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Abstract CUPID-Mo is a bolometric experiment to search ~ denum Investigation for NEUtrino mass and nature) project [1],
for neutrinoless double-beta decay (OvfS) of Mo and  for/CUPID (CUORE Upgrade with Particle IDentification) [2—

aims to demonstrate the technology, developed in the frame- 51, a proposed follow-up of the currently running first tonne-
scale cryogenic Ovf3 3 experiment CUORE (Cryogenic Un-

%e-mail: andrea.giuliani @csnsm.in2p3.fr derground Observatory for Rare Events)[6]. In this article,
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we detail the CUPID-Mo detector concept, assembly, in-
stallation in the underground laboratory in Modane in 2018,
and provide results from the first datasets. [The demonstrator
consists of an array of 20 scintillating bolometers comprised
of enriched 0.2 kg LixMoO, crystals. The detectors are
complemented by 20 thin cryogenic Ge bolometers acting as
light detectors to distinguish o from y/f events by the detec-
tion of both heat and scintillation light signals. We observe
good detector uniformity, facilitating the operation of a large
detector array as well as excellent energy resolution of 5.3
keV (6.5 keV) energy resolution (FWHM) at 2615 keV, in
calibration (physics) data. All detectors achieve separation,
at 150 median value, between as and y/fs in the region of

interest for '°°Mo OvBB. We present the first limits on the
crystals’ radiopurity (<3 uBg/kg of ?°Ra and <2 uBg/kg
of 232Th). Based on these initial results we also discuss a
sensitivity study for the science reach of the CUPID-Mo ex-
periment, in particular, the ability to set the most stringent
half-life limit on the '°°Mo Ov B decay after a half of year
of live-time.

Keywords Double-beta decay - Cryogenic detector -
Scintillating bolometer - Scintillator - Enriched materials -
100Mo - Lithium molybdate - High performance - Particle
identification - Radiopurity - Low background

1 Introduction

Two-neutrino double beta decay (2vf33) is one of the rarest
processes in nature. Initially proposed by Maria Goeppert-
Meyer in 1935 [7], it has been observed for 11 nuclei with
typical half-lives ranging from 10'® to 10%* yr [8, 9].

Numerous extensions of the Standard Model predict that
double beta decay could occur without neutrino emission
(e.g., see [10—14]). This hypothetical transition, called neu-
trinoless double beta decay (0v3 ), is a lepton-number vi-
olating process. Its signature is a peak in the electron sum-
energy spectrum at the Q-value of the transition (Qgg). Its
observation could help explain the cosmological baryon num-
ber excess [15], and would prove that neutrinos are Majo-
rana fermions (i.e., their own antiparticles) [11, 16].

The current leading Ov3 8 decay experiments have a sen-
sitivity on the OV half-life of 102-10%° yr [6, 17-20].
At present, there is no confirmed observational evidence for
0v 3 decay, which implies that next-generation experiments
have to further increase their discovery potential by at least
one order of magnitude.

One of the most promising technologies for 0vff de-
cay searches are cryogenic calorimeters, historically also re-
ferred to as bolometers [21]. These detectors are sensitive to
the minute temperature rise induced by energy deposited in
a crystal cooled to cryogenic temperatures (~10 mK). Key

benefits of bolometers are some of the best energy resolu-
tions in the field (AE(FWHM)/E ~0.2%), high efficiency,
radiopurity, the possibility of particle identification for ac-
tive background rejection, and versatility in the choice of the
material, enabling the study of multiple Ov decay candi-
date isotopes [22].

The CUORE experiment [6, 23], currently taking data at
Laboratori Nazionali del Gran Sasso (LNGS, Italy), demon-
strates the feasibility of a tonne-scale detector based on this
technology. The success of this experiment is the starting
point of CUPID, which aims to increase the mass of the
0vB B decay isotope via isotopic enrichment while decreas-
ing the background in the region of interest.

According to the CUORE background model, the domi-
nant background in the Ov3 3 decay region originates from
a particles emitted by radioactive contamination of the crys-
tals or nearby materials [24]. CUPID aims to identify and
suppress this background using scintillating crystals coupled
to light detectors [25]. A further background suppression
can be attained by choosing Ovf decay emitters with a
Qpp well above the 2.6 MeV line of 2%TI, which is typically
the end-point of natural y radioactivity. Bolometers contain-
ing isotopes such as '"'Mo (Qpp =3034.40(17) keV [26])
or 82Se (Qpp =2997.9(0.3) keV [27]) satisfy this condition.

The dual readout concept, where both the heat and light
signals are recorded, has been implemented in two medium-
scale CUPID demonstrators: CUPID-0, taking data at LNGS
since 2017, and CUPID-Mo, which started the physics data-
taking at the beginning of 2019 in the Laboratiore Souterrain
de Modane (LSM, France). Following the CUPID strategy,
both experiments make use of enriched crystals (24 Zn®2Se
crystals for CUPID-0 [28] and 20 Li'°Mo0, crystals for
CUPID-Mo) to search for Ov 8 decay.

With an exposure of ~10 kg-yr, CUPID-0 proved that
dual readout could suppress the dominant & background to
a negligible level, obtaining the lowest background level for
a bolometric experiment to date [29]. Nevertheless, the ra-
diopurity and energy resolution (20.054+-0.34 keV FWHM at
Qpp) of the CUPID-0 crystals [29, 30] do not meet the re-
quirements of CUPID and demand further R&D activity if
Zn32Se were to be used.

Conversely, the Li; '°°MoOy crystals chosen by CUPID-
Mo have demonstrated excellent radiopurity and energy res-
olution in the tests performed within the LUMINEU col-
laboration [1, 31]. The primary goal of CUPID-Mo is to
demonstrate on a larger scale the reproducibility of detector
performance in terms of the high energy resolution and effi-
cient o rejection power combined with high crystal radiop-
urity. Given the high number of '°°Mo emitters contained
in enriched crystals, CUPID-Mo also enables a competitive
0vB B decay search.

The present work describes the CUPID-Mo experimen-
tal setup, currently operating in the EDELWEISS-III [32,
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33] cryostat at LSM. The detector was constructed in the
clean rooms of the Laboratoire de 1’accélélarateur linéaire
(LAL) and the Centre de Sciences Nucléaires et de Sciences
de la Matiére (CSNSM, Orsay, France) in the Fall of 2017
and then moved to LSM and installed in the cryostat in Jan-
uary 2018. The detector was successfully operated through
the Summer of 2018 (Commissioning I). The Fall of 2018
was devoted to cryostat maintenance, after a severe cryo-
genic failure, and minor detector upgrades. After optimiza-
tion of the cryogenic system and detectors over the Winter
of 2019 (Commissioning II), the experiment has been col-
lecting data in a stable configuration since the end of March
2019 (Physics run). In this paper we present the CUPID-Mo
detector concept and construction (Sec. 2), the operation and
initial performance of the first Physics run dataset (Sec. 3),
and the prospects of the experiment in OV 3 decay search
(Sec. 4).

2 Experimental setup

CUPID-Mo consists of an array of 20 scintillating bolome-
ter modules arranged in five towers, each with four modules,
as shown in Fig. 1. Each module contains one Lis '°Mo0,
crystal and one germanium wafer assembled inside a single-
piece copper housing, instrumented with Neutron Transmu-
tation Doped (NTD) Ge thermistors. All the materials used
for the towers’ construction were carefully selected, and ad-
ditionally cleaned as needed to minimize radioactive con-
tamination. The detector construction, transportation, and
assembly into the underground cryogenic facility were per-
formed in a clean environment. The key ingredients of the
detector, its assembly, and the cryogenic apparatus are de-

tailed below.

