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Abstract We report the in-situ 3D reconstruction of through-
going muons in the CUORE experiment, a cryogenic
calorimeter array searching for neutrinoless double beta
(0νββ) decay, leveraging the segmentation of the detector.
Due to the slow time response of the detector, time-of-flight
estimation is not feasible. Therefore, the track reconstruc-
tion is performed using a multi-objective optimization algo-
rithm that relies on geometrical information from the detec-
tor as a whole. We measure the integral flux of cosmic-ray
muons underground at the Laboratori Nazionali del Gran
Sasso, and find our value to be in good agreement with other
experiments that have performed a similar measurement. To
our knowledge, this work represents the first demonstration
of 3D particle tracking and reconstruction of through-going
muons with per-event angular determination in a millikelvin
cryogenic detector array. The analysis performed for this
work will be critical for validating the muon-related back-
ground in CUPID, a next-generation 0νββ experiment, and
for follow-up studies on detector response and on delayed
products induced by cosmic-ray muons.

1 Introduction

High-energy cosmic rays interacting with the Earth’s atmo-
sphere produce secondary particles propagating towards the
Earth’s surface. Among these particles are pions and kaons
that eventually decay to produce cosmic-ray muons. These
muons will reach the surface of the Earth and, if energetic
enough, reach underground sites where physics experiments
are located. These underground experiments often search for
rare events that require an ultra-low background level, and
cosmic-ray can constitute a significant source of background
events to some searches. Quantifying this background is crit-
ical to reach physics goals in underground searches for rare
and novel particles and interactions.

One of these underground experimental sites is the Labo-
ratori Nazionali del Gran Sasso (LNGS), located under the
Gran Sasso mountains in central Italy. The mountain profile
over the site – shown in Fig. 1 – provides an asymmetric over-
burden of about 3600 m-water-equivalent (m.w.e.), reducing
the underground muon flux by roughly six orders of magni-
tude compared to the surface [1,2].

The Cryogenic Underground Observatory for Rare Events
(CUORE) is a cryogenic-calorimeter array located at Hall A
of LNGS, primarily searching for the neutrinoless double
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Fig. 1 Topographical map of the area surrounding LNGS where the
CUORE experiment is located, displaying elevation Above Sea Level
(ASL). Data obtained from the United States Geological Survey Web-
site [5]

beta decay of 130Te. While optimized towards the search for
0νββ decay in 130Te, CUORE has reached sufficient scale
to reconstruct track-like events such as muons crossing the
detector’s volume. This capability opens the door for new
physics avenues with CUORE, such as searches for track-like
exotic phenomena, as demonstrated in [3]. CUORE observes
muon-induced events at a rate of a few per hour. Typical
signatures are throughgoing tracks that may be accompanied
by showers of secondary radiation caused by the interaction
of the primary muon with detector components.

Several measurements of the underground muon flux at
LNGS have been performed with experiments optimized
for high geometric acceptance and large volumes. These
experiments are typically instrumented with photodetectors
with excellent timing resolution, and can perform time-of-
flight measurements of a through-going particle and aid in
track reconstruction. This, in turn, improves data selection
so they can achieve high purity in their sample. In con-
trast, CUORE’s size is significantly smaller than other under-
ground experiments targeting astroparticle studies, yielding
a lower statistical sample than those of previous measure-
ments. Nonetheless, CUORE’s segmented design and sen-
sitivity to energy depositions at O(10 keV) thresholds has
enabled searches for beyond-the-Standard Model track-like
signatures [3]. CUORE’s site and cryogenic infrastructure
will host a next-generation 0νββ experiment: the CUORE
Upgrade with Particle Identification (CUPID) [4]. Charac-
terizing the muon background at the CUORE site and vali-
dating related simulation and analysis tools will be of utmost
importance to allow CUPID to reach its science goals.

In this analysis, we use through-going muons to per-
form an in situ muon-flux measurement using the CUORE
detector. We focus on preparing a track-exclusive sample of
muons that pass directly through the detector’s channels to
resolve the differential flux of muons underground at LNGS
and measure their integral flux. We take advantage of the
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experiment’s segmentation for the event selection, keeping
only high-crystal-multiplicity and high-energy events. These
events will appear as tracks, which are then fit by a multi-
optimization algorithm from which we infer the candidate-
muon direction.

