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Scintillating cryogenic calorimeters

Scintillating calorimeters operating at 
cryogenic temperature ~10 mK ➝ double 
read-out via heat & light 

• Source = detector ➝ High efficiency 

• Excellent energy resolution (<1%) 

• Modular design ➝ large scalability 

• Possibility to study different isotopes 

• LYα ≠ LYβ and shape parameters allow 
Particle identification
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Figura 3.7. Confronto tra lo sviluppo temporale degli impulsi di luce di particelle – e
—/“. La forma dell’impulso a destra del massimo è molto di�erente nei due casi perciò è
ragionevole usare il TVR come parametro discriminante.

65Zn) e sul fondo (le sidebands vicine al picco) viene studiata in funzione del numero
di MAD a cui viene e�ettuato il taglio. Per determinare il taglio ottimale, quello che
massimizza sia l’e�cienza sul segnale che la soppressione degli eventi spuri, si calcola
il rapporto r = ‘S/

Ô
‘BKG e si sceglie il taglio che rende tale rapporto massimo.

La procedura con cui viene calcolata l’e�cienza sul picco dello 65Zn verrà meglio
illustrata nel capitolo successivo, nel paragrafo 4.2.2.

Applicando questi tagli nella regione di interesse (ROI) dello 0‹——, ovvero
l’intervallo di 400 keV centrato al Q-valore del 82Se, e richiedendo che ciascun
impulso sia registrato in un singolo cristallo, si ottiene un indice di fondo pari a
(3.6 ± 0.5) ◊ 10≠2 conteggi/(keV·kg·anni), con un’e�cienza di ‘ = (95 ± 2) %.

3.3.2 Parametri di forma degli impulsi di luce
Dopo la selezione fatta sugli impulsi di calore, si sfrutta l’informazione fornita dai
rivelatori di luce. Si richiede per prima cosa che a ciascun impulso nello ZnSe sia
associato un impulso nel rivelatore di luce la cui ampiezza sia maggiore del livello di
rumore nello stesso rivelatore di luce. Per la discriminazione degli eventi – da quelli
—/“ si usa il parametro TVR degli impulsi di luce. Si potrebbe usare l’ampiezza
dei segnali, che come mostrato in figura 3.3 permette di distinguere i due tipi di
particella, tuttavia si è osservato che lo sviluppo temporale dei segnali, in particolare
il TVR, è molto più sensibile a tale scopo, come si può osservare in figura 3.7.

L’andamento del TVR della luce in funzione dell’energia rilasciata nello ZnSe
è mostrato in figura 3.8: questo mostra che si può chiaramente distinguere la
popolazione di eventi – da quella di eventi —/“.

Per studiare l’e�etto di un taglio su questi parametri si seleziona un campione
puro di eventi —/“: gli eventi corrispondenti a sciami elettromagnetici prodotti

Energy [keVee]
0 2000 4000 6000 8000

D
et

ec
te

d
 l

ig
h
t 

[k
eV

]

0

20

40

60

80

100

120

140

160

180

 so
ur

ce

α

sm
ea

re
d 

 b
ul

k

α

 events
γ/β



The CUPID-0 detector
• 24 ZnSe crystals enriched at >95% of 82Se + 

two natural ones + 31 Ge Light detectors 

• Located at LNGS 

• Qββ(82Se) = (2997.9 ± 0.3) keV ➝ low 
background region 

• Total mass: 10.5 kg ZnSe 

• GeNTD thermistors as temperature sensors 

• Reflective foils to increase light collection
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9.99 kg×y 5.74 kg×y
Phase IIPhase I

In Jan 2019 the CUPID-0 collaboration has 
made an upgrade of the detector, starting 
the so-called “Phase II” of the experiment.
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CUPID-0 results
Important milestones to validate the use of 
scintillating cryogenic calorimeters in the search 
for 0νββ: 

• Final Result on the Neutrinoless Double Beta 
Decay of Se-82 with CUPID-0 

 

• Evidence of Single State Dominance in the 
Two-Neutrino Double-β Decay of Se-82 with 
CUPID-0 

• First search for Lorentz violation in double 
beta decay with scintillating calorimeters 

