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physics goals. The KM3NeT/ARCA telescope is located at about 3.5 km depth off-shore Sicily,
Italy, while KM3NeT/ORCA is at about 2.5 km depth close to Toulon, France. The detectors are
currently taking data while being under construction, with 51 and 33 lines installed at the ARCA
and ORCA sites, respectively. In this contribution, studies of atmospheric muons and neutrinos
using KM3NeT data are presented. A measurement of atmospheric muon neutrino flux is reported.
Several analyses with down-going atmospheric muons related to cosmic ray physics and extensive
air showers are described. Finally, the analysis of atmospheric muon data for calibration purposes
in KM3NeT is presented.
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1. Introduction

The KM3NeT Collaboration is currently deploying and operating two large-volume neutrino
telescopes deep in the Mediterranean Sea [1]. The two detectors share the same technology and
photon detection principle. Cherenkov light induced by highly relativistic charged particles is
detected by an array of Digital Optical Modules (DOMs), each housing 31 3-inch PhotoMultiplier
Tubes (PMTs). DOMs are arranged on vertical lines, referred to as Detection Units (DUs), with
18 DOMs comprising one DU. When completed, the ARCA telescope will consist of two building
blocks, each with 115 DUs, while the ORCA detector will be comprised of a single building block.
The ARCA telescope is located off-shore the Sicilian coast, Italy, at about 3.5 km depth, and its
geometry is optimised for high-energy neutrino astronomy. The horizontal spacing between the
DUs is about 90 m, and the vertical distance between the DOMs on each DU is 36 m. The ORCA
detector is located offshore the coast of Toulon, France, at about 2.5 km depth. Its geometry is
denser than the ARCA one, in order to measure neutrino oscillations and mass ordering using
atmospheric neutrinos in the GeV energy range. The distance between the ORCA DUs is around
20 m, and the DOMs on each DU are on average 9 m apart.

Although under construction, the KM3NeT detectors are taking data continuously. The first
results on neutrino oscillations [2] and neutrino astronomy [3] have already been published with
the telescopes in their partial configurations. Currently, there are 51 DUs installed in ARCA and
33 DUs in ORCA.

In addition to the main physics goal of KM3NeT, Cosmic Ray (CR) studies are actively being
conducted. This contribution aims to report on the current status of such studies, highlighting
several physics analyses and the usage of atmospheric muons for calibrations in KM3NeT.

2. Atmospheric neutrino flux

The first measurement of the atmospheric muon neutrino flux was performed with the ORCA
detector in 6-DU configuration [4], referred to as ORCA6. The data used in the measurement cor-
respond to 510 days of livetime, with a total exposure of 433 kton-years. Even though the candidate
neutrino events were selected with an upward-going reconstructed direction, the atmospheric muon
background from mis-reconstructed muons dominates. A boosted decision tree algorithm was ap-
plied to reduce the atmospheric muon contribution to less than 0.6%. The total number of selected
candidate neutrino events was 3894. The energy spectrum of atmospheric muon neutrinos was
unfolded from the reconstructed energy. The unfolded energy spectrum was then converted to the
atmospheric neutrino flux. The KM3NeT result is presented in Fig. 1 together with the theoretical
model, HKKM14 [5], and the results from other experiments, Frejus [6], Super-Kamiokande [7],
and ANTARES [8].
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Figure 1: The atmospheric muon neutrino flux measurement with ORCA6 compared to measurements from
other experiments and theoretical predictions. The figure is taken from [4].

