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We present the analysis techniques developed to explore the keV-scale energy region of the Cryogenic
Underground Observatory for Rare Events (CUORE) experiment, based on more than 2 metric ton yr of
data collected over five years. By prioritizing a stricter selection over a larger exposure, we are able to
optimize data selection for thresholds at 10 keV and 3 keV with 691 kg yr and 11 kg yr of data, respectively.
We study how the performance varies among the 988-detector array with different detector characteristics
and data-taking conditions. We achieve an average baseline resolution of 2.54 4+ 0.14 keV FWHM and
1.18 £ 0.02 keV FWHM for the data selection at 10 keV and 3 keV, respectively. The analysis methods
employed reduce the overall background by about an order of magnitude, reaching 2.06 +
0.05 counts/(keV kg days) and 16 4 2 counts/(keV kgdays) at the thresholds of 10 keV and 3 keV.
We evaluate for the first time the near-threshold reconstruction efficiencies of the CUORE experiment, and
find these to be 50 £ 2% and 26 4+ 4% at 10 keV and 3 keV, respectively. This analysis provides crucial
insights into rare decay studies, new physics searches, and ke V-scale background modeling with CUORE.
We demonstrate that ton-scale cryogenic calorimeters can operate across a wide energy range, from keV to
MeV, establishing their scalability as versatile detectors for rare event and dark matter physics. These
findings also inform the optimization of future large mass cryogenic calorimeters to enhance the sensitivity
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to low-energy phenomena.

DOI: 10.1103/fv25-bfgx

I. INTRODUCTION

The capability of building ton-scale underground experi-
ments is crucial to investigate new physics scenarios in the
fields of neutrinos and dark matter. The development of
large mass cryogenic calorimeters has reached maturity
with the Cryogenic Underground Observatory for Rare
Events (CUORE), which is the first experiment to dem-
onstrate the feasibility of operating this particle detection
technology at the ton scale and maintaining stable data-
taking conditions over several years [1]. The main physics
goal of CUORE is to search for neutrinoless double f decay
(Oupp) of 3°Te. This process would manifest as a mono-
chromatic peak at the Q-value of the nuclear reaction,
~2.5 MeV for 3°Te [2]. Its discovery would assess the
neutrino as a Majorana particle, providing insights into the
matter-antimatter asymmetry of the Universe enigma [3].

To perform this search, CUORE uses 988 natural TeO,
cryogenic calorimeters operated at ~10 mK. The low heat
capacity allows the conversion of energy deposits to small
increases in temperature. The seconds-long thermalization
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process is converted into an electrical pulse through therm-
istors, i.e., cryogenic sensors whose resistance varies with the
temperature. This technology provides excellent resolution
capabilities together with a wide operating energy range.
CUORE has collected more than 2.5 metric ton yr of TeO,
exposure, 2 of which have been processed and analyzed,
reaching an average energy resolution of ~7.3 keV and a
background level of 1.4 x 1072 counts/(keV kg year) at the
130Te Ovpp Q-value [4].

Following this multiyear data-taking campaign, we can
leverage the experiment’s low background and high expo-
sure with its sensitivity to a broad energy range to perform
searches for exotic physics in the keV regime. Among
these, the dark matter puzzle is a long-standing mystery still
unaddressed [5]. The hunt for dark matter particle candi-
dates demands high exposure and low background detec-
tors sensitive to keV-scale energy deposits hypothesized by
several new physics models. The CUORE experiment can
provide insights into this challenge by exploiting the sharp
energy resolution typical of cryogenic calorimeters (~keV
at the baseline) and the years-long live time of the data
collection [6-9]. A good energy resolution is beneficial in
the search for axions [10], which are predicted to release
monochromatic energy deposits, and the long live time
allows us to search for annual rate modulation as predicted
by weakly interacting massive particle (WIMP) dark matter
models [11,12].

Since standard analysis for Oypp search with CUORE
relies on a 40 keV energy threshold, an optimization of the
data processing is necessary to make use of the keV-scale
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FIG. 1. Sample of pulses from the same detector and operating
conditions with different energies, decreasing from ~2.5 MeV, in
the energy region of interest for the Ovpp, to ~5 keV, near
CUORE threshold. The amplitude and the offset are normalized
to be the same for all the pulses.

data. The threshold of CUORE detectors is of the order of a
few keV, so the spectrum we are interested in is polluted by
noise and spurious events unless additional event selection
criteria are applied. To explore this energy region, we
developed dedicated analysis methods devoted to the
selection of the highest quality data close to the trigger
thresholds. As an example, we show in Fig. 1 four events at
different energies. These pulses demonstrate how the noise
contribution becomes more prominent at lower energies.
This affects several steps of the analysis, primarily the
estimation of the pulse shape parameters needed to char-
acterize an event and the detector’s efficiencies. Moreover,
this region of the energy spectrum is highly susceptible to
spurious pulses, which originate from external sources,
e.g., electronics and vibrations, inducing phonon excitation
in the crystals.

In the following, we describe the analysis techniques
applied to the 2 metric ton yr data release of CUORE to
explore keV-scale energy deposits. The overall impact of
these techniques is the ability to reconstruct low-energy
deposits as a result of an improved resolution and a lower
background, with the consequence of lower exposure and
efficiency. We choose two classes of data selection: a more
conservative one with a 10 keV threshold, and a stricter one
at 3 keV. This work aims to demonstrate the possibility of
operating and studying a ton-scale cryogenic calorimeter
experiment such as CUORE over a wide energy range,
spanning 3 orders of magnitude from a few keV, as
presented in this work, to about 10 MeV [1,4,13-17].