2 The CUORE experiment

CUORE is an ultra-low background [6] experiment located
in Hall A of LNGS primarily searching for neutrinoless
double beta decay (0νββ). It consists of 988 TeO2 crystals
arranged into 19 towers, each with 4 columns of 13 crystals,
and covering a volume of ∼ 1 m3 as represented in Fig. 2.
CUORE’s crystals serve as both a decay source and a detec-
tion medium for the search of 0νββ in 130Te. The crystals are
instrumented with neutron transmutation-doped (NTD) Ger-
manium thermistors to register temperature changes in the
crystal absorber upon energy deposition by an incident parti-
cle. These detectors require cryogenic temperatures to oper-
ate properly and are kept at ∼10 mK base temperature by a
large dilution refrigerator [7]. This thermal readout technique
provides strong sensitivity to energy deposition within the
crystal absorbers, regardless of particle type. CUORE’s seg-
mentation can select signatures triggering many calorimeters
in coincidence with each other, or be used to reduce back-
ground to single-crystal events through an anticoincidence
veto.

CUORE began taking data in April 2017, with data collec-
tion continuing to the present. CUORE’s latest data release
analyzed over 2 tonne-years of TeO2 exposure [8], and cur-
rently holds the best limit on the half-life of 0νββ decay in
130Te [9]. The data are divided into intervals of about 1-2
months of continuous background data collection, which we
refer to as “datasets” for the rest of the text. Datasets consist
of data-taking subsets referred to as “runs,” roughly of 1-day
duration. Each dataset is preceded and followed by a calibra-
tion period of about one week, in which radioactive sources
are lowered around the CUORE cryostat to obtain calibration
data and subsequently characterize the detector response. The
2 tonne-year data release comprised 28 datasets numbered
1–28 and collected between May 2017 and April 2023. For
this work, we use background runs from the 2 tonne-year
data release, excluding datasets 1 and 5 due to insufficient
detector-wide performance under the selections used for this
analysis, corresponding to a cumulative 2.73 years of detec-
tor live-time.

Data processing within CUORE begins with each crys-
tal acting as an independent detector, and continuously col-
lecting waveforms in a trigger-less manner for subsequent
offline analysis. A new addition to the data pipeline for the 2
tonne-year data release is a denoising algorithm [10,11]. This
algorithm uses information collected by auxiliary acoustic

and mechanical devices such as microphones, seismometers,
and accelerometers to subtract correlated noise across the
detector. Subsequently, these denoised waveforms are then
retriggered offline with an algorithm based on an optimum
filter [12] designed to maximize the signal-to-noise ratio and
decrease the energy threshold. The pulse amplitude is then
evaluated on this filtered waveform and subsequently stabi-
lized by correcting for gain fluctuations caused by thermal
drifts of the detector [13]. The next processing step converts
the stabilized amplitude to units of energy by utilizing the
data from calibration runs, in which physics peaks of known
energy are resolved. Specific to this analysis, we addition-
ally include in our selections pulses from events that satu-
rate detector electronics. These events are typically discarded
as current processing algorithms used by CUORE cannot
determine their energy due to their truncated pulse shapes,
although time-above-threshold methods are being considered
to recover their energies in future work [11]. Nonetheless,
these saturated pulses still provide important spatial infor-
mation to reconstruct high-energy muon tracks.

3 Track reconstruction with multiple object
optimization

For this work, we use the multi-objective optimization
(MOO) algorithm developed in [14] to assign a best-fit track
path to a collection of coincident events within the detec-
tor, implemented using the Python library pymoo [15].
The algorithm was developed for CUORE to use a holistic
approach that uses information from the complete detector
array, including the position and energy information of all
channels, even those that do not present energy deposition, to
reconstruct a track from a muon candidate. The advantage of
this algorithm over a simple approach, such as a least-squares
reconstruction, is that it is more robust against track-fitting
biases due to accidental coincidences or stray radiation that
would pull the reconstructed track away from the true track.

We group contemporaneous energy depositions across
multiple detector channels (either simulated or within our
detector data) into a single detector-wide event, called a
cluster. We set an analysis energy threshold of 9 MeV, as
described in Sect. 4.1. It is useful to define the following
quantities extracted by the MOO track-reconstruction algo-
rithm for a particular cluster, defined relative to the best-fit
track:

– “Hit channels”: detectors that register energy deposits
greater than the analysis threshold and are intersected by
the best-fit track.

– “Missing channels”: detectors missed by the recon-
structed track that registered energy deposits greater than
the analysis threshold.
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Fig. 2 An observed muon candidate through CUORE, after event
selection and fitting have been applied to data. The purple line rep-
resents the best track obtained with the multi-objective optimization
algorithm described in Sect. 3. The green cubes represent hit channels,
blue cubes are missed channels, and red cubes are extra channels within
the data as described in Sect. 3. Rendering produced with mayavi [16]

– “Extra channels”: detectors intersected by the recon-
structed track but did not register energy deposition above
the analysis threshold.

