• Sensitivity:  ⟨mν⟩ ~ 0.20 - 0.40 eV 

Schedule:

• Calorimeter & tracker under production

• Installation & commissioning in 2015

• First physics data by the end of 2015!

The SuperNEMO Experiment 

- Source foil: 
5-7 kg of 82Se (or 150Nd/48Ca) 

- Tracker: 
Drift chamber (2000 cells) 

- Calorimeter: 
500 PMTs & plastic scintillator 

2 

• SuperNEMO is a next-generation 0vββ experiment. 

Source 

Tracker 

Calorimeter Calorimeter 

• Phase 1: Demonstrator Module (7 kg of 82Se) 

• Phase 2: Up to 20 identical modules (100 kg of source) 

CalorimeterTrackerCalorimeter

ββ sourceBfield

Friday, 28 November 14



Alberto Remoto

Contribution from the labex

6
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Contribution from the labex

• Detector installation + commissioning + running (2014 - 2016)

• Physics data analysis (2015 - 2016)

6

Technical activities 
LAPP/LSM

Physics studies

The next step

• R&D and production of 82Se foil source

• Development of the Slow Control system

• Chemical Se purification in collaboration with JINR (Dubna)

• Simulation/Sensitivity studies

• NEMO-3 Data analysis

Friday, 28 November 14
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SuperNEMO: the source foil
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• About 37 foils installed on the source frame in 
the detector center

• 82Se powder mixed with PVA glue + nylon 
mechanical support

• 5.56 kg of enriched 82Se, negotiation ongoing 
for the remaining 1.5 kg

• 400g of NatSe purified with chemical 
chromatography for radio-purity measurement 
(LSM & Dubna)

27
00

Limits on foil contamination in 208Tl (2 µBq/kg) and 214Bi (10 µBq/kg) are challenging

Friday, 28 November 14
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Foil source production @ LAPP
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• LAPP is in charge for the production of 1/2 of the 
source for the Demonstrator

• A new design is proposed: light nylon fabric (tulle) 
as internal foil support

• Foil production protocol is defined. All the tools are 
ready! Improving the technique with practice…

• All materials to be used in foil production have been 
defined. 

• Radio-purity measurements have been performed 
(collaboration with LSM, LAL and LSC - Canfranc)

2.5 Designs under consideration 10

Figure 2.2: Schematic lateral view of the MYLAR design.

tulle, the lightest fabric available on the market has been chosen, corre-
sponding to a weight of 0.7 mg/cm2. To our request, the batch of tulle we
obtain was not treated with resins nor paint after waving.
Given the lightness of the tulle sheet with respect to the mylar backing film,

Figure 2.3: Schematic lateral view of the TULLE design.

this design has the advantage to introduce a smaller contamination of 208Tl
and 214Bi which will translate in lower background levels. On the other hand,
the lack of an external protection sheet exposes the foil to the risk of 82Se
losses. This problem could be reduced by increasing the amount of PVA
glue mixed with the 82Se in order to increase the foil strength. An increase
of the foil mass induce an increase of the contamination, nonetheless the
choice of a lighter mechanical support will compensate the increase of PVA.

A. Remoto, D. Duchesneau, J.M. Dubois, A. Jeremie, T. Le Noblet
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Foil source production @ LAPP
A. Remoto, D. Duchesneau, J.M. Dubois, A. Jeremie, T. Le Noblet

Where we were last year

Where we are now

Friday, 28 November 14
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Material radio-purity

10

PVA

Installed with and without polyethylene protection

Only samples without polyethylene protection analysed (contamination coming from the PVA pads)

          0.3 x 0.3 m2 x ~195 µm thick pads (~23 g per pad)

212BiPo

          124.6 days

          0.99 m2 → 253 g

214BiPo

          124.6 days 

          0.90 m2 → 230 g

SuperNEMO Collaboration Meeting.  20 May 2014 14

Annecy Tulle

Not so much statistic:

212-BiPo

     21.8 days 

     18 capsules → 1.62 m2 →79.4 g of Tulle

214-BiPo

    9.3 days 

             16 capsules → 1.44 m2 →70.6 g of Tulle

In this case, systematic coming from the efficiency estimation (by simulation) could be bigger due to the sample geometry 

             

30SuperNEMO Collaboration Meeting.  20 May 2014

PVA (Sept. 2013) Tulle (Apr. 2014)

MaterialMaterialMaterial
Density A(214-Bi)A(214-Bi) A(208-Tl)A(208-Tl)

[g/cm3]
Limit Measured value @ 90% C.L. Limit Measured value @ 90% C.L.