This paper is organized as follows: Sec. II briefly
describes the CUORE experiment and its data taking.
Sec. III describes all the analysis strategies and techniques
that we developed specifically for low-energy deposits. In
particular, Sec. IIT A details the verifications we performed
about the energy reconstruction down to 3 keV, Sec. III B
introduces the offline triggering procedure applied to data,

Sec. ITI C highlights the improvements on tagging multisite
events at the keV-scale, and Sec. III D focuses on the
rejection of spurious events polluting the near-threshold
spectrum. Section IV reports the results of the developed
techniques in terms of selected exposure and energy
resolution. Here we also investigates patterns in detector
performance in the CUORE array over the course of data
taking. Section V reports the estimate of the energy-
dependent efficiency due to event reconstruction and
selection. Finally, Sec. VI shows the energy spectrum
resulting from this study and highlights its main features.

II. THE CUORE EXPERIMENT

CUORE, located in the Laboratori Nazionali del Gran
Sasso in Assergi, Italy, is composed of 988 5 cm x 5 cm X
5 cm natural TeO, crystal cryogenic calorimeters. The
crystals provide 742 kg of active mass and they are
arranged in an array of 19 towers with 13 floors each,
mounted by copper holders secured by polytetraflouro-
ethylene. Towers are placed such that 12 of them form an
outer layer containing the remaining seven [1].

Each crystal is equipped with a neutron transmutation
doped (NTD) Ge sensor to detect thermal phonons gen-
erated by energy deposits in the crystal. In addition, each
crystal has an Si chip used for injecting purely thermal
signals of known voltage amplitude into the detector for
thermal gain correction of long-term temperature drifts.

The electrical connection between the crystal’s cryo-
genic sensors and the front-end electronics is provided by
copper traces deposited on flexible polyethylene naphtha-
late substrates spanning the height of each tower.

The experiment is operated in a custom *He/*He dilution
refrigerator that allows the operation of the detectors at a
millikelvin-scale temperature. It is a cryogen-free cryostat
operated by means of four pulse tube cryocoolers. The
CUORE cryostat comprises six nested copper vessels
which thermalize at decreasing temperatures from room
temperature down to 12-15 mK [18].

The detector array is suspended from a copper support
plate placed at the center of the dilution refrigerator and
anchored to a steel support through three mechanical
insulators. These employ the Minus K Technology [19]
to tune the elastic constants of the suspension system so
that the whole setup can tolerate heavy loads and act as a
soft spring. The purpose of this system is to cut off the
vibrations transferred to the cryostat.

The experiment is shielded from cosmic rays with ~3600
m.w.e. overburden from the Gran Sasso mountains [1].
Additionally, archaeological lead shields are mounted to
the cryostat flanges to protect the experiment from natural
radioactivity. Outside the cryostat, a room temperature lead
shield and a neutron shield (made of polyethylene and a
layer of boric acid) provide additional shielding from the
side and from below.
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To mitigate the experiment’s background, radio-pure
materials have been carefully chosen through specialized
assay campaigns [20]. Ultracleaning procedures have been
designed and applied to these materials [21] to address
background arising from residual a decays on critical
surfaces. Additionally, strict storage and handling protocols
have been adopted to prevent recontamination during the
assembly, installation, and commissioning of the detector
array [22,23]. The data collection of the experiment started
in 2017, and more than 2.5 metric ton yr of data has been
collected. CUORE data collection is divided into datasets
which last about two months each and which are composed
of day-long data-taking periods called runs.

The data acquisition system amplifies, filters, digitizes,
and stores thermistor signals, allowing continuous data
recording and offline triggering [24]. Its efficient process-
ing enables multiple online triggers to identify signals,
sample noise, and flag heater pulses.

The voltage measured by detectors is calibrated into
energy by means of high-intensity y ray lines produced by
232Th-%0Co radioactive sources, which are deployed around
the cryostat at the beginning and at the end of each dataset.

The CUORE data taking can be divided into three
configurations for the purposes of the low-energy analysis.
At the beginning CUORE was operated at ~12 mK. After
two years, the vibration isolators made by the Minus K
Technology were changed to a different configuration to
improve the oscillations damping. Finally, during the last
two years, CUORE was operated at a higher temperature of
15 mK [1,4].

III. DATA ANALYSIS

Most of the data processing adopted for this study relies
on the standard CUORE analysis chain, which is described
in Ref. [25]. Before being triggered, a waveform’s noise is
decorrelated [26] from auxiliary devices (microphones, low
frequency accelerometers, and seismometers) placed in the
cryostat hut, in order to mitigate the environmental con-
tribution to vibrational noise [26]. Once triggered, wave-
forms are processed with the optimum filter (OF) [27,28], a
matched filter used to suppress the frequencies most
affected by the noise. This algorithm employs a detector
response based on the average signal pulse shape and the
average detector noise power spectrum extracted from data
to build the transfer function on a detector basis. The
amplitude estimate is corrected by the thermal gain to
account for temperature instabilities. Finally, detectors are
energy calibrated by using dedicated runs with 232Th-%°Co
source.

In order to analyze near-threshold events, we optimize
the evaluation of some variables to account for the lower
SNR. For instance, the parameters of the algorithm to
identify pileup events by counting the number of pulses in
an event window have been optimized to keV-scales and
included in this analysis. However, the major difference

with respect to other CUORE MeV-scale studies consists in
the data selection, both in terms of single events and
detector-dataset pairs.

A. Validation data and energy scale calibration

An essential component for building and testing new
analysis tools is having a sample of well-understood
physics events or simulations. At higher energies, many
ubiquitous y-ray lines provide easily identifiable physics
events. The possibility of exploiting these type of events at
low energies is limited. However, low-energy x-rays from
Tellurium are visible in the CUORE calibration spectra
between ~27 keV and ~31 keV as single-site events, i.e.,
depositing energy in a single crystal, labeled as Ml
(Multiplicity 1), or double-site events (M2). The latter
signature is more common in calibration data due to
incoming radiation from external 23’Th-%"Co source, which
interacts primarily with Te atoms of the crystal’s surfaces.
The subsequent de-excitation of Te atoms produces x-rays
that can travel to a neighboring crystal and be observed as
an M2 event, making this the most prominent signature.
These events were also observed in CUORE-0 and used to
verify energy calibrations at low energy [9,29].