• Search for Majoron-like particles with 
CUPID-0 

And many others…

T0ν
1/2 (82Se) > 4.6 × 1024 yr (90 % CI)
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https://inspirehep.net/literature/2094605
https://inspirehep.net/literature/2094605
https://inspirehep.net/literature/1753096
https://inspirehep.net/literature/1753096
https://inspirehep.net/literature/1753096
https://inspirehep.net/literature/1763285
https://inspirehep.net/literature/1763285
https://inspirehep.net/literature/2154217
https://inspirehep.net/literature/2154217


Background model
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EXPERIMENTAL 
DATA

MONTE CARLO 
SIMULATIONS OF 

BACKGROUND SOURCE 
SPECTRA

Analysis of background 
source signatures

FIT OF THE SOURCE SPECTRA TO THE 
EXPERIMENTAL DATA

ACTIVITY OF BACKGROUND SOURCES

Comprehension of the 
background in the ROI

Predictions

Spectral shape analyses
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Phase I vs. Phase II - experimental spectra
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Multiplicity = 2 ➝ events hitting two 
crystals simultaneously

M2 = single energy deposition 
in both the crystals

M2sum = sum of the two 
energies deposited

• α-contaminations have the same activity in phase-I 
and phase-II 

• Cosmogenic activation isotopes decay 
• Higher alpha continuum from close component 

contaminations (10 mK) 
• 2νββ is dominant up to 3 MeV
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trary, since the range of α particles is lower than reflecting
foil thickness, the M2 and Σ2 spectra have a small number
of events in the range of α-lines from 4 to 7 MeV.

4 Monte Carlo simulations

The background sources identified through data analysis are
simulated with a Monte Carlo toolkit, called Arby, based on
the Geant4 toolkit [28], version 4.10.02. The radioactive
decays from the various background sources can be gen-
erated in any volume or surface of the CUPID-0 detector,
cryostat and shielding implemented in Arby. The primary
and any secondary particles are then propagated through the
CUPID-0 geometry using the Livermore physics list. The
energy deposited in ZnSe crystals is recorded in the Monte
Carlo output together with the time at which the interaction
occurred. The fraction of energy released by any particle
type is also recorded to allow particle identification. Radioac-
tive decays are implemented using the G4RadioactiveDecay
database. The decay chains of 232Th, 238U, and 235U can be
simulated completely or in part, to reproduce breaks of secu-
lar equilibrium. The 2νββ simulation is generated under the
single-state dominance hypothesis (SSD) in the framework
of the Interacting Boson Model (IBM) [29,30], while the
generation of external muons is described in Ref. [31].

In order to implement the detector response function and
data production features in the Monte Carlo data, we repro-
cess the Arby output with a dedicated code. In particular, to
account for detector time resolution, we sum energy deposi-
tions that occur in the same crystal within a ±5 ms window.
The experimental energy resolution is reproduced by apply-
ing a Gaussian smearing function with linearly variable width
based on measured FWHM of γ and α lines. The energy
threshold of each detector is modeled with an error function
that interpolates the experimental data of trigger efficiency
versus energy. These data are collected in dedicated runs in
which the heater is used to generate pulses with variable
amplitudes (then converted into particle equivalent energies)
and the efficiency is calculated, for each pulse amplitude,
as the ratio between triggered and generated pulses. Exactly
as done in experimental data production, events depositing
energy in different crystals within ± 20 ms window are com-
bined into multiplets and pile-up events (see Sect. 2) in the
same crystal are discarded. Finally, exploiting the informa-
tion about the type of particle depositing energy, we repro-
duce in the Monte Carlo data the same event selection applied
in the experimental data to produce the M1α and M1β/γ

spectra. Particularly, we include in the M1α spectrum (with
efficiency > 99.9% at E > 2 MeV) not only the α events,
but also the heterogeneous β/γ + α events due to Bi–Po
decay sequences, that in the experimental data are tagged as
α events (see Fig. 1).