[g/cm3]
[uBq/kg] [uBq/kg] [uBq/kg] [uBq/kg]

82-Se

Polyvinyl 
alcohol

Nylon6-6 (tulle)

3.20 10 jan. 2015 2 jan. 2015

1.30 100 [532; 1094] ± 77 20 <65

1 714 [274.51 – 681.25] ± 48.25 143 [222.25 – 407.42] ± 31.65

82-Se (now)

A. Remoto, D. Duchesneau, J.M. Dubois, A. Jeremie, T. Le Noblet
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Material radio-purity
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PVA

Installed with and without polyethylene protection

Only samples without polyethylene protection analysed (contamination coming from the PVA pads)

          0.3 x 0.3 m2 x ~195 µm thick pads (~23 g per pad)
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          124.6 days

          0.99 m2 → 253 g
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Annecy Tulle

Not so much statistic:

212-BiPo

     21.8 days 

     18 capsules → 1.62 m2 →79.4 g of Tulle

214-BiPo

    9.3 days 

             16 capsules → 1.44 m2 →70.6 g of Tulle

In this case, systematic coming from the efficiency estimation (by simulation) could be bigger due to the sample geometry 

             

30SuperNEMO Collaboration Meeting.  20 May 2014

PVA (Sept. 2013) Tulle (Apr. 2014)

MaterialMaterialMaterial
Density A(214-Bi)A(214-Bi) A(208-Tl)A(208-Tl)

[g/cm3]
Limit Measured value @ 90% C.L. Limit Measured value @ 90% C.L.

[g/cm3]
[uBq/kg] [uBq/kg] [uBq/kg] [uBq/kg]

82-Se

Polyvinyl 
alcohol

Nylon6-6 (tulle)

3.20 10 jan. 2015 2 jan. 2015

1.30 100 [532; 1094] ± 77 20 <65

1 714 [274.51 – 681.25] ± 48.25 143 [222.25 – 407.42] ± 31.65

82-Se (now)

A. Remoto, D. Duchesneau, J.M. Dubois, A. Jeremie, T. Le Noblet

Contamination during sample production: there is room for improvement
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Material radio-purity

10

PVA

Installed with and without polyethylene protection

Only samples without polyethylene protection analysed (contamination coming from the PVA pads)

          0.3 x 0.3 m2 x ~195 µm thick pads (~23 g per pad)

212BiPo

          124.6 days

          0.99 m2 → 253 g

214BiPo

          124.6 days 

          0.90 m2 → 230 g

SuperNEMO Collaboration Meeting.  20 May 2014 14

Annecy Tulle

Not so much statistic:

212-BiPo

     21.8 days 

     18 capsules → 1.62 m2 →79.4 g of Tulle

214-BiPo

    9.3 days 

             16 capsules → 1.44 m2 →70.6 g of Tulle

In this case, systematic coming from the efficiency estimation (by simulation) could be bigger due to the sample geometry 

             

30SuperNEMO Collaboration Meeting.  20 May 2014

PVA (Sept. 2013) Tulle (Apr. 2014)

MaterialMaterialMaterial
Density A(214-Bi)A(214-Bi) A(208-Tl)A(208-Tl)

[g/cm3]
Limit Measured value @ 90% C.L. Limit Measured value @ 90% C.L.

[g/cm3]
[uBq/kg] [uBq/kg] [uBq/kg] [uBq/kg]

82-Se

Polyvinyl 
alcohol

Nylon6-6 (tulle)

3.20 10 jan. 2015 2 jan. 2015

1.30 100 [532; 1094] ± 77 20 <65

1 714 [274.51 – 681.25] ± 48.25 143 [222.25 – 407.42] ± 31.65

82-Se (now)

There is some room for improvement: discussion ongoing with tulle producer

A. Remoto, D. Duchesneau, J.M. Dubois, A. Jeremie, T. Le Noblet
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Sensitivity studies
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5.2 Sensitivity vs. foil designs 35
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Figure 5.4: SuperNEMO ��0⌫ half-life limit at 90 % C.L. as a function of
the exposure for the different designs of the source foil under considera-
tion. The dotted line refers to the IDEAL design of the foil in which the
backgrounds are normalised to the target radio-purity level of SuperNEMO.
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• Sensitivity study comparing different 
design of the source foil

• Results from recent radio-purity 
measurements taken into account

• LAPP proposal provide compatible 
performance with alternative design

• T. Le Noblet M2 stage, March-July 2014 
(currently Ph.D. student) 

• Most recent sensitivity study available in 
the collaboration

• Other relevant contribution on 
simulations and reconstruction chain

A. Remoto, T. Le Noblet, D. Duchesneau

SuperNEMO Preliminary 
Tech. Note (September 2014)
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NEMO-3 analysis : 116Cd

• NEMO-3 observed 10kg of different ββ 
isotopes from February 2003 to January 2011

• Results among the most competitive to date

• Final analysis for all the isotopes ongoing

12
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A. Remoto

• 100-Mo (full stat.) published on Phys. Rev. D. 
89.111101 (2014). Enigmass labs among the 
authors

• Full stat. for 82Se, 48Ca, 150Nd published soon

• I’ve recently join the analysis effort being in charge 
of the 116Cd analysis. Publication in 2015…

Friday, 28 November 14
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Control & Monitoring system

13

• Status:

• Collecting interface Control Document (ICD) from different sub-system

• Control & command use case definition (for each sub-system)

• First mock up of coil power supply to test remote control & monitoring

E. Chabanne, D. Duchesneau, T. Le Flour, S. Lieunard, J.L. Panazol

• Control/monitor environmental parameters, 
detector subsystems (local & remote)

• Operate heterogeneous devices

• Technical choice common with CTA project

• Take advantage of existing experience

Friday, 28 November 14
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Conclusions