CUORE’s energy resolution does not allow for distin-
guishing between all of the eight most intense Te x-ray lines
[9,30]. So, they are modeled as two Gaussian distributions
with the same width but different mean value and with a
floating amplitude ratio to account for an energy dependent
attenuation length, as shown in Fig. 2. Te x-rays are used as
a source of reliable events while developing and validating
multiple data analysis methods in this paper.

The energy calibration at low energies is extrapolated from
the fit to higher energy y peaks. Specifically, a second-order
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FIG. 2. Data and model of Te x-rays peaks in a 20 keV width
window. The events here reported belong to a sample calibration
dataset of CUORE and they are selected to have multiplicity
equal to 2 in order to enhance the SNR. The model consists of
two Gaussian functions and a linear background. The fit to data
resulted into a y? /v = 101/93, where v is the number of degrees
of freedom. The result in all of the other datasets is consistent
with the example reported here.
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FIG. 3. Distribution of low-energy events coincident with the
1460 keV line from “°K line. The peak of the distribution
coincides with the expected energy of the x-ray from the “°K
electron capture. The total energy range of search extends up to
40 keV, and presents two more events not shown here for
illustrative purposes.

polynomial is fit to the amplitudes of the main peaks
produced during the ?*’Th-%Co sources deployment. We
evaluate the quality of this calibration by fitting Te x-rays in
the M2 calibration spectra for each dataset. We compute the
energy shift with respect to the Te x-ray main peak, whose
nominal value is taken as the average of the x-ray lines,
weighted by their intensity. The average shift among the
datasets results to be not significant within detector reso-
lution, i.e., +0.05 +0.02 keV and +0.14 + 0.06 keV for
the detectors selected down to 10 and 3 keV, respectively.
In order to validate the calibration at even lower energies,
we looked for M2 events in coincidence with the “’K line at
1461 keV. Despite considering this line as purely M1 in
most higher-energy CUORE analyses, there exists an
associated X-ray emission at ~3.2 keV [31]. Among the
detectors with trigger threshold lower than 3 keV, we
identified ten events peaking at 3.2 keV, as shown in Fig. 3,
confirming the reliability of the calibration near detector
thresholds. As a comparison, given the time window of
415 ms and a rate of ~2 mHz in both energy regions, the
estimated number of random coincidences among the
selected detectors along the used datasets is less than four.

B. Optimum trigger

The first CUORE data processing step is to apply an
offline trigger, the optimum trigger (OT) [9,32], to the
continuous data stream to identify events with an improved
energy threshold. In particular, it triggers the waveforms
upon optimizing the SNR through digital filtering with the
OF. The filter transfer function is built for each CUORE
detector from derivative triggered data and applied on its
continuous data stream; subsequently events are triggered.
A signal is flagged by the OT if the filtered amplitude
exceeds the filtered noise resolution by a factor n. The

15 mK
12 mK
[0 12 mK- damping

- - N N

o 1] o )]

o o o o

o o o o
| | | |

500

# of detector-dataset pairs

10 15 20 25 30
Trigger Threshold [keV]

FIG. 4. Distribution of the trigger thresholds; namely, the
energy at which trigger efficiency is 90%, for the detector-dataset
pairs used in the 2 metric ton yr low-energy dataset. The different
colors highlight the pairs belonging to different data-taking
conditions, i.e., operation temperature at 12 or 15 mK, and
employing an optimal vibration damping system configuration.
Any distribution refers to all the operated CUORE detectors, but
to a different number of datasets, depending on the experimental
conditions.

parameter n is configurable on a detector basis, while the
filtered noise resolution is known a priori from the filter
transfer function of the given detector [33].

We evaluate the efficiency by applying the trigger to
artificial pulses of various energies, based on a signal
template, injected into noise waveforms from background
data. The noise is randomly sampled every minute and
required to have no pulses. The efficiency as a function of
energy ¢(E) is modeled using the Gaussian cumulative
density function to determine the trigger threshold, E,;,,., set
where €(E,;,,) = 90%. We set the trigger threshold on each
detector for every dataset.

The distribution of the trigger thresholds by detector-
dataset pair is shown in Fig. 4. In particular, 59% of the
detector-dataset pairs have a threshold below 10 keV, and
0.9% have a threshold lower than 3 keV. We observe an
overall threshold improvement when the detectors are
operated at 12 mK, due to an enhanced SNR. This is
further optimized when the oscillation damping system is
set to an optimal configuration, that we find to minimize the
low-frequency vibration noise. In this configuration, the
percentage of detectors with trigger threshold below 3 keV
rises to 2.6%. In contrast, no detectors reach a trigger
threshold below 3 keV if the temperature of operation
is 15 mK.

C. Tagging of multisite events

In most of the physics cases of interest, from Ovff to
dark matter, we search for an energy release in a single
CUORE crystal. Therefore, an anticoincidence cut among
CUORE detectors is applied. To identify groups of corre-
lated events, called multiplets, we start by selecting events
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that occur within a specified time window and spatial radius
of a main event. The algorithm then expands the multiplet
by searching for additional events, using the same time-
space criteria, starting from each event initially included.
Finally, it repeats the procedure on all of the events, playing
in turn the role of main. Eventually it ensures that multiplets
have been built coherently. The algorithm runs on events
satisfying basic quality cuts such as requiring a single pulse
in the window and having an energy above a given
threshold.