Fig. 3 Graphic view of the CUPID-0 experimental setup as modeled
in Geant4 with the Arby toolkit. External lead and neutron shield are
included in the MC but not represented here

To model the cryostat and its shielding we take as refer-
ence the scheme developed for the CUORE-0 background
model [10], implementing the geometry changes made in
CUPID-0. Concerning particle generation, we group together
the components that are made of the same material (and thus
share equal contaminant concentration) or that cannot be
disentangled as they produce degenerate spectra, given the
counting statistics of the experimental data. In Fig. 3 we show
the geometry of CUPID-0 cryostat and detector as imple-
mented in Arby. The neutron and modern lead (ExtPb) exter-
nal shields, even if not represented in the figure, are imple-
mented in MC simulations as well (for a detailed scheme
and description of these shields see Ref. [10]). The cryostat
components where the background sources are generated are
the following:

– the Cryostat External Shields (CryoExt) include the Inner
Vacuum Chamber (IVC), the super-insulation layers,
the Outer Vacuum Chamber (OVC), and the main bath,
whose spectra are degenerate;

– the Cryostat Internal Shields (CryoInt) group the 600 mK
and the 50 mK shields, that are made of the same copper;

– the Internal Lead Shield (IntPb) is inserted between the
IVC and the 600 mK shield and is made of low back-
ground ancient Roman lead.

The CUPID-0 detector itself, reconstructed with high
detail in MC simulations, is made of three main components
where the background sources are generated:

– the Holder is the supporting structure for the detectors
and is made of a special copper alloy (NOSV copper
produced by Aurubis company) suitable for cryogenic
use and cleaned according to protocols developed in
CUORE [32];

– theCrystals are ZnSe cylinders with heights and positions
mirroring the real experimental setup;

123

• A GEANT4 based software taking into 
account the detector geometry generates a 
series on Monte Carlo spectra 

• The simulations are processed with a 
custom software to implement 
experimental features on simulated data 
(energy and time resolution, coincidences, 
particle identification…)  

• Degenerate spectra are grouped together in 
a single simulation Phase-I ➝ Reflectors + Holders 

Phase-II ➝ Holders + 10mK

• Long-living radioisotope (232Th, 238U, 235U, 40K) with the possible breaks of the chains ➝ Crystals, 
Holders and Cryostat 

• Cosmogenic activation products of Copper and ZnSe (65Zn, 60Co, 54Mn) ➝ Crystals and Holders 
• Muons ➝ Environment 
• 2νββ

Contaminants
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Background model fit
Combined Bayesian fit on 8 experimental experimental spectra [(M1a, M1b, M2, M2sum) × 2] 
with the Just Another Gibbs Sample (JAGS). It uses Markov Chain Monte Carlo to sample the joint 
posterior pdf of the scale parameters.

Constraints on all the long living isotopes to have the same activity between phase-I and phase-II
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Background in the ROI
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2.3. ACTIVE BACKGROUND REDUCTION 6164 3. ZnSe scintillating bolometers

214Bi
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Figure 3.16. Left: decay scheme of 214Bi. The short life of its daughter, 214Po, causes
the superimposition of the � emitted by 214Bi and the � particle produced by 214Po.
Right: decay scheme of 208Tl. The delayed coincidence with the � particle produced by
its mother, 212Bi, allows to suppress this background source.

Summarizing, the internal contaminations of 214Bi and 208Tl do not represent a
dangerous problem for the achievement of a background of 10�3 counts/keV/kg/y,
which is the goal of the LUCIFER experiment. In any case, purification techniques
are under study in order to reduce bulk contaminations of the crystals.

3.3.5 Low energy study
To conclude this chapter, we report a preliminary result which is of particular
interest for experiments aiming at the detection of Dark Matter interactions. These
experiments need to disentangle the signal produced by nuclear recoils below 30 keV
(following the hypothesis that Dark Matter is made of WIMPs [122, 123]) from
the background induced by �/�s. We analyzed the recoils following the � decay of
210Po. The analysis showed that this isotope is mainly deposited on the surface. As
a consequence the � particle can escape without releasing energy, while the nuclear
recoil is absorbed in the crystal. We observe events centered at 139.6± 0.6 keVee in
the ZnSe, i.e. 35% more energy than the nominal value (103 keV). The accuracy
of the calibration function has been checked down to 511 keV, where it shows a
deviation less than 1%. The extrapolation at lower energies is expected to maintain
or reduce this deviation. From the fit in Fig. 3.17, we evaluate the light emitted by
nuclear recoils as < 14 eV at 90% C.L., corresponding to LYnr < 0.140 keV/MeV at
90% C.L. We evaluate the light emitted in the range 10� 30 keVnr as < 1� 4 eV at
90% C.L. for nuclear recoils, and 90� 260 eV for �/�s.

