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The Cubic Kilometre Neutrino Telescope - KM3NeT - is subject to an intense flux of atmospheric
muons, even at the bottom of the Mediterranean Sea. These atmospheric muons are created by the
collisions of cosmic rays with nuclei of the upper atmosphere and their subsequent interactions,
and as such, serve as probes of cosmic ray physics. The KM3NeT/ARCA and KM3NeT/ORCA
detectors are located offshore Portopalo di Capo Passero, Italy, and Toulon, France, respectively, at
corresponding depths of 3.5 km and 2.45 km below sea level. They offer the unique ability to detect
atmospheric muons at two different locations and depths, as part of the same research infrastructure.
The KM3NeT Collaboration has presented results comparing the flux of atmospheric muons in
the detector with CORSIKA simulations, and - by showing an underestimation of the muon data
by the simulation - is contributing to the global phenomenon known as the Muon Puzzle. A data-
driven model Daemonflux has recently appeared on the scene and shows promise of alleviating
this discrepancy. In this study, Daemonflux is incorporated into the atmospheric muon simulation
used to describe KM3NeT data, and its impact in doing so is estimated. We also evaluate the
impact of the optical properties of the seawater on the agreement between the KM3NeT data and
the atmospheric muon simulation.
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1. Introduction

KM3NeT is a research infrastructure under construction in the Mediterranean Sea [1]. Although
predominantly designed for neutrino physics and astronomy studies, KM3NeT actively participates
in the field of cosmic ray physics. The high-energy (TeV and above) atmospheric muons that reach
the detector at its Mediterranean depths come from the earliest part of the cosmic ray air shower
interaction, offering the opportunity to probe this stage of the air shower development.

An outstanding problem in physics is referred to as the ‘Muon Puzzle’ [2]. This describes
the phenomenon where, across a compilation of measurements from various detectors worldwide,
there exists a discrepancy between cosmic ray air shower simulations and the data. The various
hadronic interaction models which act as input to the simulations are believed to be the source of the
discrepancy. Such models describe the formation and evolution of the hadronic component of the air
shower, and its resulting atmospheric muon production; hence, a fundamental understanding of the
physics of the hadronic interactions is lacking. Studies carried out by the KM3NeT Collaboration
show that KM3NeT itself also falls victim to the Muon Puzzle, with a reported deficit ranging from
40% to 80% between atmospheric muon data and simulation [3].

A novel development in this investigation is the use of a ‘data-driven’ hadronic interaction
model, namely ‘Daemonflux’ [4], to address this discrepancy. Daemonflux consists of a combination
of atmospheric lepton fluxes computed with the Global Spline Fit (GSF) cosmic ray flux model [5]
and the Data-Driven hadronic interaction Model (DDM) [6], the latter being a collection of fits to
particle yields from fixed target accelerators. The GSF and DDM parameters are then calibrated to
muon data in order to obtain a description of the data from various experiments. The resulting flux
model incorporates competitively-low flux uncertainties.

A recent study by the KM3NeT Collaboration re-weighted the atmospheric muon simulation
software CORSIKA [8] according to the Daemonflux model, and showed an improvement in the
description of the atmospheric muon data by the simulation [7]. The discrepancy shown in [3]
is reduced to below 20% maximum across the two KM3NeT detectors of ORCA-6 and ARCA-6,
through a re-scaling of the distributions. Note that the nomenclature of ARCA/ORCA-X in this
study denotes the number of associated detection units 𝑋 in either detector, as described in the
following section.

Another simulation tool utilised within KM3NeT is MUPAGE [9, 10]. This software quickly
provides the flux of atmospheric muons at depths underwater or in-ice, according to a specific
parameterisation. The goal of this particular study is to incorporate the Daemonflux-related event
weights of [7] into the MUPAGE parameterisation, for a much quicker yet reliable description of
the atmospheric muon data used within KM3NeT. The new parameterisation is then compared to
data for the larger KM3NeT detectors of ARCA-21 and ORCA-13.

