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Abstract CUPID is a next-generation bolometric experi-
ment to search for neutrinoless double-beta decay (OvBp)
of %Mo using Li;MoOQy scintillating crystals. It will oper-
ate 1596 crystals at ~10 mK in the CUORE cryostat at the
Laboratori Nazionali del Gran Sasso in Italy. Each crystal
will be facing two Ge-based bolometric light detectors for «
rejection. We compute the discovery and the exclusion sen-
sitivity of CUPID to OvBg in a Frequentist and a Bayesian
framework. This computation is done numerically based
on pseudo-experiments. For the CUPID baseline scenario,
with a background and an energy resolution of 1.0 x 10~
counts/keV/kg/yr and 5 keV FWHM at the Q-value, respec-
tively, this results in a Bayesian exclusion sensitivity (90%
ci)of T 2> 1.6 x 107 yr, corresponding to the effective
Majorana neutrino mass of rgg < 9.6-28 meV. The Fre-
quentist discovery sensitivity (30) is 712 = 1.0 x 10?7 yr,
corresponding to 7i1gg = 12— 36 meV.
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1 Introduction

Double-beta decay with neutrino emission (2vg8f) is an
extremely rare process in which two neutrons of a nuclei
transform into two protons emitting two electrons and two
antineutrinos. Such a process is allowed by the Standard
Model of particle physics (SM) and has been observed for
eleven isotopes with half-lives in the range of 10'8-10%* yr
[1,2]. The neutrinoless double-beta decay (OvBp) is a hypo-
thetical process in which two neutrons transform into two
protons emitting two electrons with no corresponding emis-
sion of antineutrinos. The observation of Ov88 would open
the door to physics beyond the SM [3-7] because it would
directly imply lepton number violation. Moreover, the detec-
tion of OvBB would demonstrate that the neutrino is the only
fermion to be a Majorana particle, showing that it is its own
anti-particle. The existence of a Majorana neutrino would
also have crucial consequences in cosmology, as it could
have a role in the baryon asymmetry in the Universe through
leptogenesis [8,9]. OvBB decay may be induced by a plethora
of mechanisms, however, a prevalent interpretation is a min-
imal extension of the SM which includes the exchange of
a light Majorana neutrino. In this scenario, the Qv decay
rate is proportional to the square of the effective Majorana
neutrino mass, m/zgﬂ, with mgg related to the absolute mass
of the neutrinos [10]. Therefore, the observation of the OvS8
provides a way to constrain neutrino masses.

The minimal OvBg decay signal is a peak in the summed
electron energy spectrum, positioned exactly at the Q-value
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of the process (Qgg). This specific signal allows to discrimi-
nate the OvBB from 2vB8, which produces a continuous spec-
trum.

A very sensitive approach for discovering OvBg consists
of a detector that incorporates the source isotope, ensuring
a high detection efficiency. Furthermore, the detector should
exhibit a good energy resolution and low background, as well
as a capability of a long-term stable operation.

The bolometric technology fulfils all the required features.
Bolometers can embed the nuclei of interest, they have excel-
lent energy resolution O (1-10 keV) and they can be oper-
ated in low background conditions. Cryogenic bolometers
are crystals operated at temperatures of ~ 10 mK. A particle
releasing its energy in the crystal induces a rise in the tem-
perature, which is read by a thermal sensor. The strength of
this technique for OvSp searches is demonstrated by the suc-
cess of the CUORE (Cryogenic Underground Observatory
for Rare Events) experiment [11-15]. CUORE, located at
the Laboratori Nazionali del Gran Sasso (LNGS), collected
data with more than two ton-years of exposure so far, showing
the feasibility of operating ~ 1000 crystals at ~10 mK over
several years. CUORE searches for the OvBpS of 30Te with
TeO, crystals and has set the best limit on the '3Te half-life
[15]. However, the CUORE sensitivity is currently limited by
abackground induced by « particles originating from surface
contaminations of the detector structure. This motivated the
development of scintillating bolometers [16]. Thanks to a
dual read-out of heat and scintillation light signals, « par-
ticles can be rejected due to their different light yield with
respect to B/y particles. Such detectors were developed and
tested through the CUPID-0 and CUPID-Mo demonstrators
[17,18]. Both experiments have shown the ability to discrim-
inate o particles at a level higher than 99.9% [18,19] and
have set leading OvBg limits for 828e [20] and Mo [21],
respectively. The next-generation bolometric OvB8 experi-
ment CUPID (CUORE Upgrade with Particle IDentification)
will search for the 0vBg of '°"Mo embedded in scintillating
LiMoOQg4 crystals [22,23]. The background is expected to
be reduced by a factor 100 with respect to CUORE (~ 1072
counts/keV/kg/yr), primarily thanks to the « rejection and
to the higher Q-value of '"Mo (Qpg = 3034 keV) imply-
ing a signal located outside the bulk of natural radioactivity.
CUPID aims to fully explore the OvBp in the inverted order-
ing (I0) regime of neutrino masses [10,24], as well as the
normal ordering (NO) regime for a neutrino mass larger than
10 meV.

In this paper, we develop a statistical analysis to com-
pute the discovery and exclusion sensitivity of CUPID to
the OvBp half-life and to the effective Majorana neutrino
mass. We present briefly in Sect. 2 the CUPID design and
the expected detector performances. In Sect. 3 we describe
the general statistical methodology employed in this work.
Section 4 details the Frequentist analysis we developed to

estimate the discovery and the exclusion sensitivity. It pro-
vides the resulting sensitivities on half-life of Ov88 and m gg
assuming the CUPID baseline scenario. We also discuss the
impact of varying the background and the energy resolution
on the sensitivity. Section 5 presents the methodology used
in the framework of a Bayesian analysis and the resulting
exclusion sensitivities on the OvA8 half-life and m gg, evalu-
ated for various background indices and energy resolutions.