Fig. 1 Rendering of a CUPID-Mo single detector module (left) de-
signed to hold a Liy'®MoQ, scintillating element. A module is
comprised of a crystal of size ©44x45 mm and a Ge wafer of
©44%0.175 mm. The full 20-detector bolometric array is arranged in
five suspended towers containing four detector modules each (right).

2.1 Li»'%Mo0y crystals

CUPID-Mo operates the four existing Li>'%°MoOy crystals
previously used in LUMINEU [1, 31]. An additional sixteen
new Liy '9°MoO, crystals were fabricated with the identical
procedure as that employed by LUMINEU [1, 34, 35]. All
crystals have a cylindrical shape with ~ 44 mm diameter and
~ 45 mm height, and a mass of ~ 0.2 kg. The crystals were
produced at the Nikolaev Institute of Inorganic Chemistry
(NIIC, Novosibirsk, Russia) as follows:

purification of the ~ 97% enriched molybdenum [34],

previously used in the NEMO-3 experiment [36];

— selection of lithium carbonate with low U/Th and 4°K
content [1] and purified '°°Mo oxide [35];

— crystal growth via a double crystallization process using
the low-thermal-gradient Czochralski technique [1, 35];

— slicing of the scintillation elements, and treatment of their

surfaces with radio-pure SiO powder.

The total mass of the 20 Li, '°“MoQy crystals used in CUPID-
Mo is 4.158 kg, corresponding to 2.264 kg of '%Mo.

2.2 Ge slabs

The high-purity Ge wafers (Umicore Electro-Optical Mate-
rial, Geel, Belgium), used as absorbers for the scintillation
light, have a diameter of 44.5 mm and a 175 pm thickness.
A ~70 nm SiO coating was evaporated on both sides of the
Ge wafer to make them opaque, thus increasing the light col-
lection by ~35% [37]. A small part of the wafer surface was
left uncoated to ease the gluing of a temperature sensor.

2.3 Sensors

CUPID-Mo employs NTD Ge thermistors [38] as thermal
sensors. These thermistors were provided by the Lawrence
Berkeley National Laboratory (LBNL, Berkeley, USA) and
come from a single production batch. The NTDs used for
the Li;MoO4 (LMO) bolometers are 3.0 x 3.0 x 1.0 mm?3
in dimension, and have a temperature-dependent resistance
given by R = Ry - ¢!7/T)" where the average values for the
parameters are Tp = 3.8 K, Ry = 1.5 Q, and y = 0.5. Given
the lower heat capacitance of the Ge absorbers, we opted
to dice the NTDs used for the bolometric Light Detectors
(LDs).

In Commissioning I, we produced three sensors with
3.0 x 0.8 x 0.4 mm?> dimensions from the slicing of a single
NTD in two directions. The LDs with these sensors showed
an unexpectedly high noise with a strong 1/ f[Hz] compo-
nent reaching frequencies up to hundreds of Hz. For Com-
missioning II and beyond, we replaced all but two sensors
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with new ones with 3.0 x 0.8 x 1.0 mm? dimensions, avoid-
ing the horizontal cut of the original NTDs.

In addition to the thermistor, each Lir '°°Mo0Qy crystal is
instrumented with a silicon-based resistive chip [39] oper-
ated as a heater. This heater allows us to periodically inject a
constant power and generate a pulse of constant energy. The
resulting reference pulses can be used in the offline analysis
to monitor and correct for a change of the signal gain due to
temperature drifts of the bolometer [40].

2.4 Sensor coupling

The NTDs were glued on the Li> '°°MoOy crystals using the
dedicated tool shown in Fig. 2, similar to the one used by
CUPID-0 [28]. The glue is a two-component epoxy resin
(Araldite® Rapid) suitable for cryogenic applications and
demonstrated to have acceptable radiopurity [24]. The glu-
ing tool features a part for holding the NTD, and it can be
moved along the vertical axis and fixed at any level. The per-
formance of the bolometer is strongly dependent upon the
quality of gluing, and we obtain optimal results when sep-
arate glue spots connect the NTD to the crystals. To main-
tain separate glue spots during and after the epoxy curing,
the NTD is kept 50 um from the Li,MoOj crystal, which
is positioned on the top surface of the gluing tool. NTDs
of five crystals (LMO-1-4,15), used in the LUMINEU ex-
periment or the CUPID-Mo single tower test, were glued
with six spots, while nine spots were applied for the remain-
ing crystals. The heaters were glued with a single glue spot
using a 50 um Mylar mask to provide a gap between the
crystal surface and the chip.

The gluing of NTDs to the Ge wafer was also performed
with the two-component epoxy resin described above. How-
ever, instead of the six or nine spot matrix, we applied a uni-
form veil of glue. This choice was motivated by the small
size of the sensor and the low thermal contraction expected
for the Ge-glue-Ge interface. We used the manipulator of an
ultrasonic bonding machine to provide a controlled force to
attach the NTD to the Ge wafer surface and provide better
reproducibility.

2.5 Detector structure

The CUPID-Mo single module and tower structure were de-
signed by the Service de Physique de I’Etat Condensé (SPEC)
at CEA, Gif-sur-Yvette, France (Commissariat a 1’énergie
atomique et aux énergies alternatives) according to the fol-
lowing requirements:

— the single module structure should be compact but per-
mit the housing of four scintillating crystals in a single
tower, taking into account the restricted space in the ex-
perimental set-up;

Fig. 2 The tool for gluing the sensor (top left) together with the cap
to provide a 50 um gap. The process of gluing is shown in the three
other photos: NTD placement (top right) and placement of the crystal
(bottom panels).

— the towers should be suspended by dedicated springs to
mitigate the vibrational noise of the set-up [1];

— the design should allow a simple installation inside the
cryostat (see Fig. 1 and Sec. 2.8).

The mechanical workshop of LAL (Orsay, France) fab-
ricated the detector support structure. Each detector mod-
ule (see Fig. 3) is a single-piece holder, made of highly
radiopure NOSV™ copper from Aurubis. It contains both
a Lip'Mo0O, scintillation element and a Ge wafer. The
bolometers are kept in place by small Polytetrafluoroethy-
lene (PTFE) holders which decouple them from the ther-
mal bath. The Liy'®MoQy crystals are supported with three
PTFE elements on the top and bottom, while the LDs are
clamped with three PTFE pieces. In Commissioning I, we
did not install any reflector foil around the crystals, because
previous measurements demonstrated efficient particle iden-
tification performance despite a factor of 2 lower light col-
lection efficiency [22]. Commissioning I was characterized
by sub-optimal LD performance (see Sec. 2.3), hence we de-
cided to surround the crystals’ lateral side with reflecting foil
(3M Vikuiti™) in addition to the replacement of the LDs’
NTDs.

2.6 Detector assembly

We performed all activities related to the detectors’ assem-
bly in a cleanroom environment. All the used detector com-
ponents were carefully cleaned before assembly to mini-
mize the risk of surface re-contamination. In particular, cop-
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Fig. 3 All components used to assemble a CUPID-Mo single detec-
tor module: a copper holder, a Li>'°°MoOy crystal with glued NTD
and heater, a Ge LD with NTD, the copper screws, the PTFE spacers
and fixing elements, the Kapton foil with golden pads. Note that the
reflecting film is not shown here.