2. The KM3NeT Infrastructure

KM3NeT consists of two detectors in the Mediterranean Sea, located at the different aforemen-
tioned depths and locations. The ARCA detector is designed to search for astrophysical neutrinos
and to discover their sources, whilst ORCA will focus on neutrino oscillation research: determining
the yet-unknown neutrino mass ordering and precisely measuring neutrino oscillation parameters.
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The technology is based on the principle of instrumenting a large volume of seawater with tens
of thousands of photomultiplier tubes (PMTs). Thirty-one PMTs are contained within a pressure-
resistant glass sphere of diameter ∼ 43.2 cm, which, alongside power, processing, and read-out
electronics, form a ‘digital optical module’ [11]. Between two Dyneema® ropes, 18 optical modules
are attached at repeating distances to form a ‘detection unit’ (DU). These are deployed at sea level,
attached to a seafloor network of electronic circuitry and optical fibres, and suspended vertically
through their own buoyancy and with the aid of additional buoys. KM3NeT envisages 115 DUs in
ORCA upon completion, and a corresponding 230 in ARCA. The three-dimensional arrangement
of the optical modules, i.e. their recurring distances along the ropes and the horizontal distance
between them, is different between the two detectors. This optimises the same technology for the
different neutrino energy ranges of interest to either detector.

The PMTs are used to detect the Cherenkov radiation which results from the relativistic products
of neutrino interactions in the vicinity of the detector. By instrumenting a large, three-dimensional
volume, and through the use of nanosecond-timing resolution and precise position calibration, the
digitised signals from the particle interactions are used to determine the energy and direction of
the incident neutrinos. Subject to a continuous rate of atmospheric muons coming from above, the
KM3NeT detectors also capture the signals from atmospheric muons in the same way. Such signals
form >99% of the recorded data.

The KM3NeT DUs are being deployed in phases, resulting in different detector configurations.
For example, this work includes data from six DUs of both ORCA and ARCA. These are referred
to as the ORCA-6 and ARCA-6 detectors. At present, KM3NeT operates 33 DUs at the ARCA site
and 28 DUs at the ORCA site.

3. MUPAGE Atmospheric Muon Simulation

MUPAGE is a fast atmospheric muon bundle generator, which describes distributions of the
single and multi-muon bundle flux, single and multi-muon bundle energy, and the lateral spread of
the muon bundles from the bundle axis, using parametric equations. These equations are valid for
depths underwater or within ice from 1–5 km w.e., for a zenith angle from 0◦ (completely down-
going) to 85◦, and by default are parameterised according to a full Monte Carlo (MC) air shower
simulation. The free parameters within the MUPAGE software can be varied in order to further
improve the description of KM3NeT data. Such efforts to ‘tune’ MUPAGE to data or detailed
CORSIKA simulations have previously been carried out by the KM3NeT Collaboration [3, 12].

Most relevant to this work are the single muon flux parameterisation within MUPAGE. For the
single muon flux 𝜙, of multiplicity 𝑚 = 1, at depth ℎ, and zenith angle 𝜃 [9, 10]:

𝜙(𝑚 = 1; ℎ, 𝜃) = 𝐾 (ℎ, 𝜃) = 𝐾0(ℎ) cos 𝜃 · 𝑒𝐾1 (ℎ) ·sec 𝜃 , (1)

with
𝐾0(ℎ) = 𝐾0𝑎 · ℎ𝐾0𝑏 , (2)

𝐾1(ℎ) = 𝐾1𝑎 · ℎ + 𝐾1𝑏 . (3)

Additionally, the multiple-muon flux is governed by parameters denoted within MUPAGE as 𝜈, and
the lateral spread denoted by 𝑅. A description of these parameters can be found within [9, 10].
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4. Tuning MUPAGE to Daemonflux-weighted CORSIKA simulations

4.1 Daemonflux event weights

In this work, MUPAGE is tuned to CORSIKA-simulated distributions of the atmospheric muon
energy and zenith angle at different depths below sea level. The distributions have been re-weighted
to incorporate the Daemonflux model, as obtained from [7]. These weights, and thus the following
tuning procedure, are only valid for single muons i.e. muon bundles of multiplicity = 1. This is
because Daemonflux does not currently allow for a separate treatment of muon bundle multiplicity.
The weights are obtained separately for 𝜇+ and 𝜇−, using a 2-D linear interpolation of the zenith
angle and energy of the muon with the highest energy at sea level.

