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The KM3NeT/ORCA detector (Oscillation Research with Cosmics in the Abyss) is an array
of Digital Optical Modules, spheres that host 31 photomultiplier tubes, tied together in vertical
structures, the Detection Units, which are anchored on the seabed. Such an array configuration can
detect neutrino events from the Cherenkov radiation emitted by the secondary particles induced
by neutrino interactions in the abyssal depths of the Mediterranean Sea. The KM3NeT/ORCA
detector is being deployed at a depth of 2450 m offshore Toulon, France with the determination
of the Neutrino Mass Ordering being the main physics goal of the detector. The aim of this
work is the study of atmospheric neutrinos with energies at the 1-100 GeV range, in order to
obtain information on the atmospheric muon neutrino flux in this energy range, in which only few
measurements exist by other experiments. An analysis of data collected with the 6-Detection Unit
configuration of KM3NeT/ORCA (KM3NeT/ORCA®) is being presented in this contribution. The
data analyzed corresponds to a time period of one and a half year. The procedure for the selection
of a high-purity atmospheric neutrino sample, using a Machine Learning classifier (Boosted
Decision Tree), is described. Subsequently, an unfolding scheme is used to obtain an estimation
of the atmospheric muon neutrino flux in bins of energy in the region of interest.
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1. Introduction

Measurements of the atmospheric neutrino flux are increasingly important for testing the
models that describe the production of the cosmic rays as well as their interaction mechanisms
in the atmosphere. A reliable description of the atmospheric neutrino flux is also mandatory,
as atmospheric neutrinos are used from several oscillation experiments. Moreover, a precise
knowledge of the atmospheric neutrino flux is critical for constraining the contribution of this
irriducible background source in the search of cosmic neutrinos. The prospects of KM3NeT/ORCA
to contribute at the energy range between 1 GeV and 100 GeV has been already reported in [1]. In
the following, a first measurement of the atmospheric muon neutrino flux is presented using data
collected with KM3NeT/ORCA. This measurement illustrates the ability of the KM3NeT/ORCA
detector, even with an early-stage detector configuration, to provide experimental information at an
energy region in which only few measurements exist by other experiments.

2. The KM3NeT/ORCA detector

The KM3NeT Collaboration is currently constructing a research infrastructure in the depths of
the Mediterranean Sea [2]. The ORCA detector (Oscillation Research with Cosmics in the Abyss),
is under construction at a location ~ 40 km offshore Toulon, France, at a depth of 2450 m. ORCA
is an array of photomultiplier tubes (PMTs) capable of detecting neutrino events via the Cherenkov
radiation emmited by the daughter particles. When completed, it will consist of 115 Detection Units
(DUs), vertical structures with 18 Digital Optical Modules (DOMs) each. The DOM is a sphere
that hosts 31 3-inch PMTs as well as the required electronics [3] (Fig. 1). The distance between
the DUs in ORCA is ~ 20 m, while the vertical distance between the DOMs in the same DU is ~ 9
m, so the height of the ORCA detector is ~ 160 m. At its final form, ORCA will have a cylinrical
shape with ~ 100 m radius. ORCA is currently operating using 16 Detection Units.

Figure 1: The Digital Optical Module (left) and an artistic view of the full KM3Net/ORCA detector (right).

3. Data and MC simulation

The data used in this analysis have been collected with the 6-DU configuration of the ORCA
detector, referred to as ORCA6, which was operating from January-2020 to November-2021. The
data livetime used for this analysis is equal to 555.7 days. This results in an ~ 84% time efficiency
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with respect to the total running time period for ORCA, as a fraction of the running time was devoted
to calibration and test runs, and additional quality criteria were applied.

