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Selecting stopping muons with KM3NeT/ORCA
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The KM3NeT collaboration operates two water Cherenkov neutrino telescopes in the Mediter-
ranean sea, ORCA and ARCA. The flux of atmospheric muons produced in cosmic ray air showers
forms a background to the main objectives of KM3NeT/ORCA and KM3NeT/ARCA, respectively
measuring atmospheric neutrino oscillations and detecting neutrinos from astrophysical sources.
A small portion of the atmospheric muons stops inside the detector’s instrumented volume. The
stopping muons are 5% of the muons reconstructed using the 6 first strings deployed for ORCA.
This still amounts to 1000 events per hour. We present two methods for selecting them, applied on
both simulations and data. The first method uses simple cuts on a set of reconstructed variables.
The second method uses a machine learning model to classify muons as “stopping” or “crossing”.
Both methods allow to reach a high selection purity, close to 95%. Detecting stopping muons can
serve many purposes like studying muon decay via the detection of Michel electrons or estimating
the flux of atmospheric muons at sea level. This work highlights the accurate reconstruction
capabilities of ORCA. The median error on the reconstructed stopping point of selected muons
is less than 5 meters, and the median angular deviation is 1°. This is to be compared with the
20 meters horizontal distance between strings and the 9 meters vertical distance between optical
modules. Another important result is the excellent agreement between distribution of stopping

muons selected in data and in simulations.
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1. Introduction

The KM3NeT collaboration operates two water Cherenkov neutrino telescopes in the Mediter-
ranean sea [1]. ORCA (Oscillation Research with Cosmics in the Abyss), at a depth of 2450 m,
is designed to measure atmospheric neutrinos oscillations. ARCA (Astroparticle Research with
Cosmics in the Abyss), at a depth of 3450 m, is designed to detect neutrinos from astrophysical
sources. ARCA and ORCA share the same technology and detector elements. Both detectors are
instrumented with photomultiplier tubes (PMTs) for the detection of Cherenkov light emitted along
the path of the relativistic charged particles produced in neutrino interactions. KM3NeT detectors
consist of a 3-D array of glass-spheres named Digital Optical Modules (DOMs) [2] housing 31 3-
inch PMTs each. The DOMs are arranged along vertical lines called Detection Units (DU) carrying
18 DOMs each. Each DU is anchored to the seabed and remains vertical due to the buoyancy of the
DOMs and of a buoy tied on its top. When completed, each detector "building block” will consist
of 115 detection units arranged side by side following a cylindrical footprint. The vertical distance
between DOMs and horizontal distance between DUs are different for the two detectors. ARCA is
optimised to maximise its detection efficiency in the energy range 1 TeV-10 PeV, while ORCA has
a denser PMT configuration to detect neutrinos in the range 1-100 GeV.

For both detectors, the vast majority of recorded events does not come from neutrinos but from
atmospheric muons produced in cosmic ray air showers. Being deep underwater, the KM3NeT
detectors have access to high-energy atmospheric muons [3]. Among the detected atmospheric
muons, only a small portion stops inside the instrumented volume. For instance, the stopping
muons are 5% of all the muons reconstructed using the 6 first strings deployed for ORCA (this
partial configuration is identified in the following as ORCA®6). This still amounts to more than
1000 events per hour, offering enough statistics for various purposes. First, the subsequent decay of
stopping muons can be studied via the detection of Michel electrons. In addition, stopping muons
can be used for tuning parameters related to the light output of the muon tracks in the simulations.
Finally, reconstructing the direction and stopping point of a muon track allows to compute the
range the particle has crossed through sea water, and thus to estimate the energy it had at sea level.
Consequently, selecting stopping muons can lead to a measurement of the atmospheric muon flux
at sea level on a given range of energy and direction (around 1 TeV for vertical muons). Given
the high uncertainties in the modelling of cosmic ray-induced particle showers [4][5], specifically
in the primary cosmic ray flux composition and in the hadronic interaction models, such model-
independent measurement would be invaluable.

The first step to this measurement of the atmospheric muons flux at sea level with KM3NeT is
to accurately select the muons stopping in the detector. This is what this contribution will describe
for the ORCAG6 detector.

2. Stopping muons in the KM3NeT detector

Of the two telescopes, ORCA is the one most suited for detecting stopping muons as it is more
densely instrumented. The vertical distance between DOMs is around 9 m, and the horizontal
distance between DUs is around 20 m. In the following, a stopping muon is defined as a muon
which stops inside the detector’s instrumented volume. As KM3NeT detectors do not have strict
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outer boundaries, there is some subjectivity in the definition of the instrumented volume. To stick to
pre-existing conventions inside the collaboration, the instrumented volume is defined as the smallest
cylinder containing all the DUs. Its limits are shown for ORCA6 on Figure 1.
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Figure 1: Distribution of the reconstructed stop position of all muon tracks reconstructed in ORCA®6, showed
with the geometrical cuts applied in the simple cuts approach.

