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Abstract

:

This review aims to cover the history and recent developments on cryogenic bolometers for neutrinoless double beta decay (0 ν 2 β ) searches. A 0 ν 2 β  decay observation would confirm the total lepton charge non-conservation, which is related to a global U(1)    L C    symmetry. This discovery would also provide essential information on neutrino masses and nature, opening the door to new physics beyond the Standard Model. The bolometric technology shows good prospects for future ton-scale experiments that aim to fully investigate the inverted ordering region of neutrino masses. The big advantage of bolometers is the high energy resolution and the possibility of particle identification, as well as various methods of additional background rejection. The CUORE experiment has proved the feasibility of ton-scale cryogenic experiments, setting the most stringent limit on    130  Te 0 ν 2 β  decay. Two CUPID demonstrators (CUPID-0 and CUPID-Mo) have set the most stringent limits on    82  Se and    100  Mo isotopes, respectively, with compatibly low exposures. Several experiments are developing new methods to improve the background in the region of interest with bolometric detectors. CUPID and AMoRE experiments aim to cover the inverted hierarchy region, using scintillating bolometers with hundreds of kg of    100  Mo. We review all of these efforts here, with a focus on the different types of radioactive background and the measures put in place to mitigate them.
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1. Introduction


Efforts to obtain a more complete model of fundamental forces and elementary particles have been substantially focused on the determination of neutrino properties in the last years. Nevertheless, significant information on neutrinos is still missing. What is the neutrino nature? Which are the neutrino masses and their ordering [1]? In fact, even though the Standard Model (SM) successfully describes the known elementary particles and their interactions (electromagnetic, weak, and strong), it contains an assumption on neutrino properties—these particles are considered massless in the SM—that has not passed the experimental scrutiny. The results of solar neutrino experiments [2] have shown for decades a significant deficit of the neutrino flux from the sun and a related effect was observed later in the atmospheric neutrino flux. These phenomena were explained by neutrino oscillations, giving strong evidence of physics beyond the SM, as these oscillations—consisting of a periodic interchange between neutrino flavors—can take place only if neutrinos have finite masses. Massive neutrinos can be built in extensions of the SM including a Majorana mass term: this is the most “economical” way to include neutrino masses in the SM. The questions on neutrino nature and masses are a hot topic these days, since the answers to these questions will provide missing elements for an upgraded theory of elementary particles and for cosmology. Numerous experiments are focused on the investigation of neutrino properties and, thanks to the achievement of higher technology levels, the discovery potential of these searches will be very high in the next decade. One of the possible ways to get answers to these questions is the research for neutrinoless double beta decay. The detailed description of this process and the connection to neutrino properties are reported in Section 2. Further, we will move to the challenges posed by neutrinoless double beta decay observation in Section 3. As it will be explained in this section, background in the region of interest (ROI) requires particular attention for double beta decay experiments. This review will focus on a specific technology for studies on this process: cryogenic detectors, that have demonstrated to be a powerful and promising technique in the past decades. Section 4 is dedicated to a detailed description of bolometer principles of operation, including a simple thermal model. Different bolometric projects, searching for double beta decay, will be divided according to the technology of background rejection in Section 6, with exception of the CUORE experiment, presented in Section 5. In fact, this experiment has a special position among current bolometric projects, since CUORE has first proven the viability of the bolometric technology on such a big scale and paved the way for the next generation of cryogenic searches for double beta decay.




2. Neutrinoless Double Beta Decay


Two main modes of 2 β  decay are usually discussed: two-neutrino double beta decay (2 ν 2 β ) and neutrinoless double beta decay (0 ν 2 β ). Both modes are energetically possible for 35 natural isotopes [3]. In the 2 ν 2 β  mode, the nucleus emits two antineutrinos and two electrons. This channel is not violating any conservation law, so it is allowed by the Standard Model (SM) and was already observed. The available kinetic energy   Q  2 β    is shared among the two electrons and the two antineutrinos, as the energy of the recoiling nucleus is negligible. As the antineutrino fraction of the kinetic energy varies from decay to decay, the sum of the energies of the two electrons has a continuous spectrum. Besides 2 β  decay, there are also other possible processes with the simultaneous change of daughter nucleus charge by two units, such as double positron decay (2  β +  ), electron capture with positron emission (  ε  β +   ) and double electron capture (  2 ε  ) [3].



Currently, 2 ν 2 β  decay was observed in 11 nuclei, and   2 ε   capture in 3 nuclei (with some uncertainties for    78  Kr results). A recent review [4] summarizes all the measurements of 2 ν  decay processes, with the exception of a very recent update on    130  Te half-life [5]. It is worth noting that the results, provided by bolometric experiments, have a very high measurement accuracy of the 2 ν 2 β  half-life, reaching 1–2%, while other types of experiments are providing accuracy at the level of 2–10%.



Double beta decay without neutrino emission—proposed for the first time by Furry about 80 years ago [6]—is given by:


   ( A , Z )  →  ( A , Z + 2 )  + 2  e −   



(1)







The main feature of 0 ν 2 β  is the violation of the lepton charge by two units. Two matter particles (electrons) are generated without being accompanied by antimatter particles as a counterpart. Since lepton charge conservation is associated with global U(1)    L C    symmetry, the observation of its violation would have fundamental importance for the new physics beyond the Standard Model. Such a process is possible in many theories beyond the SM with different mechanisms. There is, however, a natural and minimal extension of the SM that is considered as the standard mechanism for 0 ν 2 β  (often defined as “mass mechanism”). In this framework, the process can be explained by assuming simply the Majorana nature of massive neutrinos in the SM. This means that neutrinos and antineutrinos coincide, like in the case of photons, even though, there is currently no known fermion with this property. The Majorana quantum field can fully describe massive neutrinos, and it causes different physical predictions than in the case of Dirac theory. In particular, 0 ν 2 β  would be possible only in the Majorana case. The discovery of Majorana neutrinos would have a great impact on particle physics. If 0 ν 2 β  is observed, the neutrino nature will be established, opening the way to the investigation of new physics models. Information on neutrino nature will also lead to a better understanding of the leptogenesis process which may explain the origins of matter–antimatter asymmetry of the Universe.



The development of 0 ν 2 β  experiments is ongoing with the investigation of new detection techniques and data analysis tools. The landscape of 0 ν 2 β  search is well described by a nowadays classical plot, showing the dependence of the effective Majorana neutrino mass   m  β β   —the physics parameter accessible thanks to 0 ν 2 β  investigation—on the lightest neutrino mass. In case of the light neutrino exchange mechanism, the 0 ν 2 β  decay rate relation with   m  β β    can be described as follows:


    (  T  1 / 2   0 ν   )   − 1   =  G  0 ν    g  A  4    | N M E |  2    〈  m  β β   〉  2  ,  



(2)




where   G  0 ν    is the phase-space factor, whose value is extracted by calculations [7],   N M E   are nuclear matrix elements which are also a product of computation. Currently,   N M E   are the subject of large uncertainties, so there are many efforts that are devoted to their accurate estimation [8,9].   g A   is the axial coupling constant in weak interactions. The effective Majorana mass term can be determined through three neutrino eigenstates with masses   m 1  ,   m 2  ,   m 3  :


   m  β β   =  |  ∑  i = 1 , 2 , 3    U  e i  2   M i  |   



(3)




where   U  e i    is the PMNS mixing matrix with two additional Majorana phases [10]. The allowed regions for the effective Majorana mass are constrained by neutrino oscillation parameters and limits on the lightest neutrino mass.