4.2 Tuning Procedure

The tuning procedure is the same as carried out in [3], and uses the same CORSIKA simulations
as detailed within that work. Five different primaries of hydrogen, carbon, oxygen, helium, and
iron are used to describe the atmospheric muon flux at sea level, for the energy ranges of TeV–PeV
muons. The GSF model is used for the cosmic ray mass and composition; the atmospheric density
profile and hadronic interaction models are detailed therein, the latter of which includes the use of
Sibyll 2.3d [13]. These muons are then propagated to different depths from 2–3.5 km below sea
level in steps of 250 m, using the PROPOSAL software [14]. The same energy loss processes and
seawater composition accounted for in [3] are also used.
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Figure 1: Top figure: An example from the MUPAGE tuning fit procedure, at a vertical depth of 2.079 km
w.e., where a fit (in red) of the MUPAGE single muon flux parameters is made to CORSIKA-simulated data
(blue). CORSIKA has been weighted by the Daemonflux weights described in text. The default MUPAGE
function is also shown (green). Bottom figure: The relative difference with respect to the CORSIKA-
Daemonflux-weighted data for the default MUPAGE flux function is compared to the relative difference for
the fitted MUPAGE function.
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The fit to the single muon flux is carried out for each of the seven depths, where the flux as
a function of the zenith angle is found for CORSIKA data re-weighted to Daemonflux, and Eqn.
1 is fitted to it, giving values of 𝐾0 and 𝐾1. A fit is then performed to the new values of these
parameters separately, where e.g. a fit is made to the values of 𝐾0 as a function of the depth, in
order to determine 𝐾0𝑎 and 𝐾0𝑏. One such result from the fit procedure is shown in Figure 1.

The same procedure was carried out for the single muon energy spectrum, as parameterised
by MUPAGE. However, for this fit it was concluded that the nominal MUPAGE values describe
the energy distribution from CORSIKA better than from the fit procedure, in particular at muon
energies above the TeV scale. The default and new values of the 𝐾 parameters are shown in Table
1.

MUPAGE parameter tuned value default value
K0a 0.01374 0.0072
K0b -2.1073 1.927
K1a -0.5873 0.581
K1b -0.2346 0.034

Table 1: List of tuned and default MUPAGE values, following the tuning procedure described in the text.

4.3 Comparison of tuned MUPAGE to Daemonflux-weighted CORSIKA
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Figure 2: The reconstructed cos 𝜃 of single muon events from the tuned MUPAGE parameterisation and
the CORSIKA simulation, weighted according to the Daemonflux events weights. The distributions and
the relative difference (of MUPAGE with respect to CORSIKA-Dameonflux-weighted) are shown for the (a)
ARCA-6 and (b) ORCA-6 detectors. The anti-noise cuts are described in the text.

As a means of validating the tuning procedure, a sample of 1,000,000 muons is generated
according to the new 𝐾 parameterisation with MUPAGE. Both this MUPAGE-generated event
sample, and the CORSIKA events used in the study of [7], weighted by the Daemonflux event
weights, are propagated through the detector simulation chain. For a brief description of this chain:
the light induced by particle events in the detector is propagated and the PMT response is simulated,
the events are filtered through trigger algorithms to select physical events of interest, and the events
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are reconstructed under the hypothesis of a muon track or particle shower inducing light in the
detector [1]. The comparison of the cosine of the reconstructed zenith angles of muon events is
illustrated in Figure 2, for the ARCA-6 and ORCA-6 detectors. The presented ranges are chosen
based on the phase space in either detector in which the direction of events is well-reconstructed.

Noise can originate from bioluminescence in the seawater and radioactive decays in the water
and optical module glass, resulting in recorded signals that may survive the trigger algorithms.
Basic cuts to remove this noise are included here, where a value of the reconstructed likelihood
quality and the number of recorded hits in the detector are required. Only single muon events
are shown. The MUPAGE parameterisation reproduces the CORSIKA-weighted-by-Daemonflux
distribution sufficiently, accounting for statistical fluctuations. Any slight disagreement between
the tuned MUPAGE simulation and CORSIKA is not considered a systematic uncertainty in this
work.