In this test the energy threshold was not optimized and set at 70 keVee (� 50 keVnr,
assuming the 35% mis-calibration), while to be competitive with present experiments
it should be below 10 keVnr. Given the baseline fluctuation (2.4 keVee = 1.7 keVnr
) the required threshold could be reached with a trigger based on the optimum
filter [124]. However, to obtain a DP between �/�s and nuclear recoils at least larger
than 3, light detectors with baseline noise less than 20 eV RMS are needed. The light
detectors currently being used are far from this value (see Tab. 3.1) and obtaining

Figure 2.11: Left. Decay scheme of 214Bi. The short life of its daughter, 214Po, causes the
superimposition of the � emitted by 214Bi and the ↵ particle produced by 214Po. Right. Decay
scheme of 212Bi. The delayed coincidences with the ↵ particle produced by its parent, 212Bi,
allows to suppress this background source. Figure and text reprinted from [149]

below the 2.6 MeV peak of 208Tl, where the Compton plateau of this line plays a crucial
role. The relevant contributions to the background from 238U and 232Th in the crystals
(internal) and in the cryostat (external) are depicted in Fig. 2.11.

Internal contaminations can be efficiently removed exploiting the knowledge of the de-
cay chains. 214Bi decays with a branching ratio (BR) of 99.98% in 214Po, which ↵-decays
with a Q-value of 7.8 MeV. The half-life of 214Po, which is about 160 µs, is extremely
short compared to the time development of bolometric signals, which is hundreds of
ms. For this reason the �/�-emission of 214Bi, simultaneously followed by a 7.8 MeV ↵-
particle, does not represent a problem for the background, as the superimposition of the
two signals lies at much higher energies than the region of interest. When evaluating the
background due to the 214Bi also its decay in 210Tl has to be considered, which occurs via
↵-emission (BR of 0.02 %). This contribution, however, can be easily suppressed: 210Tl
�-decays with a Q-value of 5489 keV and a half-life of 1.30 min. The background induced
by the �-emission can be rejected using the delayed coincidences on the ↵ of 214Bi. In
this case, the dead time induced by the delayed coincidences is almost negligible, as the
half-life of 210Tl is very short and the BR for this decay is extremely small.

Another dangerous background source is the one due to the internal contamination
of 208Tl, that belongs to the 232Th chain and �-decays with a Q-value of 5001 keV. In
36% of the 208Tl decays, two �s are emitted in cascade (i.e. 2615 keV and 583 keV). Their
occurrence in the same crystal produce a pile-up event in the Q�� energy region, if a
fraction of their energy escapes the detection. This contribution to the background can
be suppressed using the coincidence with its parent, 212Bi. Also in this case one would

The delayed coincidence 
cut is applied on the data 
and simulations as well to 
reproduce the background 
in the region of interest. 
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Component ROIbkg rate [10�4
counts/keV/kg/yr]

phase-I (only) phase-I (comb.) phase-II (comb.)

Crystals 11.7± 0.6 +1.6
�0.8 8.9± 0.5 +0.3

�0.4 7.6± 0.4 +4.4
�0.1

Near Components 2.1± 0.3 +2.2
�1.0 3.6± 0.3 +1.1

�1.4 5.4± 0.9 +0.6
�3.0

Cryostat & Shields 5.9± 1.3 +7.2
�2.9 8.0± 1.5 +3.3

�2.5 6.8± 1.0 +3.3
�1.8

Muons 15.3± 1.3± 2.5 15.4± 0.7± 2.5 15.3± 0.7± 2.5

2⌫�� 6.0± 0.02 +0.13
�0.09 5.93± 0.03 +0.04

�0.02 5.31± 0.03 +0.06
�0.04

Total 41± 2 +9
�4 42± 2 +4

�4 40± 2 +4
�2

Experimental 35 +10
�9 35 +10

�9 55 +15
�15

TABLE V. Counting rates reconstructed in the ROIbkg (from 2.8 MeV to 3.2 MeV) for the di↵erent sources, after applying the
time veto for the rejection of 208Tl events. For each value of the counting rate, we quote first the statistical uncertainty and then
the systematic one. The counting rate quoted for Near Components includes the contribution from Holder, Reflectors (only
phase-I) and 10mK (only phase-II). The contribution from 2⌫�� is produced exclusively by events with energy < 2950 keV.

