

[image: image1]
Neutrinoless Double Beta Decay Experiments With TeO2 Low-Temperature Detectors









	
	REVIEW
published: 13 June 2019
doi: 10.3389/fphy.2019.00086





[image: image2]

Neutrinoless Double Beta Decay Experiments With TeO2 Low-Temperature Detectors


Chiara Brofferio1,2, Oliviero Cremonesi2 and Stefano Dell'Oro3*


1Dipartimento di Fisica, Università di Milano-Bicocca, Milan, Italy

2Istituto Nazionale di Fisica Nucleare (INFN), Sezione di Milano-Bicocca, Milan, Italy

3Center for Neutrino Physics, Virginia Polytechnic Institute and State University, Blacksburg, VA, United States

Edited by:
Alexander S. Barabash, Institute for Theoretical and Experimental Physics, Russia

Reviewed by:
Volodymyr I. Tretyak, Institute for Nuclear Research, National Academy of Sciences of Ukraine (NAN Ukraine), Ukraine
 Steven Ray Elliott, Los Alamos National Laboratory (DOE), United States

*Correspondence: Stefano Dell'Oro, sdelloro@vt.edu

Specialty section: This article was submitted to High-Energy and Astroparticle Physics, a section of the journal Frontiers in Physics

Received: 01 March 2019
 Accepted: 17 May 2019
 Published: 13 June 2019

Citation: Brofferio C, Cremonesi O and Dell'Oro S (2019) Neutrinoless Double Beta Decay Experiments With TeO2 Low-Temperature Detectors. Front. Phys. 7:86. doi: 10.3389/fphy.2019.00086



Neutrinoless double beta decay (0νββ) is a powerful tool to investigate Lepton Number Violation (LNV), and the only practical way to assess the nature of the neutrinos. It can therefore provide unique information about the Physics Beyond the Standard Model. If observed, 0νββ would unambiguously demonstrate that neutrinos are Majorana particles and would provide a precise measurement of their mass. Among the many experimental techniques used in the search for this rare process, low-temperature detectors represent one of the most promising choices: they show an excellent energy resolution and can scale to very large masses. In this work, we review the most relevant experiments based on TeO2 bolometers that have been developed and taking data at the Laboratori Nazionali del Gran Sasso (LNGS), Italy, since the early 90's. This 30-years-old effort has led to the design and construction of the CUORE detector, currently taking data at LNGS. The use of low-temperature detectors allows to study the 0νββ of 130Te on both ground and excited states, and to explore different decay mechanisms (“standard” light neutrino exchange, Majoron emission, …). At the same time, the investigation of other rare nuclear physics processes is also possible, such as the two-neutrino double beta decay of 130Te as well as the rare decays (120Te and 123Te). Next generation bolometric experiments anticipate top leading sensitivities. The corresponding challenges in the development of ton-scale, low background detectors are highlighted.
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1. INTRODUCTION

Neutrinoless double beta decay (0νββ) [1] is a hypothesized nuclear transition, forbidden in the framework of the Standard Model (SM). In this extremely rare process, a pair of free electrons is created in the transformation from a nucleus (A, Z) into its daughter (A, Z + 2), namely:

[image: image]

Similar transitions could proceed through the emission of a pair of positrons, double electron capture (EC), or EC plus single emission of a positron, with the nucleus changing from (A, Z) to (A, Z − 2). All these variations are equally interesting when discussing of new Physics, since they all manifest a non-conservation of the number of leptons (see section 6). The observation of one of these processes would therefore demonstrate that the lepton number is not a symmetry of Nature. Such a scenario would open the way to a possible explanation of the Baryon Asymmetry of the Universe via Leptogenesis, thus solving another big mystery of Nature [2]. 0νββ is a fundamental tool to study neutrinos, since it can exist only if they are Majorana particles (the transition could not take place otherwise) and it can provide us with precious information on the neutrino absolute mass scale and ordering, a major clue nowadays.

The experimental search for 0νββ is based on the detection and exact measurement of the sum of the kinetic energies of the two emitted electrons or positrons. In fact, since the energy of the recoiling nucleus is negligible, the sum of the two leptons' kinetic energy must be equal to the Q-value of the transition, Qββ, and it should appear in the energy spectrum as a monochromatic peak.

The experimental parameter extracted from the data is the half-life of the decay of the isotope under study, [image: image]. In the fortunate case of a 0νββ peak showing up in the energy spectrum, this parameter can be deduced from the radioactive decay law:
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where T is the measuring time, ε is the detection efficiency, Nββ is the number of ββ-decaying nuclei under observation, and Npeak is the number of counts at the peak. If no peak is detected, the sensitivity of a given 0νββ experiment, [image: image], is usually defined as the minimum half-life compatible with the background fluctuations nB at a given confidence level. In the assumption that the background counts scale linearly with the mass of the detector 1, we have at 1σ:
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where M is the detector mass, B is the background level per unit mass, energy, and time in the region of interest (ROI) around Qββ and Δ is the FWHM energy resolution (used conventionally as the region over which to integrate B). Therefore, starting from Equation (2), it is easy to obtain the expression:
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where x is the stoichiometric multiplicity of the element containing the ββ candidate, η is the ββ candidate isotopic abundance, NA is the Avogadro number, [image: image] is the compound molecular mass and nσ is the number of sigmas corresponding to the requested C. L. . Despite its simplicity, this expression clearly shows the role of the basic experimental parameters: improving one or more of these quantities will enhance the sensitivity on [image: image] and this is what drives the experimental decisions and efforts in the search for 0νββ.

Equation (4) isn't valid anymore if the background level is so low that the expected number of background events in the ROI collected during the experiment is nearly zero. This is the so called “zero background” experimental condition. The transition between the two regimes takes place when the expected number of counts is of the order of unity:

[image: image]

In this case, we replace the background term in Equation (3) with nL, i.e., the maximum number of counts compatible with zero at a given C. L. (in the assumption of Poisson statistics). The new expression for the sensitivity thus becomes:
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Every future experiment on 0νββ has as one of its major goals the reach of the zero background condition (see the discussion in section 7) since, as it can be seen by comparing Equations (4) and (6), the sensitivity increases faster in the latter case, namely linearly with the exposure (the product of the detector mass times the live time).

Within the natural isotopic composition of the different elements, we find 69 ββ-unstable nuclides present [3]. However, only a small subset is of any practical experimental interest for the study of 0νββ. In fact, the choice for a suitable candidate is driven by multiple important requirements:

1. a high Qββ, since this corresponds to a higher decay probability, due to the higher Phase Space Factor, and to a lower beta-gamma natural radioactive background,

2. a good detector energy and time resolutions, together with a long enough half-life of the 2νββ half-life, to avoid excessive background counts from this dominating channel;

3. a large natural isotopic abundance or an affordable possibility to isotopically enrich the material;

4. the compatibility with a well-established detection technique.

Unfortunately each of these requests implies often contradictory constraints and a compromise solution is usually unavoidable. As a result, the list of isotopes commonly under study includes [4]: 48Ca, 76Ge, 82Se, 96Zr, 100Mo, 116Cd, 130Te, 136Xe, and 150Nd. Among these, 130Te presents important advantages (Table 1) and it results to be a very favorable choice. The Qββ of 130Te lies in between the Compton edge and the full-energy peak of the 2615 keV γ-line from 208Tl and therefore in a quite low natural background region, while the long 2νββ half-life (about 8·1020 yr [9]) limits the hiding effects of the unavoidable background from this process over the sought peak.


Table 1. Relevant features of 130Te for the search of 0νββ.