Examples of these quantities are shown in Fig. 2 for a sam-
ple muon candidate within CUORE. During fit evolution,
the MOO track-reconstruction algorithm minimizes differ-
entiable approximations to the number of missing and extra
channels, as these two classes of channels represent depar-
tures from a perfect track topology. For muon events passing
through the detector, some missing and extra channels occur
due to secondary particles and detector effects. For exam-
ple, extra channels can be attributed to crystals that were
excluded from the analysis after selection cuts due to ener-
gies lower than the analysis threshold for this work (e.g.,
muons depositing energy below our analysis threshold as
they “clip” the corner of a crystal) or exclusion due to subop-
timal performance of a channel during that period. Missing
channels occur when radiation carried away from the primary
particle deposits energy above the analysis threshold. These
three quantities are used to validate the reconstruction algo-
rithm by comparing data and Monte Carlo simulations. Other
quantities extracted from this algorithm are the azimuth and
zenith angle of the through-going muon candidate, where
both angles are determined assuming the track to be down-
going.

Only clusters remaining after event selection (c.f. Sect. 4)
are track-fitted, as the algorithm has a considerable com-
putational overhead. We benchmark the performance and
angular reconstruction resolution of the reconstruction algo-
rithm using simulated events with CUORE’s Geant4-
based [17,18] simulation package. These muon events follow

the distribution measured by the MACRO experiment, and
are simulated on a 5 m-radius hemisphere centered around
the cryogenic-detector array. They are subsequently prop-
agated through CUORE and its external shielding using a
realistic detector geometry, recording the simulated energy
deposition within CUORE crystals.

We compare the reconstructed muon direction to the true
value recorded from Monte Carlo simulations. We find that
the pointing mean error and spread (1σ level) in degrees are
ΔAz = 0.00+3.82

−4.01 degrees and ΔZen = 0.03+1.46
−1.42 degrees, as

shown in Fig. 3. The angular resolution differences between
azimuth and zenith angles are due to the different lengths
inter-crystal separation (for the zenith case) and to tower
separation (for the azimuthal angle), the latter being greater
than the former. This limited resolution is expected from
CUORE’s small footprint. The non-gaussian tails come from
events with small zenith angles that might only trigger crys-
tals in a single tower, and thus the algorithm would misre-
construct the azimuth angle.

4 Event selection

Muon events that pass through the CUORE detector deposit
energy on the crystals they intersect via continuous energy
loss mechanisms, largely ionization. They also produce elec-

ΔAz = −0.00+3.82−4.01

−40 −20 0 20 40
ΔAz

−20
0

20

40

Δ
Z
en

−20 0 20 40

ΔZen

ΔZen = 0.03+1.46−1.42

Fig. 3 Angular reconstruction accuracy (in degrees) and 1σ levels of
the reconstruction algorithm obtained with MC simulations of muons in
the CUORE experiment. Δ denotes (true-reconstructed), where
true refers to values obtained from our Monte Carlo simulations,
whereas reconstructed refers to values inferred by the algorithm.
Plot made with corner [19]
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tromagnetic showers, creating secondary particles that reach
crystals away from the primary track, distorting the track-like
signature we wish to reconstruct. These secondaries, usually
yield lower energy depositions in a crystal, and the original
track can be reconstructed with good fidelity by selecting
only the highest energy depositions. This criterion is applied
when choosing the cuts in the event selection procedure.

4.1 Event selection procedure

We first apply basic cuts to remove spurious events, unphysi-
cal events, calibration pulses, and events that occurred during
intervals when the detector was not taking data optimally (for
example, due to earthquakes or maintenance activity under-
ground near the CUORE experiment). We follow the cuts
applied in CUORE’s latest 0νββ decay analysis [8], exclud-
ing the Principal Component Analysis (PCA) cut, which
rejects events based on the pulse-shape deviation from a
channel-dependent average pulse calculated for each dataset.
This PCA cut which would reject saturated muon events,
which we do not wish to discard within this analysis.

In order to remove low energy secondaries and define
an event selection primarily sensitive to throughgoing muon
candidates, we set an energy analysis threshold of > 9 MeV
and also include saturated events with undetermined energy.
This analysis threshold choice was selected considering the
tradeoff between increasing the fraction of selected crys-
tals which were directly intersected by a muon (as deter-
mined from Monte Carlo truth information), while maintain-
ing good overall event statistics. An example of this can be
seen in Fig. 4, where the left panel shows a topology of a
muon candidate in data without cutting lower energy events,
and the right panel shows the same event after channels below
the analysis energy threshold are removed. It can be noticed
that the removal of those low-energy events improves the
track-like features of the event topology. We do not expect
background events from any other standard model process to
contribute events to our sample. All naturally occurring pro-
cesses either occur at lower energies below these selections,
or in the case of e.g. charged-current neutrino interactions
within the detector itself, occur at negligible rates given the
available exposure.