The time window, spatial radius, and energy threshold of
the coincidence algorithm can be optimized for different
physics searches. First, the energy threshold of the algo-
rithm was set to the trigger threshold for each detector. As a
comparison, this is uniformly set to 40 keV for the Ovfp
search. To determine the optimal time window for tagging
keV-scale multisite events, we study the SNR of the M2 Te
x-ray peaks while varying the time window across a range
of values. We adopt the time window that maximizes the
SNR, namely £15 ms. This window is larger than the one
used for higher-energy studies in CUORE, namely +5 ms
[34], in order to account for the larger spread in the estimate
of pulse’s peak position in time, due to the lower SNR at
lower energies.

The spatial radius dictates how far apart two crystals can
be when building multiplets. In particular, a cut of 150 mm
is chosen to ensure only nearby crystals, belonging to the
same tower or different ones, are considered to build
multiplets of coincident events. In other words, the algo-
rithm searches for coincident events in the eight crystals
nearest to the one where the main event occurred. This cut
minimizes random coincidences, which are expected to
increase at the keV-scale because of a larger rate.

D. Spurious events discrimination

Approaching the threshold of a detector, we find
unwanted features in the energy spectrum. These features
are caused by spurious events which mimic physics pulses
and can be produced by several effects such as vibrations of
detector components, and environmental noise sources
such as seismic waves. Although it is not trivial to identify
and characterize such spurious sources, we employ dedi-
cated analysis methods to minimize their contribution.

For this purpose, we define two energy intervals, the
region of interest (ROI) and the region of reference (ROR):
the first determines the lowest energy threshold we aim to
analyze, depending on the purpose of the study, while the
second is a higher-energy interval to be used as a perfor-
mance comparison. While ROI and ROR are free variables
of the algorithm, their specific values for this analysis will
be defined in Sec. IV.

In the following, as a first selection, we use only
detectors having trigger threshold lower than the ROL
An efficient way to reject spurious pulses is to look at their
shape, which presents different features than signal

waveforms. We explore the performance of several pulse
shape variables to find the best one for this discrimination.
At first, we study their energy dependence, to make sure
they are constant below ~100 keV. Then, we look for the
one that optimizes the SNR of the Te x-rays in the M2
spectrum. We find that the optimal variable is the reduced y?
computed between every filtered event and a cubic spline of
the filtered average signal pulse used by the OF (¢ ). This
pulse shape variable has been used as well for low-energy
studies in CUORE-0 and its predecessors [9,33].

Thus, we aim to remove spurious events by a cut on y%.
Since each detector is affected by noise sources in different
ways (because of position in the detector, NTD type,
wiring, etc.), we expect the optimal pulse shape cut to
vary significantly and the cut value to, therefore, be
detector dependent. Moreover, to account for differences
in data-taking conditions, we treat each dataset separately.

InFig. 5, we show the y2- distribution over the energy of a
single detector and dataset. In this case, we can identify two
populations. Physical events, i.e., signal pulses, lay on a
constant band at lower ;(20 r values. Spurious events produce a
band at higher y3 . values, which increases with energy.

Following this consideration, we apply a pulse shape cut
to select events with y2,. lower than a given value. We scan
along several cut values to identify the optimal one. For
each value we estimate the signal efficiency (epg), by fitting
the Te x-ray events selected and rejected by the cut
simultaneously, and we count the number of events left
by the cut in the ROI (Np), assuming they are dominated by
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FIG. 5. Example of y2, (pulse shape parameter) as a function
of the energy for a single detector, with a ~2 keV trigger
threshold, and dataset. We show two pulses having similar
energy (~15 keV), but different ;(ZOF. The left pulse belongs to
the spurious events band, while the right one to the signal band.
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Energy [keV]

FIG. 6. Distribution of ;(%) r as a function of the energy for four
detectors. The red shaded area represents the events rejected by the
25 cut applied. Top plot: a spurious band merging with the signal
band at low energies. Middle plot: we do not observe two different
bands, but the contamination of spurious events can be identified
from the large clustering at lower energy. Middle and bottom plots:
two examples in which we expect the pulse shape cut to efficiently
reject the spurious band.

physical background or spurious pulses. We identify the
optimal cut as the one that maximizes the ratio epg/Np, in
order to balance the loss in efficiency with the gain in
background level consequent to a stronger cut.

To account for different performance along the CUORE
array, we optimize the pulse shape cutindependently for each
detector. For this purpose, for each detector we define the cut
values by looking at the v, distribution of a given physical
peak (namely, the 511 keV, which is a compromise between
low energy and good SNR). In particular, we divide it in
intervals of equal probability (quantiles): the cut values on
which we perform the scan are the y% values corresponding
to the edges of the quantiles, which range from 20% to 90%
with 5 percentage point steps. This allows us to scan over )(20 F
values with different scales on different detectors.

The pulse shape reconstruction by the y2, variable is
inefficient when the energy deposit is close to the noise
threshold of the detector. Thus, it is not possible to distin-
guish signals from spurious pulses below a given energy,
which depends on the detector. We report a few examples in
Fig. 6. Once the 2 cut is applied, we can identify detectors
which still present unwanted events by looking at two
features:

(i) Event clustering: when the spurious and signal bands
merge in the y2 - vs energy plot, the number of events
rises at lower energies. We quantify this effect by
building a variable called purity (P), namely the
fraction of signal events in the ROI Assuming a
similar density of physical events at different energies,
we estimate P as Ng/Np, where N is the number of
events in the ROR scaled to the energy width of the
ROL If the ROR is well chosen, after the y%,, cut it
contains a pure sample of physics events. The
assumption of having the same physical events
density at different energies does not affect the
detector selection, since we aim to classify and order
them from the most to the least contaminated by
spurious events.

(ii) y% median value: despite how the y%, value of

signals and spurious events becomes similar at very
low energy, the higher rate of the latter produces a
nonuniformity in the relative distribution. Therefore,
its median is shifted to higher y%,, values, and this
effect is larger as the number of spurious events
increases. We define Ay?. as the difference of the
medians of the y%, distribution in the ROI and in the
ROR. If the y2 cut is able to reject the spurious
events population, we expect Ay? . to approach 0.

