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• We developed a full Monte Carlo simulation to assess our capability to reject 
background and to evaluate the possible sensitivity on the searched signal. 

• We considered a geometry including active and passive veto and a small mass of 50 kg 
of xenon corresponding to the foreseen prototype.

Drawing not 
in scale

37 cm radius inner volume of Xe gas

0.5 cm thick Cu  structure
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2 cm thick Cu structure

20 cm thick Pb + 5 cm thick Cu shielding
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Pressure of 40 bar

Xenon active volume

This choice, based on the results of 
a pressure and radius scan, is driven 

by the need of containing at least 
80% of the ββ0ν electrons. 

Thickness of 1.5 m 
Assumed to be LAB

The thickness is chosen in order to  
have a background rate below 0.1 

events per year from the 208Tl 
contamination of the liquid scintillator 

vessel.

Liquid scintillator volume

20 cm Lead 
5 cm Copper

The choice was made to match the 
shielding used in measurements 

performed at LSM to have a reliable 
and less complicated MC.

Shielding volume

Prototype 2



A.Meregaglia

Background from the sphere

 3

• The number are computed for a Copper with an activity of 10 µBq/kg. 

• They are reduced with a smaller ROI of Qββ ± 0.6%.
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What do we see in LS?

• Almost all the events are from Tl208. 

• We clearly see the gamma lines at 511 keV, 583 keV and 861 keV. 

• In the other events we see only a fraction of gamma energy or combination of 
more gammas. 

• The events where the beta electrons deposits energy in the LS are about 1%.
11

hEneLS
Entries  1972
Mean   0.6111
RMS    0.2943

Energy [MeV]
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.80

20

40

60

80

100

120

140
hEneLS

Entries  1972
Mean   0.6111
RMS    0.2943

hEneLSTh232
Energy in LS for selected events in the ROI 

Energy [MeV]
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.60

10

20

30

40

50

60

70

Ev
en

ts
/5

ke
V

Figure 4: Energy deposited in the liquid scintillator for events of the 232Th decay chain selected in
the ROI according to their energy deposition in the Xenon active volume.

Source Events in ROI + LS cut + Rmin cut + �R cut
(Q�� ± 1.5%) (Energy in LS< 200 keV) (Rmin< 36 cm) (�R< 5 cm)

60Co 6.9 ± 0.1 6.9 ± 0.1 6.9 ± 0.1 0.8 ± 0.1
232Th chain 28.0 ± 0.8 4.6 ± 0.3 3.7 ± 0.3 0.8 ± 0.1
238U chain 9.3 ± 0.2 8.8 ± 0.2 7.5 ± 0.2 3.0 ± 0.1
��0⌫ 82.1% ± 0.3% 82.1% ± 0.3% 81.9% ± 0.3% 76.2% ± 0.3%

Table 1: Number of background events per year for di�erent background sources as a function of
the cuts which are applied on top of each other from left to right. The ��0⌫ signal e�ciency is also
reported.

between the energy deposition points (so called �R distribution) for the signal and the di�erent
background (see Fig. 5) it can be seen that about 92% of the events have a �R smaller than 5 cm.
With such a selection cut, a large fraction of background could be rejected, in particular considering
the 60Co since the energy depositions of the two gammas at di�erent radial positions result into a
rejection of ⇠ 90% of the events.
It can also be noticed that 232Th and 238U distributions show a peak at very small (i.e. almost 0)
�R: this is due to ↵ events releasing all their energy very close to the Copper surface. Therefore,
an additional cut based on the fiducial volume (so called Rmin cut), can be applied to reject events
for which the minimal radial distance is larger than 36 cm (i.e. 1 cm from the Copper surface).
Assuming a Copper activity of 10 µBq/kg in each source of background (i.e. each element of the
decay chain for 232Th and 238U), the number of expected background events per year was computed
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• The liquid scintillator has to be thick enough to avoid background from LS vessel. 

• The vessel is 2 cm thick Copper.
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Figure 9: Maximal allowed activity of 214Bi (green), 208Tl (black) and 60Co (blue) in Bq/kg as a
function of the liquid scintillator thickness to have 0.1 background events (after all cuts) per year
in the 50 kg Xenon active volume. The dashed red line represents a limit of 20 µBk/kg.

for a liquid scintillator thickness of 1.5 m, an activity smaller than about 25 µBq/kg is required,
whereas the typical activity in stainless Steel is of the order of a few mBq/kg [14] i.e. more than
two orders of magnitude higher. The contamination of 214Bi is less critical since the limit on the
material purity is larger by a factor of ⇠ 3 with respect to 208Tl: as can be seen in Fig. 9 an activity
smaller than 80 µBq/kg is required for a liquid scintillator thickness of 1.5 m.
Given the importance of the purity of the vessel material in terms of 208Tl contamination, the use of
stainless Steel does not seem a viable option and the best option would be to use Copper as foreseen
for the Xenon vessel. Considering that an activity of 10 µBq/kg can be achieved in Copper, with the
proposed liquid scintillator thickness of 1.5 m we could a�ord to have a thicker vessel: even with a
5 cm thick sphere the background contribution would be below the limit of 0.1 events per year.