2 The CUPID experiment

The CUPID experiment [22,23] will be located at LNGS
and installed in the CUORE cryostat. The baseline CUPID
detector design consists of 1596 cubic scintillating Li,MoO4
crystals, enriched to > 95% in 100Mo. The size of an indi-
vidual crystal is 45 x 45 x 45 mm?, corresponding to a mass
of ~ 280 g each, for a total mass of 450kg or a 100Mo mass
of 240kg. Each crystal will be facing two Ge-wafer light
detectors [25]. A Neutron Transmutation Doped Ge thermis-
tor (NTD) [26] will be glued to the crystals and the light
detector to measure the thermal and scintillation light sig-
nals. To improve rejection capabilities, the light detectors
will be instrumented with concentric Al electrodes to exploit
the Neganov—Trofimov—Luke (NTL) amplification mecha-
nism [27-31]. The detectors will be operated at a temperature
around 10-20 mK.

The sensitivity of CUPID depends on several parameters
of the detector performance, i.e. isotope enrichment, contain-
ment and selection efficiencies, background, energy resolu-
tion, crystal mass and livetime. Data from demonstrators, the
pre-procurement of crystals and the operational experience of
CUORE give confidence that most of these parameters are
well known with O(1%) level uncertainties [21,32]. How-
ever, the background index (B) as well as the detector reso-
lution are subject to a larger uncertainty as improvements in
the design of the detector structure of CUPID and anew NTD
optimization and irradiation campaign still need to be fully
evaluated. Table 1 summarises the parameters of the CUPID
baseline design. The projected background index is evaluated
ina 30 keV region of interest (ROI) around Q gg, correspond-
ing to six times the target energy resolution. Background
sources polluting the ROI include environmental radiation
(muons, neutrons), intrinsic radioactivity (*'*Bi and 2°®TI g
decays), and pile-up from coincident events in a single crys-
tal. Material radioactivity estimates are derived from radiop-
urities obtained in the CUORE [33] and CUPID-Mo [34]
models, which are used as an input in our GEANT4 simula-
tions. This results in B = 6.0 x 10~ counts/keV/kg/yr, dom-
inated by nearby components (4.0 x 107> counts/keV/kg/yr).
Pile-ups are mainly coming from '°°Mo 2v88 decays, which
produce 2.6 mHz rate per crystal. Its suppression depends
on detector time resolution and signal-to-noise ratio. Imple-
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menting NTL amplification in light detectors is expected to
lower this contribution below 5.0 x 107> counts/keV/kg/yr
[30,31]. Simulations predict ~ 10 muons/h in the CUPID
setup [35]. We aim for a 1.0 x 1076 counts/keV/kg/yr thanks
to a muon veto with a composite system out of plastic scin-
tillator [36] and a water Cherenkov detector. Together with
the addition of 10cm of polyethene to the already exist-
ing 20cm layer in the lateral and the bottom parts of the
CUORE cryostat, simulation studies show that the neutron-
induced B is reduced to ~ 2 x 107° counts/keV/kg/yr.
These studies result in a total projected B ~ 1 x 107
counts/keV/kg/yr[22,37,38]. We expect that the novel detec-
tor structure, which is designed to be machined through con-
tactless techniques like laser cutting and with simpler shapes
compared to CUORE, will result in easier surface cleaning
and improved surface radiopurity. Together with improve-
ments in the cleaning procedure and detector technology, we
hence have significant potential for a further reduction of the
background index. Thus, in our sensitivity study, we con-
sidered as well a B = 0.6 x 10~ counts/keV/kg/yr. We
also evaluated a best case scenario under the assumption of
suppressing backgrounds related to close contaminations in
the towers and 2v88 pile-up to sub-dominant levels, which
corresponds to 0.2 x 10~* counts/keV/kg/yr. We also consid-
ered an ultra-conservative scenario with a B = 1.5 x 107#
counts/keV/kg/yr.

The detector energy resolution depends on many param-
eters linked to the electro-thermal properties of the bolome-
ters, including the crystal itself, the thermal sensor (for exam-
ple, the sensor dimensions, the coupling to the crystals), the
vibrational noise in the cryogenic set-up and the electronics.
The interplay of these parameters is complex and hence dif-
ficult to anticipate for the final towers mounted in the cryo-
stat. The projected energy resolution at Qgg for CUPID is
5 keV (FWHM), based on first tests of a CUPID baseline
module [25]. More recently, in a first test of a full CUPID
tower in LNGS, we demonstrated an energy resolution of
(6.2 = 1.9) keV FWHM at 2615 keV [39]. Improved res-
olution is expected in the CUORE cryostat, which will be
upgraded to minimize vibrations and equipped with diag-
nostic devices to allow for monitoring and for denoising in
the analysis [40]. Thermal sensors’ dimensions and coupling
to the crystals will also be optimized. We studied the impact
on the discovery sensitivity of an energy resolution of 7.5
keV (as the one in the CUPID-Mo demonstrator installed in
the cryostat of the EDELWEISS dark matter experiment, not
optimized for OvBB searches [18]) and a very extreme case
with an energy resolution of 10 keV.