In the following, we adopt an ROR between 30 and
50 keV. This choice is led by the necessity to maintain
consistent pulse shape characteristics and event rates with
respect to the ROIL. The second requirement is no longer
satisfied above ~50 keV due to an observed difference by
about an order of magnitude of the background level, as
better outlined in Sec. VL.
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FIG.7. Anticorrelation of the two variables used to discriminate
spurious pulses. Each data point in the plot is a CUORE detector
from an example dataset. Good-performing detectors have low
A)(ZOF and high purity. The orange and blue shaded regions
represent the regions rejected by the optimized cut on purity and
Ay’ to select the best-performing detectors at a given energy
threshold (10 keV in this example).

We aim to determine if the y% . cut is sufficient to reject
spurious events in the ROI, while we expect it to com-
pletely remove these events from the ROR.

For this purpose, we compute P of all the detectors,
obtaining a distribution from 0 to 1. Then, we conduct a
scan on this variable by using steps of 0.05. First, we select
the detectors with P higher than 0, and we compute the
resulting exposure (mass x live time, MAT) and Ng. Then,
at the following step, we select detectors with P higher than
0.05 and we repeat the computation of MAT and Ny. We
iterate the procedure until the last step and we define the cut
value on P based on the one that maximizes MAT /N, to
balance the loss in exposure with the gain in background
achieved from selecting a smaller subset of better-perform-
ing detectors.

Similarly, we perform a scan on Ay? . starting from the
maximum value among all the detectors and ending at 0. In
this case, we compute MAT/Ng with the subset of
detectors having lower Ay2.. Again, we select the detec-
tors based on the value which maximizes MAT/Np.

The intersection of the detectors selected by the cut on P
and A)(zo » represents the final subset. As shown in Fig. 7,
the two quantities are anticorrelated, meaning that by
selecting high P detectors we are implicitly selecting
low Ay2 and vice versa. This method ultimately selects
a small subset of detectors where the y%, cut ensures a
single, constant, and uniformly populated band of low-
energy events in the y2, vs energy plane, as shown in
Fig. 6, confirming the expected behavior of physical events.

IV. DATA SELECTION RESULTS

We apply the previously described methods on the 2
metric ton yr CUORE data release using two different

00 02 04 06 08 1.0

Normalized exposure

00 02 04 06 0.8 1.0

Normalized exposure

FIG. 8. Detectors selected at 10 keV (top) and 3 keV (bottom)
in the CUORE array. The color scale highlights the exposure
available for each, normalized to the detector with the highest
exposure. This depends on the number of datasets in which a
given detector was selected and the number of high-rate runs we
rejected for each.

ROIs: [10,20] keV, of interest for solar axions searches
[6,7,10,35], and [3,10] keV. The latter is the lowest
accessible energy region of CUORE since no detectors
achieved a trigger threshold lower than 2 keV. Moreover, it
is of interest to study the excess of events at 4.7 keV already
observed in past CUORE demonstrators [31]. The )(20 # cut
optimization and the detectors selection is repeated for each
chosen ROIs. We achieve a total of 691 and 11 kg yr TeO,
exposure for detectors available down to 10 keV and 3 keV,

012012-8



EXPLORING THE KEV-SCALE PHYSICS POTENTIAL OF ...

PHYS. REV. D 113, 012012 (2026)

respectively. This amounts to 34% and 0.5% of the total
collected exposure, respectively. Considering only 12 mK
datasets, the exposure at 3 keV reaches 1.2% of the
total one.

The detectors selected for the two energy thresholds in
the CUORE array are shown in Fig. 8, highlighting the
fraction of exposure available for each of them.

The developed detector selection method excludes the
majority of the upper floor detectors (see Fig. 8). Namely,
among the detectors selected down to 10 keV, 24%, 44%,
and 32% belong to the top five, middle four and bottom
four floors, respectively. Considering detectors selected
down to 3 keV, the difference is even more evident because
of the stricter selection: only 0.7% belong to the five top
floors, while 57.7% belong to the middle four floors and
41.6% to the bottom four. The preference for detectors in the
middle and bottom floors of CUORE suggests that these
floors are less affected by different types of vibrational noise.
This is supported by evidence that lower floors are less
sensitive to subHz noise induced by microseism events
originating from seastorm activity reported in Ref. [36].

Moreover, the low energy selection highlights the better
performance of detectors equipped with a specific type of
NTD. In particular, the NTDs of CUORE were made in
three batches that differed slightly in irradiation, leading to
differences in properties. Each tower in the setup exclu-
sively utilizes NTDs from a single batch, ensuring con-
sistency within that tower. Most of the selected detectors,
namely 47% and 85% at 10 and 3 keV, respectively, belong
to towers with the least resistive of the NTD batches [37].
The lower resistivity leads to a lower Johnson noise, which
contributes to a better baseline resolution and energy
threshold.

Finally, there is not a significant preference for internal
towers with respect to external towers among the selected
detectors both at 10 keV and 3 keV. In particular, 57% and
26% of the selected detectors at 10 and 3 keV, respectively,
belong to internal towers. This means that a potential lower
physical background, as expected for inner towers, does not
affect the detector selection algorithm. However, we
observe a difference (~10%) between internal and external
towers in terms of baseline resolution among the detectors
selected at 10 keV, as shown in Fig. 9. The difference is
mitigated when applying the stricter selection at 3 keV. This
reflects the fact that most of the best performing NTDs are
in the external towers. Similarly, we find a different
baseline resolution comparing different floors (see
Fig. 9), likely due to the different sensitivity to vibrations.