• SuperNEMO activities developed within the ENIGMASS Labex are well advanced

• The activities are expected to be ready by the end of 2015, in time for the 
demonstrator installation/commissioning/running

• Publication dedicated to the activities under development at LAPP/LSM are 
envisaged in the coming years (3 papers expected)

• The SuperNEMO group @ LAPP is growing: T. Le Noblet — Ph.D. student till 2017

• Conferences: Talk @ NOW 2014 (Otranto) & Poster @ Nu2014 (Boston)

• K. Lang U. Texas (MINOS+ spokesperson, chair of the SuperNEMO source foil 
package) in sabbatical year @ LAPP since July 2014

14
Friday, 28 November 14
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Backups

15
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Sens i t i v i t y 
s tud ies

16
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Source foil design
MYLAR

• Based on the design used in NEMO-3

• 82Se + PVA (5% - 10%) + 2 mylar backing film

• 12 μm mylar film micro-perforated under an ion beam 

• Surface density ~1.6 mg/cm2

17

TULLE

• New conception design

• 82Se + PVA (10%) + inner tulle (nylon6-6) mesh

• 100 μm bobbinet tulle with hexagonal weave

• Surface density ~0.7 mg/cm2 

Friday, 28 November 14



Alberto Remoto

Foil parametrisation

• IDEAL : Se + 5 % PVA

• TULLE : Se + 10 % PVA + 1.2 % nylon

• MYLAR : Se + 5 % PVA + 2 mylar films

18

2.6 Conclusions 11

Laboratory tests suggest that a TULLE foil design containing 10 % of PVA
will be resistant enough and this composition is used as baseline in the fol-
lowing. This value will be validated and optimised by studying the detector
performance in chap. 5.

2.6 Conclusions

The source foil design under consideration for the SuperNEMO demon-
strator has been introduced. Tab. 2.2 and tab. 2.3 summarise the design
parameters to consider when modelling the foils in the simulation code. The
MYLAR foil is considered as an IDEAL foil with two external backing films,
the parameters in this case are shown separately for the bulk (b) and the
film (f). The TULLE foil is modelled as an IDEAL foil with the nylon mesh
uniformly distributed in the foil.
As shown in tab. 2.3 the TULLE design is very promising from the radio-
purity point of view. Even if this design require more PVA to glue the 82Se
powder together, the lightness of the tulle support and its low contamination
allow to obtain a total activity in 214Bi and 208Tl which is respectively 34 %
and 54 % lower than what it is expected for the MYLAR design.

Design
f

Se

f

PVA

f

Support

a ⇢ t

[–] [–] [–] [mg/cm2] [g/cm3] [µm]

IDEAL 0.95 0.05 0.00 52.5 3.11 169

TULLE 0.888 0.10 0.012 56.3 2.98 189

MYLAR 0.95 0.05 – 52.5
b

+ 3.2
f

3.11
b

+ 1.4
f

169
b

+ 24
f

Table 2.2: Summary of the foil parameters for the source foil designs under
consideration. The MYLAR design is considered as IDEAL with two exter-
nal backing films. The parameters in this case are then shown separately
for the bulk (b) and the film (f).

2.6 Conclusions 12

Design
f

Se

/f
Se

f

PVA

/f
Se

f

Support

/f
Se

A(214Bi ) A(208Tl )

[–] [–] [–] [µBq/kg] [µBq/kg]

IDEAL 1 0.053 0.000 62.0 3.4

TULLE 1 0.113 0.014 154.9 12.7

MYLAR 1 0.053 0.068 62.0
b

+ 111.6
f

3.4
b

+ 15.6
f

Table 2.3: Expected 208Tl and 214Bi activities computed from eq. 2.5. The
values do not include the activity of the 82Se which is not known at this
stage (measurement in summer/fall 2014).

2.4 Foil parameters 8

Figure 2.1: Source foil geometry.

In the case such uniform compound is used to produce a foil, i.e. it is
uniformly spread over a flat surface S , it is also useful to define the foil
surface density as:

a =

X

i

a

i

=

P

i

M

i

S

(2.3)

and the thickness of the foil as:

t =

a

⇢
(2.4)

As shown by 2.4 the thickness of the foil increase linearly with the mass
of the components but decrease linearly with the total density of the com-
pound.
An important parameters to characterise the radio-purity foil design is the
total expected activity in 208Tl and 214Bi . Given the activities measured by
BiPo and summarised in 2.1, the total activity of the foil is usually expressed
in term of the total mass of 82Se :

A =

X

i

f

i

f

Se

⇥ A

i

(2.5)

• Foil activity estimated as:
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Foil parametrisation

• IDEAL : Se + 5 % PVA
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In the case such uniform compound is used to produce a foil, i.e. it is
uniformly spread over a flat surface S , it is also useful to define the foil
surface density as:

a =

X

i

a

i

=

P

i

M

i

S

(2.3)

and the thickness of the foil as:

t =

a

⇢
(2.4)

As shown by 2.4 the thickness of the foil increase linearly with the mass
of the components but decrease linearly with the total density of the com-
pound.
An important parameters to characterise the radio-purity foil design is the
total expected activity in 208Tl and 214Bi . Given the activities measured by
BiPo and summarised in 2.1, the total activity of the foil is usually expressed
in term of the total mass of 82Se :

A =

X

i

f

i

f

Se

⇥ A

i

(2.5)

• Foil activity estimated as:

• Tulle is considered uniformly distributed in the foil bulk
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Foil parametrisation

• IDEAL : Se + 5 % PVA

• TULLE : Se + 10 % PVA + 1.2 % nylon

• MYLAR : Se + 5 % PVA + 2 mylar films

18

2.6 Conclusions 11

Laboratory tests suggest that a TULLE foil design containing 10 % of PVA
will be resistant enough and this composition is used as baseline in the fol-
lowing. This value will be validated and optimised by studying the detector
performance in chap. 5.

