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Abstract CUPID, the CUORE Upgrade with Particle Iden-
tification, is a next-generation experiment to search for neu-
trinoless double beta decay (OvBB) and other rare events
using enriched Li2100M004 scintillating bolometers. It will
be hosted by the CUORE cryostat located at the Labora-
tori Nazionali del Gran Sasso in Italy. The main physics
goal of CUPID is to search for 0vg8 of '%Mo with a dis-
covery sensitivity covering the full neutrino mass regime
in the inverted ordering scenario, as well as the portion
of the normal ordering regime with lightest neutrino mass
larger than 10 meV. With a conservative background index
of 10~* cts/ (ke V-kg-yr), 240 kg isotope mass, 5 keV FWHM
energy resolution at 3 MeV and 10 live-years of data taking,
CUPID will have a 90% C.L. half-life exclusion sensitivity
of 1.8 - 10?7 yr, corresponding to an effective Majorana neu-
trino mass (mm gg) sensitivity of 9-15meV, and a 3o discovery
sensitivity of 1 - 10?7 yr, corresponding to an m pp range of
12-21 meV.
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1 Physics case

Double beta decay with two anti-neutrino emission (2v88),
(A, Z) - (A, Z +2)+ 2¢e~ + 2v, is among the rarest
nuclear transitions ever observed. It is a second-order weak
transition allowed for 35 candidate even-even nuclei, where
the decay to the intermediate nucleus is forbidden due to
energy conservation or suppressed by a large change of the
nuclear spin. This Standard Model process conserves lepton
number and has been observed in eleven nuclei with half-lives
in the range of 10'8-10?* yr [1,2]. The neutrinoless double
beta decay (OvBp) process, (A, Z) — (A, Z+2)+2e~, has
never been observed and can only be induced by mechanisms
beyond the Standard Model (BSM) [3].

The detection of OvB8 would be a major breakthrough [3—
5], proving conclusively that the neutrino is a Majorana par-
ticle rather than a Dirac particle. This would distinguish the
neutrino from other fermions, showing that it is its own anti-
matter partner. The discovery of OvBB would also imply
a new mechanism of mass generation, beyond the Higgs
mechanism, to naturally explain the smallness of neutrino
masses [6]. Moreover, the search for Qv is also a pow-
erful, inclusive test of lepton number conservation. OvSg
produces two electrons — particles of matter — without the
production of any antimatter, indicating lepton number vio-
lation (LNV). When combined with experiments that aim to
precisely measure CP violation in the lepton sector, the dis-
covery of LNV could help account for the matter-antimatter
asymmetry of the universe [7]. Indeed, from the perspective
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of BSM physics, LNV is as important as baryon number vio-
lation and should be pursued with the highest priority. We
also note that OvpBp violates not only the total lepton number
L (which is an accidental symmetry of the Standard Model)
but, more importantly, B — L (where B is the baryon num-
ber). B— L is the only exact (non-anomalous) global symme-
try of the Standard Model whose violation has not yet been
observed. Therefore, experimentally investigating B — L is
of crucial importance.

The physically observable quantity in a OvBg search is
the decay rate I'". Usually, bounds on the half-life T]O/”2 are
quoted, where T, 10/"2 =1n(2)/ "% The decay rate is set both
by the BSM physics that enables Ov8, the complex nuclear
physics of the considered isotope and the phase space avail-
able for the decay. The dependence on the nuclear matrix
elements (NMEs) and on the phase space make the expected
OvpBp rate vary between different isotopes by multiple orders
of magnitude. In order to compare the sensitivities of exper-
iments studying different isotopes and to set well-defined
experimental targets, we typically assume as baseline model
the light-Majorana neutrino exchange [3]. In this paradigm,
the BSM physics driving OvBp is neatly encapsulated in a sin-
gle parameter called the effective Majorana neutrino mass,
mgg. Due to the complexity of the nuclear physics involved in
the decay, the conversion between TIO"2 and mgg is typically
only known to within a factor of 2-3 [8]. As a result, limits
on and projected sensitivities of m gg are typically reported as
a range of values, reflecting the uncertainties in the nuclear
physics calculations.

1.1 Isotope choice

The OvBp signal is a peak in the summed-energy spectrum
of the two emitted electrons, located at the Q-value (Q gg) of
the reaction. Given the long expected lifetimes — of at least
10726 yr — the search for OvBp relies on isotopes (which
will be reviewed below) with relatively short predicted half-
lives and requires the use of as large an amount of isotope as
possible.

In order to observe this rare process a detector must have
high energy resolution, high efficiency and very low back-
grounds [3,9,10]. High Q gg values are a crucial advantage as
the phase space factor G, has a leading term proportional to
Qpp° and radioactive backgrounds tend to be lower at higher
energies. In particular, Q gg’s higher than 2.6 MeV are attrac-
tive, as the expected signal lies outside the bulk of the natural
y radioactivity. However, the isotope choice must cope with
limitations imposed by the available detection technologies,
isotope availability on the market, and overall project cost. As
a result, some isotopes with Qg > 2.6 MeV, namely *¥Ca,
967y, and 1ONd, are currently ruled out of viable and com-
petitive large-scale experimental programs. Conversely, the

isotopes 76Ge, 130Te, and 139Xe are widely studied thanks to
the availability of well-established detector technologies and
despite having Q gg values in a region populated by natural y
emission. In fact, they currently provide the strongest limits
onmpgg,i.e. mgg <36-156meV from 136Xe in KamLAND-
Zen [11], mgg <78-180meV from 75Ge in GERDA [12],
and mpgg < 90-305meV from *°Te in CUORE [13]. Even at
the completion of their experimental program, these projects
will not cover the Inverted Ordering (I0) region for neutrino
masses, corresponding to mgge [~ 20, ~ 50l meV([3].