In particular, there are two possible regions mutually exclusive but partially overlapping: the inverted ordering region (   m 3  <  m 1  <  m 2   ) and the direct ordering region (   m 1  <  m 2  <  m 3   ). Currently, double beta decay experiments are just starting the investigation of the region where only the inverted ordering is admitted in Figure 1.



One can separate the experiments into two groups: calorimetric and tracko-calo detectors. Calorimetric experiments use the “detector = source” approach, which gives an advantage of very high detection efficiency: about 70–90% up to FWHM = 0.1% at   Q  β β   . In tracko-calo experiments, the source and detectors are separated. Now, there is only one collaboration, searching for double beta decay with this approach: the NEMO-3 demonstrator has shown the power of the technology (setting limits on 0 ν 2 β  decay for several isotopes [20,21,22,23]), and now, the SuperNEMO experiment is in preparation [24]. A thin foil containing the isotope of interest is measured by the tracker, made of wire cells, and the calorimeter, made of scintillating blocks read out by PMTs. This method allows for a full reconstruction of electrons tracks and measurement and identification of background components. However, it has some disadvantages, as low efficiency, energy resolution, and complications with scaling up the detector mass. Calorimetric experiments are more promising for next generations of 0 ν 2 β  searches, as the efficiency of the detectors allows to have large exposure within a reasonable time.



Experiments with ultrapure germanium semiconductor diodes, investigating    76  Ge, have an outstanding energy resolution in the ROI that can be obtained at liquid nitrogen temperature, ∼0.2% FWHM at 2 MeV. This kind of detector is well-studied and can be produced in a large amount with masses in the kg range for a single module. The GERDA experiment [14] recently set a new limit on 0 ν 2 β  decay of    76  Ge (Table 1). Since    136  Xe is a noble gas, this isotope can be efficiently studied in liquid scintillator detectors or Time Projection Chambers (TPC). With this kind of technology, the active mass used in the 0 ν 2 β  experiment can be bigger than for any other type of detector. The main disadvantage of    136  Xe experiments is the low energy resolution with respect to other 0 ν 2 β  decay searches. The limit obtained by the KamLAND-Zen experiment with a liquid a scintillator technique [13] is the most stringent one up-to-date (Table 1) among all 0 ν 2 β  studies with different isotopes, thanks to the advantage of the big exposure. Bolometric experiments, working with dielectric crystals of various compounds, are amongst the most sensitive for several isotopes thanks to a combination of factors: high energy resolution, high efficiency and availability of methods to abate the background [25]. A recent APPEC committee report provides an extensive overview of existing, planned, and proposed technologies for 0 ν 2 β , as well as a comparison of technological challenges and discovery potentials for ton-scale experiments [26].




3. Challenges for Double Beta Decay Searches


Experimentally, the sensitivity of neutrinoless double beta decays in case of no observation of the effect is given by a limit, corresponding to the half-life of the signal that could be emulated by background fluctuations at a given confidence level. In the general case, this sensitivity is given as follows:


   T  1 / 2   0 ν 2 β   =   l n ( 2 )   n σ      N A  a η ϵ  W  f  ( Δ E )      M · t   b · Δ E   ,    



(4)




where   n σ   is the number of Gaussian standard deviations,   N A   is the Avogadro constant, a is the isotopic abundance,  η  is the number of the isotope of interest nuclei per molecule of the active mass,  ϵ  is the detection efficiency, W is the molecular weight of the active mass, M is the source mass, t is the exposure time, b is the background index (number of counts per mass, time, and energy unit), and   Δ E   the energy resolution in the ROI.



Almost all 0 ν 2 β  experiments of the next generation are considering the “zero-background approach”, where the background index in the ROI should be so small that   b · Δ E · M · T ≪ 1  . In this case, the background fluctuations are replaced by a fixed number that represents the excluded number of counts at a given confidence level when no count is detected in the ROI [27]:


   T  1 / 2   0 ν 2 β   =   l n ( 2 )   l n ( 1 −   c . l .  100  )      N A  a η ϵ  W  · M · t · f  ( Δ E )   



(5)







With this approach, experiments gain a significant improvement in sensitivity with the same exposure.



Theoretically, there are 35 isotopes capable of undergoing 2 β  decay, but only a few of them can be really deployed in ton-scale experiments. A “perfect” choice would be an isotope that has a large natural abundance and/or can be easily concentrated by enrichment, and that can be deployed in large quantity in a background-free experiment with high-energy-resolution and high-efficiency detectors. In Table 1 common isotopes of interest for 0 ν 2 β  experiments are shown, as well as lowest half-lives limits, achieved by now. In addition, the calculations of nuclear matrix elements and phase-space factors have to be taken into account: it would be rational to choose the isotope with the highest rate, but again, the possibility of enrichment plays a significant role, as for ton-scale generation of experiments, it may significantly affect the cost of building the detector. In reality, there is no isotope that unites all requirements, thus, experiments have to balance out the isotope choice and the detector design to maximize sensitivity.
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Table 1. Natural isotopic abundance and Q-value for common experimentally studied 2 β  emitters. The nuclei are sorted by Q-value in ascending order. The results on T    1 / 2   0 ν    are quoted for the most stringent limits obtained.
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	Isotope
	Isotopic

Abundance (%)
	   Q  2 β     (keV)
	T     1 / 2   0 v     Limit, yr
	Detection

Technology
	Ref., Year





	   48  Ca
	0.2
	4263
	6.2 × 10   22  
	Inorganic scintillators
	[28] 2020



	   76  Ge
	7.8
	2039
	1.8 × 10   26  
	Semicoductors
	[14] 2020



	   82  Se
	9.2
	2998
	4.7 × 10   24  
	Scintillating bolometers
	[16,17] 2021



	   96  Zr
	2.8
	3348
	9.2 × 10   21  
	Tracking calorimeter
	[29] 2010



	   100  Mo
	9.6
	3035
	1.8 × 10   24  
	Scintillating bolometers
	[18,19] 2021



	   116  Cd
	7.6
	2813
	1.9 × 10   23  
	Inorganic scintillators
	[30] 2016



	   124  Sn
	5.79
	2288
	—
	—
	



	   130  Te
	34.1
	2527
	3.2 × 10   25  
	Pure bolometers
	[15] 2020



	   136  Xe
	8.9
	2459
	1.07 × 10   26  
	Liquid scintillator
	[13] 2016



	   150  Nd
	5.6
	3371
	2.0 × 10   22  
	Tracking calorimeter
	[20] 2016



	   238  U
	99.3
	1150
	2 × 10   21  
	Geochem.
	[31] 1991









4. Bolometers


Bolometers are detectors that measure radiation via a temperature change, caused by the interaction of the radiation with the detector’s body. A bolometer consists of a single dielectric crystal—the active part of the detector—coupled to a temperature sensor. For double beta decay experiments, the common approach is to use crystal compounds, that contain the isotope of interest, as absorbers. This allows obtaining very high detection efficiency. The detectors are cooled down to very low temperatures, to be able to detect a temperature change after the particle interaction above the noise level.