Fig. 4 An assembled CUPID-Mo module. On the left: view from the
top, the semi-transparent crystal surface where the NTD and heater are
located. On the right: view from the bottom, germanium LD with SiO

coating (dark blue internal circle); fhe2/mm on the edge of the wafer
(17% of the area) are uncoated.

per elements were etched with citric acid, and PTFE ele-
ments cleaned with ethanol in an ultrasonic bath. The tower
assembly was performed in a class 10 cleanroom at LAL.
The Li,MoOy crystal is fixed inside its copper housing with
PTFE elements on top and bottom as well as surrounded by a
reflecting foil. An assembled single module (top and bottom
view), as well as all the CUPID-Mo detectors, are shown in
Fig. 4 and Fig. 5, respectively. In total, five towers were as-
sembled with four detectors each (Fig. 6). Crystals on the
lower three floors are each viewed by one LD from the top
and one LD from the bottom. The top floor crystals are each
viewed by one LD from the bottom.

Fig. 5 Twenty CUPID-Mo detector modules before their arrangement
in five towers; the devices are shown from the Li; '°°MoO4 crystal side
(top) and from the Ge LD side (bottom).

Fig. 6 The five assembled towers before installation in the cryogenic
facility.

2.7 Wiring

A dedicated wiring scheme was designed and implemented
for the CUPID-Mo experiment as the existing EDELWEISS-
IIT readout could not accommodate the additional 20 dual-
readout modules required for CUPID-Mo.

We bonded gold wires from the NTDs to flat Kapton
cables with gold contacts to provide the electrical readout
connection as well as the weak thermal link to the heat bath.
Silk-covered constantan twisted wires were soldered on the
other side and run up each tower to a larger Kapton pad with
gold contacts glued at the top of the tower.
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On this pad the constantan wires and copper wires (con-
nection to the cold electronics) were soldered!. This con-
nection provides a link to Si-JFET (junction gate field-effect
transistor) based pre-amplifiers at 100 K through the copper
plate inside the EDELWEISS cryostat (see Sec. 2.8).

2.8 Low background cryogenic facility

The CUPID-Mo detector array is installed (see Fig. 7) in the
EDELWEISS-III cryogenic set-up [1, 32], located in LSM.
This site is among the deepest underground laboratories in
the world; the 1700 m (4800 m water equivalent) rock over-
burden, provided by the Frejus mountain, reduces the cos-
mic muon flux to 5 muons/mzlday [41].

The EDELWEISS cryostat is a custom dilution refrig-
erator with a reversed geometry [32], developed by Insti-
tut Néel (Grenoble, France). During a cryogenic run, this
set-up requires periodic refilling of the liquid helium (LHe)
bath every 10 days. The consumption of LHe is minimized
by the use of a cold vapor reliquefaction system based on
three Gifford-MacMahon cryocoolers. The cryocoolers are
responsible for most of the vibrational noise in the set-up,
thus necessitating the use of the suspension to achieve high-
performance operation of the scintillating bolometers [1].
The passive shielding of the set-up against environmental ra-
diation consists of lead (20 cm thickness) and polyethylene

"Later, high purity Ge counting (HPGe) revealed that the solder is not
Pb-free (the activity of 2!°Pb is (170415) Bq/kg); the total mass of the
material on the towers is (1.2£0.1) g.

Fig. 7 The CUPID-Mo scintillating bolometer array installed inside
the EDELWEISS set-up. The remainder of the experimental volume
is occupied by eleven Ge-based bolometers of the EDELWEISS di-
rect dark matter search experiment and one scintillating bolometer for
CUPID R&D.

(55 cm thickness). The inner part of the lead shield is made
of 2 cm thick low 2'9Pb radioactivity (< 0.12 Bg/kg) lead re-
covered from sunken Roman-era galleys (here on to called
”Roman lead”). An additional internal Roman lead (14 cm)
and polyethylene (10 cm) shield at the 1K-plate is used to
protect the detectors from radioactivity from the cryostat
components. A muon veto system is surrounding the whole
cryostat providing 98% geometrical coverage. The muon veto
is constructed from 46 individual plastic scintillator mod-
ules with a total surface of 100 m? and provides a detection
efficiency of 97.7% for central muons [41]. The set-up is lo-
cated inside a class 10000 cleanroom with a depleted radon
air supply (~30 mBg/m? of >’Rn).

Table 1 CUPID-Mo tower compositions and their corresponding slots
inside the EDELWEISS set-up at LSM.

Tower Detectors’ IDs and towers’ slots
composition | T3 | T4 | T10 | TIl | TI2
LMO 5 9 17 2 13
LD
LMO 6 10 16 3 18
LD
LMO 7 11 14 4 19
LD
LMO 8 12 1 15 20
LD

Fig. 8 A schematic top view on detectors plate inside the EDELWEISS
set-up showing twelve slots for tower installation inside copper plates.
The position and types of calibration sources are also indicated.



~

The experimental volume of EDELWEISS-III contains
four floors (detector plates) with twelve slots each (see Fig. 8).
The CUPID-Mo towers were inserted through the slots T3,
T4, T10, T11, and T12 (see Table 1) and mechanically de-
coupled from the EDELWEISS-III detector plate with three
metal springs for each tower”. The remaining experimen-
tal space is partially occupied (tower slots T2, TS, T7, and
T8) by 11 Ge bolometers for the EDELWEISS dark matter
search program [42] and a cadmium tungstate based scintil-
lating bolometer for CUPID R&D [43].

We added two mixed U/Th sources made of thorite min-
eral to the EDELWEISS-III automatic source deployment
system [32] (see Fig. 8). These sources complement the al-
ready available y-calibration sources of '*3Ba (~1 kBq) and
%0Co (~100 kBq) for periodic calibration of the CUPID-Mo
detectors. The activities of the sources are ~50 Bq of 232,
~100 Bq of 28U, and few Bq of >*U. The '**Ba source
emits ys with energies up to 400keV and was only used
during the_commissioning stage. The high-activity ®°Co y
source is used to eliminate space charges in the dual readout
heat-ionisation Ge bolometers of EDELWEISS-III [32] and
also to calibrate the CUPID-Mo Ge LDs via source-induced
X-ray fluorescence [44, 45] (see Sec. 3.3)._The %0Co source
is used mainly during and just after each LLHe refill (every
10 days) while a regular ~2-days-long Th/U calibration is
scheduled for each period between subsequent LHe refills.

The detector readout in the EDELWEISS-III setup is
based on AC-biased cold electronics [32], which restricts the
use of high-resistivity thermistors to at most a few M2 re-
sistance at a given bias current (working point) [1]. Custom
made room-temperature electronics modules called bolome-
ter boxes (BBs) are mounted just outside of the cryostat
to ensure short cables to limit noise pick-up. These BBs
contain the electronics for the cold Si-JFET pre-amplifiers’
biasing, Digital to Analog Converters (DACs) for the de-
tectors’ biasing, post-amplification, anti-aliasing filter, and
ADC:s to record the CUPID-Mo NTDs [32]. All LMOs and
five LDs are operated with BBs containing 16-bit ADCs
while the signal digitization for the remaining LDs is done
with 14-bit ADCs. The pulser system, used to inject a con-
stant Joule power through the heaters, is based on a 4-channel
pulse generator with a typical injection periodicity of a few
minutes. The data acquisition system [ 1, 32] can record both
online triggered and stream data; the triggered data is used
only for monitoring purposes.