@ Springer

Table 1 Parameters of the CUPID baseline design

Parameter Value

Crystal mass 450 kg

Isotope enrichment 95%

Energy resolution 5 keV (FWHM)
Livetime 10 years
Containment efficiency 79%

Selection efficiency 90%

Background index 10~* counts/keV/kg/yr

3 Statistical methodology

Our statistical analysis, both Frequentist and Bayesian, starts
from a likelihood-based framework. Given a model of the
data with a parameter or set of parameters ® and a dataset
D, the likelihood is defined as:

L = p(D]O), (1)

or the probability of observing the data D given the value
of the set of parameters ®. In our case, the experimental
data consist of a vector of the energies of observed events
passing all selection cuts, X. Our model is parameterised by
the OvBB decay rate given by the inverse of the half-life,
r=1y/ TIO/"z, and a set of nuisance parameters v, for example,
those describing the background rate. We write the model as
f(xi; T, D). The likelihood is given by an extended unbinned
likelihood [41]:

N
£ ="Pois(N: 1) [ [ f(xi: T D), )

i=1

where the number of counts (number of elements in the vec-
tor X), N, is itself a random variable that follows a Poisson
distribution with a mean A. Our model of the data is given by
the sum of a signal and a background contribution:
v
,_/‘_' .
f(;T, B, S,5,b) = B - fp(x; b)) + 8- fi(x;5), (3)

where B is the number of predicted background counts, S
is the number of signal counts, f;(x; I;) and f;(x; s) are the
predicted shapes of the background and signal, depending on
some nuisance parameters b and s, respectively. The OvBB
signal is a monochromatic peak, broadened only by the detec-
tor’s response. We assume that the signal shape is given by a
Gaussian function centered at Qgg, with a standard deviation
given by the detector energy resolution. The background can
be very well approximated by an analytic function locally
around the OvBg peak. In this work we consider a constant
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Fig. 1 Expected total background in the region of interest of CUPID, in
red, including the 2v8 highlighted in blue. The histograms are obtained
based on GEANT4 simulations

background. We tested the effect of a full background shape
obtained from Monte Carlo (MC) simulations, shown in Fig.
1. We parametrise the background shape with an exponential
function plus four Gaussians for >!“Bi peaks at 2978.9, 3000,
3053.9 and 3081.7 keV. The study performed for the case
of the discovery and exclusion sensitivity in a Frequentist
framework showed that the difference in the results between
a constant background and a background shape from simu-
lations is negligible (see Sects. 4.1 and 4.2).

Throughout our analysis pseudo-experiments are required
to generate distributions of test statistics, limits or discovery
probabilities. These pseudo-experiments, or toy-MC experi-
ments, are generated from Eq. 3 for a given value of B and
S. Specifically, we sample from a Poisson distribution to
obtain a number of background and signal events to gener-
ate in each experiment. The energies are then sampled from
the probability distributions of the signal and background
components. We generated pseudo-experiments with B of
1.5%x107%, 1x10™%, 6x 107> and 2x 1073 counts/keV/kg/yr
and with I" in the range [0,5 x 107%7] yr~! in 100 steps.
Examples of generated pseudo-experiments for the baseline
B=1x10"* counts/keV/kg/yr and a signal rate of I' = 0
and 1 x 1027 yr~! are shown in Fig. 2.

To study the bias in our procedure we generate and fit
pseudo-experiments. Figure 3 shows the best fit versus the
injected signal rate, T, for B = 1.0 x 10™* counts/keV/kg/yr.
We fit these distributions to a linear function to extract:

e = 0.022(18) + 0.992(6) i, @)

which confirms there is no significant bias in our fitting pro-
cedure.

We also interpret the sensitivity in terms of mm gg. Under the
hypothesis of light Majorana neutrino exchange, the half-life

Energy [keV]

Counts/0.1 keV
N
‘ UL ‘ UL ‘ UL ‘

-

= s s

3060 3080 3100
Energy [keV]

Al T imiiin i
2960 2980 3000 3020 3040

Fig. 2 Example of two pseudo-experiments for the baseline back-
ground index of 1 x 10~* counts/keV/kg/yr. Top: with zero signal.
Bottom: with signal rate I' = 1 x 10727 yr~!. The best fit to Eq. 3 is
also shown

o 510727

‘T; of

‘_;E 7 10%

=8 |||
0E ”l"l”””“ | .
0 1 | 5

ri”i fyr']

Fig. 3 Decay rates obtained from fitting pseudo-experiments with
known decay rates, showing no significant bias in the recon-
structed " value. The background index is assumed to be 1 x 10~*
counts/keV/kg/yr

relates to the effective Majorana neutrino mass as:

Ty = g41MG,|Goymzg /m?, 5)

@ Springer
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where g4 is the axial-vector coupling constant, Gy, is the
phase factor, and M, is the nuclear matrix element (NME)
[10].