One of the key features required to build an effective, high-sensitivity bolometric detector is the low heat capacity C of the absorber. The particle interaction in the absorber causes a temperature increase by   Δ T  , which is proportional to the deposited energy E:


  Δ T =  E C   



(6)







Currently, the required range of operating temperature is 10–20 mK for most absorbers used in double beta decay experiments.



A simple scheme of a bolometer is shown in Figure 2.



Thanks to the possibility to embed the isotope of interest in the detector itself, bolometric experiments have very high detection efficiencies.



Such detectors can have an excellent energy resolution in proper conditions—a stable environment, low vibrations, and low electronic noise. The intrinsic limitation to the energy resolution is given by the thermodynamic fluctuations of the internal energy of the detector, due to the random phonon interchanges with the heat bath through the thermal links. Then, the intrinsic RMS noise can be quantified through the fluctuations   Δ  E  i n t     of the internal energy: in a simplified derivation, we can assume that the average thermal energy of excitations is    〈 ϵ 〉  ∼  k B  T  , and the number of phonons in the absorber N is given by the heat capacity:   N = C  ( T )  /  k B   . Then,


  Δ  E  i n t   =  N  ·  k B  T =    k B  C  ( T )   T 2     



(7)







According to this equation, the typical intrinsic resolution of common bolometers, used for 0 ν 2 β  is of the order of a few eV. It is worth noting that the actual energy resolutions of such devices are of the order of a few keV in the ROI. Even though it is possible to show that energy resolutions of the order of magnitude of     k B  C  ( T )   T 2     are expected even when considering the thermistor Johnson noise and the preamplifier noise (if properly optimized), this simple approach is not enough to fully model the energy resolution of a bolometer, since there are other mechanisms to be taken into account, such as energy losses in the detector volume leading to thermalization noise, plus large contributions from external noise sources: microphonics, vibrations, thermal fluctuations, and other parasitic effects.



In the previous discussion, the bolometer was considered as a perfect calorimeter, i.e., a device in which the energy released by an interacting particle is fully converted to heat. Actually, this thermalization process is preceded by a complicate cascade of events. Initially, a hot electron-hole cloud is produced by an ionizing event, as in the case of double beta decay. The relaxation of this electronic system produces excitations of the medium’s elastic field, modifying the energy spectrum of the detector’s phonon system, which was in thermal equilibrium before the particle interaction. The detector works as a perfect calorimeter only if its time response is slow enough to allow the phonon system to relax on a new equilibrium distribution. Conversely, if the detector response is very fast, the excess non-equilibrium phonons resulting from the electron-hole relaxation can contribute to the signal before they thermalize. However, the microphysics of the detection mechanism is still unexplored and it is difficult to distinguish between these two extreme cases in most of the experimental situations. Nevertheless, even when bolometers are not pure calorimeters, their intrinsic energy resolution is better than for conventional detectors, since the typical energy of the primordial excitations (high frequency phonons) is of the order of the Debye energy (∼10 meV), and so very low with respect to conventional detection mechanisms (ionization, gas or scintillation detectors), where it amounts to eV’s or tens of eV’s. Detection mediated by non-equilibrium phonons is very attractive, as in principle it contains much information—position of the interaction, discrimination among different types of interacting radiation, and direction of the primary recoil—that is washed out by thermalization [32]. Currently, bolometric detectors found applications in many different fields of fundamental physics, especially in rare event detection [33].



4.1. Phonon Sensors


The phonon sensors for bolometric detectors are devices—in strong thermal coupling with the absorber—that convert temperature variations—or excess out-of-equilibrium phonons—into an electrical signal. There are three types of sensors that are used in bolometric double beta decay searches:




	
Neutron Transmutation Doped (NTD) Ge thermistors are critically doped semiconductors operated below the metal–insulator transition. They can cover a wide range of temperatures but have relatively slow signals (intrinsically, in the ms time scale). The semiconductor element is usually glued to the absorber [34], typically by two-component epoxy, but other solutions are under investigation such as UV-curing glue. They are easily reproducible on large scales. NTDs do not require electronics at cold stages—although this can help in some situations. The signal consists of a voltage change, and only two wires per sensor are needed for bias and read out. The typical NTD response is ∼10 ms for the rise time and hundreds of ms for the decay time in large mass crystals.



	
Transition Edge Sensors (TES) consist of superconductive films operated in a narrow neighborhood around the transition temperature   T c  , where the resistance of the sensor changes abruptly with small variations of the temperature. TESs can be directly evaporated on the absorber surface, providing a much faster response and giving the sensitivity to athermal phonons rather than thermal in the case of gluing [35]. Due to the low impedance, optimal readout requires the use of superconducting quantum interference devices (SQUIDs), which may be a complication, especially in the case of hundreds or thousands of channels.



	
Metallic Magnetic Calorimeters (MMC) use materials with magnetization–temperature dependence. They have high energy resolution and fast signals, but they also require a readout system based on SQUIDs [36].









4.2. Cryostats


An essential component of the bolometric experiments is the cryogenic facility itself, which shall provide a possibility to measure arrays of bolometric detectors in stable conditions for years. The use of dilution refrigerators (DR) can provide cooling down of the samples and maintain stable conditions at T ≈ 10–20 mK.



The development of cryogenic facilities over the years has shown huge progress in stability, size, and efficiency of use. We observed a transition over the last years from cryostats that used cryogenic liquids to pulse-tube cryostats capable of pre-cooling to ≈4 K temperatures with a thermal machine. This transition gives a big advantage in terms of budget—no need to buy big amounts of liquid helium, just using a closed-cycle system. The drawback of the pulse-tube cryostats is the increase of the vibration level, as the pulse tube is a source of vibrations at low frequencies. Significant progress was made to improve the vibrations level and decoupling of the detectors [37,38,39]. The CUORE experiment has proven that such a complex facility can be operated in stable conditions for a ton-scale detector. This demonstration has opened the door for the next generation of bolometric experiments.




4.3. Bolometers for 0 ν 2 β  Searches


Bolometric experiments propose detectors with high energy resolution (≈0.2% at   Q  2 β   ), but they are limited by:




	(a)

	
Crystal compounds that can contain the isotopes of interest—it should be possible to embed such isotope into a dielectric single crystal, and such crystals should be grown in large quantities with good reproducibility;




	(b)

	
Size of a cryostat—currently, the largest cryostat is the CUORE one, which is able to host around 1 cubic meter of detectors. Scaling beyond this size was never done before, and requires dedicated technological research;




	(c)

	
Available technologies for background reduction.