[image: image]



The isotopic abundance of 130Te is more than 30% in natural Te, a value by far larger than that of all the other above-mentioned isotopes, and a further enrichment is viable, as it has been successfully demonstrated [11]. At the same time, 130Te can be part of many different detectors: scintillators [12], solid state detectors [13, 14], as passive source in a tracker-calorimeter detector [15] or in a liquid scintillator [16]. But the most powerful application for the 130Te 0νββ study remains at present the use of TeO2 thermal detectors.

2. BOLOMETRIC TECHNIQUE

Bolometers are calorimeters in which the energy released in a crystal, acting as absorber, by an interacting particle is converted into phonons and measured via temperature variation. These detectors can operate only at cryogenic temperatures of about 10 or few tens of mK. The elementary excitation energy transferred to the lattice phonon system is of the order of 10meV, which corresponds, in the typical detectors used for 0νββ searches, to a temperature increase of about a few tens/hundreds of μK per MeV.

The idea behind the phonon-mediated particle detection is very simple: the specific heat C of a dielectric and diamagnetic crystal cooled down to the millikelvin region can be so low that appreciable temperature increases are induced even by the tiny energy released during a single particle interaction. At these temperatures, C is proportional to the cube of the ratio between the operating and the Debye temperatures of the absorber crystal. In a very intuitive approach, a bolometer can be sketched as a device consisting of an energy absorber thermally linked to a thermometer (Figure 1). A weak thermal link, of conductance G, between the detector and a heat sink kept at constant temperature TS is needed in order to restore the original temperature after the impinging of the particle. Of course, the real situation is much more complex. For example, the parameters C and G should not be considered as global quantities, but rather as the sum of many contributions, each with its specific behavior. Anyway, this simple thermal model will suffice in order to get a general idea about the operation of these devices.


[image: image]

FIGURE 1. Simplified bolometer thermal model. The detector is modeled as a single object with heat capacity C coupled to the heat sink (at constant temperature TS) through the thermal conductance G. The phonon sensor plays no active role.



If a certain amount of energy E is released in the absorber, it will produce a change in temperature ΔT equal to the ratio between E and C. Let T(t) be the absorber temperature as a function of the time t and let us assume that

[image: image]

so that C and G can be considered constant quantities. The temperature variation can then be described by the time evolution

[image: image]

The characteristic time of the thermal pulse can be very long, up to few seconds, depending on the values of C and G. From Equation (8) we can see that, to get a large signal amplitude, C has to be as small as possible. C is therefore a crucial parameter in the design of the detector.

For what concerns the intrinsic energy resolution of a thermal detector, the only limiting factor are the fluctuations of the internal energy of the system due to the continuous phonon exchange between the absorber and the heat sink. At the thermal equilibrium, the mean number of phonons will be N = C(T)/kB, each with mean energy ε = kB T [17], and therefore:
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The factor ξ is a dimensionless factor that depends on the details of the real detector and it can become of the order of unity with a proper optimization work. Equation (9) tells that the intrinsic energy resolution of bolometers can be as low as few eV even for crystal masses of the order of 1 kg, provided that the temperature is sufficiently low. This description shows that the resolution is independent of the energy released in the absorber. It holds only if we can assume that the system has reached a complete thermalization before the readout. In general, this is not always the case. For example, when the thermometer detects the out-of-equilibrium high-energy phonons directly produced by the particle interaction in the absorber, the energy resolution will be dominated by the fluctuation in the number of produced elementary quanta (phonons or quasi-particles, depending on the specific device). However, all the TeO2 bolometers developed in the last 30 years for 0νββ search have been using semiconductor thermistors glued on the absorber crystals, for which the hypothesis of complete phonon thermalization before readout is quite correct.

In reality, the effective energy resolution of thermal detectors is generally dominated by the “extrinsic” noise generated by a variety of uncorrelated sources that cannot be fully eliminated [18, 19]. Among these we can cite the thermal noise (i.e., noise due to temperature instabilities of the heat sink), the Johnson noise, or any kind of noise related to the electronics readout and the cryogenic system. At the end, the combination of these multiple factors usually results in an energy resolution of the order of few keV at 1 MeV (see section 4), a value still competitive with that of the best performing detectors.

Besides the excellent performance, another important advantage of bolometers is the very broad choice for the absorber material. Indeed, for almost any element it is possible to identify a compound suitable for a bolometric application. This is the case, for example, of Tellurium. In its metallic form, Te is unable to stand thermal cycles [20]. Instead, the compound Tellurium dioxide, TeO2 has demonstrated to be an excellent choice, as it will be shown in sections 4 and 5.

The main disadvantages of bolometers are their intrinsic slow response and insensitivity to the nature of the interacting particles. However, the former can be mitigated by a proper choice of field of the application, such as rare-event searches, while the latter can take advantage by the acquisition of additional information. Hybrid detectors, characterized by the simultaneous measurement of heat and ionization or scintillation/Čerenkov light, had been proposed since long time [21]. These have already been successfully implemented in a number of experiments aiming at the detection of Dark Matter candidates [22–24]. At the same time, by exploiting the broad variety of available materials offered by the bolometric approach, a number of successful R&D's [11, 25–31] has demonstrated the effectiveness of this technique in the identification of the contributions from alpha emissions. This allows to get rid of one of the most dangerous background sources in experiments looking for 0νββ, and it is thus paving the road to future low background experiments. Correspondingly, very sensitive light bolometric detectors have been developed [32–35] and implemented in medium-scale demonstrators [30, 36, 37] to demonstrate the viability of the technique. Molybdenum if at the moment the favorite choice even if tellurium is still a viable alternative.

3. TEO2 BOLOMETERS FOR 0νββ STUDIES

As mentioned, the main component of a bolometer is the crystal acting as absorber and, in this regard, TeO2 is a particularly suitable material. TeO2 is the most stable oxide of Te [38] and presents good thermal properties for cryogenic particle detectors. TeO2 crystals are dielectric and diamagnetic, with a relatively high value of the Debye temperature (ΘD = (232 ± 7) K [39]). This leads to very low heat capacity at cryogenic temperatures which, we recall, is fundamental if you want a high energy resolution bolometer. Since the thermal expansion of TeO2 is very close to that of copper [40, 41], its use in the mechanical support structure does not introduce excessive strain on the crystals during cool down.

TeO2 crystals have mechanical and optical characteristics that match very well the requirements for thermal detectors. At the same time, significant developments in preparing powder out of this compound and in growing the crystals allow nowadays the production of almost perfect (bubble-free, crack-free and twin-free) crystal boules from which crystals with masses of the order of 750 g [42, 43] or more [44, 45] can be routinely obtained. TeO2 satisfies also the tight requirements imposed on radiopurity: thanks to dedicated production lines for the raw powder synthesis, the crystal growth and the surface processing, crystals with bulk contamination of the order of 10−6 Bqkg−1 for 238U and 232Th, and with surface contamination levels of a few 10−9 Bq cm−2 for both 238U and 232Th [46, 47], are now achievable [43, 46].