>The activity of *Th and 2*°Ra and ®°Co in the springs is
~0.01 Bg/kg, while the “°K content is ~4 Bg/kg; the total mass of
the material is around 8 g.

3 CUPID-Mo operation and performance

3.1 CUPID-Mo detector operation

Of the 20 LMO and LD pairs, only a single LD was lost
due to a hardware issue, resulting in 39 out of 40 active
channels. Additionally, 18 out of 20 heaters are available
to inject pulses. The optimal working point of the LMO de-
tecotrs was chosen to maximize the signal amplitude JIEDS]

M The modulation frequency of 500 Hz was chosen
to reduce the pick-up of cryocooler-induced high-frequency
noise’. The nominal base temperature of the empty EDEL-
WEISS cryostat is 11.5 mK. In the present, densely popu-
lated, cryogenic setup, an additional heat load increases this
base temperature to ~20 mK and we could stably operate at
20.7mK with a few uW of regulation power. This temper-
ature is considerably higher than the operating temperature
in the LUMINEU predecessor [1] and it is expected to have
an adverse effect on the detector performance.

Nevertheless the following analysis of a ~ 2 week pe-
riod with 11.1 days of physics data, 2.2 days of mixed Th/U
source calibration, and 1.6 days of ®°Co irradiation provides
arobust confirmation of the bolometric performance achieved
within LUMINEU [1, 22]. The data were acquired between
March 24th and April 6th and correspond to a physics ex-
posure of 0.1 kgxyr. This early data is comparable with the
prior exposure presented in [22], and emphasizes the repro-
ducibility of Li,MoQOy4 detectors using a total of 20 detec-
tors.

3.2 Data processing

Two independent analysis frameworks, both [EXlSHlg the
optimum filter technique [46], are used for the data process-
ing: one, called Diana [47, 48], is adapted from the CUORE
[6] and CUPID-0 [48] experiments and the other was devel-
oped at CSNSM [49] and used for the analysis of the LU-
MINEU data [1]. The CSNSM code has been developed (us-
ing the MATLAB MULTI Integrated Development Environ-
ment) specifically for the analysis of scintillating bolome-
ter data. It is more nimble and readily adapted to different
experimental setups. In contrast, Diana is a much broader
framework, including analysis packages for larger detector
arrays (in particular allowing for the analysis of coincident
events). It is object-oriented C++ code with a PostgreSQL
[50] database interface to track detector and electronics set-
tings. The use of Diana allows for comparison between dif-

3A better noise environment was observed using the EDELWEISS
wiring [32] in LUMINEU allowing for a 1 kHz modulation frequency
[1,31].
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ferent CUPID project demonstrator experiments with effec-
tively the same analysis tools, and Diana is expected to be
used as the primary package for CUPID-Mo in the future.
Therefore, all results presented below are based on the use
of Diana, while it is noted that very similar results were ob-
tained with the CSNSM code, providing a cross-check of the
Diana processing.

3.3 Performance of bolometric Ge light detectors

Characteristic pulse shape parameters such as the rise- and
decay-times, defined as 10% to 90% of the rising edge and
90% to 30% of the trailing edge of the LD pulse shape have
been investigated (see Table 2). We estimate typical (me-
dian) rise- and decay-times of 4.2 ms and 9.2 ms respectively
from an averaged pulse, triggered and aligned on events re-
corded in an associated LMO crystal.

Averaging of pulses was necessary since Li,MoOj4 has a
moderate Relative Light Yield (RLY) which does not exceed
1 keV/MeV relative to the heat signal (see [1, 31] and Sec.
3.4), and estimates from individual light pulses are subject

to bias from noise fluctuations. JNEiCtHRaNIparticularion

[BSERARY At a previous surface test at CSNSM with a similar
temperature, working point, and a 10kHz sampling rate, a
factor of 3 faster rise-time (0.96 ms) was observed in LD4.

To_estimate the performance of the Ge LDs, we perform
an in situ calibration. We employ the X-ray fluorescence of
Mo or Cu that is generated when the crystals and setup are
exposed to a higher intensity y source [44, 45]. For Mo we
expect characteristic peaks from the K (17.48 keV, inten-
sity I = 100%), Kg2 (17.37 keV, I = 52%), and Kg; (19.61
keV, I = 15%) lines [51]. The Cu X-rays can give addi-
tional peaks from Ky (8.05 keV, I =100%), Kq2 (8.03 keV,
1 =51%), and Kg; (8.91 keV, I = 17%). Fig. 9 shows a typ-
ical X-ray spectrum obtained during the %°Co source irradi-
ation. The prominent features are a sum K4 peak from Cu
and both a sum K, and a distinct Kg peak from Mo. The in-
tensity of the Cu X-rays is much lower than those associated
with Mo, as the Cu is only facing the LDs on the side. Also,
the statistics in the Cu K peak are very low for detectors
far from the °Co source, and we choose to omit this peak
from the LD calibration.

With a stable operating temperature of 20.7 mK and a
strong NTD polarization for the Ge LDs, negligible nonlin-
earity is expected. We use a Gaussian fit to the most intense
peak, the Mo K X-rays, and perform a first-order polyno-
mial calibration with zero intercepts.

The 1.4 g Ge LDs are instrumented with small-size NTDs
that achieve a typical sensitivity of 1.1 uV/keV with an RMS
of ~ 40% (see Table 2). Uncertainties in the individual sen-
sitivity estimates are dominated by the gain in the analog

Table 2 Performance of Ge light detectors of the CUPID-Mo exper-
iment. Detectors marked with an asterisk (*) suffer from additional
uncertainty due to prominent sinusoidal noise. The quoted parameters
are the NTD resistance at the working point (R,,,«), the rise time (),
the decay time (7p), the voltage sensitivity (Ag;gnar), and the baseline
noise resolution (FWHMy,;s ). For the definition of the listed variables
see text.

LD Ryvork TR ™ ASignal FWHMnoise
ID M) | (ms) | (ms) | (uV/keV) eV)
1 1.18 5.0 8.3 0.5 183
2 0.87 3.6 9.2 1.2 92
3 0.37 33 5.6 0.5 1225
4 0.92 32 8.5 1.7 175
5 0.75 3.5 9.9 1.1 66
6 0.70 3.8 9.5 1.0 175
7 — — — — —
8 0.50 3.8 | 3.6 0.7 368
9 0.95 3.6 4.7% 1.0 354
10 0.91 35 5.2% 1.1 323
11 1.83 4.5 4.2 2.6 146
12 0.86 5.2 18.0 1.0 69
13 0.70 9.7 11.5 1.3 112
14 0.90 9.0 10.2 1.2 122
15 0.77 43 14.1 1.2 86
16 0.46 4.2 9.4 0.8 219
17 0.73 4.2 7.2 1.3 129
18 0.66 4.1 9.3 1.2 121
19 0.76 43 9.0 1.2 202
20 1.14 4.9 23.5 0.6 137
Median | 077 | 42 | 92 | L1 | 146
E Mo K, X-ray
[N
S 10
8
5
10
I PR PR P PR I

)]

10 15 20 25 30
Energy (keV)

Fig. 9 Energy spectrum of CUPID-Mo light detector LD2 after a 33 h
%0Co irradiation in the EDELWEISS-III set-up. The Mo K X-rays are
used for the LD calibration.

chain with typical uncertainties of order 10% for several of
the operational amplifiers in the amplification chain. The
LDs sensitivity is limited by a comparatively high regula-
tion temperature of the detector plate and the strong NTD
polarization®*.