2.6 Conclusions

The source foil design under consideration for the SuperNEMO demon-
strator has been introduced. Tab. 2.2 and tab. 2.3 summarise the design
parameters to consider when modelling the foils in the simulation code. The
MYLAR foil is considered as an IDEAL foil with two external backing films,
the parameters in this case are shown separately for the bulk (b) and the
film (f). The TULLE foil is modelled as an IDEAL foil with the nylon mesh
uniformly distributed in the foil.
As shown in tab. 2.3 the TULLE design is very promising from the radio-
purity point of view. Even if this design require more PVA to glue the 82Se
powder together, the lightness of the tulle support and its low contamination
allow to obtain a total activity in 214Bi and 208Tl which is respectively 34 %
and 54 % lower than what it is expected for the MYLAR design.

Design
f

Se

f

PVA

f

Support

a ⇢ t

[–] [–] [–] [mg/cm2] [g/cm3] [µm]

IDEAL 0.95 0.05 0.00 52.5 3.11 169

TULLE 0.888 0.10 0.012 56.3 2.98 189

MYLAR 0.95 0.05 – 52.5
b

+ 3.2
f

3.11
b

+ 1.4
f

169
b

+ 24
f

Table 2.2: Summary of the foil parameters for the source foil designs under
consideration. The MYLAR design is considered as IDEAL with two exter-
nal backing films. The parameters in this case are then shown separately
for the bulk (b) and the film (f).
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Design
f

Se

/f
Se

f

PVA

/f
Se

f

Support

/f
Se

A(214Bi ) A(208Tl )

[–] [–] [–] [µBq/kg] [µBq/kg]

IDEAL 1 0.053 0.000 62.0 3.4

TULLE 1 0.113 0.014 154.9 12.7

MYLAR 1 0.053 0.068 62.0
b

+ 111.6
f

3.4
b

+ 15.6
f

Table 2.3: Expected 208Tl and 214Bi activities computed from eq. 2.5. The
values do not include the activity of the 82Se which is not known at this
stage (measurement in summer/fall 2014).

2.4 Foil parameters 8

Figure 2.1: Source foil geometry.

In the case such uniform compound is used to produce a foil, i.e. it is
uniformly spread over a flat surface S , it is also useful to define the foil
surface density as:

a =

X

i

a

i

=

P

i

M

i

S

(2.3)

and the thickness of the foil as:

t =

a

⇢
(2.4)

As shown by 2.4 the thickness of the foil increase linearly with the mass
of the components but decrease linearly with the total density of the com-
pound.
An important parameters to characterise the radio-purity foil design is the
total expected activity in 208Tl and 214Bi . Given the activities measured by
BiPo and summarised in 2.1, the total activity of the foil is usually expressed
in term of the total mass of 82Se :

A =

X

i

f

i

f

Se

⇥ A

i

(2.5)

• Foil activity estimated as:

• Tulle is considered uniformly distributed in the foil bulk

• The mylar layers are accounted separately from the source bulk 
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R.O.I. method
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Chapter 4

Computing SuperNEMO
sensitivity

The study of the sensitivity of an experiment looking for a new phenomena,
allows to estimate its physics case and compare among different compet-
ing experiments. During the designing phase, it is also useful to study the
sensitivity with respect to different detector configurations in order to find
the optimal design.
In order to define the sensitivity to a phenomena not yet observed, we as-
sume the experiment does not observe any signal. In this worse case sce-
nario, we study which portion of the allowed parameter phase space the
experiment can exclude.
In the following sections, different methods to compute SuperNEMO sen-
sitivity are described in details. The sens software package, which imple-
ments each sensitivity computation method, is also described. This section
serves as reference manual for the user. The p.d.fs obtained in the previ-
ous chapter with the IDEAL design are used in the following as example of
sensitivity computation. Here the backgrounds are normalised to 2 µBq/kg
and 10 µBq/kg for the 208Tl and the 214Bi internal background respectively
(i.e. the target radio-purity level of SuperNEMO). The ��2⌫ background is
normalised to 9 ⇥ 10

19 y as measured in NEMO-3 [7]. This configuration is
referred in the text as IDEAL*.

4.1 The R.O.I. method

The sensitivity of a ��0⌫ experimental search is defined as a limit on the
decay half-life:

T

0⌫
1/2 >

N

A

ln 2

W

⇥ ✏ ⇥ M ⇥ T

S(b) (4.1)
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where N

A

is the Avogadro number, W the atomic mass of the �� isotope
under study, ✏ the signal selection efficiency and M ⇥ T the total experi-
mental exposure. The term S(b) represents the average upper limit on the
number of signal events that would be obtained by an ensemble of identi-
cal replicas of such experiment, each one with the same mean expected
background and no true signal. The Feldman & Cousins unified approach
for the definition of the confidence level is adopted.
This method optimise the R.O.I. with respect to the sensitivity to the T

0⌫
1/2.