Thus, we use a set of NMEs and the phase factor to trans-
late the sensitivity in T1721 into a sensitivity in m gg. We use the
phase space factor computed in [42], Gg, = 15.92 x10~1
yr~! and we set g4 to the free nucleon value g4 = 1.27.
We consider the NMEs shown in Table 2, consistent with
most recent reviews [3,6]. We note that, as pointed out in
[43], the NME calculation within the shell model is par-
ticularly difficult for '°Mo and less NME calculations are
reported for '°°Mo compared to other candidate isotopes. In
addition, remaining discrepancies between calculations and
measurable observables like the 2v8p spectral shape [32]
and transition strength to excited states [44] motivate fur-
ther work to refine NME calculations. In the following, for
the plots and tables, we will consider only the values from
the references [43,45-47], for the sake of clarity. Table 2
gives the standard NME, MY, calculated using long-range
operators, which are typically considered by the commu-
nity. It should be noted that most of the NME calculations
of Gamow-Teller 8 decays overestimate the experimentally
measured ones [48]. This is often corrected by quenching the
value of the weak axial vector coupling constant, as an effec-
tive parameter [48,49]. This disagreement can be due to the
lack of nuclear correlations of the various many-body meth-
ods and/or the absence of two-body current operators in the
models. These hypotheses tend to be confirmed by ab initio
calculations, which naturally include these effects and were
able to reproduce with good precision the experimental data
[50]. Nevertheless, it is still not certain how much it should
impact the NME for the OvBS. Recent pn-QRPA calculations
for OvBp of 1"°Mo were done with two-body current, which
lowered the NME by ~ (25-45)% [51].

Some years ago studies based on the effective field the-
ory demonstrated the need to introduce a leading-order
short-range operator which gives rise to a short-range NME
Mg” [52-54]. They are giving a sizable contribution to the
total amplitude of the transition [6,51,55,56], and in prin-
ciple, as stressed in [56], their incorporation is relevant for
experimental interpretations in mgg. More generally, next-
to-next leading order (N2LO) NMEs should be considered,
as pointed out in [55], since their impact is small but non-
negligible. So far, for '°’Mo, the short-range NME has been
calculated by the pn-QRPA [51,55] and IBM-2 models [56],
which all agree on a substantial increase of the total NME.
The extension to the N2LO NMEs was performed in [55]
for 1Mo, leading to an overall upper value of M®” = 10.91
when adding the uncertainties on each NME linearly. Nev-
ertheless, the community is still considering only M%”, and
we decided to stick to this choice when quoting the default
mgg ranges, for a fair comparison.

@ Springer

Table 2 Nuclear matrix elements used in the analysis of the present
work. Only the references [43,45-47] are used in the figures and tables
as an example

Model NME References
pn-QRPA 3.90 [45]
pn-QRPA 5.868 [57]
IBM-2 5.077 [46]
EDF 6.588 [47]
EDF 5.08 [58]
EDF 6.48 [59]
Shell 2.24 [43]

4 Frequentist analysis

In Frequentist statistics, the construction of confidence inter-
vals and the estimation of the significance of a possible signal
are based on hypothesis tests [10,60,61]. We consider two
hypotheses: a null hypothesis Hy, stating that some parame-
ter is equal to a certain value and an alternative H that this
parameter is equal to any other value.

The optimal test statistic in a test of Hy versus Hj is given
by the ratio of two likelihoods [62]:

p(x|Ho)

—2In ———.
p(x|Hy)

6)

We evaluate p(x|H) with the observed data x and regard it
as a function of the parameter(s) 6:

1) = —21n

pGelHo) _ <£(9>)’ o

p(x|Hy) £(6)

where 6 is the value of the parameter 6 maximizing the like-
lihood. An increasing value of 7(6) represents a decrease in
the compatibility of the model with the null hypothesis.

For the case of a model with multiple parameters, of which
only one is of interest, we can replace the likelihood function
with the profile likelihood by maximizing the likelihood over
the set of all nuisance parameters. In our case, U are the set
of nuisance parameters, related to the background level and
the parameters of the signal and background shape, which
maximize the likelihood for a given decay rate I':

(L(r, ﬁ))
tp(T) = —2In [ =2 ). (8)
LT, v)

By definition, 7p(I") has a minimum at ' = [ with
tp() = 0.

One complication which can arise is that, physically, the
decay rate must be positive. In our work, we consider the rate
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I" as an effective estimator allowed to be positive or negative.
We then define our test statistic as:

—21n (ig;”;) >0,

tp(T) = )
—21n <£> [ <o.
£(0,D(0))

In this way, the test statistic for negative values of [is equal
to that of I' = 0, and the physical constraint on I is satisfied.

4.1 Discovery sensitivity

Searching for a discovery or a claim of evidence is equiv-
alent to a hypothesis test where the null hypothesis states
the decay rate is equal to zero (background-only hypothesis)
and the alternative that it is greater than zero (signal-plus-
background). We consider the test statistic:

19(0) = —21n (‘C(‘f ) (10)
L(T)

where #p (0) is small if the data agrees with the background-
only hypothesis. A claim of evidence (discovery) can be made
if the value of the test statistic is greater than some cut-
off. These cutoffs are sometimes estimated using asymptotic
approximations [63]. However, this can lead to dramatically
incorrect results if certain assumptions are not fulfilled. In
this work, we instead estimate the distributions of the test
statistic numerically using toy-MC experiments. In this way
we ensure the correct coverage by construction. Figure 4
shows an example of the probability distribution of the test
statistic for B = 107 counts/keV/kg/yr and zero decay rate
and T =1 x 1077 yr= 1,

We compute the background-only p-value (py) as a func-
tion of the signal strength as:

