
CUPID

SEARCHING FOR NEW PHYSICS IN 2νββ DECAY WITH CUPID

The development of cryogenic calorimeters to search for neutrinoless double-beta decay (0νDBD) has given in the last years increasingly promising results. To achieve 
a nearly background-free condition, scintillating crystals for 0νDBD have been developed. Thanks to the light-assisted particle discrimination, this technology 

demonstrated the complete rejection of the dominant alpha background. In addition, the possibility of achieving ton-scale exposures, maintaining an excellent energy 
resolution, lays the foundations for the CUPID project. CUPID is a next-generation experiment aiming to exploit 100Mo enriched scintillating Li2MoO4 crystals, 

operating as cryogenic calorimeters, to investigate the entire inverted hierarchy region for neutrino masses. Thanks to the high Qββ of 100Mo and the α-discrimination, 
the CUPID goal is to achieve a background level in the region of interest of 10-4 counts/(keV kg yr). Although the 0νDBD is the main objective of CUPID, other 

processes are open to experimental investigation, particularly those inducing a distortion of the 2νDBD spectral shape. Given the relatively fast half-life of 100Mo 
2νDBD, we expect to reach unprecedented sensitivities in the search for distortions induced by physics beyond the Standard Model.

EMANUELA CELI ON BEHALF OF CUPID COLLABORATION

• Re-use of CUORE cryogenic 
infrastructure at LNGS;


• Li2MoO4 scintillating crystals;

• Enrichment > 95%;

• 45×45×45 mm3 crystals;

• ~1500 crystals for 250 kg of 100Mo;

• Goal FWHM: 5 keV at Qββ;

• Target background index               

~10-4 counts/(keV kg yr)

• Li2MoO4 Light Assisted particle ID;
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Figure 5. Light yield as a function of energy deposited in the LMO and measured in a 125 h long 232Th
calibration at 12 mK. The energy scale is calibrated with W quanta. The population of W(V) events is clearly
separated from the U events, mainly originated by the 238U/234U smeared U source. The U events shown in
red were selected above 1 MeV with a !. cut below 0.25 keV/MeV.

In order to investigate a !. -based U/W(V) separation close to the 100Mo 0a2V region of
interest (ROI), we selected events within the 2.0–5.1 MeV energy range and a !. interval of 0.4–
1.0 keV/MeV for W(V)’s and 0–0.25 keV/MeV for U’s; both are shown in figure 6. A Gaussian fit
to each distribution provides a !. mean value (`) and standard deviation (f), which we used to
calculate the so-called discrimination power defined as

⇡%
U/W (V) =

��`
W (V) � `U

�� /qf2
W (V) + f2

U
. (3.1)

The ⇡%
U/W (V) based on the present data is around 8 (table 1), meaning about 8fU of alpha event

rejection while keeping almost 100% of W(V)’s. This rejection power fully satisfies the CUPID goal
of identifying 99.9% of alpha particles (corresponding to ⇡%

U/W (V) ⇠ 3.1).

The LMO light yield for W(V) events (!.
W (V) ) was found to be 0.64 keV/MeV, similar to one

measured with cylindrical shaped LMOs of ↵44⇥45 mm size [18, 24, 26]. However, in the present
study the light collection e�ciency was a�ected by the smaller area of the LD (15 cm2) with respect
to the LMO surface facing it (20 cm2) and by the entrance window of the Cu holder (↵45 mm). Thus,
considering only the direct light, the !.

W (V) is expected to be ⇠ 0.85 keV/MeV, once a 45 mm side
square LD is coupled to the LMO. In case of the use of two LDs, the !. should be roughly doubled,
as demonstrated by CUPID-Mo [24, 26]. The quenching factor (&�U) for U particles of 210Po
observed in the data (see the next section) is 0.2,5 in agreement with the previous data [18, 24, 26].

5Such a parameter is typically quoted without the correction from the thermal quenching and we follow that conven-
tion here.
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0νDBD SENSITIVITY

0νββ sensitivity to fully cover the inverted ordering 
region, corresponding to a discovery sensitivity greater 
than 1027 yr;

BACKGROUND PROJECTION

Simulations performed with a Geant4 based software taking 
into account the detector preliminary geometry. 