After these cuts, contemporaneous events that trigger
different crystals are grouped into a detector-wide cluster.
CUORE’s thermal readout has intrinsically slow timing res-
olution, and event clustering is additionally complicated by
timing offsets given by an inherent jitter distribution for each
crystal. For this, a time-matched filter has been designed and
used successfully in other high-crystal multiplicity analy-
sis [3]. This algorithm consists of a moving boxcar average
that identifies periods consistent with multi-crystal events,
grouping these events into a cluster, using a coincidence win-
dow of 100 ms tuned to minimize the acceptance of false

coincidences while maximizing the efficiency of true corre-
lated events. We choose to keep only events whose multi-
plicity (that is, the number of distinct participating channels)
is at least 5 (M ≥ 5). This cut was selected to increase
the purity of the muon sample and provide sufficient track
lengths through the detector to provide reasonable pointing
determinations.

Channel baselines in CUORE are monitored during data
collection to maintain a dynamic range of up to ∼ 10 MeV
without saturating readout electronics. By extrapolating the
amplitude of unsaturated pulses, we determine across the
channel-exposures contributing to this analysis a median
saturation threshold of > 20 MeV, with less than 0.2% of
channel-exposures registering as saturated at energies below
our 9 MeV analysis threshold. We constrain possible miscal-
ibration at our analysis threshold of 9 MeV using background
peaks arising from the α-decay of 212Po at 8.8 MeV (corre-
sponding to the decay-α alone) and 8.9 MeV (also containing
the corresponding nuclear recoil). We determine a bias shift
of of < 0.4% for the apparent mean value of these peaks
relative to their nominal values, which is similar to previ-
ously measured behavior of TeO2 cryogenic calorimeters to
α-decays [20]. We include as a systematic error the possi-
bility that such a shift may affect the determination of our
analysis threshold, which impacts our overall sample statis-
tics of selected muon candidates by ∼ 0.1%.

4.2 Pre-analysis validation

We initially select a small subset of our data for proof-of-
concept and validation of the techniques and selections used
in this analysis. To minimize the possibility of introducing
any bias when tuning cuts, we select three datasets from dif-
ferent periods of CUORE’s data-taking (corresponding to
∼10% of the total exposure) that capture optimal and non-
optimal data-taking situations. This is done to ensure that the
cuts (c.f. Sect. 4.1) that we use to select our data are sufficient
and adequate, and that the predicted behavior from simula-
tion matches our observations for datasets that occur during
selected data-taking periods.

During this step, we tune our simulations to match the
detector’s channel-dependent deadtime for higher-multiplicity
searches. This method is different than what is used for 0νββ

searches, which focuses on single-site events, where the total
detector exposure is given by the sum over per-channel expo-
sures. For such low-multiplicity searches, when a particular
channel is not active, it simply does not contribute to the total
exposure. For searches focusing on events that trigger several
channels, such as this analysis, one or more channels being
offline for a subset of data-taking will not have a direct impact
on the total detector exposure measured as a live-time, but
will modify how an event will appear to the detector and the
efficiency for detection. For example, the selection of a muon
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Fig. 4 Event topologies of a
muon candidate in CUORE
displayed with a 40 keV analysis
threshold (left) on triggered
crystals (green) versus a 9 MeV
threshold analysis threshold
(right). The track-like nature of
the event is enhanced after
discarding crystals that register
lower-energy depositions due to
secondary particles produced
along the track
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Fig. 5 Comparison between data and simulation of the hit channels
distribution for muon candidates that pass our event selections. The
simulation has been scaled to match the sample size and the joint 2-
dimensional angular distribution as our observed data sample. The sim-
ulation and data distributions exhibit a χ2 comparison statistic of 19.0,
for 11 degrees of freedom (p = 0.06)

event which triggers a significant fraction of the channels in
the detector will largely be unaffected by one or few channels
being offline, but will have multiplicity observables modified
by the channels that are offline when it occurred (Fig. 5).