Such optimisation is achieved by maximising the ✏/S(b) ratio for a given
exposure M ⇥ T .

4.1.1 Selection efficiency and expected background level

The signal and the background selection efficiencies in the 2e

� channel are
obtained integrating the respective p.d.f.

✏
i

(E

Low

;E

Up

) =

1

N

Z

E

Up

E

Low

dN

dE

dE (4.2)

Where the energy interval (E
Low

;E

Up

) define the R.O.I.. The plot in fig. 4.1
show the value of efficiency for the ��0⌫ signal (red) and background (��2⌫
in blue, 214Bi in yellow and 208

Tl in green) when the upper edge of the R.O.I.
is kept fix at 4500 keV while the lower edge is moved from 2000 keV up to
3500 keV.
Those efficiencies are then used to estimate the expected background level
for a given exposure M ⇥ T following:

N2⌫ =

N

A

ln 2

W

⇥ ✏2⌫ ⇥ M ⇥ T

T

2⌫
1/2

(4.3)

N214Bi = A214Bi ⇥ ✏214Bi ⇥ M ⇥ T (4.4)
N208Tl = A208Tl ⇥ ✏208Tl ⇥ M ⇥ T (4.5)

Where T

2⌫
1/2 Is the measured half-life for the ��2⌫ decay while A214Bi and

A208Tl are the expected activity level of 214
Bi and 208

Tl contamination of
the foil source. The renormalisation of the histogram in fig. 4.1 through
eq. 4.3, 4.4 and 4.5 provide the expected number of background events as
a function of the low energy edge of the R.O.I. as shown in fig. 4.2.
The integral of eq. 4.2 can also be computed changing both edges of the
R.O.I. obtaining a 2D scan of the selection efficiencies. The same renor-
malisation through eq. 4.3, 4.4 and 4.5 provide the 2D scan of the expected
number of background events w.r.t. the edges of the R.O.I. as shown in
fig. 4.3.

The sensitivity is defined as a limit on the decay half-life
Constant depending 
on the material Exposure : 7 kg x 3 y

Signal selection efficiency:
Average upper limit on the 
number of signal events for a given 
mean expected background level

Optimise the R.O.I. on order to maximise the ε/S(b) ratio
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• Using Falaise-legacy + SNAnalysis

• Generate ββ0ν, ββ2ν, 208Tl and 214Bi, consider the 2e- channel only

• Simple event selection: 2 calo hits associated to 2 negative tracks with vertex on foil

• MYLAR design: 208Tl and 214Bi events generated also in the film 

Event generation

20

3.2 Event generation 14

3.2 Event generation

Events generated uniformly from the source foil are considered. A part from
the ��0⌫ and the irreducible ��2⌫ background, the internal background
coming from contamination in 208Tl and 214Bi are also considered. Since
the geometric model of the MYLAR design account for the two mylar layers
surrounding the bulk made of 82Se and PVA, 208Tl and 214Bi are generated
both in the bulk and in the mylar film in order to account for contamination
coming from the mylar with the correct p.d.f. The values in tab. 3.1 show
the statistics generated for each event type.
Since the event generation has been performed with many different config-
urations of the source foil, the statistics has been optimised to contain the
event production within reasonable processing time (⇠24 hours). As will
be shown later, the current production allows to keep the statistical uncer-
tainty on the number of events selected in the relevant energy region within
⇠0.2 % for the ��0⌫ and the ��2⌫ events and within ⇠5 % for the 208Tl
and 214Bi events. The statistical uncertainties on the 208Tl and the 214Bi are
rather high for a typical MC study. Despite they could be reduced gener-
ating more events, they are already a factor 2 lower than the systematic
uncertainties observed for the internal background in NEMO-3 (⇠10%). In
SuperNEMO, these systematics are expected to remain of the same order
of magnitude, so the ⇠5 % statistical uncertainty on the MC samples is
enough in this contest.

Design ��0⌫ ��2⌫ 208Tl 214Bi

IDEAL 10

6
10

7
10

7
10

7

TULLE 10

6
10

7
10

7
10

7

MYLAR

(bulk) 10

6
10

7
10

7
10

7

(film) 10

7
10

7

Table 3.1: Generated statistics for each event type and source foil design.