Experiments and working prototypes based on bolometers—at very different maturity levels—have been performed with the aim of investigating the six nuclides    48  Ca,    100  Mo,    82  Se,    116  Cd,    130  Te and    124  Sn. Competitive experiments have been performed and are planned for    130  Te (CUORE experiment with natural TeO   2  —Section 5, an R&D with Cherenkov light tagging for  α  rejection—Section 6.2.6),    100  Mo (this isotope has a high priority: several experiments are working on its investigation on different scales: CUPID-Mo demonstrator, Section 6.2.2, has finished its data taking and technology is adopted for CUPID, the future ton-scale detector, Section 6.2.7. AMoRE experiment is ongoing, scaling to ∼hundreds kg detector, Section 6.2.3. BINGO, Section 6.1.1 and CROSS, Section 6.3.1 experiments are investigating additional tools for background reduction), and    82  Se (CUPID-0 demonstrator, Section 6.2.1). R&D is ongoing on    48  Ca (described in Section 6.2.4) and    124  Sn.    116  Cd was studied with few prototypes, described in Section 6.2.5. (The case of    76  Ge is special: highly-performing bolometers can be fabricated using single Ge crystals, but they are not employed in 0 ν 2 β  search as the technique based on large-volume Ge diodes is more competitive in terms of energy resolution and background control).



All the above-mentioned isotopes and the related bolometric experimental efforts will be discussed in the next sections—following an approach privileging the techniques for the control of the background—with the exception of the less mature    124  Sn case, that will be shortly treated here. The INdia-based TIN Detector (TIN.TIN) is an experiment aiming at studying    124  Sn 0 ν 2 β  decay [40]. The detector will be housed at the upcoming underground facility in the India-based Neutrino Observatory (INO). The project is in the R&D phase, and reasonable performance of tin bolometers was demonstrated only with small-scale samples. An array of tin microcalorimeters with TES sensors was measured [41], achieving 22 keV FWHM resolution at a 97.43 keV line. However, the detector size has to be scaled up a lot for double beta searches, and fabricating a large size superconducting bolometer appears to be a challenge. It was observed that the thermalization time in superconductors can be large compared to insulating bolometers. The experiment has planned, as a next step, to build detector with a 27 element array of 3 × 3 × 3 cm   3   tin crystals [42]. However, additional complications are arising due to tin pest—currently, it is a major concern for TIN.TIN detectors development, and various alloys have been tested [43]. If the chosen tin alloys will meet the requirements for cryogenic operation, one has to confirm that radiopurity levels are sufficient for a sensitive 0 ν 2 β  decay experiment.





5. CUORE Experiment: A Saga of TeO   2   Bolometers


The Cryogenic Underground Observatory for Rare Events (CUORE) is the first bolometric experiment that has confirmed the viability of cryogenic detectors technology on a ton scale. The cryostat and its infrastructure is located in the underground Gran Sasso National Laboratory (Italy). The detector consists of an array of 988 TeO   2   crystals arranged in a compact cylindrical structure of 19 towers, for a total active mass of 742 kg, and 206 kg of    130  Te. Thanks to the high natural abundance of    130  Te (34%), isotopic enrichment was not required in CUORE. The average energy resolution at the ROI is 7.7(5) keV. The current limit on T    1 / 2    is 3.2   ×   10 25    yr, which corresponds to an upper limit on the effective Majorana mass at 75–350 meV [15].



The development of TeO   2   bolometers, which led to the CUORE experiment, started in the early 1990s. The first prototype was a 6-g crystal, and starting from that, TeO   2   bolometers were progressing fast with an increase in size, performance, and modularity. The CUORICINO experiment has demonstrated the viability of cryogenic double beta decay experiments on a mid scale [44], leading to the construction of CUORE-0, a single tower prototype [45].



CUORE clearly demonstrated the power of the bolometric technology, being competitive at the ton scale level and being currently the third most sensitive 0 ν 2 β  experiment worldwide.



A recent review of CUORE development and achievements describes extensively the path made to obtain these results [46].



Not only the CUORE experiment provided the most stringent limit on the 0 ν 2 β  decay of    130  Te and one of the best worldwide on the effective Majorana mass, but it also produced an essential outcome for future bolometric experiments: the CUORE background model, which clearly shows the impact of the various components on the background level in the ROI [47].



The CUORE background model teaches two main lessons, which guide the choices to be taken in any future bolometric experiments:




	
In pure bolometers, without additional active tools for background rejection, the  α  background coming from surface contamination—either of the crystals themselves or of the material surrounding them—dominate at the level of   10  − 2    counts/keV/kg/yr, see Figure 3. This contribution is flat in the energy spectrum over a large range, as the  α  energy is degraded due to a partial absorption in passive materials. This range covers the ROI not only of    130  Te but also of all the most promising candidates.



	
The subdominant contribution is due to external  γ  background, at the level of   10  − 3    counts/keV/kg/yr. This is specific of candidates—as    130  Te—with a ROI below ∼2.6 MeV, where the bulk of the  γ  natural radioactivity is located. Above this value, the  γ  background level drops by at least an order of magnitude. This contribution can in principle be reduced by a stricter selection of the materials for the cryostat and the shielding.








The CUORE detector was composed of “classical” bolometric materials—copper, PTFE, epoxy glue. We do not expect that these materials can be fully replaced or purified much more for future bolometric experiments. In terms of surface cleaning, an arsenal of costly and time-consuming operations was deployed in the preparation of the CUORE detector. It is imprudent to count on a more effective surface treatment in the design of future experiments. Therefore, the improvements must rely on the isotope choice and on new concepts in the detector technology aiming at background rejection.



In conclusion, CUORE shows us that the background index in the ROI depends first on the location of the ROI itself [47]. It is critical if the transition energy is below 2.6 MeV, as in the case of    130  Te. Here, we see a relevant contribution of the  γ  background, which could be controlled with a novel technique proposed in BINGO (Section 6.1.1).



If we move to isotopes with transition energies above 2.6 MeV (for instance,    82  Se and    100  Mo have Q-values around 3 MeV), we still have to cope with the major contribution from surface  α  events, which is typically at the level of   10  − 2    counts/keV/kg/yr. The rejection of  α ’s (Section 6.2)—either with the use of scintillating bolometers or with surface-sensitive bolometers as in CROSS (Section 6.3.1)—and the simultaneous use of an isotope with a Q-value above 2.6 MeV brings the background index in the region   10  − 3   –  10  − 4    counts/keV/kg/yr, as demonstrated in CUPID-0 (Section 6.2.1) and CUPID-Mo (Section 6.2.2) and predicted in CUPID (Section 6.2.7) and AMoRE (Section 6.2.3). In particular, CUPID can be considered as the direct follow-up of CUORE as it aims at using the same cryogenic infrastructure, although it adopts the CUPID-Mo technology.



Further improvements of CUPID are already under discussion at the R&D level with the aim to reach a background index of the order of or below   10  − 5    counts/keV/kg/yr. This goal requires the discrimination also of the  β  background (Section 6.3), especially from surface contamination (possible with CROSS and BINGO), and the control of the background induced by the random coincidences of 2 ν 2 β  decay events (Section 6.4), if    100  Mo-enriched bolometers are used.




6. Approaches to Reduce Different Background Contributions


Background is the keyword in 0 ν 2 β  decay experiments [48]. The bolometric technology provides several possibilities to control different forms of background [49]. We will discuss here these approaches—grouped according to the background source—and the experiments or the R&D’s in which they are implemented. We will omit the description of methods to reject residual cosmic muon and neutron background in underground laboratories—based essentially on active vetos located externally to the detector setup—as they are not specific for the bolometric technology.