Po = / fap(O)I" = 0)dr. (11)
t*

P

Here 17, is the value of the test statistic observed in each
toy-MC experiment, f(zp(0)|[ = 0) is the probability
distribution of the #p(0) test statistic generated with zero
decay rate shown in blue in Fig. 4. To compute numerically
f(p(0)|I' = 0), we generate an array of toy-MC experi-
ments with zero signal. We then generate separate arrays for
different I"’s and for each we extract 7p (0), as defined in Eq.
10. When #p (0) goes to higher values, it shows the incompat-
ibility of the given pseudo-experiment with the background-
only hypothesis. Finally, for each toy-MC experiment in the
array of injected decay rates, we compute p, and we can
build its probability distribution. Figure 5 shows the median
of the background-only p; distribution as a function of the
decay rate for B = 10~ counts/keV/kg/yr. We estimate a
median 30 discovery sensitivity by extracting the decay rate
for p, = 0.0014, and obtain f"l/z = 1.01‘8:; x 1077 yr,
where the uncertainty corresponds to the £34.1% interval
around the median. The results for the three considered
energy resolutions and the four background indices are given
in Table 3. We point out that for the lowest B = 0.2 x 10~
counts/keV/kg/yr, the low number of events leads to a dis-
cretisation in the probability distribution, thus the median
sensitivity extracted can be quite different from the most
probable value, as shown in the Appendix. We translate the
results on the half-life discovery sensitivity to mgg values
using Eq. 5 and the NME’s in Table 2. The lowest values are
obtained with the EDF model [47] and the upper values with
the shell model [43]. For the CUPID baseline scenario, this
gives arange of mgg = 12.2-35.9 meV.

We also compute the discovery probability as a function
of the decay rate, shown in Fig. 6, left. We first produce the
probability distribution function of the discovery sensitivity,
i.e. the decay rate for which p, = 0.0014, in each toy-MC
experiment. Then, the discovery probability is computed by
integrating this probability function. Figure 6, right, shows
the corresponding discover probability for B = 1 x10~*
counts/keV/kg/yr and energy resolution of 5 keV (FWHM)
as a function of mgg, for the various nuclear models. For the
most favourable nuclear models, a discovery, corresponding
to the 50% probability, is almost certain even for the smallest
mgg values in the IO regime, shown as the blue area. The dis-
covery probability for the effective Majorana neutrino mass
at the bottom of the IO region, given by mgg = 18.4 meV, is
shown for each model in Table 4.

We investigated the effect of using a background shape
derived from the MC simulations rather than a constant back-
ground, as outlined in Sect. 3. We focusedon B =1.0 x 10~#
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Table 3 CUPID median discovery sensitivity (30) in half-life and effective Majorana neutrino mass, for 10 years livetime for various background

indices and energy resolutions at Qgg

Background index [counts/keV/kg/yr] Energy resolution FWHM [keV] fl 2 1027 [yr] g [meV]
1.5 x1074 5 0.8 13-39
1.0 x10~* 5 1.0 12-36
75 0.8 13-39
10 0.7 14-42
0.6 x1074 1.2 11-32
0.2 x107* 1.7 9.3-27
Tip Iyr] Table 4 Discovery probability for CUPID baseline design, given m g

at the bottom of the IO regime (18.4 meV) for various background
indices in counts/keV/kg/yr and energy resolutions (FWHM), using the
NMEs from [43,45-47]

o x10%7
=)
[\
2
(o}
107"
107°E
10°%
1074_ l . x107%7
0 0.2 0.4 0.6 0.8 1 1.2

(T, v

Fig. 5 Background-only p value, pp, against the injected signal rate.
We show the median with a black curve and 1, 2o bands in green and
orange. The red dashed line highlights the rate value for which a 3o
discovery is expected, corresponding to a p-value p, = 0.14%

counts/keV/kg/yr and considered the extreme worst case sce-
nario of a 10 keV energy resolution FWHM at Qgg. We

B [ckky] AE [keV] Probability [%]
IBM-2 pn-QRPA  EDF  Shell
1.5x107* 5 62.9 23.0 96.1 1.9
1.0x107* 5 75.2 32.7 98.4 2.7
75 60.6 215 953 1.8
10 473 14.6 90.0 12
0.6 x107* 5 86.9 47.9 99.5 4.8
02x107* 5 96.7 732 9996 123

obtained f‘l 2 =0.66 x 107 yr, which is within the uncer-

tainties of the result with a flat background, O.70f8:;‘§ x 1027

L.
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Fig. 6 Left: discovery probability for CUPID as a function of Tl_zl for
four considered background indices. Right: discovery probability for
the baseline design (B = 1 x 10™* counts/keV/kg/yr, energy resolu-
tion of 5 keV FWHM) as a function of mgg for different nuclear models
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[43,45-47]. The blue area corresponds to the inverted ordering region.
A discovery is defined as the value at which there is 50% probability of
discovery



Page9of 15 633

Eur. Phys. J. C (2026) 86:633
Ti2[yr]
o T T T T |1 T T T x10%7
S 1=
© =
> B
g s
107"k
102
10’3;—
104_”.\.‘@‘. Ll e N X107
0O 02 04 06 08 1 12 14 16 138

(T, byl

Fig. 7 Distribution of p,, (I"), obtained by integrating the profile like-
lihood ratio for a given decay rate I', as a function of the injected signal
rate, for the CUPID baseline design (B = 1.0 x 10~* counts/keV /kg/yr
and energy resolution of 5 keV). We show the median of the distribution
(black line) and 1, 20 confidence bands. The red line represents the rate
value for which p;, = 0.1, corresponding to the 90% CL exclusion

4.2 Exclusion sensitivity

The exclusion sensitivity is computed similarly, but in this
case, we perform a hypothesis test comparing a null hypothe-
sis that the decay rate is equal to the signal S in our model (see
Eq. 3), " = S, to an alternative thatis I # S. The exclusion
limit is obtained when the null hypothesis is incompatible
with the given toy-MC experiment. We test each I" as the
null hypothesis: for each decay rate, we look at how com-
patible are the other decay rate hypotheses with this one. A
decay rate can be excluded if it is sufficiently unlikely for toy-
MC experiments generated with this decay rate to produce
the data.