In order to meet the challenge of next-generation Ovgp
search experiments to probe the full IO region, a less well
studied group of isotopes may be of interest. In particu-
lar, 8286, IOOMO, and 11°Cd all have Qpp values just above
the bulk of environmental y backgrounds. '"°Mo is a spe-
cially attractive candidate. It features Qg =3034keV and
its highly favorable nuclear and phase-space factors yield
an expected OvBg rate up to an order of magnitude faster
than the leading candidate isotopes (76Ge, 136Xe, and 130Te)
for the same mgg. The technology that enables the use of
these alternative isotopes is that of scintillating bolometers
[14], as shown by several small-scale demonstrators oper-
ated in the recent years: 52Se in LUCIFER and CUPID-
015,161, %Mo in LUMINEU [17, 18], CUPID-Mo [19,20]
and AMoRE [21,22], and ''®Cd in an exploratory R&D
hosted by the CROSS and EDELWEISS facilities [23,24].

1.2 The scintillating bolometer technology

Bolometers are ideal detectors to perform Qv searches [25—
29]: they feature an energy resolution at the few per-mil level,
a detection efficiency at the 70-90% level, and extremely low
backgrounds due to the high radiopurity achievable in the
crystals used as detectors [30-33]. Bolometers are somewhat
unique in their versatility, allowing for the study of a wide
range of 0v8 candidate isotopes, which includes **Ca, 76 Ge,
82Ge. 100V o, 116Cd, 1248, and 130Te,

A bolometer consists of a crystal absorber that converts an
energy deposition from ionizing radiation into a temperature
increase, coupled to a thermal sensor that in turn converts
the temperature into a voltage or current signal. The typical
mass of a crystal used in OvBg searches is in the 0.1-1kg
range [25-29]. Bolometers of this size must be operated at
temperatures <20 mK so that the crystal heat capacity is low
enough to provide high-amplitude signals with respect to the
intrinsic noise sources. Historically, the limiting factor for
scaling bolometric detectors has been the cryogenic infras-
tructure. However, in the last decade the CUORE Collabo-
ration has demonstrated the ability to operate stably ~ 1 ton
bolometric detectors over several years [13,34].

As aresult of a few decades of development, bolometric
technology is now mature, and the last decade has witnessed
extensive R&D activities to include a secondary readout of
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Fig. 1 Left: a scintillating bolometer consists of two individual bolo-
metric detector elements. The heat signal is read from the crystal
absorber containing the OvBp candidate isotope, while the light sig-
nal is detected on a second absorber sensitive to the scintillation light.

the scintillation light channel [14,35-39]. This has laid the
groundwork for the implementation of a phased program to
deploy increasingly sensitive detectors that take advantage of
new and mature technologies, such as scintillating bolome-
ters. This program will progress in tandem with anticipated
advancements in millikelvin cryogenics, in synergy with
growing demands from Quantum Information Science [40].
These developments will enable further scaling of cryogenic
infrastructures and consequently increased detector mass.

A scintillating bolometer package (Fig. 1) consists of two
individual bolometric detector elements: a crystal absorber,
with masses of the order of hundred grams, containing the
OvBp candidate isotope and having scintillating capabilities,
and a thin wafer (usually in Ge or Si), with masses of the order
of grams, facing the crystal absorber in order to collect its
scintillation light. This device is a bolometric light detec-
tor (LD) capable of operating at mK temperatures where
other devices — such as SiPM or conventional photomulti-
pliers — fail or introduce insurmountable assembly and/or
readout complications. We note that the scintillation light is
proportional to the energy deposited; however, the conver-
sion efficiency to scintillation depends on the type of particle
interacting, with scintillation generally suppressed in heavy
particles compared to electrons [41]. The LD wafer is placed
as close as possible to the scintillating crystal, but not in con-
tact to avoid thermal cross-talk, and records the light signal.
The scintillating crystal is a high-energy-resolution particle
detector: the heat signal, following a particle interaction in its
volume, provides an accurate measurement of the released
energy in the form of heat. In combination with the heat sig-
nal, the LD is sensitive to particle species, and in particular
is capable of distinguishing o from B/y particles thanks to

@ Springer
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The temperature rise in each absorber is measured by their respective
thermal sensors. Right: concept of « particle rejection by simultane-
ously measuring the light and heat signals and exploiting the different
light yields of « and S/y particles

their different scintillation light yield (LY) [14,42]. There-
fore, the light signal can be used for Particle IDentification
(PID), a powerful background suppression technique. As the
LD is not in direct contact with the crystal, the light collec-
tion efficiency is sub-optimal. This calls for high-sensitivity
LDs, especially if the chosen crystal is a modest scintillator.
The relative LY is the experimentally observable quantity
and depends on the scintillating crystal LY and on the light
collection efficiency, which can be optimized by using anti-
reflective coating on the LD [43].

1.3 The CUPID concept

Building upon the successful cryogenic technology demon-
strated by CUORE, and on several years of R&D and opti-
mization of scintillating bolometers embedding OvBg can-
didates, CUPID aims at realizing a ton-scale experiment
using Li»MoO, scintillating crystals isotopically enriched
in %Mo (Li'%Mo00y). In fact, after preliminary investi-
gations on LioMoOy4 [44,45], the technology developed in
LUMINEU [31,46] for this compound was applied to the
CUPID-Mo demonstrator [19,20,35], proving Li,MoQO4 as
the optimal choice because of its acceptable intrinsic scin-
tillator properties: this crystal provides a sufficient LY even
in absence of doping [14] and the LY is compatible with
the desired a-background rejection [35]. The demonstrated
radiopurity of the crystals, which are grown from enriched
material, satisfies the CUPID requirements [47].

2 Detector description

The CUPID detector design consists of a close-packed array
of 1596 Li>'%°MoOy scintillating crystals (Fig. 2) instru-
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mented with the dual readout of heat and light to pro-
vide background tagging capabilities. The crystals will be
arranged in 57 towers, each of them comprising 14 floors
with two crystals per floor.

CUPID will be housed in the cryogenic facility presently
hosting CUORE [13,48], at the Laboratori Nazionali del
Gran Sasso (LNGS) in Italy. It will benefit from the existing
infrastructure, including the shielding against environmen-
tal radiation, the cryogenic system, the detector calibration
systems, the vibration isolation system, and the muon-veto
system.