The selected exposure, or number of detector-run pairs,
by dataset has various trends when compared to data-taking
conditions, as mentioned in Sec. I, such as detector
temperature and vibration damping configuration, as shown
in Fig. 10. The operation temperature heavily affects the
exposures available at 3 keV, as no detectors pass selections
at this energy in datasets operated at a warmer 15 mK
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FIG. 9. Average baseline resolution of the detectors selected at
10 keV and 3 keV for different portions of the CUORE array,
namely three groups of floors, internal and external towers. The
uncertainty is taken as the standard deviation of the mean among
the selected detectors of a given category. This highlights the
differences in energy resolution observed especially in the top
floors.

temperature. The time periods labeled as “damping” in
Figs. 10 and 11 correspond to an optimal configuration of
the custom vibration isolators made by Minus K
Technology [19]. This system is located under the Y-beam
that supports the CUORE top support plate of the detector
and it is meant to mitigate subHz vibration noise, with a
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FIG. 10. Percentage of exposure selected at 10 keV (top) and at
3 keV (bottom), by datasets. The color bands indicate different
data-taking conditions.
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FIG. 11. Energy resolution at Te x-rays and at the baseline of
each dataset. The uncertainty reported is estimated from the fit in
the case of Te x-ray resolution, and it is the standard deviation of
the mean among the detectors of a dataset in the case of baseline
resolution. Overall poorer energy resolution was observed in
datasets with nonoptimal damping configuration and higher
operation temperature.

cutoff at 0.5 Hz [18]. In particular, we find that a specific
configuration operated over a few datasets is beneficial to
mitigate the noise at very low energy, leading in a broader
subset of detectors usable down to 3 keV.

The same trend along the three phases of data taking
described in Sec. I holds when considering energy reso-
lution, as it improves with colder temperatures and the
optimal damping configuration. We compute the baseline
resolution by fitting to a Gaussian function the energy
distribution of randomly triggered noise events with no
pulses in the window, and getting the FWHM resolution. In
the optimal data-taking configuration, we can appreciate
the larger Te x-rays peak width due to its composition made
of multiple lines.

In Fig. 11, we report the average baseline resolution
among the detectors selected down to 10 and 3 keV for each
dataset. As a comparison, we also report the energy
resolution estimated by fitting Te x-rays in calibration data.

V. EFFICIENCIES

On each dataset, we evaluate efficiencies for anti-
coincidence and pulse shape (PS) cuts, and for
reconstruction on the detectors selected at 10 and 3 keV.

The reconstruction efficiency is the product of trigger
detection, energy reconstruction, and pileup rejection effi-
ciencies. Together, these are the probability that a signal is
triggered, is reconstructed with the correct energy, and is the
only pulse in the signal window. In the standard CUORE data
processing, reconstruction efficiencies are calculated from
heat signals injected through the Si chips, in the following
referred to as “pulsers.” The frequency and amplitude of
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FIG. 12. Curves show the efficiencies (averaged among all the
datasets) as a function of the energy and their combination for the
detectors selected at 10 keV (top panel) and 3 keV (bottom panel)
in the 2 metric ton yr low-energy datasets. The band around each
efficiency curve represents +10 combined from the uncertainty
on each dataset.

these pulsers are known and adjustable. These are the same
kind of pulsers used for thermal gain correction.

Throughout CUORE data taking, the keV-scale injected
pulsers are programmed in different ways. For approxi-
mately the first metric ton yr of exposure collection, they
were acquired during dedicated runs taken between data-
sets and lasting up to 48h. For most of the second metric ton
yr, instead, they were injected during physics data taking.

Unfortunately, in a few datasets, the data-taking con-
ditions did not allow the acquisition of pulser events at all.
In this case, an average efficiency from datasets acquired in
the same experimental configuration is used.

In previous CUORE analyses, only pulsers with an
average energy of ~3 MeV were used to calculate these
efficiencies [1,4,34]. We adapt the same algorithm to run on
lower-energy pulser events to evaluate the near-threshold
reconstruction efficiencies and evaluate their energy
dependence. In particular, we evaluate the reconstruction
efficiencies on a dataset basis, for every group of pulser
events at decreasing energy from ~350 keV down to
~5 keV. Then, for each dataset, we fit each of the
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reconstruction efficiencies as a function of the energy to a
logistic function. The resulting curve for each efficiency is
averaged among all the datasets weighted by exposure.
Finally, the overall reconstruction efficiency is produced by
analytically multiplying all the exposure-weighted average
efficiencies. The result is shown for the detectors selected at
10 keV and 3 keV in Fig. 12.

The anticoincidence and y2 . cut efficiencies are evalu-
ated by using “°K and Te x-ray peaks, respectively, before
and after applying the corresponding cuts.

We assume the “°K line is a pure M1 event, and we
consider the presence of the previously described ~3.2 keV
x-ray to be negligible since its emission intensity is as low
as ~0.07% [30]. Without knowledge of known physical
structures in the spectrum to evaluate these efficiencies, we
assume them to be constant along the energy scale of
interest for this work. The anticoincidence efficiency is
found to be compatible with 1 in all cases and so it does not
affect estimations of the overall efficiency.

VI. LOW-ENERGY SPECTRA

In Figs. 13 and 14, we show the exposure-weighted low-
energy background spectrum of the 2 metric ton yr of
CUORE data taking down to 10 and 3 keV, respectively.
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FIG. 13. Energy spectra with multiplicity equal to 1 and 2, on

top and bottom, respectively, up to 200 keV using the data
selection optimized for the threshold of 10 keV. The different
colors highlight the spectra after applying the requirement that the
trigger threshold is less than 10 keV (in yellow), the detector
dependent cut on y2, (in blue), and the detector selections (in
green). The last two are weighted by the 2. cut efficiency, which
is on average 76%. The final spectrum presents an exposure of
691 kg yr.