The other key component of a bolometer is the phonon sensor. The type of device used in all the 130Te cryogenic detectors reviewed in this work has always been Ge thermistors. In general, semiconductor thermistors consist of small Ge crystals with a region doped near the metal-insulator transition (MIT). The resistance presents therefore a steep slope as a function of the temperature, with a logarithmic sensitivity, A ≡ | d log R(T) / d log T |, that can reach values close to 5–10. To reach a very uniform and large dopant distribution, together with an accurate net dopant concentration, the Neutron Transmutation Doping (NTD) [48] technique can be used. The semiconductor slab, from where the thermistors will be afterwards obtained, is bombarded with a high intensity neutron flux, which induces nuclear transformations of some of the natural Ge isotopes. This leads to the formation of a compensated doped semiconductor, with n- and p- dopants present at a similar concentration level near the MIT. For brevity, these doped semiconductors are usually referred to as simply “NTDs.” The resistivity as a function of the temperature follows the exponential law

[image: image]

where ρ0 and T0 are parameters that depend on the doping level and compensation. For NTDs γ is typically 1/2 [49].

The resistance variations of the thermistor are transformed into a readable voltage signal using a constant bias current IB generated by means of the bias circuit shown in Figure 2. The DC power supply is closed on a load resistor RL in series with the thermistor Rbol, with RL ≫ Rbol. In this way IB is practically independent of the value of Rbol. Once a certain bias current is circulating, a voltage drop Vbol(T) = IB Rbol(T) crosses the thermistor. The consequent power dissipation P = IB Vbol produces a rise of the bolometer temperature Tbol and acts back on the resistance Rbol(T), lowering it, and therefore reducing the voltage drop. This in turn reduces the dissipated power, until an equilibrium is reached:

[image: image]

This phenomenon causes the V-I relation, called “load curve,” to deviate from the simple Ohm law and leads to a behavior that is often referred to as “electrothermal feedback.” The (IB, Vbol) pair, once the equilibrium is reached, corresponds to a precise working point for the thermistor and any instantaneous temperature variation will be translated into a voltage pulse. The relationship between the electrical pulse height ΔVbol and the energy deposition E in the crystal is obtained by solving the circuit of Figure 2:

[image: image]

where P is the power dissipated in the thermistor Rbol by Joule effect.


[image: image]

FIGURE 2. (Top) Electric scheme of the biasing system used for the NTD readout. (Bottom) Typical load curve of a semiconductor thermistor. The working point is set as the intersection between the V-I characteristic curve and the load line Vbol = VB − IB RL.



The highest sensitivity in the conversion of the thermal pulse into an electric voltage signal is obtained when the working point is selected close to the inversion on the load curve (see Figure 2). Its value is way larger than the one that would be obtained by selecting a working point in the linear part of the load curve. To make a concrete example, an energy deposition of 1MeV in a 750 g TeO2 absorber at 10 mK typically produces a temperature increase ΔT ~ 100 μK, with a related voltage drop ΔVbol ~ 100 μV.

An additional crucial component of a thermal detector is the pulser system. When bolometers are operated over long periods, keeping a stable detector's response becomes mandatory, even in presence of temperature fluctuations of the cryogenic setup. In these cases, a pulser able to periodically deliver a fixed and extremely precise amount of energy to the detector [50, 51], represents an effective approach to deal with this issue. Of course, the system must generate a pulse as similar as possible to that corresponding to a real event. Such control pulses can be obtained by injecting calibrated amounts of energy through the interaction of well-known energetic charged particles, or by means of light pulses transmitted via optical fibers, or by Joule-heating of a resistive element thermally coupled to the absorber crystal. The variation of the detector response to the same energy deposition can then be used to correct (off-line) the effects of most of the cryogenic instabilities.

In the TeO2 bolometers covered by this review, the chosen solution has been to glue on the crystal a resistive element consisting in a heavily doped (well above the MIT region) Si semiconductor, which thus exhibits a low-mobility metallic behavior [52]. This special “heater” satisfies two important requirements: to have a resistance free from temperature and applied voltage dependence, and a negligible heat capacity if compared to that of the crystal. This solution offers the clear advantage of a complete control on the off-line detector's response correction: the pulses can be released periodically and their rate and amplitudes can be chosen looking at the specific needs of the experiment. In order to provide an energy release as prompt as a real particle interaction would be, the relaxation time of the heat toward the crystal has to be much shorter than all the thermal time constants of the detector, while the signal generation of particle interactions and Joule-heating has to be similar enough to ensure that the pulse amplitude dependence on time, baseline level and other operation conditions, will be the same for the two processes.

Finally, the remaining components of any cryogenic detector are both the mechanical and electrical connections. Regarding the former, the mechanical holder of the TeO2 crystals and the main thermal connection to the heat bath have been relying since long time on the use of more or less complex PTFE clamps and copper structures. By taking advantage of the different thermal contraction of these materials and of the crystals, it has been possible to fasten the system as a whole. Concerning the latter, electrical contacts are obtained by means of 25 or 50 μm-thick gold wires bonded on the thermistor and on the Si heater.

4. PAST EXPERIMENTS

A long sequence of measurements based on TeO2 thermal detectors began to take place starting from 1991. The original group was led by E. Fiorini and comprised only a few researchers. Early runs were carried out with crystals with very small mass, from 6 g to 73 g [53–56]. Apart from the study of 0νββ, these runs were intended to investigate the background level achievable with the bolometric technique, whose use was relatively new in the field. A large effort was thus paid to the mitigation of the background contamination of the whole experimental apparatus, by constantly improving the material selection and the design of the detector components.

These bolometric measurements found a favorable environment in the Laboratori Nazionali del Gran Sasso of I. N. F. N. (LNGS) in Italy2. With a rock coverage of about 3600 m w. e. and a mostly calcareous composition [57], this facility is able to guarantee very low muon and neutron fluxes, at the level of 3·10−8 cm−2 s−1 [58] and 4·10−6 cm−2 s−1 [59], respectively, thus offering suitable conditions for the search for 0νββ.

The results obtained on the 0νββ half-life of 130Te immediately showed to be competitive and world-leading. In less than 2 years since the start of the experimental activity, it was possible to improve the limit coming from a direct search from [image: image] (obtained with a CdTe detector [13]) to [image: image] at 90%C. L. [56], and to pass the most stringent at the time, i.e., [image: image], coming from an inclusive double beta decay study (0νββ + 2νββ) of 130Te with the geochemical method [60].

A significant improvement was represented by the use of a 3 × 3 × 6cm3 TeO2 crystal of 334 g of mass [61] (at the time, the largest thermal detector ever operated in the world), that became the unitary element of the first bolometric array with large-mass crystals. In particular, a detector constituted by 4 bolometers was operated in 1994 [62], while a tower made of 20 bolometers (5 floors of 4 crystals each) was assembled and operated since 1997 [63]. The latter experiment was named MiDBD (Milan Double Beta Decay) and opened the competitive era of bolometers in the world leadership ride for 0νββ searches.

MiDBD proved that an energy resolution of 5 keV at Qββ was within reach and achieved a very low background of less than 1 counts keV−1 kg−1 yr−1 in the Region of Interest (ROI), around Qββ. After few years of operation, the original detector was dismounted and remounted in a new and significantly improved configuration [64]. The new crystal assembly was much more compact and it was therefore possible to reinforce the detector shielding with additional lead. Moreover the new design required less support material for the crystals (copper and PTFE), thus allowing to reduce the background even more thanks to less passive material mass and surface and a more effective anti-coincidence analysis. With a total exposure of 4.25 kg yr, MiDBD set the limit [image: image] at 90%C. L. .

In parallel with the operation of MiDBD, an important technological improvement was obtained with the massive production of very high quality crystals of ~ 750 g and their successful operation as bolometers [65]. These 5 × 5 × 5cm3 TeO2 crystals were proposed as “bricks” of an extremely ambitious project: a bolometer array of 1000 cryogenic detectors, the Cryogenic Underground Observatory for Rare Events, alias CUORE [66]. The unitary element of such a big array was supposed to be a tower of 4-crystal floors, similar to MiDBD but with bigger crystals.