6.1.  γ  Background


The detectors in double beta decay experiments are always installed underground and heavily shielded to reduce external backgrounds. Still, after the reduction, the main sources of contamination are the detector construction materials, that can be a close background source. In addition, the experience of CUORE shows that external  γ  background can still play a relevant role. Omnipresent radioisotopes are from    238  U and    232  Th natural radioactivity chains.    208  Tl is the isotope with the highest energy  γ  line from these chains, at 2615 keV. As discussed above, choosing 0 ν 2 β  isotope with Q    2 β    above this value gives a significant advantage for background in the ROI.



The reduction of contamination of detectors materials is achieved through the production of radiopure materials or purification with specific techniques. Radiopurity screening of all detector components is always required. The screening results are often shared and aid the process of materials selection for future experiments.



Exploiting the fact that bolometric detectors are usually tight-packed arrays, the application of anti-coincidence analysis allows to exploit the high granularity to reject multi-site events, such as multi-Compton interactions induced by  γ -rays and muons crossing more than one detector.



6.1.1. BINGO


BINGO is a recent project focused on building a demonstrator with an efficient  γ -background rejection. This experiment will use TeO   2   and Li   2  MoO   4   crystals for the demonstrator, going along with the CUPID experiment. The key points of background reduction will be:




	
The use of an active shield, based on ZnWO   4   or BGO scintillators with bolometric readout, to suppress the external  γ  background;



	
The increase of the light detector sensitivity thanks to Neganov–Luke amplification;



	
A new type of detector assembly that will reduce the total surface radioactivity contribution.








The first point is particularly relevant in the discussion on  γ  background. For the first time in a large array of macrobolometers, an active inner shield will be installed directly in the experimental space in the mK region to reduce the contribution coming from external  γ  radioactivity. This is indispensable in the more difficult case of    130  Te, but relevant in general if a background index below   10  − 5    counts/keV/kg/yr is targeted.



The internal shield proposed in BINGO is an almost hermetic arrangement of scintillating bars, forming a barrel all around the arrays of crystals and placed nearby the bolometers. Each bar will be a single ZnWO   4   crystal. This material is chosen because of its attractive features: high density (7.8 g/cm   3  ); high average Z (∼51); possibility to grow large crystals; high scintillation yield, of the order of at least 9300 photons/MeV at room temperatures and largely improvable at low temperatures; long light attenuation length (∼20–30 cm) at the peak emission wavelength (480 nm); impressive achievable radiopurity (<0.17  µ Bq/kg in    228  Th).



Each bar will be read out by two Neganov–Luke Ge-based light detectors at its extremities. It is worth remarking that the ZnWO   4   crystals will not be operated as bolometers, but as pure scintillators (with a major simplification of the assembly). Only light detection will be performed bolometrically, as this choice is quite convenient in a mK environment. Preliminary evaluations point at an active-shield thickness of about 10 cm.



Once that the concept is validated by BINGO, the objective in next-generation experiments will be the design and the installation of an active shield capable of reducing the background observed in CUORE by at least two orders of magnitude [50].





6.2.  α  Background


 α  contamination can be divided into two main subcategories: bulk and surface. Bulk contamination from nuclei belonging to the natural radioactive chains is mostly harmless in terms of  α  particles: energy is far above the ROI (with the exception of Ca   48  ), and all the energy of decay is absorbed. In case of surface contamination, the energy can be absorbed only partially, and  α  events would contribute to the background in the ROI. Of course, both bulk/surface contamination should be minimized. The minimization of bulk contamination is achieved by powder purification and double crystallization [51] and purification or appropriate selection of detector surrounding materials.



Surface contamination can be reduced by special procedures for surface cleaning (like it was done in CUORE [52]), performing of assembly and detectors installation in clean-room environments, and glove boxes to reduce the Rn contamination [53].



Further improvement of the background can be achieved by particle identification and active  α  rejection. A well-developed method for  α  identification is the use of scintillating bolometers: the crystal absorber, depending on the compound, can scintillate. An auxiliary bolometer, sensitive in the light energy range, can be coupled to the scintillating crystal in order to measure a light signal simultaneously. The amplitude of the light signal from  α  particles is usually lower than the one from a  γ / β  interaction with the same energy and this difference allows to get separation between two particle bands.



There are several experiments that have already shown efficient rejection of  α  particles, using the technique of scintillating bolometers, and many crystals tested for rare decay searches [54].



6.2.1. CUPID-0: Zn   82  Se Demonstrator


CUPID-0 is the first large array of scintillating bolometers, using Zn   82  Se crystals coupled to germanium light detectors and NTD sensors for both heat and light channels.



The detector consisted of 24 enriched Zn   82  Se + 2 natural abundance bolometers for a total    82  Se mass of 5.28 kg and it has been taking data in the underground Gran Sasso National Laboratory (Italy) till the end of 2018 (see Figure 4). CUPID-0 has demonstrated the potential of the scintillating bolometer technology and has set the most stringent limit on the half-life of    82  Se 0 ν 2 β : T     1 / 2   0 ν   > 4.7  ×   10   24   yr (90% C. L.), corresponding to m     β β   <   276–570 meV, depending on the nuclear matrix element calculations [17,55]. The energy resolution at the Q-value of    82  Se is 20.05 ± 0.34 keV FWHM, and the background index in ROI was 3.5     − 0.9   + 1.0   ×  10  − 3     counts/keV/kg/yr—at that moment, it was the lowest background achieved by 0 ν 2 β  bolometric experiments [16].



Thanks to high signal-to-noise ratio and good energy resolution, the most precise value up to date on    82  Se 2 ν 2 β  decay was obtained:    T  1 / 2   2 ν   =  8.6  − 0.1   + 0.2   ×  10 19    yr [57]. In the case of 0 ν 2 β  observation in other isotopes, this technology can be used in the future at a bigger scale seeking a possible confirmation in    82  Se.



In Zn   82  Se detectors, the  α  light yield is higher than the one of   γ / β  , which is not the typical behavior for scintillators. In addition, a fraction of the  α  events shows a reduced light yield that leads them to leak in the   γ / β   band in a heat–light scatter plot. Due to this feature, CUPID-0 analysis used not only the amplitude of the light signal but mostly the pulse shape of the light detector signal for better discrimination, as shown in Figure 5.



The CUPID-0 experiment has led to many significant physics results—in particular, it confirmed the single state dominance at the level of 5.5 σ  [55] in two-neutrino double beta decay of    82  Se, performed a search for Lorentz violation for the first time with scintillating bolometers [59], and set limits on 0 ν 2 β  for the isotopes    64  Zn and    70  Zn [60].




6.2.2. CUPID-Mo: Li   2     100  MoO   4   Demonstrator


Another demonstrator for CUPID with scintillating bolometers was investigating the    100  Mo isotope with Li   2     100  MoO   4   crystals and germanium light detectors, coupled to NTD sensors. The detector, consisting of 20 modules (an example of one module is shown in Figure 6) was installed in the Modane underground laboratory, sharing the cryostat with the EDELWEISS experiment [61].