2.1 Enriched Li;'MoOy bolometers

The CUPID crystals will be grown from molybdenum
enriched to > 95 % in 1Mo and cut into 45 x 45 x 45 mm3
cubes, corresponding to a mass of ~ 280g per crystal, or
a total 1Mo mass of 240kg. The cubic geometry allows
for a tightly packed detector design that optimally utilizes
the experimental volume. The crystal size was chosen as a
compromise between two competing effects: larger crystals
would maximize containment efficiency and minimize the
number of readout channels required, whereas smaller crys-
tals would decrease the rate of pile-up events induced by
2vBpB which can contribute to background in the region of
interest [49,50].

Each Lip '%Mo0O, crystal will be instrumented with a neu-
tron transmutation doped (NTD) Ge thermistor [51] for sig-
nal readout, and a Si heater for thermal gain stability con-
trol [52,53]. Enriched and natural Li,MoOj crystals grown
either with Czochralski and Bridgman techniques and having
exactly the shape and size required by CUPID have already
been tested in LNGS and in the Canfranc underground lab-
oratory (LSC, Spain) [39,54,55]. Their bolometric perfor-
mance is excellent, with energy resolutions and light yields
approaching the CUPID requirements, which are respec-
tively SkeV FWHM at 3MeV and ~0.35keV of energy col-
lected by the LD for a 1 MeV energy deposition from a 8/y
particle in the LioMoOy crystal. The capability to discrimi-
nate « particles was proved.

2.2 Light detectors

The LDs will be fabricated using octagonal-shaped, 300 pm-
thick high-purity Ge wafers. These wafers will be instru-
mented with NTD-Ge thermal sensors and heaters, and
coated with a 70nm-thick SiO anti-reflective layer [43]
to enhance the photon absorption. Scintillation light from
Li;MoOy4 peaks at ~ 600 nm at low temperatures [45]. These
types of photon detectors can reach signal-to-noise ratio
(S/N) of ~ 10 for a scintillation signal induced by 8/y depo-
sition of 3MeV in the LioMoOy crystal, with the scintillating
bolometer placed in an open structure without a reflective

foil. This configuration is sufficient to provide a rejection of
« events better than 99.9% with a 90% B/y acceptance [14],
and thus complying with the CUPID requirement in terms of
o background (Sect. 4.3). These LDs also feature a rise-time
(defined as the interval required for a pulse to increase from
10% to 90% of its maximum amplitude) as low as 0.5ms,
which will be exploited to identify events induced by two
2vBB’s randomly producing a pile-up event.

The rejection of pile-up events will be further improved
by instrumenting the LD with a set of Al electrodes, evap-
orated on the wafer surface. The Al electrodes are biased
with a high voltage O (100 V) producing a large electric field
allowing for an enhanced S/N via Neganov-Trofimov-Luke
(NTL) amplification [56,57] (Fig. 3). This technology allows
the LDs to achieve an effective S/N amplification of the order
of 15 [58] and achieve a S/N of ~150. Results obtained at
LSC on several NTL LDs, developed for the CROSS [59]
and BINGO [60] demonstrators, proved an excellent perfor-
mance both for & vs §/y and pile-up rejection, in compliance
with the CUPID requirements.

2.3 Detector assembly

The detector structure is designed according to the following
criteria: the ease of assembly and cleaning of all structural
parts, the minimization of the time required for the detec-
tor assembly, the minimization of dependence on mechani-
cal tolerance, and the reduction of all risks of failure in the
assembly and wiring. In the present design, both Li '*“MoO4
crystals and Ge wafers are instrumented with NTDs prior to
the detector assembly. Each copper frame is equipped with
eight PTFE corners, with two LDs positioned on top (Fig. 2).
A small PTFE element covers the LDs to prevent direct con-
tact with the Liz 1°MoO, crystals. Two Lip 100060, crystals
are then placed on top of the PTFE elements, and their weight
compresses the PTFE, securely holding the LDs in place.

A full tower is composed of 15 copper frames with
LDs in-between the 14 pairs of Lip'®®MoOy crystals. With
this design, all intermediate LDs will have line of sight to
two crystals. Finally, two copper spines are mounted verti-
cally on the sides of each tower. Their aim is to hold the
tower weight and act as a support for the readout cabling,
composed of polyethylene naphthalate (PEN) bands instru-
mented with copper lines, following the successful design of
CUORE [61]. All connections between the NTDs, heaters or
NTL amplification circuit and the copper strips are performed
with gold wire bonding.

In contrast to all previous bolometric prototypes [21,
31,35,55,59,60,62-64], the mechanical structure is entirely
floating: each floor is stacked on top of the previous one sim-
ply by gravity and not fixed to it with screws, allowing us
to significantly relax mechanical tolerances and to simplify
the detector construction. On the other hand, this innova-
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Fig. 2 Left: schematic view of
a single CUPID floor with two
side-by-side detector modules,
each consisting of a LixMoO4
absorber (a cube with a side
length of 45 mm) and a Ge light
detector. Right: a single tower of
14 floors, or 28 detector modules

Copper frame

Detector module

Tower

Heater on Crystal

Light Detectors (LDs)

[NTD on Crystal |

[Heater on LD|

WA \AAR WA A MAR WA IR IR AR WER IR T A MIR TR (b
\ \ \ \ 2\ \ \

tive design requires dedicated tests to assess the bolometric
performance in terms of thermal coupling and sensitivity to
vibrations. The aim is to improve it, if necessary, with mod-
ifications that are as minimal as possible. Therefore, in 2021
we started a campaign of tests on small [55] and full-scale
[65] prototypes.