Accordingly, we process our Monte Carlo simulations
to include these effects. With our validation datasets, we
scale our simulations according to the total detector livetime
and the muon flux as previously measured by the Borex-
ino experiment [1] to compare the marginal distributions of
channel-multiplicity observables. We also compare the shape
of the zenith and azimuthal angular distribution between
our simulations and the data. This exercise showed discrep-
ancies between the angular distributions for events recon-
structed at small zenith angles (i.e., completely down-going

muons). Upon investigation, these discrepancies were iden-
tified to be caused by spurious non-particle events. These
spurious events suffer from unphysical waveforms that oth-
erwise would have been identified by the PCA cut, which we
do not use within this analysis; we do not expect these events
to pass selections for other analyses which do employ this
data-quality cut. The specific origin of these events remains
unsolved, but current efforts are underway to understand and
mitigate them. These events seem to occur in burst-like peri-
ods, leading to higher than nominal cluster rates within the
detector when present. For this study, we assume a normally-
distributed and stationary rate of true muon candidate events,
and we choose to reject runs that had a rate greater than 21.3
clusters/run-day1 (> 2σ ), indicative of contamination by
high rates of these spurious events. Such a rejection removes
8.3% of the detector’s pre-cut livetime from the analysis. This
so-calledZ-cut has a small chance of rejecting an uncontam-
inated run, due to upwards statistical fluctuations in the per-
run number of observed muons. We account for this bias by
including the efficiency (and its associated 1σ uncertainty)
to accept good runs as the ratio between the means of our
determined good-run distribution, and that distribution trun-
cated by thisZ-cut. This yields εZ = 0.955 ± 0.014, which
enters into our measurement of the absolute flux.

4.3 Impurity estimation

We inspect the inter-arrival time between identified muon
candidate clusters, expecting the inter-arrival times of muons
to be of the order of several minutes on average. Before
removing the runs contaminated with spurious events described
previously, we noticed a clear excess of clusters with short
inter-arrival times. These correspond to rapid bursts of these
events.

1 Per-run rates were normalized to 24 h, since runs do not have the same
duration.
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Before the analysis with our full selection statistics, we
compute the possible residual impurity of the leftover sam-
ple after rejecting the events described in 4.2. The residual
impurity is estimated by fitting the inter-arrival time distri-
bution of clusters for each dataset in two time windows, one
in the region of small inter-arrival times (up to 2000 s) where
we expect spurious events to be located, and a control region
(greater than 2000 s) where most events correspond to muon
candidate events. The fit of an exponential distribution to
the control region is used to infer a muon-only rate, and is
compared to the observed rate in the short bin, which may
be contaminated by spurious events. Any deviation of the
observed rate with respect to the predicted rate corresponds
to the impurity (from spurious events) of a given dataset. We
perform this estimation on a dataset-by-dataset basis, and
choose to discard dataset 1, as its purity was found to be less
than 85% with this method, resulting in a reduction of about
1% in the muon sample statistics due to its small exposure.
Across the rest of the datasets, we determine a purity fraction
greater than 99%, with a combined impurity fraction compat-
ible with zero. After this selection, we consider 996.3 days
of detector livetime for this analysis.

5 Analysis

5.1 Clustering efficiency

As previously mentioned, clustering refers to grouping sig-
nals from coincidentally triggered crystals into a single
detector-wide event of multiplicity M. It uses a boxcar aver-
age with an optimized window of 100 ms. Using this algo-
rithm, we wish to assess the probability that a complete clus-
ter of n triggered crystals will be grouped into an event of
multiplicityM = n. This is done by constructing mock clus-
ters by resampling the distribution of trigger times occurring
within ±100 ms with respect to the mean trigger time of iden-
tified muon candidates. The width of the ordered times of the
mock clusters is then compared against the 100 ms time win-
dow of the filter to estimate the efficiency. With this method,
we estimate the clustering efficiency to be εclustering > 0.995
for M ≥ 5.

5.2 Effective area and geometric efficiencies

CUORE’s acceptance to cosmic ray muons varies with the
spherical angle from which the detector is viewed, and
depends on both the intrinsic detector geometry and the
considered analysis selections. We determine the effective
area of the detector, Aeff, at a viewing angle of (φ, cos θ)

from Monte Carlo simulations of the detector’s response and
geometry to cosmic-ray muons using CUORE’s simulation
package. Here, we use the convention that φ describes the
azimuthal angle in radians from 0 to 2π defined clockwise
from geographic North (as shown relative to the detector’s
layout in Fig. 7), and that θ describes the zenith angle such
that cos θ = 1 is vertically downwards and cos θ = 0 is
horizontal. The MC simulated muon events are tuned on a
dataset-dependent basis to reflect per-channel livetimes, fol-
lowed by the same multiplicity selections as made to the
detector data. The effective detector area we determine thus
includes contributions from our analysis cut choices.