As an intermediate step toward CUORE, a single tower, named Cuoricino (Italian for “small CUORE”) was designed and operated. Apart from being a proof of concept for CUORE, Cuoricino was with full honors a standalone experiment. The tower, the new world largest cryogenic detector ever in operation, consisted of 44 5 × 5 × 5cm3 crystals, and 18 3 × 3 × 6cm3 crystals coming from MiDBD, for a total TeO2 mass of 40.7 kg. These crystals were disposed into 13 floors, 11 4-crystal modules housing the larger crystals and 2 9-crystal modules housing the smaller ones.

The detector was successfully run for over 5 years. The best performance, both in terms of background counts and resolution, was reached with the 5 cm-side bolometers, which achieved (0.153 ± 0.006) counts keV−1 kg−1 yr−1 in the ROI 3 and a FWHM resolution of (5.8 ± 2.1)keV [70] at the Qββ. Cuoricino improved the previous limit on 0νββ set by MiDBD by more than one order of magnitude: [image: image] at 90%C. L. . At the same time, this detector showed that it was possible to operate massive and complex bolometric detector arrays almost continuously.

In view of the forthcoming CUORE experiment, a big effort was paid to the investigation of the background sources. Thanks to Cuoricino, it was definitely confirmed that the major contribution to the counts in the ROI was produced by “degraded” alphas, i.e., alpha particles that deposit only part of their total energy in the detector, as expected in crystal or copper/PTFE surface events. Several dedicated R&D setups were put into operation in an ancillary cryostat at LNGS to investigate the individual contributions to the background, in order to address the issue of its reduction in the most effective way. These studies led to an improved detector design and cleaning protocol for both the crystals and the support materials. In addition, a completely industrialized assembly line was realized in order to transform the over 10,000 ultra-clean pieces into CUORE towers [71]: all the construction processes had to be performed into sealed glove boxes constantly flushed with N2 to prevent the re-contamination of the various components by any exposure to air (and thus to Rn).

The final test for CUORE consisted in operating as a standalone experiment a prototype tower, CUORE-0, produced and assembled following all the new procedures, protocols and prescriptions. The CUORE-0 tower [70] comprised 52 5 × 5 × 5cm3 crystals, arranged in 13 4-crystal floors, for a total mass of 39kg of TeO2. The collected data allowed ultimately to check all the improvements achieved since Cuoricino. In particular, for what concerns the background, a significant reduction was obtained, spanned over the whole energy range, with a factor ~3 reduction in the Qββ region. The counts in the ROI were (0.058 ± 0.004 (stat.) ± 0.002 (syst.)) counts keV−1 kg−1 yr−1 and the α continuum above 2615keV was a factor ~ 7 smaller than that obtained with Cuoricino.

The combined limit of Cuoricino and CUORE-0, whose results are comparable due to the better performance of the latter despite its shorter live time, was [image: image] at 90%C. L. [67], among the stringent ones on the 0νββ process.

5. PRESENT: THE CUORE EXPERIMENT

CUORE [72] consists of 19 CUORE-0-like towers. The number of TeO2 crystals is 988, for a total mass of 742kg (Figure 3). Given the natural isotopic abundance, this corresponds to ~ 206kg of 130Te. CUORE is by far the largest bolometer array operated.


[image: image]

FIGURE 3. The CUORE detector with the experiment logo. Reproduced with permission from the CUORE Collaboration. See original in the official CUORE experiment website. Available online at: https://cuore.lngs.infn.it/en.



After the design and realization of the assembly line, the full detector construction took about 2 years. The installation inside the CUORE cryostat could be performed after the completion of the commissioning of the cryogenic system. In the meanwhile, the individual towers were stored in sealed containers constantly flushed with clean N2 gas, inside the CUORE cleanroom. This prevented any contamination of the crystals and frames from Rn. The installation was performed during summer 2016. This extremely delicate task (the fragile detector is completely “bare”) was carried out in a controlled cleanroom environment continuously flushed with Rn-free filtered air [73]. The background target level in the ROI was set to 0.01 counts keV−1 kg−1 yr−1, reflecting the expected outcome of the extensive background reduction program.

CUORE also benefited from the completely new cryostat. The CUORE cryostat is a huge custom-made dilution refrigerator cooled down by multiple Pulse Tube units [74, 75]. Its design had to satisfy a set of very stringent experimental requirements: high cooling power and cryogenic reliability, low noise detector environment and extremely low radioactivity content. In particular, the cryostat is composed of six nested high-purity-copper vessels. The innermost vessel encloses the experimental volume, which is ~ 1m3 (Figure 4). The detector is attached to a dedicated suspension system that strongly reduces the amount of transmitted vibrations, which represent a noise source. In order to mitigate the radioactive background, almost 7 t of lead are integrated in the structure. The largest part of the shielding is made of ancient Roman lead [76]. In addition, the whole apparatus is protected from the external environmental radioactivity by a 80-ton composed shield made of polyethylene, H3BO3 and lead.


[image: image]

FIGURE 4. The CUORE cryostat. The different thermal stages, the lead shields, the vacuum chambers and the cooling units are indicated. See original in the official CUORE experiment website. Available online at: https://cuore.lngs.infn.it/en.



CUORE, which started the data-taking in spring 2017, will collect data until reaching a total of 5yr live time. The successful cool down and operation of CUORE marks an important step in the application of thermal detectors for rare-event searches, by bringing it to the ton-scale. It also opens the way to the use this technologies to future large-mass bolometer arrays.

5.1. CUORE Background

The experience acquired in running the previous TeO2 experiments, supported by a complete Monte Carlo simulation of the detector (and of the shielding) that has been developed and fine-tuned step-by-step since MiDBD, allowed the implementation of a background model for CUORE-0 first [9], and then for CUORE [77]. Three dominant sources have been identified as contributors to the Background Index (BI):

• multi-Compton events from the γs line of 208Tl (2615 keV), coming from the 232Th contamination of the cryogenic system;

• 238U and 232Th α-emitting contamination (with related decay products), coming from the surface of the TeO2 crystals. This also include the surface contamination 210Pb (with the long half-life of ~ 22.3yr) from the environmental 222Rn;

• α-emitting contamination coming from the surfaces of the inert materials facing the crystals, mostly the copper frames.

The strategy adopted in CUORE in order to reduce these contributions consisted in the optimization, i.e., reduction, of the amount of inert material employed for the detector frames and structure and in the improved design of the shields. This was done in addition to the dedicated cleaning treatments, both for crystals and copper. The resulting effectiveness has been demonstrated by CUORE-0, which observed a reduced background with respect to Cuoricino of about a factor 3 in the ROI. This success was actually limited by the use of the same cryogenic infrastructure of the Hall A cryostat (about 25-years-old during the run CUORE-0).

The selection and procurement of all the materials then used in the construction of the CUORE detector and cryostat was preceded by a broad screening campaign. This study employed different material assay techniques and considered both bulk and surface contamination (these could have occurred during the part handling and machining, and/or due to air exposure). Furthermore, a specific analysis of material activation for TeO2 was performed. This helped to confirm that the overall exposure to cosmic radiation following the production and transportation of the crystals did not constitute a major issue for CUORE [78].

In the end, the sources that were believed could give a sizable contribution to the CUORE BI were identified with:

• 238U and 232Th (and their progeny) coming from crystals and holders;

• cosmogenically activated isotopes from crystals and copper parts closest to the detector;

• 238U and 232Th coming from cryostat vessels and lead shields.