Another fundamental difference with respect to the design
of the previous demonstrators CUPID-0 (in phase I) and
CUPID-Mo is the absence of reflective foils around the scin-
tillating crystals, motivated by the need to reduce the pos-
sible background sources, improve the capability to iden-
tify events that are not fully contained in one crystal, and
simplify the overall detector design. In order to maximize
the light collection efficiencies, we designed the detector
holders so that the LDs are as close as possible to the
Li19%Mo00, crystals [39,55]. This was achieved using rect-
angular LDs with cut-off corners to allocate the space for
the PTFE Li2100M004-crystal holders and additional ele-
ments glued on the LD wafers for wire bonding [66]. We
operated four LDs in a pulse-tube cryostat at the surface lab-
oratory of IJCLab. In spite of a spring-based detector suspen-
sion used to mitigate vibrations [67], the pulse-tube induced
noise in this set-up was not mitigated as in the CUORE
cryostat [34,68]. Although the noise conditions were sub-
optimal, all the LDs reached a baseline resolution between
70-90 eV [54], in compliance with the CUPID requirements
of < 100 eV baseline resolution. Finally, we assembled a
full-scale prototype (Fig. 2), and operated it underground
at LNGS. These R&D runs proved that the mechanical and
thermal properties satisfy the CUPID requirement for our
LiMoQO4 bolometers, allowing us to cool-down all detec-
tors in ~2 days. The FWHM energy resolution distribution
across the 28 LinMoQ4 channels exhibited a median of 6.6
keV and amean of 7.3 keV at 2615 ke V. This outcome closely
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Fig. 3 Example of an NTL Ge light detector without its copper hous-
ing, provided with two sets of concentric, annular interleaved Al elec-
trodes. A SiO layer is deposited on both wafer sides to increase absorp-
tion of the scintillating photons emitted by the main Li; '°°MoQy crystal

approaches the CUPID’s target of 5 keV at 3034 keV, sug-
gesting that the goal is indeed attainable with further refine-
ment of noise reduction techniques. A detailed report on the
outcome of these tests will be provided in a dedicated publi-
cation [65]. A further measurement for the validation of the
recently adopted NTL assisted LD technology within this or
a slightly adapted structure is planned within spring 2025.

2.4 Data readout

CUPID will follow the read-out scheme of CUORE, but
will implement several improvements to achieve a higher
channel density, higher ADC resolution and sampling rates,
and low noise for the LDs. The front-end consists of
room-temperature differential voltage preamplifiers [69,70]
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installed on top of the cryostat, inside a Faraday cage [71]. We
selected a new input JFET with higher transconductance and
thus lower noise for a given power dissipation. The preampli-
fiers for the LDs feature higher power consumption and lower
noise (330mW and 1.5nV/+/Hz white noise) than those for
heat channels (180 mW and about 3nV/+/Hz).

The scheme of the NTD biasing circuitry will follow the
one of CUORE, with an adjustable voltage applied to a pair
of custom large-value and high-aspect-ratio resistors (tens of
G2 range, with negligible low frequency noise coming from
their small electric field per unit length [72]) to generate the
required bias current. For CUPID, we plan to increase the bias
voltage up to 100 V, so that, at a given bias current, higher
value resistors can be chosen, lowering their thermal parallel
noise contribution. The thermal noise from load resistors was
not impacting the energy resolution in CUORE [73], but it
could be critical in CUPID especially for the LD readout,
where we aim at the best possible S/N to control the random-
coincidence background [49,50].

The power supply will include a low-noise commercial
AC/DC stage and a linear regulator [74] with higher power
supply rejection ratio and low thermal drift and noise.

We also foresee an upgrade for the stabilization pulser
boards [52] by increasing the DAC resolution and expanding
the firmware capabilities to allow the injection of pulses over
a DC signal for LDs or the injection of custom pulses for the
study of pile-up rejection.

The NTL voltage supply will have a minimal impact on
the overall wiring system, as LDs will be grouped and biased
in parallel. While the exact grouping scheme is yet to be
finalized, we will prioritize a pattern that prevents any given
Li>'%Mo0y crystal from facing two LDs belonging to the
same group. A basic configuration would involve two groups
per tower, resulting in a total of 114 groups. This setup would
require 114 individual wires, plus a few additional common
wires for voltage reference. The NTL supply lines will be
shielded from signal wires to minimize cross-talk. Each LD
group will be connected through an RC filter to an external,
commercial-grade power supply unit, characterized by low
ripple output and capable of delivering up to 200 V.

The back-end electronics, responsible for the filtering and
digitization of the detector signals, will adopt a custom solu-
tion [75,76] that integrates a programmable anti-aliasing fil-
ter, and 24-bit ADCs, with a sample rate of up to 25 ksps per
channel. A set of FPGAs produce a continuous data stream
over 1 Gbit/s Ethernet. The power consumption of this solu-
tion is a factor 5 lower than in CUORE, while occupying half
the space. Compared to CUORE, this solution will allow us
to enhance the precision of our time synchronization with
real-world reference clocks.

The waveform sampling rate is planned to be set 1 kHz
for the heat channels and 10 kHz for the LDs, which exhibit
faster signal responses. This configuration will result in a

data accumulation rate of 2.6 PB/yr, determining the storage
requirements. Hardware digitizers will transmit data to sev-
eral dedicated DAQ machines. These machines will record
the data and synchronize it with the above-ground U-LITE
(Unified LNGS IT Environment) system [77], which is an
integrated infrastructure for scientific computing at LNGS.
At U-LITE, a dedicated storage system will be implemented,
where a near-real-time event reconstruction system will be
operational.

2.5 Calibration and light-detector regeneration

The heat channels will be calibrated following the
CUORE method, i.e., by deploying source strings imme-
diately outside the cryostat, close to the detector region.
Dedicated low-radioactivity polyethylene tubes will guide
the strings, which will carry 23Th-loaded tungsten wires.
The relatively long absorption length in LiMoQO4 (about
8 cm) for 2.6 MeV photons, corresponding to the highest
energy y line in the source, makes the calibration of even the
most internal towers possible. Unlike in the CUORE case,
100Mo’s Qgp is located at higher energies than all the 232 Th-
source lines. Therefore, we will occasionally perform cali-
brations with freshly produced *°Co sources [47] — which
have a half-life of only 77.3 days — that provide y lines up to
3.4MeV [78,79].

The energy calibration of the light channels can be very
efficiently performed by exploiting the characteristic Mo X-
rays [35], featuring two main lines groups at 17.4keV (Ky)
and 19.6keV (Kg). The X-rays are emitted by fluorescence
when the Li;MoQ; crystals are irradiated during the calibra-
tion. The intensity of the source can be increased for LDs’
calibration in order to improve the statistics in the Mo X-ray
peaks.