We compute the profile likelihood ratio, ¢p (I"), for each
toy-MC experiment. We also compute the p(¢p(I")) distri-
bution for toy-MC-generated with this value of I". From this,
we obtain:

pu(F)Z/ p(tp(I)[Mdt, 12)

tp

where 7p is the value of 7p(I") obtained in a given toy-MC
experiment. From this, we can compute the 90% confidence
level (CL) as the interval of I" values with p,, (I') > 0.1.Inour
analysis of exclusion sensitivity, we only present one-sided
intervals. This choice leads to some moderate over-coverage
of our intervals in some cases.

Figure 7 shows the distribution of p,, for the CUPID base-
line design. Based on the threshold of p < 10% for 90% CL
exclusion, we extract the median exclusion sensitivity of f"l /2
> 1.8734 x 10?7 yr, where the uncertainty is given by the
range of +34.1% around the median.

In addition, for each toy-MC, we find a curve of p, (I")
against (T /2)_1. The interception of this line with 10%
gives the limit which would be obtained for this pseudo-
experiment. The corresponding distribution of limits is
shown in the Appendix. We extract a median Frequen-
tist 90% CL exclusion sensitivity for the various back-
ground indices and energy resolutions given in Table 5.
Translating in terms of the effective Majorana mass, the
exclusion sensitivity yields mgg < 9.0-26 meV for B =
1.0 x 10™* counts/keV /kg/yr and 5 keV FWHM energy
resolution.

We also investigated the effect of using a background
shape based on the MC simulations instead of a constant
background (Sect. 3). For the CUPID baseline scenario, we
obtained f"l 2 =181 x 10%7 yr, which is in line to the result
obtained with the flat background (1.80 x 10?7 yr).

5 Bayesian analysis

Bayesian statistical methods start from a different interpreta-
tion of probability. In Bayesian statistics, probability repre-
sents the degree of belief in the true value of a parameter or a
model [64]. Starting from some prior degree of belief about a
set of parameters n(éf), Bayesian methods utilize some data
D to update this degree of belief to obtain the posterior prob-
ability distribution p(é |D). This is achieved using the Bayes
theorem:

p<D|5>n(é>_

13
p(D) (13

p@|D) =

Here p(D) does not depend on 6 and can thus be consid-
ered as a normalization constant and p(D|§) is the likeli-
hood function defined earlier in Eq. 2. Bayesian inferences
are based on this probability distribution.

5.1 Discovery sensitivity

To compute a Bayesian discovery sensitivity, we need to com-
pare two models, one where the decay rate I' = 0 and another
with " # 0. Bayesian model comparison is based on compar-
ing the posterior probabilities of multiple hypotheses [65,66].
A Bayesian discovery is claimed when the null hypothesis
has a sufficiently low posterior probability. For two models
Hy and Hy:

D|H;) p(H;
P(Hi|D) = PP L
p(DIHo) p(Ho) + p(DIH1)p(H1)

We can reject the null hypothesis Hy if p(Hp|D) is less than
some cutoff. This is equivalent to requiring a Bayes factor,
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defined as:

p(D|H1) p(Hy)

B(Hy, H) = ——— ,
(Ho- H) =51 Hoy p(Ho)

15)

to be greater than some cutoff. It is typical to choose the two
models Hy and H; to be equally likely a priori. Therefore, the
problem of Bayesian model comparison reduces to the inte-
gration of the posterior distribution over the full parameter
space for several models. However, in this way, the evidence
can depend strongly on the choice of priors on the model
parameters. The natural solution is to use instead an infor-
mative prior on the signal S. This study of the dependence of
the discovery sensitivity on the priors goes beyond the scope
of this work. The dependence on the Bayesian priors along
with ways of reducing it is studied separately for both NO
and 10 in a global analysis in [67].

5.2 Exclusion sensitivity

To compute the experimental exclusion sensitivity rather than
model comparison, we compute credible intervals (c.i.). We
obtain the marginalized posterior distribution by integrating
all the nuisance parameters v over their parameter space :

p('|D) :/Qp(l“,ﬁm)dﬁ. (16)

From this distribution, we can obtain Bayesian credible
intervals, which contain the true value of the parameter with
a certain probability. In our analysis, we quote 90% c.i. upper
limits on the OvBp decay rate.

We use Markov Chain Monte Carlo (MCMC), imple-
mented with the Bayesian Analysis Toolkit (BAT) [68], to
sample the full posterior distribution of the parameters.

Our analysis considers a flat prior on the decay rate, or
equivalently m%ﬂ. This choice is standard in the Ov8S com-
munity [14,69] and is seen as a conservative choice. Other
possible priors include one flat on mgg or log(mgg). These
would typically give stronger limits.

We extract the marginalized posterior distribution on Tl_/é

and thus the 90% c.i. upper limit on Tl_/2l for every pseudo-
experiment. In Fig. 8, left, we show the distribution of limits
assuming a background of 1 x 10™* counts/keV/kg/yr. We
highlight the median sensitivity and a band containing 68%
of the pseudo-experiments.

The median 90% c.i. exclusion sensitivities are given in
Table 5 for several background and energy resolution sce-
narios. We convert the distribution of excluded 77> into a
distribution on limits on mgg for each NME in Table 2. The
median 90% c.i. exclusion sensitivities on m gg obtained from
these distributions are also shown in Table 5.