The projection of the total BI resulted in [image: image] counts keV−1 kg−1 yr−1. A detailed list of the individual contributions is reported in Figure 5. The dominant entry is represented by the degraded αs coming from the surface contaminants of the detector frames.


[image: image]

FIGURE 5. Histogram with the main BI components expected for CUORE. The bars indicate upper limits (90% C. L.), while the markers derived values (with 1σ uncertainty). The thick line marks the CUORE background target. Figure from Alduino et al. [77].



The ultimate validation (or rejection) of the projected background model for CUORE will come from the CUORE data themselves, provided that sufficiently high statistics will be collected.

5.2. CUORE First Results

At the end of 2017, CUORE released the first results on the 0νββ search. The total TeO2 exposure was 86.3kg yr [69]. The background was found in line with the expectations: (1.4 ± 0.2)·10−2 counts keV−1 kg−1 yr−1, while the average bolometer energy resolution at Qββ was (7.7±0.5)keV. The latter parameter saw an improvement during the data-acquisition campaign and room for further a improvement down to ~ 5keV is still present, thanks to improved cryogenic stability and data analysis.

The final spectra in ROI region for MiDBD, Cuoricino and CUORE-0 spectra are reported in Figure 6, together with the initial CUORE spectrum. The combined limit of CUORE, CUORE-0 and Cuoricino on the 130Te 0νββ half-life is 1.5·1025 yr [69]. It follows the corresponding limits in 136Xe and 76Ge, namely 1.1·1026 yr at 90%C. L. by the KamLAND-Zen Collaboration [79] and 8.0·1025 yr at 90%C. L. by the GERDA Collaboration [80]. Eventually, CUORE is expected to raise its half-life limit sensitivity at 9.0·1025 yr at 90%C. L. [81], therefore ensuring the central role played by thermal detectors in the forthcoming future.
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FIGURE 6. (From Left to Right, Top to Bottom) MiDBD, Cuoricino, CUORE-0 and CUORE (first data release) best-fit model in the ROI region. No peak is found at Qββ (that at ~ 2507 keV is attributed to 60Co). Figures from Arnaboldi et al. [64], with permission from Elsevier, Alfonso et al. [67], with permission from Elsevier, Andreotti et al. [68], with permission from the American Physical Society, and Alduino et al. [69], with permission from the American Physical Society (see the references for details).



5.3. Constraints on the Neutrino Mass

The huge impact on Particle Physics that the observation of 0νββ would have is of course not related to the interest on an extremely rare nuclear decay, that would put another important tile in the framework of Nuclear Physics and would challenge theoreticians to explain the observed half-life, but to the consequences that the observation or even the limits posed on its half-life would have on neutrino physics.

The connection between 0νββ and some neutrino properties can be extracted from the Majorana effective mass definition:

[image: image]

where mi are the masses of the neutrino eigenstates νi, α1, 2 are the Majorana phases and Uei are the elements of the PMNS mixing matrix that define the composition of the electron neutrino: [image: image].

If a 0νββ would be observed, the measurement of [image: image] would translate into a value of mββ, while an experimental limit on [image: image] will always correspond to an upper bound on mββ. In order to operate this conversion, it is necessary to pass through quantities obtained by theoretical calculations of atomic and nuclear physics. Within the hypothesis of “ordinary” neutrinos as mediators of the 0νββ transition, a convenient parametrization for [image: image] can be:

[image: image]

where G0ν is the Phase Space Factor (PSF), [image: image] is the Nuclear Matrix Element (NME), and me is the electron mass, conventionally taken as normalization factor for mββ.

By inverting Equation (14) and by choosing proper values for the isotope of interest for PSF [82] and NME (e.g., [83]), it is thus possible to obtain the limits on mββ starting from the experimental sensitivities.

There has been a lot of discussions in the last years on the correct value of the axial-vector coupling constant to be used in the calculation of the NME and for this reason you will now often find Equation (14) unfolded, with the dependence from [image: image] made explicit. Since we still lack of a unanimous guideline on the value to be used for gA in nuclear decays in general and in 0νββ in particular, we will stick to the conventionally used value of gA, nucl ≃ 1.27, the value observed in neutron decay, leaving it hidden inside the NME.

When passing from [image: image] to mββ, the uncertainties in the theoretical calculations should be taken into account. The PSFs have been recently recalculated [82] with accurate precision for most of the nuclei of interest for 0νββ. The present uncertainty is about 7%. For the NMEs, the situation is more complicated. A relatively small intrinsic error of ≲ 20% [83, 84] is presently assessed by the most recent calculations within the same theoretical approach. But the disagreement between the results from different models is still quite large, up to a factor ~ 3.

For this reason, any experimental limit on [image: image] will actually correspond to a range of values for mββ, that will translate into a horizontal band in the usual representation of mββ as a function of the mass of the lightest neutrino mlightest [85, 86]. An example is shown in Figure 7. The two branches that appear in these type of plots correspond to the two (mutually exclusive) scenarios of Normal and Inverted Hierarchy (NHand IH) of the neutrino mass spectrum. The broadness of the branches depends on the adopted approach in discussing the theoretical uncertainties.
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FIGURE 7. Predictions on mββ from oscillations as a function of the mass of the lightest neutrino in the two cases of NH and IH. The shaded areas correspond to the 3σ regions after propagation of the uncertainties on the oscillation parameters [87]. The horizontal gray band shows the current 0νββ limit of 130Te after the first CUORE data release [69], while the blue band shows the projected CUORE sensitivity [81]. To the side, the current limits on the 0νββ half-life for 76Ge [80], 100Mo [88] and 136Xe [79] are reported.



As for the experiments with TeO2 discussed in this paper, their limits on mββ, calculated using the PSF from Kotila and Iachello [82] and the NME from Barea et al. [83], are shown in Table 2. As can be seen, the evolution of the limit on the decay half-life of the 0νββ of 130Te proceeded in parallel with the technological improvements on the bolometric detectors: mass, energy resolution, background.


Table 2. Main characteristics of the TeO2 bolometric experiments searching for the 0νββ of 130Te.

[image: image]



In Figure 7 the bands coming from some of the most studied isotopes are plotted. The constraint from 130Te, i.e., the current CUORE limit on mββ < (110−520)meV [69], is already compatible with that from 76Ge, while the projected CUORE sensitivity should reach (or pass) the most stringent present limit, coming from 136Xe, approaching the Inverted Hierarchy region.

6. OTHER STUDIES

Although 0νββ of 130Te is the main objective of TeO2 bolometers, a number of other processes is open to experimental investigation. The excellent energy resolution and the anticipated low background rates allow competitive sensitivities for many of them. The accessible processes include alternative modes of double beta decay as well as more exotic processes predicted by some extensions of the SM.

Indeed, natural tellurium includes ββ -active isotopes other than 130Te , namely 120Te and 128Te , and the ββ transitions to excited states can provide unique information on the 0νββ mechanism. On the other hand, the precise measurement of the 2νββ half-lives is crucial to test the constraints of the ββ nuclear matrix elements.

Among the exotic processes, the experimental investigation of the validity limits of fundamental principles such as the charge conservation or the CPT/Lorentz invariance deserve particular attention since most of our theoretical construction is based on them. On an equal footing, the search for Dark Matter candidates (which, by the way, began with the first 0νββ experiments), is still a subject on which TeO2 bolometers can provide competitive results.