The initial cuts require the trigger threshold to be less
than the chosen lower edge, either 10 or 3 keV (spectrum in
yellow). Next, we apply the detector-dependent cut on y%
(in blue), and lastly the detector selections (in green). The
blue and green spectra are weighted by the ;(%) F cut
efficiency. In this way, it is possible to compare the
background level reduction due to the rejection of spurious
pulses before and after the cut. The y2, cut and the detector
selection show the greatest difference from basic cuts below
30 keV, reducing the background by an order of magnitude.
This region is the most interesting for multiple planned and
potential physics searches.

The result of this work highlights the main spectral
features of CUORE at low energy, which are summarized
in Table 1.

Starting from the higher energies of the spectrum in
Fig. 13, we observe a monochromatic peak at ~145 keV,
likely due to the -decay of the contaminant '2>Sb [16], and
the '2>"Te de-excitation.

The ~ 90 keV events likely originate from nuclear recoil
from 2'Po a-decay on crystal surfaces. This explanation
gains support from the fact that the peak structure is more
pronounced in the M2 spectrum compared to the M,
suggesting a surface contamination. The hypothesis has

10°
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FIG. 14. Energy spectra with multiplicity equal to 1 and 2, on
top and bottom, respectively, up to 60 keV using the data
selection optimized for the threshold of 3 keV. The different
colors highlight the spectra after applying the requirement that the
trigger threshold is less than 3 keV (in yellow), the detector
dependent cut on y2, (in blue), and the detector selections (in
green). The last two are weighted by the y2- cut efficiency, which
is on average 64%. The final spectrum presents an exposure of
11 kg yr.
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TABLE I. Summary of the main features of CUORE energy
spectrum up to 200 keV. The top table reports structures of known
origin, while the bottom one reports those under further
investigation.

Energy [keV] Multiplicity Origin

~27, 31 M2 Te X-rays
~46 Ml 210ph g4y
~90 MI, M2 210po nuclear recoil
~145 M1 125mTe
Energy [keV] Multiplicity Rate [counts/(kgd)]
~4.7 Ml 19.1+1.0
~10 Ml 0.66 £+ 0.07
~13 Ml 0.67 £0.07
~31 Ml 1.35+£0.04
~36 M1 83+0.3

been verified by looking at the energy of M2 coincident
events, which peaks at ~5.3 MeV, the energy of the a
emitted by the 2!%Po.

The spectrum shows an increase in the background level
moving down from ~50 keV to ~30 keV by about an order
of magnitude, featuring two peaks at ~31 and ~36 keV.

The nature of the ~36 keV structure is still unclear, but it
has been observed in other measurements using TeO,
cryogenic calorimeters [9,31]. It was originally ascribed to
the 2!9Pb in Ref. [38], where this structure was observed
together with a y peak at ~46 keV. Nevertheless, both
CUORE-0 and the data discussed in this work exhibit a
kink at ~46 keV in the spectrum, rather than a mono-
chromatic peak, indicating the presence of additional
continuous contributions. The structure appears broad
and irregular, therefore we model it by using an asymmetric
Gaussian. We include in the model the peak at ~31 keV, and
the kink at ~46 keV, as Gaussians with resolution fixed to
that of the baseline. Given the energy interval of this
distribution, we account for the energy dependence of the
efficiency in the model. The main structure peaks at 36.27 +
0.08 keV and shows an average width of 1.88 £ 0.11 keV,
larger by a factor ~1.4 on the right side, while the weighted
average rate among the datasets is 8.3 £ 0.3 counts/(kgd).

The monochromatic peak at ~31 keV was observed as
well in CUORE-0 demonstrators and past CUORE crystals
measurements [9,31] and ascribed to a physics feature.
Specifically, in Ref. [31] it was found that a few events were
in coincidence with high energy ys (507.6 keV and
573.1 keV) associated with '?'Te electron capture (EC),
suggesting it to correspond to the binding energy of the K-
shell of '?!Sb, consequent to a K-shell EC. Moreover, in
Ref. [39], a peak at the same energy was used to claim the
discovery of '2’Te EC, later refuted in Ref. [38] and
ascribed to the one of !*'Te, activated by neutrons. Its
observation in CUORE indicates that the origin of this peak

is still present in either TeO, crystals or the detector setup.
We observe its rate to be approximately constant along the
data taking with a weighted average among the datasets of
1.35+0.04 counts/(kgd), while we estimate its mean to
be 30.88 £ 0.09 keV. The reconstruction of this peak is
affected by its proximity to the broad structure around
~36 keV. As a systematic test, we repeat the fit by
narrowing the energy range and employing the stricter
selection with a 3 keV threshold, to take advantage of the
improved resolution. Both tests report a ~30% lower rate,
and a ~0.8% lower value of the mean, that we account as a
systematic uncertainty.

Focusing on the detectors available down to 3 keV, as in
Fig. 14, thanks to a stronger background suppression and
improved energy resolution, we observe two excess struc-
tures at ~10 and ~13 keV. A similar feature, hidden by the
background rise, can be found in the CUORE-0 spectrum in
Ref. [9]. We model these features using two Gaussian
distributions, fixing the resolution to the one of the baseline,
and a linear background. Their means are reconstructed to be
(10.3 £ 0.2) and (12.6 £ 0.3) keV, with a weighted average
rate of (0.66 4 0.07) and (0.67 + 0.07) counts/(kgd).

We observe a peak on the rising edge close to 3 keV. We
modeled it as a Gaussian with resolution fixed to that of the
baseline and overlaid it with a linear and an exponential
component as the background. We reconstruct a mean and a
rate, as the weighted average among the datasets, of 4.69 +
0.03 keV and 19.1 £ 1.0 counts/(kgd), respectively.

The same peak was observed in past CUORE crystals
measurements and the demonstrator Cuoricino. Similar to
the peak at ~31 keV, in Ref. [31], a few events in this peak
were found to be coincident with higher-energy gammas,
consistent with the L1-shell EC of !2'Te. However, the
observed excess of events in this peak, not coincident with
these gammas, was not explicitly attributed to '*'Te EC.