A setof low-radioactivity optical fibers will be deployed in
the detector volume, capable of providing close illumination
to all the LDs. The fibers will be coupled to LEDs at room
temperature which can emit light pulses at a wavelength close
to the maximum of LioMoOQOy scintillation emission, i.e., ~
600 nm. Light pulses will be used to select the optimal bolo-
metric operation points of the LDs, as well as to provide sub-
stantial continuous illumination during the so-called regen-
eration process, which consists of grounding the electrodes
under strong LD wafer illumination [58]. This operation will
last a few minutes and will be performed once per month to
remove the space charge accumulated in the Ge wafers that
can lead to deterioration of the LD performance.

3 Facility upgrade

CUORE has pioneered the possibility of operating a large
mass of cryogenic detectors at 10-15mK temperature [13,
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48]. The CUORE cryostat, at present, is the largest dilution
refrigerator ever built and operated worldwide, in terms of
cold mass and experimental volume. The CUORE detector
was cooled to base temperature in 2017 and never warmed-
up to room temperature ever since, as of the end of 2023.
Despite its extremely successful operation, the CUORE cryo-
stat must undergo several upgrades to successfully host the
CUPID detector. These upgrades are driven by the CUPID
design, which entails a larger number of detectors and read-
out channels, leading to a more significant heat load for the
cryogenic system. Additionally, they are informed by the data
collected by CUORE regarding noise and its impact on the
energy resolution of the detectors. The upgrade is focused
on the increase of cooling power on the 40K and 4 K stages,
and the reduction of vibrational noise necessary to improve
the Li,MoOQ4 energy resolutions and the LD S/N.

As described in Sect. 2, the number of CUPID readout
channels is a factor of ~ 3 larger than in CUORE. The entire
cabling, connecting the mixing chamber stage to the room-
temperature electronics, will be completely replaced. As in
CUORE, the cabling will consist of woven ribbon cables with
twisted NbTi pairs [61], with strong thermal links to the cryo-
stat stages at 4 K, 600 mK, 50 mK, and at the mixing chamber
plate. A possible increase of the thermalization at the 40K
stage, inside the pass-trough tubes that guide wiring from the
room-temperature connection boxes directly to the inside of
the inner vacuum chamber, is under study to minimize the
thermal load on the 4K plate.

To account for the increased thermal load, and conse-
quently for the higher required cooling power, we will install
new pulse tubes (PTs). The PTs currently used in CUORE are
PT415-RM from Cryomech [80], providing a cooling power
of 1.35W at 4.2K. The new Cryomech PT425-RM models
[81] provide a cooling power of 2.35W at 4.2K. In order to
account for possible failures, we will instrument the cryostat
with a spare PT to be turned on in case of need. The PTs will
be coupled through gas-gap heat switches, which allows to
render the heat load from the spare PT (switched-off) negli-
gible. In this configuration 3/4 PT425 are sufficient to oper-
ate CUPID, compared to the 4/5 PTs currently installed in
CUORE.

Reducing vibrational noise is a crucial issue in any cryo-
genic detector experiment. CUORE has shown that there
are contributions to the energy resolution due to vibrations
induced both by the PTs and by environmental or human-
induced sources. The use of PT cryocoolers to replace the
liquid helium bath in dilution refrigerators has improved the
duty cycle but brought an intrinsic vibration source in the
experimental setup. The pulsed pressure waves with the char-
acteristic 1.4 Hz frequency induce unavoidable vibrations in
the experimental setups [82]. Many technologies have been
developed in recent years to minimize the vibration trans-
fer or to dampen/cancel the vibrations induced by PTs. The
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CUORE cryostat being a unique infrastructure in terms of
size and number of PTs requires dedicated developments to
face this problem. We will further refine a technique, already
demonstrated by CUORE, to suppress the PT-induced noise
by actively tuning the PT phases [68] to optimally cancel
vibrations at the detector support plate. In addition, new ther-
mal connection between the PTs and the thermal stages at
40K and4.2 K are a crucial upgrade. A possible improvement
would consist in replacing the current Cu braids with 6N-
purity Al connections, capable of minimizing the mechani-
cal coupling while maintaining the same or higher thermal
conductance with respect to CUORE.

Finally, a muon-veto system (MVS) based on plastic scin-
tillators will be installed to tag muon-induced events, which
are expected to contribute to the background. The MVS will
consist of a set of vertical scintillator panels to be arranged
around the CUPID cryostat and a set of horizontal panels
below the cryostat [83]. A single module for the MVS con-
sists of a 2.5 cm thick scintillating panel (dimensions 1 m by
0.5 m) with embedded wavelength-shifting (WLS) fiber and
SiPMs as LDs. The dark noise of SiPMs and environmental y
rays, the highest energy of which is 2615 keV from the decay
of 208T1, create background events for the muon-veto mod-
ules. These can be easily rejected by properly adjusting the
trigger threshold, which we have tuned to keep false-positive
rates such that the deadtime will be <1%, while tagging ~
99% of muons. Additionally, the modules must be compact
and fit within the tight constraints of the infrastructure of
the CUPID experiment. The panels of the muon-veto mod-
ules will be made of plastic scintillator with embedded WLS
fibers.

4 Background

The Ovpg signature for '%°Mo decay is an excess of events
at Qpgg=3034keV. We therefore evaluate the background
index (BI) as the expected number of events, induced by
any background source, in a 30keV region of interest (ROI)
around Q gg, normalized by the total detector mass, measure-
ment livetime, and keV of energy. This region is sparsely
populated by events from natural radioactivity. The closest
y lines are from 3000 keV and 3054 keV photons emitted in
214Bi decays, both of which have a branching ratio at the 10~*
level and are just outside the 30 keV ROI. Our chosen ROl is
nearly 6 times our goal energy resolution (FWHM=5keV).

The decay signature of a 0vBf event also has a distinguish-
ing feature compared to most y events. The energy deposi-
tion comes from electrons, which are fully contained within
the crystal in ~ 78% of cases, whereas y’s are more likely
to undergo Compton scattering and be absorbed in at least
two different crystals. This, in addition to the capability to
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perform PID are extremely powerful tools for background
suppression.