4.3 External gammas background

External gammas present in the laboratory represent another important source of background. A
dedicated simulation was performed to evaluate the needed shielding in order to have a background
contribution below 0.1 events per year. The simulation is based on the external gamma energy
spectrum and rate measured at the LSM laboratory as explained in Ref. [15].
It has to be noted that the external background, as highlighted in Ref. [15], depends on the environ-
ment itself and a di�erence up to a factor of 6 was found with respect to measurements carried out in
other laboratories. In addition the gamma measurements, in particular in the energy range between
4 and 6 MeV, are detector dependent: despite the e�ort done by the authors to obtain an absolute
measurement subtracting the detector component, the developed simulation could be a�ected by
possible uncertainties in the used rates and spectra. Therefore, the results presented in this section
should be taken as an order of magnitude of the background estimate, considering that an error up
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• Spectrum and rate taken from 
measurements at LSM: H. 
O h s u m i e t a l . [ N E M O 
Collaboration], Nucl. Instrum. 
Meth. A 482, 832 (2002).  

• The most critical energy range 
given the rate is 1.7-4 MeV.
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Figure 10: External gamma background spectrum in arbitrary units taken from Ref. [15].

to a factor of 10 is not impossible.
The external gamma spectrum used can be seen in Fig. 10 [15]. The background evaluation was
carried out for three energy ranges separately: 1.7–4 MeV, 4–6 MeV and 6–10 MeV.

4.3.1 Energy range 1.7–4 MeV

The low energy range is mainly made of gammas produced by natural radioactivity in the materials
surrounding the detector.
The measured 208Tl peak rate with no shielding is 4 ⇥ 10�2 events cm�2 s�1: considering that it
accounts for about 33.5% of the gamma spectrum in the energy range considered, the total flux used
in the MC is 0.12 events cm�2 s�1.
A reduction of ⇠ 750 on the Thallium peak was observed with a shielding made of 10 cm of Lead
plus 5 cm of Copper, resulting in a total rate of 1.6⇥10�4 events cm�2 s�1. As can be seen in Tab. 2,
where the number of events passing the selection cuts is reported, the considered shielding is not
enough to reduce the external gamma background to a negligible level. Note that such a shielding
was not directly simulated in the MC but it was simply accounted for in the definition of the total
expected rate.
Two more configurations were studied, where an additional shielding of 5 and 10 cm Lead respec-
tively was added in the MC as an additional spherical layer. The outcome of this study is that to
reduce the external gamma background to a level of 0.1 events per year about 25 cm of shielding
(total thickness of Lead plus Copper) are needed.

4.3.2 Energy range 4–6 MeV

In the presently considered energy range, a large contribution of gammas due to the detector itself
is present. A detailed analysis to remove such a contribution was carried out in Ref. [15] and the
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Shielding Events per year
No shielding 20250 ± 4700

(5 cm Cu + 10 cm Pb) 27 ± 6
(5 cm Cu + 10 cm Pb) + 5 cm Pb 1.5 ± 0.4
(5 cm Cu + 10 cm Pb) + 10 cm Pb 0.12 ± 0.03

Table 2: Number of external gamma background events per year, in the energy region 1.7–4 MeV,
for di�erent shieldings. The shielding quoted in parentheses is accounted for in the total rate
determination, whereas the one quoted outside the parentheses is directly implemented in the MC
as an additional spherical layer.

expected rate due to real external gammas is 3.8 ⇥ 10�6 events cm�2 s�1.
Since the results presented in Sec. 4.3.1 on the rejection of low energy gammas showed that a
shielding of ⇠ 25 cm Lead is needed, such a setup was used as baseline.
As mentioned before only 10 cm Lead are actually simulated in the MC since the remaining 10 cm
Lead and 5 cm Copper should be considered in the total rate determination. However, the rate
assumed for external gammas in the current energy range does not include such a reduction factor
(value not present in Ref. [15]). The obtained background rate is therefore conservative since the
considered setup would have an additional shielding (about 15 cm more) needed to reject low energy
gammas.
Out of the 109 events simulated, corresponding to a statistics of about 18 years, no event passed the
selection cuts. Assuming a maximum allowed number of events of 2.3 with a C.L. of 90% using
Poissonian statistics, a conservative upper limit of 0.13 events per year was obtained.

4.3.3 Energy range 6–10 MeV

Gammas at energy higher than 6 MeV are mostly due to neutron captures in the surrounding ma-
terials. The analysis is very similar to the one of the 4–6 MeV region, and the expected rate is
3.2 ⇥ 10�6 events cm�2 s�1.
Looking at the 109 events simulated with 10 cm Pb shielding (conservative as explained in
Sec. 4.3.2), no event remained after the selection cuts. Considering that a statistics of about 21
years was simulated, the Poissonian upper limit of 2.3 events at 90% C.L. results into a background
upper limit of 0.11 events per year.