Practically, we define the effective area through geometric
efficiencies, ε, determined from our MC simulations:

Aeff(φ, cos θ) = ε(φ, cos θ)Agen.. (1)

Here, Agen. is the total area of 67.5 ± 0.8 m2 covered by our
cosmic ray muon generator, encompassing the entire foot-
print of the detector. We ascribe to the generator normal-
ization a systematic uncertainty describing the slight non-
homogeneity of the simulated flux over the vertical extent of
the detector volume [22]. We determine the geometric effi-
ciencies per-dataset over angular bins in φ and cos θ as

εbin = #{Muons Passing Selections in bin}

#{Muons Simulated in bin}
, (2)

The angular binning and overall effective area of CUORE
are shown in Fig. 6. These binned values are then interpo-
lated over φ and cos θ with a linear spline over the centers of
the angular bins. Due to a shortcoming in angular coverage
within the used MC event generator, the simulations we use
do not extend to zenith angles more shallow than cos θ = 0.4.
We nominally consider a flat extrapolation of the detector’s
effective area from cos θ = 0.4 to cos θ = 0, and assess alter-
nate extrapolation methods as a source of systematic error in
Sect. 6.1. Future MC data production campaigns will ensure
full angular coverage of the detector.

We determine the overall effective area of our selections to
be between 34–82% that of an ideal cylinder (with h ≈ 0.37
m, r ≈ 0.7 m) circumscribed about the CUORE detector
crystals, varying with viewing angle. The total flux-averaged
effective area of our selections is found to be 0.339 m, 52%
of such a circumscribed cylinder.

5.3 Final sample

The total number of events after all selection cuts have been
applied and after problematic datasets and runs have been
removed is 9513 muon candidates, which corresponds to
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Fig. 6 The effective area of CUORE to muon events, including detec-
tor geometry and analysis-specific selections, as determined from
Monte Carlo simulations. (Left) map of the differential effective detec-
tor area shown over two-dimensional angular bins in azimuthal and
zenith angle. The azimuthal angle has been shown over the first quad-
rant of the detector, with the other quadrants related to the first quadrant

by mirror symmetries in detector geometry, as shown in Fig. 7. Zenith
angles below cos θ = 0.4 are not covered by the MC simulations, and
are shown in gray. The corresponding index used to label each bin has
been labeled within it in white. (Right) the effective area of each angular
bin, with 1σ statistical uncertainty

North
(φ = 0)

Fig. 7 Top-down layout of the CUORE detector tower geometry (gray
boxes), relative to geographic North (purple). The azimuthal angle, φ,
is defined clockwise from geographic North. Geometric detector quad-
rants are separated by dashed lines, which correspond to the two mirror-
planes of detector symmetry. The detector’s construction is aligned with
the principle directions of the LNGS experimental hall, offset by 36.24
degrees from geographic North [21]

76.5% of the initial sample. This sample is track-fitted using
the algorithm described in Sect. 3, from which variables such
as the reconstructed direction for both azimuth and zenith
angles are inferred. The unweighted angular distribution of
muon candidates in the final sample is shown in Figs. 8 and
9.

6 Results

We first estimate the muon flux per dataset (Φds) as

Φds = 1

εZT

n
1
n

∑n
i=1 εi Aeff.(φi , cos θi )

, (3)

where T is the livetime of the dataset, Aeff.(φi , cos θi ) is
the effective area of CUORE to the i th muon candidate, and
εi its clustering efficiency as described in Sect. 5. The sum
over i runs over all observed muon candidates that pass all
event selections, with the total number n. Note that these
efficiencies are applied for each cluster in an unbinned sum.
The flux per dataset (each of roughly 1.5 months duration)
and its associated uncertainty can be seen on the left panel
of Fig. 10. As shown in Table 1 and Fig. 10, this analysis
lacks the statistical precision to resolve the expected 1% [25]
seasonal modulation of the muon rate caused by atmospheric
fluctuations across different datasets.