To achieve a sensitivity that fully covers the IO mass range,
CUPID must reach a BI < 10™*cts/(keV-kg-yr), a level that
is two orders of magnitude lower than that of CUORE in
the same energy region. In CUORE, most of the recorded
events at 3MeV are produced by « particles generated by
decays of 238U and 2*2Th and their progeny occurring at the
surface of passive materials building up the detector holder
structure and facing the crystals. This source, already identi-
fied in Cuoricino [84] and CUORE-O [85], produces a nearly
flat background that dominates the 3—-4 MeV energy region.
Hence, PID is the key strategy to reach the CUPID designed
BIL

Table 1 shows the effect of PID in the demonstrator exper-
iments CUPID-0 [86] (26 ZnSe scintillating bolometers,
24 of which 95% enriched in 32Se) and CUPID-Mo [20]
(20 Li»'%Mo0; scintillating bolometers, all of them 97%
enriched in 100Mo). Inboth cases, the counting rate in the ROI
due to « particles is reduced by one to two orders of magni-
tude until other backgrounds become dominant. Though PID
is not available in CUORE, its effect can be evaluated on the
basis of the background model [87]. We can notice from the
last column of Table 1 how the background would be much
lower in CUORE than in the other experiments if PID were
introduced with an « tagging efficiency comparable to that
achieved in the scintillating-bolometer demonstrators. This
result is ascribable to the self-shielding and to the higher effi-
ciency of the anti-coincidence cut resulting from the larger
number of detectors deployed in CUORE, as well as to the
higher radiopurity of its infrastructure.

In the evaluation of the CUPID background budget, we
have grouped sources that may produce background events
in the ROl into a set of uncorrelated categories and, for each
category, have fixed an upper level that cannot be exceeded.
These upper levels sum at the CUPID BI goal as shown in
Fig. 4. Below, we briefly describe the sources belonging to
each of the categories, the present knowledge we have on
their intensity and the steps that will lead to their reduction
to or below the allowed threshold, and finally the motiva-
tion for choosing that specific threshold. The results and pro-
jections rely on the data-driven background models devel-
oped for CUORE [87], CUORE-0 [85] and CUPID-Mo [47]
experiments and on a GEANT4 simulation of CUPID. This
simulation is based on the one performed for CUORE with
the required modifications to account for the new detector
material and new overall design.

4.1 Environmental radiation (y, n, and u)
Photon, neutron and muon fluxes, though dramatically

reduced by the LNGS mountain overburden, can induce a
sizable background rate in the ROI. The CUORE cryostat

has a massive external passive shield consisting of 18cm
of polyethylene and 2cm of H3BOs powder to moderate
and absorb environmental neutrons, respectively, and at least
25cm of lead in all directions to suppress environmental y
radiation. This shielding, together with the anti-coincidence
cut, ensures that environmental radiation is a subdominant
contribution for CUORE. In CUPID however, where the tar-
get background is much lower, a further suppression of the
neutron- and p-induced events is necessary. We set as a tar-
get contribution for external radiation 10% of the goal BI,
i.e. 107 cts/(keV-kg-yr). We chose this value so that it is
comparable to the background coming from the infrastruc-
ture (see Sect. 4.2), and subdominant with respect to the total
BIL

Simulations provide estimates for the expected u rates:
1.8 muons/hour in the CUPID crystals, and 7.0 muons/hour
in the lead shield. They also show that the proposed muon-
veto system would have a muon rejection efficiency at trigger
level of ~98.0%, achieving a background index in the ROI
of 4.6 - 10~ % cts/ (keV-kg-yr).

For neutrons, results of Monte Carlo (MC) simulations
indicate the need to expand the neutron shield with an addi-
tional 10cm layer of polyethylene to fully moderate neu-
trons of up to 10MeV of energy and prevent the occur-
rence of (n,y) reactions in Cu and Mo isotopes. In our first
schematic studies of such a shielding hermetically surround-
ing the cryostat the background in the ROI is suppressed to
0.02 - 10~*cts/(keV-kg-yr).

4.2 Cryostat and shields

In CUPID, the cryogenic infrastructure will remain mostly
unchanged with respect to CUORE. Such infrastructure
includes the dilution refrigerator with its system of nested
thermal shields and the radiation shields. The innermost
cryostat thermal shield contributes to the background via
the emission of o and B particles produced by radioactive
contaminants on its inner surface, which has a direct line
of sight to the detectors. In CUORE, the innermost shield
consists of a copper cylinder, internally paved with copper
tiles. Despite the very efficient rejection of « induced events
achieved with PID, surface contaminants remain a danger-
ous source of background, as they can contribute, at a much
lower level but still challenging for CUPID, through B/y
emissions. Their suppression strongly depends on the use
of special surface treatments as those already developed for
CUORE [89].

Since the Li>'%MoOy array will be enclosed in a copper
shield with few mm thickness, an additional contribution,
albeit smaller, to the background from the cryogenic infras-
tructure is represented by y rays produced by 2'“Bi, which
emits a few low-intensity y rays with energy larger than Qgg,
and 298T1, which emits two y rays in coincidences with 2615
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Table 1 Background counting rate recorded in past experiments in the
100Mo ROL. It is to be noted that the close-material selection in terms
of radiopurity was less stringent in CUPID-Mo with respect to CUORE
and CUPID-0. Columns from 3 to 6 report: the rate of events before PID,
releasing energy in just one detector (operation in anti-coincidence); the
rate of o events; the i rate; the final rate after removing ¢ and « events,
and, for CUPID-Mo and CUPID-0, also the delayed coincidence events.