6.1. Alternative Double Beta Decays

Thanks to a larger available energy, the best 0νββ experimental sensitivity is generally for the transition to the ground state of the daughter nucleus. However double beta decay may occur (in both 2ν and 0ν modes) also to an excited state of the daughter nucleus. In the case of 0νββ, these transitions can disclose the exotic mechanisms (e.g., RH currents) which mediate the decay [89, 90], while for 2νββ they can provide unique insight to the details of the mechanisms responsible for the nuclear transition [91, 92]. From the experimental point of view, most of the interest is motivated by the fact that in a close packed array, like those developed for TeO2 bolometers, the strong signature provided by the simultaneous detection of one or two gammas can lead to an almost background-free search. In this respect, the transitions to 0+ states are favored while states with larger spin (e.g., 2+) are generally suppressed by angular momentum conservation. The adopted strategy exploits multiple coincidence patterns to select topological configurations characterized by a lower background contribution [93]. In this respect, particularly interesting is the 0νββ transition of 130Te to the 0+ excited state at 1793.5 keV of 130Xe whose de-excitation is characterized by a cascade of multiple high energy gamma's which provide distinctive signatures.

Up to date, no evidence for any of the ββ transitions of tellurium isotopes to 0+ and 2+ excited states of xenon has been observed. In all the cases, the most stringent limits come from TeO2 bolometers [63, 93–96]. The 90% C. L. half-life limits by the combined Cuoricino + CUORE-0 are [93]:

[image: image]

130Te is certainly the most favorable isotope for ββ searches (see section 5.3).

Two other tellurium isotopes are however also ββ -active: 128Te and 120Te . 120Te can β+EC decay to 120Sn with a transition energy of 1730 keV [97]. Despite β+β+, β+EC and EC EC modes are generally less appealing because of the lower available energy, they can only be mediated by peculiar mechanisms and can therefore provide unique details on the decay [98, 99]. Although no calculation of the nuclear matrix element is presently available in the literature for 120Te , the expected 0νβ+EC half-lives for other most commonly investigated isotopes are a few orders of magnitude larger with respect to 0νββ, making the search for this decay mode very appealing. In addition, the presence of the positron with the consequent emission of a pair of back-to-back 511 keV gammas provides extremely clean signatures (Figure 8) which reduce the background contributions and compensate for the low isotopic abundance of 120Te (0.09%). The decay scheme is:

[image: image]

where the asterisk indicates an atomic excited state while X stays for the products of atomic de-excitation (X-rays or Auger electrons). In TeO2 bolometers the latter amounts to the captured electron binding energy and adds to the positron energy. The signature is therefore the coincidence of a fixed amount of energy deposition and two 511 keV γs. No evidence for 120Te decay has been observed so far, and again the stringent limits is set by TeO2 bolometers, namely the combined Cuoricino + CUORE-0 [100, 101]:

[image: image]

128Te ββ transitions have been investigated since a long time. The large natural isotopic abundance of this isotope, 31.74%, is in fact very appealing. However the very low transition energy, 866.6 keV [97], leads to a generally poor sensitivity and weakens the interest for this search. On the other hand, its very large 2νββ half-life [102] is out of reach even for a ton-sized arrays like CUORE.


[image: image]

FIGURE 8. Signatures of the 0νβ+EC decay of 120Te in CUORE-0. The red stars indicated the energy depositions by the β+ , while the arrows represent the resulting annihilation 511-keV γ rays. The shaded squares show the crystals which see an energy deposition. Figure from Alduino et al. [100], with permission from the American Physical Society.



Exotic 0νββ forms, characterized by the emission of a massless Goldstone boson, called Majoron, were originally introduced within SM extensions in which neutrino masses are obtained as a manifestation of the spontaneous break of the lepton number symmetry [103]. The precise measurements of the Z invisible width at LEP, has greatly disfavored the original Majoron triplet and pure doublet. Several new models have been developed [104, 105], which predict different (continuous) spectral shapes for the sum energies of the emitted electrons. This extends from zero to the transition energy [image: image], where T is the electron summed kinetic energy and the spectral index n depends on the decay details (Figure 9). Single Majoron emissions are characterized by n = 1−3, while double Majoron decays can have either n = 3 or n = 7. The precise measurement of n allows to discriminate between the processes and 2νββ (n = 5). As for any process characterized by continuous spectra, the experimental sensitivity is mainly limited by the background contributions and the detector mass. Several experiments looking for 0νββ have focused their attention on these exotic searches [106–109]. In the case of TeO2 bolometers, stringent half-life limits on these exotic decays have been set by past arrays [63], namely

[image: image]

while competitive results are anticipated by future extensions of the technology based on the simultaneous detection of Čerenkov light and aiming at unprecedented reductions of the background [110, 111].


[image: image]

FIGURE 9. Visible 0νββ with Majoron emission energy spectra for different spectral index n in the case of 136Xe. The line at Qββ, charaterized by the KamLAND-Zen detector resolution, indicates the position of the 0νββ peak without Majoron emission. Figure from Gando et al. [106], with permission from the American Physical Society.



2νββ is a direct transition between isobaric nuclei differing by two units of nuclear charge and corresponds to two simultaneous beta decays:

[image: image]

It is an allowed process within the SM and was originally proposed based on the observed trend of nuclear masses in isobaric multiplets [112]. 2νββ is the slowest nuclear decay ever discovered. It has actually been observed in a number of candidate nuclei. Most of the interest for this decay mode arises from its similarity with 0νββ (compare Equation 19 to Equation 11). Indeed, the calculation of the nuclear matrix elements for the latter are the main source of uncertainty in the extraction of the relevant neutrino parameters and it is expected that 2νββ experimental results could provide relevant insight into the details of these calculations (see section 5.3). However, in practice the 2νββ experimental results have further complicated the situation: the measured 2νββ half-lives have outlined an evident disagreement with calculations. An explanation is still missing as well as how this disagreement affects 0νββ calculations.

From the experimental point of view, the 2νββ represents an irreducible source of background for the 0νββ searches. The finite energy resolution of the detector produces a smearing of the spectrum which brings some 2νββ events in the 0νββ region. Thanks to the excellent energy resolution of bolometers and to the relatively long 2νββ half-life of 130Te , this will not be a concern even for next generation TeO2 experiments. However, a potential issue for thermal detectors is constituted by the random coincidences of 2νββ events [113, 114]. The resulting pile-up would not be disentangled due to the bad time resolution which, in the case of TeO2 bolometers with NTD thermistors, is of the order of 1 ms at best. Nonetheless, this contribution is estimated to be < 10−4 counts keV−1t−1 yr−1 for a 1 t TeO2 experiment with enriched crystals [115], or even less in case a light signal would also be recorded (see section 7), and it is thus negligible.

TeO2 thermal detectors have provided the most precise measurements of 130Te 2νββ half-life [9, 64, 116]. Figure 10 shows the fit obtained with the background simulation in CUORE-0 (left panel) and CUORE first data release (right panel). The contribution of the 2νββ is clearly visible in both spectra. In particular, in CUORE, this accounts for nearly all of the signal in the range (1–2) MeV. The extracted value for the 130Te 2νββ is [116]:
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FIGURE 10. CUORE-0 (Left) and CUORE first data release (Right) spectra compared to the 2νββ contribution predicted by the reference fits. The 40K peak from the crystal contamination (the radioactive source that has the strongest correlation with the 2νββ) is also reported. Figures from Alduino et al. [9] and Ouellet [116].