We look for coincidences with the same 2!Te EC y peaks
in CUORE data and we find overall 20 events, of which
four are between 30 and 32 keV, one is between 3 and
6 keV, and the rest spread up to 40 keV. The low
significance of this result makes any conclusions drawn
from this study unreliable, leaving open the possibility of
an alternative explanation.

TABLEII. Summary of the main parameters resulting from the
selection at low energy of the 2 metric ton yr CUORE data
release. The reported values correspond to the weighted average
among all the datasets, with the propagated uncertainty.

Parameter 3 keV 10 keV
Number of datasets 12 25
TeO, exposure [kg yr] 11.0 691
Selected detectors 1.2% 35%
Baseline FWHM [keV] 1.18 £0.02 2.54+0.14
Background level [d.r.u.] 16 £2 2.06 £+ 0.05
Total efficiency 0.26 + 0.04 0.50 £ 0.02
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Finally, concerning the M2 spectrum, we can observe in
Fig. 13 that after the selection, the peaks due to Te x-rays
become visible at about 27 and 31 keV. The possibility to
access this energy regime in CUORE data motivates further
investigation towards the reconstruction of a background
model, just as the one developed at higher energy [16]. This
would pave the way for more new physics searches based
on the excess reconstruction over the background [40].

VII. CONCLUSION AND OUTLOOK

In this work, we presented the analysis techniques
developed to explore the keV-scale energy spectrum of
the CUORE experiment acquired over more than five years
and corresponding to an overall exposure of 2 metric ton yr.
The adopted methods allowed us to perform a high quality
data selection as a function of the energy threshold of
interest. We focused on the spectrum down to 10 keV and
3 keV, which are of interest to new physics and rare nuclear
decay investigations. We studied the performance of the
CUORE detectors at both energy thresholds, focusing on
the energy resolution, energy calibration, efficiencies,
spectrum features, and background level. The main infor-
mation resulting from these selections are summarized in
Table II. In particular, we highlight the performance
improvement, especially in terms of energy resolution,
achieved with the stricter selection, in opposition to the loss
in exposure.

We studied the main spectral components, which will be
fundamental for further investigations about rare nuclear
decays (e.g., the aforementioned '*Te electron capture) and
new physics searches, briefly described in the following.

A search for WIMP dark matter can be performed by
looking for the annual modulation signature caused by the
seasonal variation in the velocity distribution of WIMP
interactions with the detector nuclei due to the Earth’s
revolution around the Sun [12]. The WIMP scattering
interactions will create observable nuclear recoils, both on
Te and O nuclei, below ~50 keV. Therefore, a low thresh-
old is necessary for an increased sensitivity to these
scattering interactions [29,41]. CUORE can leverage its
five years long data taking to observe multiple cycles of this
phenomenon.

Another promising dark matter candidate is the axion, a
pseudoscalar boson originally proposed to solve the strong
CP problem [10]. This particle can be produced by nuclear
reactions in the core of Sun and propagate to the Earth,
eventually converting into an electron. The most intense
signature is foreseen from the de-excitation of thermally
populated first excited state of °’Fe, which would produce a
14.4 keV monochromatic peak in CUORE crystals.

Moreover, nonrelativistic axions might compose the dark
matter halo in the Galaxy and interact with matter, releasing
an amount of energy corresponding to their mass.

Performing a scan over accessible energies, CUORE can
search for dark matter axions at specific mass values.

While CUORE already proved excellent performance for
monochromatic signatures with the Ouff search at
~2.5 MeV, we can exploit its potential with an analogous
signature at the keV-scale, as given by axions interactions
[42,43].

More generally, this work enables the development of a
detailed background model inspired by Ref. [16] for energies
lower than 100 keV, which can be employed for new physics
sensitivity studies with future ton-scale cryogenic calorim-
eter experiments, such as Cuore Upgrade with Particle
IDentification (CUPID) ([44,45]).

With this study, we demonstrated that it is possible
to operate and study a ton-scale cryogenic calorimeter
experiment over a wide energy range spanning more than
3 orders of magnitude, from the keV-scale, presented in
this work, to the MeV-scale, reported in many other
works [1,4,13-17].

Beyond paving the way to new physics investigation at the
keV-scale with CUORE data, these results inform planning
and goals for future stages of large-mass cryogenic calorim-
eters. CUORE will stop data taking after reaching 3 metric
ton yr of TeO, exposure, and will undergo major upgrades to
the cryogenic facility, mainly devoted to the pulse tubes
precooling system, that is needed to cool down about a metric
ton of material down to 4K. This is motivated by the need of
its successor, CUPID [46,47], for a lower vibration noise to
allow the successful operation of light detectors [48—50].
Such an upgrade should be particularly beneficial for low-
energy studies in CUORE, serving as a proof of principle for
future large-mass cryogenic calorimeters operating in similar
facilities. In particular, the noise suppression offered by the
cryostat refurbishment can increase the number of available
detectors at this energy scale, and thus the sensitivity to
beyond Standard Model physics. The background studies
can also profit from the improved multisite event-tagging
capability that will be made possible by a higher number of
active detectors at lower thresholds.

The results presented in this work provide key insights for
operating the detectors to maximize the performance for ke V-
scale physics, together with data analysis methods and
strategies. The tools we developed will be used to understand
the potential for CUORE and future ton-scale cryogenic
calorimeters as multipurpose experiments, demonstrating the
scalability of this particle detector’s technology in view of
both rare decays and dark matter interactions.

This research used resources of the National Energy
Research Scientific Computing Center (NERSC). This
work makes use of both the DIANA data analysis and
APOLLO data acquisition software packages, which were
developed by the CUORICINO, CUORE, Low-back-
ground Underground Cryogenic Installation For Elusive
Rates (LUCIFER), and CUPID-0 collaborations.
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