• 232Th, 238U and crystals internal contaminations taken from 

CUPID-Mo background studies (40K, 90Sr, 87Rb);

• 232Th and 238U in near copper taken from CUORE-0 

background model;

• 232Th and 238U in Cryostat taken from CUORE background 

studies;

• Activity of cosmogenic activated isotopes simulated with 

ACTIVIA;

2νDBD SENSITIVITY STUDIES

1. The CUPID predicted experimental spectrum is 

simulated with 1 yr equivalent statistic;

2. With a Bayesian analysis toolkit, the spectrum was 

fitted including bSM hypotheses changing spectral 
index n;


3. The analysis is repeated in two cases:

a. 90Sr is included but not fitted (underestimation)

b. 90Sr is fitted but not included (overestimation)
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Figure 45: Discovery sensitivity for a selected set of next-generation ton-scale experiments. The grey
shaded region corresponds to the parameter region allowed in the Inverted Hierarchy of the neutrino
mass. The red error bars show the m�� values such that an experiment can make at least a 3� discovery,
within the range of the nuclear matrix elements for a given isotope. Parameters of the CUPID detector
are listed in Table 11. The parameters of the other experiments are taken from Refs. [157–159].

including the CUPID phases described in Section 8, are shown in Fig. 45, assuming a livetime of 10 yr
for each experiment. The final sensitive exposure of each experiment depends on its isotope mass and
total e�ciency. Experiments with a large isotope mass and/or high e�ciency (e.g. nEXO and SNO+)
have a larger sensitive exposure than experiments with a lower isotope mass, e.g. CUPID. For a given
sensitive exposure, the sensitivity on m�� of a given experiment has a width that depends on the NME
for the corresponding isotope, which is represented by the two lines in the figure. For each isotope, we
used the phase space factors from Ref. [142], and all NMEs available in literature [143–155]. The band
for 100Mo is narrower than for the other isotopes due to the lack of NMEs computed with the interacting
shell model. A dedicated calculation was requested by the CUPID collaboration and is ongoing [156].
Fig. 45 immediately shows a viable strategy for CUPID: even with a relatively small isotope mass, we
can cover most of the region allowed in the inverted ordering (IO) even for the largest NME values.

Alternatively, we can consider the case in which the 0⌫�� decay is mediated by currently unknown
heavy neutrino(s) predicted by several extensions of the Standard Model (SM) [141]. These possibilities
have an increasing appeal because they o↵er more natural explanations for the mass of the known neutri-
nos, which can be obtained within the SM only assuming an extremely small coupling to the Higgs boson.
The common drawback of these models is the dependence on various assumptions and the presence of
additional parameters in the theory. An additional motivation for the study of 0⌫�� decay mediated by
heavy neutrinos is given by several independent measurements that favor the normal ordering. In parallel,
the cosmological measurements are putting increasingly stronger bounds on the sum of neutrino masses,
making the degenerate region unlikely. If this scenario is confirmed, the expected value of m�� can be
considerably smaller than in the IO. On the other hand, if next generation experiments find 0⌫�� decay
with half-lives shorter than predicted by light neutrino exchange and normal ordering, the exchange of
heavy neutrinos must be involved. The new physics term of Eq. 2 is:

|f | = M�� =

����

P
i V

2
eiMi

p2 � M2
i

���� , (4)

where the sum runs over the number of heavy neutrinos introduced by the SM extension under consider-
ation, V is an extended version of the PMNS mixing matrix that comprises the heavy neutrino(s), Mi are
the heavy neutrino mass eigenvalues, and p is the momentum exchanged in the reaction (p ⇠ 200 MeV).

We consider one of the several possible models as an example, which involves the exchange of an
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9 Physics sensitivity and other measurements

9.1 Sensitivity to 0⌫�� decay

The main physics goal of CUPID is searching for 0⌫�� decay with a discovery sensitivity greater than
1027 yr in the half-life of the process, T 0⌫

1/2. The sensitivity scales linearly with the livetime of the mea-
surement for an experiment with zero background, or as the square root of the live-time for a background-
dominated experiment. In practice, the relevant parameters are 1) the sensitive exposure, defined as the
product of the isotope mass, live-time, and total e�ciency, and 2) the sensitive background, defined as
the expected number of background events in the ROI normalized by the sensitive exposure. The sensi-
tive background depends on the BI at Q�� , measured in counts/(keV·kg·yr), and on energy resolution,
which defines the ROI width. Fig. 46 shows the 3� discovery sensitivity of CUPID for di↵erent values
of the BI and energy resolutions. In order to maximize the sensitivity and make the most e�cient use
of the active material, the measurement has to be performed as close as possible to the zero background
approximation. Fig. 46 also shows that the energy resolution is a somewhat less relevant parameter once
the background is low enough.
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Figure 46: Left – Discovery sensitivity on the 0⌫�� decay half-life for an energy resolution of 5 keV FWHM
and di↵erent background levels. Right – Discovery sensitivity for a BI of 10�4 counts/(keV·kg·yr) and
di↵erent energy resolutions.