3.3 Event energy distributions

The reconstructed events are selected in the 2e

� channel through a simple
selection criteria which requires two negative tracks hitting two calorimeter
blocks with a total energy deposition E�� > 2 MeV. The signal and back-

# of generated events

Statistical uncertainties:

• ~0.2 % for ββ0ν & ββ2ν

• ~3 - 5 % for 208Tl and 214Bi 

• ×2 lower than NEMO-3 syst. uncertainty
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3.3 Event energy distributions 15

ground energy p.d.f.s are shown in fig. 3.1. The shape of the energy distri-
bution does not depend strongly on the design under consideration, while
there is an overall decrease of the event selection efficiency for the TULLE
and the MYLAR designs w.r.t. the IDEAL case. The values in tab. 3.2
shown the event selection efficiencies for the signal and the background
obtained in the [2000; 3200] keV energy window. The decrease is more
important for the ��0⌫ and ��2⌫ while it is not significant for the 208Tl and
the 214Bi. The effect is due to the increased thickness of the source foil in
the TULLE and the MYLAR designs w.r.t. to the IDEAL case, which slightly
shifts the p.d.f. to the lower energies due to an increased energy loss in the
foil.
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Figure 3.1: Comparison of the 2e

� energy distribution for signal and back-
ground channels for different design of the source foil. Black: IDEAL. Red:
TULLE. Blue: MYLAR. Top left: ��0⌫ . Top right: ��2⌫ . Bottom left: 208Tl.
Bottom right: 214Bi. The dashed blue histogram in the bottom plots rep-
resent the expected energy distribution for events generated in the mylar
backing film.

ββ0ν ββ2ν

214Bi208Tl

2e- energy distribution

21

IDEAL
TULLE
MYLAR (bulk)
MYLAR (film)

2e- energy distributions do not strongly depend on the foil design
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2e- selection efficiency in [2.0; 3.2] MeV

• Overall decrease of the event selection efficiencies for ββ0ν and ββ2ν

• Due to increased foil thickness

• Effect more important for ββ2ν in the MYLAR design (at low energies)

• No significant decrease for 208Tl and 214Bi

22
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Design ✏0⌫ ✏2⌫ ✏
Tl

✏
Bi

[%] ⇥10

�2 [%] ⇥10

�2 [%] ⇥10

�2 [%]

IDEAL 29.01±0.05 33.64±0.04 0.99±0.03 4.3±0.1

TULLE 28.84±0.04 33.05±0.04 0.95±0.03 4.4±0.1

MYLAR

(bulk) 28.86±0.04 31.75±0.04 0.92±0.03 4.5±0.1

(film) 0.73±0.03 2.7±0.1

Table 3.2: Event selection efficiency in the 2e

� channel in [2000; 3200] keV.

3.4 Conclusions

The relevant informations to obtain the signal and background p.d.f. in the
2e

� channel have been summarised. The p.d.f. will be used in the following
chapters to compare among different designs of the source foil.
As already mentioned, a full validation of the Falaise-legacy framework has
not been performed here. A qualitative validation of the framework with
respect to the results reported in [1] and [6] will be provided in the next
chapter.
However, the optimisation of the source foil design does not require an ab-
solute validation of the simulation code. As far as the results are compared
in a relative way among the different design being considered, the conclu-
sion will remain valid, even in case of bugs in the software.
The Falaise-legacy pipeline configuration files, the geometry model of the
source foil designs as well as a set of scripts to automatise the job submis-
sion at CCIN2P3 have been organised in a package called foil_study_legacy.
The package is available from the lpc-caen svn repository1, the tag v1.0.0
is the recommended release to reproduce the results obtained in this note.

1https://nemo.lpc-caen.in2p3.fr/svn/snsw/misc/foil_study_legacy/tag/v1.0.0
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Estimated background level

IDEAL* design

• Se + 5 % PVA (IDEAL)

• A(214Bi) = 10 uBq/kg 

• A(208Tl) = 2 uBq/kg 

23
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where N

A

is the Avogadro number, W the atomic mass of the �� isotope
under study, ✏ the signal selection efficiency and M ⇥ T the total experi-
mental exposure. The term S(b) represents the average upper limit on the
number of signal events that would be obtained by an ensemble of identi-
cal replicas of such experiment, each one with the same mean expected
background and no true signal. The Feldman & Cousins unified approach
for the definition of the confidence level is adopted.
This method optimise the R.O.I. with respect to the sensitivity to the T

0⌫
1/2.

Such optimisation is achieved by maximising the ✏/S(b) ratio for a given
exposure M ⇥ T .

4.1.1 Selection efficiency and expected background level

The signal and the background selection efficiencies in the 2e

� channel are
obtained integrating the respective p.d.f.

✏
i

(E

Low

;E

Up

) =

1

N

Z

E

Up

E

Low

dN

dE

dE (4.2)

Where the energy interval (E
Low

;E

Up

) define the R.O.I.. The plot in fig. 4.1
show the value of efficiency for the ��0⌫ signal (red) and background (��2⌫
in blue, 214Bi in yellow and 208

Tl in green) when the upper edge of the R.O.I.
is kept fix at 4500 keV while the lower edge is moved from 2000 keV up to
3500 keV.
Those efficiencies are then used to estimate the expected background level
for a given exposure M ⇥ T following:

N2⌫ =

N

A

ln 2

W

⇥ ✏2⌫ ⇥ M ⇥ T

T

2⌫
1/2

(4.3)

N214Bi = A214Bi ⇥ ✏214Bi ⇥ M ⇥ T (4.4)
N208Tl = A208Tl ⇥ ✏208Tl ⇥ M ⇥ T (4.5)