Selecting stopping muons is more challenging than simply selecting the reconstructed muon
tracks whose end point is inside the instrumented volume. Indeed, the vast majority of the muons
seen by the detector do not stop inside the detector volume but keep traveling much further. Those
non-stopping, or passing muons, represent about 95% of the muons reconstructed by ORCAG6. Yet,
many of the passing muons tend to have their stopping point reconstructed inside the instrumented
volume, close to the DOMs (as seen on Figure la and Figure 1b), because the amount of light
detected by the PMTs decreases quickly once the muons move away from the DOMs. Thus, a
method to efficiently select true stopping muons, and reject the majority of passing muons, must be
developed. Due to the abundant statistics, the methods developed to select stopping muons do not
require a very high efficiency. The critical point is the purity of the selection. In the wait for an
objective statistical criteria, which will come from further physics analysis, a purity close to 95% is
judged satisfying for now.

3. Methods for selecting stopping muons

3.1 Simulation of atmospheric muons

The selection methods were developped using simulated atmospheric muons. The atmospheric
muons Monte-Carlo (MC) simulations are done following a run-by-run approach in order to account
for the variation of data taking conditions over time. For the generation of the atmospheric muon
events at the surface of a virtual cylinder surrounding the active volume of the detector, the
MUPAGE package [6] was used, with a parameter tuning specific to KM3NeT [7]. The propagation
of generated muons and the PMT response are simulated with a custom KM3NeT software. The
output of the simulation chain is a set of digitised PMT output pulses called hits. In addition
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to atmospheric muons, around 10% of the events in the data are noise events caused by random
coincident hits on the PMTs. They mostly come from the decay of Potassium-40 in the sea water,
and are simulated based on the coincidence rate in the data. Finally, the simulated events can be
reconstructed under the track hypothesis with the same algorithms used for events in data.

3.2 Selection with simple cuts

The first approach to select stopping muons is to apply a set of cuts on chosen variables with
a high separating power between stopping and passing muons. This is called the simple cuts (SC)
approach. The cuts and their motivations can be summarized as follows:

* Energy loss: stopping muons are minimum ionizing particles (MIP), loosing energy only
through ionization loss at a well-defined rate of around 0.25 GeV/m [8]. A cut on the ratio
between the reconstructed energy and reconstructed track length is thus applied to remove
muons which exhibit higher energy loss rates.

* Quality of track reconstruction: it is estimated through the likelihood resulting from the
track fitting algorithms. To make that estimation independent of the length of the track,
a useful variable is the normalized likelihood, obtained by dividing the likelihood by the
number of hits used in the fit. As stopping muons have the end of their track contained in the
instrumented volume, we expect the track reconstruction to be of good quality.

* Number of hits: As stopping muons have the end of their track contained in the instrumented
volume, the number of hits they create on the PMTs should be higher than some threshold.

* Reconstructed stopping point position: the reconstructed stopping point should be inside
the instrumented volume. But as many passing muons get reconstructed as stopping next
to the DOMs, especially near the lowest DOMs (atmospheric muons are downgoing), the
reconstructed stopping point is required to be found in an inner region of the instrumented
volume. In the horizontal xy plane the boundaries of this fiducial volume are 2 m from the
polygon formed by the DU positions, as illustrated in Figure 1a . Along the vertical z axis, to
remove all the passing muons reconstructed as stopping near the lowest DOMs (at z = 30 m)
only the stopping points reconstructed above z = 50 m are considered.

* Zenith angle 0: only muons close to the vertical (cos(8) < —0.8) are kept. This is because
vertical muons have a longer track in the detector (due to the narrow geometry of ORCAG),
making it easier to distinguish between passing and stopping muons.

With this set of cuts, the obtained performances are a purity of 93%! and an efficiency of
5%2. Although purity is satisfactory, these cuts (and the geometry of the detector) remove many
true stopping muons, preventing access to stopping muons coming with a zenith angle greater than
37° (arccos(—0.8)) from the vertical.

1The purity of the selection is defined as the percentage of true stopping muons among all those passing the cuts. In
literature, this is sometimes referred to as the precision or positive predictive value PPV = % where TP are true
positive and F P false positive.

2The efficiency of the selections is defined as the percentage of true stopping muons that get selected among all the
true stopping muons reconstructed by the detector. In literature, this is sometimes referred to as the sensitivity, the recall,

or true positive rate TPR = % where FN are false negative.
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3.3 Classification with a neural network

To improve efficiency and purity of the stopping muons selection, an approach based on
machine learning was developed. A simple neural network (Multi-Layer Perceptron) was trained to
classify muons as stopping or passing. The model which is currently used has 3 layers of 256, 128
and 64 neurons respectively. This makes a total of 48,450 trainable parameters. The input features
used by the model come from the track reconstruction algorithms and no individual hit information
is used, only summary information on the number of hits. 3 million simulated events were used to
train the network, 750,000 to validate it during training, and 1 million to test it after training. To
evaluate the dependency of the model on the training and testing sample, a 5-fold cross-validation
was performed, showing very limited sample-dependency due to the sufficient sample size.