The p and « rates are evaluated from MC-based background reconstruc-
tions, as is the BI after a hypothetical PID cut in CUORE. The muon
rate in CUPID-Mo is estimated to be negligible due to the deeper loca-
tion of this experiment in the Modane underground laboratory (France)
combined with a muon-veto system hermetically surrounding the exper-
iment

Experiment Crystal BI before PID « rate 1 rate BI after PID

[cts/(keV -kg-yr)] [cts/(keV-kg-yr)] [cts/(keV-kg-yr)] [cts/(keV -kg-yr)]
CUPID-Mo [47] Li>'%Mo0,4 1.18 -107! 1.15-107! 2.7-1073
CUPID-0 [32] Zn®Se 3.1072 2.6-1072 1.5-107° 2.6-107°
CUORE [87] TeO» 14.1072 1.3.1072 41-1074 6.1-10~*
Fig. 4 Breakdown of the CUPID Background Budget - Total Bl = 1-10~*cts/(keV-kg-yr)
predicted CUPID BI at the Qgg
of 19%Mo. The predictions for y
the crystal contributions are Total +-00-30
derived from the CUPID-Mo
background model [47]. The Neutrons
pile-up estimates are based on
the results from recent R&D

Muons

measurements [88]. The
detector components predictions
are extrapolated from the
CUORE-0 background

model [85] with the addition of
the light detectors, those of the
CUORE infrastructure are
obtained from CUORE [87], and
those from external radiation
from dedicated MC simulations

Pileup
Cryostat and Shields
Crystals

Close Components

1075

and 583 keV, which could lose a small fraction of energy via
Compton scattering in the passive materials producing an
event of ~3MeV in a single crystal.

We fix our goal for the infrastructure contribution to
0.1-10~*cts/(keV-kg-yr), accounting for the possibility to
further reduce it by replacing the innermost thermal shield of
the cryostat and the internal lead shield with new, ultra-clean
copper and by replicating the same cleaning to the shield’s
copper surfaces.

4.3 Detector holder — close components

The detector holder is the mechanical structure, made of cop-
per and PTEE, that supports the Li> '°°MoQy crystals, as well
as the cabling, made of copper and PEN. These components
provide a twofold background contribution: their bulk con-
taminants — homogeneous in the material volume — can con-
tribute via y radiation, while their surface contaminants —
introduced during machining or exposure to radon and con-
centrated on the surface —can contribute via o and g particles.
From the CUORE experience we expect that a proper mate-
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0.50-10~%

107

Bl [cts/(keV-kg-yr)]

rial selection can guarantee a sub-dominant background con-
tribution from bulk contamination, while surface contamina-
tion is more problematic. We set 0.25 - 10~*cts/(keV-kg-yr)
as a target threshold for the detector holder background con-
tribution, which is a factor 2 lower than the value measured
in CUORE. To achieve this goal, the surface contamination
activity must be at the level of few nBg/cm?, a value that
is well-beyond the sensitivity of current measurement tech-
niques. In CUORE, we have developed a cleaning proce-
dure [89] that removes material at the surface with ultra-
clean reagents. This technique is extremely efficient on flat
surfaces, but less effective on components with non-trivial
shapes. In CUPID, we have radically changed the design of
the copper frames in order to reduce the machining opera-
tions, and succeeded in designing copper frames that can be
produced exclusively by lamination, bending and laser cut-
ting, thus fully avoiding the need to mill or drill. In addition,
we are actively working on a setup dedicated to the measure-
ment of surface contaminants [90].
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4.4 Lir'%MoOy crystals: bulk and surface

Bulk and surface contamination of the Liz!%°MoO, crys-
tals in 23U and 23?Th are inferred from the CUPID-Mo
background model [47], and contribute to the BI with 0.12 -
10~*cts/(keV-kg-yr). This value is dominated by surface
contaminants and is a factor ~4 lower than in CUPID-Mo
thanks to the higher granularity of CUPID, and to the absence
of reflective foils, yielding a higher anti-coincidence effi-
ciency.

Targeting zero exposure to air and following the measures
similar to those adopted for CUORE and not strictly followed
in CUPID-Mo, the crystals will be stored underground in
N, flushed storage containers and brought above ground for
their final instrumentation in dedicated partially automated
assembly stations with controlled N, atmosphere.

4.5 Lip'%MoOy crystals: 2v88 pile-up events

The relatively slow response time of bolometers can lead to a
background from accidental pile-up of events in a single crys-
tal, when two events that occur close enough in time are not
resolved, but reconstructed as a single event at their summed
energy. Pile-up events can be produced by any active-enough
source, and have a rate that is the product of the contribut-
ing sources’ rates. In CUPID, the source that is expected to
dominate the detector counting rate is the 2v8p of 1°°Mo.
This decay has a half-life of 7.1 - 10'® yr [91] and results in
an event rate of 2.6 mHz within a single Li>'%MoOy crystal
with the size chosen for CUPID. The impact of this source
can be appreciated considering that this rate would produce
a BI of the order of 3 - 107 cts/(keV-kg-yr) with a time
resolution of 1 ms [49,88].

The rejection of pile-up events becomes increasingly dif-
ficult as events gets closer in time. To a first approximation,
the parameters that determine the ability to identify pile-
up events are the detector rise-time and the S/N. While the
time response of LixMoOy crystals is too slow to efficiently
reject pile-up events [50], our strategy is to suppress them
using LDs [88,92]. To reach the 10~* cts/(keV-kg-yr) back-
ground goal, the contribution from pile-up events should be
<0.5-10"*cts/(keV-kg-yr). CUPID can reach this goal by
implementing the NTL amplification in the LD, as discussed
in Sect. 2.2.

5 Sensitivity

Considering the experimental parameters explained so far
and summarized in Table 2, we use a frequentist approach to
evaluate the CUPID sensitivity both in terms of OvBg half-
life and mgg[93]. In particular, we compute the discovery
sensitivity, defined as the value of TIO/"2 for which CUPID has

Table 2 Experimental parameters used for the evaluation of the exclu-
sion and discovery sensitivity

Parameter Value

Total mass 450kg

Enrichment fraction 95%

Isotope mass 240kg

Containment efficiency 78%

Selection efficiency 90%

Energy resolution (FWHM) SkeV

Background Index 10~ cts/ (keV-kg-yr)
Livetime 10yr

a50% probability to obtain a signal excess with a significance
of > 30, and the exclusion sensitivity, defined as the median
of 90% exclusion limits obtained under the assumption of
no signal. In both cases, we convert the sensitivity in TIO/"2
into a sensitivity in mgg, using a set of NMEs computed with
different nuclear models [94-99].