The energy resolution—over the all-channel-summed spectrum—was of 5.3 keV (6.5 keV) FWHM at 2615 keV with Th calibration (background) measurement. The measured light yield for   γ / β   events (0.6–0.9 keV/MeV) is compatibly low with respect to other common scintillating bolometers, but thanks to the high, achieved baseline resolution of bolometric Ge light detectors (146 eV FWHM), full  α  to   γ / β   separation is obtained. The Li   2     100  MoO   4   crystals also demonstrated a high level of radiopurity: ≤3  µ Bq/kg of    226  Ra and ≤2  µ Bq/kg of    232  Th [18,19]. Similarly to CUPID-0, with very high signal-to-noise ratio, a precise measurement of    100  Mo 2 ν 2 β  decay half-life was obtained:   T  1 / 2   2 ν    = [7.12     − 0.14   + 0.18     ( s t a t )  ± 0.10  ( s y s t )  ] ×   10   18   yr [63].



Recently, the limit on 0 ν 2 β  was published, confirming the success of the technology (see Figure 7, showing the efficiency of  α  discrimination and the final spectrum). This result surpassed the previous best limit (set by NEMO-3, tracko-calorimetric experiment, with exposure of 35 kg×yr [22] on 0 ν 2 β  of    100  Mo) and set up a new one at T     1 / 2   0 ν   > 1.8 ×  10 24    year (90% confidence interval), which corresponds to m     β β   <   280–490 meV, with an exposure of only 2.71 kg × year [18,19]. This is the fourth most stringent limit worldwide among all isotopes/experiments.    100  Mo-based experiments gain an advantage thanks to favorable predictions on 0 ν 2 β  decay half-life, extracted from nuclear matrix element calculations [8,9]. This result, together with CUPID-0 demonstrators, shows the advantage and perspective of bolometric technology for double beta decay searches. The Li   2     100  MoO   4  -based detectors were chosen as the baseline for CUPID—the ton-scale experiment that will use the CUORE infrastructure.




6.2.3. AMoRE Experiment


The AMoRE experiment is exploiting the scintillating-bolometer technology with the use of molybdates containing crystal scintillators and germanium light detectors, equipped with MMC sensors.



The AMoRE experiment includes several phases of measurements (see also Figure 8 for the configuration of the detectors in each phase):




	
AMoRE-pilot: R&D phase, measurements of 6     48 d e p l   Ca   100  MoO   4   crystals (0.9 kg of    100  Mo), is finished;



	
AMoRE-I, 13     48 d e p l   Ca   100  MoO   4   and 6 Li   2     100  MoO   4   crystals (6 kg) is ongoing;



	
AMoRE-II is the final phase, planned to have ∼100 kg of    100  Mo.








The average energy resolution of     48 d e p l   Ca   100  MoO   4   crystals at ROI was 14.4 keV. The first result from AMoRE-Pilot from an energy spectrum for 0.3 kg × yr exposure is a half-life limit on the 0 ν 2 β  decay of    100  Mo of T    1 / 2    > 9.5 × 10   22   yr. For this measurement, the background level in the ROI was 0.55 counts/keV/kg/yr [65].



AMoRE-pilot measurement has demonstrated efficient  α  identification not only through the light yield, but also using high time resolution of MMCs, it was possible to separate the  α  band just by the rise time (see Figure 9). It is remarkable that the speed of the thermal response of MMCs (below 1 ms to be compared with ∼10 ms in NTDs) makes the background contribution due to random coincidences (Section 6.4) of 2 ν 2 β  events negligible. As a trade-off, this technique seems to provide an energy resolution about twice worse than NTDs.



Currently,     48 d e p l   Ca   100  MoO   4  , Li   2     100  MoO   4  , Pb   100  MoO   4  , and Na   2     100  Mo   2  O   7   are being considered as detector candidates for the AMoRE-II. The     48 d e p l   Ca   100  MoO   4   (CMO) crystals used in AMoRE-Pilot and -I are promising candidates with high light yields but have several disadvantages, especially the required depletion of    48  Ca (since    48  Ca undergoes 2 ν 2 β  decay with   Q  2 β    = 4272 keV and half-life T    1 / 2   2 ν    = 4.2 × 10   19   yr, this isotope would introduce irreducible background in the ROI. Thus, at least factor 100 concentration reduction is required [66]). A high melting temperature makes the production cost comparatively high for a larger-scale experiment such as AMoRE-II. In addition, they show a high internal contamination, especially from the    238  U chain. AMoRE-I will compare     48 d e p l   Ca   100  MoO   4   and Li   2     100  MoO   4   and choose the best candidate for the final phase of the experiment. The current baseline candidate for AMoRE-II is Li   2     100  MoO   4  .



AMoRE-II will be hosted in new cryogenic facility, installed at YemiLab, Korea. The experiment is planned to start in 2022, and it will be aiming at reaching the effective Majorana neutrino mass sensitivity down to the level of the inverted hierarchy of neutrino mass (13–25 meV) [67].




6.2.4.    48  Ca: CaF   2   Bolometers


   48  Ca is an interesting isotope for 0 ν 2 β  decay searches, as it has very high transition energy—4263 keV, above the background limit of natural  β  decays from the    238  U chain (3270 keV). The compound CaF   2   was studied in the nineties of the last century by the Milano group, showing for the first time that  α / β  separation can be achieved with scintillating bolometers [68].



The CANDLES experiment is using CaF   2   crystals as scintillators, and recently deployed a strategy for the development of CaF   2   bolometric detectors. Bolometric measurements both with doped CaF   2  (Eu) [69] and pure CaF   2   crystals [28] were performed. The results obtained show a very good discrimination between   γ ( β )  / α  bands (see Figure 10), above 5 σ  in both cases.



Both compounds types (doped and pure) are showing a strong position dependence in the heat channel, as shown in Figure 10 for CaF   2  (pure) case. After the correction of such a correlation, an order of magnitude improvement is obtained for the energy resolution at 5 MeV: from 1.8% to 0.18%.



The group now is working on the preparation of a low-background cryogenic facility for future measurements of CaF   2   scintillating bolometers [70].




6.2.5.    116  Cd Bolometers: R&D


The advantages of the isotope    116  Cd is the high Q-value and a reasonable isotopic abundance, with possible enrichment by gas centrifuges. Several experimental tests used CdWO   4   crystals as scintillators for double beta decay searches. R&D measurements of two massive cadmium tungstate crystals enriched in    116  Cd (82%) as scintillating bolometers were performed at the Modane and Canfranc underground laboratories.



The performance that was obtained in these measurements is satisfactory: 11–16 keV FWHM energy resolution at 2615 keV was demonstrated, along with a very efficient  α  discrimination thanks to the high light yield. However, the U/Th contamination has to be improved, if this compound has to be considered for a big-mass experiment. In addition to the traces of    232  Th and    235  U (ten(s) of  µ Bq/kg) and    238  U (hundreds of  µ Bq/kg), the presence of    241  Am and    244  Cm was detected, with combined activities of 0.14(1) and 0.23(1) mBq/kg, respectively [71].



These results show that the    116  CdWO   4   scintillating bolometer technology could be used for future 0 ν 2 β  searches in Cd. However, the radiopurity of these crystals has to be improved before a deployment of this technology for large-scale experiments.