We also compute the probability to exclude a m gg value at
90% c.i. as a function of mgg, shown in Fig. 8, right, for the

@ Springer

Table 5 CUPID median exclusion sensitivity at 90% confidence limit
in half-life and effective Majorana neutrino mass, for 10 years livetime,
computed in the Bayesian and Frequentist analyses for four different
background indices in counts/keV/kg/yr and three considered energy
resolution (FWHM) at Qgg

B [ckky] AE [keV] f"l/z 1027[yr] mgp [meV]
Bay. Freq. Bay. Freq.
1.5 x107* 5 1.4 1.5 10-30 9.7-29
1.0 x10~* 5 1.6 1.8 9.6-28 9.0-26
7.5 1.4 1.5 10-30 9.7-29
10 1.2 1.3 11-32 10-31
0.6 x10™* 5 1.8 22 8.9-26 8.2-24
02 x10™* 5 23 3.1 7.9-23  6.9-20

CUPID baseline This is obtained by integrating the distri-
butions of the mgg exclusion limits. The probability to fully
exclude the IO regime is ~1 for all considered background
indices for the best-case NMEs.

6 Staged deployment

CUPID considers deploying the detector in two phases
enabling early science data. In a possible scenario the first
phase of the experiment — CUPID Stage-1—would deploy 1/3
of the detectors arranged in 19 towers. While the additional
towers are being built, we would be able to take data with
the first phase of the experiment. After several years of data
taking, we would incorporate the additional planned crystals.

We calculated the discovery sensitivity in the Frequen-
tist framework for CUPID Stage-I assuming 3 years of data
taking. We adopted a first stage scenario consisting in the
deployment of 1/3 of the detectors with 150kg of the total
crystal mass. As for the full CUPID, we studied the impact
on the discovery sensitivity of the energy resolution and con-
sider 5 keV, 7.5 keV and 10 keV FWHM at Qgg. In CUPID
Stage-1 we expect a slightly higher background with respect
to the full experiment due to the smaller number of detectors,
which reduces the events in coincidences and therefore the
tagging of muons and of the contaminations in the crystals.
Current studies of the background in CUPID Stage-I indi-
cate B ~ 1.2 x 10~ counts/keV/kg/yr, thus we consider a
conservative scenario with 1.5 x 10~ counts/keV/kg/yr and
another one with B = 1.0x 10~* counts/keV/kg/yr. Table 6
gives the resulting discovery sensitivities for CUPID Stage-1.

Assuming the baseline design parameters, with energy
resolution of 5 keV and B = 1 x 10™* counts/keV/kg/yr,
in CUPID Stage-I we get a median discovery sensitivity of
0.2 x 10?7 yr, corresponding to a range of mgg = 26-77
meV. In this scenario, the staged deployment would add an
exposure of 3 years x 150kg, allowing to reach the final
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Fig. 8 Probability of 90% exclusion limits for CUPID obtained with
a Bayesian analysis, under the assumption of a background of 1 x
10~* counts/keV/kg/yr and 5 keV FWHM energy resolution. Left: dis-
tribution of half-life exclusion limits, the median sensitivity and interval

containing 68% of the pseudo-experiments are shown. Right: probabil-
ity for CUPID to exclude m gg values at 90% c.i. The probability of 50%
corresponds to the median of the distributions on the left translated in
mgg. The shaded band corresponds to the inverted ordering region

Table 6 CUPID Stage-I median discovery sensitivity (30) in half-life and effective Majorana neutrino mass, for 3 years livetime and the crystal
mass of 150kg for two different background indices and three considered energy resolutions at Qgg

Background index [counts/keV/kg/yr] Energy resolution FWHM [keV] fl 2 107 [yr] mpg [meV]
1.0 x107# 5 0.21 26-77

7.5 0.18 29-85

10 0.15 31-91
1.5 x10™* 5 0.18 28-83

7.5 0.16 30-89

10 0.14 33-96

sensitivity with an additional 9 years of data taking with the
full CUPID.

The evolution of the discovery sensitivity as a function
of the exposure for B = 1.0 x 10™* counts/keV/kg/yr and
1.5 x 10~* counts/keV/kg/yr are shown in Fig. 9.

7 Conclusion

In this work we computed the expected sensitivity of the
next-generation experiment CUPID to search for neutrino-
less double-beta decay of '°’Mo. In the CUPID baseline sce-
nario, with crystal mass 450 kg, the backgroundis 1.0 x 10~*
counts/keV/kg/yr and the energy resolution is 5 keV FWHM
at the Q-value of the transition. Using an unbinned likeli-
hood analysis and a Frequentist and Bayesian frameworks,
we obtain the discovery and the exclusion sensitivities to
the half-life and the effective Majorana neutrino mass. In
the baseline scenario, with 10 live-years of data taking, we
derive a 30 discovery sensitivity in the Frequentist approach
of Ty 2= l.Ofgg x 10?7 yr, corresponding to 7 g = 12—
36 meV. The uncertainty given on the half-life in the Fre-
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Fig. 9 CUPID median discovery sensitivity (30') in half-life as a func-
tion of the exposure in crystal mass times livetime. The sensitivity for
B =1 x 10~* counts/keV/kg/yr and 1.5 x 10~* counts/keV/kg/yr are
shown in blue and red respectively. This is obtained using an energy
resolution of 5 keV FWHM