Systematics: threshold, binning, energy 
calibration and source location 
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2νββ half-life measurement

This work

Previous work

8.4 8.5 8.6 8.7 8.8 8.9
2∫ØØ Half Life [£1019 years]

Fixed step binning (-0.06%)

90Sr/90Y(+1.36%)

Threshold (-0.41%)

Source location (-0.70%)

Reduced list (-0.02%)

Æ identification (-0.01%)

Prior distributions (-0.07%)

Calibration (-0.51%)

PhaseI + PhaseII 2νββ Activity = [8.63 ± 0.04 (stat.)] mBq

Fit systematics are combined with the sum in  

quadrature of the 68% difference between the Reference  

The uncertainties on the efficiencies and the enrichment 
are included as nuisance parameters and marginalised in 
the statistical error 

+Fit systematics (+1.0%)(-0.7%) 
+Stat. uncertainty (±0.6%) 
+Theoretical uncertainty (0.3%) (SSD vs. HSD) 
= (+1.2%)(-0.9%) 

Final result:  

T2ν
1/2 = [8.69 ± 0.05(stat.)+0.06

−0.09(syst.)] × 1019yr
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2νββ half-life measurement

This work

Previous work

8.4 8.5 8.6 8.7 8.8 8.9
2∫ØØ Half Life [£1019 years]

Fixed step binning (-0.06%)

90Sr/90Y(+1.36%)

Threshold (-0.41%)

Source location (-0.70%)

Reduced list (-0.02%)

Æ identification (-0.01%)

Prior distributions (-0.07%)

Calibration (-0.51%)

Final result  

 

Using as Phase Space Factor the value  

 

The final result on the nuclear matrix element is: 

T2ν
1/2 = [8.69 ± 0.05(stat.)+0.06

−0.09(syst.)] × 1019yr

G2ν = (1.996 ± 0.028) × 10−18

ℳeff
2ν = 0.0760 + 0.0006

− 0.0007
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Summary of the 
CUPID-0 analysis

Laura on behalf of the analysis group

21/12/2017

Thanks for the 
attention!
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Reconstruction
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Phase II setup
• The reflecting foils are removed for a better 

background comprehension using the 
coincidence analysis 

• Additional shield at the 10mK stage facing 
directly the detectors

M1

M2

💥

💥

Coincidence analysis
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Contaminants
• Long-living radioisotope (232Th, 238U, 235U, 40K) with the possible breaks of the chains ➝ Crystals, 

Holders and Cryostat 
• Cosmogenic activation products of Copper and ZnSe (65Zn, 60Co, 54Mn) ➝ Crystals and Holders 
• Muons ➝ Environment 
• 2νββ

Crystal contaminants are 
modeled with different depth 
profiles: 

 
 λ = depth parameter 
assumed to be 10nm or 10µm.

e−x/λ
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Fig. 4 Comparison among the spectra of a 226Ra source simulated in
Crystals or in Reflectors, both in the bulk and on the surface of each
element. Distinctive Q-value peaks characterize all crystal spectra and,
in case of surface simulations, there are also smaller peaks at α energies
or a continuum spectrum of degraded αs, depending on contaminant

depth. Contaminants uniformly distributed in the 70 µm thickness of
Reflectors, or simulated with 10µm depth parameter, give rise to similar
step-like shaped spectra due to energy degraded αs. Normalization of
MC spectra is chosen to allow easy comparison with the experimental
data

– the Reflectors are the foils laterally surrounding the crys-
tals. This component is also used to account for the minor
contribution from light detectors (see Table 1), from the
amount (< 15 cm2/crystal) of copper surface directly
facing the edges of ZnSe crystals, and from the other
small parts close to the crystals (PTFE spacers, NTDs,
and wires), whose spectra are degenerate with those of
reflecting foils.