4A factor of two higher signal amplitude in LD4, operated at 17 mK,
was observed in an surface test at CSNSM (see Fig. 23 in [5]).
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We estimate the baseline resolution for all detectors from
a set of forced random trigger events injected every 101s.
We exclude one detector instrumented with a different NTD
sensor (used in Commissioning-I), see Table 2 and runs with
atypical noise performance, resulting in 183/209 (LD-bolo-
meter, run) pairs. The median of these estimates yields a typ-
ical baseline resolution of 148 eV FWHM in agreement with
the channel based estimate in table 2. We see good repro-
ducibility with individual channel estimates ranging from
66eV up to 368eV.

A resulting scatter plot of the correlation between the
sensitivity and the achieved baseline resolution is shown in
Fig. 10._We note that the spread in detector performance is
only slightly higher than for the NTDs on the LioMo0QO4 crys-
tals (see Sec. 3.4). We want to emphasize the uniformity that
lends itself to applications in larger cryogenic detector ar-
rays.

FWHM (V)
B
o
o

300

250

200

o o o
150 ° 0 fe)
o
100 %
(] o
50
o 1. L1 L NI
500 1000 1500 2000 2500

Sensitivity (nV/keV)

Fig. 10 The baseline resolution versus sensitivity for 18/20 Ge LDs
operated in the CUPID-Mo experiment at 20.7 mK. One detector is
discarded due to having a different NTD, while the second is not oper-
ational (see text).

For reference, we list the performance characteristics on
an individual LD basis in Table 2. The reported performance
in terms of the baseline resolution exceeds the requirements
to achieve a better than 99.9% rejection of & events at 99.9%
acceptance of y/fs as is discussed in detail in Sec. 3. Several
improvements can be pursued for the full-size CUPID exper-

imvent, DC-biased electronics, higher sampling rate, and the

3.4 Performance of Li,'%’MoO, bolometers

The time constants of LMO bolometers are much longer
than those of LDs. We obtain median values of 24 ms for the
rise-time and 299 ms for the decay-time with a significant
spread of 208 ms in the decay-times and a smaller spread of
8 ms in the rise-time (see Table 3). These values are consis-
tent with previously reported values [1], and in the typical
range for macroscopic cryogenic bolometers operated in the
tens of mK range.

We calibrate with a mixed Th/U source, with a most
prominent peak at 2615keV (*°*TI) and negligible gamma
continuum, see Fig. 13. This is the closest observable y-line,
~ 415 keV lower than the Qpgg-value of 100\ fo.

The calibration data were acquired over a short period
(2.2 days), resulting in limited statistics of the detected y
peaks. We neglect nonlinearities in the detector response and
fit using zero and the 2615keV 29Tl line. Additionally, we
use this peak to correct for changes in thermal gain due to
slow temperature drifts in the experimental setup. The re-
sulting correction is a linear scaling factor obtained from the
optimum filter (OF) amplitude versus baseline dependence
in the calibration data and is applied to both calibration and
background data.

The detector sensitivity at the 20.7 mK operation tem-
perature has a median value of 17nV/keV with an RMS of
about 30% (sce Table 3). For unknown reasons, the detector
LMO 2 shows very low sensitivity in comparison to the re-
sults of the CUPID-Mo Commissioning-I (6 nV/keV at 20.5
mK) and LUMINEU (47 nV/keV at 17 mK [44]). As in the
case of LDs, larger sensitivity of LMO bolometers is ex-
pected at colder temperatures (e.g., compare results given in

[1D.

20

Median - Baseline resolutions
1.96 keV FWHM (LMO,run) - pairs
0.15keV FWHM (LD,run) - pairs

18

16

14

(Bolometer, run) - pairs

12

10

0 T 15 2 25 3 35 4 4

0.5

X .5 5
Baseline resolution FWHM (keV)

Fig. 11 Baseline resolution (FWHM) distributions for 183 (LD, run)
and 189 (LMO, run) pairs. LMO 2 and LD 3 are rejected, as are periods
with atypical noise.
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Fig. 12 Sensitivity versus baseline resolution (FWHM) for the 19
LMO detectors considered in this analysis. One detector (LMO 2) is
omitted due to abnormal performance; see text).

The same method utilized for the investigation of LDs’
baseline resolution (see Sec.3.3) is also applied for Li;MoOg4
bolometers. We obtained characteristic (median) values of
1.96 keV FWHM for the baseline resolution with the spread
of the distribution given in Fig. 11 and individual detector
based resolutions presented in Table 3. The baseline noise
versus sensitivity data is also illustrated in Fig. 12.

For further analysis, we utilize a preliminary set of anal-
ysis cuts. First, periods of atypical noise and temperature
spikes of the cryostat are rejected, removing ~11% of the
data from the commissioning period. A large part of the loss
of livetime is caused by a
and improved stability has been observed in
more recent data®. Wi

require d baseline slopJEOHl
sistent with the typical behavior of the channel, and require

FEEs We furthe

The resulting calibration data is presented as a summed
spectrum in Fig. 13. The 2615 keV 29Tl resolution is 5.3 keV
(FWHM) estimated with an unbinned extended maximum
likelihood (UELM) fit shown in the inset.

[BESREESHHE W note a potential bias on the resolution since
we perform the thermal gain stabilization on this gamma
peak and are in a low statistics limit. A toy Monte-Carlo
(MC) with a typical value of 20 counts per detector resulted

3~ 95% of the data are kept after the data quality selection since April
2019

~10°E > 30 =2614.63 =020 keV]
S E % 1=2614.63 =020 ke
e = < o 0=226%0.17keV
- £
I | 5 20|
2
] 15|
= 3
210"
O 0 = 10
- 14
- Pb 5
[ Tt ST f TLILLLEL LI
r s 0%3500 2600 2610° 2620 2630 2640
Energy (keV)
10

2087

SE ?“Bi

o e L L . 1 L
0 500 1000 1500 2000 2500 3000
Energy (keV)

Fig. 13 Summed calibration spectrum for 19/20 Li;MoO4 bolometers.
All the major peaks have been labeled. The inset shows a fit of the 208TI
v peak at 2614.5 keV.

in an estimated bias (underestimate of the 208T] peak width)
of 0.3keV.

In addition to the good energy resolution, we highlight
the linearity and uniformity of the data. The maximum resid-
ual between observed peak position and expected peak po-
sition in the summed calibration spectrum was 3 keV for the

1120keV line from 2!*Bi. Similarly, we observe an excess
width for all y peaks of at most SkeV due to not yet ac-
counted for individual detector non-linearities.

3.5 Performance of light-vs-heat dual readout

We estimate the RLY from events in the 2-3 MeV region,
close to the Q-value for OvBB of '%Mo. We create a dis-
tribution light/heat energies and fit a Gaussian to this dis-
tribution to obtain the RLY u, for y/f events. We obtain
31 individual (LMO, LD) pairs comprised of 15 LMOs in
the line of sight of two LDs (minus a failed, and an under-
performing LD) and 5 LMOs with a direct line of sight to a
single LD (see Sec. 2.6).