6.2.6. Cherenkov Light Tagging: Neganov–Luke Enhanced Bolometers


The case of    130  Te is peculiar, as this isotope has a uniquely high natural abundance (∼34%), which gives a significant advantage for costs of enrichment for a big scale experiment. In addition, sensitive experiments with natural isotopic composition can be considered if the total mass is high enough and the background index conveniently low.



CUORE demonstrated the viability of TeO   2   bolometers, but any particle ID was absent. TeO   2   crystals do not scintillate appreciably, so it was proposed to use Cherenkov light to tag  α  events: as  β s have a Cherenkov threshold at 50 keV, and  α s at 400 MeV, the mere detection of light emission will reject  α  events. However, the detection of Cherenkov light can be challenging and requires low-threshold and high-sensitivity light detectors. The total amount of energy deposited in a light detector by Cherenkov photons is at least an order of magnitude lower than scintillation for all the scintillating compounds studied so far. To boost the performance of light detectors, the Neganov–Luke mode is used. Ge wafers are provided with Al electrodes, that boost the signals with a high voltage applied. In fact, the potential energy of the electron–hole pairs created by an ionizing event converts to heat during the drift to the electrodes.



The efficiency of double-readout Neganov–Luke-assisted bolometers was demonstrated in several tests with natural and enriched    130  TeO   2   crystals [72,73,74].




6.2.7. Future: CUPID Experiment


The CUPID experiment (CUORE Upgrade with Particle IDentification) has set the limit on effective Majorana mass at ∼10 meV as its main physics goal. CUPID-0 and CUPID-Mo demonstrators have shown good perspectives of the scintillating-bolometer technology, combining high energy resolution with efficient background rejection. The compound chosen for CUPID is Li   2     100  MoO   4  , as    100  Mo offers several significant advantages:




	
The calculations of nuclear matrix elements show that    100  Mo may have one of the shortest half-lives among 0 ν 2 β  candidates [75];



	
It is possible to have a large scale enrichment thanks to gas-centrifuge enrichment;



	
The CUPID-Mo experiment demonstrated the high performance of scintillating Li   2     100  MoO   4   bolometers, as well as radiopurity, efficient  α  rejection, reproducibility and stability.








In its baseline design, CUPID will consist of an array of about 1600 scintillating bolometers composed of Li   2     100  MoO   4   crystals weighing 280 g each—for a total    100  Mo mass of about 250 kg—coupled to germanium wafers acting as light detectors. The CUPID experiment is now finalizing its design [76]. Several measurements on smaller scale are ongoing to confirm the required performance [77].



A possible extension/upgrade of the CUPID experiment is being discussed already now, in case a further investigation of lower values of the effective Majorana neutrino mass is needed. The two possibly higher sensitivity phases are called CUPID-reach and CUPID-1T. The latter is an upgrade, that requires several cryostats to be built, to have in total 1 ton of    100  Mo measured at the same time. CUPID-reach is a possible improvement of the current baseline configuration with additional background reduction—to reach a background index of 2 × 10    − 5    counts/keV/kg/yr [78].





6.3. Surface  β  Background


The materials surrounding the absorber are usually highly radiopure, but when we are speaking about background-index levels of 10    − 4    counts/keV/kg/yr, contributions even at the tiniest level should be taken into account. According to the CUORE background model and evaluation of the background for CUPID, surface contamination can be limiting the sensitivity of an experiment even with efficient  α  rejection, if high sensitivities to the effective Majorana mass are required, down to the exploration of the normal ordering of neutrino masses.



We provide here examples of  β  decays that are harmless in the crystal bulk (because of simultaneous or delayed  α  detection leading to discrimination), but are potentially contaminating the ROI in case of surface events generated in materials facing the detectors, as the  α  energy can be fully deposited outside the detector:


    238  U  c h a i n  : 214  B i  → β    214  P o     Q β  = 3.3  M e V  



(8)






    232  T h  c h a i n  : 208  T l  → β    208  P b     Q β  = 5.0  M e V  



(9)







CUPID-0 demonstrated the capability to reject surface events through  α - α  delayed coincidences [79], however, not at a level sufficient to reach background indices lower than   10  − 4    counts/keV/kg/y. Special technologies must be developed for that.



Before moving to the description to the only active method devised so far to reject surface  β  events in double-beta-decay bolometers (CROSS approach, described in the next subsection), we remark that this background component can be mitigated in scintillating bolometers by a geometrical rearrangement of the main detector components (crystals, light detectors and copper holders) so that the amount of inactive material facing the main crystals is reduced by at least an order of magnitude with respect to the current configuration. In particular, the light detector can be used as an active shield against the  β  particles emitted by the holder contamination. This is the approach followed by the BINGO project (Section 6.1.1).



6.3.1. Surface  β  Rejection: CROSS Project


The CROSS (Cryogenic Rare-event Observatory with Surface Sensitivity) experiment proposes a new technology for background discrimination: active surface background rejection using bolometric detectors with thin metallic films. Such a film on the detector surface affects the conversion of energy deposited by particle interaction. The phonon absorption in the film leads to modification of the pulse shape for close-to-film events. Currently, the capability of surface/bulk discrimination both for  α  and  β  particles was demonstrated in small (20 × 20 × 10 mm   3  ) Li   2  MoO   4   and TeO   2   crystals, measured in the cryogenic facility at IJCLab, Orsay. The R&D included tests on several materials combinations (aluminum, palladium, aluminum-palladium bilayer) and various thicknesses, concluding with detector that demonstrated efficient surface event discrimination with Pd-Al bilayer, as one can see in Figure 11 [80].



The concept is still to be proven on a bigger scale, and can be easily adopted by CUPID-like experiments for further phases of the project, and studies with    130  TeO   2   and particle identification will renew. A mid-scale demonstrator with proposed technology is planned to be installed at the Canfranc underground laboratory in the next few years [81].





6.4. 2 ν 2 β  Decay


There is only an irreducible source of background for all the experiments—the 2 ν -mode of double beta decay. Since the event signature is also two-electron emission, a 0 ν 2 β  event is indistinguishable from a 0 ν 2 β  one in terms of particle identification and event topology. The only tool for the control of this background is the accurate measurement of the total deposited energy.



An approach to mitigate this background could be the study of isotopes that have a long half-life of 2 ν 2 β  decay. However, this may not represent a solution, depending on the required sensitivity to observe 0 ν 2 β  decay. The ratio of the 0 ν  (as signal) and 2 ν  (as background) depends on the isotope only through its 2 ν 2 β  rate [82]:


   S B  ∝   (   Q  2 β    Δ E   )  6    T  1 / 2   2 ν    T  1 / 2   0 ν     



(10)







This ratio clearly demonstrates the importance of high energy resolution   Δ E  , especially for isotopes with short 2 ν -mode half-lives. In general, the energy resolution ensured by the bolometric approach is high enough to make this contribution negligible for all the studied isotopes, even for     100  M o   that has the shortest half-life among all the double-beta decay candidates (  T  1 / 2   2 ν    = 7.12 × 10   18   yr) [63].