Where T

2⌫
1/2 Is the measured half-life for the ��2⌫ decay while A214Bi and

A208Tl are the expected activity level of 214
Bi and 208

Tl contamination of
the foil source. The renormalisation of the histogram in fig. 4.1 through
eq. 4.3, 4.4 and 4.5 provide the expected number of background events as
a function of the low energy edge of the R.O.I. as shown in fig. 4.2.
The integral of eq. 4.2 can also be computed changing both edges of the
R.O.I. obtaining a 2D scan of the selection efficiencies. The same renor-
malisation through eq. 4.3, 4.4 and 4.5 provide the 2D scan of the expected
number of background events w.r.t. the edges of the R.O.I. as shown in
fig. 4.3.
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Figure 4.1: Selection efficiencies for the ��0⌫ signal (red) and the different
backgrounds (��2⌫ in blue, 214

Bi in yellow and 208
Tl in green). The upper

edge of the R.O.I. is kept fix at 4500 keV while the lower edge is moved
from 2000 keV up to 3500 keV.
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Bi
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We can move both edges…

Move only the lower edge 
of the R.O.I. [ELow; 3.5] MeV
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Estimated background level
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4.1.2 The Feldman & Cousins 90% C.L.

The term S(b) of eq. 4.1 is defined following the Feldman & Cousins pre-
scription for the definition of confidence interval of small signal [8]. Defining
U(n|b) as the function yielding the (unified approach) upper limit (at the
desired C.L.) for a given observation n and a mean predicted background
level b. Values for U(n|b) are reported in tabular form in [?] for several C.L.
values. Given that the variable n follows a Poisson p.d.f., P(n|b) ⌘ P(n; b),
then S(b) is given by:

S(b) ⌘ E [U(n|b)] =
1
X

n=0

P(n; b) ⇥ U(n|b) (4.6)

Eq. 4.6 reads as follows: the sensitivity S(b) of an experiment expecting b

events of background and no true signal is obtained by averaging the upper
limits obtained using the unified approach U(n|b) with the likelihood of the
individual observations P(n|b). The fig. 4.4 shows the 90 % C.L. curve for a
background level spanning in [0; 40] c.t.s. It must be noticed that in the large
background approximation, the sensitivity curve as a function of b follows
the expected classical limit obtained through the Neyman construction of
the confidence belt:

S(b) / a ⇥
p
b, for large b (4.7)

where a =1.64 (1.96) at 90% (95%) CL.
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Figure 4.4: The 90 % C.L. sensitivity curve as a function of the number of
background events.
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[Phys.Rev.D57:3873-3889,1998] and [JCAP 1106:007,2011]
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is observed, the results are found to be compatible within the statistical
uncertainties.
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Figure 4.6: The 2d sensitivity scan as a function of the energy edges of
the R.O.I.. The best sensitivity of 6.12 ⇥ 10

24 y is found in [2720; 3060] keV
after 21 kg⇥y exposure, with an expected total background contamination
of 0.72 ± 0.06 cts.

4.2 The Extended Likelihood method

The application of this method for the computation of the sensitivity in Su-
perMEMO has been implemented for the first time in [1]. The same imple-
mentation of the extended likelihood method is adopted here. For a given
experiment looking for ��0⌫ decay, the total p.d.f. is defined as:

f (x) = ↵f
s

(x) + (1 � ↵)f
b

(x) (4.8)

where x = E/Q�� is the energy of the �� normalised over the end point of
the energy spectrum, ↵ = n

s

/(n
s

+n

b

), n
s

(n
b

) is the number of signal (back-
ground) events accepted by the selection implemented in chap. 3 and f

s

(f
b

)
is the p.d.f describing the signal (background). To be noticed the term n

s

is
the subject of the experimental search, being the only term depending on
the half-life of the ��0⌫ decay, then ↵ = ↵(T 0⌫

1/2). In order to determine the

Chapter 4

Computing SuperNEMO
sensitivity

The study of the sensitivity of an experiment looking for a new phenomena,
allows to estimate its physics case and compare among different compet-
ing experiments. During the designing phase, it is also useful to study the
sensitivity with respect to different detector configurations in order to find
the optimal design.
In order to define the sensitivity to a phenomena not yet observed, we as-
sume the experiment does not observe any signal. In this worse case sce-
nario, we study which portion of the allowed parameter phase space the
experiment can exclude.
In the following sections, different methods to compute SuperNEMO sen-
sitivity are described in details. The sens software package, which imple-
ments each sensitivity computation method, is also described. This section
serves as reference manual for the user. The p.d.fs obtained in the previ-
ous chapter with the IDEAL design are used in the following as example of
sensitivity computation. Here the backgrounds are normalised to 2 µBq/kg
and 10 µBq/kg for the 208Tl and the 214Bi internal background respectively
(i.e. the target radio-purity level of SuperNEMO). The ��2⌫ background is
normalised to 9 ⇥ 10

19 y as measured in NEMO-3 [7]. This configuration is
referred in the text as IDEAL*.