We model our energy spectrum with a flat background
and a Gaussian signal in a 140-keV region around Qgg: this
model is used both for generating toy-MC experiments, as
well as a fitting function. We define our test statistics as

L(T, D)
L@, D)’

() = —21n 20— 5 (1)
= — n——— n
H,

where H) is the null, background-only hypothesis, and Hj is
the alternative, signal-plus-background hypothesis, while £
is the likelihood function that is profiled on the parameter
of interest namely the OvBg rate I' = ln(Z)/Tlo/”z, while
fixed to the best-fit values for all nuisance parameters v. To
account for the fact that the decay rate can only take non-
negative values, we adjust the test statistics by evaluating the
likelihood at zero for all situations where I is negative.

5.1 Discovery sensitivity

Searching for a discovery is equivalent to performing a
hypothesis test with:

ip(0) = —21n Z© ®)
£(F)

where a claim of discovery (or evidence) can be made if
the test statistic is greater than some cut-off. To ensure the
correct coverage, we numerically produce the test statistic
distribution using toy-MC experiments for different values
of the injected signal strength, and compute the background-
only p-value (pp):

Po =/ fapO)II' = 0)dt, (€)
tp
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Fig. 5 Discovery probability as a function of mgg, assuming different
values of NME [94-99]. The shaded area corresponds to the allowed
mgp range in the inverted ordering, assuming mjighiest S 10meV

where tp is the value of the test statistic observed in
each toy-MC experiment, and f(¢p|") is the distribution
of test-statistic for toy-MC experiments generated with the
background-only model. A discovery can be claimed if pj, is
smaller than some cut-off, that we set to 0.14%, correspond-
ing to a 30 evidence.

With a 10yr livetime, which is realistically extrapolated
from the operational experience gained with CUORE and
the planned refurbishment of the cryostat, CUPID will reach
a 30 discovery sensitivity of YA"P/"Z = 1-10?" yr. This value
corresponds to a set of different m gg values. The lower value
is obtained with the EDF model [94], and corresponds to
12 meV. The upper value of this range can be obtained by the
QRPA and IBM models [95,99] and corresponds to 21 meV.

Finally, we use the output of the discovery sensitivity to
extract the discovery probability as a function of mgg. The
results are reported in Fig. 5.

5.2 Exclusion sensitivity

To extract the frequentist exclusion sensitivity, we use the
same approach as for the discovery, but invert the hypothesis
test to compare a null hypothesis I' = § to an alternative
I' # S. We compute the distribution of f(¢p(I")|T") using
toy-MC experiments to obtain the p-value

pu(F)=/ f(fpM)|M)dt, “
tp

then compute the 90% upper limit for each toy-MC as the
interval of I" values with p, (I') > 0.1. As aresult, we obtain
an exclusion sensitivity of Tlo/”2 > 1.8 - 10 yr at 90% confi-
dence level. In terms of the effective Majorana neutrino mass,
this becomes mgg < 9—15meV. The range of mgg values that
can be excluded by CUPID is shown in Fig. 6.
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Fig. 6 Constraints on the effective Majorana neutrino mass (mgg) as
a function of the lightest neutrino mass (miightest). The dark regions
represent the predictions on mgg based on best-fit values of neutrino
oscillation parameters for the Normal and Inverted Ordering cases (NO
and 10); the shaded regions indicate the 3o -ranges calculated from the
oscillation-parameter uncertainties [ 100]. The horizontal band indicates
the projected CUPID sensitivity, corresponding to a half-life of 1Mo
greater than 1.8 - 10?7 yr, assuming a set of NME [94-99]. On the side
panel, the most recent limits from the isotopes 76Ge [12], %Mo [101],
130Te [13] and 13¢Xe [11] are reported. (Updated results for these iso-
topes, except %Mo, are reported in preprints [102—104]

CUPID considers deploying the detector in two phases,
enabling early data collection. The evolution of sensitivity
over time in different scenarios is discussed in Ref. [93].

6 Conclusions and outlook

CUPID is a next-generation experiment to search for Ovjp
and to perform other rare-event studies — 2v 3 spectral shape,
Lorentz and CPT violation, Ov88 with Majoron(s), bosonic
neutrinos and other phenomena [105] — using scintillating
bolometers enriched in '%’Mo. Its goal is to search for 0v8p
with a discovery sensitivity covering the full neutrino mass
regime in the 1O scenario. CUPID will simultaneously probe
a large portion of the Normal Ordering (NO) regime [106]
with lightest neutrino mass larger than 10 meV. This effective
Majorana neutrino mass sensitivity corresponds to a '°“Mo
OvBp half-life of 77} = 1077 yr.

To achieve its science goals, CUPID uses two approaches.
First, while CUORE has demonstrated the infrastructure
requirements with the candidate isotope '3°Te, switching
from 13%Te to 1%°Mo moves the ROI above 2615keV, signif-
icantly dropping the y background by over an order of mag-
nitude with respect to CUORE. Second, the use of Li;MoQO4
scintillating bolometer technology allows the near complete
rejection of the o background via the different light yields
for « and B/y interactions of the same energy.
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CUPID construction activities have already started,
including preparations for the cryostat upgrade and the setup
of the detector assembly infrastructure. Based on current
planning, data taking is expected to begin in the very early
years of the next decade

The scintillating bolometer technology based on Li; MoO4
crystals highly enriched in %Mo is scalable to ton-scale iso-
topic masses beyond the CUPID baseline design described
here. The modular nature of the CUPID crystal array allows
us to conceive a phased future program. An expansion to
1 metric ton of '°°Mo in a larger cryostat or in multiple exper-
imental setups, and a more aggressive background target,
would improve the half-life sensitivity well beyond 10?7 yr
or a mgg sensitivity well below 10meV, probing deep into
the NO regime.

One of the unique advantages of the scintillating bolomet-
ric technology utilized by CUPID is its possible application
to several favorable candidates. Competitive experiments can
be performed using crystals of Zn32Se, Li'®Mo0Qy, and
H6CdWOy,, or a combination of them [107], if they can all
be grown with the required high radio-purity. These multiple
searches can be performed by simply changing the crystals
while keeping the same detector configuration, assembly pro-
cedures, cryogenic infrastructure, readout electronics, data-
acquisition system, and analysis tools. This becomes a crucial
capability in the event of the discovery of a OvBf signal, at
which point the measurement in the same detector setup and
background environment but with different isotopes would
provide the means for an unambiguous test of the signal and
the means to begin to probe the underlying physics of Ov88.
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