There is, however, another possible source of background, related to random coincidences of 2 ν 2 β  events. In this case, the energy deposited by the two events sums up and produces an energy spectrum that ends up at 2   ×   Q  2 β     and is significantly populated in the ROI [83]. This contribution is particularly severe in CUPID, which combines the NTD technology (slow response) with    100  Mo (fast 2 ν  mode). That is why significant efforts are directed towards novel methods of rejection of pile-up events, that may be coming from 2 ν 2 β  decays pile-up within itself or pile-up with other background sources. Such methods allow to optimize event selection and improve the background in the ROI [84]. The preliminary tests and studies show that background indices down to   10  − 4    counts/keV/kg/yr are reachable, compatible of the CUPID goal. Lower values demand probably faster readout or better light-detector time resolutions [85,86].





7. Conclusions


The direct observation of a lepton charge violating process would enlarge greatly our understanding of the fundamentals of elementary particle theory and allow us to define the neutrino nature. This may lead to a progress in the theory of flavor and of the evolution of the Universe, including the origins of matter–antimatter asymmetry. Searches for the 0 ν 2 β  decay process have constantly progressed over the years starting from 1960s, reaching limits higher than 10   26   yr. Bolometric 0 ν 2 β  experiments, which have started in around 1990, are showing now the best results on sensitivities on the effective Majorana neutrino mass when considering the exposure, thanks to high energy resolutions and efficiency. These properties also allow to perform measurements of the 2 ν 2 β  decay with very high precision. These measurements can be used for a better evaluation of the nuclear matrix elements for 0 ν 2 β  decay. With exposures of ∼10 kg × year and background index at the level of ∼10    − 3    counts/keV/kg/yr, mid-scale demonstrators have reached ∼10   24   yr half-life limits. This advantage boosts interest in scaling up the mass of bolometric experiments. Both CUPID and AMoRE projects have set the goal of coverage of the inverted neutrino mass ordering region, reaching sensitivities to the effective Majorana mass at the level of 10–25 meV. Both experiments have chosen the    100  Mo isotope, due to favorable predictions on the half-life and its possible embedding in highly-performing bolometers. The required sensitivity for the inverted hierarchy milestone would be at the level of ∼10   27   yr. In addition, several projects, proposing innovative techniques, are already preparing the way for a further extension of the sensitivity, if it is required, as well as mature technologies for the exploration of other 0 ν 2 β  isotopes—if the discovery occurs, it should be confirmed in several nuclei.
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Figure 1. Allowed regions of neutrino masses for inverted (green) and normal (red) ordering. The shaded areas correspond to the 3 σ  regions due to error propagation of the uncertainties on the oscillation parameters. The neutrino oscillation parameters are provided by [11,12]. Creative Commons License CC BY 4.0. The five most stringent limits, obtained experimentally for five different isotopes, are shown with boxes on the plot. All the experiments are covering the full range of lightest neutrino mass, boxes are used for easier reading.    136  Xe results are obtained by the KamLAND-Zen experiment using a loaded liquid scintillator detector [13]. Limit on    76  Ge 0 ν 2 β  decay is set by the GERDA experiment, operating high-purity germanium diodes [14]. It is worth noting that results, marked by blue color, are provided by bolometric experiments: limit on    130  Te is provided by CUORE [15],    82  Se —by CUPID-0 [16,17], and    100  Mo—by CUPID-Mo experiment [18,19]. 
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Figure 2. Bolometer scheme. The absorber and the sensor are connected to the heat bath and between them by thermal links. 
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Figure 3. Histogram representing the main background indices expected for the various components of CUORE. The gray bars indicate 90% C.L. upper limits while the dots (with 1 σ  uncertainties) indicate derived values. Only statistical uncertainties are indicated. The figure is reprinted with permission from [47]. Creative Commons License CC BY 4.0. 
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Figure 4. Pictures of the CUPID-0 detector in process of assembly. From left to right: a ZnSe crystal, the same crystal surrounded by the reflecting foil, the Ge light detector mounted on top, the CUPID-0 array of 26 scintillating calorimeters. The figure is reprinted with permission from [56]. 
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Figure 5. Left: Single-hit events in the Light Shape Parameter-Energy plane. The red dotted line indicates the acceptance threshold. The shaded vertical band represents the analysis window used for the background evaluation at Q    2  β  . This plot clearly demonstrates the efficiency of  α  background rejection. The figure is reprinted with permission from [58]. Right: Background measured by CUPID-0 (exposure of 9.95 kg × yr of Zn   82  Se crystals). Inset: energy ROI for the 0 ν 2 β  search: from 2.8 to 3.2 MeV, a symmetric energy region around the Q-value of    82  Se (2997.9 ± 0.3 keV). The figure is reprinted with permission from [16]. 
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Figure 6. An assembled CUPID-Mo module. Left: view from the top, the Li   2     100  MoO   4   crystal is fixed with help of white teflon parts, NTD and heater are glued on the top surface of the crystal. Right: view from the bottom, germanium LD is also fixed with teflon parts. The dark blue internal circle is the antireflective SiO coating. An NTD is glued close to the edge of the light detector. The photos are reprinted with permission from [62]. Creative Commons License CC BY 4.0. 
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Figure 7. Left: Light yield versus heat signal scatter-plot using 11 days of physics data from one detector. The figure is reprinted with permission from [62]. Creative Commons License CC BY 4.0. Right: Physics spectrum for 2.16 kg × yr of data after unblinding. No event is observed in the detector and dataset-based ROI. The figure is reprinted with permission from [18]. 
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Figure 8. Left: assembled tower of AMoRE-Pilot with six CaMoO   4   crystals (∼1.9 kg in total). Middle: schematic design of the AMoRE-I configuration with 13 CaMoO   4   crystals and 5 Li   2  MoO   4   crystals (∼6 kg in total). Right: design of the AMoRE-II detector with ∼400 molybdate crystals (∼200 kg in total) beneath lead shields and cold plates. The figure is reprinted with permission from [64]. Creative Commons License CC BY 4.0. 
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Figure 9. Scatter plot of the light yield (left) and the rise time (right) versus energy deposited in the phonon channel for one     48 d e p l   Ca   100  MoO   4   crystal. The   γ / β   band and the  α  clusters are clearly separated, as labeled in the figure. The figure is reprinted with permission from [65]. Creative Commons License CC BY 4.0. 
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Figure 10. Left: scatter plot of energy, extracted from heat channel vs combined pulse shape discrimination (PSD) parameter: it includes light/heat energy ratio and light signals rise time. Right: demonstration of energy-position dependence through    222  Rn and    218  Po decays. A strong correlation is observed. The figure is reprinted with permission from [28]. Creative Commons License CC BY 4.0. 
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Figure 11. Particle identification obtained by a Li   2  MoO   4   detector with an Al-Pd coating on one side, exposed to a uranium source. The  α  events are removed by a light-yield cut. Left: In a plot of the pulse-shape parameter versus energy, the surface events (in red) are separated by black line defining a 3 σ  acceptance region for the bulk events (in blue). Right: Energy spectra (with and without source) of the selected surface events. The energy spectra with source is fitted with two simulated  β  contributions of the uranium source and that of the background. The figure is reprinted with permission from [80]. Creative Commons License CC BY 4.0. 
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