The 0⌫�� decay can be induced by several mechanisms [141], with the following relation between T 0⌫
1/2

and the parameter describing the new physics, |f |:

1

T 0⌫
1/2

= G0⌫g
4

AM2|f |2 , (2)

where G0⌫ is the phase space, gA is the axial vector coupling constant, and M the nuclear matrix element
(NME) relevant for the process. Under the minimal assumption that only the three known neutrinos are
exchanged in the reaction, |f | corresponds to the e↵ective Majorana mass:

|f | = m�� =

���
P

3

i=1
U2

eimi

���
me

, (3)

where U is the PMNS mixing matrix, mi the neutrino mass eigenvalues, and me the electron mass. The
discovery sensitivities on m�� for several proposed next-generation experiments measuring 0⌫�� decay,
including the CUPID phases described in Section 8, are shown in Fig. 47, assuming a livetime of 10 yr
for each experiment. The final sensitive exposure of each experiment depends on its isotope mass and
total e�ciency. Experiments with a large isotope mass and/or high e�ciency (e.g. nEXO and SNO+)
have a larger sensitive exposure than experiments with a lower isotope mass, e.g. CUPID. For a given
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THE  CUPID PROJECT
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a(3)
of upper limit (90% C.I.)

1.60 ⇥ 10�14 GeV Exclusion sensitivity

1.52 ⇥ 10�14 GeV Exclusion sensitivity with
90Sr overestimated

5.70 ⇥ 10�13 GeV Exclusion sensitivity with
90Sr underestimated

3.5 ⇥ 10�7 GeV Actual experimental limit
(NEMO-3)

References

n mode Half-life at 90%C.I. gee exclusion sensitivity

1 �0 9.7 ⇥ 1021 (6.63 - 7.69) ⇥10�6

3 �0 4.8 ⇥ 1022 (1.07 - 1.39)
3 �0�0 4.8 ⇥ 1022 (6.66 - 8.00) ⇥10�2

7 �0�0 1.0 ⇥ 1022 (6.01 - 7.82) ⇥10�1

1

Lorentz-violating term 
aof(3) implies n = 4.

case limit at 90% CI

Half-lives at 90%C.I. (yr)

n normal case 90Sr overestimated 90Sr underestimated Actual limit

1 7.9 ⇥ 1023 7.3 ⇥ 1023 2.0 ⇥ 1024 1.1 ⇥ 1024

3 5.0 ⇥ 1022 5.0 ⇥ 1022 2.5 ⇥ 1021 4.4 ⇥ 1021

7 7.3 ⇥ 1021 7.3 ⇥ 1021 2.8 ⇥ 1023 1.3 ⇥ 1021

Half-lives at 90%C.I. (yr)

n normal case 90Sr overestimated 90Sr underestimated

1 7.9 ⇥ 1023 7.3 ⇥ 1023 2.0 ⇥ 1024

3 5.0 ⇥ 1022 5.0 ⇥ 1022 2.5 ⇥ 1021

7 7.3 ⇥ 1021 7.3 ⇥ 1021 2.8 ⇥ 1023

n mode gee exclusion sensitivity

1 �0 (6.1 - 8.4) ⇥10�6

3 �0 (0.8 - 1.5)
3 �0�0 (4.6 - 6.7) ⇥10�3

7 �0�0 (5.0 - 8.3) ⇥10�1

2

case limit at 90% CI

Half-lives at 90%C.I. (yr)

n normal case 90Sr overestimated 90Sr underestimated Actual limit

1 7.9 ⇥ 1023 7.3 ⇥ 1023 2.0 ⇥ 1024 1.1 ⇥ 1024

3 5.0 ⇥ 1022 5.0 ⇥ 1022 2.5 ⇥ 1021 4.4 ⇥ 1021

7 7.3 ⇥ 1021 7.3 ⇥ 1021 2.8 ⇥ 1023 1.3 ⇥ 1021

Half-lives at 90%C.I. (yr)

n normal case 90Sr overestimated 90Sr underestimated

1 7.9 ⇥ 1023 7.3 ⇥ 1023 2.0 ⇥ 1024

3 5.0 ⇥ 1022 5.0 ⇥ 1022 2.5 ⇥ 1021

7 7.3 ⇥ 1021 7.3 ⇥ 1021 2.8 ⇥ 1023

n mode gee exclusion sensitivity

1 �0 (6.1 - 8.4) ⇥10�6

3 �0 (0.8 - 1.5)
3 �0�0 (4.6 - 6.7) ⇥10�3

7 �0�0 (5.0 - 8.3) ⇥10�1

2

For spectral indices n=1,7 bSM spectra do not correlate 
with 90Sr.
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