4.1 The R.O.I. method

The sensitivity of a ��0⌫ experimental search is defined as a limit on the
decay half-life:

T

0⌫
1/2 >

N

A

ln 2

W

⇥ ✏ ⇥ M ⇥ T

S(b) (4.1)

17
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Method R.O.I. Bkg. T

0⌫
1/2

[keV] [c.t.s] [⇥10

24 y]

R.O.I. 1d [2720; 3200] 0.74±0.06 6.09

R.O.I. 2d [2720; 3060] 0.72±0.06 6.12

Likelihood [2000; 3200] – 9.0

Table 4.3: Sensitivity calculation methods applied to the IDEAL* design.

of the unified approach for the computation of the upper limit of a poisson
variable (the background level in this case) ensures coverage at the stated
C.L., unlike the profile likelihood method in the low background limit, as de-
scribed in detail in [9].
Furthermore, the R.O.I. method allows to compute not only the sensitivity
to the half-life of the ��0⌫ decay, but also the R.O.I. and the selection ef-
ficiencies for signal and background. In this way, the comparison among
different detector designs or even different experiments will be easier and
more explicit. Since this work is motivated by the comparison among differ-
ent designs of the source foil in SuperNEMO, the R.O.I. method is found to
be more appropriate in this context.

4.7 The sens software package

The sens software package is a simple software utility written in python to
compute the sensitivity to the ��0⌫ half-life given the signal and the back-
ground p.d.fs obtained from the MC simulation of a given experiments. The
user must implement its own calculation in a dedicated macro instantiating
the relative interfaces over the input files. The sens software is available
from the common LPC Caen svn server1 and it is distributed with an exam-
ple macro and a root file for a basic usage. The package is currently under
development with a lot of room for improvements. If interested, please con-
tact the authors of this note.

1https://nemo.lpc-caen.in2p3.fr/svn/snsw/misc/sens
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Figure 5.1: Expected number of total (��2⌫ + 208Tl + 214Bi) background
events as a function of the 208Tl and 214Bi activity in the source foil for an
exposure of 21 kg⇥y as expected for the SuperNEMO demonstrator. Top:
IDEAL. Center: TULLE. Bottom: MYLAR
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Figure 5.2: Expected number of 208Tl and 214Bi background events as a
function of their activity in the source foil for an exposure of 21 kg⇥y as
expected for the SuperNEMO demonstrator. Top: IDEAL. Center: TULLE.
Bottom: MYLAR

• Activity in [0 ; 15] μBq/kg

• Optimised R.O.I.

• Exposure : 7 kg x 3 y

• Compatible background level 
among designs

• At target radio-purity level:

• ~0.15 cts. in 208Tl and 214Bi

Summed background 208Tl and 214Bi onlyIDEAL

TULLE TULLE

MYLAR MYLAR

IDEAL
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Performance comparison
• IDEAL — TULLE — MYLAR

• Account for measured contamination

• IDEAL*

• A214Bi = 10 μBq/kg ; A208Tl = 2 μBq/kg 

• <18 % (TULLE) ; <16 % (MYLAR) w.r.t. (IDEAL)

• TULLE and  mylar compatible within ~3 %
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Figure 5.3: SuperNEMO demonstrator sensitivity for different source foil
design. Top: IDEAL. Center: TULLE. Bottom: MYLAR
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2 µBq/kg in 208Tl and 10 µBq/kg in 214Bi the expected background coming
from the internal contamination is ⇠0.15 counts for an exposure of 21 kg⇥y.

5.2 Sensitivity vs. foil designs

The values in tab. 5.1 summarise the performance achievable with the Su-
perNEMO demonstrator module with respect to the source foil design, con-
sidering an exposure of 21 kg⇥y. The signal and the background p.d.f. ob-
tained as described in chap. 3 has been normalised to the 208Tl and 214Bi
activities measured by BiPo and summarised in tab. 2.3. The label IDEAL*
in tab. 5.1 refers, as in chap. 4, to IDEAL design case in which the back-
ground p.d.f. are normalised to the target radio-purity level of SuperNEMO.
The plots in fig. 5.3 show the result of the sensitivity scan w.r.t. the energy
edges of the R.O.I.

Design R.O.I. ✏0⌫ bkg. T

0⌫
1/2

[keV] [%] [cts.] [⇥10

24 y]

IDEAL* [2720; 3060] 17.44±0.04 0.7±0.1 6.12

IDEAL [2720; 3060] 17.44±0.04 1.3±0.1 5.34

TULLE [2720; 3020] 16.98±0.04 2.4±0.1 4.40

MYLAR [2720; 3000] 16.44±0.04 2.1±0.1 4.50

Table 5.1: SuperNEMO demonstrator performance for different source foil
design.

As discussed in sec. 3.3, the design of the source foil does not have a
strong impact on the shape of the signal and background energy distribu-
tions. Nonetheless, the different activities of the material considered for the
foil production and their mass fraction with respect to the 82Se affect in a
non negligible way the performance of SuperNEMO. With respect to the
IDEAL design, the performance decreases by about 18 % for the TULLE
and by about 16 % for the MYLAR design. The TULLE and the MYLAR
design are compatible within ⇠3 %. The plot in fig. 5.4 shows the extrapo-
lation of the SuperNEMO sensitivity beyond the exposure expected for the
demonstrator module, up to 1000 kg⇥y.
The comparison performed so far neglects the residual contamination of
208Tl and 214Bi expected in the 82Se powder, since any value is available at
present. Since no major improvement has been obtained, or proven, in the

IDEAL

TULLE

MYLAR
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