The resulting RLY's (in keV/MeV) are listed in Table 3
and illustrated in Fig.14. The predicted RLY includes both
the effect of scintillation light production in the crystal as
well as light propagation to the Ge absorber, and a pattern
that is dominated by the latter effect emerges. Li'°“MoO,
crystals on the top of the towers with a reflective copper
cap at the upper side and a single LD at the bottom, ob-
serve the highest LYs with a median value of 0.90 keV/MeV.
In addition a ~0.1 keV/MeV difference is observed in light
collection between the top (0.74 keV/MeV) and the bottom
(0.64 keV/MeV) LDs. This effect is a result of a protrusion
that is part of the crystal support, which acts as an aperture
for downward going light. The obtained results are consis-
tent with previous observations [1, 31]. The summed light
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Fig. 14 Relative Light Yields for all of the Li,'®MoOQ, crystals. The
differences in RLY trace the expected light collection efficiencies due
to the design of the towers, see Sec. 2.5 and 2.6.

collected from two adjacent LDs is the closest estimate we
have for ideal light collection. It is as high as 1.44 keV/MeV
with a median value of 1.35keV/MeV. The uncertainty for
individual RLY estimates has been quantified from the spread
in RLY estimates of three distinct ®°Co plus 2% T1 datasets.
We observed a ~4% spread around the mean (RMS), with a
maximum deviation of 16% for a single detector.

For this analysis, we opt to use the LD in the same detec-
tor module just below the crystal by default. In cases where
the lower LD is unavailable or performs significantly worse
(LMO 1,3,6 and 7) we switched to associating the upper LD
to this crystal (see also Tables 2 and 3).

< -
£ 25 Lmo1, Physics data
E r Woe/y LY cut
> o With e/y LY cut
2 2
.80 -
A C
1.5—
1= :
05— )
0 A N B B BRI RS
0

1000 2000 3000 4000 5000 6000

Heat signal (keV)
Fig. 15 Light yield versus heat signal scatter-plot using 11 days of
physics data from LMO 1. The presented detector has the highest 2!°Po
contamination to illustrate best the distributions of & and 7y events and
the scintillation light quenching for ¢ events.

Taking into account the measured RLY (Table 3) and the
LD performance (Table 2), all detectors achieve better than

99.9% discrimination of & events (see sec. 3.6) with a typ-
ical example of the discrimination power given in Fig. 15.
The preliminary /B selection by RLY (blue) defined before
eliminates all o events (red), which exhibit about 20% of
the RLY of y/B events. This particular crystal is character-
ized by the highest contamination level of >'°Po with ~ 0.5
mBg/kg and hence best exemplifies the alpha discrimina-
tion power achieved for a scintillating bolometer with typi-
cal performance values of 0.67 keV/MeV RLY and 0.18 keV
FWHMy,ise of a coupled LD. We observe that the 2!°Po o
events misreconstructed at ~7% higher energy at 5.8 MeV
instead of 5.4 MeV. This shift is much larger than nonlin-
earities in the Y region would suggest, but we note that a
similar difference in the detector response for alpha parti-
cles has been observed previously with lithium molybdate
based detectors [1, 31].

We estimate a scintillation light quenching of a-particles
with respect to y/f3 particles of (19.8 4 1.1)% across the de-
tectors (see Table 3). These results are also within expecta-
tions for this scintillation material [1, 22, 31].

3.6 Extrapolated o discrimination of Lis '°MoO,
scintillating bolometers

We systematically evaluate the o discrimination level fol-
lowing Refs. [1, 31, 53] and report the discrimination of o
versus /B3 events in terms of the discrimination power (DP)
at the Q-value for OV in 1Mo

Uy — Ha

242
\/03 + 03

The parameters in the definition of the DP are the mean
RLYS Ug, py for o and /B events respectively, and resolu-
tions 0g, 0. We obtain detector based RLYs g = OFg - iy
from the measured RLYs (y and approximate the very uni-
form light quenching of o events with QF, = 0.2 (see Table
3). The expected LD resolutions 0, and oy, at the endpoint
of the '“°Mo decay are extrapolated by adding the base-
line resolution and a statistical photon noise component with
an average photon energy of 2.07 eV [53] in quadrature.
The resulting median discrimination power is 15.0, with the
worst-performing detector having a discrimination power of
6.3. Hence all detectors are expected to achieve better than
99.9% o rejection with more than 99.9% v/ acceptance.

We note that this model calculation does not take into ac-
count additional sources of uncertainty such as variation as-
sociated with the position of the incident particle interaction
and subsequent light propagation. However, the validity of
the model is supported by the excellent agreement between
the predicted and achieved discrimination in neutron calibra-
tion data in previous measurements[31]. The computed dis-
crimination level exceeds the requirements for CUPID, and

DP = (1
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we plan to study adverse effects due to non-Gaussian tails
with larger statistics in the future. If multiple alpha peaks
emerge in individual detectors we will also be able to study
the o energy scale and the energy dependence of the o dis-
crimination from data. It should be noted that we are only
using a single of the two LDs (see sec. 3.4). As a result,
even in the presence of non-Gaussian tails, or additional en-
ergy dependent effects, information from the combination of
the LDs could be used to improve the discrimination.



Table 3 Performance of '“Mo-enriched Li;MoQ, bolometers of the CUPID-Mo experiment operated at 20.7 mK in the EDELWEISS set-up at LSM (France). This table contains the following
information: the crystals size and mass, the NTD resistance at the working point (R,,,%), the rise-time (7z), the decay-time (7p), the voltage sensitivity (Ag;gnar), the baseline noise resolution
(FWHMpyise), the scintillation light yield (RLY) measured by top LD (RLY,,),) and bottom LD (RLY},0m), and the light yield quenching for alpha particles (QFg). The omission of a measured

parameter due to lack of statistics or insufficient detector performance is indicated by “~”. The median value for RLY}om is given for scintillators coupled to two LDs (%) and for single LD (?); see
text.

enrLMO Size Mass Ryvork TR ™ ASigna[ FWHMnoise RLYmp RLY portom OFy
ID (mm) (2) (MQ) | (ms) | (ms) | (nV/keV) (keV) (keV/MeV) | (keV/MeV) | (%)

1 ©43.6 x40.0 | 185.86 1.37 31 476 10 2.01 0.67 0.66 19.5

2 ©43.6 x44.2 | 203.72 1.04 48 1093 1.2 30.6 n.a. 0.96 20.8

3 ©43.9x45.6 | 212.61 0.75 33 302 14 2.56 0.83 - -

4 @43.9x44.5 | 206.68 1.07 29 264 25 2.23 0.61 0.56 214

5 ©43.8x45.0 | 211.10 1.77 19 584 21 1.52 n.a. 0.80 18.6

6 ©43.8x45.0 | 209.19 1.69 23 384 25 3.62 0.65 0.64 19.1

7 ©43.8x45.0 | 210.45 0.85 24 357 21 1.15 0.77 - 20.9

8 ©43.8 x45.0 | 209.71 1.53 29 406 24 1.04 - 0.60 -

9 ©43.8x45.3 | 209.30 | 0.69 28 464 13 4.48 n.a. 0.90 19.6

10 ©43.8 x45.3 | 208.90 1.94 32 341 28 0.98 0.75 0.66 21.8

11 ©43.8 x45.3 | 208.18 2.99 18 173 23 1.70 0.74 0.61 17.7

12 ©43.8 x45.4 | 209.98 3.76 21 213 15 1.85 0.75 0.65 18.9

13 ©43.8 x45.5 | 210.35 1.37 25 445 15 4.62 n.a. 0.91 19.2

14 ©43.8 x44.5 | 205.76 1.16 15 95 15 3.77 0.63 0.55 20.6

15 ©@43.7x45.2 | 209.50 1.24 28 195 6 4.98 0.65 0.58 18.8

16 ©43.8 x45.0 | 208.96 1.38 21 228 20 1.47 0.67 0.58 21.0

17 ©43.8x45.3 | 209.20 1.51 24 292 23 1.94 n.a. 0.80 20.1

18 ©43.8x45.3 | 210.09 2.22 18 192 17 2.09 0.77 0.64 20.0

19 ©43.8x45.3 | 209.16 1.36 20 173 18 1.38 0.76 0.68 20.4

20 ©43.8x45.3 | 209.70 | 2.48 14 97 17 1.89 0.67 0.66 19.2
Median | ©43.8x45.3 | 208.54 1.37 24 297 17 1.97 0.74 0.64" 19.8