5 Background model

In the construction of a background model, the crucial step is
selecting a representative list of sources for fitting the exper-
imental spectra. The analysis of α and γ lines presented in
Sect. 3 allows to identify the most relevant sources to be
included in the model. Alongside these sources, there are
other contaminations not producing prominent signatures
and whose location (or even emitting isotope) cannot be
determined with certainty. In this case, the use of all possible
sources introduces too many degrees of freedom in the fit and
produces highly correlated results. To avoid this drawback,
that would mask the precision of the results, we identify the
so-called reference model, a well balanced set of sources,
selected according to the above criteria. We then perform
some tests in which the source list is modified to investigate
the uncertainties related to the choice of background sources.

In the following subsections, we describe the sources used
for background model. We distinguish among internal/near
and external sources. In the first category, α radiation is not
shielded and we must model bulk and surface contamination

separately, since they are characterized by different signa-
tures and can produce different counting rates in the 0νββ

ROI. Conversely, bulk and surface contaminations of external
sources produce degenerate spectra and cannot be disentan-
gled.

5.1 Internal/near sources

The internal/near sources are located in Crystals and in
detector components directly facing them, modeled by
Reflectors. Natural α radiation cannot cross the thickness of
reflecting foils and light detectors surrounding the crystals.
As a consequence, the M1α spectrum is made up of events
from internal/near sources only.

The breaks of secular equilibrium identified in Sect. 3 are
modeled by producing separate Monte Carlo simulations for
the different parts of the decay chains, to leave them free to
converge on different normalizations when performing the
fit.

In Fig. 4 we provide an insight of some M1α spectra
obtained by simulating the decay sequence from 226Ra to
210Pb in different positions of Crystals and Reflectors. Bulk
simulations are obtained by randomly generating the decays
inside a volume. Surface contaminations are simulated with
exponential density profiles e−x/λ (where λ is a changeable
depth parameter), used to model not perfectly smooth sur-
faces and diffusion processes of contaminants.

In the background model, we use three types of simula-
tions for modeling the M1α events produced by contamina-
tions of Crystals:
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Looking at the region of interest of the 
0νββ for the 82Se (~3MeV) the main 
background come from crystals 
contaminations, the 232Th chain in 
particular. 

This can be reduced exploiting the delayed 
coincidence analysis 

1. Tag the alpha decays from 212Bi 
2. Reject all the events occurring in 

forward 21mins (7 × 208Tl half-life) 

The same cut is applied on the simulations 
to reproduce the background index in the 
ROI
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2.3. ACTIVE BACKGROUND REDUCTION 6164 3. ZnSe scintillating bolometers

214Bi
T1/2 = 19.9 m

210Tl
T1/2 = 1.3 m

214Po
T1/2 = 164 μs

210Pb
T1/2 = 22.3 y

Qα = 5617 keV
BR = 0.02 %

Qβ = 3272 keV
BR = 99.98 %

Qα = 7833 keV
BR = 100 %

Qβ = 5489 keV
BR = 100 %

212Bi
T1/2 = 60.55 m

208Tl
T1/2 = 3.05 m

212Po
T1/2 = 299 ns

208Pb
stable

Qα = 6207 keV
BR = 35.9 %

Qβ = 2254 keV
BR = 64.1 %

Qα = 8954 keV
BR = 100 %

Qβ = 5001 keV
BR = 100 %

Figure 3.16. Left: decay scheme of 214Bi. The short life of its daughter, 214Po, causes
the superimposition of the � emitted by 214Bi and the � particle produced by 214Po.
Right: decay scheme of 208Tl. The delayed coincidence with the � particle produced by
its mother, 212Bi, allows to suppress this background source.

Summarizing, the internal contaminations of 214Bi and 208Tl do not represent a
dangerous problem for the achievement of a background of 10�3 counts/keV/kg/y,
which is the goal of the LUCIFER experiment. In any case, purification techniques
are under study in order to reduce bulk contaminations of the crystals.