The model’s output is a prediction for the muon’s class under the form of a score between 0
and 1. For training, a score of 0 is associated to passing muons and a score of 1 to stopping muons.
From that output score distribution, a stopping muon selection can be defined by choosing a cut
value on the output score and keeping only the events with a higher score. All the possible purity
and efficiency resulting from such a selection, with any chosen cut score value between 0 and 1,
is shown on the precision-recall curve Figure 2. In the following, a cut value of 0.85 was chosen,
as it allows to reach a purity of 94%. The resulting selection also reaches an efficiency of 25%.
Thus, the machine learning approach offers the possibility to increase the efficiency by a factor 5
with respect to the simple cuts selection, while simultaneously increasing a bit the purity. Most
importantly, the ML classification approach allows to access the full zenith angle range while the
simple cuts selection was limited to vertical muons.

1.0 KM3NeT/ORCAG6 preliminary, simulations

X
0.9

0.8

0.3/ —— ML classification
ML class., cut=0.85
0.2 X  Simple cuts

0.1/ ~~~- Random classification

0'%.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0

Efficiency

Figure 2: Precision-Recall curve of the machine learning classification. The performances of the two
selections (ML classification with the specific cut value chosen and simple cuts) are also shown.
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3.4 Comparison of the two selections

Figure 3 shows the comparison of purity and efficiency obtained using the two selections
described previsouly as a function of the reconstructed zenith angle and the z coordinate (the height
with respect to the seabed) of the reconstructed stopping point. Figure 3b shows that the purity and
efficiency of the two selections are close to being constant through most of the detector’s height,
with a loss of performance at the upper and lower limits of the instrumented volume. Figure 3a
shows that the ML classification’s selection efficiency decreases with the zenith angle. A possible
explanation is that due to the narrow geometry of ORCA6, muons with more horizontal trajectories
tend to cross a smaller portion of the instrumented volume. The simple cuts selection sees its purity
quickly worsening for non-vertical muons, hence the cut at cos(6) = —0.8.
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Figure 3: Performance comparison between the simple cuts and machine learning-based selections.

4. Resolution

Variable Median value
Simple cuts ML classification
Angular deviation [°] 0.81 1.09
ASPirue/reco, total [m] 3.9 49
ASPiruerreco, perpendicular to track direction [m] 0.5 0.7
ASPiyesreco, parallel to track direction [m] +3.8 +4.6

Table 1: Median resolution values for both selections.

From selected stopping muons, the reconstruction performances of ORCAG6 can be evaluated by
looking at the error on the reconstructed stopping point and on the reconstructed direction. The very
accurate reconstruction capabilities of ORCAG6 should be highlighted: the median angular deviation
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on the reconstructed tracks is around 1° and the median error on the reconstructed stopping point
is less than 5 meters, for both stopping muon selection methods. Table 1 shows more detailed
numerical information. In this table ASPiye/reco refers to the error made on the reconstruction of
the stopping point, overall or projected in the reference coordinate system of the track.

The plus signs in last line of Table 1 mean that the muon tracks tend to be reconstructed as
stopping too early along the track direction. In other words, the track reconstruction algorithms
miss the last 4 to 5 meters of the tracks in median. Still, it should be highlighted that these
resolution values are small compared to the spacing between DOMs (9 m in the vertical direction
and 20 m in the horizontal direction). Additionally, studies using stopping muons to determine the
atmospheric muons flux at sea level are ongoing. In that context, it must be mentionned that the
relative uncertainty on the distance a stopping muon has traveled in the sea water coming from the
misreconstruction of track direction and stopping point is negligible (0.1% to 1%).

5. Data-MC comparison

Figure 4a shows the resulting zenith angle distribution of stopping muons from applying both
selections on both MC simulations and data, for a livetime of 32.1 days (runs randomly selected
over the ORCAG operating period). The distribution of all reconstructed events, without selection,
is also shown for reference. The data/MC ratio for stopping muons is very close to 1.0 overall (0.99
for simple cuts, 0.97 for ML classification) and stable over most of the phase space. Figure 4b also
shows that the ratio is 1 through most of the detector’s height. This excellent agreement validates
the stopping muons selections, as well as the simulations.
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Figure 4: Data/MC comparison for all muons and for the stopping muons selected with both methods.

6. Conclusion

Two methods for selecting the muons stopping inside the instrumented volume of the KM3NeT/
ORCA detector with 6 detection units have been developed. The machine learning-based method
allows to select five times more stopping muons than the simple cuts method with very low levels
of contamination from passing muons. It also gives acces to the full range of zenith angle.
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A study on the angular resolution of the selected stopping muons confirms the very good
direction reconstruction capabilities of ORCA, with a median angular deviation of 1°, and shows
that the median error on the reconstructed stopping point is less than 5 meters.

A very good agreement between data and simulations can be reached using both stopping
muons selections, validating at the same time the selection methods and the simulations.

This preliminary study paves the way for further use of stopping muons. It must be highlighted
that the results presented here were obtained with a detector made of 6 detection units only. Future
configurations of ORCA, with more DUs, and a more circular footprint, will improve the resolution
and the performances of the stopping muon selection methods. Work is already ongoing to use
stopping muons to measure the flux of atmospheric muons at sea level on a given range of energy
and zenith angle (above 1 TeV for vertical downgoing muons). Another ongoing study measures
the subsequent decay of stopping muons.
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