3. Atmospheric muon studies

3.1 Measurement of the atmospheric muon rate with KM3NeT and comparisons with
updated numeric predictions

The atmospheric muon rate was measured with the KM3NeT detectors, and it was compared
with the simulation predictions [9] based on the Sibyll 2.3d [10] hadronic interaction model and
the GSF [11] model for the primary CR flux. The KM3NeT atmospheric muon simulations are
produced with the MUPAGE [12] muon generator. A dedicated tuning of the MUPAGE parameters
was performed in order to model the predictions based on Sibyll 2.3d and GSF with MUPAGE.
The muon rate as a function of the cosine of the zenith angle measured with ARCA6 and ORCA6
was compared with simulations, Fig. 2. A deficit of atmospheric muons in simulations at the level
of 40% for ORCAG6 and at 50-80% level for ARCA6 was observed. The result provides additional
inputs to the Muon Puzzle [13] observed in the measurement of GeV muons from ultra-high energy
CR air showers.
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Figure 2: Top: reconstructed muon rate as a function of the cosine of the zenith angle for ARCA6 (left)
and ORCAG (right). The data points are shown in black, the simulations are in blue. Different systematic
uncertainties are plotted as coloured bands. Bottom: the ratio between the data and the simulations. Statistical
uncertainties are shown as vertical error bars. The figure is taken from [9].
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Recently, a data-driven model for atmospheric lepton fluxes, daemonflux [14], has been de-
veloped. The model exploits precise spectrometer data of muon fluxes at the surface to tune the
atmospheric lepton flux generator. This model was adapted in KM3NeT by tuning the MUPAGE
parameters to the daemonflux-based predictions [15]. As a result, the discrepancy between the
KM3NeT data and simulations reaches a maximum of ~40% for ARCA21 and is below 10% for
ORCA13, Fig. 3.
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Figure 3: The rate of events, as well as the ratio of the data to the simulation, is shown for KM3NeT data
(black) for ARCA21 (left) and ORCA13 (right) and for simulation using the MUPAGE parametrisation based
on daemonflux (orange). The figure is taken from [15].

3.2 Sensitivity to prompt muon flux

The atmospheric muon flux can be divided into two components, conventional and prompt.
Conventional muons, mainly from decay of charged pions and kaons, are dominant in the flux for
the energies below PeV. At higher energies, the prompt flux component, from decays of charmed
or unflavored mesons, becomes dominant. The prompt muon flux has not been experimentally
confirmed yet. The estimation of the sensitivity to the prompt muon flux with ARCA and ORCA
detectors in 6- and 115-DU configurations was performed [16]. The sensitivity as a function of
the detector livetime is given in the left plot of Fig. 4. Currently, systematic uncertainties limit the
sensitivity. However, with the current level of uncertainties, ARCA115 and ORCA115 detectors
are expected to reach a 5o significance of the prompt flux detection in a few years of operation.

3.3 Cosmic Ray anisotropy with KM3NeT/ARCA

Anisotropies in CR arrival directions at the level of 1074~1073 in the TeV-PeV energy range
have been observed by several experiments [17]. A search for the CR anisotropy using high-energy
atmospheric muons was performed with ARCA21 [18]. The data sample contained 39 million
atmospheric muon events. In this study, the East-West data-driven method was used to mitigate the
spurious effects related to atmospheric and detector factors. A correction for azimuthal asymmetry
was applied to suppress instrumental bias induced by the detector geometry. The results reveal an
anisotropy for events with track energies above 1 TeV (median primary CR energy ~45 TeV) with
a statistical significance of 2c-. An upper limit of 2x10~2 on the anisotropy amplitude at 99% C.L.
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was obtained. The resulting upper limit is compared with results from other experiments in Fig. 4
(right).
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Figure 4: Left: the sensitivities of four (colour-coded) KM3NeT detector configurations: ARCA115,
ARCAG6, ORCA115, and ORCAG6 to exclude the hypothesis of the conventional muon flux only. The
sensitivities computed using only the statistical uncertainty are shown as solid lines, while the sensitivities
including both statistical and systematic uncertainties are shown as dashed lines. The figure is taken from [16].
Right: the anisotropy amplitude upper limit of the first harmonic obtained with ARCA21 is compared with
results from other experiments. The figure is taken from [18].

4. Calibration with atmospheric muons

4.1 Observation of the Moon and Sun shadow with KM3NeT/ORCA6

Despite the subtle anisotropies in the CR arrival direction discussed above, the CR flux is highly
isotropic. However, CRs are absorbed by the Moon and the Sun, which leads to a deficit in the
atmospheric muon flux in the directions of these celestial bodies. This deficit can be used to estimate
the pointing accuracy and the angular resolution of the detector. The Moon and Sun shadows were
observed using the ORCAG6 data collected between February 11, 2020, and November 18, 2021, for
a total of 499.3 days [19]. The deficit was detected with 4.20" and 6.2 statistical significance for
the Moon and Sun, respectively. Both observed shadow positions were found within 10~ contour
with respect to their true positions as shown in Fig. 5. This confirms the good understanding of
the detector positioning, orientation, time calibration, and reconstruction capabilities with only one
and a half years of ORCAG6 data taking.