5. Comparing a New MUPAGE Parameterisation to recent KM3NeT data

5.1 Finalised MUPAGE Parameterisation

Altering the 𝐾 parameters alone in MUPAGE results in an overestimation of the data - and
the simulated muon multiplicity - compared to the default MUPAGE parameters. This is due to
the tuning being valid for single muons only, whereas muon bundles of multiplicity > 1 are not
accounted for.

In order to address this, various MUPAGE parameterisations are tested in their agreement with
data and their effect on the multiplicity distribution. The most physically-motivated parameterisation
is chosen: the𝐾 values which incorporate the Daemonflux weighting, the default single muon energy
parameters, and the remaining parameters which come from the aforementioned KM3NeT study
[3], which tuned MUPAGE to CORSIKA data in the same methodology. The parameters used in the
tuned-on-CORSIKA study of [3] result in an improved description of the data at higher energies and
replicate the multiplicity distribution from CORSIKA itself. The tuned-on-CORSIKA parameters
use the default multiple muon energy values, and new values of the multiple-muon lateral spread 𝑅
and flux 𝜈. This MUPAGE parameterisation is henceforth referred to as ‘MUPAGE daemonflux 𝐾
+ default 𝐸 + 𝑅,𝜈 CORSIKA’.

5.2 Data-MC Comparison

As recorded by ARCA-21 and ORCA-13, data from 10 periods of data-taking are selected from
the respective detectors. These data comply with high-quality criteria and have been sufficiently
calibrated. Muon events are generated according to the MUPAGE daemonflux 𝐾 + default 𝐸 + 𝑅,𝜈
CORSIKA parameterisation. The simulated events are processed through the simulation chain to
the reconstruction level following a ‘run-by-run’ approach, where the exact data-taking conditions
such as PMT rates, detector geometry, trigger algorithm criteria etc. are accounted for.

The data and simulated events according to the new MUPAGE parameterisation are shown
in Figure 3 for the ARCA-21 and ORCA-13 detectors. The contributions from the systematic
uncertainties are included. The data-MC discrepancy is at the maximum level of ∼40% for ARCA-
21 and < 10% for ORCA-13.
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Figure 3: The MUPAGE parameterisation, tuned on a combination of CORSIKA and CORSIKA re-weighted
according to Daemonflux, is illustrated (in orange) alongside data (in black) from the KM3NeT experiment,
for the (a) ARCA-21 and (b) ORCA-13 detectors. The rate of events, as well as the ratio of the MC simulation
to the data, is shown. The contributions from the statistical (‘stat’) and systematic uncertainties from
Daemonflux, the absorption length and PMT efficiencies are displayed as error bands, added in quadrature.

5.3 Systematic Uncertainty Evaluation

The main systematic uncertainties associated with the rate of atmospheric muons in the de-
tectors are shown in Figure 3, and added in quadrature. Daemonflux itself has an associated
uncertainty. Another is the current understanding of the optical properties of water; namely, the
knowledge on the absorption length of light in seawater at the two different KM3NeT detector sites.
Another uncertainty arises from the light detection efficiency of the PMTs in the infrastructure. A
thorough explanation of these uncertainties can be found in [3].

From [7], a flat 7% error is conservatively used here as the uncertainty from Daemonflux. As
a reminder the uncertainty within Daemonflux itself is data-driven (from sea-level data, not below).
For the light absorption length and PMT efficiency, these two simulation inputs are separately
altered by ±10%, and the ratio of the upper and lower limits compared to the standard simulation
(i.e. the new MUPAGE parameterisation, in this case) is used to extract uncertainty estimates.

In ARCA-21, the absorption length and PMT detection efficiency contribute greatly towards
the uncertainty on the measurement of the atmospheric muon rate. Of note is that for ORCA-13,
the Daemonflux uncertainty captures almost the entire data-MC disagreement.

5.4 Concluding Remarks

A new atmospheric muon flux parameterisation is introduced, developed through a tuning
procedure on CORSIKA simulations, which incorporates the Daemonflux model. This param-
eterisation is compared with atmospheric muon data for the KM3NeT detectors, with evaluated
systematic uncertainties. Through the inclusion of Daemonflux, this result attempts to address the
long-standing issue of the underestimation of data by atmospheric muon simulations - forming part
of the Muon Puzzle landscape - and reduces the flux uncertainties to a single systematic error.
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