3.3.5 Low energy study
To conclude this chapter, we report a preliminary result which is of particular
interest for experiments aiming at the detection of Dark Matter interactions. These
experiments need to disentangle the signal produced by nuclear recoils below 30 keV
(following the hypothesis that Dark Matter is made of WIMPs [122, 123]) from
the background induced by �/�s. We analyzed the recoils following the � decay of
210Po. The analysis showed that this isotope is mainly deposited on the surface. As
a consequence the � particle can escape without releasing energy, while the nuclear
recoil is absorbed in the crystal. We observe events centered at 139.6± 0.6 keVee in
the ZnSe, i.e. 35% more energy than the nominal value (103 keV). The accuracy
of the calibration function has been checked down to 511 keV, where it shows a
deviation less than 1%. The extrapolation at lower energies is expected to maintain
or reduce this deviation. From the fit in Fig. 3.17, we evaluate the light emitted by
nuclear recoils as < 14 eV at 90% C.L., corresponding to LYnr < 0.140 keV/MeV at
90% C.L. We evaluate the light emitted in the range 10� 30 keVnr as < 1� 4 eV at
90% C.L. for nuclear recoils, and 90� 260 eV for �/�s.

In this test the energy threshold was not optimized and set at 70 keVee (� 50 keVnr,
assuming the 35% mis-calibration), while to be competitive with present experiments
it should be below 10 keVnr. Given the baseline fluctuation (2.4 keVee = 1.7 keVnr
) the required threshold could be reached with a trigger based on the optimum
filter [124]. However, to obtain a DP between �/�s and nuclear recoils at least larger
than 3, light detectors with baseline noise less than 20 eV RMS are needed. The light
detectors currently being used are far from this value (see Tab. 3.1) and obtaining

Figure 2.11: Left. Decay scheme of 214Bi. The short life of its daughter, 214Po, causes the
superimposition of the � emitted by 214Bi and the ↵ particle produced by 214Po. Right. Decay
scheme of 212Bi. The delayed coincidences with the ↵ particle produced by its parent, 212Bi,
allows to suppress this background source. Figure and text reprinted from [149]

below the 2.6 MeV peak of 208Tl, where the Compton plateau of this line plays a crucial
role. The relevant contributions to the background from 238U and 232Th in the crystals
(internal) and in the cryostat (external) are depicted in Fig. 2.11.

Internal contaminations can be efficiently removed exploiting the knowledge of the de-
cay chains. 214Bi decays with a branching ratio (BR) of 99.98% in 214Po, which ↵-decays
with a Q-value of 7.8 MeV. The half-life of 214Po, which is about 160 µs, is extremely
short compared to the time development of bolometric signals, which is hundreds of
ms. For this reason the �/�-emission of 214Bi, simultaneously followed by a 7.8 MeV ↵-
particle, does not represent a problem for the background, as the superimposition of the
two signals lies at much higher energies than the region of interest. When evaluating the
background due to the 214Bi also its decay in 210Tl has to be considered, which occurs via
↵-emission (BR of 0.02 %). This contribution, however, can be easily suppressed: 210Tl
�-decays with a Q-value of 5489 keV and a half-life of 1.30 min. The background induced
by the �-emission can be rejected using the delayed coincidences on the ↵ of 214Bi. In
this case, the dead time induced by the delayed coincidences is almost negligible, as the
half-life of 210Tl is very short and the BR for this decay is extremely small.

Another dangerous background source is the one due to the internal contamination
of 208Tl, that belongs to the 232Th chain and �-decays with a Q-value of 5001 keV. In
36% of the 208Tl decays, two �s are emitted in cascade (i.e. 2615 keV and 583 keV). Their
occurrence in the same crystal produce a pile-up event in the Q�� energy region, if a
fraction of their energy escapes the detection. This contribution to the background can
be suppressed using the coincidence with its parent, 212Bi. Also in this case one would
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Fit systematic uncertainties added: 
• Switch off all the priors 
• No alpha identification 
• phase-II efficiency 
• 90SrY ➝ strongest effect

This work

Previous work
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2∫ØØ Half Life [£1019 years]

Fixed step binning (-0.06%)

90Sr/90Y(+1.36%)

Threshold (-0.41%)

Source location (-0.70%)

Reduced list (-0.02%)

Æ identification (-0.01%)

Prior distributions (-0.07%)

Calibration (-0.51%)
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