Monte Carlo (MC) event samples were produced to estimate the contribution of atmospheric
muons and atmospheric neutrinos. The MUPAGE software has been used to generate atmospheric
muon events [4]. Atmospheric neutrino events have been generated in the energy range between 1
GeV and 10 TeV using the gSeaGen software [5]. Charged current (CC) neutrino interactions have
been simulated for all neutrino flavours, while the neutral current (NC) interactions of all flavours
have been simulated and treated as a single component. The neutrino events have been weighted
to account for the atmospheric neutrino flux and the oscillation probabilities. The HKKM14
atmospheric neutrino conventional flux model has been used [6]. For what concerns the neutrino
oscillations, the parameters have been set according to NuFIT 5.2 [7], and oscillation probabilities
have been computed assuming normal hierarchy. The light simulation as well as the PMT readout
have been simulated using custom KM3NeT software.

The trigger algorithms that have been applied during the data acquisition as well as during the
trigger level of the MC simulation, belong to the KM3NeT-specific Jpp software package [8]. The
same software package has been used for the processing of triggered events in data and MC through
the reconstruction chain (track and shower).

4. Event classification for a high-purity neutrino selection

The contribution of the random noise events, coming from optical backgrounds in sea water,
is suppressed by applying a requirement on the likelihood and by requesting a minimum number of
PMT hits contributing to the reconstructed track. Additionally, only events reconstructed with an
upward-going direction are accepted.

The upward-going reconstructed events that survive these anti-noise cuts are further selected
using a Boosted Decision Tree (BDT) algorithm. For this, the TMVA software is used [9]. Atmo-
spheric v, + v, CC events are considered as signal, and atmospheric muons as background. 20
features are used for the BDT, and they are related to the reconstructed event position and direction,
the reconstruction quality, and the event topology considering signal-like hits and charge distribu-
tions. The number of DOMs with at least one triggered hit, is also used. Dedicated MC event
samples were produced to train and test the BDT algorithm.

The phase space of the BDT parameters has been scanned in order to find an optimal parameter
set. For each set of parameters, the efficiency at indicative BDT score values as well as an
overtraining check were performed, using an amount of ~ 10% of the data livetime. The optimal
values of the chosen set of parameters, include the number of trees set to 400, the tree maximum
depth to 6, and the adaptive boost parameter set to 0.3. The BDT score distributions for data and
MC simulated events satisfying the anti-noise selection criteria and reconstructed as upgoing, are
shown in Fig.2.

Good discrimination between the signal and background is achieved, as the former dominates
at the higher score values, while the latter at the lower values. The requirement for an event to
be included in the final selection is to have a BDT score greater or equal than 0.56. That leads
to 4197 data events, while 4196.1 atmospheric v + v events are expected from MC simulation,
from which 3214.8 are v, + v, CC events. The resulting contamination of atmospheric muon
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Figure 2: BDT score distributions for the upward-going ORCAG6 events that survive the anti-noise criteria.
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Figure 3: Event variable distributions for the neutrino selection.

in the MC sample is estimated to be 28.1 events, which corresponds to 0.6% of the sample. A

good agreement between data and MC simulation is obtained. The reconstructed cosine zenith

distribution is presented in Fig.3a, for the BDT selected events. The distribution of the radial

distance between the reconstructed vertex and the barycenter of the detector is also shown in Fig.3b.

5. Unfolding the v, + v, CC energy spectrum

An unfolding scheme is applied in order to deconvolute the v, + v, CC energy spectrum from

the measured data energy distribution. For this, the TUnfold software is used [10]. In principle an
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unfolding scheme (with background subtraction) is described by:

yi= ) Aijxj+bi,1 <i<n (1)

m
J=1

where y is the energy distribution for data, A the response matrix, x the true distribution which is
being unfolded, and b the background contributions (can be more than one). The index i counts
over the n bins of the reconstructed phase space while the index j counts over the m bins of
the true phase space. TUnfold estimates the true x distribution using a least square method with
Tikhonov regularization and an optional constraint [10]. Due to the limited size of the ORCA6

detector configuration, the shower reconstructed energy is used for unfolding the v, +v, CC energy
spectrum.
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Figure 4: Reconstructed energy distribution for the selected events.