4.4 Neutron capture and high energy spallation neutron backgrounds

Neutrons produced by spallation of cosmic muons in the sourroundings of the detector, or issued
by the radioactive decays and (↵,n) reactions in the laboratory rock, could results in several types
of background.

• Neutrons could be captured on di�erent materials present in the laboratory such as Pb, Cu or
Fe, and produce high energy gammas in the region of 6 to 10 MeV. Such a contribution has
already been accounted for in the external gammas study reported in Sec. 4.3.3.
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• Neutrons capture giving gammas are already accounted for. We then considered high 
energy neutrons giving proton recoils and  neutron captures on Xenon. 

• In a conservative way we did not consider Xenon enrichment. The background is 
negligible.
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Figure 11: External neutron flux measured at LSM taken from Ref. [16].

Fraction Fraction Mean number Mean total
Isotope of isotope of of gamma

abundance captures gammas energy
128Xe 1.91% 0.3% 5.5 6.9 MeV
129Xe 26.4% 21.5% 9.5 9.2 MeV
130Xe 4.07% 0.6% 6.4 6.6 MeV
131Xe 21.23% 77.0% 4.1 7.1 MeV
132Xe 26.91% 0.4% 4.8 6.4 MeV
134Xe 10.44% 0.1% 6 6.4 MeV
136Xe 9.04% 0.1% 2.1 4.0 MeV

Table 3: Results obtained from the GEANT4 simulation on the fraction of neutron absorption on
each Xenon isotope normalized to the total number of absorptions. The mean number of gammas
emitted and the mean total energy are also given.

• Neutrons could be produced inside the detector by cosmic muons. Such a background can
be considered negligible since muons entering the detector are very well tagged, and the low
rate expected in underground laboratories (e.g. at LSM the cosmic muon rate is of 4 m�2

day�1) is small enough to apply a veto after each muon. Thus, neutrons produced by the
muon itself can be rejected, as well as the ones issued by decays of cosmogenic isotopes
possibly produced, without resulting in any sizeable detector dead time.

• Externally produced neutrons could enter the detector and be captured in the active volume
on the di�erent Xenon isotopes, with the emission of gammas having a total energy of few
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• Considering that we want a background below 0.1 events per year the constraint on Rn 
in the Xenon volume is 50 µBq/kg or equivalently 12 mBq/m3. 

• In the liquid scintillator the constraint is given by the rate of trigger. To be below 1 Hz we 
need 5 µBq/kg. (in KamLAND a factor of 100 better was achieved). 

• We also have to consider the surface deposition and rate of Pb210. Limited by the 
trigger rate we need an activity better than 2 µBq/cm2. In CUORE and at LSM a factor of 
10 better was achieved.
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Constraint Reason
Copper Xenon vessel activity Background from the Xenon vessel

below 10 µBq/kg at the level of 1 event per year in 50 kg
Liquid scintillator

thickness of at least 150 cm Reduce the background from the liquid
scintillator vessel below the level of

Copper/stainless steel liquid 0.1 events per year in 50 kg
scintillator vessel activity

below 25 µBq/kg
Reduce the background from external gammas

Lead shielding of below the level of 0.1 events per year in 50 kg
at least 25 cm

Reduce the trigger rate in LS due to low energy
external gamma below the level of 1 Hz

Radon activity in Xenon volume Reduce the background from Radon
below 50 µBq/kg below the level of 0.1 events per year in 50 kg

Radon activity in LS volume Reduce the trigger rate in LS
below 5 µBq/kg due to Radon below the level of 1 Hz

Lead activity on LS vessel Reduce the trigger rate in LS
surface below 2 µBq/cm2 due to 210Pb below the level of 1 Hz

Table 7: Major constraints on the detector setup arisen from the presented studies.

9 Outlook

In the present paper we have decided to be conservative under many aspects and assess the proof
of principle of a detector which could be built with the presently available technology. Nonetheless
many features could be improved resulting into a further reduction of the background. Here below
we report a non-exhaustive list of the di�erent items under investigation which could be improved
possibly resulting into a lower background or a more compact detector.

• The activity assumed for Copper is at the level of 10 µBq/kg whereas Copper with an activity
ten times lower is available on the market. Such a reduction would result not only into a
smaller background but also into the possibility to use a thinner volume of liquid scintillator
for the veto reducing the size of the detector and therefore of the shielding.

• The energy resolution is a critical point: we assumed 1% FWHM at the Xenon Q�� (i.e.
2.458 MeV) with a gas pressure of 40 bar. This has to be demonstrated, however previous
measurements performed on Xenon TPC using 137Cs source showed that a resolution of 0.4%
FWHM can be achieved at 662 keV for Xenon densities below 0.6 g/cm3 [27]. Test to measure
the energy resolution in a spherical TPC filled with pure Xenon are ongoing at LSM whereas
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