0.90°

el
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3.7 Radiopurity of Li>'%MoOQy crystals

We apply an additional anticoincidence cut with a time co-
incidence window of 100 ms between Li,MoQ, detectors, a
so called multiplicity one (M1) cut to reject multi-Compton
and muon shower events and obtain the background spec-
trum shown in Fig. 16. The /B spectrum of Liy!®MoOy,
bolometers above ~1 MeV is dominated by the 2v2f de-
cay of '%°Mo with an activity of 10 mBq/kg[1]. In 11.1 days
of background data, we observe no event compatible with
the RLY of /B events above 3034 keV, the Q-value for dou-
ble beta decay in '’Mo. The estimate for the resolution at
2615keV, (6.5+1.4) keV, is compatible with the prediction
from the calibration data, albeit this is subject to consider-
able uncertainty due to the limited statistics.

=
o
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Counts/ (5keV' )
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vl b L L I |
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Al L
3000 3500 4000
Energy (keV)

e TTTTf

Fig. 16 Summed background spectrum using 11.1 days of data from
19/20 Li> '%Mo0y cryogenic detectors of the CUPID-Mo experiment.

By relaxing the pulse shape cuts, and removing the /8
LY cuts and the M1-cut, we can investigate the o region
with a set of basic cuts that are designed to have better than
99% acceptance. The only clear contaminants seen in the
spectrum (see Fig. 17) are a bulk and surface peak by 2!°Po
(2'9PD), as observed in the LUMINEU studies [1, 31]. For a
few of the nuclei in the Th- (32Th, 228Th, 2**Ra, 2!?Bi ) and
the U-chain (38U, 23*U+?%0Rn, 23°Th, 22’Rn, 2'8Po), that
have a clean decay signature we start to see first hints of a
contamination. However, the number of events in a £30keV
window around the nominal decay energy is compatible with
0 at the 2 o level for all of the decay signatures. We thus
place a conservative upper limit at a level of 2 uBg/kg (Th-
series) and 3 uBqg/kg (U-series) (90% C.L.) on the activity
in the U-/Th-chains using the largest observed event count
for any of the decays in the U-/Th-chain.

We look for possible backgrounds from surface contam-
inants in the 3-4 MeV region. Excluding a potential '*°Pt
alpha bulk contribution in a £30 keV window around 3269
keV we observe 14 events, which is equivalent to a back-

ground of (0.14 £ 0.04) counts/(keV xkgxyr) in degraded
alpha events before the rejection by RLY.

1 210po bulk

Counts / (5 keV)

210p surface

L M.H.’H. M ”‘ .‘ ‘ .” l’H.H.“ H .‘ L .‘“H.‘ k
3500 4000 4500 501

Fig. 17 Summed alpha region using 19/20 detectors. No LY cut ap-
plied. (For details see text.)
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4 Outlook

Based on these first physics data we are confident that the
Li>'%MoOy4 cryogenic detectors possess a high degree of
reproducibility and are well suited to scale to a much larger
CUORE sized detector array in CUPID [5]. We expect the
current CUPID-Mo experiment to be able to set significant
limits on OV in '°Mo. We evaluate the CUPID-Mo sen-
sitivity using the Bayesian method for limit setting for a
counting experiment in a +2¢ region of interest around Qgg.
At present, several steps of the data analysis procedure have
not been fully optimized, leaving room for improvement. We
expect to achieve a 5 keV energy resolution with a dedicated
optimization of the energy reconstruction algorithms. With
an average containment efficiency for Ovf3 3 decay events
of 75%, and assuming an ~ 90% analysis efficiency, as ob-
tained in CUORE [6] and CUPID-0 [29] for the combined
trigger efficiency, multiplicity, pulse shape analysis (PSA)
and LY cut efficiencies we obtain the exclusion sensitivity
curves reported in Fig. 18. If we demonstrate a background
index of 1072 counts/(keV xkgxyr) with increased statis-
tics, CUPID-Mo reaches a sensitivity superior to the most
recent limit on the '°°Mo half-life set by NEMO-3 [36] in
just 6 months of accumulated livetime. Fig. 18 also reports
the sensitivity for the more optimistic scenario where the
background level is 1073 counts/(keV xkgx yr); in this case,
the experiment is practically background free for a total of
1 yr of livetime reaching a final sensitivity of 2.43 x 10%* yr.
The exclusion sensitivity has a very minor dependence on
the detector energy resolution and decreases by ~ 10 % for a
factor two worse resolution and a background index of 1072
counts/(keV xkgxyr).
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Fig. 18 Bayesian exclusion sensitivity at 90% C.1. for 5keV resolu-
tion, and different background levels.

5 Conclusion

The first physics data of the CUPID-Mo experiment vali-
dates and extends the previously reported bolometric per-
formance for cryogenic Li;MoOy crystals [1, 31] on a much
larger array of 20 detectors. We find that crystal growth and
detector assembly can be well controlled to obtain excellent
uniformity in performance and radiopurity. In particular, the
summed energy resolution was 5.3 keV (6.5 keV) FWHM
at 2615keV in calibration (physics) data of 19 out of 20
detectors. The measured light yield for y/f3 events (0.6-0.9
keV/MeV), the quenching of the scintillation light for al-
pha particles (20%) with respect to y/fs and the achieved
baseline resolution of bolometric Ge light detectors (146 eV
FWHM) are compatible with full o to ¥/ separation (150
median value). The results indicate the prospect to surpass
the sensitivity of NEMO-3 with ~6 months of physics data
in the current demonstrator. The technology is scalable, and
the first results presented in this article strengthen the choice
of Liy'%MoOQy as the baseline option for application in the
CUPID next-generation cryogenic Ovf3 3 experiment. Addi-
tional data from the current and future demonstrators is es-
sential to develop a detailed background model, investigate
and optimize the performance in the region of interest for
0v 3, and to strengthen the projections for CUPID further.