Only v, + v, CC are considered as signal events. Therefore, atmosperic muons, atmospheric
Ve + 7, CC, atmospheric v, + v CC and atmospheric v + v NC events are considered as background
sources. In addition, atmospheric v, +v, CC with E;,,. > 100 GeV are also treated as background
and their contribution is also subtracted from the reconstructed energy distribution. This approach
was followed as the energy reconstruction is affected by the limited instrumented volume at this
early-stage of construction. As a result, the flux measurement is performed in the range between 1
GeV-100 GeV. The consistency of the unfolding procedure was tested by replacing the reconstructed
data distribution with the one for the atmospheric neutrino MC, and the robustness of the method
was also checked by producing 1000 unfolding toy MC experiments. The bins used in this analysis
were chosen taking the bin purity into account. The chosen binnings are {0.0,0.1,0.2,...,2.5,2.6}
and {0.0,0.8, 1.3, 1.8, 2.0} for the reconstructed phase space and the true phase space respectively.
The response matrix used for the unfolding procedure is shown in Fig.5.

After several tests which were performed exclusively using MC simulated events, to test the
procedure and define the binning schemes, the unfolding was eventualy performed using the data
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Figure 5: Response matrix for the event selection with the binning schemes used in the unfolding.

reconstructed energy distribution. The unfolded v, + v, CC energy distribution is presented in
Fig.6, while the true v, + v, energy distribution has been also added as a reference.
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Figure 6: Unfolded energy distribution for the v,, + v, CC events. The MC (true) v, + v, energy distribution
is also shown as a reference.
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6. Measurement of the flux

The last step is to convert the unfolded number of events per energy bin into flux values. The
procedure is based on equation 2,
N
@; =} — ©)

MC
Ni

where ®; is the measured value for the bin i, dDZM € is the flux value predicted by the HKKM14
atmospheric neutrino flux model [6], calculated at the weighted bin center for the bin i, Nl'.mf is the
number of events extracted by the unfolding scheme, and N, lM € is the number of MC events in the
bin. The value (Df.” € is calculated using the HKKM14 tabulated values are used, integrated over
the azimuth angle, in order to integrate over the zenith angle according to equation 3, where O/

is the oscillation probability from v; to v;, set as in [7].

K (E,) = /‘m dQ{cD;;C(EV, 0) - 0¥ (E,,0) + ®% (E,,0) - 0" (E,,0)

i, 3)
+@X5C(EV’ 0) - 0"« Vi (E,, 0) + q)XﬁIIC(EV’ 9) - o X el (E,, 0)}

The value of @?’[ C at the equation 2 is calculated by interpolating the integrated flux of
equation 3 at the energy that corresponds to the weighted bin center for each bin. The results of
the measurement are shown in Table 1. The errors are statistical only and are propagated from the
results of the unfolding procedure.

Alog(E,/GeV) log(E,|GeV) E®,[GeV-s'-sr7l-cm™] stat.
0.0-0.8 0.39 1.43-1072 +17%
0.8-1.3 0.93 4.25-1073 +21%
1.3-1.8 1.45 1.57-1073 +21%
1.8-2.0 1.88 8.46- 107 +24%

Table 1: From left to right: Bin energy range; weighted energy bin center; flux measurement multiplied by
the weighted energy bin center; statistical error.

The KM3NeT/ORCA6 measured flux values along with measurements from other experiments
([111,[12]) are presented in Fig.7. The measurement performed by Frejus on 1995 [13] is not shown
in Fig.7 as it was done before the discovery of neutrino oscillations.

7. Conclusion

A measurement of the atmospheric muon neutrino flux using the first KM3NeT/ORCA data
has been performed. The ability of ORCA to provide significant information concerning the
atmospheric neutrino flux, even with an early-stage detector configuration, is shown in Fig.7. This
measurement is in good agreement with the only existing and up-to-date one below 100 GeV, from
Super-Kamiokande. A study for the estimation of the systematic uncertainties in this analysis is
ongoing.
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Figure 7: The atmospheric muon neutrino flux measurement using KM3NeT/ORCAG6 data is shown along
with other measurements.
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