6.2. Violation of Fundamental Principles

The decay of an atomic electron is probably the most sensitive test of electric charge conservation. Charge Non Conservation (CNC) can be obtained by including additional interactions of leptons and photons which can lead to the decay of the electron:

[image: image]

These modes conserve all known quantities but electric charge. An additional possibility is connected with CNC involving interactions with nucleons. Discussions of CNC in the context of gauge theories can be found in a number of Beyond SM gauge theories [117–119].

Referring to Equation (21), while the signature of the three-neutrino mode is quite poor, the coincidence between the decay γ and the atomic de-excitation X-rays can give rise to interesting topological configurations. These can help to lower the background contributions and look particularly suited for bolometric arrays with a high granularity. The most stringent limits on CNC have been obtained as side results in experiments characterized by large masses and very low backgrounds [120, 121]. Indeed, the large detection efficiency, low threshold and excellent energy resolution of TeO2 bolometers are crucial to detect the low energy de-excitation X-rays or Auger electrons. The sensitivity has been so far limited by the available mass so that competitive results are anticipated by CUORE and future developments of this technique.

Lorentz invariance and CPT violations arising from the spontaneous breaking of the underlying space-time symmetry are interesting theoretical feature that can be parametrized within SM extensions [122–124]. Lorentz-violating effects in the neutrino sector can thus appear both in the 2ν and 0ν decay modes [125]. A distortion of the two-electron summed energy is expected for 2νββ due to an extra term in the phase space factor, while 0νββ could be directly induced by a Lorentz-violating term. The experimental signature is therefore very similar to the one expected for Majoron searches with a deformation of the 2νββ spectrum [125]. This investigation has been recently performed by the EXO Collaboration on 136Xe [126]. A similar study is foreseen for CUORE, and dedicated analysis tools have already been developed [127].

The Pauli Exclusion Principle (PEP) is one of the basic principles of Physics, upon which modern atomic and nuclear physics are built. Despite its well known success, the exact validity of PEP is still an open question, and an experimental verification is thus extremely important [128]. Indeed, a number of experimental investigations have been carried out both in the nuclear and atomic sector [129–132]. Each time, the signature is a transition to an already occupied (atomic or nuclear) level which is clearly prohibited by the PEP. Dedicated searches to the PEP exploit the continuous filling of atomic levels with fresh electrons in order to measure the corresponding X-ray transitions to occupied levels. Instead, most of the low activity experiments uses large masses and/or low background rates to search for the emission of specific “wrong energy” electromagnetic or nuclear radiation from atoms or nuclei. TeO2 bolometers, belonging to the latter category, take advantage of the excellent energy resolution to isolate the seeked X-ray lines. However, sensitivity has been so far mainly limited by the detector mass and competitive results are therefore expected only for future generation ton-sized arrays. Unfortunately, a model linking the various experimental observations is still missing and a comparison of the sensitivities is therefore difficult, and must carefully take into account the assumptions underlying the specific search [133].

Baryon number (B) conservation is an empirical symmetry of the SM and its violation is predicted by a number of extensions. In particular, some of these theoretical frameworks, which allow for small neutrino masses, anticipate ΔB = 3 transitions in which three baryons can simultaneously disappear from the nucleus, often leaving an unstable isotope [134]. The coincidence between the tri-nucleon decay and the radioactive decay of the daughter nuclei is thus a robust signature for TeO2 arrays and can help to get rid of the backgrounds. The dominant ΔB = 3 decay modes are:
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These can be experimentally investigated by exploiting the decay specific energy and time constraints. Recently, results on the search for instability of bound nucleons have been reported for 136Xe [135] and for 76Ge [136]. The half-life limits range, depending on the decay mode, around 1023 yr in the former case, and around 1025 yr in the latter one.

6.3. The Rare Nuclear Decay of 123Te

Primordial radionuclides are nuclides characterized by lifetimes longer than the time passed since their formation. Therefore, they are still surviving today. Besides the progenitors of the natural decay series, 232Th, 235U and 238U, this set comprises: 40K, 87Rb, 115In, 123Te, 138La, 144Nd, 147Sm, 148Sm, 174Hf, 176Lu, 187Re, and 190Pt. Their rare nuclear decays are generally of interest not only for nuclear spectroscopy but also for the implications of the very long lifetime in geochronology and ore dating. Furthermore, despite expected to occur based on the available mass measurements, the β decays of few isobaric doublets are still missing experimental observation and are often characterized by conflicting results.

This is the case for 123Te , which is expected to decay by EC to the ground state of 123Sb with a second forbidden unique transition (Q = 51.3 keV). Indeed, published lower limits on the lifetime of this decay [137, 138] are in contradiction with the positive result of 1.23·1013 yr, quoted in most of the papers on the subject [139]. The reason for the disagreement is still unclear, but it is probably due to limits imposed by the original experimental technique. If the limits were confirmed, or even more stringent ones would be set, then 123Te could be characterized by the longest natural single β transition, a fact of obvious interest for nuclear physics.

The main advantage of TeO2 thermal detectors is to implement a pure calorimetric approach, characterized by a distinctive signature in which the signal corresponds to an energy release equal to the binding energy of the captured electron. The most probable capture is then from the L3 atomic shell, with an energy of 4.1 keV. The EC decay of 123Te has been investigated in a number of TeO2 bolometric measurements. Initial limits on the suppressed K-capture [138] has been later improved when technological improvements have contributed to lower the detector threshold, thus allowing the study of the L-capture processes [140]. Here a signal corresponding to another highly suppressed L1 capture has been observed leaving the question of the 123Te decay existence still open. It is expected that CUORE (and possible future TeO2 developments), thanks to the increased mass and lower background will finally contribute to provide a definite answer.

7. LOOKING AHEAD

CUORE is not the ultimate bolometric experiment searching for 0νββ. On the contrary, it represents a crucial step toward the forthcoming generation of experiments. Thanks to the knowledge acquired by running the first ton-scale bolometric detector, we are now aware of where and how to intervene in order to further increase the sensitivity. It appear realistic to imagine a next-generation 0νββ experiment hosted inside the CUORE cryogenic infrastructure.

As discussed in section 2, thermal detectors offer a wide choice for the possible absorber materials, hence isotopes different from 130Te can be as well considered due to their “intrinsic” properties and/or to the more favorable characteristics of the outcoming detector. Indeed, such scenario is an open possibility concerning a post-CUORE experiment (see [115]). Anyhow, TeO2 still remains a valid choice, and the following discussion will focus on the search for 0νββ of 130Te with this latter compound.

As shown in section 1, the detector sensitivity for the search of 0νββ is determined by the live time of the experiment, the mass of isotope under observation, the detector energy resolution and the background level. These are therefore the key quantities to address to improve the sensitivity. In particular, all next-generation forthcoming experiments aim at reaching the zero background condition, and this sets very stringent requirements on the detector features and performance, i.e., the relation in Equation (5) must hold.

In order to increase the total mass of 130Te, we could in principle allocate more crystals by further optimizing the detector design. However, we must keep in mind that this option is eventually constrained by the experimental volume available in the CUORE cryostat. Alternatively (or combined), we could use TeO2 crystals enriched in 130Te: this would correspond to an increase in the isotope mass of almost a factor 3. The results in this direction are promising. Apart from the pioneering studies on enriched crystals with MiDBD and CUORICINO, the recent bolometric run of two TeO2 crystals enriched at ~ 92% in 130Te showed that performance comparable to CUORE-0 are within reach [11]. Specifically, these crystals (of mass ~ 435g each) exhibited a FWHM energy resolution of 6.5 and 4.3keV (at the 208Tl line). Moreover, no contamination in 232Th was observed, while a small contamination of 238U was present, still more than 10 times larger than that of the CUORE crystals. Therefore, some extreme purification procedure should be foreseen to avoid spoiling the excellent results achieved by the CUORE crystal quality. Some work in this direction has already started.