4.2 Detector calibration using atmospheric muons

The following requirements have been set by KM3NeT for reaching an accurate calibration:
20 cm for PMT positions, 1 ns time synchronisation precision, and 30° accuracy for the DOM
orientation. Several methods for detector calibration were developed using data from dedicated
instruments located inside the DOMs, on DU bases or on the seafloor, as well as optical data
from the PMTs. The position and orientation calibration is done using a set of acoustic emitters
and receivers, and an Attitude and Heading Reference System (AHRS), respectively. The time
calibration of KM3NeT has to be performed at several levels. Inter-PMT (or intra-DOM) calibration
to synchronise PMTs inside a given DOM exploits light from “°K S-decays. Synchronisation of
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Figure 5: Confidence intervals for the Moon (left) and Sun (right) shadow positions observed with ORCA6
with respect to the nominal values. The black cross indicates the best fit point. The figure is taken from [19].

DOMs within a given DU (inter-DOM) is done before deployment using a laser source, and further
monitored in-situ using light pulse emitters located on the DOMs. Finally, atmospheric muons are
used for the synchronisation of DUs in time (inter-DU).

The calibration method with atmospheric muons exploits the monitoring of the quality of
the reconstructed tracks by varying the time reference of each DU, its position along the Xx.y,
and z axis, and its orientation around the z-axis. The optimal calibration can be determined by
reconstructing the same data with different values of detector parameters, finding the maximum of
the reconstruction quality. An example is shown in Fig. 6 for the time calibration of a DU of ARCA.
The time offset is relative to a given nominal time calibration. In addition to inter-DU calibration,
the track quality monitoring method allows for cross-checking the results for the position calibration
resulting from acoustic data and for the orientation calibration with AHRS.
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Figure 6: Reconstruction quality as a function of the time offset of one ARCA DU. The metric for track
quality is the likelihood resulting from the fit of the track divided by the number of hits used in the fit. The
figure is taken from [20].

4.3 Water optical properties with stopping muons

The selection of stopping muons in ORCAG6 was previously developed in KM3NeT [21]. Such
muons have energies below 100 GeV when entering the detector sensitive volume. Thus, they are
minimum ionising particles with a well-defined light emission profile. This makes them an eligible
source of light for the study of water optical properties and light detection efficiency. The selected
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samples of stopping muons have a purity of 97%, with well-reconstructed muon tracks. The median
value of the stopping point resolution is ~4 m, and the direction resolution is ~0.8 degrees. Water
optical properties and light detection efficiency were measured using stopping muons [22]. As a
first step, light detection Probability Density Functions (PDFs) were obtained. PDFs are calculated
as the detected amount of light from stopping muons, normalised by the number of PMTs capable of
detecting light. Then, PDFs obtained from simulations with modified water properties and detection
efficiency were compared to the data PDF to find the best agreement. The Test Statistic (T'S) values
for the comparison of the data and simulation PDFs are shown in Fig. 7. The best agreement
between the ORCAG6 data and simulations was observed for a value of the light absorption length of
0.96 of the nominal value and for the nominal detection efficiency. The nominal water properties
are within the allowed 90% confidence level contour. The measurement reported in this work
allows for constraining the systematic uncertainties on the light absorption length and its detection
efficiency at a level well below the current limits, with an uncorrelated uncertainty of +10% on
both parameters.
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Figure 7: The TS values for the comparison of the data PDF with the simulation PDFs with modified
absorption length and detection efficiency (normalisation). The solid contour indicates the 90% CL for
the measurement. The best-fit point for the data is shown with the orange cross. The dashed contour
shows the expected sensitivity estimated using MUPAGE with nominal values for the absorption length and
normalisation. The figure is taken from [22].

5. Conclusions

This work reports on recent CR studies conducted with data from the KM3NeT detectors.
In particular, the first measurement of the atmospheric muon neutrino flux using KM3NeT data,
comparisons of KM3NeT data with recent model predictions, the sensitivity to the prompt muon
flux, and the first KM3NeT CR anisotropy analysis are discussed. Also, the usage of atmospheric
muon data for the detector absolute pointing estimation, inter-DU time calibration, and for measuring
the optical properties of seawater is presented. New results on CR studies are expected in the future
with larger KM3NeT detector configurations and more data.
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