quentist discovery sensitivity, as well as for the Frequen-
tist and Bayesian exclusion sensitivities, is given by the
+34.1% interval around the median, and is not taken into
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Fig. 10 90 % c.i. exclusion sensitivity in m gg as a function of the back-
ground index in CUPID. The bands in green, orange, and red show the
range of mgg values, with NME’s from Table 2, for an energy resolution
of 5 keV, 7.5 keV, and 10 keV, respectively. We highlight the CUPID
baseline scenario with 5 keV energy resolution and a background index
of 1.0 x 10™* counts/keV/kg/yr. The blue band represents the inverted
ordering region. The right panel shows the exclusion limits of current
[15,70,71] (solid) and future experiments [72—75] for a data taking of
10 years (dashed)

account when quoting the 7 gg ranges. Without the value of
the shell model NME [43], the CUPID sensitivity becomes
m gg = 12-21 meV. On the other hand, accounting for the
short-range Mg" and the N2LO NMEs [55] results in a smaller
lower value of 7.4 meV. The median exclusion sensitivity in
the Frequentist analysis yields T 2= 1.81%:% x 1077 yr,
corresponding to exclusion limits to the effective Majorana
neutrino mass of 7igg = 9.0-26 meV. The Bayesian exclu-
sion limit at 90% c.i. results in f"l/z = 1.61‘8:2 x 10%7 yr,
corresponding to limits to the effective Majorana neutrino
mass of rmgg = 9.6-28 meV, covering the neutrino mass
regime in the inverted ordering scenario, as well as the nor-
mal ordering regime with neutrino mass larger than 10 meV.
We have also calculated the impact on the expected sensitiv-
ity in the case of background levels and energy resolutions
differing from those of the baseline scenario. The power of
discovery of the CUPID experiment is highlighted in Fig. 10,
which shows the discovery sensitivity on the effective Majo-
rana neutrino mass as a function of the background index for
various energy resolutions. The bands represent the range of
mgg values using the NMEs from Table 2. The variations on
the discovery sensitivity in m gg are dominated by the spread
in NME values, rather than by the differences induced by the
various scenarios of background index and energy resolution.
The right panel in Fig. 10 shows the comparison with current
and next-generation experiments, underlying the competi-
tiveness of CUPID.
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Appendix

The supplementary material in this section provides further
details on the results on exclusion sensitivities. Figure 11
presents the 90% CL exclusion sensitivity distribution, in the
Frequentist framework, assuming the background levels of
1.5 x 10~* counts/keV/kg/yr, 1.0 x 10~* counts/keV/kg/yr,
0.6 x 10~* counts/keV/kg/yrand 0.2 x 10~* counts/keV/kg/yr.
From these distributions we obtain the median exclusion sen-
sitivity given in Table 5. For the ultra-low background index
of 0.2 x 10™* counts/keV/kg/yr we get very few events. This
is reflected in the discretization seen in the probability dis-
tribution. Thus, it is worthy to note that the most probable
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Fig. 11 Distribution of 90% < 7000F T = F T
CL exclusion limits obtained A { - }
with a Frequentist analysis for 2 E | 2 F |
CUPID under 4 background g 5000 | 8 4000 \
hypotheses of 1.5 x 10~* @ 4000F @
counts/keV/kg/yr, 1.0 x 1074 e E & 30001
counts/keV/kg/yr, 0.6 x 10~* 3000? I 20005_ }
counts/keV/kg/yr and 2000 | | F \
0.2 x 10~* counts/keV/kg/yr 1000k ! 1000 | |
from top left to bottom right. E } o F } e
The median sensitivity and the % 2 4 6 T 0 % 2 7 6 8 0
interval containing 68% of the T, 90% CL limit [yr] T, 90% CL limit [yr]
pseudo-experiments are shown. — 5000 : — - :
The discretisation present in the é C \ g 4500 |
plots with lower background > 4000 \ > 4000F- \
index corresponds to discrete % F } % 35001 }
counts around the Qgg @ 3000 ‘ -5 3000F- \
o F o 2500F \
2000~ | 2000;- !
; } 1500;—
1000F \ 1000E-
r \ 500F-
e e e e e I e e
T, 90% CL limit [yr] T, 90% CL limit [yr]
Fig. 12 Distribution of 90% S 250F T T 220F T
c.i. exclusion limits for CUPID S, r 8, 200
obtained with a Bayesian 2 200F 2 180
analysis, under the assumption § F § 160 \
of a background of of o 1501 o MoE |
1.5 x 10™* counts/keV/kg/yr, - F . Egg }
1.0 x 10~* counts/keV/kg/yr, 100~ 80E \
0.6 x 10~ counts/keV/kg/yr B 60[ \
and 0.2 x 1074 S0 40F \
counts/keV/kg/yr (top left, top B - 20 ! -
. . oL . L it I h x10 o) b | i A [ [ x10
right, bottom left, bottom right). 0 0.5 1 15 2 25 3 0 0.5 1 15 2 25 3
The median sensitivity and Ty 90% Cllimit [yr] T2 90% Cl limit [yr]
interval containing 68% c.i. of —  220F —_ - :
the pseudo-experiments are also S 200F 5 1200 \
shown. Peaks are visible in the > 180F > 10005 |
case of a lower background % 160 % F }
corresponding to discrete counts 9 140 S 800 |
T 120 n r
around the Qgg e 100F . 6001 }
80F- 4000 ‘
60[- r \
40 200 }
225 L I I x10%7 ol | 1 x10%
05 1 15 2 25 3 0 05 1 15 2 25 3
T, 90% Cl limit [yr] T, 90% Cl limit [yr]
results can be significantly different from the reported median ~ References
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