Concerning the live time of a future 0νββ experiment, given that it is quite unlikely that the data taking will last longer than a few years, it is important to maximize the experimental duty cycle in order to, in turn, maximize the exposure. A value larger than 80% has already been achieved by CUORE-0. Furthermore, the use of mechanical cryo-cooler in the CUORE cryostat (see section 5) additionally increases the total duty cycle compared to a LHe bath cryostat, such as the one used until CUORE-0, avoiding the need of refill. It sounds reasonable to expect to keep a duty cycle of about 80% also for a future experiment.

As discussed in section 2, bolometers fully exploit the potentiality of solid state detectors. Energy resolutions of the order of the per mille at the Qββ, quite close to those of HPGe detectors, can be achieved.

Trying to improve the single detector performance—remind that the effective resolution of a bolometer is due to various noise sources, while in principle intrinsic value for CUORE-like bolometers should be of the order of some tens of eV—requires a deeper understanding of the thermal behavior. Studies aiming at reproducing the actual response of the CUORE bolometers have been carried out [141–143], while a large amount of data is becoming available thanks to CUORE. This will provide important information in this direction. However, we do not really know the level of improvement we can expect and, especially, when this will provide a practical contribution to the experimental search. The value of 5keV, achieved by CUORE-0, still is a valid target for a forthcoming experiment.

The mitigation of the background is leading way toward the zero background condition. It actually represents the largest challenge we will deal with and it in fact is the target of most of the R&D projects which studying the optimal configuration/technology for a new generation bolometric detector. As it will be shown, there is still room for a significant improvement from the 0.01counts keV−1 kg−1 yr−1 of CUORE.

7.1. Active Rejection of Background

In CUORE, the study of coincidences among events generated in nearby crystals allows to discard a significant fraction of α interactions and multi-Compton scatters of γs by rejecting simultaneous signals (within 10 ms) [69]. The main limitation of this method is that, in this way, it is only possible to identify events that deposit energy in multiple crystals. Therefore, despite the rejection efficiency is still high thanks to the detector compactness, the goal for a next-generation detector is to perform an active reduction of background against α events.

A very promising approach in this sense foresees a simultaneous readout of heat and light signals. In fact, by measuring the ratio of the emitted light over the dissipated energy (heat), it is possible to discriminate between β/γ and α events with the same energy, since the scintillation light is strongly quenched in the latter case. The combined readout can be obtained by coupling the main bolometer to a thin, large-area Ge or Si light detector (acting as well as a bolometer). The light collection can be maximized by wrapping the main crystal with a reflecting foil (Figure 11).
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FIGURE 11. Example of TeO2 bolometers coupled to light detectors, allowing for a simultaneous measurement of heat + light signals. The crystals are wrapped with a reflecting foil to maximize light collection. Figures from Artusa et al. [11] and Casali et al. [144].



Despite this approach is limited to scintillating compounds, and noticeable results have already been obtained (see e.g.,[30, 145, 146]), it can also be applied to TeO2 crystals. In this case, the low luminescence of paratellurite is, at least partially, compensated by the suitable optical properties of the crystal to act as excellent Čerenkov radiators [147]. The Čerenkov emission threshold is ~ 400MeV for α particles while only ~ 50keV for electrons: no light emission is thus expected from the α background, allowing for a complete rejection. At the same time, ~ 125 photons in the range (350−600) nm are expected for electron pair emitted in the 0νββ process, showing the challenge of this approach, even if it is feasible.

7.2. CUPID

The CUPID project, acronym for CUORE Upgrade with Particle IDentification [110] aims at constructing a bolometric 0νββ experiment with sensitivity on [image: image] of the order of (1027 − 1028) yr at 90% C. L., starting from the experience and the expertise acquired by running CUORE. The largest efforts of CUPID is put into the identification of an effective strategy for a dramatic reduction of the background in the 0νββ ROI. In the case of TeO2, the background suppression is pursued by developing high-quality light detectors, with sufficiently elevated performance to effectively identify Čerenkov emission.

Among the different technologies under investigation, we find the use of transition edge sensors [148, 149], microwave kinetic inductance detectors [150, 151], or Neganov-Trofimov-Luke (NTL) amplified light detectors [11, 33, 111, 149, 152, 153]. The results coming out from the several R&D programs are encouraging. As a remarkable example, in Bergé et al. [111] the authors demonstrate a complete event-by-event αvs. β/γ discrimination in a TeO2 CUORE-like bolometer by employing a NTL-assisted Ge bolometer for the light collection (Figure 12).
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FIGURE 12. Heat vs. light scatter plots obtained with a CUORE bolometer in coincidence with a NTL Ge light detector. (Top) The light detector is operated as a “standard” bolometric light detector, i.e., without applying any electrode voltage bias. (Bottom) The light detector working in a signal amplification regime, by applying 60 V as electrode bias. This results in a clear separation between α and β/γ signals. Figure from Bergé et al. [111], with permission from the American Physical Society.



At the same time, additional studies within the CUPID frame aim at tagging of surface events. Surface events can represent a problem if they become a significant background component, since in thermal detector there is no dead layer and the crystal surface is as sensitive as the bulk. In order to mitigate this background, an effective solution could be represented by the addition of a passive element on the bolometer surface. The coating may be obtained by deposition of a superconducting Al film, which would affect the shape of the signal events generated a few mm from the surface, thus making it possible be able to discriminate between bulk and surface events [154]. Alternatively, by wrapping the crystal with a scintillating foil, surface events could be identified by the measurement of scintillation light (which would be collected in addition to the Čerenkov light) generated by the interaction with the foil [155]. These solutions, together with strategies for the mitigation of the environmental radioactivity [156], could in principle translate into a dramatic reduction of the BI, of about two orders of magnitude with respect to CUORE. The level of 0.1 counts keV−1t−1 yr−1 is compatible with the zero background condition (see section 5.2) for a ton-size bolometric experiment.

8. SUMMARY

TeO2 thermal detectors satisfy the experimental requirements needed by a competitive search for 0νββ. This very important process—its discovery would directly address the open issues of the lepton number conservation and the Majorana nature of the neutrino—is in fact under study in a bunch of candidate isotopes, including 130Te.

A long series of successful measurements at LNGS allowed to continuously improve the sensitivity on the half-life of the 130Te 0νββ. Today, the CUORE experiment is providing one of the most stringent limits in the field, namely 1.5·1025 yr at 90% C. L. . At the same time, TeO2 thermal detectors were used in different studies of rare nuclear processes, spanning from different 0νββ modes to the investigation of fundamental Physics laws.

Numerous R&Ds are paving the way for a next generation bolometric experiment searching for 0νββ with zero background and enhanced sensitivity, in the range of (1027 − 1028) yr, showing that TeO2 thermal detectors could continue to play a central role.
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FOOTNOTES

1This is true for instance if impurities are uniform inside the detector. But this might not be always the case. For example, if the main background component is superficial, it is the surface over volume ratio that matters. Also, the external background does not scale with the mass since the outer layers of the detector act as a shielding for the core part.

2https://www.lngs.infn.it/en

3The ROI can be intended as the 100 keV-wide region around Qββ, namely (2470−2570) keV. In that energy region the 2505 keV 60Co sum peak (see Figure 6) appears, but does not contribute to the background in the ROI.
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