The overall muon flux is obtained by calculating the
error-weighted average of the muon flux per dataset. This
yields a measured flux of Φ = [3.40 ± 0.07 (stat.)
± 0.06 (syst)] × 10−4 s−1 m−2. Statistical sources of uncer-
tainty are presented in Table 1, while the systematic con-
tributions are listed in Table 2 and discussed in Sect. 6.1.
We compare the flux calculated in this work with mea-
surements from other experiments such as MACRO [2],
Borexino [1], and LVD [23], along with their uncertain-
ties. We also display the flux computed by the simula-
tion package MUTEv3 [24]. CUORE’s small acceptance is
unable to resolve spatially extended muon bundles (two or
more muons passing through the laboratory simultaneously),
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Fig. 8 Distribution of the reconstructed azimuthal (left) and zenith
(right) direction of the final muon candidate sample. The local max-
ima and minima of the azimuthal angular distribution correlate with
the topographical features of the site and asymmetrical overburden, as

can be inferred from Fig. 1. We note that the displayed azimuth phase
and sign convention (clockwise, from geographic North) differs from
that presented in [23,24], and that the observed distributions we present
have not been corrected by angularly-dependent efficiencies

whereas larger-footprint detectors can, which may lead to
small differences in interpreting the overall rate, depending
on whether the analysis is also inclusive to muon-bundles
or exclusively single muons. Additionally, due to CUORE’s
comparatively poor time resolution (O(ms)), time-of-flight
determination is not feasible, making the detector unable to
differentiate between down-going cosmic-ray muons vs. up-
going muons from atmospheric neutrino interactions with the
Earth’s mantle. These events may account for O(1%) of the
observed rate [26]. The CUPID detector will be equipped
with a muon veto [27], enabling discrimination between up-
and down-going muons. Finally, smaller-effect discrepancies
could be explained by the location of MACRO, BOREXINO,
and LVD in different halls of LNGS, as well as by variation
in the mean air temperature for the years from which the data
was used for the measurements [1].

6.1 Systematic uncertainties

We evaluate various sources of systematic uncertainty that
may affect our flux measurement and efficiencies, which
are summarized in Table 2. We determine these systematic
errors by estimating the magnitude by which each considered
source or effect impacts the final flux measurement, with the
final reported systematic error taken to be the quadrature sum
over the constituent errors, themselves conservatively sym-
metrized when necessary.

The dominant systematic error we determine originates
from our inability to validate our analysis procedure at shal-
low zenith angles. As previously mentioned, our simula-
tions exhibit a cut-off at cos θ = 0.4, representing a small
(< 5%) but non-negligible portion of the muon flux. At a
given azimuth angle, we nominally use a flat extrapolation of
the effective area of CUORE from cos θ = 0.4 to more shal-
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Fig. 9 Two-dimensional histogram of the reconstructed direction of all
muon candidates within our sample. The angular variation, particularly
with respect to the azimuthal φ angle, is due to the uneven overburden
above LNGS

low zenith angles. Considering only events with cos θ > 0.4
results in a sample of 9043 muon candidates, 4.9% smaller
than the total sample. As CUORE has a greater effective area
at shallow angles, the partial flux resulting from this truncated
sample is only 2.4% smaller than our full measured rate. We
alternatively consider possible different linear extrapolations
to shallow angles as a systematic error.

For this, within each azimuth bin of Fig. 6, we take the
effective area of the two shallowest zenith bins covered by
the MC simulations: namely, over cos θ ∈ [0.4, 0.5] and
[0.5, 0.6]. We then re-throw the effective area for each of
these last two bins by adding a Gaussian random variable
with zero mean, and standard deviation equal to our 1σ error
determination of its value. These re-thrown values are then
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Fig. 10 Measured flux as a
function of the analyzed
CUORE dataset. The green
bands correspond to the
uncertainty of the combined
(dataset averaged) measurement,
with different shades for only
statistical uncertainty, statistical
and systematic uncertainties
added in quadrature and linearly.
The right panel compares the
flux obtained from this work to
other experiments at LNGS
(MACRO [2], LVD [23], and
Borexino [25]) and to the
software package MUTEv3 [24]
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Table 1 Statistics uncertainty
sources and corresponding 1σ

impact on the estimated
cosmic-ray muon flux. The total
value that we quote was
obtained by adding the
uncertainties in quadrature

Source Value (10−6 m−2 s−1) Rel. value

Z-cut 5.0 1.5%

Sample statistics 4.5 1.4%

Clustering 0.3 0.1%

Total 6.8 2.0%

linearly extrapolated to obtain effective areas for cos θ < 0.4.
To prevent unphysical extrapolations, we do not allow any
extrapolated effective area to exceed that of a h ≈ 0.37 m,
r ≈ 0.7 m cylinder which may circumscribe the array of
CUORE crystals. To isolate effects coming from shallow-
angle coverage, the rethrown values of the covered bins are
only used for the purposes of extrapolation–the effective area
of the last two covered bins are still taken as their centrally-
determined values (the overall effect of perturbing the effec-
tive area of all bins is considered separately later in this sec-
tion). We repeat this re-throw-and-extrapolate procedure 500
times, obtaining a sampling distribution of possible alternate,
linear extrapolations of the effective area to shallow angles.
The mean sample-averaged geometric efficiency arising from
these repeated trials is found to be 1.4% smaller than the nom-
inally considered value, which correspondingly impacts our
flux measurement through Eq. 3.