Acknowledgements This work has been partially performed in the
framework of the LUMINEU program, a project funded by the Agence
Nationale de la Recherche (ANR, France). The help of the technical
staff of the Laboratoire Souterrain de Modane and of the other partici-
pant laboratories is gratefully acknowledged. We thank the mechanical
workshops of CEA/SPEC for its valuable contribution in the detector
conception and of LAL for the detector holders fabrication. The group
from Institute for Nuclear Research (Kyiv, Ukraine) was supported in
part by the IDEATE International Associated Laboratory (LIA). A.S.
Barabash, S.I. Konovalov, .M. Makarov, V.N. Shlegel and V.I. Uma-
tov were supported by Russian Science Foundation (grant No. 18-12-
00003). O.G. Polischuk was supported in part by the project “Inves-
tigations of rare nuclear processes” of the program of the National
Academy of Sciences of Ukraine “Laboratory of young scientists”.
The Ph.D. fellowship of H. Khalife has been partially funded by the
P2IO LabEx (ANR-10-LABX-0038) managed by the ANR (France)

in the framework of the 2017 P210 Doctoral call. C. Rusconi is sup-
ported by the National Science Foundation Grant NSF-PHY-1614611.
This material is also based upon work supported by the US Department
of Energy (DOE) Office of Science under Contract No. DE-AC02-
05CH11231; by the DOE Office of Science, Office of Nuclear Physics
under Contract Nos. DE-FG02-08ER41551 and DE-SC0011091; by
the France-Berkeley Fund, the MISTI-France fund and by the Chateau-
briand Fellowship of the Office for Science & Technology of the Em-
bassy of France in the United States. This research used resources of
the National Energy Research Scientific Computing Center (NERSC)
and of the Savio computational cluster provided by the Berkeley Re-
search Computing program at the University of California, Berkeley
(supported by the UC Berkeley Chancellor, Vice Chancellor for Re-
search, and Chief Information Officer). This work makes use of the DI-
ANA data analysis software which has been developed by the CUORI-
CINO, CUORE, LUCIFER, and CUPID-0 Collaborations.

References

. E. Armengaud, et al., Eur. Phys. J. C 77, 785 (2017)

. G. Wang, et al., arXiv:1504.03612 (2015)

. G. Wang, et al., arXiv:1504.03599 (2015)

D.R. Artusa, et al., Eur. Phys. J. C 74, 3096 (2014)

W.R. Armstrong, et al., arXiv:1907.09376 (2019)

C. Alduino, et al., Phys. Rev. Lett. 120, 132501 (2018)

M. Goeppert-Mayer, Phys. Rev. 48, 512 (1935)

. A.S. Barabash, Nucl. Phys. A 935, 52 (2015)

. A.S. Barabash, arXiv:1907.06887 (2019)

. J.D. Vergados, H. Ejiri, F. Simkovic, Int. J. Mod. Phys.

E 25, 1630007 (2016)
. S. Dell’Oro, S. Marcocci, M. Viel, F. Vissani, Adv. High
Energy Phys. 2016, 2162659 (2016)

12. S.M. Bilenky, C. Giunti, Int. J. Mod. Phys. A 30,
1530001 (2015)

13. FF. Deppisch, M. Hirsch, H. Pas, J. Phys. G 39, 124007
(2012)

14. W. Rodejohann, J. Phys. G 39, 124008 (2012)

15. M. Fukugita, T. Yanagida, Phys. Lett. B 174, 45 (1986)

16. J. Schechter, J.W.F. Valle, Phys. Rev. D 25, 2951 (1982)

17. A. Gando, et al., Phys. Rev. Lett. 117, 082503 (2016)

18. J.B. Albert, et al., Phys. Rev. Lett. 120, 072701 (2018)

19. C.E. Aalseth, et al., Phys. Rev. Lett. 120, 132502 (2018)

20. M. Agostini, et al., Phys. Rev. Lett. 120, 132503 (2018)

21. E. Fiorini, T. Niinikoski, Nucl. Instrum. Meth. A 224,
83 (1984)

22. D. Poda, A. Giuliani, Int. J. Mod. Phys. A 32, 1743012
(2017)

23. C. Alduino, et al., Eur. Phys. J. C 77, 532 (2017)

24. C. Alduino, et al., Eur. Phys. J. C 77, 543 (2017)

25. S. Pirro, et al., Phys. Atom. Nucl. 69, 2109 (2006)

26. S. Rahaman, et al., Phys. Lett. B 662, 111 (2008)

27. D.L. Lincoln, et al., Phys. Rev. Lett. 110, 012501 (2013)

28. O. Azzolini, et al., Eur. Phys. J. C 78, 428 (2018)

29. O. Azzolini, et al., Phys. Rev. Lett. 123, 032501 (2019)

30. O. Azzolini, et al., Eur. Phys. J. C 79, 583 (2019)

31. D.V. Poda, et al., AIP Conf. Proc. 1894, 020017 (2017)

SV PN L AW~

—_—

—_
—_


https://arxiv.org/abs/1504.03612
https://arxiv.org/abs/1504.03599
https://arxiv.org/abs/1907.09376
https://arxiv.org/abs/1907.06887
赵康康�



32.
33.

34.
35.
36.
37.
38.
39.

40.
41.
42.
43.

44.

45.
46.
47.
48.
49.

50.

51.

52.

53.

E. Armengaud, et al., JINST 12, PO8010 (2017)

L. Hehn, et al., The European Physical Journal C
76(10), 548 (2016)

L. Bergé, et al., JINST 9, P06004 (2014)

V.D. Grigorieva, et al., J. Mat. Sci. Eng. B 7, 63 (2017)
R. Arnold, et al., Phys. Rev. D 92, 072011 (2015)

M. Mancuso, et al., EPJ Web Conf. 65, 04003 (2014)
E.E. Haller, Infrared Phys. Techn. 35, 127 (1994)

E. Andreotti, et al., Nucl. Instrum. Meth. A 664, 161
(2012)

A. Alessandrello, et al., J. Cryst. Growth 412, 454
(1998)

B. Schmidt, et al., Astropart. Phys. 44, 28 (2013)

Q. Arnaud, et al., Phys. Rev. D 97, 022003 (2018)

D.L. Helis, et al., Submitted to J. Low Temp. Phys.
(2019)

D.V. Poda, 'Mo-enriched Li;MoOy scintillating
bolometers for Ov2f decay search: from LUMINEU to
CUPID-0/Mo projects. URL http://medex17.utef.
cvut.cz/talks/Poda.pdf. Talk given at 11th Int.
Conf. MEDEX 2017, Prague, Czech Republic, May 29
— June 02, 2017

L. Bergé, et al., Phys. Rev. C 97, 032501(R) (2018)

E. Gatti, P. Manfredi, Riv. Nuovo Cim. 9, 1 (1986)

C. Alduino, et al., Phys. Rev. C 93, 045503 (2016)

0. Azzolini, et al., Eur. Phys. J. C 78, 734 (2018)

M. Mancuso, Development and optimization of scintil-
lating bolometers and innovative light detectors for the
search for neutrinoless double beta decay. Ph.D. the-
sis, University Paris-Sud, Orsay, France (2016). URL
https://hal.inria.fr/tel-01315155

M. Stonebraker, L.A. Rowe, SIGMOD Rec. 15(2)
(1986)

A.C. Thompson, et al., X-ray Data Booklet (Lawrence
Berkeley National Laboratory, University of Califor-
nia Berkeley, 2009). URL http://xdb.1bl.gov/
xdb-new.pdf

M. Barucci, et al., Nucl. Instrum. Meth. A 935, 150
(2019)

T.B. Bekker, et al., Astropart. Phys. 72, 38 (2016)


http://medex17.utef.cvut.cz/talks/Poda.pdf
http://medex17.utef.cvut.cz/talks/Poda.pdf
https://hal.inria.fr/tel-01315155
http://xdb.lbl.gov/xdb-new.pdf
http://xdb.lbl.gov/xdb-new.pdf

	Introduction
	Experimental setup
	CUPID-Mo operation and performance
	Outlook
	Conclusion