Additionally, we find that different book-keeping meth-
ods lead to a small discrepancy in the total detector livetime
considered for this analysis. This is due to each DAQ crate
beginning and ending runs independently, leading to small
ambiguities on the exact start and stop time for each crate with
respect to the nominal run start/stop time. This effect is deter-
mined from the difference between the reported start and stop
times from CUORE’s database, as compared to Monte Carlo
estimates of the livetime estimated by randomly querying
whether detector channels were taking good data at a partic-
ular time. Summing over the 26 datasets we use for this anal-

ysis, the Monte Carlo estimates are found to report a value
in total 0.6% smaller than that queried from the database.

Further, we consider two different permutations of our
analysis methodology to evaluate any possible impact on the
final measured flux. First, we consider the difference between
our nominal method of measuring the muon flux per-dataset
and then determining a combined value, and the flux obtained
from considering all muon events as if they originated from
one effective dataset. This amounts to using Eq. 3, where T
is the total considered livetime of the analysis, and the sum
of n runs over all muon events, using the original per-dataset
estimates for the εi geometric efficiencies. This yields a flux
value 0.5% larger than our nominal quoted flux. Second, we
evaluate the impact of using binned as opposed to interpo-
lated values for the geometric efficiencies. This assigns to
each muon candidate the mean value of the geometric effi-
ciency of the angular bin it falls into, instead of linearly inter-
polating between bin centers. The resulting flux determined
with binned geometric efficiencies is 0.1% smaller than the
quoted value using interpolated efficiencies.

Finally, we quantify the impact of correlated errors on the
geometric efficiencies across different muon candidates. This
stems from the fact that for two muon events occurring within
the same dataset and with nearby azimuth and zenith val-
ues, any uncertainty in the geometric efficiencies for the two
events will not be independent, but rather correlated. We esti-
mate this effect by bootstrapping possible perturbations of the
geometric efficiencies. For each bootstrapped trial, we adjust
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Table 2 Systematic uncertainty
sources and impact on the
estimated cosmic-ray muon flux.
The total reported value is
obtained by adding all the
systematic uncertainties in
quadrature

Source Value (10−6 m−2 s−1) Rel. value

Shallow angle MC coverage 4.8 1.4%

Generator normalization 3.2 0.9%

Livetime 1.9 0.6%

Dataset averaging 1.6 0.5%

Geom. eff. correlations 0.6 0.2%

Binning vs interpolation 0.3 0.1%

Analysis threshold 0.3 0.1%

Total 6.4 2.4%

each geometric efficiency estimate (per dataset and angular
bin) by adding a Gaussian random variable with zero mean,
and standard deviation equal to our 1σ error for that effective
area. We then re-determine the overall flux. We consider the
extra variance arising from these correlations by comparing
to naive data resampling, which treats the error on the geo-
metric efficiency for all muons as independent. We compare
the two resulting distributions, and find that the distribution
including correlations has a standard deviation 1.18 times
larger than the distribution without, yielding a total relative
increase in variance of 0.2%.

7 Summary

The CUORE experiment, which targets 0νββ decay searches,
has achieved analysis and hardware maturity for reconstruct-
ing track-like phenomena. In this work, we report a mea-
surement on the flux of through-going muons at LNGS
using high-multiplicity events from CUORE’s latest two-
tonne-year data release. We measure the total underground
muon cosmic-ray flux at the CUORE site as Φ = [3.40 ±
0.07 (stat.) ± 0.06 (syst)] × 10−4 s−1 m−2, which is con-
sistent with the flux measured by other underground experi-
ments at LNGS. Although this is not a precision measure-
ment compared to that performed by experiments within
LNGS having a larger effective area, this represents, to our
knowledge, the first 3D reconstruction and cosmic-ray muon
flux measurement by an array of cryogenic calorimeters.
This also demonstrates the maturity and capabilities of cryo-
genic calorimeter arrays to perform searches and measure-
ments of detector-wide astroparticle phenomena. Similarly,
this analysis strengthens the confidence in the results of
the latest CUORE search for fractionally charged particles
using related methods [3]. Finally, the muon sample obtained
with this analysis will benefit follow-up background analy-
ses such as searches for delayed cosmogenically activated
events, detector response studies for high energy events, and
for the study of secondaries for the validation of CUPID’s

background budget from muon-induced events.
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